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ABSTRACT

Hitherto, the regulatory authorities required that the evaluation of therapeutic equivalence
of a topical generic product (TGP) be documented primarily through comparative clinical
endpoint studies. Although waivers could sometimes be equated, for most formulations these
circumstances did not apply. The variability inherent to topical drug delivery makes
comparative clinical studies insensitive, time-consuming, and costly. Their economic burden,
coupled with the typically low market price of the reference product (RP) has limited the
development of TGPs, as their chance of economic return is lower. These limitations have
sparked considerable attention of academia, industry and regulators, having resulted in new
regulatory recommendations. The key documents reflecting this paradigm shift are the FDA
non-binding product-specific draft guidances, and the EMA draft guideline on quality and
equivalence of topical products. Both guidelines advise a modular framework for assessing
bioequivalence (BE), wherein qualitative (Q1), quantitative (Q2), microstructure (Q3), product
performance (Q4), and local availability sameness should be presented. Against this
background, the main objective of this thesis was to develop a methodology to support BE of
TGP by comprehensively addressing the requirements of the regulatory guidelines. Since there
are myriad specifics ranging from Q1 to local availability, this work specifically focuses on
rheological methods to support Q3, in vitro release testing (IVRT) and in vitro permeation

testing (IVPT), to support Q4 and local availability, respectively.

Standardization of procedures is an urgent need when it comes to rheological methods,
because according to EMA draft guideline, rheology plays an irrefutable role in the
characterization of Q3. Guidance on method development and validation is herein proposed.
A risk assessment analysis was used to estimate the impact of selected critical method
variables (geometry, temperature and application mode) on a wide range of critical analytical

attributes. The proposed validation approach included qualification of the rheometer,
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ABSTRACT

followed by validation of numerous critical operating parameters. The thixotropic relative
area, oscillatory yield point, flow point and viscosity related endpoints were found to be highly

sensitive and discriminatory parameters.

Considering the regulatory role of IVRT methods, a novel framework based on aQbD principles
is described aiming at their development. By defining the analytical target profile, a risk
assessment analysis was performed to identify the critical analytical attributes (in vitro release
rate, cumulative amount released at an initial/final point, and dose depletion) and critical
method variables (medium, membrane, and dosage regimen). Based on this information, a
3x2x3 full factorial design was conducted. Statistical modeling and evaluation of system
desirability enabled the selection of the most appropriate IVRT parameters, which were fully

validated according to EMA requirements.

Although the EMA draft guideline represents a remarkable regulatory advance, there are
several restrictive statistical criteria that could undermine its implementation. An attempt was
made to critically discuss their plausibility by selecting eight blockbuster RP and considering
three batches for each product. Extended pharmaceutical equivalence was evaluated in terms
of globule size, pH, rheological properties and IVRT profile. Significant differences were found
within the RPs. Statistical analysis showed that when the EMA criteria were applied, none of
the same product batches could be considered equivalent. However, when the FDA criteria

were used instead, overall equivalence could be inferred.

Finally, in an attempt to provide guidance for the evaluation of topical BE, a decision flow
diagram is presented to address distinct scenarios. Three case studies were considered —
dimethindene maleate 1 mg/g gel, embodying a simple formulation, bifonazole 10 mg/g
cream and diclofenac 20 mg/g emulgel, representing increasingly complex formulations. The
RPs for these formulations were compared with commercially available generic products or,

alternatively, test products.

For the dimethindene gel, although the rheological tests revealed minor batch-to-batch
differences, these were not perceptible in the IVRT results. Therefore, for low complexity
formulations, if equivalence of Q1 and Q2 is assured, an adequate and comprehensive
characterization of Q4 may be sufficient to demonstrate BE, even if some microstructure

requirements fail to be documented.

High rheological variability was observed in the RP of bifonazole cream. Nevertheless, the
impact of these differences on Q4 appeared to be negligible. IVPT studies were then

conducted and the resulting data were evaluated according to EMA and FDA standards.
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ABSTRACT

Although equivalence could be inferred when applying the FDA scaled average BE assessment
criteria, this was not possible when the EMA criteria were considered. For the diclofenac
formulation, equivalence pertaining to Q3 was not established. In terms of Q4, equivalence
was only found for some batch combinations and when applying the FDA criterion. The IVPT
studies also failed to demonstrate equivalence. Nevertheless, since the generic product used
in the present study had a pharmacokinetic profile equivalent to that of RP, the observed
differences in Q3, Q4 and local availability parameters are not expected to translate into
clinically significant differences. Such findings render the one-size-fits-all approach to
evaluating topical BE unfeasible and rather point to a case-by-case analysis based on
formulation complexity, drug physicochemical properties and site of action. In general, this
thesis contributes to a broader understanding of the regulatory constraints to be considered
when establishing BE of TGP.

Keywords: Bioequivalence | Topical generic products | Regulatory science | Rheology | IVRT
| IVPT







RESUMO

As autoridades regulamentares exigiam, até muito recentemente, que a avaliacdo da
equivaléncia terapéutica de um medicamento genérico de aplicacdo tdpica (MGT) fosse
comprovada através de ensaios clinicos comparativos. Apenas em circunstancias muito
especificas, e para um reduzidissimo leque de produtos, se poderiam aplicar métodos
alternativos. A variabilidade na absorcdo cutanea torna os ensaios clinicos pouco sensiveis,
morosos e dispendiosos. Os elevados custos desta abordagem, associados ao baixo preco que
tipicamente caracteriza os medicamentos de referéncia (MR), conduzem a uma baixa
rentabilidade, limitando o desenvolvimento dos MGT. Estes desafios despertaram a atencao
de diversos stakeholders, nomeadamente universidades, industria farmacéutica e autoridades
regulamentares. Com base em inumeros estudos cientificos, foram emitidas novas guidelines
europeias e norte-americanas relativas a esta tematica. Apesar de existirem diferencgas entre
as duas agéncias, ambas recomendam uma estratégia modular no processo de comprovacao
da bioequivaléncia (BE). Nesse sentido, o primeiro passo a ser equacionado deve ser o de
mimetizar a composi¢do qualitativa do MR (Q1), seguida da similaridade quantitativa (Q2), da
microestrutura (Q3), performance do produto, suportada por métodos de libertacdo in vitro
(IVRT) (Q4) e, finalmente, a de eficacia.

Tendo por base este enquadramento regulamentar, o presente trabalho teve como principal
objetivo detalhar e aprofundar as implicacdes regulamentares de ambas as agéncias e, ao
mesmo tempo, desenvolver uma metodologia que suportasse a comprovacao da BE sob os
presentes moldes regulamentares. Dado existir uma vasta pandplia de aspetos a considerar
na documentacao de Q1 até a do perfil de eficacia, neste trabalho, foi dado especial énfase
aos métodos reoldgicos na comprovacao de Q3 e aos ensaios in vitro de libertacdo e de

permeacdo, usados respetivamente na documentacdo de Q4 e do perfil de eficacia.
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RESUMO

Em face da relevancia dada aos métodos reoldgicos na caracterizacdo de Q3, é necessario
proceder-se a sua padronizacdo. Por conseguinte, é proposto um tutorial que engloba tanto
o desenvolvimento como a validacao desta metodologia. No desenvolvimento dos métodos,
foi feita uma analise de risco, na qual se avaliou o impacto das varidveis criticas (geometria,
temperatura e modo de aplicacdo da amostra) num conjunto alargado de atributos criticos
analiticos. Na proposta de validacdo dos métodos incluiu-se a qualificacdo do equipamento,
seguida da validagdo de varios parametros operacionais. Observou-se que a area tixotroépica,
o yield point obtido através de métodos oscilatérios e todos os pardmetros diretamente
relacionados com a viscosidade, mostraram ser indicadores reolégicos sensiveis e

discriminatdrios.

Devido ao enquadramento regulamentar dos métodos IVRT, foi estabelecida neste trabalho
uma abordagem para o seu desenvolvimento baseada nos principios do QbD analitico. Através
da definicdo do perfil alvo analitico, efetuou-se uma andlise de risco na qual o efeito das
varidveis criticas do método (meio de libertacdo, membrana e regime de aplicacdo) foi
monitorizado nas varidveis analiticas criticas (velocidade de libertacdo, quantidade de
substancia ativa libertada no inicio e no fim do ensaio e percentagem de liberta¢do). Tendo
por base esta informacao, foi feito um planeamento fatorial completo do tipo 3x2x3. A analise
estatistica e a avaliacdo da system desirability permitiram a selecdo dos parametros de IVRT

mais adequados, os quais foram validados de acordo com os requisitos da EMA.

Apesar do presente enquadramento regulamentar estimular o desenvolvimento e
comercializagcdao de MGT, na guideline europeia, sao propostos critérios de aceitacdo bastante
exigentes, que podem inviabilizar a transposicao desta directriz. Para contextualizar esta
potencial limitacdo, selecionaram-se 8 MR lideres de mercado, tendo sido escolhidos 3 lotes
para cada MR. A microestrutura foi avaliada através do pH, tamanho de goticula e
comportamento reoldgico, sendo a performance avaliada por ensaios IVRT. A andlise
estatistica demonstrou que de acordo com o critério da EMA, lotes do mesmo produto ndo
poderiam ser classificados como bioquivalentes; no entanto, se o critério norte-americano

fosse considerado, a BE entre lotes do mesmo produto era, de uma forma geral, comprovada.

IH

No ultimo capitulo da tese é proposta uma “arvore decisional” para utilizacdo aquando da
submissdao de um MGT. De forma a possibilitar um enquadramento de varios produtos e
formas farmacéuticas, foram selecionados 3 casos de estudo: (i) um gel de dimetindeno
(1 mg/g), que representa uma formulacdo simples do ponto de vista tecnoldgico e cuja
substancia ativa atua na superficie da pele; (ii) um creme de bifonazol (10 mg/g) e (iii) um

emulgel de diclofenac (20 mg/g), que representam formula¢cdes mais complexas. Os MR
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destas formulagdes foram comparados com produtos genéricos, produtos testes ou, em

alguns casos, com produtos comparadores.

No gel de dimetindeno, apesar do comportamento reolégico revelar diferencas entre lotes,
estas diferencas nao se refletiram no perfil de libertagdo. Deste modo, para formulagdes
pouco complexas, mediante a comprovacao de Q1 e Q2, a demonstracdo exaustiva de Q4
poderd ser suficiente para suportar a BE, mesmo que alguns dos requisitos referentes a Q3
nao sejam comprovados. Os lotes selecionados do MR de creme de bifonazol apresentaram
uma grande variabilidade reoldgica, que ndo se traduziu em diferencgas no perfil de libertacao,
tendo sido comprovada a equivaléncia entre o produto teste e o MR. Sendo o creme de
bifonazol uma formulagdo complexa, a comprovagdo da eficacia poderd ser sustentada
através de ensaios in vitro de permeacdo. Os resultados demonstraram mais uma vez, que se
os critérios da EMA forem aplicados, a BE ndo pode ser comprovada; no entanto, se os
critérios da FDA forem usados, o resultado ja suporta a BE. Relativamente ao emulgel de
diclofenac a similaridade de Q3, assim como de Q4, ndo foram verificadas; apenas em algumas
combinagbes de lotes foram observados perfis de libertacdo equivalentes. Além disso, a
equivaléncia do perfil de eficadcia também ndo foi comprovada. No entanto, o MG usado
nestes estudos apresenta o mesmo perfil farmacocinético do MR; portanto, ndo se prevé que
diferencas em Q3, Q4 e no perfil de eficacia, de acordo com o parametro estatistico da EMA,

afetem a eficacia terapéutica do produto.

Os resultados obtidos permitem concluir que uma abordagem geral para suportar a BE para
todos os produtos tépicos ndao é exequivel. Desta forma, devera ser equacionada uma
abordagem especifica para cada produto, tendo em conta a complexidade da formulagao, o

local de agdo, assim como as caracteristicas fisico-quimicas da substancia ativa.

Como nota final, este trabalho contribui, significativamente, para um melhor enquadramento
das limitacdes regulamentares, que necessitam de ser consideradas no que diz respeito a

comprovacdo da BE de MGT.

Palavras-chave: Bioequivaléncia | Medicamentos genéricos de aplicacdo topica | Ciéncia

regulamentar | Reologia | Ensaios de libertacdo in vitro | Ensaios de permeacao in vitro.
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THESIS STRUCTURE

In the beginning of this PhD thesis (March 2017), the methods accepted by regulatory agencies
for evaluating the bioequivalence (BE) of topical generic products (TGPs) relied solely on
lengthy and expensive clinical endpoint studies. The only alternative consisted on
pharmacodynamic trials, which for physiological reasons are limited to corticosteroids. The
economic burden of these clinical studies, combined with the typically low market price of the
reference product, significantly limited the development and commercialization of TGP, as
chances of economic return were considerably lower. In this context, there was a lack of
investment in TGP by many companies and also a reluctance of manufacturers to make
significant formulation improvements of a pre-approved product, since it required a clinical
BE study to be validated. Nevertheless, throughout 2017-2018 considerable efforts, by the
academia, pharmaceutical industries alongside with regulatory agencies such as European
Medicine Agency (EMA) and US-Food and Drug Administration (FDA), have been channelled

towards the development and validation of other methods.

With this in mind, the first chapter of this thesis reviews the regulatory accepted methods, as
well as alternative approaches for BE documentation of TGP. Particular attention was given to
the FDA draft guidances of TGP and to relevant European Public Assessment Reports, in which
alternative BE documentation pathways were partially disclosed. Other regulatory initiatives
driven primarily by the FDA, such as the Strawman decision tree and the topical drug
classification system were also cited as examples of collaborative efforts amongst regulators,

pharmaceutical industries and academia.

This is followed by a second chapter, where the EMA draft guideline on quality and
equivalence of topical products, issued on December 2018, is critically presented. This draft

guideline introduced the extended pharmaceutical equivalence concept and by doing so, new

Xix



THESIS STRUCTURE

pathways for TGP BE demonstration could be equated within the European regulatory
scenario. Nevertheless, the approach presented by the EMA also comes with some relevant
constraints that may hinder its successful implementation. In this context, this chapter
presents the most controversial regulatory topics within the guideline and attempts to shed
light on some possible solutions. Based on this information, the framework, hypothesis and

objectives of this thesis are clearly stated.

To avoid the need for clinical endpoint studies, the European Agency, as well as the United
States Agency, proposed a modular framework for TGP BE documentation. First of all, the
qualitative (Q1) and quantitative (Q2) equivalence of the test product towards the reference
product must be sustained. This is followed by the demonstration of microstructure sameness
(Q3). Although there are several tests that should be performed within this scope when
dealing with semisolid dosage forms, rheological properties play a central role in the product
microstructure and are, for this reason, thoughtfully addressed throughout the draft
guideline. Nevertheless, despite their undeniable regulatory importance, there is no science-
based framework aimed at their development and validation. In this context, the third chapter
of this thesis intends to provide guidance on rheological methodology specific to topical
products. A risk assessment analysis was presented to estimate the impact of selected critical
method variables on previously defined rheological critical analytical attributes. This was
followed by formal validation of the optimized method conditions, which included rheometer
qualification studies and formal validation of the critical operational parameters. For this
chapter, a 1% hydrocortisone cream was used as the model formulation. To further illustrate
the applicability of the proposed strategy, this tutorial was successfully used to develop and
validate a rheological method aimed at comparing a clotrimazole 10 mg/g cream test product

(TP) with the corresponding reference product (RP).

The next parameter that should be evaluated as part of an abridged TGP BE demonstration
process in accordance with EMA/FDA requirements is product performance equivalence (Q4).
Product performance is evaluated through in vitro release testing (IVRT), which allows the
determination of the release profile. Because the release profile is generally sensitive to
physicochemical differences, it is an effective approach for monitoring batch-to-batch
consistency, post-approval changes, scale-up and stability studies. Other applications include
TGP development studies. Although regulatory recommendations for IVRT method validation
are clearly defined in EMA and FDA guidelines, there is no standardized methodology to
support IVRT method development. With this in mind, the fourth chapter of this thesis
presents a framework for the development of a discriminatory IVRT method that follows the

principles of analytical quality by design (aQbD). To this end, the analytical target profile of
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the IVRT was defined and a risk assessment analysis was carried out to identify the critical
analytical attributes and critical method variables. Afterwards, a full factorial design was
performed. Statistical modelling and system desirability assessment enabled the selection of
the most suitable IVRT parameters, which were then validated according to the new EMA
requirements. For this chapter, a commercially available diclofenac emulgel formulation was

used as the model product.

As discussed in detail in Chapter 2, a thorough reading of the new EMA guideline revealed
several challenges that could hamper its actual applicability. The fifth chapter intends to shed
light on some of these challenges, in particular those related to the demonstration of the
extended pharmaceutical equivalence. The cornerstone of an abridged TGP BE assessment
process is an in-depth characterization of the reference product. Although both
manufacturers and regulators actively seek to negligible batch-to-batch differences, there are
still products for which batch variability is deeply observed. These variations are largely
prompted by raw materials / manufacturing process fluctuations. Semisolid dosage forms,
which make up the majority of topically applied products, are particularly prone to batch
variations, as their microstructure is highly sensitive to the aforementioned sources of
variability. In this context, we intended to evaluate the feasibility of the regulatory limits for
Q3 and Q4 assessments indicated in the EMA guideline. More specifically, the 90% confidence
interval pertaining to all aspects of the microstructure and the 90-111% confidence interval
with respect to the release profile were thoroughly inspected. To this end, in Chapter 5, a
panel of 8 reference blockbuster semisolid topical products was considered, and for each
product, three batches were selected. These were evaluated in terms of globule size, pH,
rheological properties and performance. Furthermore, an integrated multivariate analysis was
likewise performed to determine which parameters were responsible for the differences

between batches.

According to the EMA guideline, BE can be demonstrated for simple formulations by
documenting Q1/Q2/Q3 and Q4 equivalence. Nevertheless, when addressing complex
semisolid dosage forms, equivalence in terms of product permeation profile (IVPT) should be
demonstrated in addition to extended pharmaceutical equivalence. In this context, the sixth
chapter presents customized rationales for BE documentation according to the formulation
complexity and overall pharmaceutical technology features. A dimethindene maleate 1 mg/g
gel, a bifonazole 10 mg/g cream and a diclofenac 20 mg/g emulgel were selected as model
products. Reference products, test products and, whenever possible, generic products, were
cross compared during the rheology, release and permeation experiments. All methods were

validated according to the framework previously reported. In line with Chapter five, a critical
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evaluation of the regulatory limits (FDA/EMA) is presented, particularly with respect to IVPT
parameters.

Finally, on the seventh chapter, a discussion where all issues are addressed and the results

are unified. On this chapter, the main conclusions and forthcoming work are also disclosed.
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1.INTRODUCTION

<+ Bioequivalence:

Absence of
significant differences in the
rate and extent to which the
API, present in pharmaceutical
equivalent products, becomes
available at the site of action,
when  administered under
similar ~ conditions in  an
appropriately designed study.

The absence of systemic
absorption in the vast majority
of topical products intended for

KEY CONCEPTS

1.1 Overcoming the skin barrier

The skin, the largest organ of the human body,
acts as a dynamic barrier between the organism
and its environment. Besides protecting internal
structures from various external stressors
(radiation, chemicals, microorganisms), the skin
also acts as a homeostatic platform which
regulates several physiological parameters such

as body temperature and pressure (Benson and

a local therapeutic effect,
requires that clinical efficacy
should be assessed by non
pharmacokinetic  approaches,
such as CES and VCA methods.
For the same reason, for TGP,
therapeutic equivalence has
also to be supported by such
methods.

Watkinson, 2012; Menon et al., 2012; Shahzad
etal., 2015).

In essence, three functional layers can be
identified: hypodermis, dermis and epidermis,
being the latter the outermost layer. In the

epidermis, a multilayered structure can also be

Due to the disadvantages of
these methods, and in an
attempt to enrich TGP market

detected. Due to its avascular nature, epidermal
. : cells must source essential nutrients and
portfolio, combined efforts
between regulators, academia
and industry have targeted the
proposal and development of

remove waste through diffusion mechanisms
(Wiedersberg et al., 2008). Accordingly, the

surrogate methods for basal layer possesses metabolic elongated
bioequivalence assessment of ) ] )
TGP. active cells, while the following ones

predominantly acquire a highly keratinized
structure, with high density and low hydration (Sivaraman and Banga, 2015; Wiedersberg et
al., 2008). The stratum corneum (SC), the epidermis top layer, is accountable for the barrier
function of the skin. The brick and mortar analogy is readily understandable, since this
membrane is mainly composed by corneocytes, proteinaceous cellular compartments,
interconnected by desmosomes and embedded within a lipid matrix (Chang et al., 20133;
Shahzad et al., 2015).

Locally applied products, commonly developed to exert a local action, have been used
throughout history for cosmetic and therapeutic purposes. Their ease of administration and
reduced side effects profile reinforce patient compliance (Folzer et al., 2014). Three possible
macroroutes of drug permeation can be considered when dealing with dermal absorption: the

intercellular, transcellular and the follicular route, see Fig.1.2.
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The transcellular pathway comprises the transport through the corneocytes, stimulating the
uptake of hydrophilic compounds, due to the hydrated keratin presence. Inversely, the
diffusion of lipophilic substances mainly occurs within the lipid matrix, via intercellular
transport. Both routes are collectively called the transepidermal route, and they represent the

most significant pathways of dermal absorption (Shahzad et al., 2015).

The follicular route is considered to be less significant, since hair follicles only occupy 0.1% of
the skin surface. Nevertheless, many studies highlight its importance in dermal/transdermal

absorption of large polar compounds (Kattou et al., 2017).

Hydrophilic Hydrophobic Large Polar
Compounds Compounds Compounds

Stratum Corneum

Viable Epidermis

Dermis

Fig.1.2 — Permeation pathways in topical drug delivery.

To ensure an efficient pharmacological action, the active moieties need to overcome the
sinuous and tortuous path provided by the stratum corneum. For this to occur, three
sequential processes must take place: (i) release of the active substance from the dosage form;
(ii) diffusion into and through the SC and; (iii) partitioning to the viable epidermis, where the
active substance elicits the desired therapeutic effect (Lauterbach and Miller-Goymann,
2014; Lopes, 2014).

These successive steps rely on the physicochemical characteristics of both active
pharmaceutical ingredient (API) and formulation, as well on some physiological factors. A brief

summary on each contributor role is following presented:

» The formulation physicochemical characteristics influence the vehicle-SC partition
coefficient, which is directly influenced by the particle size, interfacial tension between

phases and formulation microstructure. All the above mentioned factors, greatly depend
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on the formulation vehicle. This reason sustains the considerable impact of the vehicle in
the therapeutic response. A common example that addresses this situation concerns the
application of an ointment to the skin. This vehicle prevents transepidermal water loses
thus enhancing drug permeation due to its occlusive properties (Chang et al., 2013b). In this

context, vehicle deviations may elicit different therapeutic responses (EMA, 1994).

= Similarly, the API physicochemical characteristics also impact the API diffusion/ partition
coefficient within the skins lipophilic environment. Factors such as the molecular size
(preferably less than 500 Da), lipophilicity (Log P 2-3), melting point, ionization and potential
ability to bind to other molecules, have also to be accounted for (Benson and Watkinson,
2012; Shah et al., 2015).

= The physiological factors that influence dermal delivery include age, gender, anatomical

site, ethnicity and diseased skin.

These aspects condition the release and permeation profile of a topical product, thus
impacting its pharmaceutical performance, as well as therapeutic effect (Yacobi et al., 2014).
For this reason, they should be collectively and carefully assessed while developing a topical

product.

1.2 Development and production of topical generic products

The constraints regarding the development of new chemical entities and patients need to
acquire more affordable drug products have led to an expansion of the generic drug products

market (Fernandez-Campos et al., 2017).

For a product to be considered as a generic, bioequivalence (BE) has to be ensured. As defined
in the Code of Federal Regulations Title 21 (21 CFR 320.24), two products are considered
bioequivalent if there are no significant differences in the rate and extent to which the active
ingredient, in pharmaceutical equivalent products, becomes available at the site of drug
action, when administered under similar conditions in an appropriately designed study. BE
investigations are designed to evaluate if the test product has comparable biopharmaceutical
properties to a previously approved pharmaceutical equivalent. Taking this into account, a
marketing authorization is solely given if the test product fulfils clear and strict regulatory

acceptance criteria (Endrenyi et al., 2017).

BE assessment of systemically available drugs is usually performed through pharmacokinetics
endpoints, which require no less than 12 subjects (EMA, 2010). Moreover, if a meaningful

correlation between the in vitro release profile and the in vivo bioavailability parameters is
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established, the need to conduct such trials can be overpassed (EMA, 2018a, 2014a, 2010).
However, the same scenario is generally not applicable for topical drug products aiming at a
local action, especially with semisolid dosage forms, since there are several regulatory issues
which difficult the marketing authorization approval. These will be carefully debated in the

following chapters.

While developing a topical generic product (TGP), both pharmaceutical and therapeutic
equivalency towards the reference product must be ensured. A reverse engineering approach,
if feasible, is highly recommended, since changes in the vehicle may condition the product
pharmaceutical characteristics and therapeutic profile, as previously discussed (Mugglestone
et al., 2012; Sivaraman and Banga, 2015). In this context, and as stated by Chang and
collaborators, having the same components (Q1), in same concentration (Q2) with the same
microstructure (Q3), is the most transparent approach to avoid regulatory approval issues
(Chang et al., 2013a).

When the quantitative composition is not known (Q2), a factorial design-based approach is
encouraged to ensure that the proposed formulation has a similar quantitative profile when
compared to the reference product. Attaining Q3 similarity can be more challenging as this
factor is substantially dependent on the manufacturing process, raw material characteristics

and on the qualitative and quantitative composition of the product (Osborne, 2016).

Topical semisolid drug products can be classified as complex for multiple aspects. First, dermal
delivery is a complex route of administration, since in the majority of the situations the drug
needs to overcome the stratum corneum in order to reach the viable epidermis, through a
process highly dependent on the physicochemical characteristics of both active substance and
formulation, as previously reviewed (Lauterbach and Miiller-Goymann, 2014). Second, there
are several locally acting topical drug products which have complex dosage forms (e.g. a
topical patch), or complex drug-device combination (e.g. sprayable foam formulation). Third,
topical drug products frequently have complex formulations (e.g. emulgel, complex cream,
among others). As the complexity of the product increases, so do the potential failure modes
for BE and therapeutic equivalence of TGP towards the reference product (Sinamora, 2017).
To minimize this risk, it is essential to acquire relevant product and process understanding, by
identifying the critical material attributes, as well as the critical process parameters, and
studying their impact on critical quality attributes, so that the quality target product profile

defined for the test product (generic) may be accomplished.

To generate product understanding, an adequate characterization of the reference product

should be performed. By doing so, several critical questions must be answered: the influence
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of the composition and grade of inactive ingredients, if the product dispensing stresses/forces
and the inertness of the container closure system (adsorption/absorption issues) affect the
product quality and performance, among others. Moreover, these studies should also provide
a significant insight on the product in vivo performance by assessing factors, such as the
metamorphosis of the vehicle on the skin (Sinamora, 2017). This concept, intrinsically
connected to dermal bioavailability of drugs, regards the structural and quantitative changes
that the majority of dermatological vehicles face when are applied to the skin, either by
mechanical agitation during product application (e.g. rubbing), or by ingredient evaporation
(phase inversion) (Roberts et al., 2017; Surber and Smith, 2005). On the other hand, a deep
process understanding provides a significant insight on the impact of several manufacturing
operations, such as the mixing sequence, rates and duration, temperature influence, and also
on the impact of orifice diameters, tube lengths, pressures throughout product transfer,
holding and packaging (Fernandez-Campos et al., 2017; Sinamora, 2017). The contribution of
the previously mentioned factors should be carefully assessed, since it may have a direct
influence on the formulation microstructural characteristics, and for this reason, an impact on
formulation performance and efficacy (Chang et al., 2013a, 2013b; Murthy, 2017). Methods
able to discriminate the product microstructure, such as the in vitro release and in vitro
permeation, are for these reasons indispensable tools throughout the entire TGP lifecycle
(Roberts et al., 2017).

The development of generic products should be cost and time efficient, since it is usually
associated to low profit margins due to the competition with other manufacturers. Against
this background, the development of TGP, especially those concerning semisolid dosage
forms, can be very challenging, as the demonstration of the therapeutic equivalence is

substantially more complex when compared to other products.

1.3 Bioequivalence of Topical Generic Products

1.3.1 Regulatory accepted methods for BE assessment

For the majority of TGP, BE establishment requires the demonstration of both pharmaceutical
and therapeutic equivalence. The regulatory authorities frequently request the evaluation of
the therapeutic equivalence by one of two options: (i) pharmacodynamic assays, only suitable
for corticosteroids or; (ii) comparative clinical endpoint studies (CES) (Chen et al., 2011).
Although a waiver from clinical endpoint studies is commonly granted for liquid formulations,
such as solutions, for other pharmaceutical dosage forms, convenient for topical

administration e.g. creams, ointments, emulsions, this situation mostly does not apply. Since
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CES can be applied to any pharmacotherapeutic class, these are often the "go to approach"
for establishing BE. There are, however, surrogate methods that can be used to assess topical

bioavailability, and by extrapolation, infer on the BE of TGP (Cordery et al., 2017).

The following sections aim to review the regulatory accepted methods for BE assessment of
TGP, and also to discuss the suitability of alternative techniques. Regardless of the fact that
only semisolid dosage forms are considered in this thesis, please note that solid forms
intended for topical application, such as medicated plasters and topical patches have specific
requirements concerning BE documentation. An example of this is the recently approved
generic lidocaine topical patch, for which adhesion, skin irritation and sensitization, beyond

pharmacokinetic studies, are required to support BE (FDA, 2016a).

CES represent the “gold standard” method for TGP BE. Since skin permeation is affected by
several factors and some reference products possess a modest therapeutic efficacy, these
studies usually require a complex structure — randomized, double-blind, placebo-controlled,
crossover and a parallel grouped (FDA, 2016b; PAR, 2007). Moreover, it is anticipated a high
number of subjects enrolled (n > 500) (Boix-Montanes, 2011; Chang et al., 2013b; Harris, 2015;
Narkar, 2010). Besides these challenges, the selection of the appropriate clinical endpoints is
also demanding, as certain diseases have several possible endpoints and the selection of one

in detriment of the other, may influence the trial outcome (Braddy et al., 2015).

Additionally, there are several criteria that have to be clearly defined to select the study

population, these include:

= Skin integrity, which can be highly compromised in certain diseases;

= Differences in race, gender, age;

= Differences in the immunological state of the individual, especially when considering
antiviral topical therapy;

= Differences in the disease state and dosage regimens.

All of the former factors need to be properly addressed while selecting the study population.
Moreover, the standardization of the applied dose can be difficult to assure, given the study

dimension.

In line with the previously presented data, these studies are simultaneously the most
expensive part of the TGP R&D programs and the one with more entailed risks. For these
reasons, many authors state that clinical trials are the least accurate, sensitive and
reproducible method to demonstrate bioequivalence (Chen et al., 2011; Harris, 2015; Zhang

et al., 2013). Moreover, due to the highly complex structure of these studies, these are
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undoubtedly more expensive than the pharmacokinetic trials used for BE assessment of

generic oral dosage forms.

The economic burden of CES, linked with the typically low market price of the Reference
Product, significantly limits the development of these products, as the chances of the TGP
economic viability are considerably decreased (Boix-Montanes, 2011; Lionberger, 2008).
Therefore, two situations take place: (i) lack of investment in TGP by many companies,
reducing the number of generic competitors (Lionberger, 2008) and (ii) reluctance of
manufacturers to make significant formulation improvements of a pre-approved product,

which require a clinical BE study to be validated (Lionberger, 2008).

Pharmacodynamic assays constitute an alternative to CES when assessing the BE of TGP. This
method relies on the vasoconstriction properties of corticosteroids, which are capable of
inducing a local skin blanching response. By means of a chromameter the skin blanching effect
can be measured, yielding a dose-response curve which can then be used to compare two

products (e.g. a reference drug product with a generic product).

The FDA Guidance Topical dermatologic corticosteroids: in vivo bioequivalence, is currently
accepted by other international regulatory agencies, including Australia, Canada, Chinese
Taipei, EMA, New Zealand and Switzerland (Braddy et al., 2015; FDA, 1995). Regardless of the
broad acceptance of this guidance, there are several reports that highlight the lack of
sensitivity when comparing different dosage forms, and the high inter-subject variability
(Franz et al., 2009; Yacobi et al., 2014). To overcome some of these drawbacks, the regulatory
authorities demand the conduction of a pilot and pivotal studies, requiring the inclusion of
several dozens of subjects, and consequently increasing both time and costs related to BE

assessment.

In particular circumstances, a waiver from clinical trials or pharmacodynamic studies may be
granted. For this to occur, the generic product has to be a solution, with the same qualitative
and quantitative composition towards the reference product and the same functional

attributes (pH, particle size and viscosity) (EMA, 2014b; Harris, 2015).

1.4 Alternative methods for BE assessment of Topical Generic Products

Even though a waiver from CES is mostly applicable to topical solutions, a concept paper
emitted by EMA for locally acting, locally applied products for cutaneous use, accepts a waiver
extension to other pharmaceutical dosage forms (EMA, 2014b). Although the document states

that BE assessment of TGP usually is insufficient to predict the product therapeutic
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equivalence, the advantages of the establishment of an extended concept of pharmaceutical
equivalence are highlighted. In this context, alternative methods for equivalence assessment
such as tape stripping, in vitro permeation testing (IVPT) and possibly microdialysis would
sustain a more precise pharmaceutical characterization, which in turn, could support a claim
of therapeutic equivalence. The concepts addressed in this document were further reinforced
in the EMA draft guideline on quality and equivalence of topical products (solely released in
the end of 2018). This guideline will be carefully detailed throughout this thesis. Besides the
concept paper, there are other European initiatives that suggest a paradigm shift in BE
assessment of TP. A clear example regards the release of several European Public Assessment
Reports, in which in vitro methods were used to partially document TGP bioequivalence (PAR,
2016, 2009, 2007). These will be highlighted throughout this chapter.

The development and validation of surrogate methods for BE assessment of TGP has also been
a long-standing concern of the U.S. FDA. Several initiatives, such as the Critical Path
Opportunities for Generic Drugs, the Evaluation of Topical Drug Products - Current Challenges
in Bioequivalence, Quality, and Novel Assessment Technologies workshop in 2013, and, more
recently, the Bioequivalence Testing of Topical Drug Products workshop in 2017 have been
specifically promoted to address this issue (Lionberger, 2008; Sinamora, 2017; Yacobi et al.,
2014). In these meetings, the importance of in vitro methods, such as the permeation assay
using excised human skin, and in vivo tape stripping has been similarly stated. Moreover, in
the past few years, several non-binding product-specific guidances for generic product
development have presented specific equivalence protocols solely based on in vitro methods
(FDA, 2016c).

Based on this information, in vitro methods are clearly gaining regulatory status as surrogate
methods for TGP BE assessment. Moreover, their application as risk assessment tools for
establishing appropriate dermal absorption values of pesticides, biocides and cosmetics is
already a reality (EPA, 1992; OECD, 2010, 2004; WHO, 2006). Tape stripping, microdialysis and
spectroscopy methods constitute other analytical surrogates that may also provide a valuable

and complementary contribution within this field.

The next sections aim to summarize the main characteristics of the above mentioned

methods, as well as respective advantages and disadvantages.

1.4.1 Microdialysis

Microdialysis is a promising tool in dermal BE research, since it enables the real-time

determination of various pharmacokinetic parameters, such as absorption, half-life,
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metabolism, elimination, among others. A significant advantage of this technique concerns its
ability to reflect a permeability increase in diseased skin, as proven by the works of Garcia
Ortiz and collaborators (Garcia Ortiz et al., 2009, 2008). Several sampling sites of the same
volunteer can be studied simultaneously, and the detection of specific biomarkers produced
in response to the drug stimuli is also possible (Holmgaard et al., 2010; Narkar, 2010). Even
though an initial investment for the pump acquisition is required, the method is quite cheap,

since the probes can be laboratory manufactured.

Nevertheless, microdialysis has some intrinsic limitations including (i) difficulty to assess low
dosage topical formulations (like corticosteroids), (ii) experiments are usually limited to 8-10
hours, since the probe induces tissue inflammation, (iii) difficulty in accurately reproduce the
probe insertion and manufacturing, (iv) difficulty in the selection of an adequate flow rate. In
addition, monitoring highly lipophilic and protein-bound substances can be challenging.
Nevertheless, the use of an open-coil probe can overcome the difficulties addressed. Such
probes are used in open-flow microperfusion, a technique that shares the same principles as
microdialysis. However, in this method, the interstitial fluid is continuously collected without
the need of a membrane (Abd et al., 2016). Even though the analyte chemical composition or
size is no longer an obstacle, open flow microperfusion samples are for the same reason more
complicated to process than microdialysis samples and require pre-treatment (Yacobi et al.,
2014). Schimek and collaborators tried to address this problem by developing a faster ultra-
high-performance liquid-high-resolution tandem mass spectrometry analysis method. Their
results are quite promising since they were able to obtain a remarkably lower limit of
guantification, which in turn provided excellent accuracy and precision results (Schimek et al.,
2018).

1.4.2 Optical Methods

Due to the need to develop simpler and faster methods, capable to reflect in vivo conditions,
non-destructive optical methods are also an attractive alternative to CES (Franzen and
Windbergs, 2015). In the dermal research field, vibrational spectroscopy methods, in
particular near infrared (NIR) and Confocal Raman have been applied both in vivo and in vitro

with multiple purposes:

= Monitor water, lipid and protein content;

Assess the role of lipid polymorphism role in permeation;

= Determine permeation enhancers action mechanism;

Diagnose skin disorders like atopic dermatitis or psoriasis (Dreassi et al., 1997);

36



1.INTRODUCTION

= Evaluate the efficacy of topical moisturizers, through skin hydration monitoring (Crowther
et al., 2008; Egawa, 2009);

= Assess topical drug delivery (Medendorp et al., 2006, 2007).

These broad range of applications derive from the ability of these methods to provide

information on functional groups.

1.4.3 Confocal Raman Spectroscopy

Confocal Raman spectroscopy (CRS) is an optical method based on inelastic light scattering
(Caspers et al., 2001; Mohammed et al., 2013). The sample is illuminated by a monochromatic
laser and photons are scattered by the molecules in the sample. A small fraction of the
scattered light, the Raman spectrum, is found at different wavelengths than that of the
incident light. The positions, relative intensities and shapes of this spectrum entail information

about the sample molecular composition, structure and interactions (Caspers et al., 2001).

Many authors have been applying this technique to determine stratum corneum thickness and
composition in vivo, since it can provide detailed information on the skin hydration and
chemical profile (Crowther et al., 2008; Mateus et al., 2013; Mohammed et al., 2013).

Additionally, as proven by the work of Mateus and co-workers, this method can also be used
to monitor in-depth topically applied substances. The authors developed an in vivo CRS
method to assess the permeation profile of several ibuprofen solutions. Afterwards, the
results were successfully compared with previously published data from tape stripping assays
(Mateus et al., 2013). Another study performed by Mohammed and co-workers monitored
the permeation profile of a known permeation enhancer DMSO. The experiments were also
performed in vivo using different vehicle solutions. The obtained data were then compared
with the results of an in vitro permeation study, also with positive correlations (Mohammed
et al., 2014). Even though the results of these studies are quite encouraging due to the in vivo
real-time profiling of the applied substances, there are several disadvantages regarding CRS
that should be considered. Since the Raman scattering is unique for particular chemical
functional groups, the high variability of the skin composition and structure can undermine
the analysis of the acquired Raman spectra (Franzen and Windbergs, 2015). To correctly
interpret the results long acquisition times are needed, which can thermally injure the skin
and compromise the study (Franzen and Windbergs, 2015). While conducting in vitro
permeation studies, factors such as ongoing diffusion, microbial growth and changes in the
skin hydration can alter Raman spectra. Another drawback of this method reports to the skin

auto fluorescence, which conceals most Raman signals (Franzen and Windbergs, 2015). Even
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though several research groups have designed strategies to overcome these drawbacks, CRS
is a technique that mainly provides relative measurements instead of absolute
determinations. Therefore, it is considered a semi-quantitative technique, meaning that an
exact determination of the drug concentration in the skin is not attainable (Narkar, 2010).
Against this background, during BE establishment of a TGP, the usage of the CRS methods

should be complementary to other techniques.

1.4.4 Near-infrared spectroscopy methods

Near infrared spectroscopy (NIR) is broadly applied in process analytical technology
procedures, in particular for the determination of physical and chemical properties of a drug
product throughout its production (Juan G Rosas et al., 2011). A significant advantage of this
technique is the fact that it does not require derivatization, in another words, there is no need

to prepare the sample for analysis (Juan G. Rosas et al., 2011).

As previously mentioned, NIR has also been used in dermal research (Caspers et al., 2001). Its
application to BE assessment of TGP, deem from the necessity to analyse in a less time-
consuming manner the strips obtained from the dermatopharmacokinetic studies. Tape
stripping, which will be carefully debated in the next section, is not ideal for volatile chemicals,
since the drug tends to evaporate faster than the time of analysis. So, instead of processing
the strips through drug extraction followed by HPLC quantification, infrared imaging methods
were selected as a backup (Medendorp et al., 2006; Pirot et al., 1997). However, NIR waves
can penetrate the skin up to several cm, depending on the wavelength, therefore when
combined with linear multivariate statistics, NIR spectroscopy can be used to quantify a

substance in the skin, representing a considerable advantage over CRS (Narkar, 2010).

Medendorp and collaborators made a promising contribution in the field of NIR application to
TGP bioequivalence assessment. In their work, NIR spectrophotometry was used to monitor
the concentration of several drugs in human and pig skin. Firstly, the authors assessed if the
selected active substances possessed NIR chromophores. Afterwards, the permeation profile
of different products (solutions and semi-solid formulations with different strengths) were
determined. The results were quite promising and showed that NIR can be a viable option to
establish BE of TGP, since it is a flexible, non-destructive, non-invasive and rapid technique,
requiring minimal sample preparation (Medendorp et al., 2006, 2007). Nevertheless, this
method also shares some disadvantages with Confocal Raman Spectroscopy, namely the

complexity of the obtained spectra prompted by the skin heterogeneity. To correctly interpret

38



1.INTRODUCTION

this information, the development of sophisticated chemometric calibration models is
required (EMA, 2014c).

Despite these drawbacks, optical methods applied to skin research are not only academically
appealing, but they have also proved to be industrially attractive. In fact, there is a high
number of patents and utility models that encourage the applicability of these imaging
methods to the dermal field. Just in the last five years, more than 220 patents have been
published on this subject, encompassing biometric and monitoring devices, cosmetic,
diagnostic and therapeutic applications. The reasons that sustain this enhanced industrial

interest are related with the NIR radiation ability to permeate the skin.

Patented devices that use NIR tissue spectroscopy usually comprise the application of a NIR
laser onto a specific area. The light propagates accordingly with the scattering and absorption
properties of the skin tissue. Since each skin layer contains a unique heterogeneous
environment, light absorbance changes through scattering. As previously mentioned, if proper
chemometric models are developed, the quantification of parameters such as water, proteins,
lipids and drugs, is possible (Wenzel et al., 2002). Additionally, the obtained spectral
information can be converted into an image, useful in many surgical interventions as well as a
non-invasive diagnosis tool. For all the above-mentioned reasons, NIR provides appealing
research opportunities, and it is expected to continue generating important data related to

skin physiology and pathology (Narkar, 2010; Juan G Rosas et al., 2011).

1.4.5 Dermatopharmacokinetic Methods

The dermatopharmacokinetic method, commonly referred to as tape stripping, is a minimally
invasive in vivo procedure in which tape strips are sequentially applied and removed from the
skin surface (Benson and Watkinson, 2012). Through this technique, stratum corneum layers
are collected in each tape strip, being their content processed by suitable analytical methods
(Russell and Guy, 2012; Selzer et al., 2013). The basic assumption of this method is that the
amount of drug collected in the strips throughout time, represents the rate and extent of the
drug in the skin. In other words, this method enables the determination of the drug
dermatopharmacokinetic profile, which can be further used to compare the test product
(generic) with the reference product (Benson and Watkinson, 2012; Cordery et al., 2017;
Yacobi et al., 2014).

In 1998, the FDA issued an interim tape stripping guidance to assess topical drug products BE.
The suggested protocol required that skin tape stripping should be performed in no less than

eight sites, being the first four used to characterize the drug uptake phase, and the remaining
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sites to depict the clearance phase. The guidance suggested that the tape stripping procedure
should be made at different time points, previously defined in accordance with the drug
steady state period (FDA, 1998). Nevertheless, due to conflicting results with the same
commercially available tretinoin gel, the FDA withdrawn this guidance in 2002 (Au et al., 2010;
Yacobi et al., 2014).

Several reports addressed the main problems of the technique, which dictated its lack of
reproducibility. First, the results may be affected if the stratum corneum is not the action site,
if the follicular route is a relevant permeation pathway for the tested product and if the barrier
function is compromised (N’Dri-Stempfer et al., 2009; Navidi et al., 2008; Praca et al., 2018).
Second, the guidance did not provide a robust insight on the amount/depth of the stratum
corneum that should be collected in the tape strips. Third, and perhaps the most important,
the guidance demanded complex validation procedures requiring a large number of subjects
and, consequently, a considerable amount of application sites, since both skin stripping
technigue and analytical method should be validated. In these terms, a
dermatopharmacokinetic approach would have no tangible economic benefits, when
compared to the gold standard method - clinical endpoint studies (FDA, 1998; N’Dri-Stempfer
et al., 2009). Even though the method is currently not included in an US guidance, nowadays
EMA in the draft guideline on quality and equivalence of topical products already accepts the
use of the dermatopharmacokinetic approach as a BE tool. Furthermore, other agencies, such
as the Japanese, South African and Brazilian, also accept tape stripping with this purpose.
Therefore, a certain regulatory “opening” regarding the acceptance of this technique is being
registered (EMA, 2014b; Yacobi et al., 2014). There are in fact, several pertinent advantages
of skin tape stripping method:

® |t is non-invasive, since corneocytes are denucleated, flattened and non-living cells, a
noteworthy advantage when compared to open flow microperfusion or microdialysis, which

are semi-invasive (Abd et al., 2016);

= Sinceitis anin vivo technique, the topical drug delivery assessment is conducted with a fully

cutaneous microcirculation;

= |t is a faster method when compared to in vitro permeation studies (Cordery et al., 2017).
Additionally, the information provided by this method can be useful to complement the
results of an in vitro permeation study through the establishment of an in vivo-in vitro
correlation (Bunge, 2017). Moreover, the method is not solely applicable to
biopharmaceutical investigations, but also in other research fields e.g. in the evaluation of
the skin barrier function, gene expression monitoring and dermatological skin pathologies

diagnosis.
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Motivated by the methods range, several research groups, as well as regulatory authorities,
continued to develop new protocols able to minimize the procedure complexity, and at the
same time, increase its reproducibility (Benson and Watkinson, 2012; Bunge, 2017; Cordery
etal.,, 2017; Leal et al., 2017). A particularly relevant optimization strategy of the tape stripping
technique regards the “two-time” approach, developed by Professor Richard H. Guy and
Professor Annete Bunge. The main changes of this new procedure are the following: (i) solely
one uptake and one clearance time are analysed; (ii) the authors developed strict cleaning
procedures, which assure that the formulation excess is properly removed prior to tape
stripping; (iii) the removal of nearly all stratum corneum during the experiment (and therefore
most, if not all of the drug); and finally, (iv) the method does not discard the first tape strips
(Benson and Watkinson, 2012; N’Dri-Stempfer et al., 2008). Due to the simplicity of this
updated procedure, the method is less prone to interlaboratory differences. Moreover, less
subjects are required since each volunteer is able to provide more replicate measurements,
thus enhancing the analysis statistical power (Cordery et al., 2017; N’Dri-Stempfer et al.,
2009).

An interesting work by Cordery and collaborators compared the results of the tape stripping
method (using the previously described methodology) with in vitro permeation studies to
assess the bioavailability of three marketed diclofenac topical formulations with different
strengths (1%, 2% and 3% w/w) and different dosage forms (solution and gels) (Cordery et al.,
2017). The obtained tape stripping results were able to correlate the superior performance of
one formulation (a 2% w/w diclofenac solution), which had a known permeation enhancer
(DMSO) over the other two formulations that did not possess DMSO. Both methods — in vitro
permeation and tape stripping — revealed similar results, reinforcing the potential of these
techniques to generate complementary information, useful while assessing bioavailability of

topical drugs (Cordery et al., 2017).

1.4.6 In vitro methods

In vitro dissolution methods are a valuable tool throughout the pharmaceutical product
lifecycle. They are broadly used during the product development phase, and their importance
as a quality control tool is undeniable. Through these methods, the product dissolution profile
can be traced, thus yielding valuable information on its pharmaceutical performance. These
reasons sustain their possible applicability as an extended pharmaceutical equivalence
assessment tool (Braddy et al., 2015). For solid dosage forms, these methodologies are
adequately addressed in pharmacopoeias and are widely approved by the regulatory

authorities in the validation of batch-to-batch uniformity, generic drug approval and so on
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(Braddy et al., 2015; Petrd et al., 2013). However, for topical formulations, the same scenario

is still to be registered.

In vitro permeation testing (IVPT) and in vitro release studies (IVRS), specifically tailored for
topical products, share the same scientific principles of the dissolution methods of solid
dosage forms (Flynn et al., 1999). Nevertheless, until very recently, these methods were not
commonly regarded as BE tools by the regulatory authorities. This view has been subject to
several changes, as both IVPT/IVRT are becoming more and more established. Regulatory
agencies, such as ANVISA, FDA and EMA are gradually accepting them as clinical trials
surrogates in BE assessment of TGP (Braddy et al., 2015).

Both methods require a diffusion cell with the following structure: (i) a donor compartment
where the topical formulation is applied; (ii) a receptor compartment that entails the receptor
solution, and (iii) a membrane that separates both chambers. If the membrane is from
biological origin (human or pig), the permeation profile of a substance is traced, see Fig.1.3. If
a synthetic membrane is used, the release profile is obtained (OECD, 2010). Throughout the
analysis, several samples from the receptor compartment are collected at pre-defined times,
followed by replenishment with fresh medium (Sivaraman and Banga, 2015). The rate of drug
release from the donor to the receptor compartment is traced throughout time, thus yielding

the permeation or release profile (Chang et al., 2013a).
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Fig.1.3 — Schematic representation of the diffusion cell developed by Thomas J. Franz (Franz,
1975).
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1.4.6.1 In vitro release testing

The determination of the in vitro release profile is useful in many scenarios. During product
development, it can provide essential data on the product's microstructure, valuable to
optimise both formulation and production process. On the other hand, during late-stage
development, as well as post-marketing phase, these assays function as a quality control tool
to monitor batch-to-batch consistency. The main advantages of this method rely on its high
sensitivity and discriminatory power, which are often able to reflect physicochemical
differences of topical semisolid drug products (Dandamudi, 2017). Moreover, in specific
conditions, IVRT can be used to document the product pharmaceutical equivalence when
compared to a pre-approved product (FDA, 1997). These specific conditions will be extensively
debated in Chapters 4, 5 and 6. Nevertheless, since synthetic membranes are used, IVRT is not

expected to correlate or be predictive of in vivo performance (Dandamudi, 2017).

1.4.6.2 In vitro permeation testing

IVPT is a method that has been successfully used to determine the permeation rate of active
substances from semisolid vehicles (Flaten, G. E et al., 2015; Klein et al., 2002; Narkar, 2010).
The permeation profiles obtained from IVPT can be used to assess topical pharmacokinetics
(Abd et al., 2016; Chang et al., 2013a; Leal et al., 2017). The usage of biological membranes,
especially human, closely mimic in vivo conditions, as the stratum corneum is the primary

limiting barrier to dermal absorption (Franz, 1975).

In vitro drug permeation/penetration studies are quite numerous in the literature. A work that
frequently stands out, reports to study by Franz et al., where a systematic comparison
between the clinical performance of seven approved TGP and the corresponding reference
products is presented (Franz et al., 2009). Several corticosteroid products were used, as well
as two tretinoin formulations. Their results showed that for the majority of the formulations,
permeation studies were able to replicate human absorption, previously assessed by CES
(tretinoin) and by in vivo pharmacodynamic assays (Franz et al., 2009). A similar study was
performed by the same group with different dosage forms of clobetasol propionate (Lehman
and Franz, 2014). The authors were also able to prove that IVPT was not only able to assess
topical drug bioavailability, but also to provide a more sensitive and discriminatory analysis
than the one provided by the pharmacodynamic assay, especially when comparing different

dosage forms (Lehman and Franz, 2014).

The same rationale was presented in a publication by Trotter et a/, where 139 acyclovir generic

creams from 37 different countries were analysed. A first screening of the formulations was
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able to document considerable quantitative discrepancies in the excipients, such as the
propylene glycol, a known permeation enhancer, between some generics and the reference
product. In this context, the authors performed a pilot IVPT study, using human skin, to
compare the reference product with the generic products, that registered the lowest
propylene glycol content. The obtained permeation profiles were able to reflect the

guantitative differences of the formulations (Trottet et al., 2005).

IVPT are an integral part of the quality control of transdermal drug systems, as addressed in
the EMA guideline on quality of transdermal patches. A recent publication by Shin et al., used
IVPT to evaluate and/or compare the effects of heat on various transdermal products. The
authors were able to document a strong in vivo-in vitro correlation between the IVPT (using
human skin) of a nicotine transdermal product, with the plasmatic concentrations of the drug,
when subjected to increased temperatures (Shin et al., 2018b, 2017). As previously discussed,
in the EMA concept paper on quality and equivalence of topical products and in the guideline

of transdermal patches, IVPT methods are also explored as surrogate methods of CES.

Moreover, in the EMA draft guideline on quality and equivalence of topical products,
experimental considerations addressing method development and validation procedures are
thoughtfully addressed. These aspects will be further detailed in Chapter 6 of the present
thesis. Moreover, other guidances also recommend the use of IVPT methods to predict local
bioavailability (EMA, 2014d, 2014b; EPA, 1992; WHO, 2006). These can be further divided into
three major categories: risk assessment of agrochemicals (EFSA, 2012), bioavailability
evaluation of dermal products (OECD, 2010) and those encompassing a broad field of
application (OECD, 2004). One must take into account that in this context, “skin absorption”
regards local bioavailability and not absorption through the skin, designed to achieve a

systemic therapeutic action.

The OECD guidance document on the conduct of skin absorption studies and the
SCCS/1358/10 document emitted by European Council entitled “basic criteria for in vitro
assessment of dermal absorption of cosmetic ingredients”, provides detailed guidelines
regarding in vitro permeation testing (EC, 2010; OECD, 2004). In fact, dermal absorption of
personal care/cosmetic, biocide and agrochemical products, is mostly assessed through these
methodologies (Almeida and Costa, 2016; Davies et al., 2017).

There are, however, important limitations of IVPT that should be addressed whenever
considering this approach. These mainly regard the inter and intra variabilities of the human
skin, which pose a challenge to method standardization and reproducibility compliance (Praca
etal., 2018).
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In spite of these disadvantages, combined efforts of the regulatory agencies, pharmaceutical
industry and the academia have been established to validate this method further. The main

objective is to reinforce the usage of IVPT with the same criteria as CES (Shah et al., 2003).

As extensively discussed in the previously presented sections, several alternative methods to
CES can be used to establish the bioequivalence of TGP. Amongst them, IVPT are the most
commonly used, relying on sound scientific principles, analogous to the dissolution methods

used to establish the bioequivalence of solid dosage forms.

Other alternative approaches, such as microdialysis, tape stripping and spectroscopic
methods, have also sparked considerable interest. Newer combinational techniques, amongst
these analytical surrogates, seem to be of great usefulness, since bioequivalence could be

assessed by a more straight-forward, cost-effective and robust approach.

In Table 1.1, the main disadvantages and advantages of each method for bioequivalence

assessment of TGP are briefly summarized.
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Table 1.1 — Main advantages and limitations of BE assessment approaches of topical generic

drug products.

BE assessment

Advantages Limitations
methods &
Inter-subject variability (disease state, race, gender, age,
Clinical studies Regulatory accepted method difficulties in dose standardization)
Large number of patients (Increases trial times and cost)
Only applicable to corticosteroids
VCA studies Regulatory accepted method Doubtful in certain dosage forms
Inter-subject variability
Real-time determination of
pharmacokinetic parameters Difficult analysis of highly lipophilic and protein bound
Suitable to study diseased skin Difficult analysis of formulations with low drug content
Allows testing of both RP and GP at the Semi-invasive technique - tissue inflammation to 8-10
MD methods . . S ) .
same time, in the same individual hours’ assay duration
Can detect drug stimuli specific Specialized personnel
biomarkers Difficult selection of an adequate flow rate
Inexpensive
No sample derivatization
All optical approach Especially relevant with NIR active molecules
NIR NIR radiation permeates the skin, thus Requires the development of chemometric models
enabling the determination of the Inter individual variability must be considered
formulation permeation profile
Only applicable for SC acting drugs
“Switch-status” regulatory methods Poor model to assess the BE in diseased skin
Determination of pharmacokinetic ibility i
PKD methods Pt Reproducibility issues
parameters Lack of “tape equivalence”
Non-invasive technique Does not distinguishes crystallised drug from the drug in
solution
“Switch-status” regulatory methods
Based on sound scientific principles
Simple and effective method
Experimental conditions can be easily
Il . - .
c g cEntrcb) ed ) il Ethical consent can be difficult to obtain
IVPT an predict the absorption profile Inter individual variability must be considered

Quantitative

Sensitive to changes solubility, particle
size and viscosity

Regulatory accepted method: SUPAC-
SS + BE tool for level 2 changes (see
next chapter)

Key: VCA — Vasoconstrictor assay; NIR — Near Infrared studies; PKD — Dermatopharmacokinetic studies; IVPT — in vitro permeation testing.

1.5 A new paradigm in the pharmaceutical equivalence concept

As previously explored in section 1.4, the development and validation of surrogate methods
has been a long-standing concern of several regulatory agencies, especially EMA and the US-
FDA. In this context, the following sections intend to present an updated analysis on the most

significant regulatory developments addressing alternative approaches for BE assessment of
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TGP. Particular attention was given to the FDA draft guidances of complex generic topical
products. Some of these non-binding recommendations already accept a biowaiver of clinical
trials if a proper physicochemical characterization is provided. Furthermore, some relevant
European Public Assessment Reports in which in vitro methods played a significant part of the

product bioequivalence assessment process, are also mentioned.

The Strawman decision tree and the topical drug classification system were also referred as
examples of the combined efforts among the regulators, pharmaceutical industries and
academia. These fruitful strategies intend to outline the principles that would substantiate an
extension of the pharmaceutical equivalence concept, and at the same time, promote
harmonisation on the regulatory approaches used for establishing the therapeutic

equivalence of these dosage forms.

1.5.1 Invitro methods regulatory background

BE assessment of semisolid dosage forms for topical administration has to be performed not
only for abbreviated new drug applications (ANDA), but also for pre-approved products that
have been changed (e.g. formulation, manufacturing process, scale-up/scale-down of
manufacturing and site of manufacturing). In such situations, the performance of complex

clinical endpoint studies as the only resource to prove bioequivalence is not feasible.

Motivated by these constraints, the US-FDA emitted a guideline to overcome the regulatory
restrictions in the above-mentioned situations — the Nonsterile Semisolid Dosage Forms —
Scale-Up and Post approval Changes (SUPAC-SS): Chemistry, Manufacturing and Controls
(FDA, 1997). This guidance regulates the use of IVRT methods as a tool to generate information
on the equivalence between the pre-change (approved product) and post-change (test
product) (Shah et al., 2015, 2003)

As a consequence, IVRT have been used for years by the pharmaceutical industry during
formulation development and also during quality control analysis (Chang et al., 2013b;
Sivaraman and Banga, 2015). This extensive use has produced both knowledge and

comprehensive experience in all marketed complex semi-solid dosage forms.

The SUPAC-SS applies to pharmaceutical sponsors of new drug applications (NDA), and ANDAs,
as well as abbreviated antibiotic drug applications (Sivaraman and Banga, 2015). The guidance
is applicable in the following circumstances: (i) changes in components and composition; (ii)
changes in the manufacturing equipment; (iii) changes in the manufacturing process; (iv)

changes in batch size and; (v) manufacturing site changes. For each field, three levels of
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change are established. In most cases, the test products which were solely exposed to level
two changes, are able to document product sameness through IVRT. Level two changes

include, but are not limited to:

= Changes in the component or composition, between 5 and 10% of excipients, with the total

additive effect of all excipients changes being no more than 10%;
= Changes in the equipment (different design or principle);

= Changes in the manufacturing process, such as rate of mixing, rate of cooling, operating

speeds and holding time;

= Changes in the scale-up/scale-down of manufacture, more specifically changes in batch size

beyond a factor of 10.

In these circumstances, if the ratio between the median release rate for the post-change
product over the median release rate for the pre-change product falls within 75% to 133.3%,
IVRT can be used to requalify the product (FDA, 1997) The application of this guidance
significantly reduces the regulatory complexity of post-approval changes of a topical drug
product (Shah et al., 2015; Sivaraman and Banga, 2015).

The scientific relevance of IVRT has been exhaustively documented, since the release profile
of a given formulation is highly dependent of its qualitative, quantitative and microstructure
attributes, being a useful tool to assess product sameness (Shah et al., 2003). However,
permeation studies using human skin provide a more significant insight on the products in vivo
performance. For this reason, there are several regulatory authorities which recognize the
importance of developing a discriminative IVPT method. A clear and updated example on the
regulatory background of IVPT methods regards the Public Assessment Report of Tactuo, an
adapalene/benzoyl peroxide gel formulation emitted by the Swedish regulatory agency. This
was considered an innovative product, since only the isolated drug substances had marketing
authorisations, therefore CES, as well as pharmacokinetic studies were performed.
Nonetheless, three in vitro studies were conducted in order to support the absence of
significant differences between the dermal absorption of the active components whether

administered in combination or as single components.

In SUPAC-SS, the US-FDA only considers artificial membranes which are less representative of
in vivo topical permeation since they do not offer the same degree of resistance as stratum
corneum. This guidance explicitly states that IVRT, alone, cannot be considered a surrogate
test for in vivo BE of topical semi-solid products, since there was no convincing in vitro-in vivo
correlation (FDA, 1997). This opinion was also stated in the AAPS/FDA workshop report held
in 1997 (Flynn et al., 1999). In this workshop, IVRT was found very useful in what regards
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formulation design and optimisation, as well as in assessing product performance when
dealing with slightly different formulations / production process changes (Flynn et al., 1999).
Nevertheless, the workshop highlighted that IVRT continue to be non-predictive of in vivo
performance since there was still to be registered a systematic investigation, capable of
comparing the influences of raw materials and process variables, with the release profile of
topical semi-solid formulations (Flynn et al., 1999). Under this “regulatory perspective”, IVRT
could not be used to assess TGP bioequivalence, but could instead be used to document

product pharmaceutical performance equivalence.

Nowadays, many jurisdictions such as Australia, the EMA, South Africa, Switzerland, ANVISA,
and the USA-FDA are more and more permeable to IVPT methods as complementary tools to
in vivo studies, but also as a biowaiver methods. This is a direct result of the combined effort
between industry, regulators and academia that through many initiatives such as the
Strawman Decision Tree and the Topical Classification System, are defining a new concept of
pharmaceutical equivalence. In the following sections, these multidisciplinary approaches will
be highlighted.

1.5.2 The Strawman Decision Tree

The workshop on “Current challenges in bioequivalence, quality and novel assessment
technologies for topical products"”, greatly contributed for the development of a science-
based approach towards the simplification of the regulatory requirements for TGP (Harris,
2015; Shah et al., 2015; Yacobi et al., 2014).

In this meeting, pharmaceutical scientists and dermatologists from academia, industry and
regulatory agencies discussed the currently available methods for therapeutic equivalence
assessment of TGP, detailing their advantages and limitations (Harris, 2015; Yacobi et al.,
2014). This multidisciplinary meeting concluded that a “whole toolkit” approach to BE
assessment would benefit TGP development. Hence, a “Strawman” decision tree was
proposed. A schematic adaptation of this model is presented in Fig.1.4. The proposed
approach underlines the importance of accounting product specificities, namely the API
properties, the disease and the pharmaceutical dosage form, in order to conduct a more

rigorous investigation on TGP bioequivalence assessment (Yacobi et al., 2014).
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Q1,0Q2,Q3
Equal
formulations

| . Careful evaluation of drugs:
Biowaiver +  Narrow therapeutic index
(IV characterization) +  Significant side effects

# Strength
products

Q3 equivalent
formulations

3 Corticosteroid? Vasoconstriction assay
Ql#Q2#Q3
Formulations
1 plasma /tissue levels? Pharmacokinetic methods
Action site?

Stratum corneum Epidermis /  Bellow the

/ Epidermis Dermis Dermis
+ CES *« CES = CES
+ DMK *  Microdialysis * Microdialysis
*  IVPT *« IVPT + PK
* CRS « CRS

Fig.1.4 — Schematics of bioequivalence assessment methods for TGP. Adapted from (Yacobi
et al., 2014).

Key: CES — Clinical Endpoint Studies; DMK — Dermatopharmacokinetic methods; IVPT — In vitro permeation testing; CRS — Confocal Raman
Spectroscopy; PK — Pharmacokinetic endpoints; Q1 — Qualitative sameness; Q2 — Quantitative sameness; Q3 — Microstructure sameness.

As displayed in Fig.1.4, the first step that should be evaluated is the qualitative sameness,
guantitative sameness and microstructure sameness of the test product (generic) and

innovator product (Chang et al., 2013a).

If both products are qualitatively and quantitatively equal, microstructure sameness can be
assessed by in vitro tests, such as IVPT and IVRT. In this scenario, the need for clinical
evaluation could be waived. However, as mentioned in the EMA concept paper, a critical
evaluation has to be considered in the following circumstances: drugs with narrow therapeutic
index, drugs with significant side effects and with drugs that oblige additional safety
requirements (EMA, 2014b; Yacobi et al., 2014).

In the case of formulations that do not meet the same Q1 and Q2 criteria, additional tests
must be conducted to properly document the generic product therapeutic equivalence. In this

case, the Strawman decision tree considers three main scenarios:

= |f the drug product is a corticosteroid, the in vivo vasoconstrictor assay (VCA) can be used;
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= |f the drug induces significant plasma/tissue levels, a pharmacokinetic analysis can be
performed, similar to BE assessment of systemically available drugs. Nevertheless, this
method in the vast majority of topical products is not applicable, since these dosage forms
are primarily developed to exert a local effect. Rare examples of pharmacokinetic
application include lidocaine patches, lidocaine-prilocaine creams, diclofenac emulgels and
etofenamate formulations (Chang et al., 2013b; Drossapharm, 2019; Efe et al., 2014).

= |f the test product is not eligible neither for pharmacodynamic or pharmacokinetic
evaluations, other BE assessment methods have to be considered. These should be decided
accordingly with the product action site. CES can be applied in all circumstances (stratum
corneum, epidermis or dermis). However, there are alternative methods that can be used
to supplement clinical data. Examples of such methods include IVPT, CRS, MD and TS, whose

application is reinforced, thus unveiling their use in dermal research (Yacobi et al., 2014).

There are, however, products that do not meet Q2 sameness criteria, but where a biowaiver
could also be safely and scientifically justified — Different strength products. The scientific
reasons that support this extension are quite simple to identify. Different strength products
only differ in the amount of API, being the basic formulation, equipment and manufacturing
process the same for all strengths. Therefore, if there is proper documentation of the
proportional or pseudo-proportional release/permeation profiles, obtained by methods such
as IVRT or IVPT respectively, a biowaiver could be also equated (Shah et al., 2015, 2003).

1.5.3 The Topical Drug Classification System

Besides the Strawman decision tree, where different BE assessment methods are investigated
bearing in mind the specificities of the evaluated product, there are some authors that further

explore the biowaiver concept for TGP (the first stage of the decision tree).

This complementary approach to the Strawman decision tree is based on the proposal of a
topical classification system, analogue to the Biopharmaceutics Classification System (BCS),
established for oral solid dosage forms (Lu et al., 2016; Shah et al., 2015).

The BCS institutes four classes of APl based on their solubility and permeability characteristics.
For generic immediate release dosage forms of the BCS class 1 (high solubility and
permeability) and class 3 (high solubility and low permeability) API, a biowaiver can be applied,

if proper documentation of the dissolution profiles similarity is presented (Shah et al., 2015).
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The TCS differentiates the generic formulations from the reference product, based on Q1, Q2
and Q3 profile. This system was purposed, mainly focusing the rationale behind the SUPAC-SS
guidance. A schematic diagram of TCS is presented in Fig.1.5.

*Q1,Q2,Q3 *Q1,Q2

Same Same
* Q3 Different

Class Class

Class Class

*Q1,Q2 *Q1,02,03
Different Different
* Q3 Same L

Fig.1.5 — Topical Drug Classification system. Modified from (Lu et al., 2016; Shah et al.,
2015).

Similarly to the Strawman decision tree, if the generic product is Q1, Q2 and Q3 equivalent

(class 1), the need to prove therapeutic equivalence by CES is not scientifically demanded.

Accordingly, with this model, when Q3 criteria are met, for products that are not Q1 and Q2
equivalent (class 3), a biowaiver could also be considered. For instance, APl with specific
physicochemical properties that strongly influence the formulation main critical attributes, i.e.
extreme lipophilicity, the excipients impact on the permeation kinetics is not significant.
Additionally, if product performance, evaluated through IVRT, is not altered by Q1/Q2
changes, there is no scientific reason to believe that the product will not be therapeutically
equivalent (Shah et al., 2015). As previously referred, the TCS is based on the SUPAC-SS
guidance, so only a maximum of 10% change in the quantity of any or collectively, all

excipients would be acceptable.

For class Il and IV topical drug products, the evaluation is not that simple, since there are
formulation differences that, in the majority of the cases, impact the product performance.
For these classes, therapeutic equivalence must be proved by other methods. In spite of this
attempt of standardization, the present approach has been continuously evolving to better fit

the purpose of bioequivalence establishment without the need of clinical endpoint studies.

Using these scientific principles, both approaches — the Strawman decision tree and the TCS —
would contribute to faster development and approval of TGP, maintaining at the same time
all the efficacy and safety requirements (Shah et al., 2015). Both approaches are based on the

fact that Q3 characteristics highly influence topical dosage forms bioavailability. Under this
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perspective, in vitro diffusion tests, would be key decision tools for BE assessment (Shah et al.,
2015).

1.5.4 FDA draft guidances

Since 2007, the FDA has been publishing non-binding product-specific guidances for generic
product development. These intend to identify the tests that should be presented while
submitting a new ANDA. In these guidances, the FDA reaffirms the need to prove the TGP
pharmaceutical equivalence (same active ingredient, dosage form, strength and route of
administration). Due to the complexity underlying CES, in the past 2-3 years, the US-FDA has
been accepting, for some products, alternative BE assessment methods (Braddy et al., 2015;
FDA, 2017).

To proper address this situation, the draft guidances regarding TGP were reviewed and
according to the results, these can be further assigned into two groups: (i) products in which
the agency recommends a fixed BE assessment method and; (ii) products in which the

applicant may select, within the suggested alternatives, which BE study to present.

The majority of the products falls within the 15t group. Clinical endpoint studies are appointed
as the main method to support BE. Nevertheless, there are guidances, such as the micronized
0.1 and 0.04% tretinoin gel, which explicitly address the importance of performing IVPT
studies, alongside with CES, to confirm the products equivalence. If the product is a
corticosteroid, vasoconstriction studies are also appointed. If the product is a liquid, the
applicant may submit a biowaiver. Pharmacokinetic studies are also referred to when the
product is systemically absorbed. Nevertheless, these methods solely cover a negligible
percentage of products aiming at a local action. Despite this scenario, there are a growing
number of products for which the approval may be solely supported by an adequate
physicochemical characterization, where in vitro techniques partake a predominant role, see
Table 1.2. Other tests that need to be presented to provide conclusive evidence of the TGP

pharmaceutical sameness include comparative:

= Visual and microscopy appearance;

Rheological properties at multiple shear rates;

Drug particle/globule size and size distribution;

API polymorphic form;

Vehicle metamorphosis;

API distribution;
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= pH, water activity and other potentially relevant physical and structure similarity

characterisation.

To properly document the physicochemical and structural similarity, these tests have to be

performed in a minimum of three lots of the GP and three lots of the RP.

For the second group of products, where BE can be portrayed by hither two options, a
biowaiver from CES can be requested if the product is a solution. Whenever a pharmacokinetic
evaluation is possible, it should be performed in conjunction with IVRT/IVPT. The alternative

hypothesis to document BE for these products, frequently falls within clinical endpoint

studies, or, if suitable, pharmacodynamic assays.

Table 1.2 — FDA non-binding product-specific guidances for generic drug development where

BE can be documented through in vitro methods.

API

Acyclovir

Benzyl alcohol
Bexarotene

Crisaborole

Crotamiton

Cyprofloxacine
hydrochloride

Clindamycine
phosphate

Clindamycine
phosphate and
tretinoin

Dapsone

Doconazol
Doxepin hydrochloride

Erythromycin

Gentamicin sulfate

Hydrocortisone
Ivermectin

Lidocaine

Dosage Form

Ointment
Cream
Lotion

Gel

Ointment

Lotion

Cream

Ointment

Gel

Gel

Gel

Cream
Cream

Gel

Cream

Ointment

Cream
Cream

Ointment

15t Option
PCC + IVRT CES
PCC + IVRT + IVPT CES
PCC + IVRT CES
PCC + IVRT + IVPT
PCC + IVPT/IVRT + PKE
PCC

pCC

PCC + IVRT

PCC + IVRT

PCC + IVRT

PCC + IVRT + IVPT +

PKE CES

PCC + IVRT CES
PCC + IVRT + IVPT PKE
pCC

pCC

pCC

pCC
PCC + IVRT + IVPT CES

PCC

27 Option

Date
2016

2016

2017

2019

2019

2017

2017

2018

2020

2020

2019

2017
2019
2017

2017

2017

2017

2019

2016
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API Dosage Form 1st Option 2nd Option Date
Luliconazole Cream PCC + IVRT + IVPT 2018
Metronidazole Gel PCC + IVRT + IVPT 2019
Nystatin and Cream PCC 2017
triamcinolone
acetonide Ointment PCC 2012
Ozenoxacin Cream PCC + IVRT + IVPT 2019
Oxymetatzoline Cream PCC + IVRT + IVPT 2019
hydrochloride
Penciclovir Cream PCC + IVRT + IVPT 2018
Pimecrolimus Cream PCC + IVRT + IVPT 2019
Silver sulfadiazine Cream PCC + IVRT 2017
Tacrolimus Ointment PCC + IVRT + IVPT 2018
Gel PCC + IVRT 2020
Tretinoin
Cream PCC + IVRT CES 2020
Lotion PCC 2014
Ointment PCC 2017
Triamcinolone Ointment PCC 2017
acetonide
Cream PCC 2017
Ointment PCC 2017

Key: PCC — Physicochemical Characterization; CES — Clinical Endpoint Studies; IVPT — In vitro permeation testing; IVRT — In vitro release testing;
PKE — Pharmacokinetic Endpoints; Group A — fixed studies products; Group B — alternative methods products (lli¢ et al., 2021).

As can be seenin Table 1.2, with exception of lotions, all dosage forms are semi solid and some

products are corticosteroids.

A similar situation is being registered with locally acting topical drug products intended for
ophthalmic administration, such as cyclosporine emulsion or bacitracin ointment. These
products share the same complex dosage forms than TGP, and consequently the same BE
challenges. Some draft guidances of these products include IVRT as bioequivalence tools (Al-
Ghabeish et al., 2015; Krishnaiah et al., 2014).

The addressed examples, clearly reinforce the broader acceptance of in vitro approaches as
integral part of the overall quality assessment of semi-solid products (Al-Ghabeish et al.,
2015).

1.5.5 European appraisal

In Europe, TGP generally do not follow a centralized procedure, instead they are often
submitted through mutual recognition/decentralized procedures via a bibliographic
application, according to Article 10a of Directive 2001/83/EC. This is applicable to products
with a well-established medicinal use within the Community for at least ten years, and

recognized efficacy as well as acceptable level of safety. In such conditions, the applicant is
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able to demonstrate the product efficacy and safety in the proposed indications, based on
previously published preclinical and clinical data (European Council, 2001; PAR, 2016, 2015a,
2014).

However, hybrid products, usually benefit from this submission strategy. A product can be
registered as a hybrid product whenever: (i) the strict definition of a ‘generic medicinal
product’ is not met; (ii) when bioavailability studies cannot be used to demonstrate
bioequivalence, which is commonly applicable to topically applied and locally acting drug
products and when; (iii) there are changes in the active substance(s), therapeutic indications,
strength, pharmaceutical form or route of administration of the generic product compared to
the reference product. In such circumstances, the applicant may use the pre-clinical and
clinical data pertaining to the “reference product”; nevertheless, new studies should be
conducted to support the marketing authorization (European Council, 2001). There are
however, publicly available European assessment reports of hybrid applications, where the
regulatory authorities granted a marketing authorization without new clinical data
presentation. A clear example regards Grinvix, a dimetindene maleate aqueous gel, where
only information regarding the pharmaceutical equivalence of the test products towards the

reference product was provided (PAR, 2015b).

Another example of a hybrid application regards Solaraze 3%, a diclofenac sodium 3% gel.
Even though, for this product, CES were performed, the submission process also included in
vitro studies. These were presented in the pharmaceutical equivalence section, as well as in
the clinical aspects. This occurrence is highly indicative of the ongoing importance of these
methods in Europe (PAR, 2018).

A further example regarding a mixed bioequivalence assessment process using in vitro and
CES concerns a lidocaine 25 g/g and prilocaine 25 mg/g cream. This generic product was
registered via a mutual recognition procedure. In the clinical aspects, the applicant presented
an in vitro permeation study on human skin. Additionally, data concerning the amount of
active drug (prilocaine and lidocaine) retained in each layer of the skin — stratum corneum,
epidermis and dermis — was presented. Other interesting IVPT study addressed in this PAR
regards the evaluation of the stability of the test product. For this, the principal metabolite of
prilocaine, ortho-toluidine, was added to the formulation in known concentrations. The
applicant was able to prove that the test formulation did not induce a significant accumulation
of the degradation product in the skin, similarly to what was registered for the reference
product (PAR, 2009). In vitro tests in this application represented the main clinical studies

presented; nevertheless, a pivotal comparative clinical study was also performed.
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Similar skin retention studies are described in another PAR regarding a Diclofenac Sodium 4%
Spray Gel, a product also submitted under a mutual recognition procedure. Bioequivalence
was demonstrated by a pharmacokinetic study, which was possible since diclofenac
concentrations can be monitored in plasma even if the product is topically applied, by clinical
studies to assess both product safety and efficacy and by IVPT methods. The applicant
presented data on the distribution profile of diclofenac in the skin, when compared to a
different  strength reference product, Voltaren® Emulgel (1.16% diclofenac
diethylammonium). In this case, the applicant was able to prove that the in vitro percutaneous

absorption was higher than the one registered in the reference product (PAR, 2002).

The use of in vitro methods for bioequivalence assessment in European countries, when
compared to the USA example, is still far from harmonization, since as already mentioned in
the majority of situations, TGP are not submitted via a centralized procedure. As such, it is
often dependent on the differing assessments of the Member States involved. Nevertheless,
although to lesser extent than in the US, IVPT is increasingly recognized as a bioequivalence
tool, as evidenced by the numerous cases where these methods have been used to partially
document BE and, more recently, by the release of the EMA draft guideline on quality and

equivalence of topical products.

The key scientific principles that allow the use of in vitro methods have been carefully
investigated by several research groups. One of the most frequently cited examples in the

literature is the acyclovir ophthalmic ointment.

Xu et al. assessed the IVRT profile of oleaginous and water-soluble acyclovir ointment
formulations using Hanson vertical diffusion cells (Xu et al., 2015a). It was observed that the
in vitro release profile was highly dependent on the type of ointment bases and that for
oleaginous bases, drug release followed a particular logarithmic-time dependent profile. The
authors further characterize this specific kinetic mechanism and call it the “transient-
boundary hypothesis”. According to this model, the API diffusion is firstly conditioned by the
limited miscibility between petrolatum and water. However, in a second stage, the drug
diffusion profile changes due to the presence of an aqueous transient layer that expands over
time. This expansion is closely related with the absence of water soluble components in an
oleaginous ointment base. In absorption or water-soluble base ointments, the water is able
to diffuse into the matrix, which leads to a “inward moving boundary”. However, in oleaginous
ointment bases the transient layer, and consequently drug diffusion into the bulk aqueous
medium, moves outwards (Xu et al., 2015a). A second study carried out by the same group,
performed a design of experiments (DoE) with an acyclovir ointment composed of an

oleaginous base as a model dosage form (Xu et al., 2015b). Outputs such as particle size,
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content uniformity and assay, and rheological studies were further analysed. By performing a
principle component analysis, the authors were able to identify drug loading, as the most
influential parameter on the product quality and performance (Xu et al., 2015b). Through in
vitro release and in vitro permeation testing across rabbit cornea, the authors were able to
discriminate the product and process variability, and at the same time confirm product

sameness.

A recent study by Tiffner et al. presented an integrated approach to qualify and validate an
IVRT method for acyclovir cream 5% (Tiffner et al., 2018). Even though the authors based
their research on previous works, such as the one presented by Thakkar and Chern, their
approach was essentially methodological, with focus on individual parameters of IVRT, but
also on other critical components of the test system, including: apparatus and laboratory
gualification, HPLC method validation and also IVRT method validation (Thakker and Chern,
2003; Tiffner et al., 2018). For each critical component, specific acceptance criteria were
presented. Some of the procedures used for the IVRT validation presented in this paper are
also considered in the FDA draft guidance on acyclovir cream. This comprehensive and
standardized approach to validate an IVRT method clearly represents a valuable tool to assess
the pharmaceutical equivalence not only for acyclovir creams, but also for other semisolid TGP
(Tiffner et al., 2018).

1.6 Highlights

Clinical endpoint studies are the gold method for therapeutic assessment of TGP.
However, due to the intricacies linked with dermal absorption, these studies are
simultaneously the most expensive part of the TGP R&D programs and the one
with more entailed risks.

Microdialysis, tape striping and spectroscopic methods constitute alternative
methods for assessing TGP therapeutic equivalence. However, from a regulatory
perspective, in vitro methods such as IVRT and IVPT, have been increasingly used
as CES biowaivers.

Multidisplinary initiatives such as the Strawman decision tree and the topical
drug classification system, have been proposing tailored frameworks for
bioequivalence assessment, reliant on the products extended pharmaceutical
equivalence.
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2 FRAMEWORK, HYPOTHESIS AND OBJECTIVES

i Ipter

MODULAR FRAMEWORK FOR BIOEQUIVALENCE ASSESSMENT OF
TOPICAL GENERIC PRODUCTS ACCORDING TO THE NEW EMA
REQUIREMENTS

LOCAL PRODUCT EFFICACY SAMENESS
AVAILABILITY

PRODUCT PERFORMANCE &
ADMINISTRATION SAMENESS

MICROSTRUCTURE
SAMENESS

QUANTITATIVE SAMENESS

- QUALITATIVE SAMENESS
Q1 °

Fig.2.1 — Graphical abstract: Quality and equivalence of topical products: A critical appraisal.

This chapter has been adapted from the following publication:
Miranda, M., Cardoso, C., Vitorino, C., 2019. Quality and Equivalence of Topical Products: A Critical Appraisal.
Eur. J. Pharm. Sci. 105082. https://doi.org/10.1016/j.ejps.2019.105082

M.M and C.V conceived the presented idea and established the research program and implementation. M.M wrote the first draft of the

manuscript and all the other authors substantially contributed to revisions.
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2.1 Introducing the new guideline -
% EMA draft guideline on quality .

and equivalence of topical What does it ChangE?

products was released for

consultation on October 2018. As already outlined in the 1%t chapter, the

In line with the previously

published  acyclovir  draft regulatory authorities have been advancing
guidance by the US-FDA, this

document purposes a modular

relevant regulation concerning  topical

framework  for  equivalence bioequivalence assessment.
demonstration of topical

generic products.

Significant on-going and emerging focus areas
In spite of the noteworthy
regulatory advance concerning
the approval of topical generic testing, in  vitro  permeation  testing,
semisolid dosage forms, this

document entails some critical dermatopharmacokinetic methods, rheology
aspects, which may undermine
its successful translation into
practice. purposed by the FDA. In fact, this agency has

have been frequently addressed: in vitro release

and skin metamorphosis. These were mainly

proven to be more dynamic than the EMA, not

only through the release of the FDA Product-Specific Guidances for Generic Drug Development
(2015-2018), but also through its continuous efforts to sponsor several scientific workshops
addressing this issue. Nevertheless, in October 2018, EMA released a draft guideline on quality
and equivalence of topical products. This long awaited document presents a modular
framework for equivalence demonstration of topical products, where the use of surrogate
methods to clinical endpoint studies is accepted. Despite of its immense applicability, there
are critical aspects that should be further highlighted and discussed in order to enable a more
concrete applicability of the guideline. In this context, this chapter pertains to call attention

to significant parameters addressed in the guideline.

Several issues are raised after a thorough reading of the new EMA guideline, since this
document imposes several challenges, which might hamper the real applicability of the
alternative bioequivalence methodologies. These have been extensively discussed in the
recent EUFEPS Open Forum Discussion on the Draft Guideline on Quality and Equivalence of

Topical Products (Bonn, June 2019).

In this context, this section attempts to discuss some of the difficulties regarding the extended
pharmaceutical equivalence characterization, where IVRT and product metamorphosis will be

specially highlighted, as well as efficacy equivalence studies.

The key alterations imposed by this document can be summarized as follows:

= |t clearly defines the extended concept of pharmaceutical equivalence — Qualitative,

guantitative, microstructure aspects, product performance and administration equivalence.
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Furthermore, it introduces specific protocols for evaluating product efficacy equivalence

through in vitro permeation studies and in vivo tape stripping.

= |t significantly limits the conditions for approval of topical generic products submitted via a
bibliographic application, in particular when the extended concept of pharmaceutical

equivalence is not properly documented.

» |t defines the in vitro release rate (IVRR) as a critical quality attribute (CQA) of the
formulation. The determination of such a parameter should be assessed at several stages
in the development of a generic topical product (scale-up, equivalence of excipient
homologues, post-authorization changes, definition of acceptance limits for both

degradation products and impurities, batch-to-batch consistency, life cycle management).
= |t calls for the need to develop topical product specific equivalence protocols.

» |t enables the acceptance of a biowaiver for different strength products, if specific

requirements are met.

» |tintroducesthe importance of documenting mass balance studies while performing in vitro

skin permeation testing.

= |t accepts dermatopharmacokinetic studies as a reliable method for bioequivalence

assessment of topical drug products.

2.2 Guideline background

The main principle behind the redaction of the draft guideline clearly relies on a patient focus

and patient driven pharmaceutical development of topical generic products.

The applicant should previously establish the quality target product profile, addressing
efficacy, safety and quality aspects. Afterwards, an extensive and comprehensive

characterization should be performed both for test product and the reference product.

According to the EMA draft guideline, a modular framework for equivalence demonstration
for TGP can be set based on the product dosage form, see Fig.2.1. If the test product is a simple
formulation, wherein the API is included within a single-phase base, such as a solution,
suspension, gel or ointment, product equivalence can be justified through an extensive
pharmaceutical characterization. However, qualitative, quantitative and microstructure
sameness (Q1, Q2, Q3, respectively) towards the reference product should be established.
Moreover, product performance (which in our perspective could be termed Q4, since it also
regards a quality aspect of the formulation), given by the in vitro release profile, should also

be documented.
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Alternatively, if the test product is a complex dosage form (e.g. multiple phase, with
permeation enhancers), besides the extended pharmaceutical characterization, the applicant

should provide information on the product efficacy equivalence.

Simple formulations
e.g. single-phase

Extended Pharmaceutical Equivalence (EPE)

Equivalence with respect to quality —
Q1,Q2, Q3 & Q4 (?) similarity

solutions, gels,
ointments

EPE + Product efficacy equivalence

Equivalence with respect to efficacy (local

availability):

+ Permeation kinetics (IVPT, TS);

* VCA studies (corticosteroids);

* In vivo microbial decolonization studies
(antiseptics)

Fig.2.2 — Modular framework for bioequivalence assessment according to the EMA draft
guideline on quality and equivalence of topical products.

Key: Q1 — Qualitative sameness; Q2 — Quantitative sameness; Q3 — Microstructure sameness; Q4 — Product performance sameness; IVPT —
In vitro Permeation Testing; TS —Tape stripping; VCA — Vasoconstrictor assay.

2.2.1 Q1, Q2, Q3 similarity

For both simple and complex formulations, EMA requires the documentation of both
qualitative and quantitative equivalence between the RP and the TP. Despite warrant
gualitative composition may not be an issue, the same does not happen to ensure quantitative
sameness, for which reverse engineering procedures are demanded. Moreover, as the draft
guideline clearly states, special attention needs to be directed towards the grade of the
excipient, since this aspect may compromise drug product quality. As mentioned by Chang et
al. a low-melting-grade material may melt under accelerated stability conditions, while a high
melting-grade excipient can withstand higher storage temperatures. On the other hand, an
excipient with high viscosity will have a distinct impact on the product rheological profile,
when comparing to a low viscosity excipient (Chang et al.,, 2013b, 2013a). In such
circumstances, and as reported in the EMA draft guideline, when the grade of the excipient
may compromise active substance bioavailability, product manufacturability or product

quality, the grade of excipient should be the same as the RP.

Even though there are sound scientific reasons that state the importance of attaining Q1 and
Q2 sameness in a semisolid product quality profile, from a practical perspective, attaining such
sameness, within the defined criteria (¥5%) may prove to be extremely challenging, due to
patent protection issues, undesirable RP characteristics, among other factors (Chang et al.,
2013b). Moreover, information regarding the excipient grade is solely accessible to the

agency, making it difficult for generic manufacturers to assure such conditions.
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The topical drug classification system proposed by Shah and collaborators highlights the
importance of microstructure sameness when evaluating topical semisolid products. For BE
assessment of a class Ill product (different Q1, Q2 and same Q3), the authors support a waiver
for clinical trials, if the excipients proved to be inert and the in vitro release testing (IVRT)

profile meets the confidence interval criteria comparing to the RP (Shah et al., 2015).

In addition to IVRT, there are multiple methods useful to characterize product microstructure,

such as:

= Rheology behaviour — Viscosity of the product directly impacts topical delivery, since it
affects the drug diffusion rate. High viscosity formulations exhibit high diffusion rates when
compared to low viscosity ones (Bao and Burgess, 2018). The draft guideline mentions
specific requirements that should be presented while documenting the products rheological
profile. These include a complete flow curve of shear stress (or viscosity) versus shear rate;
Linear viscoelastic response (storage and loss moduli vs. frequency); Classification of the
product’s behaviour according to shear and time effects (EMA, 2018b). Equivalent
requirements have been previously presented by the FDA in the acyclovir draft guidance
(FDA, 2016c). There is, however, one drawback in the EMA criteria that concerns the
restriction of the confidence interval (Cl) between the RP and generic product (GP) to 90-
110%. This Cl does not take into account the intrinsic variability of semisolid products, which

may impose added challenges in the documentation of rheology profile similarity.

= Careful assessment of the physical state and crystal habit of the drugin the semisolid system
—drug polymorphism.
= Analysis of particle size distribution with representative microscopic images at multiple

magnifications.

= Analytical centrifugation, a powerful tool which helps derisk product development since it
predicts potential destabilization processes, such as sedimentation, creaming, flocculation,

coagulation, coalescence, or phase inversion phenomena’s, under accelerated conditions.

Besides these methods, an overgrowing importance is being given to analytical strategies used
to evaluate the formulation thermodynamic activity (Chang et al., 2013a). In addition to
thermal methods, such as differential scanning calorimetry (DSC) and thermogravimetric
analysis (TGA), metamorphosis of the topical product upon administration is being frequently

addressed when establishing the pharmaceutical equivalence of a topical generic product.

Drug metamorphosis/transformation refers to the changes that most dermatological vehicles
undergo after being removed from the primary container and applied to the skin. The

mechanical shear associated with the application of the product and/or evaporation of
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ingredients, besides promoting a rearrangement of the initial structural matrix, also changes
the quantitative composition of the product (Surber and Smith, 2005). These processes may
induce skin drug crystallisation, by other words, the formation of a drug reservoir (Goh et al.,
2017). Since crystallization phenomenon bears a direct impact in drug permeation,
consequently affecting bioavailability, the same process may condition bioequivalence
between products (Hadgraft and Lane, 2016). Monitoring excipients in the skin using methods,
such as ATR-FTIR spectroscopy, localized nanothermal analysis and photothermal
microspectroscopy, combined with multivariate data analysis, are referred in the literature as
strategies to assess product transformation (Goh et al., 2018, 2017). However, such methods
are still being outlined and the draft guideline does not provide a significant insight on the
appropriate methodologies to evaluate product transformation. Therefore, this requirement

may prove to be challenging to demonstrate.

2.2.2 Q4 similarity — Product performance IVRT

IVRT has been extensively used during formulation development and quality control analysis.
Its wide spread applicability has produced both knowledge and comprehensive experience in
all marketed complex semi-solid dosage forms, as reviewed in the 1% chapter. In this context,
the acceptance of IVRT methods by EMA as a product qualifying tool in what regards the
establishment of an extended pharmaceutical equivalence, comes with no surprise. Similar
efforts have been previously carried out by the FDA in some product specific guidances, as
well as by other agencies. The European agency requires the performance of extensive IVRT
validation procedures which include: membrane inertness, linearity, precision, sensitivity,
discriminatory power and robustness evaluation of the method. Moreover, the diffusional
system should also be qualified in what concerns diffusional area and volume of the cells,
dispensed sampling volume and temperature at the membrane surface (EMA, 2018b). There
are, however, some aspects mentioned in annex 1 of the EMA draft guideline (IVRT methods)
that may impose significant challenges. The next paragraphs highlight some of these

difficulties.

The guideline refers that at least 70% of the active substance applied should be released.
However, the majority of topical products do not attain a 70% release of drug substance
throughout drug exposition time. In many cases, it will require a prolonged assay duration that
does not mimic in vivo conditions. Moreover, in topical drug products the active substance is
usually in excess, in order to account for drug loss due to skin turnover, among other reasons.
Therefore, monitoring the amount of drug released per (exposed) unit area is a far better

indicator for assessing individual’s drug exposure, when compared to the percentage of drug
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released which may greatly underestimate the impact of drug release (Al-Ghabeish et al.,
2015; Bao et al., 2017; Fernandez-Campos et al., 2017; Goebel et al., 2013; Khanolkar et al.,
2017; Krishnaiah et al., 2014; Kriwet and Miller-Goymann, 1995; Lauterbach and Miiller-
Goymann, 2014; Nallagundla et al., 2014; Petré et al., 2013; Xu et al., 2015a, 2015b).

Another significant restriction that the draft guideline purposes is the reduction of the relative
standard deviation (RSD) in IVRT to 10%, as well as the restriction of the Cl to 90-111%. Both
requirements may compromise the acceptance of many TGP already market approved, as well

as many topical reference products due to their intrinsic variability.

Even though the FDA presents broader criteria (RSD 15% and Cl 75-133%), attaining these,
especially RSD, may also prove to be challenging, especially when dealing with complex

formulations such as emulsions or creams (Goebel et al., 2013; Nallagundla et al., 2014).

There should be predefined Cl according to the dosage form instead. In this context, EMA
defends the publication of Product-Specific Guidances. The redaction of such documents
should take into account the nature and complexity of the drug product and active substance,

and might be an excellent opportunity to establish more realistic and adapted criteria.

One additional challenge that the guideline purposes is the inclusion of the in vitro release
rate (IVRR) as a critical quality attribute (CQA) of the topical product. In light of this
requirement there would be the necessity to conduct release experiments on a daily routine

basis, which may prove to be too demanding for generic manufactures.

2.2.3 Local availability similarity — Equivalence with respect to efficacy
2.2.3.1 IVPT

As the stratum corneum is the main barrier for percutaneous absorption, the usage of human
skin as a membrane in topical product diffusion tests, closely mimics in vivo drug permeation.
The appointed reason is the basis of the regulatory overgrowing importance of IVPT as a
method to establish product equivalence with respect to efficacy, as previously referred in the

15t chapter.

When submitting IVPT to regulatory agencies, the applicants should perform, similarly to
pharmacodynamic endpoint studies, both pilot and pivotal studies. Method development
reports, method validation reports and standard operating procedures (SOP) should be

likewise presented (Katragadda, 2018).
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Validation procedures include membrane qualification, receptor solution qualification and
guantification, among other parameters. Membrane qualification studies are especially
important due to human skin variability. Accordingly, skin donor inclusion/exclusion criteria
should be defined, as well as methods to carefully assess skin integrity. Moreover, several

donors should be included, as well as multiple sections per donor.

The OECD guidelines on dermal absorption as well as the guideline on quality of transdermal
patches emitted by EMA, provide specific and detailed information concerning this aspect.
The variability of the human membranes should be confirmed at least in 2 donors, for EMA,
while for the OECD the usage of 3 donors is required. The FDA does not define a minimum
number of donors required to adequately power the IVPT pivotal study, however, it clearly
states that a minimum of 4 dosed replicates per donor per treatment group should be used
(EMA, 2014d; FDA, 2016c; OECD, 2010). In fact, inter- and intra-individual variability of human
skin, poses a challenge to method standardization and verification of reproducibility (Praca et
al., 2018). This reason may be the basis of the new EMA criteria to use in each IVPT 12 donors
with at least 2 sections per donor. This significant increase when compared to pre-existent
guidelines, may pose an additional challenge to the performance of IVPT. Human skin for these
tests is usually retrieved from plastic surgery, with ethical consent being required, therefore

to have 12 simultaneous donors would be extremely difficult.

EMA also requires the conduction of mass balance studies, where an overall recovery 90-110%

should be obtained. Once again, these limits may be too restrictive.

2.2.3.2 Tape stripping

The acceptance of dermatopharmacokinetic methods to establish BE of topical drug products
is one of the most noteworthy changes of the EMA draft guideline. This method had already
been approved as a surrogate method for BE assessment by the FDA, however, as reviewed
in the 1%t chapter, the agency withdrawn the guidance in 2002 (Au et al., 2010; Yacobi et al.,
2014). Due to the method wide range of applicability, especially in what concerns stratum
corneum acting products, several groups continued to work in the optimization and validation
of tape stripping method. The EMA guideline in section lll — “stratum corneum sampling”
presents a specific protocol, based on the work of Professor Richard Guy and Professor Annete

Bunge, whose main contributions were already reviewed in Chapter 1.

Fig.2.3 summarizes the main challenges in the transposition of the updated EMA criteria in

the establishment of topical generic products bioequivalence.
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Hurdles to EPE
establishment
according to the LOCAL

a1 new EMA criteria AVAILABILITY

Qualitative Equivalence
Sameness with respect to

efficacy
Q2 Q4
Quantitative Q3 Performance &

Sameness Administration
Microstructure

Sameness

I T

* Reverse Special focus on: * Unrealistic IVPT
engineering * Rheological criteria— RSD, % * Too many
procedures behaviour Release and Cl donnors

* Requires * Drug * DefinesIVRRas a * Restrictive
presentation polymorphism CQA of the criteria—Cl
of excipient *  Product product that and mass
grade metamorphosis should be balance

* Patent J presented in studies
protection 90-111% Cl - routine analysis
issues Restrictive intervals.

* Undesirable Does not account
RP forinherent

Characteristics variability of
semisolid dosage
forms
Fig.2.3 — Main hurdles of the new criteria of the EMA draft guideline on the quality and
equivalence of topical products.
Key: Q1 — Qualitative sameness; Q2 — Quantitative sameness; Q3 — Microstructure sameness; Q4 — Product performance sameness; IVRR —

In vitro release testing; IVPT — In vitro Permeation Testing; Cl — Confidence interval; EPE — Extended Pharmaceutical Equivalence; CQA —
Critical Quality Attribute; RP — Reference Product; RSD — Relative Standard Deviation.

2.2.4 SWOT analysis

To properly address all the above changes a strength, weakness, opportunity and threats,

(SWQOT) analysis was made considering the EMA guideline. Please see Fig.2.4.
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* Definition of the concept of
extended pharmaceutical
equivalence.

* Acceptance of analytical
surrogates to clinical endpoint
studies.

STRENGTHS

WEAKNESSES

* Lack of information regarding
product metamorphosis evaluation.
* The intrinsic variability of topical

Possibility for the development of
product specific guidances.
Possibility to use additional methods
such as pharmacodynamics,
spectroscopic, microdialysis and
guantitative methods and modelling
(QMM) as additional methodologies
to document product efficacy.

OPPORTUNITIES

THREATS

The number of samples, per batch, for product
characterization statistical comparison (n=12) is
too demanding and lacks scientific pertinence
(rheology, particle size, pH...).

semisolid dosage forms is not taken
into account while establishing the
statistical requirements for RP Attaining  excipient Q1/Q2 similarity may

Too restrictive parameters regarding Q4 and local
availability sameness evaluation.

undermine the development and registration of
TGP.

Since the requirements are too demanding, no
“real” valuable alternative to clinical endpoint
studies is supported by the European authorities

comparison.

Fig.2.4 — SWOT analysis of the draft guideline on quality and equivalence of topical drug

products.

Envisioning possible solutions to the above mentioned threats and weaknesses we timely

propose some decision making strategies:

Taking into account that there are no clear or regulatory established methods for assessing
metamorphosis of topical products so far, this evaluation, should be regarded as a

complementary analysis.

Maintain the SUPAC criteria regarding both IVRT and IVPT confidence interval limits. The
90% confidence interval for the ratio of means of the test and comparator products should

be contained within the acceptance interval of 75-133%.

Clarification of the statistical treatment used to compare reference with test products in
both release and permeation studies. The EMA draft guideline suggest that the principles
stated in the guideline on the investigation of bioequivalence should be used. However, the
terms in which ANOVA is performed (subject within sequence, period and formulation) do
not apply to IVRT or IVPT. We believe, that a non-parametric analysis, as described in USP
(adapting the matrix to n=12) would better fit this purpose.

For IVRT validation studies, adopt the FDA threshold for the assessment of the method
intermediate precision (CV < 15%). The same applies to the comparison of permeation

parameters between test and reference products.
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= A threshold regarding the % of release in IVRT should not be imposed. As compared to the
70% of drug release, the monitoring of the amount of drug released per (exposed) unit area

is by far a better indicator for assessing individual’s drug exposure.

= Reduce the donors involved in IVPT to a more reasonable and ethical number.

2.3 Highlights

Extended Pharmaceutical Equivalence (EPE) Concept
For extended pharmaceutical equivalence to register, Q1, Q2, Q3, Q4 and
administration sameness must be obhserved.

1 o—

EMA draft guideline on quality and equivalence of topical products

A valuable input on the development, validation and implementation of the
extended pharmaceutical equivalence concept, supported by in vitro
technologies, is carefully presented in this draft guideline. By doing so, a safe and
scientific driven assessment of TGP BE is stimulated.

2 o—

Translating the draft guideline into practise

Several issues may hinder the draft guideline applicability: (i) lack of information
regarding some methods to establish EPC equivalence; (ii) imposition of strict
statistical criteria; (iii) the high number of samples/donors required for IVRT and
IVPT analysis, respectively. All these aspects may prove to be challenging to
assure.
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2.4 Problem, hypothesis and objectives

Assessing the therapeutic profile of a TGP by its local action and comparing it towards the RP
can be quite challenging. As such, a pharmacokinetic evaluation is generally unfeasible. Even
though pharmacodynamic studies can be used for corticoids, clinical endpoint studies (still)

represent the “gold standard” method for establishing bioequivalence.

As previously mentioned, skin permeation and subsequent topical product efficacy is highly
dependent on skin integrity, race, gender, age, overall immunological state, disease state and
dosage regimens. To surpass these limitations, clinical endpoint studies (CES) usually require
a complex structure (randomized, double-blind, placebo-controlled, crossover and parallel
grouped studies) and also possess a high number of enrolled subjects. Under these conditions,
the evaluation of therapeutic equivalence is the most expensive part of TGP R&D programs
and the one with more entailed risks, as some reference products possess modest efficacy.
The economic burden of CES, combined with the typically low market price of the reference
product, significantly limits the development of TGPs, as their chances of economic viability
are considerably decreased. On the other hand, innovation in topical drug formulations for
skin diseased has been lagged behind other pharmaceutical product classes. This
makes topical products more vulnerable to price increases (Kwa et al., 2020). A recent study
by Kwa et al. has revealed that in the US, from 2011-2015, total spending on topical drugs has
increased by 61%, whilst the number of units increased by only 18% (Kwa et al., 2020). The
authors examined the relationship between net changes in the number of therapeutic options
and spending on prescription topical drugs. For this purpose, topical drugs were divided into
several categories according to their therapeutic profile: analgesic/antipruritic, antibacterial,
antifungal, antineoplastic, antiparasitic, antiseptic, antiviral, corticosteroids, retinoids, and
other. For each drug class, the log of the ratio of total spending per unit in 2015 to total
spending per unit in 2011 was modelled as linear function of the net number of topical
therapeutic options over that time period (Kwa et al., 2020). Interestingly, the classes with
higher price disparities (topical corticosteroids and antifungals) involved categories with few
therapeutic options. This study indicated that if the number of therapeutic options, especially
generics, were to increase, an effective cost control strategy could be implemented and
benefit the patients (Kwa et al., 2020). Despite being a different economic perspectives, it

clearly highlights a potential market opportunity.

Given the limitations associated with CES, surrogate methodologies have been explored. As
discussed in the introductory chapter, these mainly rely on in vitro methodologies that allow

a more sensitive and reproducible permeation profile assessment. Since the stratum corneum
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is the primary limiting barrier to dermal absorption, the determination of the permeation
profile closely mimics in vivo topical drug delivery. By doing so, these methods can be used as
BE assessment tools for TGP. The development and validation of these techniques is a
strategic area for generic drugs research, since by enabling faster submission and approval

processes, an expansion of topical drug products with a generic version is more attainable.

Taking this background into account, several multidisciplinary initiatives, such as the
Strawman Decision Tree, the Topical Drug Classification System and the FDA product-Specific
Guidances for Generic Drug Development, aim to outline the principles that would
substantiate the use of these in vitro surrogates. Even though these meetings and guidances
provide insight on innovative regulatory approaches to be used for establishing therapeutic
equivalence, they were only urged by the US-FDA. Moreover, their focus mainly involves
semisolid ophthalmic preparations and topical acyclovir. In what concerns the European
Medicine Agency, CES continues to be the accepted approach, even though some exceptions
could be pointed out. These mainly regard bibliographic applications, which are not submitted
through a centralized procedure and are increasingly becoming rarer, and some case studies,

as reviewed on Chapter 1.

Motivated by these constraints in their daily practice, Laboratérios Basi® aim to generate more
knowledge on the plausibility as well as on the validation procedures of these in vitro
surrogate methods. To do so, Basi enrolled in a PhD company based program — Drug R&D —in
partnership with the Faculty of Pharmacy of the University of Coimbra. Please note that on
the beginning of this PhD, March 2017, EMA draft guideline had not been released yet, so the

main goals of the investigation were:

= To develop by means of an analytical quality by design strategy, in vitro permeation and
near infrared spectroscopy methods to assess topical drug permeation, using human skin

as a biological subtract;

» Tovalidate the proposed methods. These should provide enough sensitivity, robustness and
discriminatory power in order to be able to (i) discriminate the permeation profiles of
different topical semisolid dosage forms (gels, creams, ointments) and to (ii) assess the

permeation impact of Q1/Q2/Q3 differences towards a specific reference product;

* To compare the obtained results with the regulatory approved approaches -

pharmacodynamic and clinical endpoint studies;

* To implement the cited methods, on a routine basis, as a quality control and as a

bioequivalence tool during R&D programs of TGP.
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These goals had to be partially changed after the release of the EMA draft guideline. Even
though this document represents a long-awaited advance on regulation concerning TGP
development and approval, a careful analysis of the guideline clearly revealed some aspects
that might undermine its successful translation into practice. These could be summarized into
three key points: (i) The development of the methods used to support the extended
pharmaceutical equivalence was not carefully detailed; (ii) Imposition of strict statistical
criteria and (iii) Additional requirements for IVRT and IVPT studies, including a higher number

of samples/donors, respectively.

Bearing in mind the constraints introduced by this guideline, some questions have been

raised:

Do in vitro methodologies entail sufficient regulatory power to support per se BE assessment?
Can these methodologies be regarded as a “stand-alone” surrogate method? If so, how can

they be tailored and which premises are required for their development and validation?

Taking into account the updated regulatory background, the specific objectives of this thesis

were outlined as follows:

= To provide scientifically sound guidance for the development and validation of a rheology

method.

A detailed rheological characterization of a semisolid dosage form provides information on
product aesthetics properties, therapeutic effectiveness, patient compliance and overall
quality / stability profile. Even though comprehensive rheological tests are thoughtfully
addressed in the guideline, general development and validation procedures are not pointed
out. In an attempt to surpass this limitation, specific rotational and oscillatory
measurements, alongside with data analysis were carried out considering all the relevant
components of a conventional analytical validation, including precision, discriminatory
power and robustness. A 1% w/w hydrocortisone cream was used as a model product.
Additional recommendations pointed out in the draft guideline were also addressed. To
further highlight the applicability of the purposed strategy, the same rationale herein

proposed, was transposed to a distinct case study — a clotrimazole 10 mg/g cream.

= To Apply aQbD principles to the development of a IVRT test.

Even though regulatory recommendations addressing IVRT method validation are clearly
defined, there is not a standardized methodology to support overall method development.
According to a workshop promoted by the FDA, with the overgrowing regulatory
importance of IVRT, the absence of method development protocols/reports is often

appointed as one of the aspects that might impair submission and approval processes
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related to TGP applications. Taking this information into account, this chapter aims to offer
a robust and regulatory oriented platform for IVRT method development, based on aQbD
principles. To do so, the IVRT analytical target profile was firstly traced, followed by a risk
assessment analysis, which enabled the selection of both critical analytical attributes, as
well as critical method variables. Several IVRT experiments were then performed, according
to a full factorial design, in order to select the most suitable IVRT parameters. These were
then fully validated according with EMA requirements. Similar to the present chapter, a
critical and reflective assessment is presented here, focusing on the requirements of the
new EMA draft guideline, especially those concerning IVRT method. In this chapter, a

commercially available diclofenac emulgel formulation was used as a model product.

* To discuss the statistical parameters presented in the EMA guideline regarding the

extended pharmaceutical equivalence documentation.

According to the EMA guideline, a modular framework can be used to support BE of TGP.
For a test product to be registered, the qualitative (Q1), quantitative (Q2), microstructure
(Q3) and product performance (Q4) sameness must be supported. Strict regulatory limits
are defined in the guideline, although their suitability has been subject of intense debate.
In this context, this chapter aims to address these issues by characterizing a panel of 8
reference blockbuster semisolid topical products. For each product, three batches were
selected and, whenever possible, batches retrieved from different manufacturing sites were
considered. Product microstructure was evaluated in terms of globule size, pH, rheological
attributes and, if required, the thermal behaviour was also assessed. Performance was
evaluated through in vitro release testing (IVRT). Finally, an integrated multivariate analysis

model was created to highlight the features that most contribute for product variability.

= To present customized rationales according to formulation technological features, as well

as therapeutic action site for BE establishment of TGP.

Considering all the regulatory constraints referred in the previous chapters, it is essential to
have a transposable strategy for BE documentation. Even though there are several
literature reports addressing TP BE evaluation following the updated regulatory
requirements, these mainly focus on acyclovir cream formulations, as this is a complex
product where bioavailability is highly dependent on formulation characteristics. To broad
the studied products panel, but also to address different challenges that might rise through
a BE documentation process, three different case studies were considered: a dimethindene

maleate 1 mg/g gel, a bifonazole 10 mg/g cream and a diclofenac 20 mg/g emulgel.

According to the guideline, for simple formulations such as gels, BE may be demonstrated

by documenting Q1-Q4 sameness. This scenario, however, tends to differ when addressing
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more complex dosage forms, such as creams or emulgels. The structure arrangement, which
directly influences product performance, becomes increasingly dependent on critical
quality attribute features. In this context, equivalence regarding product local availability
should also be demonstrated, alongside with the extended pharmaceutical equivalence.
Reference products, test products and whenever possible generic products, were cross
compared during rheology, release and permeation experiments. All methods were
validated following the previously reported frameworks. In line with the preceding
chapters, a critical evaluation of the regulatory limits (FDA/EMA), especially those

pertaining to IVPT parameters, is presented.

= To implement rheology, IVRT and IVPT methods on a routine basis, as a quality control

and as a bioequivalence tool during R&D programs of TGP at Laboratdrios Basi®.
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Fig.3.1 — Graphical abstract: Rheology by design: A regulatory tutorial for analytical method

validation.

This chapter has been adapted from the following publication:

Simdes, A.*, Miranda, M.*, Cardoso, C., Veiga, F., Vitorino, C., 2020. Rheology by Design: A Regulatory Tutorial
for Analytical Method Validation. Pharmaceutics 12, 820. https://doi.org/10.3390/pharmaceutics12090820
*These authors contributed equally to this work and should be regarded as co-first authors.
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3.1 Introduction

@ A detailed rheological
characterization of a semisolid
dosage form provides
information on product
aesthetics properties,
therapeutic effectiveness,
patient compliance and overall
quality / stability profile.

Topical semisolid dosage forms include complex
multiphase systems demanding a detailed
rheological characterization, since these

properties may meaningfully affect quality and

KEY CONCEPTS

performance (Krishnaiah et al., 2014; Lucia et
* Rheology attributes play a al., 2015). Rheology regards the study of the
central role on TP
microstructure characterization. material flow and deformation behaviour and
Therefore, according to EMA
draft guideline, comparable

rheological data should be (shear-induced deformation) to a sample (Kelly
presented to support Q3

equivalence within an abridged et al., 2018). Allied to formulation viscosity,
TGP BE referral.

may be measured by applying an external force

elasticity and plasticity, rheological behaviour

“ Despite  the  undeniable may  impact  product  manufacturing,
regulatory importance of

rheology methods, there is not a appearance, packaging, long-term stability,
scientific driven framework
aiming the development and
validation of such techniques. performance (Ethier et al., 2019; van Heugten et

dispensing, sensory properties and the in vivo

al., 2017). Therefore, rheology assessment
proves to be an useful quality and stability indicator, revealing predictive information
concerning batch variability, product aesthetic properties, therapeutic effectiveness and
patient compliance (Ghica and Hirj, 2016; Lucia et al., 2015; Mangas-Sanjudn et al., 2019). An
enhanced understanding and control of rheology parameters is the basis for the sustainable
development of new or abbreviated drug applications, meeting stakeholders’ expectations
(Lauterbach and Miiller-Goymann, 2014).

Topical semisolid dosage forms predominantly exhibit a non-Newtonian behaviour, since a
higher shear rate induces a viscosity decrease, which enables an easier skin application (Marto
et al., 2015). As such, a given critical stress value (yield stress) is required for the formulation
to start to flow. Below this point, the products majorly present elastic properties; on the
contrary, above this endpoint, the material predominantly displays a plastic flow (Namjoshi et
al., 2020).

Likewise, there are a plethora of rheology attributes which directly influence topical product
microstructure and, consequently, impact several aspects. For instance, the formulation
spreadability and bioadhesion to the skin are highly affected by viscoelastic properties. As

patients directly apply topical formulations on their skin, these sensorial attributes are of
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outmost importance to assure patient acceptability and, therefore, treatment compliance
(Binder et al., 2019; Namjoshi et al., 2020; Simdes et al., 2019; Sivaraman et al., 2017).

Stability and physical appearance are also dependent on rheological features. A detailed
rheological characterization provides valuable insight on why products may settle or separate
over shelf life. Furthermore, this tool can determine if there is a significant impact on product
microstructure whenever dispensed from a packaging tube/dosing pump (Namjoshi et al.,
2020). Biopharmaceutical characteristics, such as drug release and permeation are also reliant
on the formulation rheological profile (Sivaraman et al., 2017; Soriano-Ruiz et al., 2019). For
all the above reasons, rheology behaviour is a key quality attribute within a target product
profile of semisolid formulations (Ethier et al., 2019; Hamed et al., 2016; Namjoshi et al.,
2020).

Rheological characteristics are highly dependent on critical material attributes (CMAs) and
critical process parameters (CPPs). Therefore, a close rheological monitoring can be a useful
tool to guide and shorten product development, as well as to assure product quality and
reduce batch variations during manufacturing (Ghica and Hirj, 2016). This is in line with the
pharmaceutical industry growing need to gain process understanding and improve product
quality. These are the underlying principles of Quality by Design (QbD). This pharmaceutical
regulatory concept is based on a systematic and risk-based approach, where the desired
product quality profile is modulated through a detailed understanding of both raw materials

and process parameters (ICH, 2009; Simdes et al., 2019, 2018a).

QbD methodology firstly involves the definition of the quality target product profile (QTPP)
and critical quality attributes (CQAs), in which rheological characteristics should be a primary
concern. Afterwards, through a detailed risk analysis, both CMAs and CPPs should be clearly
identified. With these parameters well established, design of experiments (DoEs) should be
performed in order to finally establish the design space, as well as a viable control strategy
(ICH, 2009; Simoes et al., 2019, 2018a). This final step, is of outmost importance, since it
warrants that the process is controlled and kept within the established design space
(Henriques et al., 2019). Measurements during manufacturing with process analytical
technologies (PAT) can be integrated as a part of a control strategy. Even though PAT is
increasingly applied in solid dosage forms, its application to semisolid systems manufacture is
not yet seen as a common solution (Qwist et al., 2019). Nevertheless, several authors have
been exploring the potential of rheology as a PAT tool. Qwist et al. have developed a pressure
difference apparatus, which can retrieve samples from the bulk intermediate/product stream
in order to determine the storage moduli (G’) and the loss moduli (G”), attained through the

frequency sweep test, as well as the flow curve (Qwist et al.,, 2019). Van Heugten and
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colleagues have evaluated the filling temperature influence on an ointment yield stress. Based
on the results, the authors were able to establish an optimal filling viscosity range, which, in
turn, enabled a successful filling operation with minimal weight variation, and consequently,

a product with the desired yield stress (van Heugten and Vromans, 2018).

By applying QbD principles, system variability can be understood and by doing so regulatory
pathways concerning product development/manufacture can be more flexible. As part of this
strategy, the application of rheology as a PAT tool can be helpful to improve formulation and
manufacturing capabilities, by reducing product variability and batch rejection (Simdes et al.,
2019, 2018a).

As outlined in the draft guideline on the quality and equivalence of topical products, a patient-
focused approach should be envisioned while developing a product (EMA, 2018b). Therefore,
as previously mentioned, aspects such as patient acceptability, highly influenced by
rheological attributes, should be primary concerns when developing a product. This is valid

for an innovator product, but it is also highly relevant when addressing a generic product.

As previously reviewed in the 2" chapter, EMA draft guideline proposes, as an alternative to
clinical endpoint studies, a modular framework for equivalence demonstration in topical
generic products. Accordingly, for a product to apply, extended pharmaceutical equivalence
criteria must be fulfilled: (i) qualitative, quantitative and microstructure sameness (Q1, Q2,
Q3, respectively) towards the reference product; (ii) product performance (Q4) mainly
supported by in vitro release testing; and, finally, (iii) if the test product regards a complex
dosage form, equivalence regarding the efficacy profile should be supported through in vitro
permeation or dermatopharmacokinetic studies (Pleguezuelos-Villa et al., 2019). In this
context, microstructure equivalence demonstration is a cornerstone for bioequivalence

assessment of topical generic products.

There are multiple factors, broadly described in the literature, that influence microstructure,
and wherein rheology attributes play an irrefutable role (Benson and Watkinson, 2012; Chang
et al., 2013b; Ethier et al., 2019; Mangas-Sanjuan et al., 2019; Pleguezuelos-Villa et al., 2019).
For this reason, EMA presents specific requirements concerning the rheological parameters
that should be accomplished while describing the rheological behaviour of a given formulation
(EMA, 2018b). These include: (i) a complete flow curve of shear stress (or viscosity) vs. shear
rate; (ii) yield point values; (iii) linear viscoelastic response, (iv) storage and loss moduli vs.
frequency/stress; and (v) thixotropic relative area. Even though FDA also requires the
presentation of rheological endpoints, the list is not as exhaustive when comparing to the

European agency.
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However, and despite the existence of several literature reports concerning the applicability
and overall importance of rheology, there is a lack of understanding and standardization
regarding formal validation procedures of such technique. Neither the parameters that define
semisolid rheology profile, nor their acceptance limits have so far been defined in the
literature. Furthermore, crucial rheology parameters are not included as routine analysis
when releasing new batches (Mangas-Sanjudn et al., 2019). In this context, a widespread
validation applied to all semisolid dosage forms should be provided, safeguarding that the
developed rheology measurement methods have suitable discriminatory abilities to
determine formulation “sameness” and also to detect formulation differences, which may
affect clinical performance (Rath and Kanfer, 2020). Moreover, a detailed rheology profile,

with mandatory quality parameters, should also be available.

Aiming to standardize the rheological methodology, whether for assisting quality control or
even a potential PAT tool, a comprehensive characterization of the rheometer operational
parameters that could impact the rheology profile was carried out. To this end, the
assumptions of the analytical quality by design (aQbD), including risk assessment applied to
rank the impact of critical method variables (CMV) over critical analytical attributes (CAA),
were considered to systematically validate the operational ranges of the rheometer, the
experimental setup and the rheology measurement methods for the acquisition of a suitable

rheology profile.

Specific rotational and oscillatory measurements, alongside with data analysis were carried
out considering all the relevant components of a conventional analytical validation, including
precision, discriminatory power and robustness (CPMP/ICH/381/95, 2005). A 1% w/w
hydrocortisone cream was used as a model product. Additional recommendations pointed out
in the draft guideline on quality and equivalence of topical products were likewise addressed
(EMA, 2018b).

3.2 Materials and Methods

3.2.1 Materials

Micronized hydrocortisone (HC) was kindly provided by Laboratérios Basi Industria
Farmacéutica S.A. (Mortagua, Portugal). Methyl parahydroxybenzoate and propyl
parahydroxybenzoate were purchased from Alfa Aesar (Kandel, Germany). Kolliwax® GMS Il
(glycerol monostearate), Kolliwax® CA (cetyl alcohol), Kollicream® IPM (isopropyl myristate),

and Dexpanthenol Ph. Eur. were kindly provided by BASF SE (Ludwigshafen, Germany). Stearic
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acid was provided by Acorfarma distribuicion S.A. (Madrid, Spain). Triethanolamine was
purchased from Panreac AppliChem (Darmstadt, Germany). Liquid paraffin was provided by
LabChem Inc. (Zelienople, PA). Glycerol was purchased from VWR Chemicals (Leuven,
Belgium). Water was purified (Millipore®) and filtered through a 0.22 mm nylon filter before
use. A viscosity reference standard RT5000 (Fungilab, Spain) was used for rheometer

gualification studies.

3.2.2 Methods
3.2.2.1 Preparation of HC Cream Formulations

HC o/w cream formulations were conventionally prepared resorting to an Ultra-Turrax X 10/25
(Ystral GmbH, Dottingen, Germany) equipment. Both continuous and dispersed phases were
separately prepared and heated to 70°C (Simdes et al., 2020b, 2019). Afterwards, the active
pharmaceutical ingredient was solubilized in the dispersed phase. Previous studies established
the optimal experimental settings relating to rate, duration and temperature of the
manufacturing process. After production, cream formulations were cooled down to room

temperature. Batches of 0.5 Kg were considered. All samples were stored at 20-25°C.

In order to document the discriminatory power of the proposed rheological analysis, three
formulations were prepared considering different concentration of glycerol monostearate: 5%
(Fs), 10% (Fi0) and 20% (F20). This excipient bears a significant impact on product
microstructure due to its thickening properties (Simdes et al., 2020b, 2019). Please note that
F10 was considered as the reference formulation. Moreover, a forth formulation was prepared
with 10% of glycerol monostearate, but considering a different homogenization rate during

manufacture. This formulation will be further addressed as a F1o negative control (Fionc).

3.2.2.2 Rheological characterization

The rheological profile of all products was investigated using a HAAKE MARS 60 6000 (Thermo
Scientific, Karlsruhe, Germany) equipped with a peltier system as temperature control unit.
The data was evaluated using the Haake RheoWin Data Manager software (Thermo Scientific,
Karlsruhe, Germany). For every analysis, a sample hood was used to minimize temperature

fluctuations.

Considering EMA recently published draft guideline on quality and equivalence of topical
products, a complete rheological profile should include both rotational and oscillatory
measurements (EMA, 2018b).

80



3.RHEOLOGY BY DESIGN: A REGULATORY TUTORIAL FOR ANALYTICAL METHOD VALIDATION

Rotational tests are sample destructive. The information retrieved from these measurements
enables the assessment of small periodic deformations, which affect structural breakdown
and/or rearrangement. Moreover, with these tests the ability of a material to recover can also
be studied.

Oscillatory tests regard amplitude and frequency sweep tests. Generally, these
measurements, due to the decreased shear stress applied, can be considered as non-
destructive. Nevertheless, it should be pointed out that minor system perturbations can still
occur during amplitude sweep tests. Oscillatory measurements aim to assess the material
viscoelastic properties, while exposed to small-amplitude deformation forces (Simdes et al.,

2020b). The following sections detail the main outputs of both methodologies.

Rotational measurements

Rotational tests were performed with a C35/2°/Ti cone geometry at 32°C. Approximately 0.3 g
of formulation were placed on a lower plate TMP35 using a positive displacement syringe. A

pre-set gap of 0.1 mm was considered.

A linear CS step test from 0.01 to 250 Pa was measured for 800 s, in order to trace the flow
curve [n = f(t)]. To characterize the flow behaviour, the following responses, or critical
analytical attributes (CAA), were determined: zero-shear viscosity (no), upper-shear thinning
viscosity (nu), lower-shear thinning viscosity (n.), infinite-shear viscosity (n-) and yield point

(TO.ROT).

To evaluate the thixotropic behaviour, a CR ramp test was performed with a shear rate from
0.01to 300 s and down again to 0.01, during 300 s [t = f(y)]. From this analysis, the thixotropic

relative area (Sg) was calculated.

Oscillatory measurements

The viscoelastic properties were investigated using a P35/Ti plate geometry at 32°C.
Approximately 1 g of the formulation was applied on a lower plate TMP35, using a syringe. An
amplitude sweep test between 0.01 and 600 Pa at 1 Hz was firstly conducted to estimate the
linear viscoelastic region (LVR) plateau, yield point (to.0sc) and flow point (ts). Afterwards, a
frequency sweep analysis was conducted within the LVR plateau. The storage moduli (G'), loss

moduli (G") and loss tangent (tan &) were calculated at 1 Hz.
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3.2.2.3 Rheological method validation

The present chapter aimed to establish a practical and straightforward approach concerning
the validation of a rheological analysis. In this context, following a traditional validation
procedure, precision and robustness, alongside with sensitivity, specificity, selectivity
(discriminatory power) were determined (EMA, 2018b, 2009). Please note that linearity was
not considered a relevant parameter for the rheological method validation, since there is no

inherent linearity within the acquisition of a rheological profile.

Risk assessment

According to prior knowledge, it was possible to extensively identify the analytical settings —
CMV — which may pose a direct repercussion on rheological endpoints. To determine which
of these parameters need to be further studied and controlled, an Ishikawa diagram was
constructed, see Fig.3.2. In addition, a risk estimation matrix (REM) was carried out to rank

the previously identified analytical conditions, see Table 3.1 (ICH, 2009; Simdes et al., 2018b).
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Fig.3.2 — Hypothetical Ishikawa diagram applied to the acquisition and validation of a
rheology profile.
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Table 3.1 — Initial risk estimation matrix (REM) for rheology method validation.

Test Viscosity curve ThiXOtI:OPiC Amplitude Frequency
behaviour Sweep Sweep
CAA o N MNu I Ttoror Sr LVR Tosc W G G" Tanb
plateau
cMvV
Geometry M M M M M M M M M M M L
Temperature M M M M M M M M M M M L
Sample application M M M M M M M M M M M L
Gap and trimming L L L L L L L L L L L L
Data f:g;:itio” IS L L L L Lt |t L
Integration time M M M M M M M M M M M L
Sample amount M M M M M M M M M M M L
Analyst L L L L L L L L L L L L
Shear stress ramp H H H H H H H H
Step duration M M M M M M M M M M M L
Shear rate ramp H
Shear load time H
Shear .recovery H
time
Frequency value M M M
o o
Frequency ramp M M L

Key: Low risk variable — Low; Medium risk variable — Medium; High risk variable — High.

Equipment qualification

Rheometer qualification was performed by determining the viscosity profile of a reference
standard. Two temperatures were considered, 25°C and 32°C. The first one reported to the
standard manufacturer specifications, whilst the second aimed to reproduce the previously

reported method conditions.

Triplicate measurements were performed, on three different days, in order to evaluate

method precision.

Precision

To test precision twelve rheological measurements for each test, were conducted, on three
different days in order to comply with the updated EMA requirements. A RSD less than 15%
was considered acceptable to validate the previously defined endpoints (FDA, 2016c; Mangas-
Sanjuan et al., 2019).
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Discriminatory power

One of the most relevant steps during a validation procedure is the evaluation of the method
discriminatory ability, i.e., the capacity of the method to discriminate between different
formulations. To address so, the method sensitivity, specificity and selectivity, should be
proven (EMA, 2018b, 2014a; FDA, 2016c).

The rheological profile of Fs, F10 and F20 was cross-compared. Furthermore, Fione rheological
profile was determined as an additional discriminatory element. By tracing the rheological
profile of such formulations, the discriminatory ability of the method can be sustained, since
microstructure differences are highly sensitive to changes in excipient concentration and
manufacturing process (EMA, 2018b; Ethier et al., 2019; Ili and Daniels, 2017; Mezger, 2010;
Pleguezuelos-Villa et al., 2019). In this context, the sensitivity of the rheological methods was
validated by evaluating the CAA response to changes in the concentration of glycerol
monostearate. If the CAA obtained with Fs were lower than Fio, and if the F2o CAA mean was

superior when compared to Fi, the rheological methods are considered sensitive.

On the other hand, the specificity of the method was evaluated by assessing whether the
considered CAA of Fs, Fio and Fy were able to successfully reflect the different glycerol
monostearate content. A linear regression model of the CAA as dependent variable by the
thickener concentration was used to estimate correlation coefficient (R?). The method was
considered to be specific if the R? was larger than 0.9 (FDA, 2016c; Tiffner et al., 2018). The
method selectivity was documented statistically. Pairwise comparisons between the
reference formulation (F10), and the specifically manufactured formulations Fs, F2o and Fionc
were conducted. The differences between the means were considered to be significant for
values of p<0.05. If the CAA of each formulation showed significant differences, the method
was considered to be selective. For the discriminatory capacity studies, six replicates per

formulation, were set forth for each rheological measurement.

Robustness

To evaluate the method robustness, the impact of three different experimental setups was
assessed. These included temperature fluctuations (+2°C and -2°C), sample application
(positive displacement syringe vs. spatula) and finally, geometry impact. For rotational studies,
the performance of a C35/2°/Ti cone - TMP35 plate (C35-P35) configuration was compared to
a P35/Ti plate - TMP35 plate (P35-P35) configuration. For oscillatory measurements, the
impact of P35/Ti plate - TMP35 plate (P35-P35) configuration was compared to P20/Ti plate -
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TMP20 plate (P20-P20) configuration. The method was considered to be robust, if the CAA did

not deviate by more than 15% from the mean CAA, at nominal method parameter settings.

3.2.2.4 Statistical analysis

Statistical analysis was performed using GraphPad Prism 5 Software (San Diego, CA) by
applying a one-way ANOVA with Tukey multiple comparison test. Differences among mean

values were considered statistically significant when p<0.05.

3.3 Results and Discussion

3.3.1 Rheological method validation

In the quest of a standardized procedure to assess the rheology profile of topical dosage
forms, and underlying the aQbD principles, CMV and CAA were previously identified and their
impact crosswise assessed, based on the pillars of method validation. Results are discussed in

the sections that follow.

3.3.1.1 HC cream rheological characterization

As displayed in Fig.3.3, all formulations exhibited a non-Newtonian, and shear thinning
behaviour with a consistent decrease in apparent viscosity while increasing the shear stress.
The acquired rheograms clearly show three distinct regions: (A) 15t Newtonian range with a
plateau value corresponding to the zero-shear viscosity (no); (B) shear-thinning range with
shear stress-dependent viscosity function n=f(t) and (C) 2"¢ Newtonian range with the plateau
value corresponding to the infinite-shear viscosity (n-). The no depicts a formulation viscosity
towards an infinitely low-shear rate, close to zero, whereas n- represents a formulation
viscosity towards an infinitely high-shear rate (Kim et al., 2003; Mezger, 2010). The upper (nu)
and lower (n.) shear-thinning viscosities were also considered. These CAAs encompass the

initial and final borderline viscosity values of the shear-thinning range.
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Fig.3.3 — Effect of glycerol monostearate content (Fs, F10 and F20) and homogenization rate
(F1onc) on formulation viscosity curve. A: 15t Newtonian plateau; B: Shear-thinning range; C:

2"d Newtonian plateau. Results report to a 6<n<12.

Formulation viscosity provides a useful information on the release of the active substance
from the vehicle. In highly viscous systems, drug release is hampered, affecting its
bioavailability and inherent therapeutic effectiveness (Lucia et al., 2015). Moreover, viscosity
results can also shed light on formulation resistance to structure breakdown (Ribeiro et al.,
2004). Besides the impact on product performance and stability, this CAA also determines
formulation appearance, spreadability and retention at the application site, fundamental

aspects for patient compliance (Clares-Naveros et al., 2019).

The viscosity curves of all formulations displayed a specific yield point (to.ror). This CAA was
estimated from rotational measurements via tangent crossover method. 1o is known as the
minimum shear stress required to initiate material flow or the stress below which a material
exhibit gel-like and elastic behaviour. Beyond 1o, cream microstructure changes, causing
elasticity loss and the flowing of the sample. Formulations with raised 1o consisted on more
structured network systems and with increased viscosity, offering higher resistance to
external deformation forces (Ribeiro et al., 2004). These reasons reinforce the suitability of
yield point as a stability indicator CAA. Furthermore, to values of pharmaceutical products
should be high enough to avoid material flow out of a container when the container is placed
in an upside-down position. However, it should not be so large that it offers resistance to flow
when spread over the skin (de Souza Mendes, 2009; Mahdi et al., 2011). Spreadability is a
critical sensory property highly dependent on formulations to (lli and Daniels, 2017). Thereby,

this CAA is likewise an essential element for patient acceptance.

The flow curves (Fig.3.4) enabled the classification of all formulations as thixotropic systems,

since hysteresis loop areas were promptly observed with the rising curves located above the
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return curves. Thixotropy is a reversible phenomenon exhibited by non-Newtonian materials,
characterized by a reduction in the apparent viscosity when the material is subjected to a
constant shear rate (deformation), which returns to its viscosity and initial structure, when

the shear rate is ceased (recovery) (Gtowiniska and Datta, 2014).
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Fig.3.4 — Effect of glycerol monostearate content (Fs, Fio and F20) and homogenization rate

(F1onc) on formulation thixotropic relative area.

From data analysis, it is possible to observe that the glycerol monostearate content
significantly affects cream microstructure, with flow curves displaying different thixotropic
relative areas (Sg). More structured systems required more time to rebuild he damaged bonds.
Such changes are attributed to structure rearrangements that involve rupture and subsequent
reformation of weak bonds (Mewis and Wagner, 2009). Besides the impact on product
performance, thixotropy also contributes to an easy formulation spreadability at the
application site, fundamental for patient acceptance and compliance (Ghica and Hirj, 2016;
Tadros, 2010). Moreover, during shelf-life, cream formulations undergo repeated shear forces
when extruded from the container. Hence, to guarantee physical stability against breakdown,
microstructure recovery must be ensured through a thixotropic behaviour (Mezger, 2010). For

that reason, this CAA is also a good stability indicator.

Regarding the formulation amplitude sweep behaviour (Fig.3.5), a linear viscoelastic region
(LVR) was likewise observed. The LVR is a constant plateau where storage moduli (G') or loss
moduli (G") values are independent of the strain and only correlated with molecular structure.
Within LVR, microstructure is maintained intact and any disruption will be instantaneously
recovered (Hamed et al., 2016; Pisal et al., 2013). All formulations exhibited a well-established
yield point (to.osc) and flow point (t7) values. Similar to Tto.rot, To.oscis defined as the minimum

shear stress that must be applied to induce material flow. However, this CAA corresponds to
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the shear stress value detected at the end of LVR plateau, obtained through oscillatory

measurements.

Beyond To.0sc, a deviation from LVR is observed with G' decreasing while G" simultaneously
increasing until tr (Li et al., 2011; Nguyen et al., 2015). tr is an important rheology property
which corresponds to the shear stress value where the moduli crossover (G’= G") occurs. ¢
can be considered as the borderline between the (gel = solid like) and the fluid = liquid-like
state. Before 11, G is higher than G”’, suggesting that the system predominantly exhibits elastic
properties. Nevertheless, if surpassing this point, the prevalence of G over G” suggests a
more viscous system. Any microstructure disturbance after t will then produce irreversible

deformations in the gel network structure (Mezger, 2010).

Rheological data suggested that more structured and viscous formulations offer more
resistance to deformation forces, which is denoted by higher LVR plateau, 1o and T results

(Nguyen et al., 2017). Similar to the 1o response, LVR plateau and trare also important stability

references.
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Fig.3.5 — Effect of glycerol monostearate content (Fs, Fio and F20) and homogenization rate

(F1onc) on the formulation amplitude sweep.

Regarding frequency sweep profile (Fig.3.6), the four formulations exhibited a dominance of
the storage moduli (G') over the loss moduli (G"). When the material displays a more viscous
behaviour, a G’<G" tendency is observed; conversely, when the elastic properties of a material
prevail, G’ > G" (Li et al., 2020). Accordingly, the HC cream herein under evaluation can be
considered as an essentially viscoelastic system, being its microstructure dominated by a gel
network structure (Li et al., 2011). Viscoelastic materials combine two different

characteristics: the viscous and the elastic. The first one, implies that they deform slowly when
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exposed to external forces (G" < G”’). The term “elastic” implies that once a deforming force
has been removed the material will return to its original structure (G'> G”") (Mezger, 2010).
By other words, during the deformation process, the prevalence of elastic properties also
determines a more stable microstructure, since reversible deformations (G') overcome the
irreversible ones (G'") (Mezger, 2010). Besides physical stability, formulation spreadability,
drug release and skin bioadhesion, can be impacted by viscoelastic properties (Batheja et al.,
2011; Jones et al., 2009).
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Fig.3.6 — Effect of glycerol monostearate content (Fs, F10 and F20) and homogenization rate

(F1onc) on the formulation frequency sweep.

The loss tangent (tan 6) was also considered. Tan 6 is a dimensionless term that describes the
ratio between G" and G'. This endpoint is useful to elicit information regarding system
structure. When tan 6<1 (G'"<G'), elastic properties and gel-like or solid state dominate; when
tan 6>1 (G">G'), viscous properties and a liquid-like or fluid state prevail; when tan 6=1
(G"=G'), 1t is achieved (Jones et al., 2001). For all the formulations, a tan(8) close to zero was
observed, confirming the gel-like state and elastic properties prevalence. Besides the effect
on product performance, those CAAs are important stability indicators with meaningful

impact on patient compliance.

3.3.1.2 Equipment qualification

Equipment qualification studies were firstly performed to investigate and compare a
Newtonian standard flow curve profile to its manufacturer specifications. Viscosity values

were provided for two different temperatures — 20°C and 25°C.
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To determine the standard viscosity at 32°C, Andrade equation can be employed, see
Equation 3.1.
B

n = DeT (3.1)

where D and B correspond to empirical constants and T to the absolute temperature.

Afterwards, the resulting equation provides a close approximation of viscosity as a function of
temperature (Goodrum et al., 2002; Wong et al., 2016). Through this model, it was possible
to determine the theoretical viscosity of the standard sample at 32°C — the selected

temperature for this study.

In order to provide a reliable strategy for qualification studies, the standard sample viscosity
was determined at two different temperatures. Firstly, at 25°C to directly compare with the
manufacturer specifications, and then at 32°C. The obtained viscosity at 32°C was then cross-

compared with the theoretical value calculated through Eq. 3.1.

Acceptance criteria and interday results of equipment qualification studies are summarized in
Table 3.2.

Table 3.2. — Predefined acceptance criteria and results for equipment qualification tests.
Interday results report to an n=3 performed on three consecutive days. A Newtonian standard

with known viscosity was used as reference.

CAA Acceptance criteria Results Status
dard 4.984 Mean =5.27 £0.14
Stazgogr Precision (RSD) < 15% RSD = 2.67% C
(Pas) Accuracy (Bias) < 15% Bias = 5.74%
n (Pa.s
dard 4.360 Mean=4.8+0.2
Staggo(a:r Precision (RSD) < 15% RSD = 4.17% C
Accuracy (Bias) < 15% Bias = 10.09%

Key: Shear viscosity (n); Compliant (C); Non-compliant (NC).

Since the standard presents a Newtonian behaviour, some of the rheological endpoints
previously reported for hydrocortisone cream are not applicable. The viscosity of a Newtonian
sample is independent of both degree and duration of the applied shear stress, therefore
infinite-shear viscosity, lower and upper-shear viscosity all share the same value.
Furthermore, according to the same rationale, no yield point is verified (Mezger, 2010;

Soriano-Ruiz et al., 2019).

Viscosity results at 25°C comply with the manufacturer specifications. Likewise, the theoretical
viscosity at 32°C, estimated through the Andrade equation, is also compliant with the

experimentally determined values. As expected, higher temperatures led to a decrease in
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viscosity. This is mainly related with an increase of the molecular kinetic energy alongside with
the attenuation of weak intermolecular attractions (London dispersion forces). Both
occurrences stimulate a molecular realignment in the direction of shear, thus decreasing
viscosity (Wong et al., 2016). Viscosity results for both temperatures meet the inter-day

specification, therefore the equipment proved to be compliant.

3.3.1.3 Precision

To address the method precision, an n=12 was considered during three independent days to

evaluate both intraday and interday variability. Results are displayed in Table 3.3.

Table 3.3 — Acceptance criteria and results of precision evaluation. Results report to an n=12.

Results
CAA Ac:::f::zce Intraday variability Interday variability Status
Mean + SD ':;I)) Mean + SD ':;I))
1o (Pa.s) 26293 + 6538 24.87 26338 + 7474 28.38 NC
N~ (Pa.s) 17.3+1.5 8.85 17.3+1.6 9.28 C
nu (Pa.s) 23277 +7231 31.06 23277 £ 8168 35.09 NC
1. (Pa.s) 40.8+5.8 14.14 40.8+6.1 14.83 C
To.roT (Pa) 27.2+1.7 6.36 27.2+1.8 6.71 C
Sr (Pa/s) 25041 + 2548 10.17 24576 + 3238 13.17 C
[CAA£15%]
LVR plateau (Pa) 6649 + 454 6.83 6659 *+ 492 7.38 C
To.osc (Pa) 346+45 13.00 34.7+4.6 13.38 C
Tt (Pa) 76.6 £5.3 6.88 769+6.4 8.30 C
G' (Pa) 6867 + 484 7.05 6853 +634 9.25 C
G" (Pa) 1942 + 148 7.63 1941 + 184 9.49 C
Tan 6 0.28 £0.02 5.57 0.28 +0.02 6.87 C

Key: zero-shear viscosity — no; upper shear thinning viscosity — nu; lower shear thinning viscosity — n.; infinite-shear viscosity —n-; yield point
—To.rot; relative thixotropic area — Sg; viscoelastic region — LVR plateau; yield point — To.0sc; storage moduli — G’; loss moduli —G”; loss tangent
—Tan §; Compliant — C; Non-compliant — NC.

The majority of the CAA displayed compliant results concerning both intra and interday
evaluations, thus reinforcing the suitability of the proposed methods. Nevertheless, two

variables presented high and non-compliant precision results: no and nu.

The main reason that supports this occurrence mainly relates with the non-Newtonian
behaviour of the hydrocortisone cream. As previously explained in 3.3.1.1, to warrant a
detailed characterization of the flow curve, the acquisition of 3 different segments, 15
Newtonian plateau, shear thinning region and 2"¢ Newtonian plateau, were actively pursuit.
Both no and nu are retrieved from the first segment of the flow curve. The first endpoint

concerns viscosity values at an “infinitely low” shear rate, whilst the second one concerns the
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viscosity registered prior to the shear thinning behaviour, which occurs at medium shear rates
(Mezger, 2010).

During the 1%t Newtonian plateau, at low shear rates, some sample macromolecules start to
lean into a given shear direction. For some of them, this induces partial disentanglements.
Consequently, a viscosity decrease is denoted in these parts of the sample. Nevertheless, due
to the sample intrinsic viscoelastic behaviour, some other macromolecules, which were
already oriented and disentangled, start to recoil and re-entangle all over again, thus inducing
a viscosity increase. As a result, during this segment of the viscosity curve, the sum of the
partial orientations and re-coilings with the sum of all disentanglements and re-
entanglements, results in no significant changes in viscosity (Mezger, 2010). However, these
interactions are difficult to replicate, thus explaining the high RSD values, which are not
registered in the other rotational endpoints, such as infinite-shear viscosity, lower-shear
thinning viscosity, rotational yield point and relative thixotropic area. Regarding oscillatory
measurements, all the selected CAA demonstrated to be precise in both intraday and interday

levels.

Even though the majority of the CAA proved compliance with the previously established
criteria (RSD<15%), which are in agreement with FDA guidelines, a critical evaluation should
be made (FDA, 2016c). If the updated EMA criteria (RSD<10%) was to be followed, three CAA
would display non-compliant results (n., Sk and to.osc) (EMA, 2018b).

Similar results were attained by Victor Mangas-Sanjudn and collaborators (Mangas-Sanjuan et
al., 2019). The authors performed a comprehensive rheological analysis of 10 different
batches of a reference ointment containing calcipotriol and betamethasone. The selected
endpoints were: relative thixotropic area, rotational yield stress, zero-shear viscosity, viscosity
at 100 s}, loss tangent, elastic and viscous moduli at 1 Hz, and finally m” and m” which regard
fit and spreadability parameters. The authors evidenced high intra-batch variability in relative
thixotropic area and zero-shear viscosity, which were also registered in the present work.
Moreover, variability in both elastic and viscous moduli at 1 Hz was also presented. Through
different batches comparison, the authors were able to draw several conclusions: (i) some
endpoints do not follow a normal distribution and, therefore, do not qualify for comparison
according to the EMA criteria; (ii) if a parametric evaluation is performed for low inter-batch
variability endpoints EMA criteria can be successfully applied. Nevertheless, endpoints which
display high inter-batch variability, equivalence cannot be supported. In conclusion, this work
was able to support that a CV of 10% is too strict to conclude equivalence regarding the
rheology profile of topical semisolid drug products. In order to promote a practical

applicability of the extended pharmaceutical equivalence concept, as desired in the European
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draft guideline, it is imperative to establish wider criteria based on the variability of the

product being studied.

3.3.1.4 Discriminatory power

A solid documentation of the method discriminatory ability is progressively being demanded
by the regulatory authorities, in order to prove that the methods are able to assure a critical

distinction among samples.

Even though comprehensive reports addressing the evaluation of this validation component
for in vitro release (IVRT) and in vitro permeation methods (IVPT) can be found in the
literature, the scenario is slightly different when considering rheology methods (EMA, 2018b;
Mudyahoto et al., 2020; Tiffner et al., 2018). However, since these methods play a central role
during semisolid microstructure characterization, the development of a scientific driven
platform able to sustain their discriminatory capacity, could be beneficial in regulatory terms.
This fact has been extensively discussed in Skin forum (Reims, September 2019) and in EUFEPS
Open Forum Discussion on the Draft Guideline on Quality and Equivalence of Topical Products
(Bonn, June 2019).

To document the discriminatory power of a method, three concepts should be addressed:
sensitivity, specificity and selectivity (FDA, 2016c). For IVRT and IVPT, different strength
formulations can be tested to evaluate these concepts. If the methods are able to reflect
distinct and proportional in vitro release rate (IVRT) or alternatively, maximal rate of
absorption (IVPT), the discriminatory power of both methods is adequately supported. The

same rationale can be transposed to rheology methods.

An in-depth formulation knowledge is required to design appropriate and complete validation
procedures able to assess the sensitivity, specificity and selectivity. As previously mentioned,
two contributions should be mainly accounted for: the impact of the quantitative profile
(CMA) and also the influence of critical production parameters (CPP). According to prior
knowledge from our group, formulation impact was assessed by varying glycerol
monostearate content, since due to its thickening properties, this excipient highly impacts
hydrocortisone cream microstructure. Regarding CPP, the homogenization rate proved to be

a highly influent CPP and was for this reason selected (Simdes et al., 2019, 2018b).

Discriminatory power results are summarized in Table 3.4.
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Sensitivity evaluation showed that the four rheological methods — CS step test, thixotropy,
amplitude and frequency sweep were able to distinguish the three formulation with different
glycerol monostearate content. The reference formulation (F10) CAA presented higher values
whenever compared with Fs CAA, and as expected, with increasing thickener concentrations
(F20), all CAA displayed a higher response, see Table 3.4. For this reason, sensitivity was
established.

Rotational and oscillatory methods were also able to successfully establish a linear
relationship between thickener concentration and all CAA, thus documenting the method
specificity. The determination coefficients for all endpoints were mostly in the range of (0.914

- 1), indicating a good fitting, see Table 3.4 and Fig.3.7.
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Fig.3.7 — Specificity results. Results are expressed as mean + SEM. A 6<n<36 was used.

To evaluate selectivity, the ability of the methods to accurately identify distinct formulations,
three pairwise statistical comparisons were performed: (i) Fio vs. Fs; (ii) Fio vs. F20 and;

(iii) F1o vs. Fionc. The results, summarized in Table 3.5, demonstrate that for most comparisons
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low p-values are attained, suggesting that there are significant differences among the

formulations.

There were, however, non-compliant results observed for tan 6 comparison between Fip and
Fs (p value = 0.4165). Notwithstanding, since this parameter regards the ratio between G" and
G', and these two CAA display significant differences between Fio- Fs. Therefore, this punctual

lack of compliance does not undermine overall selectivity results.

Table 3.5 — Selectivity results. A one-way analysis of variance (ANOVA) with a Tukey multiple

comparison test was performed. The differences between the means were considered to be

significant for values of p<0.05.

CAA

no (Pa.s)

n- (Pa.s)

nu (Pa.s)

ne (Pa.s)

To.rot (Pa)

Sk (Pa/s)

LVR

plateau

(Pa)

To.osc (Pa)

t(Pa)

G' (Pa)

G" (Pa)

Tan é

Fio vs. Fs

Normal distribution? Yes.

Cl: [-27445 - -8031]
p value: < 0.0001

Normal distribution? Yes.

Cl: [-15.49 —-12.03]
p value: < 0.0001

Normal distribution? Yes.

Cl: [-26774 — -6936]
p value: 0.0003

Normal distribution? Yes.

Cl: [-29.36 —-15.52]
p value: < 0.0001

Normal distribution? Yes.

Cl: [-21.04 - -11.90]
p value: < 0.0001

Normal distribution? Yes.

Cl: [-25597 —-13543]
p value: < 0.0001

Normal distribution? Yes.

Cl: [-6224 —-3821]
p value: < 0.0001

Normal distribution? Yes.

Cl: [-23.67 —-13.6]
p value: < 0.0001

Normal distribution? No.

Cl: [-40.5 —-24.55]
p value: <0.0001

Normal distribution? Yes.

Cl: [-6958 —-3451]
p value: < 0.0001

Normal distribution? Yes.

Cl: [-2120 —-745.8]
p value: < 0.0001

Normal distribution? Yes.

Cl: [-0.1384 —0.03657]
p value: 0.4165

Fio vs. F20

Normal distribution? Yes.

Cl: [-34029 —-10854]
p value: < 0.0001

Normal distribution? Yes.

Cl: [-17.23 --12.52]
p value: < 0.0001

Normal distribution? Yes.

Cl: [-61072 — - 30873]
p value: < 0.0001

Normal distribution? Yes.

Cl: [-26.67 — 4.147]
p value: 0.0040

Normal distribution? Yes.

Cl: [-31.92 —-23.91]
p value: < 0.0001

Normal distribution? Yes.

Cl: [-118645 —-105452]
p value: < 0.0001

Normal distribution? Yes.

Cl: [-28200 — -25925]
p value: < 0.0001

Normal distribution? Yes.

Cl: [-37.97 —-28.41]
p value: < 0.0001

Normal distribution? No.

Cl: [-54.46 — -39.88]
p value: < 0.0001

Normal distribution? Yes.

Cl: [-30402 — -27466]
p value: < 0.0001

Normal distribution? Yes.

Cl: [-14373 —-13223]
p value: < 0.0001

Normal distribution? Yes.

Cl: [-0.2315 —-0.08499]
p value: < 0.0001

F1o vs. Fio.nc

Normal distribution? Yes.
Cl: [-5034 — 18141]

p value: 0.4403
Normal distribution? Yes.
Cl: [8.311 —12.44]

p value: < 0.0001
Normal distribution? Yes.
Cl: [-492 - 21417]

p value: 0.0659
Normal distribution? Yes.
Cl: [0.3611 - 16.81]

p value: 0.0380
Normal distribution? Yes.
Cl: [12.01 - 21.15]

p value: < 0.0001
Normal distribution? Yes.
Cl: [9487 — 21541]

p value: < 0.0001
Normal distribution? Yes.
Cl: [1376-3779]

p value: <0.0001
Normal distribution? Yes.
Cl: [18.41 - 29.11]

p value:< 0.0001
Normal distribution? No.
Cl: [42.52 — 58.49]

p value: < 0.0001
Normal distribution? Yes.
Cl: [1966 — 4902]

p value: < 0.0001
Normal distribution? Yes.
Cl: [197.6 — 1348]

p value: < 0.0044
Normal distribution? Yes.
Cl: [-0.06649 — 0.08001]
p value: 0.9947
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As previously mentioned, to further challenge the method selectivity, a fourth formulation
(Fronc) was manufactured to serve as a negative control for the reference formulation. The
sole purpose was to assess if the methods were able to distinguish formulations obtained
considering a different CPP. As displayed in Table 3.4 and Fig.3.7, the mean CAA values
obtained for Fionc are smaller when compared to the reference formulation, reinforcing the
predominant impact of the homogenization rate in hydrocortisone cream rheology behaviour.
Generally, all CAA displayed statistically different results when comparing Fio with Fionc,
therefore selectivity is overall adequately demonstrated. Nevertheless, no, nu and tan & lack

to report a statistical difference since high p-values were reported, see Table 3.5.

3.3.1.5 Robustness

Method robustness was evaluated by assessing the impact of minor fluctuations in
temperature, geometry and sample application. An important outcome of the robustness
analysis is to establish appropriate analytical parameters to ensure method validity (ICH,
2005).
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Regarding temperature effect, the method is generally robust; however, special attention
should be regarded for some CAA, which revealed to be more sensitive to this parameter. Fio
sample testing was conducted at a standard temperature of 32°C (to mimic skin conditions)
and at 30°C and 34°C. Under these conditions, a significant decrease on specific CAAs was
attained, suggesting a disruption on cream microstructure when exposed to rising
temperatures. As displayed in Table 3.6, non-compliant results were accomplished for no, nu,

Sg, To.oscand T responses, with RSD>23.18%.

Both rotational and oscillatory measurements are programmed at isothermal conditions,
because of temperature effect on structural properties. Depending on excipients glass
transition temperature, molecular weight, melting point and molecular rearrangement, a
relationship among temperature and rheology CAAs may be established for non-Newtonian
systems, since any change on this parameter may produce significant changes on the network

structure rigidity and, thus, on product rheology (Rawat et al., 2019).

F10 viscosity endpoints tend to decrease with increasing temperatures. Higher temperatures
may impact intermolecular forces breakdown mechanisms, deteriorating the network
structure and inducing the establishment of less viscous systems (Lauterbach and Miiller-
Goymann, 2014; Mezger, 2010).

F10 displays a thixotropic behaviour at all investigated temperatures with a typical hysteresis
area. A temperature increase induces smaller Sg, since low viscous system offer less resistance
to deformation forces, requiring a lower shear rate to deform and less time to structure
recovery (Carrico et al., 2019; de Souza Mendes, 2009; Ghica and Hirj, 2016).

The to.oscand tr values of F1p were also highly influenced by temperature. Higher temperatures
disrupt intermolecular interactions of the network, resulting in lower to.0sc and T, since a
weaker network structure offers low resistance to deformation forces and requires lower
shear values to initiate flow and even to structure break (Chanamai and McClements, 2000;
Tadros, 2013; Vianna-Filho et al., 2013). This is not in agreement with tororresults, a compliant
parameter, suggesting that to determination through oscillatory measurements is highly

subject to variability.

Considering the geometry impact, this is a critical method variable that requires prior selection

and optimization as confirmed by the lack of method robustness.

In the literature, there is no agreement regarding the most suitable geometry configuration
for both oscillatory and rotational measurements. In this context, for the selection of an

appropriate configuration, sample viscosity, geometry configuration, angle and radius, and
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gap distance should be carefully considered. Generally, cone-plate configuration is used for
bulk liquids and dispersions (suspensions and emulsions) with particle size less than 5 um,
whereas plate-plate configuration is used for dispersions containing relatively large particle
size (Tricks, 2006).

In this context, geometry impact was assessed in rotational tests pondering distinctive
configurations/angles: cone geometry with 2° (C35/2°) and plate geometry with 0° (P35/0°).
Note that, when comparing P35-P35 configuration with the standard configuration (C35-P35),
higher variability results (RSD>15%) were attained for rotational CAAs intraday
measurements. Moreover, as represented in Table 3.6, non-compliant results were observed
for the overall CAAs, with RSD exceeding 20.49%.

The results suggest that cone-plate configuration is preferred to perform rotational
measurements, since the shear rate is the same throughout the sample, in opposite to plate-
plate configuration, where the shear rate varies along the plate radius, increasing from the
center to the edge. The non-uniform shear flow observed in plate-plate configuration seems
to produce higher apparent viscosities and likewise an increment on the overall CAAs values.
When performing rotational tests, rheology results are influenced significantly by this effect,
but it is negligible when performing oscillatory test at small deformation values within the LVR
plateau (Djalili-Moghaddam et al., 2004; Mezger, 2010).

Considering geometry diameter, its selection is mainly dependent on sample viscosity. For
low-viscous materials, it is preferable to use a large geometry diameter, therefore, benefiting
from a large shear area. Correspondingly, for high-viscous and rigid materials, a smaller

diameter should be selected (Fernanda, 2018).

In this context, geometry impact was assessed in oscillatory tests considering different plate
diameter: 35 mm (P35) and 20 mm (P20). Comparing P20-P20 configuration with the standard
configuration (P35-P35) (data not shown), higher variability results (RSD>15%) were observed
for most intraday measurements. As displayed in Table 3.6, non-compliant results were
acquired for To.osc, T, G" and G” with an RSD>19.92%. These results indicate that the plate

diameter of 35 mm is the suitable geometry to test cream samples with similar F1o viscosity.

As previously mentioned, in a plate-plate (P20-20) configuration, shear conditions are not
uniform along the plate gap and present a high dependence on geometry radius and gap
distance. Amplitude sweep test seems to be independent on plate radius. Despite the non-
uniform shear conditions provided by this configuration, if measurements are carried out

within the LVR plateau, compliance is not compromised. If measurements are performed
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outside the LVR, higher shear stress values are detected, which result in superior to.oscand Tt
values (Chhabra and Richardson, 2008; Vliet, 2013). In turn, for frequency sweep

measurements, this method variable does not impact G' and G" parameters.

In what concerns geometry radius, the obtained higher viscoelastic results may be related with

lack of method sensitivity under low shear stress values (Mezger, 2010).

Regarding sample application, this is a method variable that should be carefully equated,
because of its significant effect on rheology results. In the present study, sample application

effect was investigated testing distinct devices: syringe and spatula.

When comparing spatula cream application with syringe cream displacement (data not
shown), higher variability results (RSD>15%) were achieved for CAAs intraday measurements.
Even though proved to be compliant for n-, To.rot, LVR plateau, G', G" and tan §, rheology

method presented higher RSD values for no, nu, Nt, Sk, To.osc and Tt (Table 3.6).

With respect to rotational measurements, shear thinning range [nu - nu is highly influenced

by this variable due to the irregularities in sample deposition on the plate.

The non-compliant results for Sg confirmed that the syringe device used in this study did not
produce sample strain or result in structure loss in contrast with spatula, revealing that this
specific CAA is highly influenced by application device. Any non-homogeneity in sample
deposition, such as air bubbles, may cause a premature sample rupture and influence the
entire rheology profile (Aho et al., 2016; Tricks, 2006). Furthermore, sample amount (a high

impacting variable, see Table 3.1) is more carefully monitored with a syringe application.

Even though we obtained compliant results for to.rot, suggesting that this specific CAA is more
robust to application changes, this is not in agreement with to.0sc determination through
oscillatory measurements, which are non-compliant (Mezger, 2010). ts determination seems
also to be highly sensitive to sample application variability. These results show a strictly

dependence on sample application regarding amplitude sweep tests.

3.3.1.6 Updated risk assessment

According to the previously presented results it was possible to update the REM, see Table
3.7, enlightening the different levels of the main method variables affecting rheology CAAs.
The updated levels demonstrate that specific method variables should be carefully pondered

due to their significant impact on rheology CAAs.
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Table 3.7 — Updated risk estimation matrix (REM) for rheology method validation.

Test Viscosity curve Thixott:opic Amplitude Frequency
behaviour Sweep Sweep
CAA No Ne Nu Nu Toror Sr LVR Toosc U G G” Tanéd
plateau
cMmv
Temperature H L H L L H L H H L L L
Geometry H H H H H H L H H H H L
Sample application | H L H H L H L H H L L L
Gap and trimming L L L L L L L L L L L L
Data acquisition
M M M M M L L L L L L L
mode
Integration time M M M M M M M M M M M
Sample amount M M M M M M M M M M M
Analyst M M M M M M M M M M M
Shear stress ramp H H H H H H H H
Step duration M M M M M M M M M M M L
Shear rate ramp H
Shear load time H
Shear recovery H
time
Frequency value M M M
Shear stress within
LVR plateau | .
Frequency ramp M M L

Key: Low risk variable — Low; Medium risk variable — Medium; High risk variable — High.
3.3.1.7 Standardizing the procedure

In order to provide a straightforward analysis, the following table summarizes the main
outcomes unveiled in this study. In the pursuit of the development and validation of a
rheological profile of a semisolid dosage form, the impact of CMVs on specific CAAs should be
considered (Table 3.8).
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3.4 Concluding remarks

In light of the new regulatory requirements, the importance of a detailed rheological
characterization of topical semisolid dosage forms is undeniable. A comprehensive framework
for the development and validation of the rheology profile acquisition is herein presented.
Even though, a 1%w/w hydrocortisone cream was used as a case study, the same rationale

can be transposed to other semisolid products.

The obtained experimental data revealed that the proposed method is accurate, precise,
discriminative and robust. Nevertheless, there are critical method variables that should be
optimized prior to experiments. These include geometry, sample application mode and
temperature. A broad range of rheological critical analytical attributes were identified: zero-
shear viscosity, upper shear thinning viscosity, lower shear thinning viscosity, infinite-shear
viscosity, rotational yield point, thixotropic relative area, linear viscoelastic region, oscillatory

yield point, storage moduli, loss moduli and loss tangent.

According to the updated risk assessment, the following can be considered as more sensitive
monitoring responses: thixotropic relative area, oscillatory yield point and viscosity related
endpoints. These rheological attributes are crucial to the formulations physical stability, in

vitro performance and, consequently, spreadability and patient compliance.

Moreover, if rheology methods are applied as PAT tool during product manufacture, a close
monitoring of the rotational yield point, linear viscoelastic region, storage and loss moduli, as
well as loss tangent, can be highly beneficial. The continuous assessment of these parameters
enable an early detection of CPP and CMA, responsible for microstructure fluctuations, which
in turn would allow a reduction in out of specifications results and overall batch variability of

topical dosage forms.
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3.5 Highlights

A broad range of endpoints can be considered throughout a rheology profile
analysis:

Zero-shear viscosity, upper shear thinning viscosity, lower shear thinning
viscosity, infinite-shear viscosity, rotational yield point, thixotropic relative area,
linear viscoelastic region, oscillatory yield point, storage moduli, loss moduli and
loss tangent.

A similar validation strategy to that adopted for IVRT/IVPT studies has been
transposed to rheology methods. Overall procedures and respective acceptance
criteria regarding traditional validation components such as equipment
qualification, precision, robustness and discriminatory power were herein
proposed.

In light of the new regulatory requirements which request a formal validation of
each method used for product characterization studies, the proposed strategy
can be useful since it regards a scientific driven platform for both development
and validation of rheological methods.
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3.6 Case Study — Establishing rheological equivalence of a clotrimazole 10

mg/g cream

To further illustrate the applicability of the proposed strategy, the rationale herein described
was transposed to a distinct case study — a clotrimazole 10 mg/g cream. Apart from the
previous method development and the pursuit of a validation strategy, the aim of the present
case study was to compare the rheological properties of a test product (TP) with a reference
product (RP). Both products are qualitatively and quantitatively equivalent. According to the
requirements of the EMA draft guideline, 3 batches per product should be used to
demonstrate equivalence regarding rheological outputs, and at least 3 replicates per batch

are required.
3.6.1 Materials and methods
3.6.1.1 Materials

Three batches of clotrimazole 10 mg/g cream (w/w) (Canesten® - Bayer), hereafter referred
to as RP, and three industrial batches of a clotrimazole 10 mg/g cream (w/w) (TP) were used

in the present case study. The next table summarizes the product characteristics.
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Table 3.9 — General information on the products used in the present study. The batch age

during the rheology studies is given in months (M). Both RP and TP have an expiry date of 3

years.
Product Description Used Retrieved Manufacturing Tested at
P batches market site (*M)
Canesten® Foot Créme BXPJR4) —
10 mg/g cream RP1 France 31M
Reference Canesten® Antifungal cream BXPJREH — United KernPharma —
Products 10 mg/ RP2 Kingdom Spain 28M
Bayer® &/8 g p
Canesten® Antifingico cutaneo BXPJSWZ—
creme 10 mg/g RP3 Portugal 12M
Clotrimazole 1 27 M
10 mg/g cream
Test products Clotrimazole TP2 N.A Portugal 32M
10 mg/g cream
Clotrimazole P3 15 M
10 mg/g cream
Excipient Function
Benzyl Alcohol Preservative
Cetostearyl -
Alcohol Emulsifier
Cetyl Palmitate Thickener
Octyldodecanol Emulsifier
Polysorbate 60 Emulsifier
Purified Water Solvent
Sorbitan Stearate Emulsifier

Key: N.A — Not applicable.

To document the discriminatory power of the proposed rheological methods, a formulation
with half the concentration of cetostearyl alcohol was manufactured at a laboratory scale. This
excipient was selected due to its thickener characteristics and impact on product viscosity

profile. This formulation will be further designated as negative control formulation.
3.6.1.2 Methods
Rotational measurements

The same rheometer, analysis software, and general workflow as in Chapter 3 were herein
used (sample hood, 32°C analysis temperature, syringe application, 0.1 preset gap). For
rotational tests, a cone-and-plate (C35/2°/Ti-TMP35) was used. Approximately 0.3 g of the

formulation was applied. A linear CS flow ramp from 0.01 to a final value of 100 Pa was
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measured for 300 s to trace the viscosity curve. To determine the apparent thixotropy (Pa/s),

a shear rate from 0.01 to 300 s and return to 0.01, during 300 was also used.

Oscillatory measurements

A parallel plate-and-plate geometry (P35/Ti) was used and approximately 0.3 g of the
formulation was applied to the peltier plate. First, an amplitude sweep was performed
between 0.01 and 100 Pa at 1 Hz to determine the linear viscoelastic region (LVR). Afterwards,
a frequency sweep analysis was conducted within the LVR range. The storage modulus G” and

loss modulus G were calculated.

Rheological method validation

The validation of the rheological methods developed here followed a simplified approach
compared to that described previously. Rheometer qualification studies were carried out. The
intraday precision of the method was evaluated by performing three rheological
measurements for each test for all batches of RP. An RSD less than 15% was considered
acceptable, consistent with what has been previously established (EMA, 2009; FDA, 2016c).
Moreover, the sensitivity and selectivity of the method were evaluated by comparing the
rheological profile of the RP with the negative control formulation. The methods were
considered sensitive if the rheology outputs obtained with the negative control formulation
were lower than those registered in the RP. In addition, the methods were considered
selective if the differences between the two formulations (negative control and RP) were

statistically significant.

Statistical analysis

To statistically compare the rheological endpoints of TP vs. RP, as well as RP vs. negative
control formulation, the 90% confidence intervals were determined. According to the EMA
draft guideline, for quantitative quality attributes, such as the rheological endpoints, the 90%
confidence interval for the difference of means of TP and RP should be within the acceptance
criteria of +/-10% of the RP mean, assuming a normal distribution of the data. Please note that
the 10% maximum difference between quantitative quality characteristics of TP and RP
defines the acceptance interval as 90-111%, since 90/100 = 0.9 and 110/100 = 0.11. Although
this was not the statistical approach considered in Chapter 3, as this case study focus on
equivalence demonstration between an TP and an RP, further efforts were made to best
reproduce EMA statistical requirements (EMA, 2018b, 2018c).
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First, the data were evaluated to determine if they followed a normal distribution (Shapiro-
Wilk test, p=0.05).

Afterwards, to perform the equivalence test of quantitative physicochemical parameters, the
90% ClI of the ratio of means between the test/reference formulations were determined. The
data was natural log transformed. Then, the means and the standard deviations were
calculated. This was followed by obtaining the ratio of the two back-transformed averages for

rheology and IVRT endpoints. For confidence interval calculations Equations 3.2 and 3.3 were

used:
X1 1 1
X:: + tl—a/Z,n1+n2—2,Sp Tl—1 + Tl—z (3-2)
—1)xs2+(n,—1)Xs2
Eq. (4) S, = J (e s (3.3)

Where X is the mean value to evaluate the test (X1) or reference product (X2), t1-a/2 is the

Student’s t value for o = 0.90, s is the standard deviation, and n the number of observations.
Data analysis was performed using Microsoft Office Excel®.
3.6.2 Results and discussion

The next figure summarises the obtained rheological profiles of the RP, TP and negative

control clotrimazole 10 mg/g cream formulations.
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Fig.3.8 — Rheology profiles of clotrimazole 10 mg/g cream formulations. All results report to
mean = SEM. Three replicates were used per batch formulation. A — Viscosity curves; B —

Thixotropic behaviour; C— Amplitude sweep test; D — Frequency sweep test.

When representing the viscosity vs. shear stress, the three batches of each product showed
identical profiles (Fig.3.8A). In all cases, non-Newtonian, and shear thinning behaviour was
promptly observed. The acquired viscosity curves clearly present three regions: (i) the 1°
Newtonian plateau, from which the zero-shear viscosity (no) was derived; (ii) the shear-
thinning region, from which the yield point can be estimated; as previously described, this
rheological parameter is defined as the minimum shear stress required to initiate the material
flow (o), and finally (iii) the 2"¢ Newtonian plateau, from which the infinite-shear viscosity can
be determined (n-). Regarding the thixotropic behaviour, the flow curves, depicted in
Fig.3.8B, enabled the classification of all formulations as thixotropic, since hysteresis loop

areas were observed.

The viscoelastic properties of all formulations were assessed by determining both amplitude

and frequency sweep behaviour. Regarding the amplitude sweep test, the plots of the elastic
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(G") and the viscous (G") moduli vs. the shear stress for each batch, showed a linear
viscoelastic region for each batch. This linear trend was likewise observed during the
frequency-dependent elastic and viscous moduli in frequency sweep tests (Fig.3.8D). As
depicted in Fig.3.8C-D, similar trends were observed for both RP and TP formulations.
Moreover, in all cases higher G" than G™” values were registered, which is consistent with the

predominantly elastic behaviour of semisolid systems.

In order to allow a quantitative comparison between the rheological profiles of all the
products, several endpoints were considered in accordance with the intended strategy,

obtained from both rotational and oscillatory tests (please see Table 3.10).

The following rotational endpoints were considered: zero (no) and infinite (n-) shear viscosity,
the rotational yield point (tror) and the relative thixotropic area Sr. Although a larger pool of
endpoints is considered in the proposed approach, a simplified framework, yet based on the
regulatory requirements was applied for this case study. As depicted in Table 3.10, the intra-
batch precision results regarding rotational endpoints for the RP were overall adequate, with
a maximum CV of 15% being registered for the thixotropic area. Nevertheless, batch variability
was observed within the different batches of the RP, as inter-batch precision results far exceed

the ones previously registered.

The observed variability does not seem to be correlated with batch age, as the RP2, the batch

that exhibited a lower yield point, had a similar batch age to RP1 (31 M).

The selected oscillatory endpoints were as follows: Linear viscoelastic region (LVR), flow point
(t¢), the oscillatory yield point (tosc), as well as storage (G") and loss moduli G*” at 10 Hz. Overall
(3/5) intra-batch precision results met the established criteria. The reported exceptions were
for the tr and tosc endpoints. Nevertheless, when comparing these endpoints retrieved from
the different RP batches, inter-batch variability was a point of concern. Again, no obvious
correlation was found between batch age and the observed differences. Although the
precision of the rheology method can be successfully documented due to the low intra-batch
variability, the results obtained raise concerns about RP batch variability when this

information is taken into account.

The sensitivity of the rheology method was successfully documented, as the developed
methods were able to reflect changes between the RP/TP and a formulation with a distinct

guantitative profile (see Figure 3.8 and Table 3.10).

Table 3.10 — Rheological properties of clotrimazole 10 mg/g cream RP, TP and negative control

formulations. For the RP and the TP, 3 batches with 3 replicates per batch were considered

111



3.RHEOLOGY BY DESIGN: A REGULATORY TUTORIAL FOR ANALYTICAL METHOD VALIDATION

(n=9). On the other hand, for the negative control formulation, only 1 batch was considered

with triplicate measurements (n=3). An intra-batch coefficient of variation (CV) <15% in the

RP was considered appropriate to document the precision of the method.

Rheological
endpoints

Acceptance
criteria

no (Pa.s)

Ttror (Pa)

N- (Pa.s)

Sr(Pa/s)

LVR (Pa)

t(Pa)

Tosc (Pa)

G’ - 10Hz (Pa)

G"" —10Hz (Pa)

Reference Product

Overall
RP CV (%)

Mean and CV(%)

Precision Intra-
batch CV of the
RP < 15%
RP1: 16696 (1%)
RP2: 22958 (5%) 14
RP3: 20567 (8%)
RP1:42.2 (2.7%)

RP2:39.5 (1.0%) 6.2

RP3: 40.2 (8.9%)
RP1: 25.7 (10.9%)

RP2: 16.9 (1.0%) 20.4

RP3: 19.1 (8.9%)
RP1: 5900 (15%)
RP2: 12483 (6%) 31
RP3: 9828 (14%)
RP1: 1352 (1%)
RP2: 1125 (5%) 12
RP3: 1037 (6%)
RP1: 232 (22%)
RP2: 355 (27%) 28
RP3: 295 (14%)
RP1: 17.7 (7.3%)

RP2: 25.6 (21.7%) 44.6

RP3: 48.1 (10.5%)
RP1: 2251 (3%)
RP2: 1438 (0%) 24
RP3: 1355 (2%)
RP1: 567 (6%)
RP2: 277 (6%) 39
RP3: 255 (6%)

Test Product

Mean and CV(%)

TP1: 14621 (7%)
TP2: 14523 (6%)
TP3: 20006 (13%)
TP1: 48.8 (0.9%)
TP2:36.9 (12.1%)
TP3: 45.9 (15.0%)
TP1: 7.76 (17.4%)
TP2: 6.83 (2.77%)
TP3:9.27 (7.85%)
TP1: 25513 (5%)
TP2: 10714 (9%)
TP3: 25243 (5%)
TP1: 1082 (3%)
TP2: 1017 (9%)
TP3: 1026 (5%)
TP1: 431 (3%)
TP2: 362 (2%)
TP3: 374 (9%)

TP1: 24.6 (17.2%)
TP2:17.1 (9.30%)
TP3: 23.6 (17.6%)

TP1: 1521 (4%)
TP2: 1524 (11%)
TP3: 1461 (5%)
TP1: 402 (6%)
TP2: 453 (14%)
TP3: 369 (9%)

Overall
TP CV (%)

13.8

16.9

34

22.4

14

Negative control
formulation

Mean and CV(%)

Sensitivity RP/TP

> Altered

rheology

10821 (14%)

12.8 (1.7%)

0.4 (16.5%)

10243 (2%)

157 (16%)

24.5 (6.9%)

0.6 (3.2%)

615 (4%)

99 (6%)

Key: RP — Reference Product; TP: Test product; no (Pa.s) — Zero-shear viscosity; n- (Pa.s) — Infinite-shear viscosity; To.ror (Pa) — Yield point
obtained through rotational methods; Sk (Pa/s — Relative thixotropic Area; «.osc (Pa) — Yield point obtained through oscillatory methods; LVR
plateau (Pa) — Linear Viscoelastic Region plateau; tr (Pa) — Flow point; G" — Storage modulus; G** — Loss modulus.

To statistically compare the RP vs. TP, as well as the RP vs. negative control, the 90% Cl were

determined, as required by the EMA draft guideline (see Table 3.11).
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As reported in Chapter 3, as well as documented by other authors, direct application of the
EMA criteria was not possible, because some of the rheological parameters did not follow a
normal distribution (EMA, 2018b; Pleguezuelos-Villa et al., 2019; Xu et al., 2020). Given the
observed variability of RP batches, it is important to investigate whether the EMA criteria are
suitable to realistically infer the rheological equivalence of this specific formulation. To
address this question numerically, the 90% Cl of the RP batches with closer rheology profile
(RP1vs. RP3) were determined. As expected, the 10% maximum difference threshold between
the rheological attributes of the RP batches with narrower viscosity characteristics was
exceeded in all cases. Since the EMA criteria is not applicable when only the RP is concerned,
a wider Cl (75-133%) was established here to realistically infer on (i) the selectivity of the
proposed methods and (ii) the rheological equivalence between TP and RP. This Cl was
selected based on previous studies reported in the literature, as well as on the SUPAC-SS
criteria. Although this guideline is specific to IVRT studies, these limits take into account the
intrinsic variability characteristic of semisolid systems (FDA, 1997; Mangas-Sanjuan et al.,
2019). As depicted in Table 3.11, even when considering this wider Cl, equivalence pertaining
to the RP1 vs. RP3 is solely registered for one endpoint (tror). Nevertheless, this Cl extension

was still considered.

Regarding the validation study, all endpoints successfully documented method selectivity, as
the Cl obtained with the RP vs. negative control formulation fall completely outside the Cl limit
75-133%.

As for the equivalence study between RP and TP, 3 out 9 endpoints were found to be
compliant with the established criteria. As for the rotational endpoints, equivalence was
adequately demonstrated for the rotational yield point. As previously mentioned, this
endpoint is highly important from both a technological and patient compliance perspective.
The yield point refers to the critical stress at which the formulation starts to be plastically
deformed. While increasing the shear stress, the degree of strain exerted in the
microstructure increases accordingly, which in turn delays the complete relaxation of the
structure in a given timeframe of a respective stress point. Therefore, above a critical value of
stress, extreme shear thinning conditions lead to an irreversible change in the microstructure
of the product, which is reflected in a drastic reduction in viscosity (Dabbaghi et al., 2021). The
equivalence of the viscosity at infinite shear, as well as the range of hysteresis loop area, failed
to be documented. Nevertheless, both endpoints also proved to be non-compliant when

considering the RP itself with the broader criteria.

Although a clear linear viscoelastic region was observed for both RP and TP during amplitude

sweep tests, statistical differences were registered between both products for the flow point
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(te) and the vyield point (tosc). As previously documented for precision, RP inter-batch
variability is extremely high in these parameters (tr RSD = 28% and tosc RSD = 44.6%);
therefore, in this specific case study, these parameters may not be suitable to conclude the
equivalence of the amplitude sweep test. Nevertheless, the G” oscillatory endpoint obtained

from frequency sweep tests was able to sustain equivalence between the RP and the TP.
3.6.3 Conclusions

The precision, selectivity, and sensitivity of the rheological method were documented in line
with the approach previously presented. The comparative rheological studies (RP vs. TP) were
able to sustain rheological equivalence between both products, as all profiles were found to
overlap and 3 out of 9 rheological endpoints were within the established acceptance criteria.
Although the remaining parameters presented non-compliant results, these were mainly
related with RP inter-batch variability, a constraint that will be further discussed in Chapters
5 and 6 of this thesis.

Taking all the information into account, the strategy developed here was found to be suitable
for investigating the rheological behaviour of TP, envisioning its application to support

rheological equivalence.
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4 aQbD AS APLATFORM FOR IVRT METHOD
DEVELOPMENT: A REGULATORY ORIENTED
APPROACH

chafslday

=2 cMmV:

Dosage regimen
300mg vs. 600mg vs.

Analytical 900mg
Design Space Target
Profile
ﬁ CMV:
Type of membrane
Risk Dyalisis (+) vs. Tuffryn (-)

Analysis

Critical Critical
analytical Method
dtributes| Variables
CAA) (CMV)

SR

CMV:
ecepor medium composition
PBS vs. PBS-Ethanol (80:20, v/v) vs.
PBS:Propylene glycol (80:20, v/v)

CAA - IVRR| Qi | Qf| Dose Depletion
Key: In Vitro Relase testing (IVRT) | Design of Experiments (DoE) | Critical Method Variables (CMV) | Critical Analytical Atributes (CAA)
| In Vitro Release rate (IVRR) | Cumulative amount released in an initial timepoint (Q;)| Cumulative Amount Released in final time (Qy)
Fig.4.1 — Graphical abstract: aQbD as a platform for IVRT method development: a regulatory

oriented approach.

This chapter has been adapted from the following publication:

Miranda, M., Pais, A.A.C.C., Cardoso, C., Vitorino, C., 2019. aQbD as a platform for IVRT method development—-A
regulatory oriented approach. Int. J. Pharm. 118695. https://doi.org/10.1016/].ijpharm.2019.118695

C.V conceived the idea and established the research program and implementation. M.M performed the experimental parts of the work.
A.A.C.C Pais performed the statistical analysis, more specifically the confidence interval calculations according to the Wilcoxon Rank
Sum/Mann-Whitney rank test. Supervision, resources and data curation was provided by C.V and A.A.C.C Pais. M.M wrote the first draft of

the manuscript and all other authors substantially contributed to revisions. Funding acquisition was provided by C.C and C.V.
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To characterize semisolid
dosage form performance, the
acquisition of the in vitro
release profile is a fundamental
tool, since it is generally
responsive  to  formulation
differences. In this context,
release testing is an effective
approach to monitor batch-to-

batch consistency, post-
approval changes, scale-up and
stability studies. Further

applications include TGP
development studies, since
IVRT, together with Q1-Q3
demonstration, can be used as a
predictive tool to document
the extended pharmaceutical
equivalence.

Regulatory = recommendations
addressing IVRT method
validation are clearly defined.
However, there is not a
standardized methodology,
based on aQbD principles, to
suport method development.

A general workflow can be
traced when implementing
aQhD: (i) definition of the ATP

4.aQbD AS A PLATFORM FOR IVRT METHOD DEVELOPMENT: A REGULATORY ORIENTED APPROACH

4.1 Introduction

Release methods, commonly applied to
systemically absorbed solid dosage forms, are a
valuable regulatory tool within the generic
medicine manufacturing industry. According to
the biopharmaceutical classification system, for
active substances with a rapid or very rapid
dissolution (Class | and Class Ill), in vitro methods
can be used to establish BE, thus enabling a
biowaiver from clinical trials, one of the most
expensive  stages during generic drug
development (EMA, 2018a).

As extensively reviewed in the introductory
chapter of this thesis, IVRT methods, specifically
tailored for topical products, share the same
scientific principles as the dissolution methods.
However, their regulatory status in what
concerns BE documentation is still being

outlined. Recent efforts by several regulatory

and CAA’s; (ii) risk assessment
and cmv identification,
following a DoE rationale; and
finally (iii) through response
surface analysis, establishment
of the method design space.

agencies are seemingly addressing this issue. In
the past 3-4 years, the US-FDA has stated that,
for some products, IVRT as well as IVPT
(conducted with human skin), can be used as
alternative BE assessment tools (FDA, 2016c).
More recently, as thoughtfully addressed in the 2™ chapter, EMA emitted a draft guideline on
quality and equivalence of topical products in which the concept of pharmaceutical
equivalence is highly explored in what regards Q1, Q2, Q3, and also product performance and
administration documentation (EMA, 2018b). These documents provide a significant insight
into the conditions under which the use of in vitro methods (release and permeation) may be

acceptable as surrogates for the BE assessment of TGPs (EMA, 2018b; FDA, 2016c).

The release profile of a topical semisolid dosage form, acquired through IVRT, enables the
determination of the in vitro release rate (IVRR). This kinetic parameter can be regarded as a
formulation CQA, as it provides important information on the microstructural characteristics

of the product, such as particle size and rheological behaviour (Braddy et al., 2015;
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Dandamudi, 2017; FDA, 1997; Flynn et al., 1999; OECD, 2010; Sivaraman and Banga, 2015). As
the active pharmaceutical ingredient must be released before it can diffuse and become
bioavailable in the skin, the determination of the IVRR is a useful tool to assess product
similarity (EMA, 2018b; FDA, 2016c, 1997; Tiffner et al., 2018). Note that an IVRT setup
includes an artificial membrane that does not resemble the stratum corneum layer in the skin,
the main barrier for dermal absorption. According to the new EMA draft guideline, for complex
formulations (e.g. multiphasic systems) product efficacy demonstration should be presented
by either in vitro permeation testing (IVPT), pharmacokinetic studies, or
dermatopharmacokinetic methods. Nevertheless, the documentation of product efficacy
equivalence must be preceded by pharmaceutical equivalence demonstration with respect to
qualitative and quantitative profile, microstructure/physical properties and also to product

performance, the latter retrievable from IVRT.

A comprehensive and thorough analysis of the IVRT regulatory requirements clearly indicates
that with the progressive acceptance of this method as a BE assessment tool, a solid
framework to support the respective analytical development will be needed. In this context,
the application of an analytical quality by design (aQbD) approach to the development of IVRT
can offer relevant advantages. A plethora of strategies have been used to optimize IVRT
conditions but, to our knowledge, none is reported that follows aQbD principles (Baert et al.,
2010; Bao et al., 2017; Goebel et al., 2013; Tiffner et al., 2018; Zatz, 1995).

The aQbD approach follows the quality by design (QbD) concepts, defined in ICH guidelines
Q8 (R1), pharmaceutical development, Q9, quality risk management and Q10, pharmaceutical
quality system (ICH, 2008, 2003a, 2003b). QbD has been introduced in the pharmaceutical
industry to strengthen manufacturing processes, enhance product quality, and by doing so,
reduce the number of out-of-specification results (Panda et al., 2017; Peraman et al., 2015).
In turn, aQbD focuses on the development of a robust and cost-effective analytical method
(Peraman et al., 2015). A general workflow can be traced when implementing aQbD: (i)
definition of the analytical target profile (ATP) and critical analytical attributes (CAA’s); (ii) risk
assessment and identification of the critical method variables (CMV), following a design of
experiments (DoE) rationale; and finally (iii) through response surface analysis, establishment
of the design space pertaining to the method, also referred to as the method operable design
region (MODR) (Basso et al., 2018; Panda et al., 2017; Peraman et al., 2015). The latter
element consists of one of the most significant benefits of the implementation of aQbD as a
control strategy, since it exactly defines the acceptable ranges of the analytical parameters,

which in turn reinforces and assures the robustness of the method (Shao et al., 2018).
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aQbD has been mainly applied to chromatographic methods such as high performance liquid
chromatography (HPLC), ultra-high performance liquid chromatography, or rapid resolution
liquid chromatography (Panda et al., 2017). Nevertheless, the same workflow can be

transposed to the development of IVRT.

A workshop on Complex Generic Drug Product Development recently sponsored by FDA
addressed the main aspects which frequently impair ANDA applications for TGP (Katragadda,
2018). Several of the reported constraints point out the omission of IVRT components, such
as lack of IVRT method development and validation reports, as well as the non-disclosure of
IVRT standard operating procedures (SOP) (Katragadda, 2018; Raney, 2018). The absence of

such documents conditions a priori the submission and approval of the TGP.

Based on the present regulatory background, this work aims at designing a framework applied
to the development of a IVRT method for topical products taking into account aQbD principles.

To achieve so, the following steps were considered:

= Definition of the IVRT ATP — Since the development of a sensitive and discriminatory IVRT
was the main goal, the experimental conditions that enabled the maximization of the

release profile were considered, Table 4.1;
= Selection of both CAA and CMV — Made through a risk assessment analysis;

= Preliminary solubility experiments, in order to select appropriate pH range and cosolvents

to use as release medium in DoE experiments;

= DoE — Resorting to a 3x2x3 full factorial design, the parameters that better suited the

previously defined ATP were determined through the desirability function;

= Finally, validation experiments, a crucial part in every aQbD application. The optimized IVRT
conditions were fully validated according to the existing guidelines, as well as other state of
the art scientific reports (EMA, 2018b, 2014d; FDA, 2016c; ICH, 2009; Tiffner et al., 2018).
Moreover, a critical and reflected, appraisal focusing on the new requirements of IVRT

presented in the EMA draft guideline, is presented.

For all experiments, a commercially available diclofenac emulgel formulation was used as

“model product”.
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4.2 Materials and methods
4.2.1 Drug Products

Hydrocortisone cream 1% (w/w) (Pandermil®, Edol, batch number 170827, Portuguese
market) was used as a test product during the laboratory qualification experiments (Tiffner et
al., 2018; USP, 2009). Diclofenac emulgel 1% w/w (Voltaren Emulgel®, GSK, batch number
WFO006, Portuguese market) served as a reference product (RP) for the aQbD experiments. A
diclofenac emulgel 2% w/w formulation (Voltaren Emulgelex®, GSK, batch number UO4029A,
Portuguese market), a 0.5% w/w diclofenac emulgel and a specifically manufactured placebo
were used during IVRT validation studies. The 0.5% w/w diclofenac emulgel was obtained by
diluting the RP with ultrapure water (1:1). The formulation was left under magnetic stirring
for 30 min until complete homogenization. A placebo emulgel with the same qualitative
composition of the RP was used. All the above-mentioned formulations were kindly provided
by Laboratérios Basi (Mortagua, Portugal), as well as the sodium diclofenac and

hydrocortisone standards.

Propylene glycol was acquired from Merck and phosphate buffered saline was purchased from
Sigma. Water was purified (Millipore®) and filtered through a 0.22 um nylon filter before use.

All other chemicals were of analytical grade or equivalent.

4.2.2 Methods
4.2.2.1 Analytical target profile establishment

The establishment of an analytical target profile (ATP) is regarded as the basis of method
development. ATP refers to a prospective summary of the quality characteristics desired for
the analytical method. Table 4.1 addressed the ATP elements considered for the optimization
and validation of the IVRT method.
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Table 4.1 — Analytical target profile elements considered for the optimization of the IVRT

method for a semisolid topical formulation containing diclofenac.

ATP element

Active substance

Sample

Analytical technique

Instrument

IVRT performance
attributes

Application

IVRT critical
analytical attributes
(CAA)

Target

Diclofenac
diethylammonium

Diclofenac
semisolid dosage
form

IVRT

Franz Cells

Membrane
inertness, sink
conditions,
linearity,
precision,
specificity,
reproducibility,
discriminatory
power and
robustness.

Release behaviour
assessment

IVRR, Cumulative
amount released
at an initial time
point (Qunitiat),
Cumulative
amount released
in the end of the
experiment
(Qeinal) and dose
depletion (DD)

Scientific rationale
Two randomised controlled clinical trials comparing topical
diclofenac, in 70 and 155 patients respectively, recorded
significant benefit over placebo for pain relief (Jordan et al., 2003).
Moreover, large surveillance studies documented topical
diclofenac enhanced safety profile, especially when compared to
the oral route. Factors which ground this occurrence mainly regard
the first pass effect avoidance, implying residual gastrointestinal
irritation, as well as metabolic degradation (Khanolkar et al., 2017;
Tieppo Francio et al., 2017). According to EULAR (the European
League Against Rheumatism) there is evidence of topical
diclofenac efficacy in the management of rheumatic diseases, such
as knee osteoarthritis (Jordan et al., 2003).

Development and validation of an IVRT method, especially
directed towards the analysis of complex dosage forms.

IVRT is a fundamental tool to characterize the semisolid dosage
form performance, since it is generally responsive to
physicochemical differences (Bao et al., 2017; Dandamudi, 2017)
Release testing is an effective approach to monitor batch-to-batch
consistency, post-approval changes, scale-up and stability studies
within the pharmaceutical industry (Bao et al., 2017; Shah et al.,
2003). Further applications include TGP development studies,
where IVRT is recognized as one of the predictive tools to
document the extended concept of pharmaceutical equivalence
(Dandamudi, 2017; EMA, 2018b; FDA, 1997).

Franz cells were especially developed to study topical delivery by
mimicking in vivo conditions (temperature, relative humidity and
sink conditions). Each diffusion cell is constituted by a donor
compartment, where the topical formulation is to be
applied, a receptor compartment that entails the receptor
solution, and a membrane, from synthetic or biological origin, that
separates both chambers (Benson and Watkinson, 2012; OECD,
2010).

The method should meet the formal validation criteria (EMA,
2018b).

The developed method should enable the determination of a
sensitive and responsive release profile, able to reflect in detail the
formulation physicochemical characteristics.

These CAA should reflect the maximization of the release profile.
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4.2.2.2 Risk assessment

According to prior knowledge, it was possible to identify several analytical settings, which may
have a direct repercussion on the outcome of IVRT. Taken this data into account, the initial
step for the development of an aQbD approach to IVRT method development was the
construction of a cause-effect diagram, commonly referred to as Ishikawa diagram, see

Fig.4.2. The selection of DoE experiments was thus, based on this risk analysis.

Analythical method

development IVRR Qinicis peint
e.qg. HPLC

Skills and training MATERIALS

Air entrapment

IVR PROFILE

Diclofenac solubility OPTIMIZATION

Sampling volume accuracy

Emulgel stability Sampling Dose g
: H : . final point
Prevention of lateral diffusion Rheological aspects depletion IVRT ATP
= - FOR
DICLOFENAC
Room Cosolvents Degassing Stirring speed
temperature RELEASE N EMULGEL
. MEDIUM ) - / Surface area
Light exposure Sink conditions  pH o .
_— Diffusion cell design
TVQE Soaking time
MEMBRANE A Franz cells capacity
Innertness
Sampling  Finite vs. Infinite
wchedule dose EQUIPMENT
EXPERIMENTAL AN N
SETUP / /
Occlusive Bath

conditions  temperature

Fig.4.2 — Hypothetical Ishikawa diagram to analytical target development of an IVRT,

especially designed for diclofenac emulgel.

4.2.2.3 Franz cell receptor fluid screening

Screening different receptor medium was one of the major considerations of the present
study, since their physicochemical characteristics can have a profound impact on the
compound solubility. Moreover, the maintenance of sink conditions is crucial throughout the
release experiments (Baert et al., 2010). In this context, the effect of pH and cosolvents was
screened through preliminary solubility studies. Three pH were selected: 3.6, 5.5 and 7.4, as
well as the following three release medium: PBS, PBS-ethanol (80:20, v/v) and PBS-propylene
glycol (80:20, v/v) (Baert et al., 2010; Drug Bank, 2018).

Briefly, 60-100 mg of sodium diclofenac were weighted into eppendorfs, and 2 mL of the
tested medium added. These suspensions were kept under stirring for 24 hours at 37 + 0.1°C,
after which they were subjected to centrifugation for 10 min at 11740 x g in a Minispin

(Eppendorf Ibérica S.L., Madrid, Spain). The supernatant was collected, filtered by a 0.22 um
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membrane and diluted 160 times with mobile phase. The solubility of diclofenac was then

determined using HPLC.

The solubility of the active substance in the different medium was statistically compared using
a two-way analysis of variance (ANOVA), with a Tukey multiple comparison test. The
differences between the means were considered to be significant for values of p<0.05. The
statistical test was applied using GraphPad Prism, version 6.01 (GraphPad Software, San
Diego, CA, USA).

4.2.2.4 DoE for the IVRT method

A 3x2x3 full factorial design was performed for the optimization of an IVRT for a diclofenac
emulgel formulation. The design aimed at assessing the impact of different IVRT critical
method variables. The selected CMV include the release medium composition, membrane
type and dosage regimen. Having those in mind, three different release medium were selected
(PBS-ethanol, PBS-propylene glycol and PBS), two different membranes (Dialysis and Tuffryn)
and three dosage regimens (300, 600 and 900mg), that refer to an infinite dose setting. Table

4.2 describes the analytical settings of the IVRT experiments.

Table 4.2 — Experimental design matrix according to a 3x2x3 full factorial design.

Experiment Dosage regimen Membrane type Release medium
1 300 mg Dialysis PBS
2 300 mg Dialysis PBS-OH
3 300 mg Dialysis PBS-PPG
4 300 mg Tuffryn PBS
5 300 mg Tuffryn PBS-OH
6 300 mg Tuffryn PBS-PPG
7 600 mg Dialysis PBS
8 600 mg Dialysis PBS-OH
9 600 mg Dialysis PBS-PPG
10 600 mg Tuffryn PBS
11 600 mg Tuffryn PBS-OH
12 600 mg Tuffryn PBS-PPG
13 900 mg Dialysis PBS
14 900 mg Dialysis PBS-OH
15 900 mg Dialysis PBS-PPG
16 900 mg Tuffryn PBS
17 900 mg Tuffryn PBS-OH
18 900 mg Tuffryn PBS-PPG
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A total of 18 autonomous experiments (3 replicates per experiment) were conducted to
determine the impact of the selected CMV on the responses. A 3x2x3 full factorial design
envisions the in-depth analysis of the impact and interactions between the independent

parameters of the IVRT and the selected responses.

The experimental design and the polynomial models were solved resorting to JMP Pro
software. These models were used to describe the influence of each factor and to check for

potential synergisms between them.

ANOVA and Student’s t-test were applied to test pair-wise multiple comparisons. A value of

p<0.05 was considered statistically significant.

4.2.2.5 |In vitro release test method

The IVRT method was conducted using static vertical Franz diffusion cells (PermeGear, Inc.,
PA, USA) with a diffusion area of 0.636 cm? and a receptor compartment of 5 mL. IVRT studies
were conducted considering a hydrocortisone cream (laboratory qualification purpose), and

different strengths of diclofenac emulgel formulations (method optimization).

Qualification

The IVRT method used for the hydrocortisone cream followed the indications provided in the
Topical and Transdermal Drug Products — Product Performance Tests section of USP (USP,
2009). Briefly, 300 mg of hydrocortisone cream were applied in the donor compartment,
which was separated from the receptor compartment by a polysulfone membrane (HT — 200
Tuffryn diameter 25 mm, pore size 0.45 um, Pall Corporation, USA), previously soaked in
purified water for 30 min. The receptor medium comprised a water:ethanol mixture (70:30,
v/v), continuously stirred at 600 rpm and maintained at a temperature of 32°C by means of a
circulating water bath. Before the release experiments, the system was allowed to equilibrate
at least for 30 min. Samples of the receptor phase (300 uL) were withdrawn at 0.5, 1, 2, 3, 4,
5and 6 h, and analysed through HPLC. After each collection, the same volume of medium was

replaced with preheated receptor solution.

Method optimization

Regarding the IVRT experiments used for diclofenac emulgel, the impact of the dosage

regimen, release medium and membrane was evaluated.
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Specifically, 300 mg, 600 mg or 900 mg of diclofenac emulgel were evenly applied in the donor
compartment. The impact of membranes in the release profile was assessed by using a dialysis
cellulose membrane (MWCO 14,000, avg. flat width 33 mm, D9652-100FT, Sigma—Aldrich) or
the previously mentioned Tuffryn membranes. The following release medium were
considered: PBS, PBS:ethanol (80:20, v/v) and PBS:propylene glycol (80:20, v/v), maintained
at 37°C (assuring 32°C at membrane surface) and stirred at 600 rpm. Samples (300 pL) were
collected at 15, 30, 45, 60, 75, 90, 120, 150 and 180 min, followed by replenishing with the
same volume. For the validation studies, additional time points were considered — 15, 30, 45,
60, 75, 90, 120, 150, 180 min, 4 h, 6 h, 8 h, 12 h and 24 h. The main rationale concerning the
extended IVRT timeframe was to try to achieve at least 70% of drug released, in agreement
with the new EMA draft guideline. (EMA, 2018b). Diclofenac concentration in the receptor

medium samples was analysed by HPLC.

Calculations

The cumulative amount of hydrocortisone and diclofenac released as a function of time was

calculated in relation to the amount of formulation placed in the donor compartment using:
Qn=(CnxVo+ Y CixVi)/A (4.1)

Where C, corresponds to the drug concentration of the receptor medium at each sampling
time, Ci to the drug concentration of the it" sample, A to the effective diffusion area, and Vo
and Vi to the volumes of the receptor compartment and the collected sample, respectively.
The release rates were calculated from the slope of the regression line obtained by plotting
the cumulative amount of drug diffused per cm? versus the square root of time (FDA, 1997;
Krishnaiah et al., 2014; Tiffner et al., 2018).

The percentage of drug released was also calculated in order to characterize the extent of
dose depletion during IVRT. For this purpose, the average cumulative amount released at the
last sampling point (Qs) was divided by the actual amount of API placed in the diffusion cell,
and multiplied by 100.

4.2.2.6 IVRT validation studies

The main purpose of the present work was to establish a framework based on aQbD principles
to develop a reliable IVRT method. Therefore, validation studies able to verify the applicability

of the purposed strategy were performed.

The general strategy adopted for these validation studies followed the recently published

draft guidance on quality and equivalence of topical products (EMA, 2018b), the guideline on
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quality of transdermal patches (EMA, 2014d), the draft guidance on acyclovir (FDA, 2016c) and
also the work carried out by Tiffner et al. (Tiffner et al., 2018). According to the literature,
validation studies of IVRT should include IVRT laboratory qualification studies, as well as IVRT
method validation studies, in which membrane inertness, linearity, precision, sensitivity,

discriminatory power and robustness are to be determined.

Laboratory qualification

Laboratory qualification studies can be further divided into (i) diffusional cell system
qualification, and (ii) IVRT method qualification. The qualification of the diffusional system
aims at assessing all critical apparatus parameters, which include diffusional area and volume,
dispensed sampling volume and temperature at the membrane surface. In addition to these
physical parameters, it is also important to qualify the laboratory’s capabilities to perform
IVRT. For that, an IVRT using a hydrocortisone cream should be performed and analysed, as
described in the USP. The main purpose of this test is to evaluate intra-run, inter-run
variabilities and also hydrocortisone sameness testing. If the IVRT procedure is able to
establish equivalence of the hydrocortisone cream against itself, the laboratories capabilities
to perform IVRT are confirmed (Tiffner et al., 2018; USP, 2009).

In light of the work developed by Tiffner et al, and the latest requirements presented by the
FDA in the acyclovir draft guidance, all these parameters should have restricted acceptance
criteria, since they have a direct repercussion in the cumulative amount released (Qn), see
Equation 4.1 (FDA, 2016c; Tiffner et al., 2018). To assess the receptor chamber capacity of
each Franz cell, the donor compartment and membrane were clamped to the receptor
chamber and the stirring bar was placed within the cell. The Franz cells were subsequently
filled with purified water and the weight increase was recorded. A similar strategy was
adopted to evaluate the dispensed sampling volume. The receptor chamber diameters of the
receptor compartment were measured using a vernier caliper (Vogel, Germany). Moreover,
the temperature at the membrane surface was measured in all 18 diffusion cells with a digital
thermometer after a 30 min equilibration period. To comply with the guidelines, membrane
surface should be at 32°C, which corresponds to a diffusional system set to 37°C. All physical

parameters were measured in triplicate (FDA, 2016c; Tiffner et al., 2018; USP, 2009).

Hydrocortisone IVRT experiments were conducted as previously described in the section
4.2.2.5. The main purpose of this test was to evaluate the equivalence of two IVRT runs
performed on two different days, considering an n=6 (USP, 2009). RSD values below 15% were
considered to be indicative of good reproducibility. For product sameness testing, the

Wilcoxon Rank Sum/Mann-Whitney statistical test was applied, following SUPAC-SS
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recommendations (FDA, 1998). Due to the new EMA draft guidance, a confidence interval of
90 — 111% was established as the acceptance criteria (EMA, 2018b).

IVRT Method validation
Membrane inertness

Possible interactions with the most selective membrane found during optimization studies
and diclofenac were screened in membrane inertness studies. Three Tuffryn membranes were
incubated in 10 mL of a 35 pg/mL diclofenac solution (PBS-Ethanol pH=7.4) at 32 + 1°C for
24 h, the selected time frame for the optimized IVRT studies. As control, the same test solution
was incubated in the same environmental conditions, without an immersed membrane. To
calculate diclofenac recovery, the mean concentration of the membrane samples was divided
by the control mean concentration (FDA, 2016c; Tiffner et al., 2018). The membrane was

considered to be inert, if at least, a 95% diclofenac recovery was attained.
Linearity, precision and reproducibility

To test linearity, precision and reproducibility, three IVRT runs were conducted, on three
different days, each one with a set of 12 vertical diffusion cells (VDC) in order to comply with
the new EMA requirements (EMA, 2018b; Tiffner et al., 2018).

A coefficient of determination (R?) in excess of 0.9 was considered acceptable to demonstrate
IVRT method linearity. To determine precision and reproducibility, intra- and inter-run
variability were estimated for the release rates (IVRR) and cumulative amount released at the
end of the study (Qs). A RSD of less than 15% was considered acceptable to validate these
parameters (Tiffner et al., 2018).

Discriminatory power

One of the most relevant steps during IVRT validation studies is the assessment of the test
discriminatory capacity, in other words, the ability of the method to discriminate between
similar formulations. This assessment includes the documentation of the following validation
indicators: sensitivity, specificity and selectivity (EMA, 2018b, 2014a; FDA, 2016c). For that,
the IVRR and the Qs from three different strength diclofenac emulgel (2%, 1% and 0.5%) were
investigated. Please note that the 0.5% dosage was obtained by dilution of the RP. Even
though this formulation did not follow the same manufacturing procedures, it enabled the
assessment of the method discriminatory ability to products with different critical quality

attributes. In this case, it was possible to assess a product with a different rheological profile,
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different critical manufacturing variables, different quantitative excipient composition, as well

as different active substance strengths (EMA, 2018b).

The IVRT method was considered to be sensitive, if the mean diclofenac IVRR was lower for
the 0.5% test cream, when compared to the 1% diclofenac emulgel, and if the mean diclofenac
IVRR was higher for the 2% diclofenac cream, when compared to the 1% formulation (FDA,
2016c; Tiffner et al., 2018).

On the other hand, the specificity of the method was evaluated by assessing whether the IVRR
of the three formulations (0.5, 1 and 2%) were able to reflect the different concentration
levels. A linear regression model of the IVRR as dependent variable by the diclofenac
concentration as the independent variable was used to estimate R?. The method was
considered to be specific if the R was larger than 0.9 (FDA, 2016c; Tiffner et al., 2018).

Finally, the selectivity of the method was assessed using the Mann-Whitney statistical test.
For selectivity to register, the IVRR attained with each concentration level (0.5, 1 and 2%)
could not be within the 90-111% confidence interval, as required by the new guideline on
equivalence of topical products (EMA, 2018b). A minimum of 12 replicates were considered

for each formulation. Example calculations are provided in Appendix B.
Robustness

To assess method robustness, two IVRT runs (n=12 VDC each) were performed with minor
temperature differences, +2°C and -2°C, relative to the IVRT pre-established nominal
temperature — 37°C. The method was considered to be robust, if the IVRR and Qs did not

deviate more than 15% from the mean release rate at nominal method parameter settings.
HPLC-UV method validation
The quantification of diclofenac and hydrocortisone was performed by validated HPLC

methods. Experimental procedures and results are provided in Appendix A.

4.3 Results and discussion

4.3.1 Establishing a cause-effect relationship, risk assessment and risk management

approach to IVRT method optimization

The choice of variables is a task of paramount importance in any aQbD approach, since it

conditions both results and interpretation (Vitorino et al., 2011). In order to assess and

129



4.aQbD AS A PLATFORM FOR IVRT METHOD DEVELOPMENT: A REGULATORY ORIENTED APPROACH

characterize the responsiveness of the IVRT method, the following responses, or independent
variables, were considered: in vitro release rate (IVRR), cumulative amount released at 30 min
(Qi), cumulative amount released at 3 h (Qs) and dose depletion (percentage of drug released
from the system to the medium). Based on these variables and according to prior knowledge,
a risk estimation matrix regarding the most prominent CMV which affect IVRT outcomes was

equated, see Table 4.3.
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4.3.2 Franz cell receptor fluid screening

The choice of the receptor solution is of the utmost importance when designing an IVRT
experiment, as the receptor solution is used as a potential alternative to biorelevant medium
(Bou-Chacra et al., 2017). Therefore, determining the solubility of the compound of interest
in the potential receptor solutions should be a primary consideration prior to the IVRT study
(Benson and Watkinson, 2012).

As previously mentioned, the impact of 2 cosolvents (ethanol and propylene glycol), and three
pH values (3.6, 5.5 and 7.4) in diclofenac solubility was assessed. Ethanol was herein selected
due to its prevalence in the literature, whilst the selection of propylene glycol was mainly
related with the presence of this component in the qualitative formulation of Voltaren
emulgel®. Regarding pH values, these were mainly selected taking into account diclofenac pKa
(4.00) and the diclofenac pH-solubility profile (Chemaxon, 2019; Drug Bank, 2018). At a 3.6
pH, approximately 50% of diclofenac is in the ionized form. The most consistent pH for topical
administration is 5.5, therefore this value was included in these preliminary studies. Since
diclofenac solubility is favoured by alkaline medium, a pH of 7.4 was also tested. Solubility

results are summarized in Table 4.4.

Table 4.4 — Mean amount of sodium diclofenac dissolved in each medium (mg/mL). The results
are expressed as mean * standard error of the mean (SEM) (n=7). Since the data is normally
distributed (Shapiro-Wilk normality test), a two-way ANOVA, with a Tukey multiple
comparison test was used to statistically compare the means. The differences among the

means were considered significant for values of p<0.1.

PBS PBS-Ethanol PBS-PPG
pH=3.6 pH=5.5 pH=7.4 pH=3.6 pH=5.5 pH=7.4 pH=3.6 pH=5.5 pH=7.4
6.5+0.5 6.5+0.4 8.2+ 0.7 16 +2 18+1 14.5+0.5 14+2 13+2 12+2

Key: PBS — Phosphate buffered saline; PBS-OH — Phosphate buffered saline: ethanol (80:20, v/v); PBS-PPG — Phosphate buffered saline:
propylene glycol (80:20, v/v).

The use of cosolvents significantly increased the solubility of diclofenac, with ethanol based
medium displaying the highest solubility results. Regarding the three tested pH values, these
do not seem to have a significant impact on diclofenac solubility, even though, theoretically,

the solubility of diclofenac is favoured by more alkaline medium.

Even though the use of cosolvents in in vitro permeation testing is not advisable by the
regulatory authorities, the same regulatory reluctance does not apply to IVRT. Reasons which
might ground this occurrence relate with the very low solubility of several active substances

(Baert et al., 2010; Montenegro et al., 2016). Historically, ethanol-based receptor medium are
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often used in IVRT. However, the use of other surfactants/cosolvents, such as propylenoglycol,
Tween 20® or Brij98® are also described (Baert et al., 2010; Barradas et al., 2016; Bou-Chacra
et al., 2017; Narkar, 2010; Vitorino et al., 2015).

4.3.3 aQbD-based IVRT method optimization

Based on the risk assessment analysis, there are clearly three main CMV that require further
investigation when implementing an IVRT method: release medium, membrane and dosage

regimen.

To assess the impact of these factors on IVRT, the 3x2x3 full factorial design was performed.
For release medium, three different conditions were selected (PBS-ethanol, PBS-propylene
glycol and PBS). Regarding membrane, both dialysis and Tuffryn membranes were chosen.

Finally, the impact of three dosage regimens was assessed: 300 mg, 600 mg and 900 mg.

Per definition of the OECD, finite dose experiments are meant to mimic ‘in-use’ conditions and
require a product application up to 10 mg/cm? (OECD, 2004). On the other hand, infinite-dose
techniques involve the application of a large amount of formulation (more than 10 mg/cm? of
formulation) (OECD, 2004). As such, changes in the donor compartment, caused by diffusion
or evaporation, are considered to be negligible. This is desirable when the experimental
objectives include the determination of the steady-state conditions from which the IVRR
(ug/cm?/vh) is retrieved. As previously mentioned, the determination of the IVRR is one of the
most relevant outputs retrieved from IVRT studies, since it provides important information on
the formulation microstructure characteristics. Therefore, all studies were performed under

infinite dose conditions.
The obtained DoE results are summarized in Table 4.5.

After collecting responses, suitable mathematical models were fitted to calculate the
coefficient values, see Table 4.6. Note that the present factorial design considers categorical
as well as continuous variables. Moreover, different levels of each variable were included, 2
referring to the membranes, and 3 pertaining both to the release medium and dosage

regimen.

135



A REGULATORY ORIENTED APPROACH

4.aQbD AS A PLATFORM FOR IVRT METHOD DEVELOPMENT

*(02:08) 10948 duajAdoud-Sad — Ddd-59d ‘0Z:08)
:joueyly sgd — HO-Sg9d auljes palajyng a1eydsoyd — Sdd ‘uona|dsp asoqg — aqg ‘suswiadxa ay) Jo pus ay) ul pasea|al Junowe aAlle|nwN) —¥P ‘Y G°0 18 Pasea|al Junowe aAlle|nwn) — 1 ‘21ed 9sea|ad 041IA Ul — YYA| :Aa)

T€9 0L'L 9,101 ¥5°8L0T £5'89L LETI8 00°s0¢ ST1'9¢¢C 5dd-Sdd uAigng 006 8T
89 Ly'L 85°¢r0T £LS°LSOT 6€'189 v'569 '09¢€ [4: 2313 HO-S4d uAigng 006 LT
L8V T€'S 91'SSL 89'8LL €9'E6Y T19°0vS EV'vic Tr'9€c Sdd uAigng 006 9T
SL'S 67'9 8¢'818 8L'€ET6 LT'TL9 SY'veEL 69'CCT 9l 5dd-Sdd sishjelq 006 ST
69°S 0,9 68°'T98 916 £6°689 ¢6°L19 £9°91¢C €9°¢/LC HO-S4d sisAelg 006 14"
€8'C 99'¢ 6L'¥0S LS9TS 0£°99¢ 99'¢LE S9'61T Seoct Sad sisAleld 006 €T
9.8 SL'9 EV'S8L 96°599 £1°989 £5°86V 09'¢LT 8L'LET 5dd-Sdd uAigng 009 4"
L6'6 or'8 S§8'6€8 ¢1'108 L7°85S 8C°0rS €9°6LC ET'TLC HO-S4d uAigng 009 11
S9'8 8’9 6€°'T89 81'899 9L'CSy c0'6Sv €L'SLT £8°00¢C Sdd uAigng 009 (0]
vS'L 8¢S LE'LS9 6C'70S 91'60S 09'v78¢ TE0TT ¥8'¢01 9dd-Sdd sisAleld 009 6
8T8 €v'9 £S°S69 £9°S6S9 v L8y vo'Tey 88'S8T ¢8'SqT HO-S4d sisAjelg 009 8
§8'S [4474 €V’ L9V 6T'LEY TE9ve 6CIve L0'T0T 8G'€L Sad sisAleld 009 L
11T 8'TL 01'8SS 6/4'TC9 8L'€0V VAT 1727 00°0vT 8G'€ST 9dd-Sdd uAignl (0[] 9
ITeT €0Vt T1°L€9 98'099 99'9eY TL°6EV ¢9'86T1 V9°€TC HO-S4d uAigng 00¢ S
veat 6TET 9’209 LY'vC9 66'TIY L6'99Y v0'LET S6'vv1 Sad uAiynl (0[0}3 14
€€'6 S8°0T S99y €0'vrS ST'LvE v°'80¢ €6°L6 9t'S0T 9dd-Sdd sisAelg 00€ €
99°0T or'Tl ST6¢S 8'vLS 06'78¢ SLTey 60°S¢T 6C°6CT HO-S4d sisAleld 00¢ [4
88'8 8T'6 80°0¢ev K14 [4°RT42 86°€CE 05'¢8 8¢'e0T Sdd sisAelg 00€ T
_uwum__w_m._n_ _um>n._”_wn_m30 tmuhm.wl_n_ _um>“~mumn_o um”_”w.__uh._ﬂ_ tmw_.w_m\w_n_o 0 paIpaid 0 paniasqo Mhm-.“”_ﬂ—“ SuBIqUIBIN | soq | suny

‘(g=U) J0 ueaW Y3 se pajuasad 249M saN|eA PAAISSCQ "J0Q EXTXE dY3 J0) san|eA paldipald pue paniasqo — S d|qel

136



4.aQbD AS A PLATFORM FOR IVRT METHOD DEVELOPMENT: A REGULATORY ORIENTED APPROACH

950°0 = HO: S9d
6€0— = Sdd [ xsisi[eAq

o~ . LT000'0— = HO: sdd i €6'0= HO:Sdd .
Tve'0=9dd : Sad ﬁoo 0= m_m__gn_w %mm 0-= m_w__m>n_ﬁ
aueIqUIaIN + 200°0— = Sgd ¢+ x8s0q + aUeIqUIBIAl X 3s0q + v6'0—=sad + + aueIqUIBN + (8500 X 600°0-) +89°ST = A
9500- = HO: 58d . . 100°0- = ukuyny. . . 66°0 = ukuyny
¢00'0 = 9dd : Sdd 9000 = 9dd : S49d

6€°0 = Sad ¢ x ukayny
¥£'0— = 9dd : S9d

£6'G¢— = S9d [ x sIsl[eAq

5 16'8= HO: Sad

20'4T=9dd : S8d O %o.o‘ = m_w__gn; oo - sag ﬁo.a‘ = m_m__&& )
aueIquIIN + 28'0— = S9d ; x98s0Q + aueIquis|N x 8soq + SY'ETT—=S9d ; + aueIquisI +98sod X 6670 +9£88€ = 'O
116'8— = HO: Sdd ) . 90°0 = ukuyny . . G078 = ukuyny
16T°0=9dd: sad 6S°€E = 9dd : Sdd
€6'G2 = Sad [ x ukuyny
20°'LT-=9dd : Sad
§'6-=HO: s4ad
vy~ = S8d pxsisIAa T°0= HO: sad G6'86= HO: S4ad
€2°0T= 9dd : Sdd ' %mmo.? = m_m__m\ﬁn_w ' ﬁmm.zT = m_w__goW _
aueIquiap + 0°'0— = Sdd  x98soq + aueIqWaN x8soq + T9'9¢—=S9d ¢ + aueIqUIBIN +9s0d XGET' 0+ 9126 = O
6'6= HO:Sad . . §E€0°0 = UAIynL _ . €8Ty = UAuynL
90'0=9dd : $9d GY'2e—=9dd: Sad

€Lv = Sdd pxufayny
€2°0T— = 9dd : Sdd

¥2'T¢— = Sdd p xsisifeka
G20'0= HO: Sad

* y1'2T= HO: Sad

. . . 89,2 = HO:s4ad .
ZT'6—=9dd: Sdd ﬁo 0-= m_w__gﬁ ﬁmo Lr—= m_w__gn@
aueIqUWBIA + ¥¢'0— = Sdd ¢ x8soq + aueIquaN x8s0q + 80'08—=Sdd  + aURIQUIBIA +3S0Q XGE'0+£6'1782 = HHAI
yT'2T-= HO: S9d . . #0°0 = ukuyny ) ) €9'Ly = ufaygny
22°0=9dd: Sdd ¥'25=9dd : Sad

¥2'1Z = Sad ¢ x ufayny
ZT'6—=9dd: S9d

‘(@Q) uons|dap asop pue (*p) uiod swiy |euls ay3 ul pasea|ad

JeUSJO|JIP JO JUunowe aAlje|nwnd A_,Ov H.C_On_ Wi} |eljiul ue je pasea|al Jeuajo|dIp JO junowe aAllejnwing “HYAI JO SanjeA 1ualdl}}a0) — 9y 9|qel

137



4.aQbD AS A PLATFORM FOR IVRT METHOD DEVELOPMENT: A REGULATORY ORIENTED APPROACH

To correctly interpret the equations that describe the behaviour of the CAA, it is important to
consider that a higher coefficient magnitude indicates a stronger effect on the system, whilst
a negative coefficient bears the opposite system trend. In other words, the higher the
coefficient, the higher is the influence of that variable, either positively or negatively (Basso
et al., 2018; Carla Vitorino et al., 2013).

As an example for the use of DoE expressions considering Table 4.6, the calculation of the

mean IVRR for dose 300 mg, Tuffryn membranes and solvent PBS-OH, requires:

IVRR = 284.96 + 0.35 X 300 + 47.63 + 27.68 + 300 x 0.04 + 300 x 0.025 — 12.14

4.3.3.1 Analysing the CAA

As aforementioned, IVRR is one of the crucial outcomes of IVRT. This parameter corresponds
to the slope of the regression line obtained by plotting the cumulative amount of drug diffused
per cm? versus the square root of time (FDA, 1997; Krishnaiah et al., 2014; Tiffner et al., 2018).
The release rate is formulation specific and therefore a critical quality attribute of the
formulation (Dandamudi, 2017).

Taking into account that the “dose regimen” has to be multiplied by the corresponding value
(300, 600 or 900 mg), this CMV plays a major role in the IVRR. As expected, increasing the

amount of formulation in the system translates into a maximization of the IVRR.

In what concerns the membrane and release medium, Tuffryn membranes and the addition
of cosolvents (either ethanol or propylene glycol), promote a maximization of the IVRR, as

suggested by the positive magnitude of both coefficients.

Qi and Qy, as previously mentioned, represent the cumulative amount of diclofenac released
at 0.5 hand 3 h, respectively. In line with the requirements for in vitro drug release/dissolution
methods, the selection of these variables as CAA has taken into account the draft guideline on
guality and equivalence of topical products, the guideline on quality of oral modified release
products and the guideline on the quality of transdermal patches (EMA, 2014d, 2014a).
Accordingly, it is stated that whenever carrying out dissolution studies, the inclusion of both
an early and later point should be made. The first intends to exclude the possibility of dose
dumping and to characterize the loading dose. The former intends to demonstrate that the
majority of the active substance has been released. Both responses are obviously
interconnected with IVRR, nevertheless, in Qs the magnitude of the coefficients is higher, see
Table 4.6.

138



4.aQbD AS A PLATFORM FOR IVRT METHOD DEVELOPMENT: A REGULATORY ORIENTED APPROACH

In both Q;j and Qy, the dosage regimen is once again the main CMV, and Tuffryn membranes
continue to display a higher coefficient magnitude over the dialysis ones, thus enabling a
superior diclofenac release. In what concerns the release medium effect, the PBS-OH medium
promotes a higher magnitude for both endpoints, when compared to PBS or PBS-PPG
medium. This trend is consistent with the solubility assumptions previously presented,

exerting a marked positive effect in an early stage.

Mass depletion refers to the percentage of diclofenac released by the end of the IVRT
experiment. In line with the previously selected CAAs, this parameter was included since it
regards mass balance studies, as reported in the draft guideline on quality and equivalence of
topical products and the guidance notes on dermal absorption provided by OECD (EMA,
2014d; OECD, 2004). This is the less impacted response as reflected by the reduced magnitude
of the coefficients.

A t-test analysis of coefficients indicated that, in the vast majority, parameters are highly
significant, see Fig.4.3. Moreover, Table 4.5 presents the observed vs. predicted values for
each of the CMV and Table 4.7 displays the coefficient terms estimated for the different

responses, and respective statistical information.
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%o Z I 0 >,
9 150 / £ 500
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100 1 400 %
50 / 300 /
0 200
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Fig.4.3 — Actual by predicted plots A=Q; B=IVRR; C=Q:;and D=Dose depletion. The models for
each CMV are well estimated since the confidence curves cross the horizontal line at the
mean of the response, and that the r-squared values (R?) are higher than 0.78 for all

responses.
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Evaluation of ANOVA was also performed for model fitness (Table 4.8, Table 4.9 and Fig.4.4).
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Fig.4.4 — (A) Residual plots according to the response evaluated. Al = Q;; A2 = IVRR; A3 = Qs
and A4 = Dose depletion. Ideally, the residual plots against the predicted values should be
scattered randomly about zero, however, these value is proportional to the coefficient
magnitude. (B) Studentized residuals. B1 = Q;; B2 = IVRR; B3 = Qs and B4 = Dose depletion.
This statistical test conducts a t test for each residual, being for this reason a more effective
way to determine outliers and assess the equal variance assumption. Since there are no

studentized residuals falling outside the red limits, the model is considered to be suitable.

Table 4.8 — Summary of fit of the selected CMV.

IVRR Qi Qs Dose Depletion
R?2 0.82 0.85 0.844 0.78
R? adj 0.78 0.82 0.81 0.73
Root Mean Square 65.5 33.1 2 1.56
Error
Mean of Response 495 173.4 687 8.13
Observations (or 53 53 53 53

Sum Wgts)
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Table 4.9 — ANOVA analysis for the selected CMV.

IVRR Qi Qs Dose depletion

Source Model = Error C.Total Model Error C.Total Model Error C.Total Model Error C.Total

DF 9 43 52 9 43 52 9 43 52 9 43 52
Sum of
Squares 836608 | 184332 1020941 268595 47125 315720 1722501 319625 2042126 373 105 478
s“:::r"e 92956 = 4286 29843 1095 191389 7433 a1 2
F Ratio 21.7 27.23 25.7 16.9
Prob > F <0.0001* <0.0001 <0.0001 <.0001

All these statistical parameters confirmed the suitability of the selected mathematical model

for predicting the responses.

4.3.3.2 What DoE tells us

Aiming at a maximization of all IVRT responses, the desirability approach was used for CMV
optimization. Desirability (D) function is defined as the weighted geometric mean for several
responses, or alternatively, a value between 0 and 1 per response. A value of D different from
zero means that all responses are in a desirable range, and a value close to 1 indicates that
the combination of the different criteria is globally optimal. In other words, if D = 1, the

response values are close to the target ones (Kalariya et al., 2017; Kamboj and Rana, 2016).

The maximum desirability was found to be 0.62, see Fig.4.5. This refers to a 900 mg dosage

regimen, Tuffryn membranes and a PBS-OH release medium.
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Fig.4.5 — Maximum desirability for IVRT for diclofenac emulgel.

As previously mentioned during coefficient analysis, dialysis membranes offer more resistance
to diclofenac release, therefore, tuffryn membranes better fit the purpose of inertness
support formulation. A release medium comprising ethanol as cosolvent (PBS-OH, 80:20, v/v),
warrants sink conditions, as reflected in the release behaviour which was also previously

documented during solubility studies, see Table 4.4.

Regarding the dose, according to the EMA draft guideline on quality and equivalence of topical
products, the amount of formulation applied should be consistent (5% between samples)

and validated.

In this work, solely infinite dose conditions were considered, since the attainment of steady-
state conditions was mandatory to calculate the kinetic parameters considered throughout
the study. This parameter should be carefully addressed while establishing IVRT method
development and validation reports. Another aspect that the guideline refers to is the
maintenance of pseudo-infinite dose conditions. Therefore, even though a 900 mg dosage
regimen replicates optimal settings, a 300 mg depicts a more usable dose. Moreover,
according to pharmacopoeial requirements (USP), typically, 200-400 mg of formulation are to
be applied for topical drug products performance test (IVRT studies). For these reasons, a 300

mg dosage regimen was considered for validation studies (EMA, 2018b). Note, however, that
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testing different donor drug loading amounts is of paramount importance for evaluating

method responsiveness. In what follows, the method overall validation is to be addressed.

4.3.4 IVRT Validation Studies
4.3.4.1 Laboratory qualification

The acceptance criteria and results of the laboratory qualification studies are summarized in
Table 4.10.

Table 4.10 — Acceptance criteria for laboratory qualification studies based on the USP general
chapter, the acyclovir draft guidance and studies from Tiffner et al (FDA, 2016c; Tiffner et al.,
2018; USP, 2009).

Parameter Acceptance criteria Results Status
5+0.75mL Mean=5.1+0.1mL
Diffusional cell volume Precision (RSD) < 15% RSD =2.2% Complies
Accuracy (Bias) < 15% Bias =1.5%
R 0.636 cm? Mean = 0.649 cm?
eceptor compartment o RSD = 1.2% Complies
diffusional area RSD and Bias < 15%
Bias =2.19%
b 32 4 10C Mean =32.7 £ 0.4°C
Temperature at membrane * RSD = 1.16% Does not comply
surface RSD and bias < 15% .
Bias =2.22%
Mean =0.29 mL
, ) 0.3mL )
Dispensed sampling volume . RSD = 1.69% Complies
RSD and bias < 15% .
Bias =3.31%
- RSD for each of the hydrocortisone RSD Run1=4.14% Complies with
Intra-run variability .
runs (n=6) < 15% RSD Run 2 = 4.42% USP requirements
N RSD for both hydrocortisone runs _ o Complies with
Inter-run variability (n=6) < 15% RSD =4.47% USP requirements
The 90% confidence interval falls Lower limit: 94.7% Complies with

Hydrocortisone sameness testing = with the new EMA requirements —

90-111% Upper limit: 106.5%  USP requirements

Regarding apparatus parameters (capacity of Franz cells, diffusional area, sampling volume
and temperature at membrane surface), most exhibited the predefined acceptance criteria,
with the exception of temperature at the membrane surface, which did not met the
requirements (FDA, 2016c). Nevertheless, the variation observed (0.08°C) was not deemed
significant. Moreover, since a low inter-cell variability was assured for all parameters, the

Franz cells equipment was considered suitable for IVRT.

The results from the hydrocortisone IVRT were also satisfactory, with reduced inter and intra

variability. Additionally, from the product sameness test, a confidence interval of 94.7-106.5%
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was registered, which is consistent with the new EMA draft guideline requirements (EMA,
2018b; Tiffner et al., 2018; USP, 2009). Please note that these results were attained with the

same hydrocortisone cream batch.

4.3.4.2 IVRT method validation

Membrane inertness

Regarding Tuffryn membrane inertness, and similarly to what has been established for other
active substances, obtained results indicate that the membrane does not constitute a rate
limiting barrier for diclofenac diffusion with an attained 99.4% recovery (Ciolan et al., 2015;
Thakker and Chern, 2003; Tiffner et al., 2018).

Linearity, precision and reproducibility

The method proved to be linear (R? = 0.98), in accordance to the recent recommendations of
both FDA and EMA (EMA, 2018b; FDA, 2016c).

Two outcomes/CAA were considered to assess the precision and reproducibility of the method
— IVRR and Qy. These were screened during three independent IVRT runs (n=12 per analysis)
of the same diclofenac formulation batch. Even though the method presented an acceptable
intra-run precision and reproducibility (RSD IVRR = 7.8% and RSD Qs= 7.5%), a slightly different
scenario was observed in the inter-run variability (RSD IVRR = 9.8% and RSD Qs = 10.6%). These
results would have been acceptable for HPLC validation studies and also for the FDA IVRT
recommendations provided in the acyclovir guidance (RSD < 15%) (FDA, 2016c). However,
considering the limits recommended by the new EMA requirements, these inter-variability
results are borderline, since only a maximum of 10% inter-run variability is acceptable:
“Method intermediate precision for the same batch should be studied with different
operators on different days (CV<10%)” (EMA, 2018b).

In addition to this restrictive CV requirement, there are other parameters in the new EMA
draft guideline regarding IVRT performance that may condition the translation of the guidance

into the practice, such as:

= Attaining 70% release for topical drug products — The majority of topical products do not
attain these values. To achieve so, prolonged assays that do not mimic in vivo conditions
would be in order (Al-Ghabeish et al., 2015; Bao et al., 2017; Fernandez-Campos et al., 2017,
Goebel et al., 2013; Khanolkar et al., 2017; Krishnaiah et al., 2014; Lauterbach and Miller-
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Goymann, 2014; Leal et al., 2017; Nallagundla et al., 2014; Petrd et al., 2013; Xu et al.,
2015b, 2015a).

= Restrictive confidence intervals (Cl). Limiting the CI to 90-111%, instead of 75-133%, may
compromise the acceptance of many topical generic products already market approved, as

well as many topical reference products due to their intrinsic variability.

® One additional challenge that the guideline purposes is the inclusion of the IVRR as a critical
quality attribute (CQA) of the topical product. In light of this requirement there would be
the necessity to conduct release experiments on a daily routine basis, which may prove to

be too demanding for generic manufacturers.

It is necessary to take into account the intrinsic variability linked to IVRT. As suggested by
multiple literature reports, IVRT sources of variability may be caused by a plethora of factors,
such as air entrapment, inability to uniformly spread the formulation upon the membrane in
Franz cells, difficulty to reproduce the exact amount of formulation loaded in the system (Bao
and Burgess, 2018). In order to promote a practical applicability of the extended
pharmaceutical equivalence concept, as desired in this European draft guideline, it is

imperative to establish more realistic criteria.

Discriminatory power

The documentation of the discrimination ability of IVRT is progressively being recommended
by the regulatory authorities, since it is critical to prove that the method assures a proper
distinction between batches with acceptable and non-acceptable release characteristics
(EMA, 2014d).

The method was able to detect different IVRR according to the strength of the formulations
(IVRR 0.5% = 456.74; IVRR 1% = 676.35; IVRR 2% = 913.60) and, for this reason, it proved to be

sensitive, see Table 4.11.

The developed IVRT method is specific, since it was possible to establish a linear relationship
(R? =0.9721) between strength and IVRR, as illustrated in Fig.4.6.
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Fig.4.6 — IVRT specificity. Box and Whiskers plot of the measured release rates for the three

test diclofenac emulgels.

By calculating the 90% confidence intervals of the 0.5% and the 2% formulations against the
reference product (1%), it is possible to establish product inequivalence, which in turn
highlights the selectivity of the method. The confidence intervals were calculated based on
the Wilcoxon Rank Sum/Mann-Whitney rank test, previously described in the SUPAC-SS
guidance, with the proper adaptation to meet the n=12 matrix (FDA, 1997), see table 6. For

example calculations please refer to Appendix B.

The test/reference percentages of both test products (2% and 0.5%) fall outside the range 90-
111%, when compared to the RP. This highlights the significant differences between the
formulations, and the selectivity of this method (EMA, 2018b).

Robustness

The robustness of the method was evaluated by conducting two IVRT runs (n=12 each) with
alteration in the temperature (35°C and 39°C). Since Franz cells are static, it was not possible
to investigate the effect in the IVRR of different mixing rates. In the EMA draft guideline, IVRT
robustness assessment not only contemplates evaluating the system response to changes in
the temperature and mixing rate, but also regards the evaluation of different amounts of
applied formulation and different receptor medium. These latter variables were contemplated

in the aQbD strategy developed in this work.

The IVRT was considered to be robust if the resulting mean IVRR for each temperature

scenario (35°C or 39 °C) did not deviate by more than 15% from the mean release rate at
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nominal method parameter settings (37 °C). The obtained results, see Table 4.11 and Fig.4.7
portrait that the method is able to withstand minor temperature fluctuations without

compromising the analysis, thus establishing its robustness.

4000
3000
—+— 39°C
NE o
——
£ 20001 37°C
= == 35°C
1000
0 T L)
0 2 4 6

\ time (h)

Fig.4.7 — Robustness of IVRT. Mean amount of sodium diclofenac released in each sampling

point (ug/mL). The means are expressed as mean + standard deviation (SD) (n=12).
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Table 4.11 — Acceptance criteria for IVRT method validation studies based on the acyclovir
draft guidance, the new EMA draft guideline and studies from Tiffner et al (FDA, 2016c; Tiffner

et al., 2018; USP, 2009).

Parameter Acceptance criteria Results Status
Membrane Tuffryn
inertness Recovery 2 95% Recovery =99.4% membranes
studies are inert
Linearity R2>0.90 R2=0.98 IVRT is
linear
Intra-run variability: Intra-run variability:
RSD Qf < 10% RSD Qf=7.56%
Precision and RSD IVRR £ 10% RSD IVRR = 8.02%
reproducibility Inter-run variability: Inter-run variability:
RSD Qs < 10% RSD Qf=9.93%
RSD IVRR £ 10% RSD IVRR =9.98%
0.5% Diclofenac
IVRR = 456.74
RSD =9.84
Different IVRR for different 1% Diclofenac (reference product) IVRT
Sensitivity formulations strength IVRR = 676.35 s
sensitive
RSD < 10% RSD = 8.64
2% Diclofenac
IVRR =913.60
RSD =7.97
Specificit i
P Y R2>0.90 R2=0.9721 IVRT is
(IVRR) specific
Confidence interval (Cl) 0.5% vs. 1% (n=12)
N between. dl.fferent strength Cl = [62.71-78.61%] IVRT is
Selectivity products, in independent IVRT 2% 1% (n=12 selective
runs, falls outside the limits 6 vs. 1% (n=12)
[90-111] % Cl =[139.10 — 158.9%]
Mean IVRR of runs with minor
hterlr;perat:re fluctuationhs Mean IVRR 37°C = 676 (8.6%) "
should not deviate more than RTis
R oC = 69
obustness 15% from the IVRR of the Mean IVRR 35°C = 645 (8.6%) robust

nominal method parameter
settings

Mean IVRR 39°C = 685 (7.1%)

4.3.5 Updated risk assessment

An overall analysis and critical appraisal of the information retrieved from DoE and validation

studies, enable to update the previously presented risk matrix, see Table 4.12.
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Table 4.12 — Updated risk assessment matrix after IVRT method optimization.

Criticality
Critical analytical attributes (CAA) Justification
Critical
method IVRR Q initial Q final Mass
variables point point depletion
(cMmv)
Preven'Flon .Of Low Low Low Low According to
lateral diffusion
Analvst laboratory
v Sampling volume Low Low Low Low qualification
Air entrapment Medium Medium Medium  Medium studies.
Bath temperature Low Low Low Low According to IVRT
Surface area Low Low Low Low validation studies.
Equipment Stirring speed Low Low Low Low
D|ffu5|9n cell Low Low Low Low Fixed parameter.
design
Sampling times Medium Low Low Low
Dosage regimen Low Low Low Low Accordmg to Dok
studies.
Method
conditions Dose application
t(?chnlque.s— Low Low Low Low Fixed parameter.
pippete. vial.
spatula. finger
. . . . According to DoE
Co-solvent High High High High -
o-solvents igl ig igl igl studies.
pH Medium Medium Medium  Medium IAcbcllc?rdlng ;O
Medium solubility studies.
Degassing effect Low Low Low Low Fixed parameter.
Sink conditions Hich Hich High High According to DoE
maintenance € € & & studies.
. . . . According to DoE
T High High High High -
ype . 's 'e 'e studies.
Membrane Presoaking time Low Low Low Low Fixed parameter.
Inertness Medium Medium Medium  Medium According to IVRT

validation studies.

Key: CAA — Critical analytical attribute; CMV — Critical method variables; IVRR — In vitro release rate; Q initial point — Cumulative amount
released at 0.5h; Q final point — Cumulative amount released at 3h.

4.4 Concluding remarks

The results reported in the present work underline the multiaddressable characteristics of
aQbD as a framework for IVRT method development. To our knowledge, this is the first work
based on that framework. Since aQbD requires the definition of the analytical target profile,
one must take into account a variety of parameters and their respective synergisms. This
extensive and comprehensive analysis would normally not be considered while developing
standard IVRT methods (Kochling et al., 2016).
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As shown in the present work, the application of aQbD as a systematic approach strategy to
IVRT development enabled the determination of CMV and CAA, and by doing so, a deep

understanding of the main risks intrinsic to the method.

A 3x2x3 full factorial design experiment was employed to assess the impact of the dosage
regimen, membrane and release medium in the predefined critical analytical attributes, IVRR,
Qunitial, Qsinal and dose depletion. The quantitative models that portrait these influences were
properly constructed and validated through t-tests and ANOVA. Moreover, the predictive
capabilities of the model were confirmed by establishing comparative analysis of the actual

and predictive values.

Tuffryn membranes, PBS:Ethanol release medium (80:20) and a dose of 300 mg were found
to be suitable parameters for the maximization of the release profile without compromising

the discriminatory capacity of the method.

The optimized IVRT conditions were subsequently evaluated in terms of membrane inertness,
linearity, precision, robustness and the indicators of discriminatory power, following the
recent guidelines of both European and US regulatory authorities. Validation of the HPLC

method was also carried. Both validation studies were found to be compliant.

Applying an aQbD rationale to IVRT will highly reduce the method development time and cost,
besides offering a robust and regulatory-oriented platform for its predictive development.
Frequently, the absence of IVRT method development protocols often impairs TGP

submissions, and therefore this work can be a reliable strategy to overcome such deficiencies.
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4.5 Highlights

A 3x2x3 full factorial design experiment was employed to assess the impact of the
dosage regimen, membrane and release media in the predefined critical
analytical attributes, IVRR, Q;ia, Qgina @nd dose depletion.

Tuffryn membranes, PBS:Ethanol release media and a dose of 300 mg were found
to be suitable parameters for the maximization of the release profile. The
optimized conditions were subsequently evaluated in terms of membrane
inertness, linearity, precision, robustness and the indicators of discriminatory
power, following European and US regulatory authorities guidelines.

Applying an aQbD rationale to IVRT offers a robust and regulatory-oriented
platform for its predictive development. The absence of development protocols
often impairs TGP submissions, and therefore this framework can be a reliable
strategy to overcome such deficiencies.
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Fig.5.1 — Graphical abstract: Diving into batch-to-batch variability of topical products: A

regulatory bottleneck.
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5.DIVING INTO BATCH-TO-BATCH VARIABILITY OF TOPICAL PRODUCTS: A REGULATORY BOTTLENECK

“ As extensively discussed in

chapters 2 and 4, the extended
pharmaceutical equivalence
demonstration is a crucial
requirement during an abridged
TGP BE  assessment. To
document so, an in-depth RP
characterization is mandatory.

¥ In spite of negligible batch to
batch differences being actively
pursuit by both manufacturers
and regulators, there are still
products in  which  batch
variability is deeply observed.
These variations are essentially
prompted by raw materials /
manufacturing process

fluctuations. Semisolid dosage
forms, which account for the
majority of topically applied

products, are particularly prone
to batch variations, as their
microstructure is highly
sensitive to  the above
mentioned variability sources.

Performance endpoints,
according to EMA requirements,
should be within a 90-111%
confidence interval pertaining
to the RP. Inter-run variability
should not surpass 10% and at
least 12 replicates should be
considered. These criteria are
different from those proposed
by USA regulators, where only 6
replicates should be regarded,
IVRT confidence intervals should
be within 75-133% and inter-run
variability should not exceed
15%.

KEY CONCEPTS

5.1 Introduction

The global dermatological market for skin drug
delivery is expected to register a compound
annual growth rate of 7% between 2019 and
2024 (Mordor, 2019a; Patere et al., 2018). There
are several identifiable market drivers: growing
geriatric population, high prevalence of
osteoarticular diseases, rising consumption of
topical antifungal drugs, forthcoming major
drugs patent expiries, among other factors
(Mordor, 2019a, 2019b, 2019c). In line with this
tremendous market potential, as well as

concrete medical needs, the regulatory
processes concerning TGP development and
been several

approval have subject to

noteworthy amendments, as extensively
reviewed in the introductory chapters of the
present thesis. Regulatory agencies, such as
EMA and FDA, have “sharpen” the TGP
development process by promoting a rational
and modular framework to its approval.
According to this strategy, the extended
pharmaceutical equivalence of the products
should be evidenced. Afterwards, equivalence
regarding product performance, administration
and efficacy should also be adequately provided
(Fldhmann et al., 2018). The basis of this
workflow s,

understandably, an in-depth

characterization of the RP (Chang et al., 2013b; Fernandez-Campos et al., 2017; Murthy, 2017;
Raghavan et al., 2019; Roberts et al., 2017; Sinamora, 2017).

Semisolid formulations, such as creams, ointments, gels and emulsions, represent the majority
of topical dosage forms intended for a local action. These are complex, homogenous or
heterogeneous systems, in which the drug is dissolved or dispersed into the vehicle (Shah et
al., 2016). Their production is usually performed in large homogenisers as a batch process

(Qwist et al., 2019). A batch can be defined based on production time, amount of material,
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maintenance cycles or changes in lots of feed raw materials (Bostijn et al., 2019). Even though
pharmaceutical development is presently entering a new era of quality build, where the
regulatory agencies tend to impose strict product specifications for new drug / abbreviated
new drug applications, there are still RP in which batch-to-batch variation is a reality (van
Heugten et al., 2017). There are several contributing factors for variability, often referred to
as the 6 “M’s”: machine, manpower, materials, measurements, manufacturing processes and
mother nature (Sayeed-Desta et al., 2017). The microstructure of semisolid drug products is
highly sensitive to these variability sources, especially to interchanges between suppliers
(sourcing) and manufacturing processes (Bao et al., 2020; Patere et al., 2018; Zarmpi et al.,
2017). Microstructure is assessed by several parameters, such as rheology profile,
globule/particle size, pH, phase homogeneity, polymorphism, among others (Raghavan et al.,
2019). These attributes have a direct impact on product performance, mainly supported
through IVRT studies (Hauck et al., 2007; Raghavan et al., 2019; Shah et al., 2016). The recently
issued EMA draft guideline on quality and equivalence of topical products represents a long
awaited regulatory advance concerning the establishment of analytical surrogates to CES.
Nevertheless, there are several criteria imposed by the guideline that may undermine its
translation into practice (EMA, 2018b). These mainly relate with the restrictive statistical
parameters regarding the extended pharmaceutical equivalence, product performance and

efficacy documentation.

The present chapter aims to highlight the intrinsic variability of topical semisolid dosage forms.
For that purpose, eight reference blockbuster topical drug products were selected based on
the active substance pharmaceutical profile as well as market relevance. For each product, a
total of 3 batches was considered. All products, retrieved from the European market, concern
well established used molecules, having in the majority of cases a generic/hybrid product.
Table 5.1 displays the study products and respective batch manufacturing sites, whilst Table

5.2 portraits the qualitative composition for each RP.

All formulations were characterized in terms of pH, globule or particle size, full rheological and
IVRT profile. Statistical evaluation regarding IVRR comparison was performed following FDA
and EMA guidelines, in order to clarify the underlying statistical models and further illustrate
the subtle but high impacting differences between both criteria. Finally, to summarize all the
considered variables regarding product microstructure and performance, a multivariate
approach resorting to a hierarchical clustering and principal component analyses is thoroughly

presented.
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Table 5.1 — Studied RP.

Reference product API Dosage form = Strength Code = Manufacturing site

HC_1
RP_1 Hydrocortisone Cream 10 mg/g HC_2 1
HC_3
ETF 1
RP_2 Etofenamate Gel 100 mg/g = ETF 2 1
ETF 3
BFZ_1
RP_3 Bifonazole Cream 10 mg/g BFZ_2 1
BFZ_3
CLT 1
RP_4 Clotrimazole Cream 10 mg/g CLT 2 1
CLT_3
ACV_1
RP_5 Acyclovir Cream 5mg/g ACV_2 1
ACV_3
TCZ 1
RP_6 Tioconazole Cream 10 mg/g TCZ_2
TCZ_3
CLB 1
RP_7 Clobetasol Cream 0.5mg/g CLB_2
CLB 3
DF_1
RP_8 Diclofenac Emulgel 23.2mg/g DF_2 1
DF_3

PW N R

Key: HC — Hydrocortisone; ETF — Etofenamate; BFN — Bifonazol; CLT — Clotrimazole; ACV — Acyclovir; TCN — Tioconazole; CLB — Clobetasol; DF
— Diclofenac.
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Table 5.2 — Qualitative composition of the RP.

Excipient
Beeswax substitute 6621
Benzyl alcohol
Butylhydroxytoluene
Carbomers
Carbopol 940
Cetostearyl alcohol
Cetyl palmitate
Chlorocresol
Citric acid monohydrate
Cocoyl caprylocaprate
Dexpantenol
Diethylamine
Dimethicone 20
Eumulgin M8
Glycerol
Glycerol monostearate
Isopropanol
Isopropyl myristate
Mineral oil
Macrogol 400
Polyoxyethylene Alkyl Ethers
Methyl parahydroxybenzoate
Octyldodecanol
Oleyl alcohol
Parfum
Poloxamer 407
Polyoxyethylene stearate
Polysorbate 60
Propyl parahydroxybenzoate
Propylene glycol
Sodium citrate
Sodium Hydroxide
Sodium lauryl sulfate
Sorbitan stearate
Stearic acid
Synthetic sperm oil
Purified water

Petrolatum

Key: HC — Hydrocortisone; ETF — Etofenamate; BFN — Bifonazol; CLT — Clotrimazole; ACV — Acyclovir; TCN — Tioconazole; CLB — Clobetasol; DF

— Diclofenac.

Function
Stiffening agent
Preservative
Preservative
Gelling agents
Gelling agents
Emulsifier
Thickener
Preservative
Buffering agent
Solubilizer
Moisturizer
Buffering agent
Emollient
Emulsifier
Humectant
Emollient
Solvent
Emollient / permeation enhancer
Emollient / emulsifier
Emulsifier / solubilizer
Emulsifier
Preservative
Emulsifier
Permeation enhancer
Organoletic agent
Emulsifier
Emulsifier
Emulsifier
Preservative
Solvent / humectant
Buffering agent
Buffering agent
Emulsifier
Emulsifier
Emollient
Stiffening agent
Solvent

Emollient

HC

ETF

BFZ CLT ACV TCz CLB DF

X
X X X
X
X
X X X
X
X
X
X
X
X X
X
X
X X
X
X X X
X
X
X
X X
X X
X
X X X
X
X
X X X
X
X X X X X X
X X
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5.2 Materials and Methods

5.2.1 Drug Products

Eight reference topical products were included in this study. For each product, 3 batches were
considered: 1% (w/v) hydrocortisone cream (Pandermil®, Edol); 10% (w/v) etofenamate gel
(Traumon®, Meda); 1% (w/v) bifonazole cream (Canespor®, Bayer); 1% (w/v) clotrimazole
cream (Canesten®, Bayer); 5% (w/v) acyclovir cream (Zovirax®, GSK); 2% (w/v) diclofenac
emulgel (Voltaren emulgelex®, GSK). All the above products were manufactured in one
manufacturing site. Conversely, 0.5% (w/v) clobetasol cream (Dermovate® /Dermoval, GSK)
batches were produced in two manufacturing sites, and finally the 1% (w/w) tioconazole

cream batches (Trosyd®, Pfizer) were produced in three different manufacturer sites.
All the batches, as well as the respective standards were kindly supplied by Laboratérios Basi.

Propylene glycol was acquired from Merck, phosphate buffered saline (PBS) was acquired
from Sigma. Water was purified with a Millipore MILLI-Q reagent water system and filtered
through a 0.22 um nylon filter before use. All other chemicals were of analytical grade or

equivalent.

5.2.2 Methods
5.2.2.1 Topical product microstructure

According to the new EMA guideline, to establish BE between two topical products, evidence
should be provided on microstructure sameness. Product microstructure is regarded as a
formulation CQA, due to its impact on drug bioavailability, stability and usability (EMA, 2018b).
Product microstructure analysis entailed the following parameters: pH, droplet size and

rheological behaviour.

pH values were determined at room temperature (25 °C), in triplicate, using a digital pH meter
Consort C3010 (Consort bvba, Turnhout, Belgium), previously calibrated using standard buffer
solutions (pH of 4.00, 7.00 and 10.01). About 0.6-1 g of each sample were weighed and
dispersed in 10 times the volume of purified water. Afterwards, the respective pH value was

recorded.

Microscopic analysis was performed to study and compare the droplet/particle size
distribution of the different batches. For this, a Leica DM IL with a Nikon DS-Fil camera (Nikon

Instruments Europe BV, Amsterdam, The Netherlands) at a 100-fold magnification was used.
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A thin layer of each formulation was carefully dispersed on a slide, and the cover slip was then
gently placed on the top to avoid sample shearing and prevent microscopic alterations of the
sample. Five representative images were acquired for each sample, and droplet length was
measured using an imaging software (NIS Elements, version 3.10). Approximately 100 < n<

400 droplet/particle sizes were considered per batch formulation.

5.2.2.2 Thermal analysis

Taking into account the microscopic studies, acyclovir samples due to the observed
crystallization phenomena were also thermally studied through differential scanning
calorimetry (DSC). DSC analysis was performed using a DSC-60 differential scanning
calorimeter (Shimadzu, Japan). Acyclovir standard (about 1 mg) and the three acyclovir
batches (20-24 mg) were placed in aluminium pans hermetically sealed. Empty pans were used
as reference. Each sample was submitted to a heating cycle from 25 to 270°C, at the rate of
10°C/min, with a nitrogen purge of 30 mL/min. The onset temperature (Ton), melting point

(Tpeak), and enthalpy (AH) were evaluated using the TA Software (Shimadzu, Japan).

5.2.2.3 Rheological properties

The rheological profile of a semisolid, as reviewed in Chapter 3, is highly linked with the
product sensory qualities, such as consistency, spreadability and feel, which strongly impact
patient compliance. The rheological profile of all products was investigated using the same
rheometer and analysis software of Chapter 3. The following paragraphs describe the
sequence of procedures performed for each sample. All measurements were performed in
triplicate and conducted at 32°C, the physiological skin temperature, and a sample hood was

used to minimize sample volatilization.

Rotational measurements

Rotational tests were performed with a C35/2°/Ti cone geometry at 32°C. Approximately 0.3
g of formulation were placed on a lower plate TMP35 using a positive displacement syringe. A

preset gap of 0.1 mm was considered.

A linear CS flow ramp from 0.01 to a final 100 Pa was measured for 300 s, to trace the viscosity
curve. The main objective of the proposed settings was to enable a detailed acquisition of the
shear stress viscosity profile of all the studied products with the zero-shear plateau, the shear
thinning region and the infinite shear plateau. For that, for some products, slight method

adjustments had to be carried out: diclofenac batches (0.001 — 100 Pa) and for clobetasol
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batches (50 — 500 Pa for 450 s). Additionally, to determine the apparent thixotropy (Pa/s), a

shear stress from 0.01 to 300 s and again down to 0.01, during 300 s, was used.

Oscillatory measurements

The viscoelasticity of all products was tested by applying an oscillating shear stress (Li et al.,
2011). A parallel plate-and-plate geometry (P35/Ti) was used and approximately 0.3 g of the
formulation were applied to the peltier plate. An amplitude sweep between 0.01 and 100 Pa
at 1s! was firstly conducted in order to estimate the linear viscoelastic region (LVR).
Afterwards, a frequency sweep analysis was conducted within the LVR range. The storage

modulus (G’), loss modulus (G”") and loss tangent were calculated.

5.2.2.4 Performance attributes — IVRT studies

According to the new EMA requirements, IVRT outputs are considered as a CQA of the
formulation. Therefore, the assessment of product performance made through the
determination of kinetic parameters, such as the IVRR, is one of the most important

parameters to establish the extended pharmaceutical equivalence.

5.2.3 In vitro release testing

Release studies of the different drug products were conducted using the same Franz cell
diffusion system used in Chapter 4. Moreover, the indications provided in the Topical and
Transdermal Drug Products — Product Performance Tests section of USP were likewise
followed (USP, 2009). Briefly, infinite dose conditions (300 or 150 mg) of the semisolid
formulations were applied in the donor compartment, separated from the receptor
compartment by a polysulfone membrane (SUPOR 450 pore size 0.45 um, Pall Corporation,
USA), previously soaked in purified water for 30 min. Despite the membrane characteristics,
such as thickness, pore size, surface morphology, and diameter may prompt kinetic changes
in the release profile, note that, since a formulation comparison is intended, the type of

membrane was kept constant, so that this fixed parameter was not considered a concern.

The receptor medium was carefully selected in order to assure the maintenance of sink
conditions throughout the IVRT experiment. The rationales concerning the suitability of co-
solvents and pH for the specific physicochemical profile of the active substance panel herein
presented, are carefully debated in Appendix A. Table 5.3 presents the release medium used

for each drug product.
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Table 5.3 — Release medium composition used for IVRT studies.

Drug Release Medium
Hydrocortisone Water-ethanol (70:30, v/v), adopted from (USP, 2009)
Etofenamate PBS-ethanol (70:30, v/v)
Bifonazole PBS-ethanol (50:50, v/v, pH=7.4)
Clotrimazole PBS-ethanol (50:50, v/v, pH=7.4)
Acyclovir PBS
Tioconazole PBS- ethanol (50:50, v/v, pH=4.5)
Clobetasol PBS-ethanol (50:50, v/v, pH=7.4)
Diclofenac PBS- ethanol (80:20, v/v, pH=7.4)

The receptor medium was continuously stirred at 600 rpm and maintained at a temperature
of 37°C by means of a circulating water bath. Before the release experiments, the system was
allowed to equilibrate for at least 30 min. Throughout the release studies, the donor
compartment, as well as the receptor sampling arm, were carefully covered with Parafilm® to
avoid unnecessary release medium volatilization and to conduct all the release experiments
under occlusive conditions. Samples of the receptor phase (300 uL) were withdrawn at 0.25,
0.5,1,2,3,4,6,8, 10 and 24 h, since according to the EMA draft guideline: “At least 6 time
points should be obtained in the linear portion of the drug release profile” (EMA, 2018b). All
IVRT samples were analysed by regulatory compliant HPLC methods, please see Appendix A.

After each collection, the same volume of medium was replaced with preheated receptor
solution. In order to determine the cumulative amount of drug released as a function of time,
the same procedures as section 4.2.2.5 were used. According to the recent regulatory

requirements an n=12 was considered for each batch (European Medicines Agency, 2018).

5.2.4 Multivariate analysis

Hierarchical cluster analysis (HCA) and principal component analysis (PCA) were performed
using a total of 8 reference products x 3 batches, as objects, and 13 variables extracted from
both physicochemical and pharmaceutical characterization. These analyses were carried out
in R software version 3.6.1, using the FactoMineR and the factoextra packages (Kassambara,
2017; Lé et al., 2008).

5.2.5 Data analysis and statistics

The confidence intervals (Cl) regarding IVRR comparisons were calculated according to EMA
criteria (parametric test) and FDA criteria (non-parametric test), so that the differences

between these approaches and their possible impact on BE could be carefully assessed.
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As previously mentioned in Chapter 4, the FDA recognized approach, based on the Wilcoxon
Rank Sum/Mann-Whitney U test, was adapted to meet the 12 x 12 T/R matrix (Food and Drug
Administration, 1997). On the other hand, to calculate Cl according to EMA directives, the
procedures described in the bioequivalence guideline, as well as in the EMA draft guideline of
topical products, were followed (EMA, 2018b, 2010). For this, one should take into account
that the terms sequence, subject within sequence, period and formulation do not apply, since
we are considering in vitro studies. According to the above mentioned guidelines, to perform
the equivalence test of quantitative physicochemical parameters, the 90% Cl of the ratio of
means between the test/reference formulations should be determined. For that, the data was
natural log transformed. Then, the means and the standard deviations were calculated. This
was followed by obtaining the ratio of the two back-transformed averages for IVRT endpoints.

For confidence interval calculations Equations 5.1 and 5.2 were used.

Sp _ \/(nl—l)xsf+(n2—1)xsf (5.1)

ni+ny,—2

X1 ’ 1 1
XZZ t tl—a/Z,n1+n2—2,Sp n_1 + n_z (5-2)

Where X is the mean value to evaluate the test (X;) or reference product (X,), t1-a/2 is the

Student’s t value for a = 0.90, s is the standard deviation, and n the number of observations.

For example calculations please refer to Appendix B. All the procedures involved in the
calculation of the Cl according to FDA and EMA directives were repeated to obtain a Cl for all

batch combinations.
Confidence intervals regarding the other microstructure parameters were calculated based
on EMA approach, please see Appendix B.

5.3 Results

5.3.1 Microstructure evaluation

To characterize all products regarding their microstructure, the globule/particle size, pH and

rheology profile were determined, see Table 5.4.
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Table 5.4 — pH and globule/particle size assessment. Results are expressed as mean + SD. The
means were statistically compared by a one-way ANOVA using a Tukey multiple comparison
test. The differences among the means were considered significant for values of * p<0.1, **
p<0.01 and **** p<0.0001. For microscopic studies, 100sn<400 was considered. For pH, an

n=3 was considered.

Manufacturing GIObl_lle /
Products Batch site f’artlcle SS pH
size (um)

HC_ 1 49+1.4 7.33

HC HC_2 1 9.6%2.2 HoAkx 7.15
HC_3 2.840.7 7.15

ETF_1 7.8+2.4 4.69

ETF ETF_2 1 10+4 Hokkx 5.02
ETF_3 81+2.4 4.79

BFZ_1 6.3+5.2 6.00

BFZ BFZ_2 1 5.4+4.5 * 7.08
BFZ_3 5.1+3 8.02

CLT_1 0.91+0.27 6.93

CLT CLT_2 1 1.42+0.6 Hokkx 7.35
CLT_3 0.96+0.25 7.06

ACV_1 2.4+0.6 7.44

ACV ACV_2 1 2.4+0.7 *oAkx 7.80
ACV_3 4+2.3 7.07

TCZ_1 1 6.6+2.1 6.07

TCZ TCZ_2 2 5.4+4.6 Hokkx 5.50
TCZ_3 3 4.4+1.2 5.32

CLB_1 1 5.843.8 4.77

CLB CLB_2 3.7¢1.9 Hokkx 4.65
CLB_3 2 2.5%2 4.59

DF_1 5.8+1.9 7.67

DF DF_2 1 4.7+1.3 *okkx 7.70
DF_3 3.5+#1.1 7.59

Key: HC — Hydrocortisone; ETF — Etofenamate; BFN — Bifonazol; CLT — Clotrimazole; ACV — Acyclovir; TCN — Tioconazole; CLB — Clobetasol; DF
— Diclofenac; PT — Portuguese; SPN: — Spanish; FRC — French; POL — Polish; ITL — Italian: SS — Statistical significance.

For multiphase semisolid formulations, such as creams, the globule/particle size is an
important quality attribute, since it can directly impact product bioavailability (Sinamora,
2017). Marked statistical differences in this parameter were observed for every batch, see
Table 5.4 and Table 5.9.

During microscopic analysis, and as broadly referred to in the literature, acyclovir batches

revealed the presence of rectangular drug crystals (Inoue et al., 2012; Trottet et al., 2005). In
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order to infer on the thermal behaviour of these products, DSC studies were performed, see
Fig.5.2.

0 ]("
N 20 — Acyclovir
E ACV_1
- ACV_2
-40-
ACV_3

0 100 200 300

Temperature (°C)
Fig.5.2 — DSC thermograms of acyclovir batches.

As depicted in Fig.5.2, acyclovir displayed an onset temperature of 254.46°C, consistent with
the reported values. Regarding the acyclovir batches, all products revealed different heating
curves from those of the pure drug, where all the drug appears to be dispersed into the lipid

matrix. Inter-batch pH differences were also observed.

5.3.2 Rheological studies

A comprehensive rheological assessment was then performed to investigate if there were
batch-to-batch differences in this critical quality attribute. To achieve so, rotational studies
were performed as well as oscillatory measurements. Regarding the first tests, the zero-shear
viscosity, infinite-shear viscosity, relative thixotropic area and yield point were selected as
endpoints. On the other hand, for oscillatory studies, the values of the linear viscoelastic

region, storage and loss moduli and loss tangent, were addressed.

The viscosity curves are displayed in Fig.5.3- Fig.5.6. All formulations display a pseudoplastic
flow and shear thinning behaviour. These properties, present in the majority of semisolid
dosage forms, facilitate product application and by doing so, reinforce patient compliance
(Binder et al., 2019; Marto et al., 2015).

The representative viscosity curves already display batch-to-batch differences, see Fig.5.3-
Fig.5.6. Nevertheless, a parametric evaluation should be performed following the updated

regulatory requirements. For that, several rheological endpoints were selected and
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statistically compared, see Table 5.5 and Table 5.6. Please note that the 90% confidence
intervals were also determined, as demanded by EMA (Table 5.9) (EMA, 2018b).

Regarding the rotational rheology measurements, hydrocortisone, clobetasol and acyclovir,
batches revealed almost overlapping viscosity curves (Fig.5.3, Fig.5.4, Fig.5.6). Nevertheless,
with the sole exception of acyclovir batches, marked statistical differences were observed in
at least two rheological endpoints. For clobetasol batches, these differences report to the
zero-shear viscosity, as well as for yield point. For hydrocortisone batches, differences in the
infinite-shear viscosity, the relative thixotropic area and overall oscillatory profile were
evidenced. Regarding diclofenac batches, differences in the infinite-shear viscosity and in the

storage modulus were also perceptible.

All antifungal drug products as well as the etofenamate formulations revealed more
pronounced rheological differences, which can be easily observed in the viscosity flow curves
(Fig.5.4 and Fig.5.5). Tioconazole products revealed differences in all rheology endpoints,
except for the linear viscoelastic region (LVR) plateau. Rheological batch variability concerning
bifonazole products was mainly denoted in the rotational measurements (infinite-shear
viscosity and vyield point), wherein the oscillatory profile of these products proved to be
similar. Regarding clotrimazole products, differences were observed in all selected rheological
endpoints, with the exception of the loss tangent. Regarding etofenamate products, marked
differences were registered in zero and infinite-shear viscosity, as well as in all oscillatory

endpoints.
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Table 5.5 — Rotational study results for all batch products. The results report to an n=3, mean
+ SEM. The means were statistically compared by a one-way ANOVA using a Tukey multiple
comparison test. The differences among the means were considered significant for values of
* p<0.1, ** p<0.01 and **** p<0.0001.

. . Infinite-shear Rotational yield Relative thixotropic
Batch = Zero-shear viscosity . R .
Products viscosity point area
Mean+SEM SS Mean+SEM SS Mean+SEM SS Mean+SEM SS
HC_1 13470 £ 577 10.0+£0.9 22.8+0.8 19420
HC HC_2 12770+ 197 n.s 10.1+£0.2 * 20.6 £ 0.7 n.s 6400 + 258 *kx
HC_3 = 126601181 13.00.3 19.8+0.5 8053 £ 421
+
ETF_1 24930 10394 + 2902 243 +0.1 5272 + 859
- 3049
%k %k %k
EF ETF_2 3687 £ 793 *k 412 « 24.0£0.2 n.s 4930 + 902 n.s.
ETF_3 23197+ 4968 + 492 244 +0.1 10017 £ 1622
- 1095
+
BFZ_1 15573 ¢ 2.8+0.7 25.1+0.4 4492 + 915
1169 *k ok kK
BzL BFZ 2  18933+348 ™° 27+2 * 56+1 * 6290+653 @ °
BFZ_3 17730+ 96 11+1 35.9+0.2 3269+ 126
CLT_1 17227 £ 44 14.5+0.3 22.9+0.5 6270 + 349
% %k %k
CLZ CLT_2 16957 + 242 *k 16.0+0.5 *E* 243 +0.7 N 10284 + 630 Hkx
CLT_3 20630 £ 592 21.6+0.7 46+ 2 21607 £ 1564
ACV_1 9660 £ 500 1007 51+2 30270+ 3723
ACV ACV_2 8982 + 296 n.s 93+4 n.s 51+2 n.s 30273 £ 621 n.s
ACV_3 10118 + 699 104 +7 51+3 35930+ 2074
+
TCZ_1 20403 + 10+2 13.3+£0.2 17728 + 3904
- 1075
TZ %%k * * *
TCZ_2 12473 + 751 43104 9.9+0.9 4412 + 266
TCZ_3 24060 + 403 2.0+0.7 12.8+0.1 9647 £ 535
71180
+ + +
CLB_1 1682 53 351+1 59057 + 2538
+ k% * %k
cLs cgy 067 6+2 n-s 32245 65007 £ 7405  °
- 6986
CLB_3 82123 +£334 63 3363 62031 £ 7086
DF_1 7497 £ 631 2.8+0.3 19.4+£0.6 2119 + 237
DF DF_2 7925 £ 271 n.s 54+0.3 ** 19.2+0.3 n.s 1619 + 123 n.s
DF_3 9246 + 1245 59+0.5 19.6+0.1 2352+ 279

Key: HC — Hydrocortisone; ETF — Etofenamate; BFN — Bifonazol; CLT — Clotrimazole; ACV — Acyclovir; TCN — Tioconazole; CLB — Clobetasol; DF
— Diclofenac; SS — Statistical significance.
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Table 5.6 — Amplitude and frequency sweep tests. Frequency results report to a frequency of
10 Hz. Results are expressed as n=3 + SEM. The means were statistically compared by a one-
way ANOVA using a Tukey multiple comparison test. The differences among the means were

considered significant for values of * p<0.1, ** p<0.01 and **** p<0.0001.

Amplitude sweep Frequency sweep
Products Batches LVR plateau G” (Pa) G’ (Pa) G”’ (Pa) Loss tangent
MeaniSEM SS Mean1SEM SS Mean1SEM SS Mean1SEM SS
HC_ 1 771+119 579 +20 1796 0.310 + 0.002
HC HC_2 421 +34 n.s 277 +8 *okk 128+ 4 *x 0.460 = 0.004 Hokkx
HC_3 748 + 126 417 + 25 160+ 8 0.38+0.01
ETF_1 234 +10 274 +1 45.7+0.3 0.170 £ 0.002
EF ETF_2 1000 Hokkx 116+ 0 Hokkok 34.2+0.1 Hokkok 0.290 + 0.002 Hokk
ETF_3 209+4 242 +1 35.1+0.4 0.140 £ 0.002
BFZ_1 874 +53 1013 + 142 218 +42 0.21 +0.02
BZN BFZ_2 1112 £+ 359 n.s 956 + 10 n.s 155+8 n.s 0.160 + 0.006 n.s
BFZ_3 793 +38 1005 +7 191+1 0.190 + 0.002
CLT_1 1142 + 66 1482 +9 301 +4 0.200 + 0.003
CLz CLT_2 1190 +31 *k 1628 +17 Hokkok 342+3 Hokkok 0.210 +0.004 n.s
CLT_3 924 +10 1167 +2 238+5 0.200 + 0.004
ACV_1 1201 + 38 3782+97 2186 + 47 0.580 +0.003
ACV ACV_2 1133 + 27 n.s 3676 £ 65 n.s 2117 +33 n.s 0.580 + 0.002 n.s
ACV_3 1269 + 49 3888 + 128 2254 +61 0.580 + 0.002
TCZ_1 1147 £112 1697 + 38 411+6 0.240 +0.009
TZ TCZ_2 1656 + 184 n.s 2692 + 84 Hokkk 828 +12 Hkkk 0.310 + 0.006 ok Ak
TCZ_3 1249 £ 216 202 +5 177 +£3 0.880 + 0.009
CLB_1 10899 + 1162 31649 £ 434 13297 £+ 632 0.42 +0.01
CLB CLB_2 13030154 n.s 32630 £ 849 n.s 18373 + 138 n.s 0.43+0.01 n.s
CLB_3 = 11964 + 658 62801 + 641 30941 + 407 0.49+0.01
DF_1 102 +3 122 +1 29.3+04 0.240 + 0.005
DF DF_2 105+2 n.s 123 +1 *oEk 30.2+0.4 n.s 0.250 + 0.005 n.s
DF_3 112 +2 132+1 30.6+0.3 0.230 +0.003

Key: HC — Hydrocortisone; ETF — Etofenamate; BFN — Bifonazol; CLT — Clotrimazole; ACV — Acyclovir; TCN — Tioconazole; CLB — Clobetasol; DF
— Diclofenac; SS — Statistical significance.

5.3.3 Performance attributes - IVRT

Due to the overgrowing importance of IVRT as a tool to document the products extended
pharmaceutical equivalence, the recently published EMA guideline includes a specific annex
that solely reports to IVRT. Accordingly, detailed validation procedures, as well as specific
acceptance criteria are well defined (Flihmann et al., 2018). To comply with the guideline, the
IVRT experimental protocol included: maintenance of skin mimicking conditions throughout

the study; number of replicates (12); establishment of a 24 h period aiming not only to
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maximize drug release, but also to foresee an in vivo administration dosage schedule;
consideration of at least 6 sampling points within the linear portion of the release profile to
estimate the IVRR; the amount of formulation applied to each donor compartment was
consistent and did not deviate by more than 5%. Table 5.7 and Table 5.8 summarize IVRT

results.

Table 5.7 — IVRT parameters. The results are expressed as mean * SEM. An n=12 was

considered for each product.

Products Batch o (ug/cn:c{:f::cient @ (ugfem) % Dose depletion
Mean * SD variation (CV, %) Mean = SD Mean = SD
HC_1 78%9 11.4 28017 5.8+0.2
HC HC_2 8115 5.71 29047 6.3%0.2
HC_3 7348 10.8 26917 5.910.2
ETF_1 7381252 34.2 6837+1318 14+3
EF ETF_2 7124272 38.1 6257+588 1341
ETF_3 6951265 38.2 6802+663 14+1
BFZ_1 278435 12.7 1194 +145 4616
BFZ BFZ_2 279£18 6.54 1217468 4814
BFZ_3 293437 12.9 1253+184 48+14
CLT_1 98+31 315 509172 10+1
CLT CLT_2 91426 28.1 424145 8.710.9
CLT_3 99+35 34.9 43740 8.7+0.8
ACV_1 386455 141 1079432 6.010.2
ACV ACV_2 413+51 123 1137435 6.310.2
ACV_3 476126 5.57 1341+14 7.410.6
TCZ_1 73+26 36.0 280441 5.5+0.8
TCZ TCZ_2 68+12 18.0 281+36 5.910.8
TCZ_3 74+14 19.1 230438 4.6+0.7
CLB_1 9+1 12.1 4241 17.7+0.7
CLB CLB_2 9.0+1.7 19.0 4242 16.0+0.7
CLB_3 10.2+1.8 17.4 48+2 20.0£0.9
DF_1 914473 7.97 43754109 4742
DF DF_2 1006+116 11.53 4633+£190 4612
DF_3 744452 6.95 3234+79 331

Key: HC — Hydrocortisone; ETF — Etofenamate; BFN — Bifonazol; CLT — Clotrimazole; ACV — Acyclovir; TCN — Tioconazole; CLB — Clobetasol; DF
— Diclofenac; Qs — Cumulative amount of drug released in the end of IVRT; DD — Dose Depletion.

As expected, NSAIDs products exhibited a higher drug release (ug/cm?), which is consistent
with their therapeutic action site. Acyclovir batches displayed a moderate drug release, whilst
antifungals (except bifonazole) and corticoid products revealed an inferior cumulative drug

release, as their pharmacotherapeutic action is directed towards the skin outermost layers.
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Linearity (r> > 0.9) was observed in each diffusion cell. According to EMA “The duration of IVRT
should be sufficient to characterize the release profile, ideally at least 70% of the active
substance applied is released”. Nevertheless, none of our results proved to be compliant with
this criteria, since no more than a 47+2% release was observed. This is consistent with other
literature reports (Al-Ghabeish et al., 2015; Bao et al., 2017; Fernandez-Campos et al., 2017,
Goebel et al.,, 2013; Khanolkar et al., 2017; Krishnaiah et al., 2014; Kriwet and Midiller-
Goymann, 1995; Lauterbach and Miiller-Goymann, 2014; Nallagundla et al., 2014; Petré et al.,
2013; Xu et al., 2015a, 2015b).

Etofenamate, clotrimazole and tioconazole revealed high IVRT intra-variability, as displayed
by the high IVRR CV results (Table 5.7). Such trend can be motivated by the previously
described microstructure differences. Hydrocortisone exhibited adequate, but borderline, CV
values considering EMA criteria (CV<10%) (EMA, 2018b). For bifonazole, acyclovir, clobetasol
and diclofenac, the CV values were closer to the FDA standard (CV<15%), proving that even
though this agency also requires strict criteria, these are more reasonable than those
documented by EMA (FDA, 2016c).

To further compare the product batches, the IVRR were statistically compared according to

EMA, as well as FDA guidelines. The obtained confidence intervals are presented in Table 5.8.

As can be seen in Table 5.8, globally all products did not fit EMA criteria (90-111%), even
though some borderline results were registered (hydrocortisone and bifonazole batches).
Nevertheless, if FDA criteria are to be applied (75-133%), the majority of the batches are able

to document its pharmaceutical performance equivalence.
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Table 5.8 — Statistical treatment of IVRR data according to EMA and FDA guidelines. For

example calculations please refer to Appendix B.

Confidence intervals Confidence intervals

Products (%) EMA (%) FDA
HC_1vs. HC_2 84.27 95.46 84.86 100.36
HC HC_1vsHC_3 86.26 101.72 84.73 111.78
HC_2 vs. HC_3 97.60 111.75 95.80 122.95
ETF_2 vs. ETF_3 76.42 134.35 73.96 143.97
EF ETF_1vs. ETF_2 71.75 125.27 68.64 125.33
ETF_1vs. ETF_3 72.03 121.53 62.76 115.86
BFZ_1vs. BFZ_2 91.99 107.1 92.49 114.66
BFZ BFZ_1vs. BFZ_3 86.49 104.30 85.37 115.69
BFZ_2 vs.BFZ_3 88.99 102.9 90.38 109.54
CLT_1vs. CLT_2 84.25 133.22 78.88 128.50
CLT CLT_1vs. CLT_3 77.50 127.39 72.64 126.42
CLT_2 vs. CLT_3 74.51 118.05 75.85 114.73
ACV_1vs. ACV_2 84.37 102.59 83.53 111.33
ACV ACV_1vs. ACV_3 74.11 87.11 108.50 131.75
ACV_2 vs. ACV_3 80.64 92.48 113.28 149.21
TCZ_1vs. TCZ_2 79.74 104.27 79.87 106.05
TCZ TCZ_1vs. TCZ_3 79.55 119.73 74.23 126.36
TCZ_2vs. TCZ_3 87.18 131.37 83.34 135.49
CLB_1vs. CLB_2 78.53 97.85 79.69 99.42
CLB CLB_1vs. CLB_3 88.13 110.73 85.43 113.12
CLB_2 vs. CLB_3 99.07 128.19 96.80 128.48
DF_1vs. DF_2 85.24 98.38 87.13 103.02
DF DF_1vs. DF_3 116.27 129.56 115.75 129.39
DF_2 vs. DF_3 125.12 143.57 118.73 140.63

Key: HC — Hydrocortisone; ETF — Etofenamate; BFN — Bifonazol; CLT — Clotrimazole; ACV — Acyclovir; TCN — Tioconazole; CLB — Clobetasol; DF
— Diclofenac.

172



A REGULATORY BOTTLENECK

5.DIVING INTO BATCH-TO-BATCH VARIABILITY OF TOPICAL PRODUCTS

6L
vSs
JASTAS

S/9¢-
¢LTTC
60€LC

S/9¢-
aLree
60€L¢C

v159°0-
6T'T
94,0

¥15°0-
6T'T
9/L°0

€9¢€6-

6599-

€GETT

221

9yl U0 paseq pPaie|ndjed aJam S|eAId1Ul dUIPIHUO) *sia1dweled [ed180j0ays pue sisAjeue 21d0ISOIdIW JO S|BAIDIUI DIUIPIHUOD) %06 — 6°S 2|qel

L8TC
9evT
[444%

S6/9-
0109-
LL9-

S6/9-
0109-
LL9-

105
60T°0-
€0'T

1CS-
60T°0-
€01

T18¢T-
7599-
L0SY

€L°0L-
80P
L'LE

v9¢-
¢L8C1
EV6ET

v9¢-
[4A:14"
EV6ET

¢80°0
LT'S
88’7

800
LTS
88t

608
6¢T¢C
€e0c

JH

80¢-
18'68
S9¢

vec-
986
960¢T

vec-
986
960¢T

89'T-
180
S6€£°0-

89'T-
180
S6€°0-

68S-
60S-
v€9-

S¢T-
96t
809

e
Ly
76S€

e
LY
v6S€

vLT0
970
€960

vLC0
¢9C’0
€560

086ST-

¢6T0T
89¥6¢

8¢T-
09°8¢
SqT

(€66~
LESE-
oT6¢-

(€66~
LESE-
0T6C-

£96°0-
8€°0-
08€°0-

£96°0-
8¢€°0-
08€°0-

6€0€¢C-

S¢L9-

8T0ET

13

LS9
99°L-
8T°¢C

9
€L
L6TT

9
€L
L6TT

Tt e
0'¢T- oo
T0°€- L'S6-
D
LCST- T1¢69-
88TT-  €STIT-
L6T- VETC-
neaje|d YA
LCST- T1¢69-
88TT-  €STIT-
L6T- VETC-

(0[0)7
06¢
96T-

SC/LST-
T¢set-
768S-

SC/LST-
T¢set-
68S-

eaJe 21dos1ox1y) aA1 ey

LT€0
ST
LIVL

€€0
SCT
LIVL

S00¢
S681
99¢1

A)s0dsIN 1B3YS-0497

ia

90°'T- 8'9T-
69'T- v'8T-
144 180

Jeays ayuyuj

90°'T- 8'9T-
69°T- v'8T-
174'% 18L°0
jutod pjaIA
8¥9r-  €00¢-
v6€S- | 08¢CT-
ceee- €16

L'S¢C-
69¢-
85°¢-

L'ST-
6'9¢C-
89'¢-

vres-
LTSS
€LE-

11

048¢
965
143

¥905¢
96
687v1

¥905¢
96
68711

[Aa%
9T
€'t

[AAN
9T
€'l

TS90¢€
s8¢
Sctre-

688T1-
LLST-
T6CE-

Y1161~
S6 9VSST-
68€9¢-

Y1161~
91SST-
68€9¢-

8Lt
8v'L
0LT

8'LT-
81'L
0/LT

¥9.8-

¢096T-

81790v-

a1

‘sueaw uojje|ndod uaamiaqg aduaJtayip asimiied

LT-
LTS
999

6SLY
LTSy
LETT

6SLY
LTSy
LETT

80°S
T1L6-
vie-

80°'S
TL°6-
vic-

LyTC
8€0¢
SLT-

249

08-
00s-
eav-

S8¢T
180¢-
VELY-

S8¢T
180¢-
VeLY-

€qT
6'TT-
9've-

€'t
6'TT-
9'veE-

09¢
¢S€9-
Sv59-

[4c)
[4%3
(01474

18-
LSLT
LTCC

18-
LSLT
LTet

S0'8
60'6
€€'8

S0'8
60'6
€€'8

98
S6ET
S¢91

L8S-
S¢S
86T-

60€TT-
LLOET-
€

60€TT-
LLOET-
€cae-

19°6-
L86"
SS°L-

19'6-
L8°6-
SS°L-

8TTE-

Tesc-

06v-

NV

€¢
€1
T

€¢C
€1
1

€¢C
€1
1

€¢
€1
Tt

€¢
€1
1

€¢
€T
1

173



5.DIVING INTO BATCH-TO-BATCH VARIABILITY OF TOPICAL PRODUCTS: A REGULATORY BOTTLENECK

6L'T
65°C
86'T

TrSo-
809°0-
810°0-

[47X4
PSSt
£9L-

STC0
18’1
Vo

669°0-
§99°0-
S80°0-

L8TC
9evT
[444%

€T'S
SE'C
LT'L

€170
S¢0°0-
€ET0-

L0L-
T've
8€¢E

Ly
S8'1
€v'9

€00
8¢T°0-
£L9T°0-

80¢-
868
S9¢

[4: 4
1640
86'C

0970
€€0°0
LIT°0-

S¢t-
0'se
191

8T'T
16€°0-
A"

ovT'o
€100
LETO-

8¢T-
9'8¢
SqT

8€'T 0T ¢CCS'0 | 8L6EO
SS'C S0'C | 94800 ¥CI00
9¢'T ¢80 | 6LLS0 TCvv'0
9zIs 3|nqo|D / 3pdied
€0'0 €000- TeOO0 800°0-
0c00 96tv- 0100 @ O0TOO-
€T0°'0  6T00- 8000 1¢0°0-
juasue] ssoq
£S'9-  T'Cl- (445 oov
9¢'L-  0'CT- ove 06¢
8T°¢C T0'€- L'S6- 96T-
)
1d 11D

L0ST
S9/L°€
89°¢C

vv0'0
ce0’0
€00

048¢
965
6CET

LEOO-
6€0°0-
9t0°'0-

a0

€680
§€8°¢
[N

688T1-
LLST-
T6cCE-

T¢6'0 | TCe0-
606'T  T6¥'0
S/9'T | SCT'0
T10°0- | 9¥0°0-
S/0°0 @ LEOO-
1600 = 000
0'LT- 9'6L-
L1S 00s-
999 ey
249

66'T
66’1
TST0

€000
€00°0
0100

[4c)?
[4%3
(01474

Tt
¢t
TST°0-

L10°0-
LT0°0-
0T0'0-

L8S-

S¢S

86T-

NV

€¢
€1
Tt

€¢
€1
T

€¢
€1
Tt

174



5.DIVING INTO BATCH-TO-BATCH VARIABILITY OF TOPICAL PRODUCTS: A REGULATORY BOTTLENECK

5.4 Discussion

Batch-to-batch variability can be motivated essentially by two main factors: complexity of
excipient source and differences in manufacturing procedures. Regarding the first factor, it is
important to note that most excipients are naturally derived or semisynthetic compounds. A
clear example is cetostearyl alcohol, an emulsifier present in the majority of the products in
this study, see Table 5.2. Cetostearyl alcohol is prepared by the reduction of fatty acids, that
can be obtained from vegetable/animal or other hydrocarbon sources. The proportion of
stearyl to cetyl alcholol usually varies between 50-70% to stearyl and 20-35% for cetyl alcohol.
Moreover, small quantities of other alcohols, such as myristyl alcohol, are frequently added
thus potentially broadening the intrinsic variability of this specific excipient (Rowe et al.,
2012). Even though semisolid product manufacturers are expected to have controlled/fixed
suppliers, there are several reports on excipient intra-supplier variability that can lead to
differences in the final product (Zarmpi et al., 2017). Other variability source relates to the
manufacturing process. Critical method variables applied to semisolid product manufacture
can include: (i) order and rate of component addition; (ii) temperature cycles; (iii) mixing
methods; (iv) air trapping and (v) packaging procedures (Raghavan et al., 2019; Simdes et al.,
2019).

Differences regarding the manufacturing process are not estimated to be significant when
dealing with the product batches, since manufacturers are expected to work with a well-
established process window, that should accommodate minor differences arising from
environmental conditions, as well as differences in materials (excipients/active substance)
(van Heugten et al., 2017). Nevertheless, with the imposition of strict acceptance criteria by

regulators, these differences may result in significant variability results.

As depicted in Table 5.4, marked statistical differences in globule/particle size were observed
for every batch. These, however, did not always directly correlate with differences in the

rheology or release profile.

A closer inspection of Fig.5.3 reveals that for both hydrocortisone and clobetasol formulations,
the differences in globule size did not influence the rotational and IVRT profiles, with all
batches revealing similar trends. Despite all batches are compliant with the FDA equivalence
requirements, solely HC_2 and HC_3 batches presented borderline results as per European
guidelines. For clobetasol batches, despite the release profiles being quite similar, it could be
observed that the batch with highest release, CLB_3, was also the one with lowest globule

size. Regarding IVRT confidence intervals, solely FDA criteria were met.
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Fig.5.3 — IVRT profile (n=12+ SEM) and viscosity curves (n=3+ SEM) for hydrocortisone and

clobetasol formulations.

A different scenario was registered with tioconazole formulations, where globule size,
rheology and release differences were found for all batches. The formulation with lowest
particle size, displayed the highest release (TCZ_3), however, no significant differences
between TCZ_1 and TCZ_3 were found in the rotational profile (Fig.5.4). A different trend was
observed for the diclofenac formulations, where DF_3, the batch with lowest globule size,
displayed an inferior release when compared to the other batches. Nevertheless, for this
emulgel formulation, the batch with highest particle size (DF_1) was the one with lowest
viscosity, exhibiting a higher release (see Fig.5.4) This phenomenon may be attributed to
particle coalescence prompted by differences in process parameters, such as the
homogenization speed (Simdes et al., 2020b). IVRR confidence intervals for diclofenac and
tioconazole did not meet EMA requirements. Moreover, for some pairwise comparisons in

both formulations, even FDA requirements were not meet (Table 5.8).
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Fig.5.4 — IVRT profile (n=12 + SEM) and viscosity curves (n=3 + SEM) for diclofenac and

tioconazole formulations.

Etofenamate, clotrimazole and bifonazole formulations presented similar tendencies, all
sharing marked inter-batch differences between globule and rotational profile, see Fig.5.5.
However, these did not have a direct repercussion in the release behaviour. For clotrimazole
and bifonazole, the batches with lowest globule size, CLT_1 and BFZ_3, respectively, displayed
lower viscosities. Bifonazole and clotrimazole batches overall revealed compliant IVRR
confidence intervals results regarding FDA requirements; nevertheless, solely BFZ_1 and
BFZ_2 comparison proved to be acceptable by EMA criteria. The variability observed in
etofenamate formulations was highly evidenced, with none of the IVRR confidence intervals

meeting nor EMA or FDA requirements (see Table 5.8).
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Fig.5.5 — IVRT profile (n=12+ SEM) and viscosity curves (n=3+ SEM) for etofenamate,

bifonazole and clotrimazole formulations.

On the other hand, acyclovir batches revealed the inverse trend, with similar rotational
profiles, but distinct release behaviour, see Fig.5.6. For this product, the batch that presented
the highest release rate, ACV_3, was the one with superior particle size and a lower pH value.
Note that, for this product, DSC thermograms (Fig.5.2) suggested that the majority of the drug
is incorporated in the formulations lipid phase, despite all batches revealed different
endothermic patterns (Ethier et al., 2019). Similarly to the other products, confidence

intervals regarding IVRR solely meet FDA requirements.
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Fig.5.6 — IVRT profile (n=12 + SEM) and viscosity curves (n=3 + SEM) for the acyclovir

formulation.

As mentioned in Table 5.6 and Table 5.7, high rheological variability is evidenced for all
products. A similar trend was observed in a recent study by Victor Mangas-Sanjuan and

collaborators. In this work, the rheological profile of 10 batches of a reference ointment
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containing calcipotriol and betamethasone (Daivobet® 50 pg/0.5 mg/g) was assessed. Such
findings were based on the determination of a wide range of rheological parameters, including
the relative thixotropic area, yield stress, zero-shear viscosity, loss tangent at 1 Hz, G', G”,
among others. After performing parametric as well as non-parametric analyses, inter-batch
microstructure equivalence, following the new EMA criteria, could not be demonstrated for
the majority of the parameters. This study concludes that an acceptance range of 10% is too
demanding, given the high inter-batch differences observed among the same reference

product (Mangas-Sanjuan et al., 2019).

As previously mentioned, the basis of the abridged process for TGP bioequivalence
documentation following the EMA guideline, relies on an extensive characterization of the RP.
All generic products acceptance criteria are, therefore, ultimately dependent on reference
product results. According to EMA requirements, generic products IVRR should be within a 90-
111% confidence interval pertaining to the reference product. Inter-run variability should not

surpass 10% and at least 12 replicates should be considered.

These criteria are different from those proposed by USA regulators, where only 6 replicates
should be regarded, IVRR confidence intervals should be within 75-133% and IVRR inter-run
variability should not exceed 15% (FDA, 2016b, 1997). Another specific requirement regards
the percentage of drug release that should be at least 70% (EMA, 2018b). Note that to ensure
sink conditions for an accurate characterization of release kinetics, cosolvents were used in
the release medium. As previously mentioned, linearity (R> > 0.9) was observed in each
diffusion cell, thus documenting the compliance with EMA guideline. Despite this fact, no
more than 50% was attained (this corresponds to the diclofenac formulations). Once again,

EMA should carefully review this specific requirement.

IVRT validation procedures, proposed by both agencies, are however quite similar. These
report to: IVRT method development studies (receptor medium, membrane, experimental
procedures); diffusion apparatus and laboratory qualification; linearity and range; precision

and reproducibility; drug recovery; discriminatory ability and robustness.

IVRT results, displayed in Table 5.7 and Table 5.8 highlight that the criteria proposed by EMA
do not account for semisolid dosage form and IVRT method intrinsic variability. If the
equivalence criteria are not met while considering inter-batch products from the same

manufacturer, generic companies continue to lack a real and viable alternative to CES.

For in vitro permeation studies, a wider Cl between 69.84-143.9% may be accepted for

complex products that exhibit high variability, low strengths and limited diffusion.
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Nevertheless, for IVRT this extension does not apply. Moreover, a list of concrete examples is
not provided by the authorities. According to the FDA, the 5% acyclovir cream (also used in
this study) can be considered as a complex product since it is an oil-in-water emulsion and the
drugis dispersed in both phases (Krishnaiah et al., 2014; Murthy, 2017; Raghavan et al., 2019).
Nevertheless, this situation is also observed for other semisolid formulations, including the
ones presented in this study. Can these products be also regarded as complex formulations

and benefit from broader equivalence criteria?

A cross-functional analysis regarding microstructure and performance evaluation of topical
products is now presented. The main objective was to inspect and characterize formulation
physicochemical drivers that may account for batch-to-batch variability within RP semisolid
dosage forms. Data concerning globule/particle size, pH, rheology and in vitro release profile

were included in this analysis.

The resulting pool of data was further characterized using principal component analysis (PCA)
and hierarchical cluster analysis (HCA) on principal components in order to rank batches,
document and define meaningful groups of formulations according to the variability

evaluated.

Specifically, PCA was applied aiming at (i) extracting key information from the pool of data; (ii)
computing a compact and optimal description of the system; and finally (iii) performing an in-
depth analysis of the relationships between product performance and formulation variables
(Cova et al., 2017; Rasmus Broa, 2014; Silva et al., 2018).

The biplot representation in Fig.5.7 displays the scores corresponding to the different
products and the loadings for each formulation variable on the first two principal components.
The relative positioning of all batches considering the new orthonormal principal component

system (PC1 vs. PC2) accounts for 67.9% of data variability.
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Fig.5.7 — Biplot representation of the 24 objects (8 RP x 3 batches) and the 13 corresponding
variables on the first two components, retrieving a 67.9% of variance.
Key: HC — Hydrocortisone; ETF — Etofenamate; BFZ — Bifonazole; CLT — Clotrimazole; ACV — Acyclovir; TCZ — Tioconazole; CLB — Clobetasol;

DF — Diclofenac. IVRR: — In vitro release rate; Qs: Cumulative amount of drug release at 24 h; DD — Dose depletion. The most significant
variables on PC1 and PC2 were selected using the procedure previously used in (Cova et al., 2013).

To interpret the biplot, the relative batch positioning and the vectors length and direction
should be carefully inspected. In this context, batches that share the same overall positioning
exhibit a similar pharmaceutical profile. Our results indicate that the first principal component
is mainly based on the formulation rheological profile (zero-shear viscosity, loss modulus,
storage modulus, LVR plateau and relative thixotropic area, yield point) and the release
profile, which determined the highest variability among the products. Table 5.10 summarizes
the proportion of variance obtained for both PC1 and PC2, as well as the main responses linked
with intra-product batch variability. Table 5.11 reports to the obtained PCA confidence

intervals.
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Table 5.10 — PCA analysis for each drug product.

PC1 P2 PS IVRR Q DD pH mo T ne Se LVR G :::;

HC  65.68% 34.32% X X X X X X X X X
ETF 69%  31% X X X X X X X X
BFZ  53.70%  46.20% X X X X X X

CLT  70.67% 29.33% X X X X X X X X
ACV  73.73%  2627% X X X X X X X X X
TCZ  6229%  37.71% X X X X X X X X X

CLB  57.26% 42.74% X X X X X X
DF  82.26% 17.74% X X X X X X X X X

Key: HC — Hydrocortisone; ETF — Etofenamate; BFN — Bifonazole; CLT — Clotrimazole; ACV — Acyclovir; TCN — Tioconazole; CLB — Clobetasol;
DF — Diclofenac. PS — Particle size; IVRR — In vitro release rate; Qs — Cumulative amount of drug release at 24 h; DD — Dose depletion; Hyst.
Area: Hysteresis area; No — zero-shear viscosity; Nee — Infinite-shear viscosity; LVR — Linear viscoelastic region; G" — Storage modulus; G”* —
Loss modulus. The most significant variables on PC1 and PC2 were selected using the procedure previously used in (Cova et al., 2013).

Table 5.11 — Statistical analysis concerning the developed PCA model. The 90% Cls were

calculated based on the absolute loading values. The bootstrap method was followed.

PC1
Parameter 90% Cl Standard Error
LVR Plateau [0.3420, 0.3920] 0.0162
Zero-shear viscosity [0.3406, 0.3927] 0.0502
Rotational yield point [0.3315, 0.3868] 0.036
Storage modulus [0.3212, 0.3784] 0.0179
PC2
Dose Depletion [0.1133, 0.2673] 0.0464
Cumulative amount of drug released in the end of the [0.0677, 0.2478 ] 0.0661
study (Qs)
In vitro release rate [0.1451, 0.3105] 0.0527

HCA was then applied to identify batch similarity. Table 5.11 depicts the resulting dendrogram
(Silva et al., 2018).
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Fig.5.8 — Hierarchical cluster analysis (HCA), using the Euclidean distance and the Ward
method, for all products taking into consideration their microstructure and performance
attributes.

Key: HC — Hydrocortisone; ETF — Etofenamate; BFN — Bifonazol; CLT — Clotrimazole; ACV — Acyclovir; TCN — Tioconazole; CLB — Clobetasol; DF
— Diclofenac.

For the majority of the products, as displayed in the dendrogram, a clear separation was
achieved for all batches. Overall, two clusters are identified — one regards to clobetasol batch
and the other one encompasses all the other products. Within the second cluster, the same
trend repeats with two subgroups easily identifiable, one concerning diclofenac, bifonazole

and etofenamate, and the other entailing all the remaining products.

Within this third cluster level, batch grouping is not carried out per product, again reflecting

the variability previously observed.

In summary, rheological attributes promote the highest variability amongst the same product
batches. However, responses related to product in vitro performance, such as Qs and IVRR,

also provide a considerable source of batch-to-batch differences.

As previously mentioned, microstructure inter-batch differences in semisolid drug products
are mainly related with complexity of the excipient sources, and/or manufacturing procedures
differences (Mangas-Sanjudn et al., 2019; Pleguezuelos-Villa et al., 2019). A recent study by
Pleguezuelos-villa and collaborators stated the need of the regulatory agencies to properly
define suitable acceptance criteria regarding microstructure equivalence. When defining the
appropriate range of variability acceptance, the intrinsic variability of semisolid dosage forms

should be accounted for. These authors have compared the in vitro release profile and the
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rheological properties of two semi-solid formulations of 2% diclofenac diethylamine
(manufactured by different laboratories). Even though both formulations shared the same
gualitative and quantitative profile, microstructure equivalence, according to EMA
requirements, failed to be supported. Both formulations were then clinically compared
through pharmacokinetic studies. The results showed that no statistically significant
differences were observed between both products (Pleguezuelos-Villa et al., 2019). Taking
into account this information and the fact that all studied products were evaluated through
clinical endpoint studies, batch-to-batch microstructure differences in these products do not
translate into a different efficacy and safety profile. Therefore, establishing reasonable
microstructure sameness criteria, taking into account the intrinsic variability of the product
being studied, is imperative in order to sustain a successful translation of the EMA draft

guideline on quality and equivalence of topical products.

5.5 Concluding remarks

This chapter aimed at addressing critical requirements issued by the recent EMA draft
guideline on topical products quality and equivalence. Even though this document represents
a noteworthy regulatory advance concerning TGP bioequivalence demonstration, an attentive
reading of the guideline clearly suggests that there are equivalence criteria that may prove to
be extremely challenging to attain. As a proof of concept, we evaluated the microstructure
and performance of 8 blockbuster reference topical products. A total of 3 batches was

considered for each product.

Our results show that topical product microstructure varies from batch-to-batch. These
variations, especially in what regards droplet/particle size and rheological behaviour, are
particularly evident when considering batches retrieved from different manufacturing sites.
Regarding product performance, evaluated through IVRT, if EMA requirements on CV,
percentage of release and IVRR confidence intervals, are to be applied, none of batches is able
to document its extended pharmaceutical equivalence. Nevertheless, if wider limits are
accepted, such as the ones imposed by USA-FDA regulators, the majority of products

document its equivalence.

In order to conduct a systematic evaluation on the parameters that play a major role on batch-
to-batch variability, a multivariate analysis was performed. HCA proved that this analysis is
able to differentiate same product batches. PCA analysis demonstrated that the rheological
profile and IVRT attributes are the parameters which majorly provide the intrinsic variability

of semisolid dosage forms.
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According to these results, the selection of RP batches is not irrelevant, especially whenever

involved in a TGP R&D program aiming at an abridged bioequivalence demonstration. In this

context, generic manufacturers are encouraged to pay particular attention to this specific

issue so that they can ensure both technical and regulatory success. However, the basis of this

selection is mainly empirical, so further work and discussion with EMA is still necessary to

specify more reasonable criteria. These should maintain rigorous quality standards, however,

the intrinsic variability of topical semisolid dosage forms should be accounted for.

5.6 Highlights

According to EMA’s criteria, all RP addressed in this study revealed marked batch
to batch differencesin microstructure and performance attributes. Nevertheless,
if FDA requirements are to be followed instead, equivalence can overall be
inferred.

In light of the obtained results, RP batch selection is not irrelevant, especially
whenever involved in a TGP R&D program aiming at an abridged bioequivalence
demonstration. Generic manufacturers are encouraged to pay particular
attention to this specific issue.

In IVPT studies, complex products exhibiting high variability, low strength and
limited diffusion may benefit from wider Cl, according to EMA requirements. For
IVRT studies this extension is not applicable. Nevertheless, applying wider
acceptance criteria in Q3/Q4 endpoints for complex formulations in which the RP
displays significant intrinsic variability, is a key point to sustain a successful EMA
guideline translation into practice.
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Fig.6.1 — Graphical abstract: Topical bioequivalence: experimental and regulatory

considerations following formulation complexity.

This chapter has been adapted from the following publications:

Miranda, M., Veloso, C., Brown, M., Pais, A.A.C.C., Cardoso, C., Vitorino, C.,— Topical Bioequivalence:
Experimental and regulatory considerations following formulation complexity (submitted manuscript).

Miranda, M., Brown, M., Pais, A.A.C.C., Cardoso, C., Vitorino, C.,— Tailoring bioequivalence — A topical antifungal
case-study (manuscript in draft).

M.M and C. Vitorino conceived the presented idea and established the research program and implementation. A.A.C.C Pais assisted in the
statistical analysis, more specifically in confidence interval calculations according to EMA/FDA guidelines. C. Veloso assisted in the
dimetindene IVRT studies. Data curation, review and editing were provided by M.B, A.A.C.C Pais, as well as C. Vitorino. Supervision was
provided by C. Vitorino and C.C. M.M did the experimental part of the work and wrote the first draft of the manuscript. All other authors
substantially contributed to revisions. Funding acquisition was provided by C.C and C. Vitorino.
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“+ According to the EMA guideline,

for simple formulations, BE may
be demonstrated by
documenting Q1/Q2/Q3 and Q4
equivalence. Nevertheless,
when addressing  complex
semisolid dosage forms,
equivalence regarding product
efficacy should also be
demonstrated.

According to regulators, all
methods used during product
characterization studies should
be discriminatory. To evaluate
so, formulations with different
CQA should be manufactured
and collectively analyzed with
the studied formulations.
Suitable endpoints, retrieved
from each method, should be
defined in order to compare the
formulations.

As the stratum corneum is the
main barrier for percutaneous
absorption, IVPT experiments
mimic in vivo drug permeation.
This scientific rationale supports
the usage of IVPT as a surrogate
method to clinical endpoint
studies, as these tests can
likewise be used to infer on
product efficacy. IVPT endpoints
include the maximum flux and
the cumulative amount of drug
permeated in the end of the
IVPT study. Similarly to the
previous chapter, US and EMA
criteria were cross compared. In
accordance with us
requirements, the use of a
scaled average bioequivalence
approach is recommended for
IVPT data due to formulation
complexity and donor
variability.

6.1 Introduction

Encouraging the widespread availability of
generic versions of medicines is an important
public health priority with profound economic
and social implications (Shin et al., 2020; Vo et
al., 2020). By expanding the market-available
generic portfolio, medication costs decrease,
patient compliance with medication regimens is
higher, and potential drug shortages can be
minimized, due to greater product sourcing
availability (Vo et al., 2020).

Generic products affordability is linked with
highly efficient scientific and regulatory
mechanisms, used to develop and approve most
of generic drug products (Shin et al., 2018a).
Pharmaceutical equivalence and BE of the TP
towards the RP should be adequately
documented to ensure therapeutic equivalence
and interchangeability (Lukic et al., 2020).
Comparative pharmacokinetic studies represent
the gold standard for BE assessment.
Nevertheless, for the vast majority of topically
applied and locally acting drugs, alternative
approaches must be equated due to the
absence of systemic drug absorption (Kamal et
al., 2020). Until recently, these have generally
relied on clinical endpoint studies, which
present multiple drawbacks, as reviewed in

Chapter 1. However, with the increasingly

broader range of in vitro/ex vivo/in vivo dermal pharmacokinetic approaches to assess topical
absorption, the regulatory agencies have opened up to surrogate methods to document the
bioequivalence of TGP, as thoughtfully addressed in Chapter 2 (Chang et al., 2013a; Mohan
and Wairkar, 2020; Quartier et al., 2019; Raney et al., 2015; Yacobi et al., 2014). Clear
examples of this “regulatory openness” include several FDA non-binding product-specific

guidances for TGP development and the EMA draft guideline on quality and equivalence of
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topical products (EMA, 2018b; FDA, 2016c). Although both agencies share some common
points, their scope is completely different. The EMA recommends a “one-fits-all approach”
with the only difference reporting to simple vs. complex formulations. On the other hand, the
FDA proposes a specific guidance for each product. Despite the clear differences on the
guidelines applicability, generally to grant a waiver of clinical endpoint studies, a modular
framework for BE documentation is often accepted. First, the qualitative composition of the
TP should be equivalent to the RP. Although this may seem unproblematic, difficulties may
arise in selecting the excipient grade, as this information is not publicly available. This is to be
followed by the quantitative equivalence (Q2) sameness. To achieve this, reverse engineering
procedures may be required. Microstructure equivalence (Q3) should also be documented.
Within this analysis, data on pH, droplet/particle size, product metamorphosis, rheological
behavior analysis, stability profile, among other parameters, should be provided. Product
performance equivalence (Q4), mainly supported by IVRT methods, should likewise be

evidenced.

Finally, studies on local availability of the product should also be submitted. According to EMA,
these can be further divided into two categories: permeation kinetic studies and
pharmacodynamic studies. The first category includes (i) dermatopharmacokinetic studies for
drugs that present limited diffusion and predominantly target the skin surface; (ii) IVPT studies
for drugs that present a quantifiable permeation profile; and finally (iii) pharmacokinetic
studies for drugs that are systemically bioavailable. In this context, the selection of permeation

kinetic studies to be used depends mainly on the “site” where the drug can be quantified.

Local product availability equivalence can also be supported by pharmacodynamic methods.
The most common methodology regards the vasoconstriction assay, which is solely applied to
corticosteroids because of the respective skin bleaching properties. Antiseptic and in vitro skin
infection and decolonization equivalence studies may also be applied, if satisfactorily
validated (EMA, 2018b).

Even though this framework is shared by both agencies, there are also other singularities,

namely the acceptance criteria and the overall statistical analysis.

Several recent publications have questioned the suitability of the EMA draft guideline criteria.
Victor Mangas-Sanjuan and colleagues compared the rheological profile of 10 different
batches of Daivobet® 50 pug/0.5 mg/g, an RP calcipotriol and betamethasone ointment. All
rheological studies were performed between 6 months to one vyear after product
manufacture. Although all batches were expected to present the same microstructure profile,

no inter-batch equivalence was found based on the 10% acceptance range of EMA criteria,
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thus reinforcing the unsuitability of this criterion for this particular formulation (Mangas-
Sanjuan et al., 2020, 2019). As the RP are expected to be clinically equivalent, the threshold
of 10% regarding microstructure equivalence as per EMA requirements proved to be too strict
and does not represent overall therapeutic equivalence. In another paper by the same group,
a mathematical framework was proposed to define the minimum number of batches and units
per batch and product to be compared. For this purpose, the authors considered a vast range
of different scenarios of inter-batch and intra-batch variability (Xu et al., 2020). Their results
showed that for RP with low intra- and inter-batch variability, the minimum number of batches
to be compared was 3, with 6 replicates. If the RP presented a difference of 2.5-5%, 6 batches
with 12 replicates were required. Nevertheless, if the intra- or inter-batch variability exceeded
10%, the number of batches and replicates had to be further increased (Xu et al., 2020).
Furthermore, as discussed in Chapter 5, the selected pool of 8 RP presented marked intra-
batch differences, with the rheological parameters as well as the IVRT indicators being the
sources of the greatest discrepancies. Statistical analysis demonstrated that if EMA criteria are
applied, none of the same product batches could be considered equivalent. Julie Quartier et
al. developed a cutaneous biodistribution method, which provides insight into the spatial
distribution of a drug in the epidermis/dermis (Quartier et al., 2019). This methodology was
then used to compare the biodistribution profile of econazole from an RP and two approved
generic products under finite dose conditions using human skin. In this work, EMA
requirements were not met; nevertheless, it should be taken into account that both generic

products had comparable clinical endpoint studies (Quartier et al., 2019).

Undoubtedly, the EMA draft guideline represents a noteworthy regulatory advance over
clinical endpoint studies —the gold standard method for TGP BE demonstration. As extensively
reviewed, due to the intricacies linked with dermal absorption, clinical studies require a
complex structure (randomized, double-blind, placebo-controlled, parallel group), hundreds
of patients (n > 500) and consequently high costs (Mohan and Wairkar, 2020; Narkar, 2010;
Quartier et al., 2019; Yacobi et al., 2014). This scenario acts as a deterrent towards
development of affordable topical generic products (Mohan and Wairkar, 2020). Although the
modular framework (from Q1 to local availability) for BE assessment may be of extreme
importance when addressing the market growth of TGP, the previously described reports shed
light on the EMA regulatory criteria applicability, and consequently on the difficulties in
translating the guideline into practice. Despite these limitations, the list of products for which
surrogate methods can be used is growing year by year, as reviewed in lli'c et al. (lli¢ et al.,
2021). It is important to note that, unlike EMA, FDA primarily requires clinical endpoint studies

to demonstrate topical bioequivalence.
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Several research papers have addressed topical products BE evaluation following FDA

regulatory requirements. Nevertheless, these usually report to acyclovir cream formulations,

as these regard complex products where bioavailability is highly dependent on formulation

characteristics (Krishnaiah et al., 2014; Pensado et al., 2019; Shin et al., 2020; Xu et al., 201543,
2015c¢).

Considering the broad range of available topical products, the aim of the present chapter was
to challenge the modular strategy recommended by regulators to address topical BE
assessment applied to three case studies: a dimethindene maleate 1 mg/g gel, a bifonazole 10
mg/g cream and a diclofenac 20 mg/g emulgel. These formulations were selected in an

attempt to address a wide range of technological features, as well as targeting sites.

In the dimethindene formulation, the API is included within a single-phase aqueous base
(hydrogel). According to the EMA guideline, in these circumstances, BE may be demonstrated
by supporting the extended pharmaceutical equivalence (Q1-Q4 sameness) (Kamal et al.,
2020). A test formulation with the same qualitative and quantitative composition was
produced. Microstructure evaluation (Q3) was determined by evaluating the rheological
behaviour of both TP and RP. IVRT tests were then conducted to compare product

performance (Q4).

This scenario usually differs when more complex dosage forms are involved, such as creams
or emulgels, where to document BE, Q1- local availability demonstration is required. The
bifonazole cream is a biphasic semisolid system that acts on the skin surface, and the
diclofenac emulgel not only exhibits a multiphasic nature, but also contains a penetration
enhancer in its qualitative composition that contributes to the complexity of the product.
Accordingly, this product targets deeper layers of the skin, such as the dermis. Therefore, this
particular diclofenac formulation exerts its pharmacological action in the dermis and is one of
the few topical products where comparative pharmacokinetic studies can be successfully used
to assess and compare topical drug delivery. A recent study by Pleguezuelos-villa et al. was
able to document BE of a generic diclofenac 20 mg/g emulgel (Pleguezuelos-Villa et al., 2019).
The same product was herein used and compared to the RP following the Q1- local availability
strategy. Similar to the dimetindene formulation, the diclofenac TP was Q1 and Q2 equivalent
to the RP. Q3 sameness was evaluated using rheological methods, and IVRT studies were
likewise conducted to assess Q4 similarity. IVPT studies were performed to document the
product efficacy and then cross compared with the pharmacokinetic results attained from the
Pleguezuelos-villa et al. study. The same bioequivalence flowchart was used for the bifonazole
cream formulation. However, in an attempt to “challenge” this strategy, a larger pool of

products was used: the RP, a Q1/Q2 test formulation, a Q1 formulation (comparator product
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A — CPA) together with a bifonazole cream formulation with Q1/Q2 differences (comparator
product B — CPB).

For simplicity, this chapter was further divided into two parts. The first one addresses the two
“extreme” case studies - the diclofenac and the dimetindene formulations. The dimetindene
gel acts on the skin surface and has a monophasic structure, whereas the diclofenac products
target the dermis and can be considered complex products. The second part solely addressed
the bifonazole cream formulations, which, as mentioned above, are a biphasic semisolid

system which predominately targets the skin superficial layers.

In this context, this work envisions to introduce a rationale for BE documentation according

to the formulation complexity and intrinsic RP variability.
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PART A

6.2A Materials and methods

6.2.1A Materials

Two topical products were included in the 1%t part of the present chapter — a 0.1% (w/w)
dimetindene gel and a 2% (w/w) diclofenac emulgel. For each product, a reference and a test
product were studied. Whenever possible, 3 different batches were analyzed, but due to

market availability, not all the batches had the same age.

The RP of the dimetindene maleate 1 mg/g gel formulation was Fenistil®. A Q1/Q2 equivalent
formulation was manufactured (for confidential purposes this information could not be
disclosed). Three batches were considered for each product. Table 6.1 provides information

on the dimetindene products studied, as well as on their qualitative composition.

Table 6.1 — General information and qualitative composition of the dimetindene products
used in the present study. The batch age is given in months (M). All studied products have an
expiry date of 36 months.

Reference Pr: :
eference Product Test product

Fenistil®
Studied products RP1: Tested at M34 TP1: Tested at M8
Used batches RP2: Tested at M35 TP2: Tested at M8
RP3: Tested at M33 TP3: Tested at M7
Excipient Function
Benzalkonium chloride Preservative X X
Disodium EDTA Chelating agent X X
Propylene glycol Solvent / humectant X X
Purified water Solvent X X
Sodium hydroxide Buffering agent X X

Key: RP — Reference Product; TP — Test Product.

For the diclofenac diethylammonium 23.2 mg/g emulgel, the RP considered was Voltaren®
emulgelex (3 different batches) and the TP considered was a diclofenac Pharmakern®
formulation. Moreover, for the evaluation of the IVRT discriminatory capacity, a different
strength commercial formulation was likewise used — diclofenac emulgel 1% w/w (Voltaren
Emulgel®). Information on the batches studied, as well as on the qualitative composition of

the main products, is displayed in Table 6.2.

Propylene glycol was acquired from Merck, phosphate buffered saline (PBS) was purchased
from Sigma. Water was purified using a Millipore MILLI-Q reagent water system and filtered
through a 0.22 um nylon filter before use. All other chemicals were of analytical grade or

equivalent.
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Table 6.2 — General information and qualitative composition of the products used in the
present study. The batch age is given in months (M). All studied products have an expiry date
of 36 months.

Test product:
Reference Product: Voltaren® P

Pharmakern®
Studied products RP1: Tested at M16
Used batches RP2: Tested at M12 TP Tested at M22
RP3: Tested at M12
Excipient Function

Butylhydroxytoluene Antioxidant X X
Carbomers Gelling agents X X
Cocoyl caprylocaprate Solubilizer X X
Diethylamine Buffering agent X X
Isopropanol Solvent X X
Mineral oil Emollient / emulsifier X X
Oleyl alcohol Permeation enhancer X X
Parfum Organoleptic agent X X
Polyoxyethylene alkyl ethers Emulsifier X X
Propylene glycol Solvent / humectant X X
Purified water Solvent X X

Key: RP — Reference Product; TP — Test Product.

6.2.2A Methods
6.2.2.1A Formulation production

To document the discriminatory power of the proposed rheology, IVRT and IVPT methods,
different dimetindene and diclofenac formulations had to be prepared. Dimetindene test
products, as well as altered formulations were prepared resorting to an Ultra-Turrax X 10/25
(Ystral GmbH, Dottingen, Germany), as well as a blending equipment. Laboratory scale
batches (1 kg or 0.5 kg) were considered. The optimal settings pertaining to rate, duration and
temperature of the manufacturing processes were carefully optimized during the formulation

development studies (data not shown).

For the dimetindene TP formulations, the RP quantitative composition was replicated (data
not shown). The formulations were conventionally prepared by hydrating the carbopol under
continuous stirring. The humectant, preservative and drug previously dissolved in water were
then added to the carbomer gel phase. This was followed by neutralization by adding a sodium
hydroxide solution until the attainment of a smooth hydrogel texture. In order to manufacture
a formulation with significantly different rheology profile, carbopol content was reduced by
half and NaOH content was likewise reduced. The formulations were in all cases stored at 20-

25°C and protected from light.
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Regarding the diclofenac formulations, only the diclofenac 5 mg/g emulgel had to be
prepared. This formulation was obtained by diluting with water the commercial diclofenac 10
mg/g product. Despite the manufacturing procedures were not the same as those of the RP,

this formulation enabled the assessment of the IVRT method discriminatory capacity.

6.2.2.2A Microstructure evaluation

Comparative microstructure studies constitute a key parameter to establish Q3 equivalence
(EMA, 2018b; Simdes et al., 2020a). There are multiple tests that should be performed within
this scope when addressing semisolid dosage forms, such as visual and microscopy
appearance, particle/globule size, APl polymorphic form, vehicle metamorphosis, pH, API
distribution, among others (Ethier et al., 2019). Despite the relevance of an overall and
inclusive assessment of all microstructure parameters, the present work focuses exclusively
on rheological properties due to their regulatory importance as per the EMA draft guideline
requirements. According to this document, a complete rheological characterization, including
rotational and oscillatory measurements, should be presented to infer on the rheological
behaviour equivalence (EMA, 2018b; Simdes et al., 2020a). In this context, the rheological
profile of all products was investigated using the same rheometer, as well as analysis software
previously described in Chapters 3 and 5. All measurements were likewise performed in
triplicate at 32°C, the physiological skin temperature. A sample hood was used to minimize
sample volatilization and a positive displacement syringe was used to place the formulations

in a lower TMP35 plate. A preset gap of 0.1 mm was considered for all samples.

Rotational tests were performed using a C35/2°/Ti cone geometry. Approximately 0.3 g of the
formulation were placed on a lower plate. The main objective of the viscosity curves was to
obtain a detailed viscosity profile with the zero-shear plateau, the shear thinning region and
the infinite-shear plateau. In this context, for the dimetindene gel formulation, a linear CS flow
ramp ranging from 0.01 to a final 250 Pa was measured for 400 s. To determine the apparent
thixotropy (Pa/s), a shear rate from 0.01 to 300 s and again down to 0.01 s, during 150 s
was used. On the other hand, to acquire the viscosity curve of the diclofenac emulgel
formulation, the same procedures used in Chapter 5 were followed. These included a linear
CS flow ramp measured from 0.01 to a final 100 Pa for 300 s. To assess emulgel thixotropy,
the same procedure as described above was replicated, but the acquisition time was extended
to 180 s.

Regarding oscillatory measurements, the same conditions were used for both formulations. A
plate geometry (P35/Ti) was used and approximately 1 g of the formulations were placed in

the peltier plate. First, an amplitude sweep was performed in the range of 0.01 and 500 Pa at
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1 Hz to determine the linear viscoelastic region (LVR), as well as the flow point (tz). Frequency
sweep analysis was then performed within the LVR range to determine the storage modulus

(G”) and loss modulus (G”*) from 100 to 0.1 Hz. The results are presented for 1 Hz.

Rheology method validation
Rheology method validation was performed in terms of precision, selectivity and sensitivity.

The suitability and the discriminatory capacity of rheological methods should be adequately
documented. As indicated in section 6.2.2.1A, formulations with different rheological profiles
were manufactured. For dimetindene maleate 1 mg/g gel, both carbopol and NaOH
concentrations were reduced. These excipients play a key role in the viscosity profile of the
formulations. For diclofenac 20 mg/g emulgel, the strategy adopted in Chapter 4 was
replicated, with the RP being diluted with ultrapure water (1:1) to obtain a formulation with
distinct rheological characteristics. By tracing the rheological profile of the altered
formulations, the sensitivity and selectivity of the proposed methods can be substantiated, as
the differences in microstructure are highly dependent on excipient concentration (EMA,
2018b; Ethier et al., 2019; Ili and Daniels, 2017; Mezger, 2010; Pleguezuelos-Villa et al., 2019).
The methods were considered sensitive when the rheological endpoints obtained with the RP
were higher compared to the altered formulations. On the other hand, to assess method
selectivity, the 90% Cl were established. If the Cl concerning the RP and the altered rheology
formulation falls outside the 75-133%, selectivity of the purposed rheological analysis can be
concluded. Overall, the same rationale applied to the clotrimazole case study (CS1) was herein

transposed.

6.2.2.3A Product performance evaluation — IVRT studies

The in vitro release profile was determined for all products in the present study and its
acquisition was done by the same diffusion system used in the previous chapters of this thesis.
Qualification studies results were already presented in Chapter 4. Throughout IVRT method
development and validation studies, the regulatory requirements pertaining to EMA draft
guideline, FDA acyclovir guidance, as well as the USP Product Performance Tests, were closely
considered (EMA, 2018b; FDA, 2016c; USP, 2009). An infinite dose — 300 mg — was evenly
applied to the membrane surface (SUPOR 450 pore size 0.45 um, Pall Corporation, USA), which
separated the donor from the receptor compartments. Efforts were made to ensure a
reproducible and consistent formulation application procedure (not deviating more than 5%)
(EMA, 2018b). To select a suitable release medium, solubility studies were conducted, as

described in Appendix A. For all diffusion experiments, the membrane was previously soaked
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in purified water for 30 min. The receptor medium was continuously stirred at 600 rpm and
maintained at a temperature of 37°C by means of a circulating water bath. Before the release
experiments, the system was allowed to equilibrate at least for 30 min. Samples of the
receptor phase (300 uL) were withdrawn at several sampling points and analysed through
validated HPLC methods (see Appendix A). After each collection, the same volume of medium
was replaced with pre-heated receptor solution. All release studies were performed under

occlusive conditions.

The calculations pertaining to the cumulative amount and percentage of drug released, in
addition to the in vitro release rate were already described in Chapters 4 and 5. According to
the European regulatory requirements, n=12 replicates was considered for each product.

Table 6.3 summarizes the specific IVRT conditions used for each product.

Table 6.3 — Receptor solution, sampling times and donor drug loading used for IVRT studies

according to product. All results report to mean + standard error of the mean (SEM) (4<n<7).

Formulation Receptor phase Sampling times (h) Donor drug loading
PBS-Eth | 2
Dimetindene gel S-Ethanol (80:20, v/v) 0.5,1,15,2,2.5,3,3.5,
0.1% (w/w) pH=7.4 4and6h 300me
) Solubility: 51.76 £ 0.02 mg/mL '
. PBS-Ethanol (80:20, v/v)
Diclofenac oH=7.4 0.25,0.5,0.75,1,1.5, 2, 300 mg

emulgel 2% (w/w) 4,6,8,12 and 24 h.

Solubility: 14.5 + 0.5 mg/mL

IVRT Method validation

According to regulatory requirements, membrane inertness, linearity, precision and
robustness studies should be carried out to validate the IVRT method. Moreover, the IVRT
discriminatory power should also be documented (EMA, 2018b; FDA, 2016c; USP, 2009). To
evaluate if there were interactions between Tuffryn membranes and the molecules under
study, membrane inertness studies were performed by incubating the membrane in a
35 pg/mL solution of the drug being studied, in the same experimental conditions as IVRT
studies. A negative control (solution without membrane) was in all cases prepared. The
membrane was considered to be inert, if at least, a 95% drug recovery was achieved (EMA,
2018b; FDA, 2016c; Tiffner et al., 2018).

To test linearity, the amount of drug released per unit area should be linear with respect to
the square root of time. In this context, a coefficient of determination (R?) in excess of 0.9 was

considered acceptable. Cells that did not display the adequate linearity were not considered.
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For method precision and reproducibility studies, three IVRT runs were conducted, on three
different days, by two different operators, each with a set of 12 vertical diffusion cells. For this
analysis, the same batch was used. Intra- and inter-run variability were estimated for IVRR and
Qr. Because these studies were performed by two operators, this assessment also enabled the
determination of operator variability. Even though a coefficient of variation (CV%) of 10% is
required by EMA, in this work a CV% of less than 15%, was considered acceptable. The reasons
that support this option, which were already disclosed in the previous chapters, essentially
report to the intrinsic variability linked to IVRT, and the fact that this threshold is considered
suitable by the FDA (FDA, 2016c; Tiffner et al., 2018).

To evaluate whether the proposed methods have an adequate discriminatory power,
sensitivity, specificity and selectivity were assessed. For that, IVRT endpoints — IVRR and Qs
were determined using formulations with different strength and rheology profiles, as
previously described in section 6.2.2.1A. The IVRT method was considered to be sensitive if
the IVRR/Qs of the lower strength formulations were lower than the nominal formulation and
the IVRR/Qs of the higher strength formulations were higher than the nominal formulation.
On the other hand, the method was considered specific if a linear relationship (R>>0.9) was
achieved between formulations with different drug concentration levels (EMA, 2018b;
Mudyahoto et al., 2020; Rath and Kanfer, 2020). Selectivity was demonstrated by assessing
the ability of the IVRT method to discriminate IVRR/Qs between a formulation with significant
changes in critical inactive ingredients against the formulation under study. As noted in the
rheology method validation studies, changing the concentration of thickening agents or
diluting the formulation (diclofenac) is expected to lead to formulations with a distinctive
rheological profile. Changing product rheology will influence product release behaviour.
Therefore, the concentration of thickening agents can be considered as a critical material
attribute (CMA), since it impacts a critical quality attribute (CQA) of the formulation —the IVRT
related endpoints. In this context, the formulations prepared with a distinctive rheology
profile were also examined during the IVRT studies to further document this relationship and
to assess whether the purposed IVRT methodology was selective. Considering this
information, the selectivity of the method could be stated if the confidence interval (Cl)
determined with the endpoints retrieved from all altered formulations (strength and rheology
profile) falls outside the range of 90-111%. For IVRT discriminatory studies, 12 replicates of

each formulation were also performed.

Finally, to investigate the robustness of the IVRT method, two IVRT runs of 12 replicates each
were performed at small temperature differences, +2°C and —-2°C, from the nominal

temperature of 37°C specified by the IVRT. The method was considered robust if the IVRR and
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Qs did not deviate more than 15% from the mean release rate at nominal method parameter
settings (EMA, 2018b; FDA, 2016c).

6.2.2.4A IVPT using human skin

Considering the regulatory requirements, only the diclofenac 20 mg/g emulgel was evaluated
in IVPT studies. The same diffusional system of IVRT studies was used for the experiments.
The experimental procedures developed were based on the EMA draft guideline and the FDA
acyclovir draft guidance (EMA, 2018b; FDA, 2016c). First, pilot studies were performed,
followed by pivotal studies that included a larger pool of donors. The same experimental
procedures were used for both studies. Finite dose conditions (8-12 mg/cm?) of the
formulation were applied to the donor compartment. The receptor medium was continuously
stirred at 600 rpm and all experiments were conducted in a temperature-controlled water
bath to ensure a skin surface of 32+1°C. All IVPT runs were performed under non-occlusive
conditions to mimic the in-use condition (Kamal et al., 2020). A PBS pH=7.4 solution was used
as the receiver medium. Samples of the receptor phase (300 pL) were withdrawn at 2, 20, 22,
24, 26, 28, 30, 44, 46 and 48 h. After each collection, an equal volume of fresh temperature-

equilibrated permeation medium was added to the receptor chamber.

According to the EMA draft guideline, the 90% confidence interval (Cl) for the ratio of means
between the test and reference products should be determined for the maximal flux (Jmax)
and the cumulative amount of drug permeated at the end of the IVPT study (Atoral) (EMA,
2018b). Jmax corresponds to the maximal rate of absorption and its analogous to the
comparison of the Cuax for test and RP products in the case of plasma pharmacokinetics.
Similarly, Aroral is calculated through equation (i) and can be compared to the area under the
curve (AUC) of the incremental diclofenac permeation profile. Please note that IVPT methods
should be adequately validated by testing a formulation at 50% of the proposed product
strength to register non-equivalence with the product under study. The formulation
diclofenac emulgel 1% w/w was used for this purpose. Franz cells containing non-dosed skin

were also considered to infer the potential interference stemming from the biological matrix.

Biological membrane preparation

Human surgical waste skin pieces used for IVPT experiments were obtained from two different
sources: (i) Centro Hospitalar de Lisboa Central, where the experimental protocol was
approved by the Bioethics Committee. Written informed consent was obtained from the
participants involved in this study (Process number 447/2017); (ii) Genoskin®. The tissue was

obtained from plastic reduction surgeries. For both skin sources, after tissue excision, all
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specimens were transported in saline solution (normal saline) under refrigeration (for less
than 24 hours). After transport, the tissue was cleaned, subcutaneous fat was removed, and
the outer layers of skin containing the stratum corneum (SC), viable epidermis, and some
dermis were frozen at -20°C. The day before the IVPT experiments, the epidermis was isolated
by a thermal process (heat separated epidermis). Please note that the use of dermatomed
skin could have been equated instead. Nevertheless, the choice of membrane depends largely
on the solubility properties of the permeant. In the case of dermatomed skin, the relatively
aqueous nature of the dermis will reduce the penetration of lipophilic compounds. Under
these circumstances, the use of heat-separated epidermal (HSE) membranes is better suited
to provide a quantifiable permeation profile (Benson and Watkinson, 2012). Briefly, the tissue
was placed in a water bath at 60+2°C for 60 seconds and then rested for 30 seconds at room
temperature. With the aid of tweezers, the epidermis was separated, cut into 0.700 cm? and
transferred to glass flasks filled with distilled water with the aid of a membrane support disk,
used to keep the skin stretched. Special care was taken in order to maintain the stratum

corneum side facing upwards. The skin sheets were then left overnight at 4°C to stabilize.

On the day of the experiment, the skin was transferred to the diffusion cells. Afterwards, the
barrier integrity of each skin piece was checked by measuring transepidermal water loss
(TEWL) using a vapometer (Delfin Technology, Kuopio, Finland). Any skin piece with obvious
signs of physical damage, stretch marks, or a TEWL value higher than 20.0 g/m?/h was
excluded from the experiment (Nagelreiter et al., 2013; Shin et al., 2020; Vitorino et al., 2014).
Table 6.4 summarizes the skin characteristics for each donor. In this study, the initial number
of donors to be tested was 12 due to EMA draft guideline requirements; however, the lack of
compliance with the skin integrity results led to the exclusion of 3 donors. Pilot studies were
initially conducted with two donors, followed by pivotal studies performed with 7 donors. In
all cases, the RP, TP and negative control formulations were tested in parallel. Moreover, two

replicates per donor and formulation were always considered.
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Table 6.4 — Human skin donors characteristics.

D ki P i
Study onor Gender Skin Age Anatomical region reparation
number type method
Pilot 1 Female Type 3 43 Abdomen HSE
study 2 Female Type 2 41 Abdomen HSE
3 Female Type 3 57 Arm HSE
4 Female Type 3 55 Gluteus HSE
5 Female Type 2 29 Abdomen HSE
Pivotal 6 Female  Type3 35 Thigh HSE
study yp g
7 Male Type 3 56 Abdomen HSE
8 Female Type 2 41 Abdomen HSE
9 Female Type 3 37 Abdomen HSE

Key: HSE — Heat Separated Epidermis.

Mass Balance studies

According to OECD and EMA guidelines, mass balance studies should be conducted after the
IVPT experiments to assess the amount of drug remaining on the donor compartment, on the
skin and delivered into the skin (EMA, 2018b; Hossain et al., 2019; OECD, 2010). For this
purpose, the following procedure was adopted: the donor chamber was washed with 1 mL of
methanol and the washing solutions were collected. The skin was then transferred into
Eppendorf® tubes and the remaining diclofenac was also extracted with methanol. Both the
donor compartment and skin samples were stirred overnight at 25°C. Afterwards, all samples
were sonicated (10 min), centrifuged at 11 740 x g for 10 min in a Minispin®(Eppendorf Ibérica
S.L., Madrid, Spain) filtered by a 0.45 um nylon membrane and transferred to HPLC vials for

analysis.

The total recovery of drug at the end of the IVPT experiment was calculated by considering
the mass of formulation initially applied to the donor chamber (mappiied) and the sum of the
final cumulative amount of diclofenac that permeates the biological membrane into the
receptor chamber(m permeated, which is equivalent to AtoraL in IVRT studies), the drug
extracted from the formulation remaining in the donor chamber (Mgonor) and the drug
extracted from the biological membrane (msin) at the end of the experiments. The mass

balance was then calculated according to the following equation:

m donor+m permeated (receptor)+m skin

mass balance = x 100 (6.1)

m applied

Procedure reliability was confirmed by the total drug recovery (%), which should be in the
range of 100% + 10% range (EMA, 2018b).
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All IVPT as well as mass balance samples were analysed by regulatory compliant HPLC

methods, please see Appendix A.

6.2.2.5A Data Analysis and Statistics

The procedures described in Appendix B were followed. Example calculations are provided in

the same section.

For rheology data, the Shapiro-Wilk test (p=0.05) was first performed to evaluate if the data
followed a normal distribution. Since several endpoints did not present a normal distribution,
the 90% CI of the ratio between the TP/RP was calculated following EMA draft guideline, as
previously described (Appendix B).

6.3A Results and discussion

6.3.1A Rheology and IVRT method validation

The rheology method validation studies were conducted to evaluate whether the proposed
methodology was able to reflect microstructure differences between the reference products
(all RP batches were included in this analysis) and the formulations prepared with distinctive
rheological profile. This is of outmost importance as according to the EMA draft guideline,
evidence should be provided on the test discriminatory capacity, as well as the suitability of
the respective acceptance criteria (EMA, 2018b). To address this, a simplified approach of the
framework provided in Chapter 3 was herein followed. The results are summarized in Table
6.5.

The validation of the rheological dimetindene method demonstrated adequate sensitivity for
most endpoints, as well as selectivity, since statistically significant differences were registered
between the RP and the altered formulation (Table 6.5). Nevertheless, it should be noted that
although the RP viscosity profiles displayed overlapping curves (Fig.6.3), the CV% results
pertaining to the RP, were high (2.5-80%). This may be ascribed to batch variability, or
alternatively, to batch age, since all reference products were analysed at the end of their life
cycle (33-35 months). Note that the yield point estimated by rotational methods could not be
calculated for the dimetindene altered formulation due to the pronounced fluidity of the

product, which instantaneously exhibited shear thinning behaviour.

For diclofenac rheology method validation, the altered formulation was simply achieved by

diluting the commercial product with water (please see Chapter 4). This procedure may be
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insufficient to clearly characterize rheological differences, since selectivity failed to register
for torot, G" and G”* endpoints. Nevertheless, the majority of the endpoints (6 out of 9) could
successfully report an adequate discriminatory power, therefore the purposed methods were
considered fit for the purpose of this study (Table 6.5). Please note that in this case study, the
CV% values for the RP regarding the rheological endpoints were generally lower when
compared to dimetindene formulations, suggesting a lower inter-batch variability. This could
be motivated by the lower batch age of the RP when compared to the dimetindene gel

formulation, as all diclofenac batches were tested 12-16 months after manufacture.
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Similarly, IVRT method validation studies were likewise performed (EMA, 2018b). The
acceptance criteria and the results of the IVRT methods are summarized in Table 6.6 and in
Fig.6.2. Please note that the DF IVRT method validation results were already addressed in
Chapter 4. Nevertheless, to present a cross comparison with the dimetindene formulations,

the DF results were once again displayed.

Regarding membrane inertness studies, since a recovery of 95.2% and 99.4% was obtained for
both dimetindene and diclofenac, respectively, there was no evidence of significant drug
binding to the membrane. Therefore, it can be inferred that the membrane did not present a
rate limiting barrier for API diffusion (EMA, 2018b; Tiffner et al., 2018). An interesting work by
Mekjaruskul and colleagues investigated the effect of various membranes on the release
performance of dexamethasone using a USP dissolution apparatus IV (Mekjaruskul et al.,
2021). The authors concluded that the materials and sources of the membranes affected drug
dissolution profiles, by revealing membrane-drug binding effects. Similar to the present study,
Mekjaruskul et al. also used polyethersulfone membranes. Even though these membranes
provided acceptable recovery results (> 90%), there were significant differences between
suppliers. Herein, the same membrane supplier was used for all IVRT studies. Nevertheless,
when undertaking IVRT development studies attention should be paid to this parameter in
order to define suitable acceptance criteria regarding the membrane type, as well as supplier
(Mekjaruskul et al., 2021).

Linearity was successfully registered in all diffusion cells (Dimetindene gel: R? = 0.96 + 0.03
and diclofenac emulgel: R? = 0.98 + 0.01). Therefore, steady-state kinetics conditions were
achieved. Although both EMA and FDA guidelines recommend R? > 0.90 over the entire IVRT
time range, the correlation coefficient is not a very discriminatory parameter, therefore a
higher R? (R? > 0.97) should be registered to demonstrate adequate linearity of release. All
these requirements have been extensively discussed in the recently held FDA and Center for
Research on Complex Generics Co-Hosted Workshop: In Vitro Release Test (IVRT) and In Vitro
Permeation Test (IVPT) Methods: Best Practices and Scientific Considerations for ANDA
Submissions (Aug 18-20 2021). As evidenced in Table 6.6, this was successfully achieved.
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Table 6.6 — Acceptance criteria and results for IVRT method validation studies based on
regulatory requirements (EMA, 2018b; FDA, 2016c).

Parameter

Membrane
inertness

Linearity

Precision and
reproducibility
, including
operator
variability

(IVRR data
reports to
ug/cm?/vh
and Qsto
Hg/cm?)

Selectivity

[Data reports
to IVRR

(Hg/cm?/vh)]

Robustness

[Data reports
to IVRR
(ng/cm?/Vh)]

Results

Dimetindene recovery: 95.2%
Diclofenac recovery = 99.4%

Dimetindene gel: R?=0.958 + 0.025 (n=36)
Diclofenac emulgel: R?=0.980 + 0.010 (n=36)
Dimetindene gel
Run 1 (operator A): IVRR = 116 (9.5%) | Q=287 (6.3%)
Run 2 (operator B): IVRR= 107 (14.8%) Q=270 (7.0%)

Run 3 (operator B): IVRR= 109 (14.2%) | Q=280 (10.6%)

Intra-run variability
CV% Qs =8.0% | CV% IVRR =12.7%

Inter-run, including operator variability (n=36)
CV% Qs =8.6%| CV% IVRR = 13.4%
Diclofenac emulgel
Run 1 (operator A): IVRR = 708 (7.9%) | Qs = 3070 (8.1%)
Run 2 (operator B): IVRR = 676 (8.6%)| Qs = 2933 (6.9%)
Run 3 (operator A): IVRR = 784 (7.6%)| Qs = 3418 (7.6%)

Intra-run variability (n=36)

CV% IVRR = 8.0% | CV% Qs =7.6%
Inter-run and operator variability (n=36)
CV% IVRR = 10.0% | CV% Qs = 9.9%
Dimetindene gel (n=12)

0.05% vs. 0.1% - Cl = [58.49 — 72.93%]
0.1% vs. 0.2% —> Cl = [226.8 — 260.7%]

0.1 % vs. # rheology formulation - Cl = [104.6 — 129.72%)]

Diclofenac emulgel (n=12)
0.5% vs. 1% (simultaneous assessment of # rheology
formulation)
- Cl=[63.11-72.08%]
2% vs. 1% - Cl = [127.33 — 143.42%]

Dimetindene gel (n=12)
Mean IVRR 37°C = 116 (9.5%)
Mean IVRR 35°C =99 (11.6%)
Mean IVRR 39°C = 105 (13.0%)

Diclofenac emulgel (n=12)
Mean IVRR 37°C = 676 (8.6%)
Mean IVRR 35°C = 645 (8.6%)
Mean IVRR 39°C = 685 (7.1%)

Acceptance
criteria

Recovery >
95%

R?>>0.90

Intra-run,
inter-run,
including
operator
variability:
CV% Qs< 15%
CV% IVRR <
15%

Cl between
different
strength

products falls
outside the
limits [90-111]
%

Mean IVRR of
runs with
minor
temperature
fluctuations
should not
deviate more
than 15%
from the IVRR
of the nominal
method
parameter
settings

Status

Compliant

Compliant

Compliant

Compliant

Compliant

Compliant

Key: Green label (C) — Compliant results. Please note that there are subtle differences when comparing the selectivity of the Cis of the DF

formulation in this chapter, and the one previously presented in Chapter 4. These are related with the fact, that this chapter used the EMA
statistical approach, whilst in Chapter 4, the FDA was instead equated.
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Regarding precision, reproducibility and operator variability studies, the results met the
established criteria. The maximum CV% registered was attained when estimating the inter-
run variability of the dimetindene formulation (13.38%). Even though 15% was the defined
CV% acceptance threshold, it is important to consider that this value refers to the FDA
acyclovir guidance, since EMA allows a maximum of 10% deviation (EMA, 2018b; FDA, 2016c).
Similar for the rheology method validation results, higher CV% values were recorded for the
dimetindene formulation. Although this may be motivated by batch age, it should be noted
that EMA 10% CV criteria may be challenging to attain, since it does not account for the
intrinsic variability associated with IVRT. Variability causes may be related to air entrapment,
inability to uniformly spread the formulation upon the membrane and difficulty in reproducing
the exact amount of formulation loaded in the system (Bao and Burgess, 2018) . Nevertheless,
several papers report similar CV results in IVRT precision studies (<15%) (Mudyahoto et al.,
2020; Rath and Kanfer, 2020).

S 2
Dimetindene gel - IVRR (ug/cm?/\h) Diclofenac emulgel - IVRR (ug/cm?/vh)
400 1500
300 <
= ~> 1000+ I
o 5
€ 200 =
< 2
o & 500- R%=0.9721
100+ >
0 T T T T 0 T T T T
0.0 0.5 1.0 1.5 2.0 2.5 0 5 10 15 20 25
Formulation strength (mg/g) Formulation strength (mg/g)
Dimetindene gel - Qf (ug/cm?) Diclofenac emulgel - Qf (ng/cm?)
800 6000
T
600
o ~ 4000+
€ £
<L 400 L
S 2 2
2000 R?=0.9971
200
0 1 1 1 1 o 1 I I 1
0.0 0.5 1.0 1.5 2.0 2.5 0 5 10 15 20 25
Formulation strength (mg/g) Formulation strength (mg/g)

Fig.6.2 — Box and Whiskers plots of the measured release rates/ cumulative amount released
for the different strength and altered rheology formulations. Please note that the altered
rheology formulation for dimetindene is signalled in red, whilst for diclofenac it is

overlapped with the lower strength product (signalled in blue).
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IVRT method discriminatory capacity was successfully documented, as the requirements for
sensitivity, specificity and selectivity were met. For the selectivity studies, the IVRR (n=12) of
the different strength formulations and from the significantly different rheology profile were
statistically compared. As displayed in Table 6.6, all Cls regarding the lower vs. intermediate
strength, higher vs. intermediate strength formulations and also nominal formulation vs.
rheology altered formulation were outside the range 90-111%; hence, the method was
considered selective to establish differences in release rates. When the FDA criteria was used
instead (75-133%), selectivity was still found (FDA, 2016c). Both IVRT methods also
demonstrate suitable sensitivity and specificity because: (i) the IVRR of the lower strength
formulations was lower than the nominal formulation and the IVRR of the higher strength
formulations was higher than the nominal formulation (sensitivity); (ii) a linear relationship
(R? > 0.9) was observed between the release rates of the products with different strengths
Fig.6.2) (EMA, 2018b; Mudyahoto et al., 2020; Rath and Kanfer, 2020).

The ability of the method to be unaffected by minor variations in the experimental conditions
as also supported, as the mean IVRR did not deviate more than 15% from the IVRR of the
nominal method parameter settings (Table 6.6). Therefore, the methods are considered to be

robust.

6.3.2A Microstructure and product performance evaluation

Dimetindene maleate (DM) is a histamine Hi-receptor antagonist, which considerably reduces
capillary hyperpermeability, commonly associated with immediate hypersensitivity reactions.
Its antiallergic and antipruritic characteristics have been extensively confirmed for systemic
administration through oral and intravenous dosage forms. Nevertheless, due to its
mechanism of action, this APl is also effective when administered topically as it relieves itching
and skin irritation. Moreover, DM anaesthetic properties are also useful for the treatment of
sunburns (Althaus and Berthet, 1992; PAR, 2015b).

Gels are monophasic systems where all vehicle ingredients are miscible with each other. In
these semisolid dosage forms, the liquid phase is constrained within a 3-dimensional matrix
which can be of natural or synthetic origin. Based on the liquid medium entrapped within the
3-dimensional matrix, gels can be classified as hydrogels or alternatively as organogels (Surber
and Knie, 2018). The DM formulation used in the present study regards a hydrogel, since all
of the therapeutic applications mentioned above call for vehicles with specific requirements
such as non-greasiness and cooling effect (Surber and Knie, 2018). Technologically, these

formulations are simple to manufacture since they contain few components compared to

208



6. TOPICAL BIOEQUIVALENCE: EXPERIMENTAL AND REGULATORY CONSIDERATIONS FOLLOWING
FORMULATION COMPLEXITY — PART A

more complex systems such as creams (Ethier et al., 2019). As per the EMA draft guideline
requirements, to document the BE of these systems, extended pharmaceutical equivalence
(Q1/Q2/Q3 and Q4 sameness) needs to be demonstrated (EMA, 2018b). In terms of the
qualitative and quantitative profile, the TP meets the sameness criteria when compared
towards the RP. In order to shed light on microstructure equivalence, rheology studies were

performed, see Fig.6.3.

First, the rotational profile was assessed by determining the flow curves and the thixotropic
behaviour of all formulations. As displayed in Fig.6.3, all batches exhibit a non-Newtonian and
shear thinning behaviour. The acquired viscosity profiles clearly indicate three distinct regions:
i) a narrow shear viscosity plateau, from which the zero-shear viscosity (no) can be estimated;
(ii) a shear-thinning range with a shear stress-dependent viscosity function n = f(t). This region
starts when plastic flow occurs at a given critical stress — the rotational yield point (to); and
finally (iii) a region stemming from the incremental shear stress over the microstructure that
induces a drastically viscosity decrease, leading to a 2™ plateau. From this region, the infinite-

shear viscosity (n-) can be estimated (Mezger, 2010; Simdes et al., 2020a).
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Viscosity curve
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Fig.6.3 — Rheology profile of the dimetindene maleate 1 mg/g gel. All results report to mean
+ SEM. Three replicates were used per batch formulation. A — Viscosity curve; B — Thixotropic

behaviour; C — Amplitude sweep test; D — Frequency sweep test.

When representing viscosity vs. shear stress, the three batches of each product presented
identical profiles (Fig.6.3A). Afterwards, the viscoelastic properties of all formulations were
assessed by determining both amplitude and frequency sweep behaviour. Regarding the
amplitude sweep test, the plots of the elastic (G’) and the viscous (G"") moduli vs. the shear
stress for each batch, revealed a linear viscoelastic region. Within this shear stress plateau,
the microstructure was preserved (Fig.6.3C). The profiles of the frequency-dependent elastic
and viscous moduli were similar for both products Fig.6.3D). Higher G" than G”” values were
obtained in both amplitude and frequency sweep experiments, consistent with the

predominantly elastic behaviour of semisolid dosage forms (see Fig.6.3C-D).

As previously mentioned, several rheological endpoints were considered, in order to

statistically compare both formulations (see Table 6.7).
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Table 6.7 — Rheological properties of dimetindene 1 mg/g gel test (TP) and reference (RP)
formulations and the 90% ClI of the ratio average (TP/RP). (RP: n=9 and TP: n=9).

; RP TP
Rheological 90% CI Status
endpoints  pean RSD Mean RSD
RP1:7 TP1:4
RP2: 6 TP2:1 C
Nno (Pa.s) 1882 1730 81.8 - 102.5
RP3: 6 TP3:2
Overall: 11 Overall: 15
RP1:2.3 TP1:1.0
RP2:0.8 TP2:2.4 C
Ttror (Pa) 16.9 16.7 96.3-101.8
RP3:0.5 TP3: 2.0
Overall: 2.4 Overall: 3.7
RP1:6.09 TP1:9.75
p 14 RP2:6.51 0.7 TP2:7.15 25.3-86.6 NC
n- (Pa-s) ' RP3: 6.57 ' TP3: 12.54 2T
Overall: 50.02 Overall: 71.31
RP1: 15 TP1:10
RP2:9 TP2:13 NC
Sr(Pa/s) 2023 1369 38.4-127.2
RP3:7 TP3:7
Overall: 75 Overall: 71
RP1:5 TP1:3
RP2: 6 TP2:0.3 NC
LVR (Pa) 306 254 59.9-115.3
RP3:1 TP3:4
Overall: 32 Overall: 32
RP1:1.7 TP1: 2.7
RP2:2.1 TP2:6.9 NC
T (Pa) 78.1 58.2 50.3-112.0
RP3:1.7 TP3:2.0
Overall: 37.8 Overall: 37.3
RP1:9.51 TP1:9.22
RP2:16.46 TP2:14.32 C
Tosc (Pa) 15.6 14.6 80.7-110.2
RP3:11.88 TP3:15.08
Overall: 19.42 Overall: 16.11
RP1:3 TP1:0
. RP2:1 TP2:2 NC
G —1hz 280 254 65.7-121.5
(Pa) RP3:2 TP3: 1
Overall: 28 Overall: 32.01
RP1:3.1 TP1:4.3
= RP2:5.8 TP2:7.2
G 1Hz 27.9 23.1 60.6 -119.5 NC
(Pa) RP3:4.8 TP3:3.7
Overall: 38.12 Overall: 30.29

Key: Cl —Confidence Interval; no— Zero-shear viscosity; tror — Rotational yield point; n- - Infinite-shear viscosity; S— Relative thixotropic area;
LVR — Linear Viscoelastic Region; tr — flow point; tosc — Oscillatory Yield point; G'- Storage modulus; G”* — Loss modulus; Green label (C) -
Compliant results; Red label (NC) — Non-compliant results.

The overall RSD (%) of both formulations were highly similar. The variability of the considered
parameters ranged from 2.4% (trot), to 75% (Sr). All rheological endpoints retrieved from the
RP were slightly higher than those registered in the TP, suggesting a firmer consistency. The

differences found in both products can be ascribed to differences either in the (i) scale of
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manufacturing; (ii) batch age — as the TP and the RP were studied at different stages of the

product life cycle; and (iii) source of raw materials (EMA, 2018c).

It is important to note that a direct application of EMA criteria — “the 90% confidence interval
for the difference of means of the test and comparator products should be contained within
the acceptance criteria of +/-10% of the comparator product mean, assuming normal
distribution of data (EMA, 2018b)” — solely applies to the yield point (twor). All remaining
parameters did not meet the EMA draft guideline requirements because (i) the data was not
normally distributed; (ii) there was more than 10% difference between the rheological
endpoints of TP and RP, or due to (iii) the lack of compliance with the 90-111% confidence
interval. Based on these results, and similarly to the published work by Maria Pleguezuelos-
Villa, a larger criterion [75-133%] was selected to assess the TP rheological equivalence
towards the RP. With this acceptance range, for the endpoints that displayed the lowest inter-

batch RSD% — no, To.rot and the to.osc — equivalence could be sustained.

These endpoints are highly important from a technological, patient compliance as well as from
a clinical perspective. The yield point refers to the critical stress at which the formulation starts
to plastically deform. While increasing the shear stress, the degree of strain exerted in the
microstructure increases accordingly, which in turn delays the complete relaxation of the
structure in a given time frame of a respective stress point. Therefore, above a critical value
of stress, extreme shear thinning conditions lead to an irreversible change in the
microstructure of the product, which is reflected in a drastic reduction in viscosity (Dabbaghi
et al., 2021). In this context, and as described in detail by Dabbagthi et al., the initial endpoints
of the viscosity curve (no and trot) describe the rheological stages that a product goes through,
ranging from a static state that mimics the product in a container to the initial shear
corresponding to the high-flow state that resembles the application of the product on the skin
(Dabbaghi et al., 2021).

However, according to the draft guideline on quality and equivalence of topical products, an
effort should be made to support equivalence based on a comprehensive rheological
characterization. In this context, the 90% Cl should be compliant with the remaining

endpoints.

A close inspection of Table 6.7 reveals that intra-batch results display low variability, but when
the inter-batch results are compared, the variability increases dramatically. As previously
mentioned, this can be ascribed to the aging process that increases the variability of the

rheological parameters to a great extent.
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The next parameter to be evaluated concerned the pharmaceutical performance of the

formulation. According to the EMA guideline for simple formulations, such as gels, to establish

bioequivalence, the extended pharmaceutical equivalence needs to be documented, and IVRT

tests are required for this purpose. Fig.6.4 displays the obtained IVRT profiles for all
dimetindene products.

IVRT profile dimetindene maleate 1 mg/g gel

400
RP2
"E RP3
-a‘in 200+
o TP1
P2
100+ TP3
0 I 1
0 1 2 3

Jtime (h)

Fig.6.4 — IVRT profile of all dimetindene maleate 1 mg/g gel products. Results report to n=12

mean * SEM.

Both formulations revealed overlapping release profiles, which were in line with their
equivalence in what concerns Q1, Q2. When performing the statistical analysis of the IVRT
endpoint, the 90% Cl met the EMA criterion of 90-111% (Table 6.8).

Table 6.8 — 90% confidence interval calculated regarding the IVRR and the total cumulative

amount of drug released at the end of the IVRT study (6h).

IVRR TP/RP Total cumulative amount TP/RP
2 2 Acceptance
(ng/cm?/vt) (ng/cm?) criteria Status
90% CI 90% Cl
EMA: 90-111% C
97.75-105.8% 98.76 — 104.8%
FDA: 75-133% C

Key: Green label (C) — Compliant results.

Considering the results, it is possible to conclude that the rheological differences found in ne,
Sk, LVR, 11, G" and G”” endpoints are not translatable into a different formulation performance.
This information seems to suggest that the yield point estimated through rotational or
oscillatory methods (to.rot /To.0sc) in conjunction with the no, prevail in what concerns the

pharmaceutical performance of the product (similar release profiles).
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Notwithstanding these observations, based on the European regulatory requirements, despite
there is sufficient evidence to demonstrate equivalence of Q1, Q2 and Q4, equivalence of Q3
could not be supported. Therefore, the extended pharmaceutical equivalence of this TP
towards the RP failed to be documented. It should be noted that the batch age might have
played a crucial role in the rheological results obtained. In this context, generic manufacturers
should be encouraged to pay special attention to this specific aspect, as there is a myriad of

interdependencies in semisolid microstructure even in simpler technological systems.

The second case study reported herein regards a diclofenac diethylammonium 23.2 mg/g o/w
emulgel formulation. This is a complex formulation as it is not only biphasic, but also contains
permeation enhancer excipients, namely oleyl alcohol. These excipients directly influence the
bioavailability of the API. Under these circumstances, additional permeation kinetic or, if
possible, pharmacodynamic equivalence tests are required to submit a generic application
(EMA, 2018b; FDA, 2016c). Interestingly, this topical product constitutes one of the few
exceptions where a pharmacokinetic evaluation can be used to establish bioequivalence, as
diclofenac, when topically administered, targets the skin layers, namely the dermis (Drago et
al., 2017; Holt et al., 2015; Maroo et al., 2013). The TP selected in the present study displays
Q1 and Q2 sameness towards the RP. Furthermore, the bioequivalence of this specific TP
towards the RP (which was also used in this study) was adequately documented by
pharmacokinetic studies, please refer to the work of Mangas-Sanjuan et al. (Mangas-Sanjuan
etal., 2020, 2019). Although pharmacokinetic studies can be used to establish bioequivalence,
in this work the aim was to assess whether IVPT tests can be successfully used for the same

objective.

Following the strategy previously described for dimetindene, rheology studies were likewise
performed for the diclofenac formulations. This was followed by IVRT and IVPT experiments.
In contrast to the dimetindene products, since diclofenac displays a higher formulation
complexity, an attempt was made to select products with a closer batch age (RP = 12-16
months and TP = 22 months). The rheology profile results are displayed in Fig.6.5 and Table
6.9.

The rotational profile of the diclofenac formulations reflected a non-Newtonian, shear
thinning and thixotropic behaviour, see Fig.6.5. Amplitude sweep tests revealed a linear
viscoelastic region for all the products studied, with higher values of G than G, which further
consubstantiates the elastic behaviour of semisolid dosage forms. This trend was also evident
in the frequency sweep experiments. Contrary to the dimetindene formulations, clear
differences in all endpoints were immediately apparent after inspection of the rheograms,

with the TP consistently displaying higher values when compared to the RP batches (Fig.6.5).
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Fig.6.5 — Rheology profile of the diclofenac diethylammonium 23.2 mg/g emulgel. All results
report to mean + SEM. Three replicates were used per batch formulation. A — Viscosity

curve; B — Thixotropic behaviour; C — Amplitude sweep test; D — Frequency sweep test.

When statistically comparing the rheological endpoints, a normal distribution failed to be
registered for the majority of the rheological parameters. In this context, similar to the
dimetindene formulations, the 75-133% Cl was set as the acceptance interval. The endpoints

and statistical analysis retrieved from the rheological studies are shown in Table 6.9.
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Table 6.9 — Rheological properties of diclofenac diethylammonium 23.2 mg/g emulgel generic
(TP) and reference (RP) formulations and the 90% Cl of the ratio average (TP/RP) (RP: n=9 and
TP: n=3).

Rheology RP P

. 90% CI Status
endpoints

Mean cv Mean cv

RP1:1
RP2:6 75-
no (Pa.s) 8098 RP3: 23 9203 133% 93.7-142.3 NC
Overall: 20
RP1:4.21
RP2:2.94 75- 106.5 -
tror (Pa) 161 ge3e0s B3 1339 120.27 ¢
Overall: 5.1
RP1:11.3
RP2: 8.5
Ne (Pa.s) 30.6 RP3: 8.8 321 14.8 65.8-203.0 NC
Overall:41.8
RP1: 19
RP2:13
Sr(Pa/s) 2030 RP3: 21 1743 7 66.5-117.4 NC
Overall: 26
RP1:3 NC
RP2: 4 203.4 -
LVR (Pa) 107 RP3: 2 237 12 242.2
Overall: 5
RP1: 0.5 NC
RP2: 0.5 252.7 -
1 (Pa) 26.0 RP3: 0.6 68.4 2.9 272.9
Overall: 3.3
RP1:2.9 NC
RP2:11.0
Tosc (Pa) 15.9 RP3:4.1 23.1 15.9
Overall:
9.08
RP1:1 NC
, RP2:1 193.5-
G’ — 1Hz (Pa) 106 RP3: 1 214 3 211.9
Overall: 4
RP1: 3.6 NC
.. RP2:1.1 2018.2 -
G 1Hz (Pa) 13.3 RP3:3.6 31.9 14.4 260.4

Overall: 4.3
Key: no— Zero-shear viscosity; tror — Rotational yield point; n- - Infinite-shear viscosity; Sg— Relative thixotropic area; LVR — Linear Viscoelastic

Region; 7 C flow point; tosc — Oscillatory Yield point; G’- Storage modulus; G™* — Loss modulus; Green label (C) — Compliant results; Red label
(NC) — Non-compliant results.

127.4 -
164.1

Overall, equivalence was found only for the yield point estimated by rotational experiments.
For all other endpoints, the ratio of means between the test and reference formulations was
not within the EMA or FDA limits. Similar results with the same formulations were observed
by Pleguezuelos-Villa et al. (Pleguezuelos-Villa et al., 2019). Contrary to the dimetindene
formulations, when considering diclofenac RP rheological endpoints the inter-batch variability

was consistently low.

216



6. TOPICAL BIOEQUIVALENCE: EXPERIMENTAL AND REGULATORY CONSIDERATIONS FOLLOWING
FORMULATION COMPLEXITY — PART A

Taking these results into account, and similarly to what was previously observed for the
dimetindene formulation, no equivalence was found with respect to rheology parameters.
IVRT studies were then performed to evaluate if these differences affected product
performance. Fig.6.6 portraits the release profile of all diclofenac products, whilst Table 6.10
presents the confidence intervals for the IVRR, as well as for the total cumulative amount of

diclofenac released.

IVRT profile - Diclofenac diethylammonium
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Fig.6.6 — IVRT profile of all diclofenac diethylammonium 23.2 mg/g emulgel products. Results

report to n=12; mean = SEM.

Even though the release profiles of both products were similar, overall, the product with
higher viscosity —the TP — exhibited higher release. Not surprisingly, compliance with the EMA
requirements failed to be registered. Nevertheless, if the FDA criteria were applied, some TP-
RP batch comparisons would yield compliant results. More specifically, if RP3 had not been
included in this analysis, the results would have been compliant according to FDA

requirements. This highlights that the selection of the RP batches is highly important.

Taking the above into account, for this specific formulation, contrarily to what was previously
established for the dimetindene maleate formulation, the rheological differences highly
impacted product performance. This highlights that the selection of the RP batches is highly

important, as concluded in Chapter 5.
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Table 6.10 — 90% confidence interval calculated regarding the IVRR and the total cumulative

amount of diclofenac released at the end of the IVRT study (6h).

IVRR TP/RP (ug/cm?/vt) Qs TP/RP (pug/cm?)
90% ClI 90% ClI
Results Status Results Status Acce.pt:a.nce
criteria
EMA FDA EMA FDA
Overall comparison
RP vs. TP 116.1-135.7 NC NC 118.9-1445 NC
Batch to batch comparison EMA: 30-111%
P FDA: 75-133%
RP1vs. TP 114.2-127.6 NC C 113.2-128.5 NC
RP2 vs. TP 103.1-118.5 NC C 105.0-125.1 NC C
RP3 vs. TP 140.7 - 156.0 NC NC 153.1-173.64 NC NC

Key: Green label (C) — Compliant results; Red label (NC) — Non-compliant results.

As mentioned above, local availability studies need to be performed to support BE in highly
complex semisolids. In accordance with EMA guideline, these studies can be performed with
solely one RP batch vs. one TP batch. RP2 and RP3 share the same batch age (12 months),
while RP1 was studied at 16 months. As RP1, RP2 and TP (the latter studied at 22 months)
revealed similar release profiles, batch age does not seem to influence product performance

for this specific product.

Considering all data, RP2 batch was selected for IVPT studies due to its closer release profile

as well as similar viscosity attributes to TP.

6.3.3A Product efficacy profile — IVPT kinetic studies

IVPT studies using human skin were then performed to compare the permeation profile of
diclofenac emulgel RP and TP. Although IVPT studies can be performed in the same equipment
as IVRT experiments, their scope is entirely different, as IVPT tests measure the non-steady
state rate of skin permeation, whereas IVRT aims to determine the steady-state rate of drug
release (Ethier et al.,, 2019). Other IVPT key features regard: (i) usage of a biological
membrane, typically excised human skin. The integrity of membrane barrier should be
qualified by a suitable test before and after IVPT experiments; (ii) usage of a physiological
buffer receptor solution. The receiver medium should be compatible with the skin, assure the
maintenance of sink conditions throughout the study, and promote adequate stability of the
IVPT samples; (iii) finite dose conditions should be replicated in order to resemble an in vivo
application. Furthermore, (iv) mass balance studies should be performed in order to assess
the amount of drug remaining on the donor compartment, on the skin and delivered into the
skin (Ethier et al., 2019; Lehman and Franz, 2014; Thomas et al., 2020).
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The first step to be considered while developing an IVPT method is the performance of a pilot
study. In this study, skin from different donors should be considered, with several replicates
per donor. Three parallel treatments should be studied, the RP, the TP and a product with a
differentiated flux profile, e.g., a 50% strength formulation. Please note that all product
samples should be blinded to minimize the risk of bias. Along with the development of a fit
for purpose/validated method, all of these procedures aim to determine the permeation
profile range as well as to demonstrate the precision, reproducibility and selectivity of the
intended method. Additionally, experimental conditions such as apparatus suitability, dosing
amount and sample application procedures, sampling times, mass balance and membrane

integrity assessment protocols should be calibrated and/or optimized.

The pilot study was conducted with 2 different donors and two replicates per donor were
considered. The cumulative amount permeated and the flux profiles of the two diclofenac
emulgel formulations, as well as negative control formulation, in individual skin sections are
shown in Fig.6.7. Furthermore, the results from the mass balance studies are portrayed in
Table 6.11.

Donor 1 Donor 2
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Fig.6.7 — A — Permeation profiles for diclofenac products attained for donor 1 in pilot IVPT

studies. B — Permeation profiles for diclofenac products attained for donor 2 in pilot IVPT

studies. C — Overall diclofenac flux profiles attained during IVPT pilot studies. D — Overall
diclofenac Jmax attained during IVPT pilot studies. All results report to mean £ SEM (n=2 from

2 donors).
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When the three diclofenac emulgel products were initially screened and compared by
conducting pilot IVPT studies, the diclofenac permeation into and through the skin was much
higher from the RP2 compared to the generic, as well as negative control formulation
(Fig.6.7A/B). Nevertheless, when plotting the flux profiles of all formulations, these
differences were attenuated, with the TP and RP2 displaying a different rate profile when
compared to the negative control formulation (Fig.6.7C). For RP2 the mean maximum rate
(5.595 pg/cm?/h) occurred at 26h, whilst for the TP it occurred at 24 h with a mean value of
4.136 pg/cm?/h. Conversely, the negative control formulation exhibits a maximum peak in the

rate profile at 26h with a mean value of 1.1325 pg/cm?/h.

Based on the differential permeation and flux profiles displayed in Fig.6.7, the following

conclusions can be drawn:

= |VPT pilot study results demonstrate that the selected experimental parameters adequately
characterize the cutaneous pharmacokinetics of diclofenac across the study timeframe,
since the maximal rate of absorption (flux) and the decline in flux were suitably identified
(see Fig.6.7C).

= |VPT method sensitivity is demonstrated since according to the obtained flux profiles,
indicating that the method was able to detect changes in the permeation profile between
formulations of different strengths (Fig.6.7C/D).

= |VPT mass balance results, presented in Table 6.11, are overall within the EMA draft
guideline criteria. Even though non-compliant results were attained for replicate 1 of donor
1 in both RP2 and TP formulations, these were borderline (112% and 88%, respectively).
Regarding the negative control formulation, the same scenario was registered with replicate
2 of the 1%t donor (111% drug recovery). Nevertheless, when considering the 1% replicate of
donor 1 (12% drug recovery), the extraction procedures were not to the level prescribed.
Reasons for this be related to the lower drug concentration of this product, along with the
low amount of formulation placed in the membrane, due to the need to perform the IVPT
study under finite dose conditions. Hence, for such conditions, the EMA 90-110% drug

recovery criteria are extremely challenging to attain and ultimately may be too tight.

= Finally, skin integrity measurements performed before and after IVPT experiments,
revealed that overall barrier function and integrity were adequately maintained throughout
the study, as suggested by the observed TEWL values. Please note that besides TEWL
measurements, after IVPT experiments, all skin segments were visually inspected for leaks

and no leaks were observed in these skin sections.
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Since the number of replicates and donors considered in this preliminary assessment was
relatively low and since high inter and intra-donor variability was observed, especially when

considering the RP2 formulation, no statistical analysis of the results was performed.

Other reasons which may ground this high variability regard the difficulty in attaining human
skin and furthermore, the lack of procedure standardization in what concerns the harvest of
the skin. Please note that in this study, in order to enlarge the pool of donors, different skin

sources were used.

Despite that some non-compliant results were attained, overall these conditions serve the

purpose to establish the conditions for the pivotal study.

Table 6.11 — Pilot study skin integrity and mass balance results. Two donors and two replicates

were considered for pilot study.

Formulation RP2 TP Negative control formulation
Donor 1 2 1 2 1 2
Nitial EWL 890 000 000 000 650 000 118 000 000 510 000 0.00
(8/m?/h)
Final TEWL
ina ) 18 10.6 277 184 2222 164 233 0.00 114 173 103 10.7
(g/m2/h)
Acceptance )
criteria TEWL < 20.0 g/m?/h
Donor
compartment 111 250 205  49.1 629 154 | 22.7 162 | 0.150 107 105 77.7
(Hg)
Skin (ug) 110 2.08 19.0 98.0 74.7 243 112 18.2 243 542 5.07 8.60

Mass balance (%) 112 = 109 99 110 88 102 95 96 12 111 107 98

Acceptance

. 90-110%
criteria

Key: Green label — Compliant results; Red label — Non-compliant results.

For pivotal studies, 7 donors were used to assess the permeation profile of the RP, TP, as well
as the negative control formulation (Thomas et al., 2020). Even though a larger pool of donors
was initially considered, the lack of compliance with TEWL requirements led to the exclusion
of some donors. Nevertheless, two replicates per donor were considered in all cases, as
specified in the pilot study protocol. Permeation and flux profiles obtained for IVPT pivotal

studies are shown in Fig.6.8.
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Fig.6.8 — A: Permeation profiles for all tested formulations in pivotal IVPT studies. B: Flux
profiles attained during IVPT pivotal studies. Results report to the mean + SEM calculated

from duplicate sites from the same donor (7 donors; 2 replicates per donor).

As confirmed during the pilot studies, the developed method proved to have an adequate
selectivity and sensitivity, as the method is able to reflect changes in the permeation as a
function of differences in drug delivery. Overall, the mass balance and skin integrity results
displayed in Table 6.12, generally met the established acceptance criteria. However, it should

be denoted that some borderline results concerning TEWL values were registered after IVPT
experiments.
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A closer inspection of the results showed that the increase of TEWL was not correlated with
an enhanced permeation rate. Moreover, no leaks were observed in the excised human
membranes. Taking these observations into account, the results retrieved from these
diffusion cells were considered. Borderline/non-compliant mass balance results were also
obtained from some donors. Increased drug losses were observed in some donors, especially

when testing the negative control formulation.

Another parameter that must be evaluated during IVPT validation studies concerns method
selectivity. IVPT method selectivity can be defined as the ability of the method to discriminate
the cutaneous pharmacokinetics of a drug between products that exhibit differences in drug
delivery (FDA, 2016c). Even though the FDA requires that the demonstration of method
sensitivity should only be performed during pilot studies, the EMA requests that it should be
performed in both pilot as well as pivotal studies. For IVPT method selectivity to register, the
Cl must fall completely outside the 80-125% range. According to Table 6.13, this was

successfully achieved.

In the present work, two statistical approaches were used to compare IVPT data — EMA and
FDA. On a side note, it is important to further clarify the assumptions in which these statistical
methods are based. First of all, both of them regard a paired comparison, where the difference
between the TP and RP is calculated considering each individual donor. It is important to note
that since IVPT data does not follow a normal distribution, it should be natural log transformed
prior to any calculation. In the EMA approach, the arithmetic mean of all individual T-R
differences should be calculated. On the other hand, in the FDA approach, a similar rationale
to that presented in the EMA guideline on investigation equivalence for highly variable drugs
is used. By other words, there is an attempt to standardize the difference due to the observed
variability in the reference product. Under this paradigm, the within-subject standard
deviation (Swr) should be evaluated for each IVPT endpoint attained with the RP formulation.
If Swr >0.294, the product is considered highly variable, and the scaled average bioequivalence
(SABE) methodology can be used (FDA, 2016c; Pensado et al., 2019).

IVPT method selectivity results, calculated by both approaches, are next summarized (Table
6.13).
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Table 6.13 —-90% Confidence interval calculated for Jmax (ng/cm?/h) and AroraL (ng/cm?) at the

end of the permeation experiment (48 h) for RP and negative control formulations following
FDA and EMA approaches.

Jmax (ug/cm?/h) = Status = AroraL (ug/cm?) Status Acceptance criteria
Pairwise Approach
comparison used
SClus = 4.3675 SClus = 6.43 SClus >0
RP vs. FDA GMR=02437 = C GMR = 0.15 ¢ GMR # [0.8-1.25]
Negative
contro 90% Cl falls outsid
formulation EMA 18.73-31.71 C 11.57 - 18.91 C o &' Talls outside
[80-125]
SClus=4.92 SClus=7.06 SClus >0
TPvs. FDA GMR =0.25 ¢ GMR =0.15 ¢ GMR # [0.8-1.25]
Negative
control 90% Cl fall outsid
formulation EMA 1.71-7.65 C 10.80 - 20.23 C % Cl fall outside

[80-125]
Key: Jmax— Maximal flux; Arora.— Cumulative amount permeated at the end of the IVPT study; In the EMA approach: Jmax and Arora. 90% Cl
were calculated based on the geometric mean of the duplicate values obtained per donor. In the FDA approach: SClus — upper bound of the

90% confidence interval; AtoraL and Juax are reported as the anti-logarithm of the arithmetic mean (lower-upper 90% confidence interval) of
the natural log-transformed values; Negative control formulation vs. RP2 (n=7 donors); Green label (C) — Compliant results.

The IVPT method proved to have discriminatory capacity towards formulations with different
strengths. For both the Jmax and AroraL endpoints, the Cls fell completely outside the 80-125%

interval, as per the EMA and FDA guideline criteria.

Regarding the pivotal results, both RP2 and TP displayed similar permeation as well as flux
profiles, contrary to what was expected from the pilot study. This may be ascribed to the larger
pool of donors. IVRT and rheological differences between both products did not seem to have
a significant impact in the product permeation profile. Nevertheless, it should be noted that
high variability was registered within each formulation. The statistical analysis of the results is

presented in Table 6.14.
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Table 6.14 —-90% confidence interval calculated for Jmax (ug/cm?/h) and AroraL (ng/cm?) at the
end of the permeation experiment (48 h) for diclofenac emulgel formulations RP2 vs. TP

following EMA and FDA approach.

Jmax (ug/cm?/h)  Status AroraL (pg/cm?) Status Acceptance criteria

Approach
used
90% Cl = [80-125%)]
A wider 90% confidence
EMA 68.42 —141.22 NC 69.60 —143.89 NC interval limit to a maximum
of [69.84 — 143.19] may be
accepted (EMA, 2018b)

SClus=0.8772 SClus=0.7710 SClus< 0
FDA GMR =0.9830 NC GMR =0.8584 NC GMR € [0.8 — 1.25]

Key: Jmax— Maximal flux; Arora.— cumulative amount permeated at the end of the IVPT study; All formulations were tested in 7 donors and 2
replicates per donor were considered. In the EMA approach: Juax and Arora. 90% Cl were calculated based on the geometric mean of the
duplicate values obtained per donor. In the FDA approach: SClus — upper bound of the 90% confidence interval; * ArotaL and Jvaxare reported
as the anti-logarithm of the arithmetic mean (lower-upper 90% confidence interval) of the natural log-transformed values; Green label (C) —
Compliant results; Red label (NC) — Non-compliant results.

Even though borderline results were attained with the EMA approach, none of the products

could be considered equivalent in accordance with EMA requirements.

Following the FDA approach, for the Atora. and Juax measurements, the within-subject
standard deviation (Sws) was evaluated. For both endpoints Swr>0.294, therefore the SABE
methodology was followed (Pensado et al., 2019).

In the SABE approach, bioequivalence can be inferred if the geometric mean ratio (GMR) falls
within the range [0.8, 1.25] for the selected bioequivalence margin and if the upper bound of
the 90% confidence interval (SClus) for the quantity, (ur — pr)?> — owr (In(1.25)/0.25)?, is less
than or equal to zero. pur and pr regard the population means of the test and reference
products, respectively, and o%wr refers to the reference population variance (Pensado et al.,
2019). Example calculations of this statistical method are provided in Appendix B. Even though
the GMR was within the confidence interval of 0.80-1.25, the products could not be
considered as bioequivalent due to the lack of compliance with SClys requirement in either

Arora, as well as Jmax endpoints.

When inspecting the results, a pronounced variability in IVPT data is readily observed. The
sources of IVPT variability may be attributed to the (i) drug product itself, (ii) skin-drug product
interactions and also to the (iii) intrinsic variability associated with IVPT studies (Pensado et
al., 2019).
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Increasing the number of batches to assess the permeation kinetic profile is pointed out as a
possible solution to overcome this issue. This strategy was already considered for
demonstration of equivalence of a 2% (w/w) diclofenac emulgel, as detailed in the European
Public Assessment reports (PAR, 2020) Furthermore, due to the observed variability, the
donor sample size should have been increased. According to a study by Tothfalusi et al. for
highly variable drugs, the sample size to use should be established based on the within-subject
variability. Since larger absolute differences between the two logarithmic means are expected
to occur, itis recommended that a 10% deviation between the means (e.g. GMR = 1.10) should
be considered, which clearly yields a higher donor sample size for IVPT (Tothfalusi and
Endrenyi, 2011). As previously mentioned, the TP herein used presented equivalent
pharmacokinetic profile towards the RP in the work carried out by Pleguezuelos-Villa and
colleagues (Pleguezuelos-Villa et al., 2019). The authors performed microstructure, IVRT and
pharmacokinetic studies. Although IVPT studies were not performed, similar to our results,
equivalence was not demonstrated with respect to microstructure parameters. However,
these differences did not translate into meaningful bioavailability divergence. Based on the
results, the authors were able to conclude that in this case study, microstructure tests tend to

overestimate the impact of formulation differences (Pleguezuelos-Villa et al., 2019).

Another interesting paper described a dermal physiologically-based pharmacokinetic model
aimed at predicting the skin permeation and disposition, of a diclofenac sodium gel. This
virtual bioequivalence approach (VBE) correlated product quality attributes and API
physicochemical properties with the skin (patho)physiology. By doing so, this model was able
to provide a direct relationship between systemic and local (skin and synovial fluid) exposure
to diclofenac. The verification and validation procedures of this approach were based on the
principles of fit-for-purpose modeling, which included an assessing of the observed data of
diclofenac concentrations in skin tissues/plasma and a correlation of this information with the
performance of the modeling platform. The VBE method described was accepted by the FDA
to document the bioequivalence of the diclofenac gel product. This case study highlights the
potential of these quantitative tools to support alternative bioequivalence approaches
(Tsakalozou et al., 2021b, 2021a).

Altogether, the data herein presented does not question that this diclofenac TP is
bioequivalent to the RP, as this assessment has already been thoroughly documented through
pharmacokinetic studies and approved by the regulatory authorities. Nevertheless, they show
that quantifiable, statistically significant differences in dermal bioavailability of the drug do

not necessarily translate into clinically significant differences according to EMA criteria.
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6.4A Concluding Remarks

In this chapter, we have examined the experimental procedures as well as the regulatory
mechanisms underlying the BE assessment using two extreme case studies that differed in the

formulation technological features, as well as therapeutic site of action.

For simple formulations that predominantly target the skin surface, such as the dimetindene
maleate 1 mg/g gel formulation, bioequivalence should be sustained by establishing Q1, Q2,
Q3 and Q4. Regarding more complex formulations, such as emulgels, which target more
profound skin layers, Q1-Q4 equivalence should be established. Furthermore, local availability
studies should be performed in order to sustain equivalence regarding product efficacy. For
these purpose, IVPT tests or other surrogate tests for clinical endpoint studies can be

considered.
In all cases, the variability of the donors as well as the RP has to be statistically considered.

Overall, these results highlight that when considering a waiver from clinical endpoint studies
for topical generic products, further work and discussion with the regulatory agencies is
required. The statistical criteria in several cases may be too demanding for some products as
a result of their batch-to-batch and shelf life intrinsic variability in microstructure and

performance.
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PART B

6.2B Materials and methods

6.2.1B Materials

Bifonazole cream products were acquired from the European Market. Four different products
were considered: (i) The bifonazole 10 mg/g cream RP (Bayer) — Canesten Unidia®
(Portuguese market), CanesMycospor® (Spanish market) and Canesten Extra® (German
market). Five batches of this product were considered. Please note that the different
commercial names are due to the market source; (ii) A qualitative and quantitative
formulation was replicated — TP. Three batches were considered; (iii) A Q1 formulation was
also studied - comparator product A (CPA) — Amycor® 1% (Merck Serono), and finally (iv) a
Q1/Q2 different formulation — comparator product B (CPB) — Levelina® crema (Ern
Laboratories) — was also studied. Due to market availability, only one batch was considered
for CPA and CPB formulations. The qualitative composition of all products is shown in Table
6.15.

Propylene glycol was acquired from Merck, and phosphate buffered saline (PBS) was
purchased from Sigma. Water was purified using a Millipore MILLI-Q reagent water system
and filtered through a 0.22 um nylon filter before use. All other chemicals were of analytical

grade or equivalent.
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Table 6.15 — General information and qualitative composition of the products used in the
present study. Batch age is given in months (M). The RP has an expiry date of 5 years, CPA of
3 years and CPB of 4 years. 2 — Batch age during IVRT and rheology studies; ? — Batch age during
IVPT studies.

Studied products RP TP CPA CPB
RP1:
a b
SIMBIIME Ip1:12me 4
Used RP2: 32Mm° 17MP
. a . a . a
batches RP?I;.PZﬁM TP2: 17M? CPA: 11M CPB: 11M
14Ma+1§Mb TP3: 17M?
RP5: 12M?
Excipient Function
Benzyl alcohol Preservative X X X
Cetostearyl alcohol Emulsifier X X X X
Cetyl palmitate Thickener X X X
Disodium EDTA Chelating X
agent
Methyl .
P X
parahydroxybenzoate reservative
Mineral oil EmoIIu.er.lt/ X
emulsifier
Octyldodecanol Emulsifier X X X
Polyoxyethylene Emulsifier X
stearate 40
Polysorbate 60 Emulsifier X X X
Propy| Preservative X
parahydroxybenzoate
Polyethylenglycol 400 Co-solvent X
Purified water Solvent X X X X
Sodium Hydroxide Buffering X
agent
Sorbitan Emulsifier X X X
monostearate
Vaseline Thickener X

Key: RP — Reference Product; TP — Test Product; CPA — Comparator Product A, and CPB — Comparator Product B. ? — IVRT and Rheology
studies; ® — IVPT studies.

6.2.2B Methods
6.2.2.1B Formulation production

To evaluate the discriminatory ability of the methods used to assess microstructure,
performance, and local availability, different bifonazole cream formulations were

manufactured. These included a 5 mg/g, a 20 mg/g, and a placebo cream formulation.
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Furthermore, a different rheology formulation was manufactured. Based on formulation
development studies, it was determined that a critical excipient responsible for the viscosity
profile was cetostearyl alcohol, therefore its content was reduced by half to obtain a different
microstructure formulation. For the TP, the Q1/Q2 composition of the RP was replicated (data
not shown). In the manufacturing process, both the aqueous and lipophilic phases were
prepared separately and heated to 68 + 2°C. Afterward, bifonazole was added to the dispersed
phase. Both phases were then combined and cooled to 20-25°C. All formulations were
prepared conventionally resorting to an Ultra-Turrax X 10/25 (Ystral GmbH, Dottingen,
Germany) as blending equipment. Laboratory scale batches (1 kg or 0.5 kg) were considered.
The optimal experimental settings in terms of speed, duration and temperature of the
manufacturing processes were carefully optimized during the formulation studies (data not

shown).

Similarly to Part A of the present chapter, to document the discriminatory power of the
proposed rheology, IVRT and IVPT methods, different bifonazole formulations had to be
prepared. These differences regarded product strength (placebo, 50% and 200% formulations)
and different rheology profile formulations. To manufacture the previously mentioned
formulation, the cetostearyl alcohol content has reduced to half. This excipient was herein

selected due to its impact on the product viscosity profile.

6.2.2.2B Microstructure evaluation

Comparative microstructure studies were performed in line with Part A. The conditions
developed in chapter 5 were herein applied. Briefly, rotational tests were performed with a
C35/2°/Ti cone geometry. For the flow curve [n = f(t)], a linear CS flow ramp ranging from 0.01
to a final 100 Pa was measured for 300 s. On the other hand, to assess the thixotropic
behaviour (Pa/s), a shear rate from 0.01 to 300 s and again down to 0.01 s, during 180 s
was used. In all tests, approximately 0.3 g of each formulation were used. Regarding
oscillatory measurements, a plate geometry (P35/Ti) was used and approximately 1 g of the
formulations were placed in the peltier plate. An amplitude sweep ranging from 0.01 and 500
Pa at 1 Hz was firstly conducted to estimate the linear viscoelastic region (LVR), as well as the
flow point (tf). Afterwards, a frequency sweep analysis was performed within the LVR range
to determine the storage modulus (G’) and loss modulus (G”’) from 100 to 0.1 Hz. Results are

presented for 1 Hz.
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Rheology method validation

As previously mentioned in Part A, the suitability and discriminatory capacity of the rheological
method was documented by analysing a formulation with different rheological profile. One of
the excipients which plays a central role on the bifonazole cream viscosity profile is
cetostearyl alcohol. Therefore the concentration of this excipient was reduced by half to
obtain a formulation with significantly different viscosity. The methods were considered
sensitive if the rheological endpoints obtained with the RP were higher compared to altered
formulations. On the other hand, to assess method selectivity, the 90% Cl was determined. If
the Cl between the RP and the altered rheology formulation was outside the range of 75-

133%, the selectivity of the method can be concluded.

6.2.2.3B Product performance evaluation — IVRT studies

The in vitro release profile was determined for all products in the present study and the
respective acquisition was done by the same diffusion system used in the previous chapters
of this thesis. Diffusion system qualification studies results were already presented in Chapter
4 and bifonazole IVRT conditions were already described in Chapter 5. IVRT conditions are

briefly summarized in Table 6.16.

Table 6.16 — Receptor solution, sampling times, and donor drug loading used for IVRT studies
according to product. All results report to mean + standard error of the mean (SEM) (4<n<7).

PBS-Ethanol (50:50, v/v)

Receptor phase pH=7.4

D drug loadi , . .
onor drug loading Positive displacement syringe

technique
150 mg, evenly placed over the membrane. Efforts were made to ensure a
Applied formulation reproducible and consistent formulation application procedure (not
deviating more than 5%)
Sampling times (h) 0.25,0.5,1,2,3,4,6,8,10and 24 h
Temperature 37 °C, to assure 32 °C at the membrane surface
SUPOR 450 pore size 0.45 um, Pall Corporation, USA
Membrane . . - .
The membrane was previously soaked in purified water for 30 min
Agitation 600 rpm
Equilibration period 30 min
Sampling and

300 pL
replacement volume

Performed with Parafilm® in the donor compartment, as well as in the

Occlusion .
sampling arm

The samples were subsequently analysed using validated HPLC methods, please see Appendix
A.
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The calculations reporting to the cumulative amount and percentage of drug released, in
addition to the in vitro release rate were already described in Chapters 4 and 5. According to

the European regulatory requirements, a n=12 was considered for each product.

IVRT Method validation

The methodology used for bifonazole cream IVRT validation studies was in line with the one

used in Part A of the present chapter.

6.2.2.4B IVPT using human skin

For IVPT studies, the same diffusional system was used. The experimental procedures
followed EMA draft guideline and the FDA acyclovir draft guidance (EMA, 2018b; FDA, 2016c).
According to method development studies, the following parameters were set for the IVPT
experiments. Finite dose conditions (8-12 mg/cm?) of the formulation were applied in the
donor compartment. The receptor medium was continuously stirred at 600 rpm and all
experiments were conducted in a temperature-controlled water bath to ensure a skin surface
of 32+1°C. All IVPT runs were performed under non-occlusive conditions to mimic the in-use
setting (Kamal et al., 2020). Due to the limited solubility of bifonazole, a PBS-PEG (60:40, v/v,
pH= 7.4) solution was used as the receiver medium. Samples of the receptor phase (300 ulL)
were withdrawn at 2, 20, 22, 24, 26, 28, 30, 44, 46 and 48 h. After each collection, an equal
volume of fresh-temperature-equilibrated permeation medium was added to the receptor
chamber. In afirst stage, a pilot study was performed to infer on the suitability of the purposed
method conditions. This was then followed by a pivotal study, where a larger pool of skin

donors was employed.

According to the EMA draft guideline, the 90% confidence interval (Cl) for the ratio of means
between the test and reference products should be determined for the maximal flux (Jmax)
and the cumulative amount of drug permeated at the end of the IVPT study (Atoral) (EMA,
2018b). Jmax corresponds to the maximal rate of absorption and its analogous to the
comparison of the Cmax for test and RP products in the case of plasma pharmacokinetics.
Similarly, Aroral is calculated through equation (i) and can be compared to the area under the
curve (AUC) of the incremental bifonazole permeation profile. IVPT methods should be
adequately validated by testing a formulation at 50% of the proposed product strength, in
order to register non-equivalence with the RP/TP. Furthermore, to infer on the potential
interference deeming from the biological matrix or dosage form, Franz cells containing non-

dosed skin and a placebo formulation should likewise be considered.
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Biological membrane preparation

The same skin sources and membrane preparation techniques described in Part A were herein
used. Nevertheless, a larger pool of donors was considered in bifonazole IVPT studies, please
see Table 6.17.

Table 6.17 — Human skin donor characteristics.

Study n?:r):l:;r Gender ts‘:(:; Age Anatomical region Pr;;;atl;‘a;:ion
' 1 Female Type 3 43 Abdomen HSE
SIZIJZ; 2 Female Type 2 41 Abdomen HSE
3 Female Type 2 29 Abdomen HSE
4 Female Type 3 57 Arm HSE
5 Female Type 3 55 Glute HSE
6 Female Type 2 29 Abdomen HSE
7 Female Type 2 29 Abdomen HSE
Pit"°§a' 8 Female  Type3 35 Thigh HSE
i 9 Male Type 3 56 Abdomen HSE
10 Female Type 2 41 Abdomen HSE
11 Female Type 3 37 Abdomen HSE
12 Female Type 3 39 Thigh HSE

Key: HSE — Heat Separated Epidermis.

Mass balance studies

Mass balance studies were also performed to assess the amount of drug remaining on the
donor compartment, on the skin and delivered through the skin (EMA, 2018b; Hossain et al.,
2019; OECD, 2010). At the end of the IVPT runs, the donor compartments were washed with
1 mL of acetonitrile and the respective washing solutions were collected. Afterwards, the skin
was transferred into Eppendorf® tubes and the remaining bifonazole was likewise extracted
with acetonitrile. All samples were sonicated (10 min), centrifuged at 11 740 x g for 10 min in
a Minispin®(Eppendorf Ibérica S.L., Madrid, Spain), filtered by a 0.45 pum nylon membrane and

transferred to HPLC vials for analysis.

The total recovery of drug at the end of the IVPT experiment was calculated as previously
referred in Part A. Procedure reliability was confirmed by the total active ingredient recovery
(%), which should be within the range of 100% +10% (EMA, 2018b). All IVPT as well as mass
balance samples were analysed by regulatory compliant HPLC methods, please see Appendix
A.
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6.2.2.5B Data Analysis and Statistics

The procedures described in Appendix B were followed. Example calculations are provided in

the same section.

For rheology data, the Shapiro-Wilk test (p=0.05) was first performed to evaluate if the data
followed a normal distribution. Since several endpoints did not present a normal distribution,
the 90% CI of the ratio between the TP/RP was calculated following EMA draft guideline, as
previously described (Appendix B).

6.3B Results and discussion
6.3.1B Rheology and IVRT method validation

According to the EMA guideline, evidence on the discriminatory power of the product
characterization methods should be properly justified. To this end, both rheology and IVRT
methods validation studies were carried out. Even though American and European directives
are clear on the level of validation required for IVRT studies, the same still does not occur for
rheology method validation. In an attempt to present a validation protocol directed towards
this technique, the same strategy proposed in Part A of the present chapter was herein
adapted. Method validation was performed in terms of precision, selectivity and sensitivity.
All RP formulations were considered in this analysis, as well as the negative control

formulation.

In what concerns rheological method precision, or in other words, the closeness of the
repeated individual measures, it should be noted that extremely high CV were registered in
the RP (11-512%) (EMA, 2009). However, if the individual RP batches CV% values are

considered instead, method precision can overall be supported, please see Table 6.18.
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Table 6.18 — Rheology method validation results. Rheological endpoints results pertaining to
the RP regard a n=15 sample size. For Altered rheology formulations, n=3 was considered. To
assess method selectivity, the 90% Cl of the ratio (altered rheology/RP) is presented. If the ClI

of the considered rheological endpoints surpasses 75-133% interval, selectivity can be

inferred.
Negative
Reference Product control
formulation

Rheological CV% CV% CV% CV% CV% CV%

endpoignts Mean  eral RP1 RP2 RP3 RP4 Rps Mean CV% 90% CI
no(Pa.s) 18905 13.0 13.0 3.19 0.93 0.65 7.24 9779 1.0 45.12 - 60.35
Trot (Pa) 43.3 27.3 2.44 4.15 1.02 6.61 4.47 24.2 2.7 42.46 —79.85
Ne (Pa.s) 16.2 59.1 45.3 11.6 14.8 17.6 4.23 0.041 2.868 0.13-0.89
Sr(Pa/s) 8473 63.0 35.3 18.0 6.68 16.7 16.7 8556 19 61.24 —240.64
LVR (Pa) 1037 512 6.88 4.04 8.14 4.47 13.2 420 3.0 31.47 - 56.46

T (Pa) 307 53.0 11.2 0.00 13.2 4.77 4.66 103 32 21.97 —59.07

Tosc (Pa) 25.6 24.8 10.0 7.87 23.62 10.7 5.06 27.7 19.8 81.72 —147.87

G’ — 1Hz (Pa) 828 11.0 4.00 1.00 1.00 1.00 0.13 449 2.0 48.71-60.84
G”" —1Hz (Pa) 233 23.0 10.0 10.0 2.00 9.0 9.0 115 9.0 40.17 - 63.17
Validation

parameter Acceptance criteria

Acceptance criteria: RP > Altered Rheology formulation
Sensitivity Rotational endpoints: Compliant except for Sg
Oscillatory endpoints: Compliant except for Tosc
RP # Altered Rheology formulation
Selectivity Rotational endpoints: Compliant for all endpoints
Oscillatory endpoints: Compliant for all endpoints

Key: no (Pa.s) — Zero-shear viscosity; n- (Pa.s) — Infinite shear viscosity; Toror (Pa) — Yield point obtained through rotational methods; Sk (Pa/s
— Relative thixotropic Area; To.osc (Pa) — Yield point obtained through oscillatory methods; LVR plateau (Pa) — Linear Viscoelastic Region
plateau; tr (Pa) — Flow point; G” — Storage modulus; G — Loss modulus; Sensi — Sensitivity; Green label — Compliant results.

To document the sensitivity of the method, the rheological endpoints otained with the
negative control formulation should be lower when compared to the RP. For 7 out of 9
endpoints this condition was registered, nevertheless, lack of compliance was observed for
the relative thixotropic area (Sg) and for the yield point estimated through oscillatory

endpoints (tosc).

The relative thixotropic area (Sg) derived from the thixotropic rheograms provides information
on the formulation breakdown and recovery and after the shearing process, respectively. The
Sk, also referred to as the hysteresis loop area, is generally regarded as the measure of the

thixotropy in the formulation (Ethier et al., 2019; Mezger, 2010).

As shown in Fig.6.11, all RP batches revealed a full thixotropic recovery, which is regarded as
a good stability indicator, since it reflects the capacity of the cream microstructure to fully
recover after the shear termination. The high variability herein denoted may be associated
with batch age, since the batches with more prolonged shelf life (RP1, RP2 and RP3) displayed
an inferior Sr (4492, 6290, 3269 P/s, respectively) when compared with the batches at an early
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life cycle stage (RP4 + RP5 = 12750, 15563 P/s, respectively). The thixotropic properties in this
case study appear to reflect a time dependent structure degradation, as batch age increases,
the Sg decreases, which is indicative of a weaker internal structure and a lower tolerance to

stress when compared to the “younger” batches (Ethier et al., 2019; Mezger, 2010).

The vyield point estimated through oscillatory measurements regards the minimum shear
stress that must be applied to induce material flow. In this work, this parameter was retrieved
from amplitude sweep measurements and corresponded to shear stress value in which the
LVR plateau ceased. No obvious correlation between batch age and yield point was observed.
Despite the lack of sensitivity reporting to the tosc, the remaining amplitude sweep indicators

(tr and LVR plateau) adequately documented compliance with the established criteria.

In what concerns method selectivity, it should be noted that a direct application of EMA
criteria is not possible, since (i) several rheological parameters did not follow a normal
distribution and (ii) a higher than 10% CV is registered between the different RP batches. In
this context, and similarly to the published work by Maria Pleguezuelos-Villa, a larger criterion
[75-133%] was selected for selectivity studies, as well as for equivalence studies (EMA, 2018b;
Pleguezuelos-Villa et al., 2019). To support method selectivity, statistical inequivalence
between the RP and the negative control formulation should be observed. Even though, the
calculated 90% Cl were outside the 75-133% criteria (Table 6.18) the CI of the tosc endpoint
was partially inside this range. This occurrence is in line with the previously discussed

sensitivity results.

Taking all the information into account, the rheological methods were considered fit for the
purpose of this study since an adequate precision and discriminatory power were overall

demonstrated.

IVRT method validation studies were likewise performed according to American and European
guidelines, the results are summarized in Table 6.19 (EMA, 2018b; FDA, 2016c).
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Table 6.19 — Acceptance criteria for bifonazole 10 mg/g cream IVRT method validation studies

based on regulatory requirements (EMA, 2018b; FDA, 2016c). The same RP batch was used

during IVRT validation studies.

Parameter Results Acceptance criteria Status
Membrane . .
. Bifonazole recovery: 99.63% Recovery > 95% Compliant
inertness
Linearity R%2=0.979 + 0.017 (n=36) R?>0.90 Compliant
Precision and
sion ar Run 1 (operator A): IVRR = 310 (6%) | Qf = 1258 (8%)
reproducibility,
including Run 2 (operator B): IVRR =243 (8%) | Qf =967 (7%)
Run 3 (operator B): IVRR = 326 (6%) | Qf = 1277 (6%) = '"ta-"unand inter-
operator P ) - ? N ? run variability:
variability
abili 3 RSD Qf < 15% Compliant
Intra-run variability (n=36) RSD IVRR < 15%
(IVRR data RSD IVRR = 6.75% |RSD Qf = 7.07%
repozrts to Inter-run variability (n=36)
ug/cm?/vh and RSD IVRR = 14.04% | RSD Qf = 14.10%
Qf to pg/cm?)
Selectivity n=12
Cl between different
0 0 - : o strength products P
[Data reports to 005/0 VS.Olﬁ - Cl [1405 1711?] falls outside the limits Comp iant
IVRR 1% vs. 2% = Cl = [273.29 — 329.53%] [90-111] %
(ug/cm?2/vh)] 1% vs. # CQA = Cl = [39.60 — 49.97%]
Mean IVRR of runs
n=12 with minor
Robustness temperature
Mean IVRR 37°C = 310 (6%) fluctuations should
[Data reports to not deviate more Compliant

Mean IVRR 35°C = 305 (8%)
Mean IVRR 39°C = 317 (6%)

than 15% from the

IVRR of the nominal

method parameter
settings

IVRR
(ng/cm?/vh)]

The release medium provided to be suitable according to regulatory requirements, as sink
conditions were registered. As addressed in Chapter 4, historically, ethanol based solutions
are commonly employed as a release medium in IVRT experiments due to its miscibility profile
with aqueous solutions, and overall suitability for analytical processing (Raney, 2021a). The
selection of a diffusion membrane is also a key parameter of the IVRT method. A suitable IVRT
membrane should provide an inert holding surface, but not constitute a barrier for drug
release. The membrane must display chemical compatibility with both formulation, as well as
release medium, and should not contain leachables. Furthermore, a reduced back diffusion
should be observed, in order to avoid product transformation. Membrane inertness studies

revealed that the selected SUPOR membrane fulfils these requirements.

The selection of the release medium, membrane and overall experimental setup (sampling
points, speed, temperature, amount of formulation applied) should enable the acquisition of

a linear release profile, reflecting Higuchi kinetics (Higuchi, 1961). As linearity was observed in
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every diffusion cell, it was demonstrated that steady-state kinetics conditions were achieved

with these experimental conditions (Table 6.19). Even though the guidelines recommend R2>

0.90 over the entire IVRT time range, the correlation coefficient is not a very discriminatory

parameter, therefore a higher R2 (R? > 0.97) should be registered to demonstrate adequate
linearity of release (EMA, 2018b; FDA, 2016c; Raney, 2021a).

Precision, reproducibility and operator variability studies results met the established
acceptance criteria. The maximum CV% was attained when estimating the inter-run variability
(14.10%). Although this value is still compliant with the 15% CV acceptance threshold defined
by the FDA, it should be noted that EMA criteria is far stricter only allowing a maximum of 10%
deviation (EMA, 2018b; FDA, 2016c). Variability in IVRT results may be related to air
entrapment, inability to uniformly spread the formulation upon the membrane and difficulty
in reproducing the exact amount of formulation loaded in the system (Bao and Burgess, 2018).
Nevertheless, several papers report similar CV results in IVRT precision studies (<15%)
(Mudyahoto et al., 2020). Therefore, setting a broader acceptance criterion is warranted from

both a scientific and experimental perspective.

From a regulatory point of view, it should be noted that there are slight differences in what
concerns method precision documentation, according to EMA draft guideline, ICH guidelines
and the FDA acyclovir guidance (EMA, 2018b; FDA, 2016c; ICH, 2005). By EMA guideline, IVRT
methods should present an adequate intermediate precision. For this, studies should be
conducted with the same batch product, by different operators, on different days. In this
work, these procedures were considered for validation purposes. On the other hand,
according to ICH guidelines, the method intermediate precision is a part of the precision
assessment, which also includes the documentation of the repeatability and reproducibility
(ICH, 2005). According to this guideline, intermediate precision documentation can be
sustained by submitting the method to specific variations that might occur during routine
analysis, such as days, analysts (similarly to what was previously exposed for ICH
requirements), but also including equipment variations. This rationale is also supported by the
acyclovir FDA guidance (FDA, 2016c).
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Fig.6.9 — IVRT sensitivity and specificity studies. Box and Whiskers plots of the measured
release rates/ cumulative amount released for the different strength and altered rheology

formulations. The altered rheology formulation is signaled in red.

The IVRT method discriminatory capacity was successfully documented, please see Fig.6.9 and
Table 6.19. The IVRT method sensitivity was established since the following occurrence was
registered: IVRR/Qf 0.5% bifonazole cream < IVRR/Qf 1% bifonazole cream < IVRR/Qf 2%
bifonazole cream. Furthermore, both IVRT endpoints retrieved from the different strength
formulations, presented a linear relationship (R? > 0.9) (Fig.6.9). In what concerns method
selectivity, the Cl reporting to the IVRR of the lower vs. nominal strength and higher vs.
nominal strength formulations were outside the range 90-111%; hence, the method was
considered selective to establish differences in release rates. Moreover, the supplemental
selectivity was also adequately demonstrated, as statistical inequivalence between the RP and
the altered rheology formulation was registered. These assumptions would also maintain if
the FDA criteria was used instead (75-133%) (FDA, 2016c).

The ability of the method to be unaffected by minor variations in the experimental conditions
are also supported, as the mean IVRR did not deviate more than 15% from the IVRR of the

nominal method parameter settings (Table 6.19). Therefore, the method is considered to be

robust.

6.3.2B Microstructure and product performance evaluation

After establishing suitable methodologies for both rheology/IVRT experiments, comparative
studies between the different bifonazole cream formulations were carried out. As previously
denoted in Chapter 5, this specific RP (RP1 to RP3), displayed statistically significant

rheological variability between batches. Reasons which may contribute to this variability
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might be related with the observed differences in the formulations pH, as well as globule size.
Other aspects, such as batch age may also be relevant in what concerns variability,
nevertheless, it should be noted that in this specific case, batch age was similar. In an attempt
to pursue an enhanced RP characterization, a larger pool of batches was considered, with two
extra batches being added to the analysis. An effort was made to select batches in an early

life cycle stage, when compared to the previous ones, please see Fig.6.10.

Reference Product - Initial pool of batches Reference Product - Enlarged pool of batches
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Fig.6.10 — Viscosity curves of bifonazole 10 mg/g cream reference products. All results report

to mean + SEM. Three replicates were used per batch formulation.

The added batches (RP4 and RP5) proved to have an intermediate viscosity profile when
compared to the initial sample of batches. Moreover, both formulations presented closer

viscosity behaviour, when compared to the initial products.

As described in the materials section, in this study, five RP batches, three TP batches and a
single batch of CPA and CPB were considered. Please note that CPB presented Q1 differences
(Table 6.15), whilst TP and CPA are Q1 equivalent towards the RP, moreover, TP also displays

a quantitative equivalent (Q2) composition.

In what concerns the comparative rheological analysis, the results are summarized in Fig.6.11,
and Table 6.20.
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Fig.6.11 — Rheology profile of the bifonazole 10 mg/g cream products. All results report to
mean + SEM. Three replicates were used per batch formulation. A — Viscosity curve; B —

Thixotropic behaviour; C— Amplitude sweep test; D — Frequency sweep test.

As previously denoted during rheology validation studies the viscosity curves of all
formulations displayed a zero-shear plateau followed by a shear thinning region and an
infinite shear plateau (Fig.6.11A). A variable shear stress application has been observed when
dispensing doses from a container and applying them into the skin. It should be denoted that
the container itself may cause variable shear stress on the formulation, as well as the patient
may also induce a wide range of stress upon product application. In this context, the
zero- shear viscosity is related with the ease of formulation dispensing from the container. On
the other hand, the infinite-shear viscosity pertains to the spreadability of the product to the

application site.

The overall RSD attained with the RP were higher when compared to the remaining
formulations. This was expected due to the pronounced RP inter-batch variability. The
rotational endpoints retrieved from the CPA, the qualitative equivalent formulation, were the

highest, suggesting a firmer consistency. The opposite scenario was overall observed with the
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TP, which presented the lowest rotational endpoints, thus highlighting a more fluid
consistency (Fig.6.11A). This, however, was not registered when addressing the TP oscillatory
profile, where higher values were denoted when comparing to the remaining formulations,

please see Table 6.20. The RP, on the other hand, presented intermediate rheology endpoints.

Table 6.20 — Rheological properties of all bifonazole 10 mg/g cream formulations considered
in this study. The 90% Cl for the ratio average are presented for: (i) TP/RP; (ii) CPA/RP and; (iii)
CPB/RP. (RP: n=15; TP: n=9; CPA: n=3; CPB: n=3).

Rehnedi')zigr'E? Mo (Pa.s)  Tor(Pa) | ne(Pas)  Sx(Pa/s) LVR(Pa)  t(Pa) | Tosc(Pa) C (P:)HZ G (Pal)HZ
RP1 15573 25.1 2.83 4492 870 233 19.0 955 312
Mean (RSD%)  (13.0%) = (2.44%) = (453%)  (35.3%)  (6.88%)  (11.2%)  (10.0%)  (4.00%)  (10.0%)
RP2 18933 56.1 272 6290 878 169 31.7 729 184
Mean (RSD%)  (3.19%)  (4.15%) = (11.6%)  (18.0%)  (4.04%)  (0.00%)  (7.87%)  (1.00%)  (10.0%)
RP (overall) 18905 433 16.2 8473 1037 307 256 828 233
Mean (RSD%)  (13.0%) = (27.3%) = (59.1%)  (63.0%) = (512%) = (53.0%)  (24.8%) (11.0%)  (23%)
TP 15470 188 ooy 10573 1238 371 417 1121 335
Mean (RSD%) ~ (13.0%)  (5.5%) @~ °\> (32.6%) = (42.0%) = (54.0%)  (26.5%) = (29.0%)  (31.0%)
CPA 25779 78.3 326 24877 1228 307 25.4 1034 301
Mean (RSD%)  (2.00%) = (0.60%) = (65.8%)  (8.00%)  (4.00%)  (26.0%)  (6.20%) = (1.00%)  (12.0%)
CPB 14187 44.7 150 12433 1189 160 13.1 1081 466

Mean (RSD%) = (14.0%) (0.10%) | (12.0%) = (17.0%) = (2.00%) @ (10.0%) @ (23.5%) @ (2.00%) (2.00%)
90% ClI Calculation

207.5—- 436 - 80.50 — 89.32 - 61.23 — 138.2 - 71.89 - 48.02 -
RP1vs. RPZ 240.3 2846.7 265.2 114.1 87.01 202.7 81.34 72.73
74.02 - 37.75 - 45.08 — 103.0- 92.19- 85.86 — 135.3 - 115.1 - 117.82 -
RPvs. TP 90.60 53.92 134.56 2215 146.5 168.8 198.1 150.27 169.0
RP vs. CPA 118.9 - 137.4 - 85.1— 180.4- 92.1- 67.0 - 76.7 - 1123 - 104.7 -
159.1 258.3 635.9 703.82 165.3 176.6 135.9 140.2 165.2
RP vs. CPB 73.9-76.4 103.9-111.4 ]i]_;’zl‘;;- 163.5-190.8 115.7-123.4 54.8-61.0  49.8-53.8 129.6-132.9 199.4-209.6

Key: ClI — Confidence Interval; no — Zero-shear viscosity; tror — Rotational yield point; ne - Infinite-shear viscosity; Sz — Relative thixotropic
area; LVR — Linear Viscoelastic Region; tf — flow point; Tosc — Oscillatory Yield point; G'- Storage modulus; G™ — Loss modulus; Green label —
Compliant results; Red label — Non-compliant results.

In light of the RP variability, firstly, a statistical comparison between the batches with rather
opposite rheology behaviour (RP1 vs. RP2) was carried out, see Table 6.20. The main purpose
of this analysis was to investigate whether the rheological equivalence between the RP
batches can be supported even when a more permissive acceptance criterion is considered.
Table 6.20 summarizes the results. It is important to note that a direct application of EMA
criteria — “the 90% confidence interval for the difference of means of the test and comparator
products should be contained within the acceptance criteria of +/-10% of the comparator
product mean, assuming a normal distribution of data (EMA, 2018b)” — does not apply to any
of the considered endpoints. There was a difference of more than 10% between the
rheological endpoints attained with the RP batches, and there was a lack of compliance with
the 90-111% confidence interval. Based on these results, and similarly to the published work
by Maria Pleguezuelos-Villa, a larger criterion [75-133%] was selected to assess rheological

equivalence. Nevertheless, even when considering this broader criterion, solely equivalence
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pertaining to the LVR was sustained (Table 6.20). Although borderline results were obtained
for the no, Tr and G" endpoints, the statistical analysis is consistent with the obtained
rheograms. Taking this information into account, equivalence pertaining to the rheology

profile between the RP itself cannot be inferred.

When comparing the RP vs. the TP, equivalence is not registered for any of endpoints. The
same scenario is observed with the RP vs. CPA formulation. On the other hand, for the CPB
formulation, 3 endpoints proved to be equivalent towards the RP - Txor, LVR and G. Although
this formulation is not qualitative equivalent, the rheological profile is within the RP range,

therefore it is with no surprise that some endpoints fit the 75-133% criteria.

Taking all the results into account, the comprehensive rheological analysis herein described
suggests that rheologically, none of the formulations can be categorically considered as

equivalent.

Facing the rheological variability herein registered, product performance (IVRT) was evaluated
for all products, see Fig.6.12. A careful analysis of the release profiles suggests that the impact
of these rheological differences is not perceptible, except when addressing the CPB

formulation, which corresponds to the bifonazole product with distinct qualitative

composition.
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Fig.6.12 — IVRT profiles of all bifonazole products. Results report to n=12 mean + SEM. For
the RP 5 batches were considered, for TP 3 batches, and for the comparator formulations

(CPA and CPB) solely one batch was considered.

The majority of the products exhibits overlapping release profiles, with the sole exception of

CPB, which displays lower drug release. Nevertheless, this formulation in rheological studies
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revealed an intermediate viscosity profile of those presented by the RP, please see Fig.6.12.
This fact sustains that rheological differences for bifonazole cream 10 mg/g are not indicative
of significant differences in product performance. On the other hand, differences in the
qualitative composition, especially when contemplating thickening agents, highly influenced

the release profile, thus proving the discriminatory capacity the IVRT method.

Correlation between qualitative composition and IVRT outputs was already described by
Goebel and collaborators, who investigated diclofenac diethylamine in vitro release from gel
formulations (Goebel et al., 2013). In their research, four approved generic products, with
Q1/Q2 differences and probably different manufacturing methods, were compared towards
the RP. Their results demonstrated that solely one CP, with closer Q1/Q2 profile to the RP,
revealed a similar release profile. The formulation with an additional co-emulsifier, cetostearyl
alcohol, resulted in lower drug release compared to the reference formulation (Ethier et al.,
2019; Goebel et al., 2013).

In the present study, all bifonazole products have cetostearyl alcohol as an emulsifier agent,
nevertheless CPB presented several excipients with an emollient function, namely white
vaseline and mineral oil. Moreover, this product also presented an additional emulsifier agent
— polyoxyethylene stearate 40. This excipient by contributing to an increase of the formulation
viscosity may lead to a reduced API release, and consequently to a lower IVRR (Ethier et al.,
2019; Rowe et al., 2012).

Despite these observations, compliance with the 90-111% requirement, is what is key as per

EMA draft guideline criteria.

Following the rationale presented during rheology studies, the 90% CI pertaining to the IVRR
were calculated for each RP combination, please see Table 6.21. The results clearly present
that if EMA criteria to IVRT endpoints has to be applied, several batch to batch pairwise

comparisons would fail to meet the confidence interval requirements [90-111%)].
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Table 6.21 — 90% confidence interval calculated regarding the IVRR of bifonazole for all RP
batch combinations (24 h).

IVRR (pg/cm?2/Vt) — 90% Cl (%)

RP1 RP2 RP3 RP4 RP5
RP1 97.9-112.1 93.2-112.3 97.0-113.1 102.0-117.2
RP2 | 89.2-102.2 90.4-105.5 94.5-105.8 99.6-109.2
RP3 = 89.0-107.3 94.7-110.6 93.9-111.5 98.6-115.6
RP4  88.4-103.1 94.6-105.8 89.7-106.4 98.35-110.6
RP5 = 85.4-98.2 91.5-100.4 86.5-101.4 90.4-101.7

Key: Green label — Compliant results; Red label — Non-compliant results.

Nevertheless, when pooling all 5 batches of the RP and comparing them with the CPA and TP
product performance equivalence is registered. This however, as expected, is not registered
for CPB see Table 6.22.

Table 6.22 — 90% confidence interval calculated regarding the IVRR and the total cumulative

amount of drug released pg/cm? at the end of the IVRT study (24 h).

IVRR T/R Total cumulative amount Acceptance
(ng/cm?/Vt) T/R (ng/cm?) riteria Status
90% CI 90% CI
RPvs. TP 96.3-103.2 96.6 -103.4 C
RP vs. CPA 90.7-100.3 93.7-104.2 Within 90-111% C
RP vs. CPB 41.0-45.8 42.5-47.8 NC

Key: Green label (C) — Compliant results; Red label (NC) — Non-compliant results.

Since creams are complex dosage forms that require product efficacy equivalence
demonstration, a batch of the RP as well as a batch of the TP should be selected to pursue to
IVPT studies. Even though IVRT results were satisfactory, rheological differences are known to
affect the IVPT profile. In this context, two different RP batches were selected and solely one
TP batch was selected, as TP batches presented similar rheological profiles, as well as in vitro
profiles. The RP batches selected were RP4 (high, but not “extreme” viscosity) and RP1 (low
viscosity). TP1 was selected since low RSD (%) values were attained with this batch during

IVRT/rheology studies (data not shown).

6.3.3B Product efficacy profile — IVPT kinetic studies

Following EMA guideline as well as FDA acyclovir draft guidance, product efficacy equivalence
should be sustained for topical products with a complex microstructure, such as creams. IVPT
studies are required for this purpose. The in vitro permeation profile of a formulation can be
of value in change control during product life cycle management, but its importance as a
kinetic test to demonstrate equivalence is irrefutable (Abd et al., 2016; EMA, 2018b; FDA,
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2016¢; lli¢ et al., 2021). As the stratum corneum is the primary limiting barrier to dermal

absorption, the determination of the IVPT profile using human skin closely resembles in vivo
conditions (Abd et al., 2016; Franz, 1975; Leal et al., 2017).

As previously mentioned in Part A, the timeline concerning the development of a
discriminatory IVPT method should include the performance of a pilot study to validate the
experimental conditions, followed by the pivotal IVPT experiment. The following aspects
should be closely considered when developing a suitable IVPT test: (i) human membrane
characteristics, membrane preparation techniques, skin integrity evaluation methods, and
respective acceptance criteria; (ii) choice of receptor medium, which should comply with sink
conditions. Although the use of cosolvents is discouraged by the FDA, according to the EMA,
their use may be justified given that skin integrity is not compromised. In this work due to
limited permeability of bifonazole, a PBS-PEG (60:40, v/v, pH= 7.4) solution was used as a
permeation medium. The solubility of bifonazole in this medium is 3.62 mg/mL, and the
highest concentration of the API did not exceed 1/10 of this value; (iii) selection of suitable
sampling points regimen, capable of presenting a meaningful permeation profile; (iv) selection
and description of formulation dosing techniques. IVPT studies should be performed under
finite dose conditions and a homogeneous spreading of the product over the skin should be
ensured and finally; (v) other parameters should also be verified such as the absence of
contamination and/or interferences, randomization and blinding procedures following ICH E8
criterion, validation of suitable analytical procedures for drug quantification, documentation
of APl stability over the IVPT study timeframe, as well as mass balance studies. Following IVPT
method development studies, a pilot study should be performed to further confirm the

suitability of method parameters (see Fig.6.13 and Table 6.23).
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pilot studies. All results report to mean + SEM (n=2, meaning 2 replicates per donors).
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In this preliminary assessment, skin from 3 donors was used. Two replicates were always
considered for each donor. High intra and inter donor variability was registered, as depicted
in Fig.6.13A-C. In donor 1, RP4 and TP1 showed similar permeation profiles, whilst RP1 and
the negative control formulation presented a lower bifonazole permeation into and through
the skin. In donor 2 and 3, however, the RP batches revealed a closer permeation profile, while
TP1 and the negative control formulation displayed a superior and inferior permeation,
respectively. Overall, the results of the IVPT pilot study revealed that TP1 exhibited superior
permeation, followed by the RP4, RP1 and then the negative control formulation (Fig.6.13E-
F).

Based on the pilot studies results, the following conclusions can be drawn:

= The experimental procedures adequately described the cutaneous pharmacokinetics of

bifonazole since the maximal rate of absorption is achieved, followed by a decrease.

= |VPT method sensitivity is demonstrated since according to the obtained flux profiles,
indicating that the method was able to detect changes in the permeation profile between

formulations of different strengths.

= Qverall, the mass balance results were compliant with the established criterion (Table
6.23). Nevertheless, it should be noted that meeting the 90-110% EMA acceptance criterion
can be extremely difficult due to the need to perform IVPT under finite conditions requiring
very small amounts of the formulation. Non-compliance with this requirement was
observed for donor 1 (1 replicate of RP1 and TP1, and both replicates for RP4), as well as
for donor 2 (a single replicate of RP1 and RP4).

= Regarding the skin integrity results after IVPT experiments, all membranes were checked
for leakage and none was observed. Although values of more than 20 g/m?/h were
obtained in some diffusion cells, these results were borderline and did not correspond to
higher fluxes of AroraL (numerical data not shown). In this context, the usage of PEG as a

cosolvent did not affect the integrity of skin barrier throughout the study timeframe.

Since the number of replicates and donors considered in this preliminary assessment was
relatively low and give the high inter and intra-donor variability observed, no statistical
analysis of the results was performed. Taking all data into account, overall the proposed

conditions serve the purpose to stablish pivotal study conditions.

For the pivotal studies, skin from 9 donors was used to comply with EMA guideline criteria (3
donors in pilot studies + 9 donors in pivotal studies = 12 donors). Similarly to the pilot study
design, 2 replicates were always considered. Permeation and flux profiles are presented in

Fig.6.14. Furthermore, mass balance study results are presented in Table 6.24.

250



6. TOPICAL BIOEQUIVALENCE: EXPERIMENTAL AND REGULATORY CONSIDERATIONS FOLLOWING

FORMULATION COMPLEXITY — PART B

Avora (ng/em?)
@
3
1

Wﬂ

Flux (ug/cmZ/h)

©

o
1

IS
1

N
1

R

Inax (ng/cm?/h)

-
°
1

w
1

m—

T T
0 20 40

Time (h)

RP1 RP4

TP1

T T
20 40

Time (h)

=¥ Negative control

RP1 TP1 Negative control RP4

Fig.6.14 — A: Permeation profiles for all tested formulations in pivotal IVPT studies. B: Flux

profiles attained during IVPT pivotal studies. C: Maximum flux attained during IVPT pivotal

studies. Results report to the mean + SEM calculated from duplicate sites from the same

donor. RP1 = 8 donors; RP4 =9 donors; TP = 9 donors; Negative control formulation = 4

donors. 2 replicates per donor were always considered.

251



6. TOPICAL BIOEQUIVALENCE: EXPERIMENTAL AND REGULATORY CONSIDERATIONS FOLLOWING

FORMULATION COMPLEXITY — PART B

06°L

0LV

01T
§59°¢
v6'L
L VT

9°'S¢

01T
TeT
I’&1%
0€'6

0LV

80T
1=T4
9729
EVI

0S9

(4"

09'8

o'y

6'8L
TCe
1T
9'G¢

STT

€¢L
R3S
9°€d
000
o'y

6'¢8
9¢’e
9t
0'T¢

000

[4"

oy

0z'6

€716
€6'9
oty
0T

0€'6

[40)"
Vot
0°€c
00°S
0C'6

v'ee6
(VA7
L'CE
[4=]"

0€'¢

Tt

€T

099

L0T
€L'T
9¢’S
0'T¢

6'/LT

LTS
80°S
8¢9
(01507
09°¢

T1T
L'S¢
€cc
098

06°¢C

TT

6T
0TS

S'v6
LST
90§
00°0

00°0

9'S6
7ot
8’19
99'8
0TS

TTT
8¢€°0
v0
09°S

080

(1)

9¢

or'v

80T
€01
€9'T
S8T

00'8

296
1€'L
€T'¢C
oT'¥

or'v

00T
L'SE
Sqt
(01307

000

(1)

LT

9'¢e

60T
L8T
1347
et
09°6

8'¢L
v'69
8’8
7'ST
88

aN
anN
anN
anN

anN

6

721"

086

8'€6
0¢L
6'TT
ST

01T

9’16
6°'6€
€T¢C
LTt

€T

an
anN
anN
anN

anN

6

70T

0Z'6

606
L'T¢
Shy
et

00T

€0t
€Ty
0°€c
9'v¢

[’

SOT
6G°S
S¢'e
€Vl

000

8

¢yl 69C 8/LT 000

T'0T ¥0¢ vide Tec

uol1B|NWJO} [0J1U0D dAESBN

¢0T 96S LIT €07
0/T 8TT tvi¢s 81T
6€'€  90'S 9§ €
T'¢T S8T 88T 066
06 096 OVI 00/
Tdl
TIT OTT S'€6 L'89
81T 9T1 T6T O0O7T¢
L ¢v9 | 0ST €781
9€T 90¢ 1T¢ 94T
0S¢ 09¢ 066 098
vdd
€0T 90T S'€6 TIT
a6 TLL T6l SLL
6'LL €SS O0ST [L9L
6'ST €vIl O07T¢ 099
000 OCcv 066 069
Tdd

8 L L 9

00°8

€/¢

(49"
9v’L
89’
ray’

ov'6

L'T6
[
7't
8'TT
068

€Tt
¢s’o
760
8'qT

0s'¢

9

0L9

78T

0]
I7&%1%
L OY
0wt

000

06
0'/9
8l
00'6

7LD

6°¢9
6L
9'8

0ct

069

S

06'6

000

0'06
L8T
€Ty
000

009

0°'06
€'€s
69T
000
98

€/8
8y
L'EC
[4=]"

000

S

S0¢

Tt

80T
(a7}
L0V
0¢t

0€'¢

01T
€el
LL€E9
STT
00°L

€0t
LSy
S'0¢
V'ET

049

14

8'€¢

ST

7’16
L8T
[aX4%
08°¢

08°¢

(49’
18'S
ST'Tv
6°CT
00°L

€0t
L0€
L'T€E
70T

000

14

(U/zw/8) IM3IL leutq
(Y/zw/3) IMIL ey

(%) @2uejeg sse|n
(81) upis
(8r) 3usawisedwod youoq
(4/;W/3) IMIL |euld
(4/zW/3) 1ML leru|

(%) @duejeg sse|n
(8r) uns
(8r) 3uswisedwod youoq
(4/;W/8) IM3L [eutd

(Y/zW/3) IMIL |ery|

(%) @duejeg sse|n
(81) upis
(8r) 3uswisedwod youoq
(Y/zwW/3) IMIL Jeuld

(Y/zW/3) IMIL |ey|

siouoq

‘syinsaJ Apnis |ejonld weaud 8/8w QT 9|0zeuoyiq 40} S} NSaJ dduejeq ssew pue A}uSaiul upS — v2'9 3jqel

252



6. TOPICAL BIOEQUIVALENCE: EXPERIMENTAL AND REGULATORY CONSIDERATIONS FOLLOWING

FORMULATION COMPLEXITY — PART B

L'66 V'V6
€61 L'8T
e  T0T

[4*

(4"

anN
anN

anN

1T

(49"
81
6'TT

11

aN
aN

aN

(1))

aN
aN

aN

(1))

N dN  dN dN  dN adN
N dN  dN dN  dN adN
N OdN dN  dN dN dN
Tdd
6 6 8 8 L L

"PaUIWLIDIRP JON — "A°N "S}NSa4 Juel|dwod-UON — [9ge| pay ‘synsaJ Jueldwo) — [3ge| Ud3JD A

(%) @2uejeg sse|n
(8r) upxs

(8r) 3usawisedwod youoq

N  dN  dN dN anN anN
N  dN  dN dN anN anN

N  aN dN aN anN anN

siouoq

253



6. TOPICAL BIOEQUIVALENCE: EXPERIMENTAL AND REGULATORY CONSIDERATIONS FOLLOWING
FORMULATION COMPLEXITY — PART B

As confirmed in the pilot studies, the developed method proved to be sensitive, being able to
detect changes as a function of differences in drug delivery. According to a workshop hosted
by the FDA, IVPT sensitivity studies should solely be performed during IVPT method
development, in order to shed light into the method discriminatory capacity. On the other
hand, EMA requires that IVPT method sensitivity be demonstrated during both pilot and
pivotal studies (Raney, 2021b). In fact, marked differences were denoted between the
nominal strength formulations and the negative control formulation, as the 5 mg/g cream
bifonazole formulation solely registered permeation for a single donor. Based on these results,

however, it was not possible to calculate a Cl to numerically express inequivalence.

Mass balance results were generally compliant with the established criteria (please Table
6.24), however, for some skin pieces, the extraction procedures did not meet the prescribed
values. The evaluation of drug concentration in heat-isolated epidermis samples is
challenging, due to several reasons: (i) interference coming from the biological matrix; (ii)
need for a very sensitive analytical method and; (iii) need to perform IVPT studies under finite
dose conditions. These reasons, combined with the strict 90-110% recovery criteria by EMA,

contributed to this occurrence (Demurtas et al., 2020; European Medicines Agency, 2018).

Overall, TEWL results were compliant with the 20 g/m?/h threshold. Nevertheless, some
borderline results were registered at the end of the IVPT experiment in some skin pieces.
These however, were not correlated with an enhanced permeation rate. Moreover, no leaks
were observed in the excised human membranes. Solely donor 9 tested with the RP1
formulation displayed in the beginning of the IVPT uncompliant TEWL results, which led to the

exclusion of these results.

The comparative permeation and flux profiles are presented in Fig.6.15.
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Fig.6.15 — Permeation profiles for all tested formulations in pivotal IVPT studies. B — Flux
profiles attained during IVPT pivotal studies. C — Maximum flux attained during IVPT pivotal
studies. Results report to the mean + SEM calculated from duplicate sites from the same
donor. RP1 = 8 donors; RP4 = 9 donors; TP = 9 donors; Negative control formulation =4

donors. Two replicates per donor were always considered.

Fig.6.15A shows that the permeation profile of RP1 resembles the one attained with TP1,

nevertheless differences between the RP batches are evident.

Despite the IVRT profiles of these two RP batches are equivalent according to FDA standards
(Table 6.10), their rheological behaviour was statistically different, with RP1 exhibiting a more
fluid behaviour when compared to RP4 (Fig.6.15). For this reason, the viscosity profile of RP1
was more similar to that of the TP. These rheological differences may have played a role in the
permeation profile, as the RP batch with more structured consistency (RP4) displayed lower

permeation when compared to the less viscous one (RP1).

The statistical analysis of the IVPT pivotal test is summarized in Table 6.25. As IVPT data does
not follow a normal distribution, they should be log transformed prior to any calculation. Two
statistical approaches were considered to analyze the permeation results: the EMA and the
FDA. Both approaches advise a paired comparison, in which the differences between the TP

and RP, in permeation endpoints, should be individually calculated for each donor.

In the European approach, the variability within subjects is calculated as the difference
between each individual T-R and arithmetic mean of the two replicates per donor, per
formulation. On the other hand, the FDA follows a scaled average bioequivalence approach
(SABE). A SABE analysis attempts to standardize the difference due to the observed variability
in the reference product. To be applicable, the within-subject standard deviation (Swr),
calculated for each IVPT endpoint attained with the RP formulation, should be higher than
0.294 (FDA, 2016c; Pensado et al., 2019). According to this approach, bioequivalence can then
be inferred if the geometric mean ratio (GMR) falls within the range [0.8, 1.25] for the selected

bioequivalence margin and if the upper bound of the 90% confidence interval (SClus) for the
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quantity, (4t — Hr)?>— 0?wr (In(1.25)/0.25)?, is less than or equal to zero. pr and pr regard the
population means of the test and reference products, respectively, and o?wr refers to the
reference population variance (Pensado et al., 2019). The calculations pertaining to the AtoraL

parameter between RP1 and TP1 can be found in Appendix B.

Table 6.25 — 90% confidence interval calculated for Juax (ng/cm?/h) and AroraL (ug/cm?) at the
end of the permeation experiment (48 h) for bifonazole cream formulations following EMA

and FDA approaches.

Jmax (ng/cm?/h) Status Arota (ug/cm?) Status Acceptance criteria
Approach Pairwise
used comparison
RP1vs TP1 69.15-98.38 NC 78.06 —113.55 C
EMA RP4 vs TP1 128.15-221.97 NC  179.01-286.86 NC 90% CI [69.84 —
143.19]
RP1 vs RP4 38.43-73.57 NC 31.07-57.25 NC
SWR = 1091 SWR = 0779
RP1vs TP1 SClys=-0.2403 C SClyg=-0.1763 C
GMR =0.8248 GMR = 0.9414
SWR= 1.012 SWR= 0.899
SClyg< 0
FDA RP4 vs TP1 SClyg=-0.3566 NC SClyg=0.4744 NC GMR € [0.8 — 1.25]
GMR = 1.6866 GMR =2.2660 ' '
Swr=1.078 Swr=0.925
RP1 vs RP4 SClyg=1.9888 NC SClyg=2.5677 NC
GMR =0.4512 GMR =0.3919

Key: Jvax — Maximal flux; Arora. — Cumulative drug amount permeated at the end of the IVPT study. RP4 vs TP1 = 9 donors; RP1 vs RP4 = 8
donors. In the EMA approach the 90% Cl were calculated based on the geometric mean of the duplicate values obtained per donor. In the
FDA approach: SClus — upper bound of the 90% confidence interval; ArotaL and Juax are reported as the anti-logarithm of the arithmetic mean
(lower-upper 90% confidence interval) of the natural log-transformed values; Green label — Compliant results; Red label — Non-compliant
results.

According to EMA, a wider 90% confidence interval, up to a maximum of 69.84 — 143.19, may
be accepted when high variability is observed with low strength and limited diffusion drug
products. In this context, according to Table 6.25, compliance is registered with the AroraL
endpoint in the RP1 vs. TP1 pairwise combination. Nevertheless, a borderline, but still
uncompliant result is attained for Jmax in the same products. All the remaining product
comparisons failed to document bioequivalence, even the one portraying the different RP
batches. Therefore, according to the European criteria, none of the products permeation
profile can be regarded as bioequivalent. This scenario is slightly different when addressing
the FDA approach, where RP1 vs.TP1 can be considered as bioequivalent, but RP4 vs. TP1 and

RP1 vs. RP4 continue to present inequivalent results.

According to these results, the selection of RP batches is not irrelevant, especially whenever
involved in a topical generic product R&D program aiming at an abridged bioequivalence

demonstration. Furthermore, the statistical approach to follow is also of outmost importance.
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6.4B Concluding Remarks

In this work, we have investigated both the experimental procedures and regulatory
mechanisms underlying the bioequivalence assessment of bifonazole 10 mg/g cream

formulations.

According to European and American regulatory agencies, semisolid dosage forms that exhibit
a complex microstructure, such as creams, should present Q1-Q4 equivalence, in addition to
local availability assessment. In order to comprehensively address several scenarios that may
occur in daily practice, an initial sample of RP batches was considered, together with a Q1/Q2
formulation (TP), a Q1 formulation (CPA), and finally, a bifonazole cream formulation with
Q1/Q2 differences (CPB).

The product microstructure was evaluated in rheological studies. Given the high inter-batch
RP variability, the initial pool of RP batches was expanded to obtain a detailed rheological
characterization of the product at different lifecycle stages. In this analysis, the equivalence
reporting to the RP itself failed to be supported. Not surprisingly, the rheology profiles
between the RP and the other products were also not equivalent. The high variability
registered in the rheological studies motivated the determination of the release profile for all
formulations. Interestingly, the product performance showed equivalent results between the
RP and the formulation with the same qualitative composition (TP and CPA). Nevertheless, it
should be noted that equivalence was not generally supported when comparing RP batches,

according to the EMA requirements.

Enlarging the RP batch pool was then a critical step in establishing equivalence of product
performance. Given the results obtained, IVPT studies were carried out using two RP batches
with opposite rheological profiles along with TP, since this formulation exhibited Q1 and Q2
sameness. The IVPT results were then analysed according to two statistical approaches — EMA
and FDA. Equivalence was registered for RP1 vs. TP1 as per FDA requirements. Nevertheless,
equivalence for RP4 vs. TP1 and RP1 vs. RP4 failed to be supported. This highlights that the
selection of RP batches for this specific case study is a critical step in documenting
bioequivalence of TGP. IVPT equivalence according to the EMA approach was not documented
for any of the product comparisons considered. Because the FDA approach accounts for both

RP and donor variability, it is more appropriate for IVPT data.

Considering all results, the strategy used here adequately supported bioequivalence.
However, depending on the pharmacotherapeutic class of the drug and the complexity of the

formulation, this stepwise protocol may not entirely fit all products. Envisioning an enhanced
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equivalence assessment, efficacy model-based approaches that reflect the clinical outcomes

of the products studied, in this particular case for antifungal activity, could be useful.

6.5 Highlights

Documenting the EPE of TGP is a cornerstone in EMA draft guideline. If
equivalence fails to register, RP variability should be evaluated since semisolid
dosage forms, especially those that regard multiphasic systems, exhibit intrinsic
variability. To better characterize the RP, enlarging the pool of batches can be a
reliable strategy.

For the selected case studies — bifonazole cream and diclofenac emulgel —
documenting local availability equivalence using EMA equivalence criteria was not
possible. Nevertheless, a different scenario was observed when applying the SABE
approach which is recommended by the FDA. For both products the within-
subject standard deviation was higher than 0.294, which classifies the products as
highly variable. For bifonazole products equivalence could be successfully
following the SABE approach. On the contrary, for diclofenac products
equivalence failed to register even when addressing the criteria by both agencies.

The diclofenac TP used in this study displays an equivalent pharmacokinetic
profile towards the RP. Therefore, the observed differences in Q3, Q4 and local
availability parameters are not expected to translate into clinically significant
differences.
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7.1 Conclusions

In this section, a general overview of the main results is given, together with the main

conclusions. Finally, appropriate suggestions for future work are recommended.

Topically applied dosage forms, commonly developed to exert a local action, have been used
throughout history for cosmetic and therapeutic purposes. Indeed, they are one of the oldest
medicinal dosage forms known to human civilization. Their straightforward administration
strengthens patient compliance, besides offering significant therapeutic benefits without
systemic side effects. As described in Chapter 5, the dermatological drug delivery market is
expected to register a compound annual growth rate of 7% between 2019 and 2024. Despite
this performance, innovation in topical drug formulations for skin diseased lagged behind
other pharmaceutical product classes. In fact, the regulatory mechanisms underlying the
development and approval of topical generic products are complex. As outlined in the
introductory chapter, there are several motives that are immediately apparent. However, in

our perspective, there are two key aspects that are of critical importance:

= As the skin is the target site of most topical semisolid formulations, undetectable or
extremely low amounts of drug can be measured systemically. In this context, it is highly
understandable that the gold standard method for establishing bioequivalence of TGP
significantly relied on comparative clinical studies, in which the efficacy of the test product
is documented if i) it demonstrates superior performance to placebo and ii) if an equivalent
efficacy profile to that of RP is achieved. Nonetheless, the clinical response to topical drugs
is highly dependent on (patho) physiological factors and product application procedures.
Furthermore, the excipients in topical formulations may exert a pharmacological action
themselves. All these factors impair the comparative assessment of the clinical profile of a
TP towards a RP.
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= Multiphasic systems, such as creams, can be considered as highly complex dosage forms,
since their quality attributes present a myriad of interdependencies. These are affected by
the chemical characteristics of both API and excipients, by the physicochemical properties
of the formulation, and also by the manufacturing process itself. All these parameters
ultimately influence product performance. Under these circumstances, managing product

variability is quite challenging.

In an attempt to stimulate the increase of topical generic options in the market, but at the
same time to circumvent the previously appointed singularities, the regulatory
recommendations concerning TGP development and approval undergone several noteworthy
amendments. As reviewed in this thesis, these have been promoted by a broad range of
multidisciplinary initiatives, such as the Strawman decision tree, the topical classification
system, as well as by multiple FDA and EUFEPS workshops. The main documents reflecting the
efforts of all these meetings are the FDA non-binding product specific draft guidelines, as well

as the EMA draft guideline on quality and equivalence of topical products.

Although these guidelines are primarily aimed at promoting the acceptance of in vitro/in vivo
surrogate methods for topical bioequivalence assessment, there are considerable differences
between the recommendations from both agencies. The FDA considers product specificity,
while EMA only provides general recommendations that should be adopted on a case-by-case
basis. Despite the scope of the EMA, rather strict criteria are established that do not take into
account the intrinsic variability characteristics of topical products. This aspect deeply

conditions a successful translation of document per se into practice.

Against this background, the objective of this thesis was to provide a comprehensive insight
into the implications of the intended regulatory directives. Nevertheless, since there are
countless particularities and consequently numerous challenges at all stages of the current
topical BE establishment, the work herein presented specifically aimed to provide a
framework addressing the development and validation of rheological, IVRT and IVPT methods.
Additionally, an effort was made to propose solutions able to circumvent some of the

observed regulatory constraints.
Specifically and in summary, the main achievements of this thesis are:

Proposal of a practical approach to develop and validate the acquisition of the rheological

profile of a semisolid dosage form (Chapter 3).

As part of this approach, rheometer qualification studies procedures were carried out,

alongside with the definition of critical operational parameters, carefully selected through a
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risk assessment analysis, as well as identification of suitable critical analytical attributes.
Furthermore, the importance of an adequate documentation of the rheological method
precision, selectivity and sensitivity is overall demonstrated. Our results indicate that
geometry configuration, sample application mode and temperature are critical method
variables that should be carefully optimized during rheology pilot studies. For the selected
model formulation — a hydrocortisone cream — the rheological endpoints that proved to have
an enhanced discriminatory capacity pertained to the thixotropic relative area, oscillatory
yield point, flow point, as well as viscosity related endpoints. Nevertheless, it is important to

fine tune the most suitable endpoints according to formulation technological features.

Within this framework, an actual case study is presented to document the rheological
equivalence between a RP and a TP. This example clearly demonstrates the difficulties in
directly applying the EMA acceptance criteria to rheological quantitative quality

characteristics.

Application of aQbD principles in the development of an IVRT test (Chapter 4).

After the establishment of an analytical target profile through a risk assessment analysis, the
critical analytical attributes (in vitro release rate, cumulative amount released at initial/final
time point and dose depletion) and critical method variables (receptor medium, membrane
and dose regimen) were identified. Based on the results of a 3x2x3 factorial design, Tuffryn
membranes, PBS:Ethanol release medium (80:20, v/v), and a dose of 300 mg were found to
be suitable parameters for establishing the release profile without compromising the
discriminatory capacity of the method. These optimal conditions were then adopted during
validation studies, which attempted to meet all regulatory requirements (membrane

inertness, linearity, precision, robustness and discriminatory power evaluation).

By considering an aQbD approach, the time and cost associated with IVRT method
development can be minimized; in addition, it offers a robust and regulatory-oriented
platform for method development. The absence of IVRT method development protocols often
impairs TGP submissions; consequently, this approach can be a reliable strategy to overcome

such deficiencies.

In order to carry out the experimental work based on the EMA draft guideline criteria, a critical
and reflected appraisal of this document had to be held. This analysis revealed that setting
criteria for a 90-111% confidence interval, a 10% variation coefficient, and achieving a 70%
release may not be practical for many topical drug products. Moreover, the inclusion of the

IVRR as a product CQA requires the performance on a daily routine basis of IVRT tests, which
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might prove to be too demanding for generic manufacturers. These observations formed the

basis for the study design presented in Chapter 5.

Characterization of topical products batch-to-batch variability (Chapter 5).

Although both manufacturers and regulators actively strive for negligible batch-to-batch
differences, there are still products where batch variability is strongly perceived. In this
chapter, a panel of 8 reference blockbuster semisolid topical products, with three batches
each, was characterized in terms of globule size, pH, rheological attributes and in vitro

performance.

According to EMA criteria, all investigated RPs revealed marked batch-to-batch differences,
which a priori compromises the documentation of extended pharmaceutical equivalence.
Based on the observed results, there is an evident need to establish reasonable microstructure
sameness criteria, which account the intrinsic variability of the RP being studied. Expanding
the criteria for statistical acceptability of Q3/Q4 endpoints for highly variable products is a key

point for successful implementation of the EMA draft guideline in practice.

Bioequivalence assessment flowchart proposal (chapter 6).

This chapter attempts to draw attention to an effective iterative search to determine the most
appropriate strategy for evaluating topical bioequivalence on a case-by-case basis. For this
purpose, three case studies were considered — dimethindene maleate 1 mg/g gel, bifonazole
10 mg/g cream and a diclofenac 20 mg/g emulgel, in an attempt to address a wide range of
formulations with distinctive technological features, as well as targeting sites. The RPs for
these formulations were compared with commercially available generic/comparator products
or alternatively with test products. All methods used in this chapter were validated according

to the rationales described in Chapters 3 and 4.

The dimethindene formulation embodied a simple formulation. Despite equivalence
pertaining to Q4 was established, high variability was observed for some rheology endpoints,
especially for the different RP batches. Therefore, equivalence could not be established for Q3
as per EMA requirements. In this context, it is important to determine if there are some
rheology endpoints that can be waived, and if there is a possibility to establish reasonable
criteria that are overall feasible for generic manufacturers and at the same time safe for the

patient.

The bifonazole cream is a biphasic semisolid system with higher technological complexity,

when compared to the dimetindene formulation. As greater rheological variability was
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observed in the RP, the initial pool of RP batches was strategically enlarged to enable a more
detailed characterization. Nevertheless, the actual impact of these rheological differences on
product performance appeared to be negligible, as the IVRT comparative results (RP vs. TP)
successfully determined Q4. Product efficacy studies were then conducted and the resulting
data evaluated according to the EMA and FDA approaches. Even though the products were
considered equivalent when applying the FDA scaled average bioequivalence assessment

(SABE) criteria, the same scenario was not found when the EMA guideline was applied.

Finally, for the diclofenac formulation, a highly complex product, equivalence pertaining to
rheology was not established. In terms of product performance, equivalence was only found
for some batch combinations and when a broader acceptance criterion (75-133%) was
applied. The IVPT studies also failed to demonstrate equivalence. Nevertheless, since the
generic product used in the present study displayed an equivalent pharmacokinetic profile to
the RP, the observed differences in Q3, Q4 and local availability parameters are not expected

to translate into clinically significant differences.

The strategy herein considered can be summarized in the next decisional flowchart, please

see Fig.7.1.
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For simple formulations that predominantly target the skin surface, such as the dimetindene
maleate 1 mg/g gel formulation, BE can be sustained by establishing Q1, Q2, Q3 and Q4
equivalence. If equivalence cannot be registered in terms of microstructure or performance
parameters, RP variability should be adequately characterized to establish an adequate

number of batches, as well as reasonable acceptance criteria.

Regarding more complex formulations, such as creams or emulgels, the same procedure must
be applied. Nevertheless, for these products, equivalence regarding product efficacy must also
be sustained. For that, IVPT studies should be performed. If equivalence is not registered, the
variability of the RP should be determined by evaluating if Swr>0.294. Under these
circumstances, the pool of batches may be increased. The strategy herein employed properly
supported bioequivalence for the bifonazole cream formulation. However, depending on the
pharmacotherapeutic class of the drug, as well as formulation complexity, this stepwise
protocol may not entirely fit all products, as portrayed in the diclofenac emulgel case study.
Envisioning an enhanced equivalence assessment, efficacy model based approaches reflecting

the clinical outcomes of the studied products, may be of value.

Overall, in our opinion, to be able to consider a biowaiver from clinical endpoint studies for
topical generic products, further work and discussion with EMA are required. The document
in its current form does not take into account the intrinsic variability of these products, since
the statistical criteria regarding microstructure, performance and efficacy parameters fail to
register even when only addressing the RP. In this work, we intended to develop a general
framework that aims to surpass some of the limitations of the draft guideline. This approach
should be extended to other topical products and lay the foundation for validation procedures
needed to ensure the appropriate selection of product-specific bioequivalence assessment

protocols.

7.2 Future work

The studies performed in the present thesis provided new insights into the field of topical
bioequivalence, and as might be expected, each conclusion laid the groundwork for
addressing new challenges. Furthermore, the state-of-the-art workshops hosted by the FDA
in the past year, have been systematically emphasizing the regulatory need to propose
development and validation strategies addressing all methods involved in Q3- local availability
equivalence demonstrations. Altogether, the knowledge gathered throughout this thesis
raised even more questions. The next paragraphs attempt to summarize the main areas where

further research would be valuable.
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Development of methods to determine particle size and particle size distribution and

respective validation procedures.

Monitoring the particle size in semisolid formulations may be extremely challenging. As
previously explained throughout Chapter 4, image analysis by manual microscopy is the most
direct method for assessing particle size and morphology due to the very limited sample
preparation procedures. Nevertheless, in this thesis, no formal development and validation
strategies concerning microscope-based technique specially tailored for topical products were
explored. Due to increasing regulatory pressure to include this parameter as part of the quality
specification for stability, as well as a CQA for formulation, the development of suitable
validation procedures is a point of concern that frequently impairs topical generic drugs
submission and approval procedures. Even though the FDA guidance “Technical Performance
Assessment of Digital Pathology Whole Slide Imaging Devices” provides some insight, more
direct procedures specific to topical products are needed. Moreover, due to the extremely
laborious nature of this technique, it would be useful to explore surrogate methods such as
the automated microscopy and imaging of topical products, as this technique would largely

reduce operator variability and considerably improve statistical robustness.

Development of methods concerning evaluation of the drug physical state within the

formulation and respective validation procedures.

As discussed in Chapter 4, the APl may be in solid or dissolved state, or both, depending on
drug solubility. For complex semisolid products containing suspended actives, such as the
acyclovir formulation studied in the above mentioned chapter, the ratio of dissolved to
suspended API is expected to influence skin permeation, especially for products applied to
diseased skin. Furthermore, suspended actives and emulsion globules are both prone to
change over the shelf life of the product, thus conditioning the stability profile. Even though
no permeation experiments with this product were performed, we were able to conclude that
the API appeared to be essentially dissolved into the lipid matrix as demonstrated by DSC
experiments, although rectangular drug crystals were observed microscopically. For this
product, statistical differences regarding particle/droplet size had an impact on the release
profile, while these did not seem to affect the rheology profile. It is important to further
investigate the relationships between drug crystallization — viscosity profile — release and
permeation mechanisms. Furthermore, it would be beneficial to evaluate these parameters
together at the different lifecycle stages of the product. As documented in the bifonazole

cream rheological studies, the microstructure of a topical product is prone to change during
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its shelf-life. Therefore, further studies are needed to document the actual impact of these

differences on the efficacy profile of the product.

Similar to particle size analysis, the development of a validation strategy concerning the DSC
analysis were not implemented in this thesis. In the future, it would be of value to
simultaneously present the thermograms of the placebo (negative control), as well as those
of a sample with the drug crystalized in a formulation vehicle (positive control), in addition to
the pure drug. Moreover, the presentation of alternative methods, such as thermogravimetric
analysis and X-ray powder diffraction and X-ray diffraction microscopy, to complement the
DSC analysis would be useful to provide a more detailed characterization of the API physical

state.

As addressed in chapter 2, the API physical state within the formulation is closely linked with
product metamorphosis, an event highlighted in the EMA draft guideline. The lack of
clarification of the methods required to characterize this phenomenon is a major obstacle for
manufacturers of topical generic products. It is important to investigate the CQA of the
formulation affecting the product transformation and to find the most useful tools to
characterize these CQA throughout the event, in order to study the actual impact on product
performance and product efficacy according to the drug saturation degree. For all the above

mentioned reasons, more research in this field is highly needed.

Development and validation of pharmacodynamic assays to evaluate product efficacy

As documented in Chapter 6, the 80-125% Cl criterion is very difficult to achieve in IVPT studies
in many circumstances, even when only different batches of RP are studied. The reasons that
explain the observed variability have been extensively discussed in the above mentioned
chapter. Nevertheless, under these factual circumstances and given the unwillingness of the
regulatory authorities, at least in the near future, to allow a wider acceptance criteria, it would
be of great interest to propose and develop pharmacodynamic tests capable of characterizing
efficacy profile of products. These would provide an alternative, complementary and product-
specific approach to assessing therapeutic efficacy of bioequivalence. Several interesting
examples, specially tailored to topical antifungals, such as the TurChub, ChubTur, TurSh and
RoMar in vitro models, have proven useful for this application. As detailed in the introductory
chapter, spectrophotometric methods such as the near-infrared offers appealing research

opportunities in this field.
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Development and validation of computational tests to evaluate topical bioequivalence

Recently, the FDA accepted a virtual bioequivalence assessment of a diclofenac sodium topical
gel (1%). Although this study was accepted alongside with Q1, Q2, and Q3 similarity
documentation to the reference product, as well as an in vivo bioequivalence study with
pharmacokinetic endpoints, the importance of computational studies is expected to increase
in the upcoming years. This case study, by proposing good practices for model verification and
validation, when intending a physiologically-based pharmacokinetic modelling simulation, is

highly relevant under a regulatory point of view.

To conclude, as science and regulatory policy do not exist in vacuum, every stakeholder —
academia, industry and regulatory agencies — have a role to play. In general, this thesis
contributes to a broader comprehension of the regulatory limitations that still have to be

addressed when establishing bioequivalence of topical generic products.

268



REFERENCES

fajerences

Abd, E., Yousef, S.A., Pastore, M.N., Telaprolu, K., Mohammed, Y.H., Namjoshi, S., Grice,
J.E., Roberts, M.S., 2016. Skin models for the testing of transdermal drugs. Clin.
Pharmacol. Adv. Appl. 8, 163-176. https://doi.org/10.2147/CPAA.S64788

Aho, J., Hvidt, S., Baldursdottir, S., 2016. Rheology in Pharmaceutical Sciences, in: Springer
(Ed.), . Springer, New York, NY, p. 752. https://doi.org/10.1007/978-1-4939-4029-5 23

Al-Ghabeish, M., Xu, X., Krishnaiah, Y.S.R., Rahman, Z., Yang, Y., Khan, M.A., 2015.
Influence of drug loading and type of ointment base on the in vitro performance of
acyclovir ophthalmic ointment. Int. J. Pharm. 495, 783-791.
https://doi.org/10.1016/j.ijpharm.2015.08.096

Almeida, 1., Costa, P., 2016. Tissue-based in vitro and ex vivo models for dermal permeability
studies, in: Sarmento, B. (Ed.), Conceps and Models for Drug Permeability Studies.
Cambridge, pp. 325-356.

Althaus, M.A., Berthet, P., 1992. Dimethindene maleate (Fenistil Gel) in the control of itching
due to insect bites and sunburns. Agents Actions 36, 425-427.
https://doi.org/10.1007/BF01997391

Au, W.L., Skinner, M., Kanfer, I., 2010. Comparison of tape stripping with the human skin
blanching assay for the bioequivalence assessment of topical clobetasol propionate
formulations. J. Pharm. Pharm. Sci. 13, 11-20.
https://doi.org/https://doi.org/10.18433/J3CO1R

Baert, B., Boonen, J., Burvenich, C., Roche, N., Stillaert, F., Blondeel, P., Van Boxclaer, J., De
Spiegeleer, B., 2010. A new discriminative criterion for the development of Franz
diffusion tests for transdermal pharmaceuticals. J. Pharm. Pharm. Sci. 13, 218-230.

Bao, Q., Burgess, D.J., 2018. Perspectives on Physicochemical and In Vitro Profiling of
Ophthalmic Ointments. Pharm. Res. 35. https://doi.org/10.1007/s11095-018-2513-3

Bao, Q., Morales-Acosta, M.D., Burgess, D.J., 2020. Physicochemical attributes of white
petrolatum from various sources used for ophthalmic ointment formulations. Int. J. Pharm.
583, 119381. https://doi.org/10.1016/j.ijpharm.2020.119381

Bao, Q., Shen, J., Jog, R., Zhang, C., Newman, B., Wang, Y., Choi, S., Burgess, D.J., 2017. In
vitro release testing method development for ophthalmic ointments. Int. J. Pharm. 526,
145-156. https://doi.org/10.1016/j.ijpharm.2017.04.075

Barradas, T.N., Senna, J.P., Cardoso, S.A., Nicoli, S., Padula, C., Santi, P., Rossi, F., de
Holanda e Silva, K.G., Mansur, C.R.E., 2016. Hydrogel-thickened nanoemulsions based
on essential oils for topical delivery of psoralen: Permeation and stability studies. Eur. J.
Pharm. Biopharm. https://doi.org/10.1016/j.ejpb.2016.11.018

Basso, J., Mendes, M., Cova, T.F.G.G., Sousa, J.J., Pais, A.A.C.C., Vitorino, C., 2018.
Analytical Quality by Design (AQbD) as a multiaddressable platform for co-encapsulating

269



REFERENCES

drug assays. Anal. Methods. https://doi.org/10.1039/C8AY01695J]

Batheja, P., Sheihet, L., Kohn, J., Singer, A.J., Michniak-Kohn, B., 2011. Topical drug delivery
by a polymeric nanosphere gel: Formulation optimization and in vitro and in vivo skin
distribution studies. J. Control. Release 149, 159-167.
https://doi.org/10.1016/j.jconrel.2010.10.005

Benson, H.A.E., Watkinson, A.C., 2012. Topical and transdermal drug delivery: Principles and
practice. John Wiley & Sons.

Binder, L., Mazal, J., Petz, R., Klang, V., Valenta, C., 2019. The role of viscosity on skin
penetration from cellulose ether-based hydrogels. Ski. Res. Technol. 1-10.
https://doi.org/10.1111/srt.12709

Boix-Montanes, A., 2011. Relevance of equivalence assessment of topical products based on
the dermatopharmacokinetics approach. Eur. J. Pharm. Sci. 42, 173-179.
https://doi.org/10.1016/j.ejps.2010.11.003

Bostijn, N., Van Renterghem, J., Vanbillemont, B., Dhondt, W., Vervaet, C., De Beer, T., 2019.
Continuous manufacturing of a pharmaceutical cream: Investigating continuous powder
dispersing and residence time distribution (RTD). Eur. J. Pharm. Sci. 132, 106-117.
https://doi.org/10.1016/j.ejps.2019.02.036

Bou-Chacra, N., Melo, K.J.C., Morales, 1.A.C., Stippler, E.S., Kesisoglou, F., Yazdanian, M.,
Ldbenberg, R., 2017. Evolution of Choice of Solubility and Dissolution Media After Two
Decades of Biopharmaceutical Classification System. AAPS J. 19, 989-1001.
https://doi.org/10.1208/s12248-017-0085-5

Braddy, A.C., Davit, B.M., Stier, E.M., Conner, D.P., 2015. Survey of International Regulatory
Bioequivalence Recommendations for Approval of Generic Topical Dermatological Drug
Products. AAPS journalAaps J. 17, 121-133. https://doi.org/10.1208/s12248-014-9679-3

Brain, K.R., Walters, K.A., Watkinson, A.C., Walters, K.A., Watkinson, A.C., 2002. Methods
for Studying Percutaneous Absorption 215-288. https://doi.org/10.1201/9780824743239-
8

Bunge, A.L., 2017. Improved stratum corneum sampling in vivo delivers added value for
topical bioequivalence assessment, in: FDA Workshop on Bioequivalence Testing of
Topical Drug Products. Maryland.

Carrer, V., Guzman, B., Marti, M., Alonso, C., Coderch, L., 2018. Lanolin-based synthetic
membranes as percutaneous absorption models for transdermal drug delivery.
Pharmaceutics 10. https://doi.org/10.3390/pharmaceutics10030073

Carrigo, C., Pinto, P., Graca, A., Gongalves, L.M., Ribeiro, H.M., Marto, J., 2019. Design and
characterization of a new quercus suber-based pickering emulsion for topical application.
Pharmaceutics 11. https://doi.org/10.3390/pharmaceutics11030131

Caspers, P.J., Lucassen, G.W., Carter, E.A., Bruining, H.A., Puppels, G.J., 2001. In vivo
confocal raman microspectroscopy of the skin: Noninvasive determination of molecular
concentration profiles. J. Invest. Dermatol. 116, 434-442. https://doi.org/10.1046/j.1523-
1747.2001.01258.x

CDER, 1994. Validation of Chromatographic Methods [WWW Document]. URL
https://www.farm.ucl.ac.be/tpao/portail_stat/cours_stat/des_indu/validation/documents_v
alid/cmc3.pdf (accessed 12.23.21).

Chanamai, R., McClements, D.J., 2000. Dependence of creaming and rheology of
monodisperse oil-in-water emulsions on droplet size and concentration. Colloids Surfaces
A Physicochem. Eng. Asp. 172, 79-86. https://doi.org/10.1016/S0927-7757(00)00551-3

Chang, R.-K., Raw, A., Lionberger, R., Yu, L., 2013a. Generic development of topical
dermatologic products, Part 11 quality by design for topical semisolid products. AAPS J.
15, 674-83. https://doi.org/10.1208/s12248-013-9472-8

Chang, R.-K., Raw, A., Lionberger, R., Yu, L.X., 2013b. Generic development of topical

270



REFERENCES

dermatologic products: formulation development, process development, and testing of
topical dermatologic products. AAPS J. 15, 41-52. https://doi.org/10.1208/s12248-012-
9411-0

Chemaxon,  2019. Chemaxon -  Diclofenac [WWW  Document].  URL
https://chemaxon.com/products/marvin (accessed 23.12.2021)

Chen, M.L., Shah, V.P., Crommelin, D.J., Shargel, L., Bashaw, D., Bhatti, M., Blume, H.,
Dressman, J., Ducharme, M., Fackler, P., Hyslop, T., Lutter, L., Morais, J., Ormsby, E.,
Thomas, S., Tsang, Y.C., Velagapudi, R., Yu, L.X., 2011. Harmonization of Regulatory
Approaches for Evaluating Therapeutic Equivalence and Interchangeability of
Multisource Drug Products: Workshop summary report. Eur. J. Pharm. Sci. 44, 506-513.
https://doi.org/10.1016/j.ejps.2011.09.010

Chhabra, R.P., Richardson, J.F., 2008. Non-newtonian flow and applied rheology, Non-
Newtonian Flow and Applied Rheology. Elsevier Ltd. https://doi.org/10.1016/B978-0-
7506-8532-0.X0001-7

Ciolan, D.F., Minea, A., Lupuleasa, D., Stanescu, A.A., Nicoard, A.C., Radulescu, F. Stefan,
Miron, D.S., 2015. Correlated evaluations of in vitro release profiles and structural
parameters for topical semisolid dosage forms containing metronidazole. Stud. Univ.
Vasile Goldis Arad, Ser. Stiint. Vietii 25, 145-150.

Clares-Naveros, B., Sufier-Carb6, J., Calpena-Campmany, A., Rodriguez-Lagunas, M.,
Halbaut-Bellowa, L., Zamarbide-Losada, J., Boix-Montafiés, A., Barbolini, E., 2019.
Biopharmaceutical Development of a Bifonazole Multiple Emulsion for Enhanced
Epidermal Delivery. Pharmaceutics 11, 66.
https://doi.org/10.3390/pharmaceutics11020066

Conover, W.J., 1999. Practical nonparametric statistics. Wiley, New York.

Cordery, S.F., Pensado, A., Chiu, W.S., Shehab, M.Z., Bunge, A.L., Delgado-Charro, M.B.,
Guy, R.H., 2017. Topical bioavailability of diclofenac from locally-acting, dermatological
formulations. Int. J. Pharm. 529, 55-64. https://doi.org/10.1016/j.ijpharm.2017.06.063

Council, E. of, 2019. The European Pharmacopoeia Commission, 9th ed. Strasburg.

Cova, T.F.G.G., Jarmelo, S., Nunes, S.C.C., Formosinho, S.J., de Melo, J.S.S., Pais, A., 2017.
Seeing is believing: A graphical reference framework for multi-criteria evaluation.
Evaluation 23, 479-494. https://doi.org/10.1177/1356389017733336

Cova, T.F.G.G,, Pereira, J.L.G.F.S.C., Pais, A.A.C.C., 2013. Is standard multivariate analysis
sufficient in clinical and epidemiological studies? J. Biomed. Inform.
https://doi.org/10.1016/j.jbi.2012.09.005

CPMP/ICH/381/95, 2005. Validation of analytical procedures: Text and Methodology Q2(R1).

Crowther, J.M., Sieg, A., Blenkiron, P., Marcott, C., Matts, P.J., Kaczvinsky, J.R., Rawlings,
A. V., 2008. Measuring the effects of topical moisturizers on changes in stratum corneum
thickness, water gradients and hydration in vivo. Br. J. Dermatol. 159, 567-577.
https://doi.org/10.1111/j.1365-2133.2008.08703.x

Dabbaghi, M., Namjoshi, S., Panchal, B., Grice, J.E., Prakash, S., Roberts, M.S., Mohammed,
Y., 2021. Viscoelastic and deformation characteristics of structurally different commercial
topical systems. Pharmaceutics 13, 1-11. https://doi.org/10.3390/pharmaceutics13091351

Dandamudi, S., 2017. In Vitro Bioequivalence Data for a Topical Product :, in: FDA Workshop
on Bioequivalence Testing of Topical Drug Products. Maryland.

Davies, D.J.,, Heylings, J.R., Gayes, H., McCarthy, T.J., Mack, M.C., 2017. Further
development of an in vitro model for studying the penetration of chemicals through
compromised skin. Toxicol. Vitr. 38, 101-107. https://doi.org/10.1016/j.tiv.2016.10.004

de Melo, E.K.S., de Araujo, T.P., da Silva, JW.V., Chagas, S.C.C., Bedor, D.C.G., de Santana,
D.P., Leal, L.B., 2017. Metronidazole thermogel improves retention and decreases
permeation  through  the skin. Brazilian J. Pharm. Sci. 53, 1-9.

271



REFERENCES

https://doi.org/10.1590/52175-97902017000216130

de Souza Mendes, P.R., 2009. Modeling the thixotropic behavior of structured fluids. J.
Nonnewton. Fluid Mech. 164, 66-75. https://doi.org/10.1016/j.jnnfm.2009.08.005

Demurtas, A., Pescina, S., Nicoli, S., Santi, P., De, D.R., Padula, C., 2020. Validation of a
HPLC-UV method for the quantification of budesonide in skin layers. J. Chromatogr. B
122512. https://doi.org/10.1016/j.jchromb.2020.122512

Djalili-Moghaddam, M., Ebrahimzadeh, R., Toll, S., 2004. Study of geometry effects in
torsional  rheometry of fibre suspensions. Rheol. Acta 44, 29-37.
https://doi.org/10.1007/s00397-004-0363-x

Drago, S., Imboden, R., Schlatter, P., Buylaert, M., Krahenbihl, S., Drewe, J., 2017.
Pharmacokinetics of Transdermal Etofenamate and Diclofenac in Healthy Volunteers.
Basic Clin. Pharmacol. Toxicol. 121, 423-429. https://doi.org/10.1111/bcpt.12818

Dreassi, E., Ceramelli, G., Fabbri, L., Vocioni, F., Bartalini, P., Corti, P., 1997. Application of
Near-infrared Reflectance Spectrometry in the Studyof AtopyPart 1. Investigation of Skin
Spectra. Analyst 122, 767-770. https://doi.org/10.1039/A701254C

Drossapharm, E., 2019. Decentralised Procedure Public Assessment Report Lixim 70 mg
wirkstoffhaltiges Pflaster Etofenamat Drossapharm 70 mg wirkstoffhaltiges Pflaster
Etofenamate DE / H / 5334-5335 / 001 / DC Applicant: Drossapharm Arzneimittel
Handelsgesellschaft mbH 1-11.

Drug Bank, 2018. Drug Bank [Www Document]. URL
https://www.drugbank.ca/drugs/DB00586 (accessed 11.7.18).

EC, 2010. SCCS/1358/10 Basic criteria for in vitro assessment of dermal absorption of cosmetic
ingredients.

Efe, T., Sagnak, E., Roessler, P.P., Getgood, A., Patzer, T., Fuchs-Winkelmann, S., Peterlein,
C.D., Schofer, M.D., 2014. Penetration of topical diclofenac sodium 4 % spray gel into
the synovial tissue and synovial fluid of the knee: A randomised clinical trial. Knee
Surgery, Sport. Traumatol. Arthrosc. 22, 345-350. https://doi.org/10.1007/s00167-013-
2408-0

EFSA, 2012. Panel on Plant Protection Products and their Residues (PPR) - Guidance on
Dermal Absorption (Scientific Opinion). EFSA J. 10, 1-30.
https://doi.org/10.2903/j.efsa.2012.2665

Egawa, M., 2009. In vivo simultaneous measurement of urea and water in the human stratum
corneum by diffuse-reflectance near-infrared spectroscopy. Ski. Res. Technol. 15, 195—
199. https://doi.org/https://doi.org/10.1111/j.1600-0846.2009.00353.x

EMA, 2018a. Guideline on equivalence studies for the demonstration of therapeutic
equivalence for products that are locally applied, locally acting in the gastrointestinal tract.
CPMP/EWP/239/95 Rev. 1, Corr.1.

EMA, 2018b. Draft guideline on quality and equivalence of topical products.
CHMP/QWP/708282/2018.

EMA, 2018c. Reflection paper on statistical methodology for the comparative assessment of
quality attributes in drug development. EMA/CHMP/138502/2017.

EMA, 2014a. Guideline on quality of oral modified release products.
EMA/CHMP/QWP/428693/2013.

EMA, 2014b. Concept paper on the development of a guideline on quality and equivalence of
topical products. EMA/CHMP/QWP/558185/2014.

EMA, 2014c. Guideline on the use of Near Infrared Spectroscopy ( NIRS ) by the
pharmaceutical industry and the data requirements for new submissions and variations.
EMEA/CHMP/CVMP/QWP/17760/2009 Rev2.

EMA, 2014d. Guideline on quality of transdermal patches. EMA/CHMP/QWP/608924/2014.

EMA, 2010. Guideline on the investigation of bioequivalence. CPMP/EWP/QWP/1401/98

272



REFERENCES

Rev. 1/ Corr ** 1, 1-27.

EMA, 2009. Guideline on bioanalytical method validation. EMEA/CHMP/EWP/192217/2009
Rev. 1 Corr. 2.

EMA, 1994. Note for Guidance on the Clinical Requirements for Locally Applied , Locally
Acting Products Containing Known Constituents. CPMP/EWP/239/95.

Endrenyi, L., Blume, H.H., Tothfalusi, L., 2017. The Two Main Goals of Bioequivalence
Studies. AAPS J. 19, 885-890. https://doi.org/10.1208/s12248-017-0048-x

EPA, 1992. Dermal exposure assessment: principles and applications EPA/600/8-91/011B.

Ethier, A., Bansal, P., Baxter, J., Langley, N., Richardson, N., Patel, A.M., 2019. The Role of
Excipients in the Microstructure of Topical Semisolid Drug Products, in: Langley, N.,
Michniak-Kohn, B., Osborne, D.W. (Eds.), The Role of Microstructure in Topical Drug
Product Development. Springer International Publishing, Cham.
https://doi.org/10.1007/978-3-030-17355-5_5

European Council, 2001. Directive 2001/83/EC of the European parliament. Off. J. Eur.
Communities. https://doi.org/2004R0726 - v.7 of 05.06.2013

European Medicines Agency, 2018. Draft Guideline on quality and equivalence of topical
products. Ema/Chmp/Qwp/708282/2018 44, 1-36.

Faria, M.J., Machado, R., Ribeiro, A., Goncalves, H., Real Oliveira, M.E.C.D., Viseu, T., das
Neves, J., Lacio, M., 2019. Rational Development of Liposomal Hydrogels: A Strategy
for Topical Vaginal Antiretroviral Drug Delivery in the Context of HIV Prevention.
Pharmaceutics 11, 485. https://doi.org/10.3390/pharmaceutics11090485

FDA, 2017. Product-Specific Guidances for Generic Drug Development [WWW Document].
URL
https://www.fda.gov/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/ucm
075207.htm (accessed 9.6.17).

FDA, 2016a. Draft Guidance on Lidocaine [WWW  Document]. URL
https://www.accessdata.fda.gov/drugsatfda_docs/psg/Lidocaine_draft_Topical
patch_RLD 020612_RC10-18.pdf (accessed 12.24.21).

FDA, 2016b. Draft Guidance on Diclofenac Epolamine [WWW Document]. URL
https://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatorylnformation/Gui
dances/UCM?296889.pdf (accessed 9.8.17).

FDA, 2016c. Draft Guidance on Acyclovir [WWW  Document]. URL
https://www.accessdata.fda.gov/drugsatfda_docs/psg/Acyclovir_topical cream_RLD
21478_RV12-16.pdf (accessed 12.24.21).

FDA, 1998. Guidance for industry: Topical dermatological drug product NDAs and ANDASSs
— In vivo, bioavaiabiliy, bioequivalence, in vitro release and associated studies. 98D-0388
79.

FDA, 1997. Guidance for industry: nonsterile semisolid dosage forms: scale-up and
postapproval changes : chemistry, manufacturing, and controls : in vitro release testing and
in vivo bioequivalence documentation. FDA-1997-D-0380.

FDA, 1995. Guidance for Industry: Topical Dermatologic Corticosteroids: in Vivo
Bioequivalence. FDA-2021-D-0384.

Fernanda, P., 2018. Methods Used in the Study of the Physical Properties of Fats, in: Structure-
Function Analysis of Edible Fats. Elsevier, pp. 313-385. https://doi.org/10.1016/B978-0-
12-814041-3.00011-3

Fernandez-Campos, F., Obach, M., Moreno, M.C., Garcia, A., Gonzélez, J., 2017.
Pharmaceutical development of a generic corticoid semisolid formulation. J. Drug Deliv.
Sci. Technol. 42, 227-236. https://doi.org/10.1016/j.jddst.2017.03.016

Flaten, G. E, E., Palac, Z., Engesland, André, Filipovi¢-Gr¢i¢, J., Skalko-Basnet, N., 2015. In
vitro skin models as a tool in optimization of drug formulation. Eur. J. Pharm. Sci. 75, 10—

273



REFERENCES

24. https://doi.org/10.1016/j.ejps.2015.02.018

Fliihmann, B., Ntai, 1., Borchard, G., Simoens, S., Miihlebach, S., 2018. Nanomedicines : The
magic bullets reaching their target? Eur. J. Pharm. Sci. 128, 73-80.
https://doi.org/10.1016/j.ejps.2018.11.019

Flynn, G.L., Shah, V.P., Tenjarla, S.N., Corbo, M., DeMagistris, D., Feldman, T.G., Franz, T.J.,
Miran, D.R., Pearce, D.M., Sequeira, J.A., 1999. Assessment of value and applications of
in vitro testing of topical dermatological drug products. Pharm. Res. 16, 1325-1330.

Folzer, E., Gonzalez, D., Singh, R., Derendorf, H., 2014. Comparison of skin permeability for
three diclofenac topical formulations: An in vitro study. Pharmazie 69, 27-31.
https://doi.org/10.1691/ph.2014.3087

Franz, T.J., 1975. Percutaneous Absorption. On the Relevance of in Vitro Data. J. Invest.
Dermatol. 64, 190-195. https://doi.org/10.1111/1523-1747.ep12533356

Franz, T.J., Lehman, P.A., Raney, S.G., 2009. Use of excised human skin to assess the
bioequivalence of topical products. Skin Pharmacol. Physiol. 22, 276-286.
https://doi.org/10.1159/000235828

Franzen, L., Windbergs, M., 2015. Applications of Raman spectroscopy in skin research - From
skin physiology and diagnosis up to risk assessment and dermal drug delivery. Adv. Drug
Deliv. Rev. 89, 91-104. https://doi.org/10.1016/j.addr.2015.04.002

Garcia Ortiz, P., Hansen, S.H., Shah, V.P., Menné, T., Benfeldt, E., 2009. Impact of adult atopic
dermatitis on topical drug penetration: Assessment by cutaneous microdialysis and tape
stripping. Acta Derm. Venereol. 89, 33-38. https://doi.org/10.2340/00015555-0562

Garcia Ortiz, P., Hansen, S.H., Shah, V.P., Menné, T., Benfeldt, E., 2008. The effect of irritant
dermatitis on cutaneous bioavailability of a metronidazole formulation, investigated by
microdialysis and dermatopharmacokinetic method. Contact Dermatitis 59, 23-30.
https://doi.org/10.1111/j.1600-0536.2008.01348.x

Ghica, M.V, Hirj, M., 2016. Flow and Thixotropic Parameters for Rheological characetrization
of hydrogels. https://doi.org/10.3390/molecules21060786

Glowinska, E., Datta, J., 2014. A mathematical model of rheological behavior of novel bio-
based isocyanate-terminated polyurethane prepolymers. Ind. Crops Prod. 60, 123-129.
https://doi.org/10.1016/j.indcrop.2014.06.016

Goebel, K., Sato, M.E.O., Souza, D.F. de, Murakami, F.S., Andreazza, I.F., 2013. In vitro
release of diclofenac diethylamine from gels: Evaluation of generic semisolid drug
products in Brazil. Brazilian J. Pharm. Sci. 49, 211-219. https://doi.org/10.1590/S1984-
82502013000200003

Goh, C.F., Craig, D.Q.M., Hadgraft, J., Lane, M.E., 2017. The application of ATR-FTIR
spectroscopy and multivariate data analysis to study drug crystallisation in the stratum
corneum. Eur. J. Pharm. Biopharm. 111, 16-25.
https://doi.org/10.1016/J.EJPB.2016.10.025

Goh, C.F., Moffat, J.G., Craig, D.Q.M., Hadgraft, J., Lane, M.E., 2018. Monitoring drug
crystallization in percutaneous penetration using localized nano-thermal analysis and
photothermal  microspectroscopy. Mol.  Pharm.  acs.molpharmaceut.8b01027.
https://doi.org/10.1021/acs.molpharmaceut.8b01027

Gongalves, J., Alves, G., Bicker, J., Falcdo, A., Fortuna, A., 2018. Development and full
validation of an innovative HPLC-diode array detection technique to simultaneously
quantify lacosamide, levetiracetam and zonisamide in human plasma. Bioanalysis 10,
541-557. https://doi.org/10.4155/bio-2017-0199

Gonzélez, O., Blanco, M.E., Iriarte, G., Bartolomé, L., Maguregui, M.l., Alonso, R.M., 2014.
Bioanalytical chromatographic method validation according to current regulations, with a
special focus on the non-well defined parameters limit of quantification, robustness and
matrix effect. J. Chromatogr. A 1353, 10-27.

274



REFERENCES

https://doi.org/10.1016/j.chroma.2014.03.077

Goodrum, J.W., Geller, D.P., Adams, T.T., 2002. Rheological characterization of yellow grease
and poultry fat. JAOCS, J. Am. Oil Chem. Soc. 79, 961-964.
https://doi.org/10.1007/s11746-002-0587-2

Hadgraft, J., Lane, M.E., 2016. Drug crystallization — implications for topical and transdermal
delivery. Expert Opin. Drug Deliv. 13, 817-830.
https://doi.org/10.1517/17425247.2016.1140146

Hamed, R., Al Baraghthi, T., Alkilani, A.Z., Abu-Huwaij, R., 2016. Correlation Between
Rheological Properties and In Vitro Drug Release from Penetration Enhancer-Loaded
Carbopol® Gels. J. Pharm. Innov. 11, 339-351. https://doi.org/10.1007/s12247-016-9262-
9

Harris, R., 2015. Demonstrating Therapeutic Equivalence for Generic Topical Products. Pharm.
Technol. 1-4.

Hauck, W.W., Shah, V.P., Shaw, S.W., Ueda, C.T., 2007. Reliability and reproducibility of
vertical diffusion cells for determining release rates from semisolid dosage forms. Pharm.
Res. 24, 2018-2024. https://doi.org/10.1007/s11095-007-9329-x

Henriques, J., Sousa, J., Veiga, F., Cardoso, C., Vitorino, C., 2019. Process analytical
technologies and injectable drug products: Is there a future? Int. J. Pharm. 554, 21-35.
https://doi.org/10.1016/j.ijpharm.2018.10.070

Higuchi, T., 1961. Rate of Release of Medicaments from Ointment Bases Containing Drugs in
Suspension. J. Pharm. Sci. 50, 874-875. https://doi.org/10.1002/jps.2600501018

Holmgaard, R., Nielsen, J.B., Benfeldt, E., 2010. Microdialysis sampling for investigations of
bioavailability and bioequivalence of topically administered drugs: Current state and
future perspectives. Skin Pharmacol. Physiol. 23, 225-243.
https://doi.org/10.1159/000314698

Holt, R.J., Taiwo, T., Kent, J.D., 2015. Bioequivalence of diclofenac sodium 2% and 1.5%
topical solutions relative to oral diclofenac sodium in healthy volunteers. Postgrad. Med.
127, 581-590. https://doi.org/10.1080/00325481.2015.1058689

Hossain, A.S.M.M. Al, Sil, B.C., lliopoulos, F., Lever, R., Hadgraft, J., Lane, M.E., 2019.
Preparation, Characterisation, and Topical Delivery of Terbinafine. Pharmaceutics 11,
548. https://doi.org/10.3390/pharmaceutics11100548

ICH, 2009. Pharmaceutical Development Q8. ICH Harmon. Tripart. Guidel. 8, 1-28.

ICH, 2008. ICH pharmaceutical quality system Q10. ICH Harmon. Tripart. Guidel. 22, 177-
181. https://doi.org/EMEA/CHMP/ICH/214732/2007

ICH, 2005. ICH Topic Q2 (R1) Validation of Analytical Procedures : Text and Methodology.
CPMP/ICH/381/95 1994, 17.
https://doi.org/http://www.ich.org/fileadmin/Public_Web_Site/ICH_Products/Guidelines
/Quality/Q2_R1/Step4/Q2_R1 _Guideline.pdf

ICH, 2003a. Final concept paper Q8: Pharmaceutical development.

ICH, 2003b. Concept paper Q9: quality risk management.

Ili, T., Daniels, R., 2017. Critical quality attributes , in vitro release and correlated in vitro skin
permeation — in vivo tape stripping collective data for demonstrating therapeutic ( non)
equivalence of topical semisolids: A case study of 528, 253-267.
https://doi.org/10.1016/j.ijjpharm.2017.06.018

Ili¢, T., Panteli¢, 1., Savié, S., 2021. The Implications of Regulatory Framework for Topical
Semisolid Drug Products: From Critical Quality and Performance Attributes towards
Establishing Bioequivalence. Pharmaceutics 13, 710.
https://doi.org/10.3390/pharmaceutics13050710

Inoue, Y., Furuya, K., Matumoto, M., Murata, I., Kimura, M., Kanamoto, I., 2012. A
comparison of the physicochemical properties and a sensory test of Acyclovir creams. Int.

275



REFERENCES

J. Pharm. 436, 265-271. https://doi.org/10.1016/j.ijpharm.2012.06.023

Jones, D.S., Brown, A.F., Woolfson, A.D., 2001. Rheological characterization of bioadhesive,
antimicrobial, semisolids designed for the treatment of periodontal diseases: Transient and
dynamic viscoelastic and continuous shear analysis. J. Pharm. Sci. 90, 1978-1990.
https://doi.org/10.1002/jps.1149

Jones, D.S., Bruschi, M.L., de Freitas, O., Gremido, M.P.D., Lara, E.H.G., Andrews, G.P.,
2009. Rheological, mechanical and mucoadhesive properties of thermoresponsive,
bioadhesive binary mixtures composed of poloxamer 407 and carbopol 974P designed as
platforms for implantable drug delivery systems for use in the oral cavity. Int. J. Pharm.
372, 49-58. https://doi.org/10.1016/j.ijpharm.2009.01.006

Jordan, K.M., Arden, N.K., Doherty, M., Bannwarth, B., Bijlsma, J.W.J., Dieppe, P., Gunther,
K., Hauselmann, H., Herrero-Beaumont, G., Kaklamanis, P., Lohmander, S., Leeb, B.,
Lequesne, M., Mazieres, B., Martin-Mola, E., Pavelka, K., Pendleton, A., Punzi, L., Serni,
U., Swoboda, B., Verbruggen, G., Zimmerman-Gorska, I., Dougados, M., 2003. EULAR
Recommendations 2003: An evidence based approach to the management of knee
osteoarthritis: Report of a Task Force of the Standing Committee for International Clinical
Studies Including Therapeutic Trials (ESCISIT). Ann. Rheum. Dis. 62, 1145-1155.
https://doi.org/10.1136/ard.2003.011742

Kalariya, P.D., Namdev, D., Srinivas, R., Gananadhamu, S., 2017. Application of experimental
design and response surface technique for selecting the optimum RP-HPLC conditions for
the determination of moxifloxacin HCI and ketorolac tromethamine in eye drops. J. Saudi
Chem. Soc. 21, S373-S382. https://doi.org/10.1016/j.jscs.2014.04.004

Kamal, N.S., Krishnaiah, Y.S.R., Xu, X., Zidan, A.S., Raney, S., Cruz, C.N., Ashraf, M., 2020.
Identification of critical formulation parameters affecting the in vitro release, permeation,
and rheological properties of the acyclovir topical cream. Int. J. Pharm. 590, 119914,
https://doi.org/10.1016/j.ijpharm.2020.119914

Kamboj, S., Rana, V., 2016. Quality-by-design based development of a self-microemulsifying
drug delivery system to reduce the effect of food on Nelfinavir mesylate. Int. J. Pharm.
501, 311-325. https://doi.org/10.1016/j.ijpharm.2016.02.008

Kassambara, A.. and M.F., 2017. CRAN - Package factoextra [WWW Document]. URL
https://cran.r-project.org/web/packages/factoextra/index.html (accessed 1.5.20).

Katragadda, U., 2018. Common Deficiencies-OGD Considerations. Complex Generic Drug
Prod. Dev. Work.

Kattou, P., Lian, G., Glavin, S., Sorrell, I., Chen, T., 2017. Development of a Two-Dimensional
Model for Predicting Transdermal Permeation with the Follicular Pathway: Demonstration
with a Caffeine Study. Pharm. Res. 34, 2036-2048. https://doi.org/10.1007/s11095-017-
2209-0

Kelly, A.L., Gough, T., Isreb, M., Dhumal, R., Jones, J.W., Nicholson, S., Paradkar, A., Gough,
T., Isreb, M., Dhumal, R., Jones, J.W., Nicholson, S., 2018. In-process rheometry as a
PAT tool for hot melt extrusion. Drug Dev. Ind. Pharm. 0, 670-676.
https://doi.org/10.1080/03639045.2017.1408641

Khanolkar, A., Thorat, V., Raut, P., Samanta, G., 2017. Application of Quality by Design:
Development to Manufacturing of Diclofenac Sodium Topical Gel. AAPS PharmSciTech
18, 2754-2763. https://doi.org/10.1208/s12249-017-0755-8

Kikwai, L., Tran, D., Hauck, W.W., Shah, V.P., Stippler, E.S., 2012. Effect of various
operational parameters on Drug Release from a 1% hydrocortisone semisolid dosage form
using the wvertical diffusion cell apparatus. Dissolution Technol. 19, 6-13.
https://doi.org/10.14227/DT190312P6

Kim, J.Y., Song, J.Y., Lee, E.J., Park, S.K., 2003. Rheological properties and microstructures
of Carbopol gel network system. Colloid Polym. Sci. 281, 614-623.

276



REFERENCES

https://doi.org/10.1007/s00396-002-0808-7

Klein, R.R., Tao, J.Q., Wilder, S., Burchett, K., Bui, Q., Thakker, K.D., 2002. Development of
an in vitro release test (IVRT) for a vaginal microbicide gel. Eur. J. Pharm. Biopharm. 55,
57-65. https://doi.org/dx.doi.org/10.14227/DT170410P6

Kochling, J., Wu, W., Hua, Y., Guan, Q., Castaneda-Merced, J., 2016. A platform analytical
quality by design (AQbD) approach for multiple UHPLC-UV and UHPLC-MS methods
development for protein analysis. J. Pharm. Biomed. Anal. 125, 130-139.
https://doi.org/10.1016/j.jpba.2016.03.031

Krishnaiah, Y.S.R., Xu, X., Rahman, Z., Yang, Y., Katragadda, U., Lionberger, R., Peters, J.R.,
uhl, K., Khan, M.A., 2014. Development of performance matrix for generic product
equivalence of acyclovir topical creams. Int. J. Pharm. 475, 110-122.
https://doi.org/10.1016/j.ijpharm.2014.07.034

Kriwet, K., Miller-Goymann, C.C., 1995. Diclofenac release from phospholipid drug systems
and permeation through excised human stratum corneum. Int. J. Pharm. 125, 231-242.
https://doi.org/10.1016/0378-5173(95)00130-B

Kwa, M.C., Tegtmeyer, K., Welty, L.J., Raney, S.G., Luke, M.C., Xu, S., Kong, B., 2020. The
relationship between the number of available therapeutic options and government payer
(medicare part D) spending on topical drug products. Arch. Dermatol. Res. 312, 559-565.
https://doi.org/10.1007/s00403-020-02042-9

Lauterbach, A., Muller-Goymann, C.C., 2014. Comparison of rheological properties, follicular
penetration, drug release, and permeation behavior of a novel topical drug delivery system
and a conventional cream. Eur. J. Pharm. Biopharm. 88, 614-624.
https://doi.org/10.1016/j.ejpb.2014.10.001

Lé, S., Josse, J., Husson, F., 2008. FactoMineR: An R Package for Multivariate Analysis. J.
Stat. Softw. 25, 4-18. https://doi.org/10.18637/jss.v025.i01

Leal, L.B., Cordery, S.F., Delgado-Charro, M.B., Bunge, A.L., Guy, R.H., 2017.
Bioequivalence Methodologies for Topical Drug Products: In Vitro and Ex Vivo Studies
with a Corticosteroid and an Anti-Fungal Drug. Pharm. Res. 34, 730-737.
https://doi.org/10.1007/s11095-017-2099-1

Lehman, P.A., Franz, T.J., 2014. Assessing Topical Bioavailability and Bioequivalence: A
Comparison of the In vitro Permeation Test and the Vasoconstrictor Assay. Pharm. Res.
31, 3529-3537. https://doi.org/10.1007/s11095-014-1439-7

Li, C., Liu, C., Liu, J., Fang, L., 2011. Correlation between rheological properties, in vitro
release, and percutaneous permeation of tetrahydropalmatine. AAPS PharmSciTech 12,
1002-1010. https://doi.org/10.1208/s12249-011-9664-4

Li, D., Zhao, Y., Wang, X., Tang, H., Wu, N., Wu, F., Yu, D., Elfalleh, W., 2020. Effects of
(+)-catechin on a rice bran protein oil-in-water emulsion: Droplet size, zeta-potential,
emulsifying properties, and rheological behavior. Food Hydrocoll. 98, 105306.
https://doi.org/10.1016/j.foodhyd.2019.105306

Lionberger, R.A., 2008. FDA critical path initiatives: opportunities for generic drug
development. AAPS J. 10, 103-9. https://doi.org/10.1208/s12248-008-9010-2

Lopes, L.B., 2014. Overcoming the cutaneous barrier with microemulsions. Pharmaceutics 6,
52-77. https://doi.org/10.3390/pharmaceutics6010052

Lu, M., Xing, H., Chen, X., Xian, L., Jiang, J., Yang, T., Ding, P., 2016. Advance in
bioequivalence assessment of topical dermatological products. Asian J. Pharm. Sci. 11,
700-707. https://doi.org/10.1016/j.ajps.2016.04.008

Lucia, V., Isaac, B., Chiari-andréo, B.G., Marto, J.M., Daniela, J., Moraes, D., Leone, B.A.,
Corréa, M.A., Ribeiro, H.M., 2015. Rheology as a Tool to Predict the Release of Alpha-
Lipoic Acid from Emulsions Used for the Prevention of Skin Aging 2015.
https://doi.org/10.1155/2015/818656

277



REFERENCES

Lukic, M., Pantelic, I., Savic, S., 2020. A comparison of Myribase and Doublebase gel: Does
qualitative similarity of emollient products imply their direct interchangeability in
everyday practice? Dermatol. Ther. 33, 1-5. https://doi.org/10.1111/dth.14020

Mahdi, E.S., Noorl, A.M., Hameem, M., Sakeenal, Abdullahl, G.Z., Abdulkariml, M.F.,
Sattar2, M.A., 2011. Formulation and in vitro release evaluation of newly synthesized
palm kernel oil esters-based nanoemulsion delivery system for 30 % ethanolic dried extract
derived from local Phyllanthus urinaria for skin antiaging 2499-2512.
https://doi.org/10.2147/1IN.S22337

Mangas-Sanjuan, V., Pleguezuelos-Villa, M., Merino-Sanjuan, M., Hernandez, M.J., Nacher,
A., Garcia-Arieta, A., Peris, D., Hidalgo, I., Soler, L., Sallan, M., Merino, V., 2020.
Erratum: Mangas-Sanjuan, V.; et al. Assessment of the Inter-Batch Variability of
Microstructure Parameters in Topical Semisolids and Impact on the Demonstration of
Equivalence. Pharmaceutics 2019, 11, 503. Pharm.
https://doi.org/10.3390/pharmaceutics12050436

Mangas-Sanjuan, V., Pleguezuelos-Villa, M., Merino-Sanjuan, M., Hernandez, M.J., Nacher,
A., Garcia-Arieta, A., Peris, D., Hidalgo, I., Soler, L., Sallan, M., Merino, V., 2019.
Assessment of the Inter-Batch Variability of Microstructure Parameters in Topical
Semisolids and Impact on the Demonstration of Equivalence. Pharm.
https://doi.org/10.3390/pharmaceutics11100503

Maroo, S.K.H., Patel, K.R., Prajapati, V., Shah, R., Bagul, M., Ojha, R.U., 2013. A
Comparative Dermal Microdialysis Study of Diclofenac QPS versus Conventional 1 %
Diclofenac Gel [WWW Document]. Int. J. Pharm. Sci. Drug Res. URL
https://raptimresearch.com/wp-content/uploads/2020/04/Dermal-microdialysis-study-of-
Diclofenac.pdf

Marto, J., Baltazar, D., Duarte, A., Fernandes, A., Gouveia, L., Militdo, M., Salgado, A.,
Simdes, S., Oliveira, E., Ribeiro, H.M., 2015. Topical gels of etofenamate: in vitro and in
Vivo evaluation. Pharm. Dev. Technol. 20, 710-715.
https://doi.org/10.3109/10837450.2014.915571

Mateus, R., Abdalghafor, H., Oliveira, G., Hadgraft, J., Lane, M.E., 2013. A new paradigm in
dermatopharmacokinetics — Confocal Raman spectroscopy. Int. J. Pharm. 444, 106-108.
https://doi.org/10.1016/j.ijpharm.2013.01.036

Medendorp, J., Yedluri, J., Hammell, D.C., Ji, T., Lodder, R.A., Stinchcomb, A.L., 2006. Near-
infrared spectrometry for the quantification of dermal absorption of econazole nitrate and
4-cyanophenol. Pharm. Res. 23, 835-843. https://doi.org/10.1007/s11095-006-9749-z

Medendorp, J.P., Paudel, K.S., Lodder, R.A., Stinchcomb, A.L., 2007. Near Infrared
Spectrometry for the Quantification of Human Dermal Absorption of Econazole Nitrate
and Estradiol. Pharm. Res. 24, 186-193. https://doi.org/10.1007/s11095-006-9140-0

Mekjaruskul, C., Beringhs, A.O., Luo, W.C., Xu, Q., Halquist, M., Qin, B., Wang, Y., Lu, X.,
2021. Impact of Membranes on In Vitro Release Assessment: a Case Study Using
Dexamethasone. AAPS PharmSciTech 22, 1-9. https://doi.org/10.1208/s12249-020-
01874-y

Menon, G.K., Cleary, G.W., Lane, M.E., 2012. The structure and function of the stratum
corneum. Int. J. Pharm. 435, 3-9. https://doi.org/10.1016/j.ijpharm.2012.06.005

Mewis, J., Wagner, N.J., 2009. Thixotropy. Adv. Colloid Interface Sci.
https://doi.org/10.1016/j.cis.2008.09.005

Mezger, T.G., 2010. The rheology handbook, International Journal of Productivity and
Performance Management. https://doi.org/10.1108/ijppm.2010.07959dab.003

Mohammed, D., Crowther, J.M., Matts, P.J., Hadgraft, J., Lane, M.E., 2013. Influence of
niacinamide containing formulations on the molecular and biophysical properties of the
stratum corneum. Int. J. Pharm. 441, 192-201.

278



REFERENCES

https://doi.org/10.1016/j.ijpharm.2012.11.043

Mohammed, D., Matts, P.J., Hadgraft, J., Lane, M.E., 2014. In vitro-in vivo correlation in skin
permeation. Pharm. Res. 31, 394-400. https://doi.org/10.1007/s11095-013-1169-2

Mohan, V., Wairkar, S., 2020. Current regulatory scenario and alternative surrogate methods
to establish bioequivalence of topical generic products. J. Drug Deliv. Sci. Technol.
102090. https://doi.org/10.1016/j.jddst.2020.102090

Montenegro, L., Lai, F., Offerta, A., Sarpietro, M.G., Micicchg, L., Maccioni, A.M., Valenti,
D., Fadda, A.M., 2016. From nanoemulsions to nanostructured lipid carriers: A relevant
development in dermal delivery of drugs and cosmetics. J. Drug Deliv. Sci. Technol. 32,
100-112. https://doi.org/10.1016/j.jddst.2015.10.003

Mordor, 1., 2019a. Dermatological Therapeutics Market | Growth, Trends, and Forecast (2019-
2024) [WWW Document]. URL https://www.mordorintelligence.com/industry-
reports/dermatological-therapeutics-market (accessed 10.29.19).

Mordor, 1., 2019b. Topical Analgesic Market | Growth, Trends, and Forecast (2019-2024)
[WWW Document]. URL https://www.mordorintelligence.com/industry-reports/topical-
analgesic-market (accessed 11.2.19).

Mordor, 1., 2019c. Anti-fungal Drugs Market | Growth, Trends, and Forecast (2019-2024)
[WWW Document]. URL https://www.mordorintelligence.com/industry-reports/anti-
fungal-drugs-market (accessed 11.2.19).

Mudyahoto, N.A., Rath, S., Ramanah, A., Kanfer, 1., 2020. In vitro release testing (IVRT) of
topical hydrocortisone acetate creams: A novel approach using positive and negative
controls. Dissolution Technol. 27, 6-12. https://doi.org/10.14227/DT270120P6

Mugglestone, C.J., Mariz, S., Lane, M.E., 2012. The development and registration of topical
pharmaceuticals. Int. J. Pharm. 435, 22-26. https://doi.org/10.1016/j.ijpharm.2012.03.052

Murthy, S.N., 2017. Characterizing the Critical Quality Attributes and In Vitro Bioavailability
of Acyclovir and Metronidazole Topical Products, in: FDA Workshop on Bioequivalence
Testing of Topical Drug Products. Maryland.

N’Dri-Stempfer, B., Navidi, W.C., Guy, R.H., Bunge, A.L., 2009. Improved bioequivalence
assessment of topical dermatological drug products using dermatopharmacokinetics.
Pharm. Res. 26, 316-328. https://doi.org/10.1007/s11095-008-9742-9

N’Dri-Stempfer, B., Navidi, W.C., Guy, R.H., Bunge, A.L., 2008. Optimizing metrics for the
assessment of bioequivalence between topical drug products. Pharm. Res. 25, 1621-1630.
https://doi.org/10.1007/s11095-008-9577-4

Nagelreiter, C., Raffeiner, S., Geyerhofer, C., Klang, V., Valenta, C., 2013. Influence of drug
content, type of semi-solid vehicle and rheological properties on the skin penetration of
the model drug fludrocortisone acetate. Int. J. Pharm. 448, 305-312.
https://doi.org/10.1016/j.ijpharm.2013.03.042

Naik, P., Shah, S.M., Heaney, J., Hanson, R., Nagarsenker, M.S., 2016. Influence of test
parameters on release rate of hydrocortisone from cream: Study using vertical diffusion
cell. Dissolution Technol. 23, 14-20. https://doi.org/10.14227/DT230316P14

Nallagundla, S., Patnala, S., Kanfer, 1., 2014. Comparison of in vitro release rates of acyclovir
from cream formulations using vertical diffusion cells. AAPS PharmSciTech 15, 994-9.
https://doi.org/10.1208/s12249-014-0130-y

Namjoshi, S., Dabbaghi, M., Roberts, M.S., Grice, J.E., 2020. Quality by Design : Development
of the Quality Target Product Profile ( QTPP ) for Semisolid Topical Products 1-11.
https://doi.org/10.3390/pharmaceutics12030287

Narkar, Y., 2010. Bioequivalence for topical products-An update. Pharm. Res. 27, 2590-2601.
https://doi.org/10.1007/s11095-010-0250-3

Navidi, W., Hutchinson, A., N’Dri-Stempfer, B., Bunge, A., 2008. Determining bioequivalence
of topical dermatological drug products by tape-stripping. J. Pharmacokinet.

279



REFERENCES

Pharmacodyn. 35, 337-348. https://doi.org/10.1007/s10928-008-9091-7

Ng, S.F., Rouse, J.J., Sanderson, F.D., Eccleston, G.M., 2012. The relevance of polymeric
synthetic membranes in topical formulation assessment and drug diffusion study. Arch.
Pharm. Res. 35, 579-593. https://doi.org/10.1007/s12272-012-0401-7

Nguyen, D.V., Li, F., Li, H., Wong, B.S., Low, C.Y., Liu, X.Y., Kang, L., 2015. Drug
permeation through skin is inversely correlated with carrier gel rigidity. Mol. Pharm. 12,
444-452. https://doi.org/10.1021/mp500542a

Nguyen, H.X., Puri, A., Banga, A.K., 2017. Methods to simulate rubbing of topical formulation
for in vitro skin permeation studies. Int. J. Pharm. 519, 22-33.
https://doi.org/10.1016/j.ijpharm.2017.01.007

OECD, 2010. OECD Guidance Notes on Dermal Absorption Draft 22 october 2010 1-53.

OECD, 2004. Guidance document for conduct of skin absorption studies.

Osborne, D.W., 2016. Impact of Quality by Design on Topical Product Excipient Suppliers ,
Part I : A Drug Manufacturer ’ s Perspective.

Panda, S.S., Ravi Kumar Bera, V.V., Beg, S., Mandal, O., 2017. Analytical Quality by Design
(AQbD)-oriented RP-UFLC method for quantification of lansoprazole with superior
method robustness. J. Lig. Chromatogr. Relat. Technol. 40, 479-485.
https://doi.org/10.1080/10826076.2017.1327442

Papadoyannis, I.N., Samanidou, V.F., 2004. Validation of HPLC Instrumentation. J. Liq.
Chromatogr. Relat. Technol. 27, 753-783. https://doi.org/10.1081/jlc-120029697

PAR, 2020. Public Assessment Report - Decentralised Procedure - Diclofenac AbZ Schmerzgel
Diclox / Diclox forte Diclofenac-ratiopharm. DE/H/5493+6245+6603/001-002/DC 1-8.

PAR, 2018. Public Assessment Report Diclofenac-ratiopharm 30 mg / g Gel Diclofenac AbZ
30 mg /g Gel 1-8.

PAR, 2016. Public Assessment Report - Diclofenac Dr . Miller Pharma 10 mg / g gel 1-6.

PAR, 2015a. Public Assessment Report: Dipalen 1 mg/g Creme and Dipalen 1 mg/g Gel
Adapalene.

PAR, 2015b. Public Assessment Report GRIVIX 1 mg/ g gel Dimetindene maleate 1-9.

PAR, 2014. Public Assessment Report - Diclamine 1% gel.

PAR, 2009. Public Assessment Report - Tapin cream Lidocaine 25 mg / g + prilocaine 25 mg /
g 1-6.

PAR, 2007. Public Assessment Report - Tactuo gel (Adapalene 0.1% and Benzoyl peroxide
2.5%).

PAR, 2002. Public Assessment Report - Diclofenac Sodium 4% Spray G. Uk/H/0562-
3/001/E01 1-30.

Patere, S., Newman, B., Wang, Y., Choi, S., Vora, S., Ma, AW.K,, Jay, M., Lu, X., 2018.
Influence of Manufacturing Process Variables on the Properties of Ophthalmic Ointments
of Tobramycin. Pharm. Res. 35. https://doi.org/10.1007/s11095-018-2462-x

Pensado, A., Chiu, W.S., Cordery, S.F., Rantou, E., Bunge, A.L., Delgado-Charro, M.B., Guy,
R.H., 2019. Stratum Corneum Sampling to Assess Bioequivalence between Topical
Acyclovir Products. Pharm. Res. 36, 180. https://doi.org/10.1007/s11095-019-2707-3

Peraman, R., Bhadraya, K., Padmanabha Reddy, Y., 2015. Analytical quality by design: A tool
for regulatory flexibility and robust analytics. Int. J. Anal. Chem. 2015.
https://doi.org/10.1155/2015/868727

Petrd, E., Paal, T., Eros, |., 2013. Drug release from semisolid dosage forms: a comparison of
two testing methods. Pharm. Dev. Technol. 7450, 1-7.
https://doi.org/10.3109/10837450.2013.867446

Pirot, F., Kalia, Y.N., Stinchcomb, A.L., Keating, G., Bunge, A., Guy, R.H., 1997.
Characterization of the permeability barrier of human skin in vivo. Proc. Natl. Acad. Sci.
94, 1562-1567. https://doi.org/https://doi.org/10.1073/pnas.94.4.1562

280



REFERENCES

Pisal, P.B., Patil, S.S., Pokharkar, V.B., 2013. Rheological investigation and its correlation with
permeability coefficient of drug loaded carbopol gel: Influence of absorption enhancers.
Drug Dev. Ind. Pharm. 39, 593-599. https://doi.org/10.3109/03639045.2012.692377

Pleguezuelos-Villa, M., Merino-sanjuan, M., Hernandez, M.J., Nacher, A., Peris, D., Hidalgo,
., Soler, L., Sallan, M., Merino, V., 2019. Relationship between rheological properties, in
vitro release and in vivo equivalency of topical formulations of diclofenac. Int. J. Pharm.
118755. https://doi.org/10.1016/j.ijpharm.2019.118755

Praca, F.S.G., Medina, W.S.G., Eloy, J.O., Petrilli, R., Campos, P.M., Ascenso, A., Bentley,
M.V.L.B., 2018. Evaluation of critical parameters for in vitro skin permeation and
penetration studies using animal skin models. Eur. J. Pharm. Sci. 111, 121-132.
https://doi.org/10.1016/j.ejps.2017.09.034

Quartier, J., Capony, N., Lapteva, M., Kalia, Y.N., 2019. Cutaneous Biodistribution: A High-
Resolution Methodology to Assess Bioequivalence in Topical Skin Delivery.
Pharmaceutics 11, 484. https://doi.org/10.3390/pharmaceutics11090484

Qwist, P.K., Sander, C., Okkels, F., Jessen, V., Baldursdottir, S., Rantanen, J., 2019. On-line
rheological characterization of semi-solid formulations. Eur. J. Pharm. Sci. 128, 36-42.
https://doi.org/10.1016/j.ejps.2018.11.014

Raghavan, L., Brown, M., Michniak-Kohn, B., Ng, S., Sammeta, S., 2019. In Vitro Release
Tests as a Critical Quality Attribute in  Topical Product Development.
https://doi.org/10.1007/978-3-030-17355-5 2

Raney, S., 2021a. In vitro release test (IVRT) fundamentals: Scientific and practical
considerations, in: In Vitro Release Test (IVRT) and In Vitro Permeation Test (IVPT)
Methods: Best Practices and Scientific Considerations for ANDA Submission.

Raney, S., 2021b. In vitro permeation test (IVPT) fundamentals: scientific and practical
considerations, in: In Vitro Release Test (IVRT) and In Vitro Permeation Test (IVPT)
Methods: Best Practices and Scientific Considerations for ANDA Submission.

Raney, S., 2018. Overview of Current Science-Based Regulatory Standards, in: Complex
Generic Drug Product Development Workshop.

Raney, S.G., Franz, T.J., Lehman, P.A., Lionberger, R., Chen, M.-L., 2015. Pharmacokinetics-
based approaches for bioequivalence evaluation of topical dermatological drug products.
Clin. Pharmacokinet. 54, 1095-1106. https://doi.org/10.1007/s40262-015-0292-0

Rasmus Broa, A.K.S., 2014. Principal component analysis Tutorial Review. Anal. Methods 6,
1-16. https://doi.org/10.1002/wics.101

Rath, S., Kanfer, 1., 2020. A validated IVRT method to assess topical creams containing
metronidazole  using a novel approach.  Pharmaceutics 12, 1-14.
https://doi.org/10.3390/pharmaceutics12020119

Rawat, A., Gupta, S.S., Kalluri, H., Lowenborg, M., Bhatia, K., Warner, K., 2019. Rheological
Characterization in the Development of Topical Drug Products, in: AAPS Advances in the
Pharmaceutical Sciences Series. Springer Verlag, pp. 3-45. https://doi.org/10.1007/978-
3-030-17355-5_1

Ribeiro, H.M., Morais, J.A., Eccleston, G.M., 2004. Structure and rheology of semisolid o/w
creams containing cetyl alcohol/non-ionic surfactant mixed emulsifier and different
polymers. Int. J. Cosmet. Sci. 26, 47-59. https://doi.org/10.1111/j.0412-
5463.2004.00190.x

Roberts, M., Mohammed, Y., Namjoshi, S., Jung, N., Chaitanya, K., Cheruvu, S., Windbergs,
M., Liu, X., Benson, H.A.E., Naegel, A., Wittum, R., Stokes, J., Shewan, H., Ghosh, P.,
Ramezanli, T., Raney, S., Grice, J.E., 2017. Correlation of physicochemical characteristics
and in vitro permeation test (IVPT) results for acyclovir and metronidazole topical
products FDA Workshop on Bioequivalence Testing of Topical Drug Products, in: FDA
Workshop on Bioequivalence Testing of Topical Drug Products. Maryland.

281



REFERENCES

Rosas, Juan G, Blanco, M., Gonzélez, J.M., Alcala, M., 2011. Quality by design approach of a
pharmaceutical gel manufacturing process, part 2: Near infrared monitoring of
composition and physical parameters. J. Pharm. Sci. 100, 4442-4451.
https://doi.org/https://doi.org/10.1002/jps.22607

Rosas, Juan G., Blanco, M., Gonzélez, J.M., Alcala, M., 2011. Quality by design approach of a
pharmaceutical gel manufacturing process, part 1: Determination of the design space. J.
Pharm. Sci. 100, 4442-4451. https://doi.org/10.1002/jps.22607

Rowe, R.C., Sheskey, P.J., Owen, S.C., 2012. Handbook of Pharmaceutical Excipients 44, 918.
https://doi.org/10.1016/S0168-3659(01)00243-7

Russell, L.M., Guy, R.H., 2012. Novel imaging method to quantify stratum corneum in
dermatopharmacokinetic studies: Proof-of-concept with acyclovir formulations. Pharm.
Res. 29, 3362-3372. https://doi.org/10.1007/s11095-012-0831-4

Sayeed-Desta, N., Pazhayattil, A.B., Collins, J., Chen, S., Ingram, M., Spes, J., 2017.
Assessment Methodology for Process Validation Lifecycle Stage 3A. AAPS
PharmSciTech 18, 1881-1886. https://doi.org/10.1208/s12249-016-0641-9

Schimek, D., Raml, R., Francesconi, K.A., Bodenlenz, M., Sinner, F., 2018. Quantification of
acyclovir in dermal interstitial fluid and human serum by ultra-high-performance liquid-
high-resolution tandem mass spectrometry for topical bioequivalence evaluation. Biomed.
Chromatogr. e4194. https://doi.org/10.1002/bmc.4194

Selzer, D., Abdel-Mottaleb, M.M.A., Hahn, T., Schaefer, U.F., Neumann, D., 2013. Finite and
infinite dosing: Difficulties in measurements, evaluations and predictions. Adv. Drug
Deliv. Rev. 65, 278-294. https://doi.org/10.1016/j.addr.2012.06.010

Shah, V.P., Elkins, J., Shaw, S., Hanson, R., 2003. In vitro release: comparative evaluation of
vertical diffusion cell system and automated procedure. Pharm. Dev. Technol. 8, 97-102.
https://doi.org/10.1081/PDT-120017528

Shah, V.P., RAdulescu, F.S., Miron, D.S., Yacobi, A., 2016. Commonality between BCS and
TCS. Int. J. Pharm. 509, 35-40. https://doi.org/10.1016/j.ijpharm.2016.05.032

Shah, V.P., Yacobi, A., Flavian, S, Miron, D.S., Majella, E., 2015. A Science Based Approach
to Topical Drug Classification System ( TCS ). Int. J. Pharm. 1-15.
https://doi.org/10.1016/j.ijpharm.2015.06.011

Shahzad, Y., Louw, R., Gerber, M., Du Plessis, J., 2015. Breaching the skin barrier through
temperature modulations. J. Control. Release 202, 1-13.
https://doi.org/10.1016/j.jconrel.2015.01.019

Shao, J., Cao, W., Qu, H., Pan, J., Gong, X., 2018. A novel quality by design approach for
developing an HPLC method to analyze herbal extracts : A case study of sugar content
analysis 1-15. https://doi.org/10.1371/journal.pone.0198515

Shin, S.H., Ghosh, P., Newman, B., Hammell, D.C., Raney, S.G., Hassan, H.E., Stinchcomb,
A.L., 2017. On the Road to Development of an in Vitro Permeation Test (IVPT) Model to
Compare Heat Effects on Transdermal Delivery Systems: Exploratory Studies with
Nicotine and Fentanyl. Pharm. Res. 34, 1817-1830. https://doi.org/10.1007/s11095-017-
2189-0

Shin, S.H., Rantou, E., Raney, S.G., Ghosh, P., Hassan, H., Stinchcomb, A., 2020. Cutaneous
Pharmacokinetics of Acyclovir Cream 5% Products: Evaluating Bioequivalence with an
In Vitro Permeation Test and an Adaptation of Scaled Average Bioequivalence. Pharm.
Res. 37. https://doi.org/10.1007/s11095-020-02821-z

Shin, S.H., Srivilai, J., Ibrahim, S.A., Strasinger, C., Hammell, D.C., Hassan, H.E., Stinchcomb,
A.L., 2018a. The Sensitivity of In Vitro Permeation Tests to Chemical Penetration
Enhancer Concentration Changes in Fentanyl Transdermal Delivery Systems. AAPS
PharmSciTech 19, 2778-2786. https://doi.org/10.1208/s12249-018-1130-0

Shin, S.H., Thomas, S., Raney, S.G., Ghosh, P., Hammell, D.C., EI-Kamary, S.S., Chen, W.H.,

282



REFERENCES

Billington, M.M., Hassan, H.E., Stinchcomb, A.L., 2018b. In vitro—in vivo correlations
for nicotine transdermal delivery systems evaluated by both in vitro skin permeation
(IVPT) and in vivo serum pharmacokinetics under the influence of transient heat
application. J. Control. Release 270, 76-88. https://doi.org/10.1016/j.jconrel.2017.11.034

Silva, J., Mendes, M., Cova, T., Sousa, J., Pais, A., Vitorino, C., 2018. Unstructured
Formulation Data Analysis for the Optimization of Lipid Nanoparticle Drug Delivery
Vehicles. AAPS PharmSciTech 1-12. https://doi.org/10.1208/s12249-018-1078-0

Simdes, A., Miranda, M., Cardoso, C., Veiga, F., Vitorino, C., 2020a. Rheology by Design: A
Regulatory Tutorial for Analytical Method Validation. Pharmaceutics 12, 820.
https://doi.org/10.3390/pharmaceutics12090820

Simdbes, A., Veiga, F., Figueiras, A., Vitorino, C., 2018a. A practical framework for
implementing Quality by design to the development of topical drug products: Nanosystem-
based dosage forms. Int. J. Pharm. https://doi.org/10.1016/j.ijpharm.2018.06.052

Simdes, A., Veiga, F., Vitorino, C., 2020b. Progressing Towards the Sustainable Development
of Cream Formulations. https://doi.org/10.3390/pharmaceutics12070647

Simdes, A., Veiga, F., Vitorino, C., 2019. Developing Cream Formulations: Renewed Interest
in an Old Problem. J. Pharm. Sci. 1-12. https://doi.org/10.1016/j.xphs.2019.06.006

Simdes, A., Veiga, F., Vitorino, C., Figueiras, A., 2018b. A Tutorial for Developing a Topical
Cream Formulation Based on the Quality by Design Approach. J. Pharm. Sci. 107, 2653~
2662. https://doi.org/10.1016/j.xphs.2018.06.010

Sinamora, P., 2017. In Vitro Bioequivalence Data for a Topical Product: Chemistry Review
Perspective, in: FDA Workshop on Bioequivalence Testing of Topical Drug Products.
Maryland.

Sivaraman, A., Banga, A., 2015. Quality by design approaches for topical dermatological
dosage  forms. Res. Reports Transdermal Drug Deliv. 4, 9-21.
https://doi.org/10.2147/RRTD.S82739

Sivaraman, A., Ganti, S.S., Nguyen, H.X., Birk, G., Wieber, A., Lubda, D., Banga, A.K., 2017.
Development and evaluation of a polyvinyl alcohol based topical gel. J. Drug Deliv. Sci.
Technol. 39, 210-216. https://doi.org/10.1016/j.jddst.2017.03.021

Soriano-Ruiz, J.L., Calpena-Capmany, A.C., Cafiadas-Enrich, C., Febrer, N.B., Sufier-Carbd,
J., Souto, E.B., Clares-Naveros, B., 2019. Biopharmaceutical profile of a clotrimazole
nanoemulsion: Evaluation on skin and mucosae as anticandidal agent. Int. J. Pharm. 554,
105-115. https://doi.org/10.1016/J.1JPHARM.2018.11.002

Surber, C., Knie, U., 2018. Metamorphosis of Vehicles: Mechanisms and Opportunities. Curr.
Probl. Dermatology 54, 152-165. https://doi.org/10.1159/000489529

Surber, C., Smith, E.W., 2005. The mystical effects of dermatological vehicles. Dermatology
210, 157-168. https://doi.org/10.1159/000082572

Tadros, T.F., 2013. Emulsion Formation, Stability, and Rheology, in: Emulsion Formation and
Stability. Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, Germany, pp. 1-75.
https://doi.org/10.1002/9783527647941.chl

Tadros, T.F., 2010. Rheology of Emulsions. Rheol. Dispersions, Wiley Online Books.
https://doi.org/doi:10.1002/9783527631568.ch6

Thakker, K.D., Chern, W.H., 2003. Development and validation of in vitro release tests for
semisolid dosage forms - Case study. Dissolution Technol. 10, 10-15.
https://doi.org/10.14227/DT100203P10

Thomas, S., Shin, S.H., Hammell, D.C., Hassan, H.E., Stinchcomb, A.L., 2020. Effect of
Controlled Heat Application on Topical Diclofenac Formulations Evaluated by In Vitro
Permeation Tests (IVPT) Using Porcine and Human Skin. Pharm. Res. 37, 1-9.
https://doi.org/10.1007/s11095-019-2741-1

Tieppo Francio, V., Davani, S., Towery, C., Brown, T.L., 2017. Oral Versus Topical Diclofenac

283



REFERENCES

Sodium in the Treatment of Osteoarthritis. J. Pain Palliat. Care Pharmacother. 31, 113—
120. https://doi.org/10.1080/15360288.2017.1301616

Tiffner, K.1., Kanfer, 1., Augustin, T., Raml, R., Raney, S.G., Sinner, F., 2018. A comprehensive
approach to qualify and validate the essential parameters of an in vitro release test (IVRT)
method  for  acyclovir cream, 5%. Int. J. Pharm. 535, 217-227.
https://doi.org/10.1016/j.ijpharm.2017.09.049

Tothfalusi, L., Endrenyi, L., 2011. Sample sizes for designing bioequivalence studies for highly
variable drugs. J. Pharm. Pharm. Sci. 15, 73-84. https://doi.org/10.18433/j3z88f

Tricks, B.R.T. and, 2006. Rheology Essentials of Cosmetic and Food Emulsions, Rheology
Essentials of Cosmetic and Food Emulsions. Springer-Verlag. https://doi.org/10.1007/3-
540-29087-7

Trottet, L., Owen, H., Holme, P., Heylings, J., Collin, I.P., Breen, A.P., Siyad, M.N., Nandra,
R.S., Davis, A.F., 2005. Are all aciclovir cream formulations bioequivalent? Int. J. Pharm.
304, 63-71. https://doi.org/10.1016/j.ijpharm.2005.07.020

Tsakalozou, E., Alam, K., Babiskin, A., Zhao, L., 202la. Physiologically-Based
Pharmacokinetic Modeling to Support Determination of Bioequivalence for
Dermatological Drug Products: Scientific and Regulatory Considerations. Clin.
Pharmacol. Ther. 0, 1-14. https://doi.org/10.1002/cpt.2356

Tsakalozou, E., Babiskin, A., Zhao, L., 2021b. Physiologically-based pharmacokinetic
modeling to support bioequivalence and approval of generic products: A case for
diclofenac sodium topical gel, 1%. CPT Pharmacometrics Syst. Pharmacol. 10, 399-411.
https://doi.org/10.1002/psp4.12600

United States Pharmacopoeia, 2005. Validation of compendial methods, in: United States
Pharmacopeia and National Formulary. Rockville, MD, pp. 2748-2751.

USP, 2009. Topical and Transdermal Drug Products — Product Performance Tests.
Pharmacopeial forum 35, 12-28.

van Heugten, A.J.P., Braal, C.L., Versluijs-Helder, M., Vromans, H., 2017. The influence of
cetomacrogol ointment processing on structure: A definitive screening design. Eur. J.
Pharm. Sci. 99, 279-284. https://doi.org/10.1016/j.ejps.2016.12.029

van Heugten, A.J.P., Vromans, H., 2018. Scale up of Semisolid Dosage Forms Manufacturing
Based on Process Understanding: from Lab to Industrial Scale. AAPS PharmSciTech 19,
2330-2334. https://doi.org/10.1208/s12249-018-1063-7

Vianna-Filho, R.P., Petkowicz, C.L.O., Silveira, J.L.M., 2013. Rheological characterization of
O/W emulsions incorporated with neutral and charged polysaccharides, in: Carbohydrate
Polymers. Elsevier, pp. 266-272. https://doi.org/10.1016/j.carbpol.2012.05.014

Vitorino, C., Almeida, A., Sousa, J., Lamarche, I., Gobin, P., Marchand, S., Couet, W., Olivier,
J.C., Pais, A., 2014. Passive and active strategies for transdermal delivery using co-
encapsulating nanostructured lipid carriers: In vitro vs. in vivo studies. Eur. J. Pharm.
Biopharm. 86, 133-144. https://doi.org/10.1016/j.ejpb.2013.12.004

Vitorino, Carla, Alves, L., Antunes, F.E., Sousa, J.J., Pais, A.A.C.C., 2013. Design of a dual
nanostructured lipid carVitorino, C., Alves, L., Antunes, F.E., Sousa, J.J., Pais, A.A.C.C.,
2013. Design of a dual nanostructured lipid carrier formulation based on physicochemical,
rheological, and mechanical properties. J. Nanoparticle. J. Nanoparticle Res. 15.
https://doi.org/10.1007/s11051-013-1993-7

Vitorino, C., Carvalho, F.A., Almeida, A.J., Sousa, J.J., Pais, A.A.C.C., 2011. The size of solid
lipid nanoparticles: An interpretation from experimental design. Colloids Surfaces B
Biointerfaces 84, 117-130. https://doi.org/10.1016/j.colsurfb.2010.12.024

Vitorino, C., Sousa, J.J., Pais, A., 2015. Overcoming the Skin Permeation Barrier: Challenges
and Opportunities. Curr. Pharm. Des. 21, 2698-2712.

Vitorino, C., Sousa, J.J., Pais, A.A.C.C., 2013. A rapid reversed-phase HPLC method for the

284



REFERENCES

simultaneous analysis of olanzapine and simvastatin in dual nanostructured lipid carriers.
Anal. Methods 5, 5058-5064. https://doi.org/10.1039/c3ay40757h

Vliet, T. van, 2013. Measuring Apparatus. Rheology and Fracture Mechanics of Foods. CRC
Press, Ney Jersey.

Vo, A., Feng, X., Patel, D., Mohammad, A., Patel, M., Zheng, J., Kozak, D., Choi, S., Ashraf,
M., Xu, X., 2020. In vitro physicochemical characterization and dissolution of
brinzolamide ophthalmic suspensions with similar composition. Int. J. Pharm. 588,
119761. https://doi.org/10.1016/j.ijpharm.2020.119761

Wenzel, B.J., Monfre, S.L., Ruchto, T.L., Grochocki, F., Blank, T., Rennert, J., 2002. Method
for quantification of stratum corneum hydration using diffuse spectectroscopy.pdf. US
2002/0183602 Al.

WHO, 2006. Dermal absorption. Environmental Health Criteria.

Wiedersberg, S., Leopold, C.S., Guy, R.H., 2008. Bioavailability and bioequivalence of topical
glucocorticoids. Eur. J. Pharm. Biopharm. 68, 453-466.
https://doi.org/10.1016/j.ejpb.2007.08.007

Wong, P.C.H., Heng, P.W.S., Chan, L.W., 2016. Viscosity—temperature relationship of lipid-
based excipients amenable for spray congealing: Derivation of a rheological parameter
with good correlation to particle size. Eur. J. Lipid Sci. Technol. 118, 1062-1073.
https://doi.org/10.1002/ej1t.201500410

Xu, X., Al-Ghabeish, M., Krishnaiah, Y.S.R., Rahman, Z., Khan, M.A., 2015a. Kinetics of drug
release from ointments: Role of transient-boundary layer. Int. J. Pharm. 494, 31-39.
https://doi.org/10.1016/j.ijpharm.2015.07.077

Xu, X., Al-Ghabeish, M., Rahman, Z., Krishnaiah, Y.S.R., Yerlikaya, F., Yang, Y., Manda, P.,
Hunt, R.L., Khan, M.A., 2015b. Formulation and process factors influencing product
quality and in vitro performance of ophthalmic ointments. Int. J. Pharm. 493, 412-425.
https://doi.org/10.1016/j.ijpharm.2015.07.066

Xu, X., Al-Ghabeish, M., Rahman, Z., Krishnaiah, Y.S.R., Yerlikaya, F., Yang, Y., Manda, P.,
Hunt, R.L., Khan, M.A., 2015c. Formulation and process factors influencing product
quality and in vitro performance of ophthalmic ointments. Int. J. Pharm. 493, 412-425.
https://doi.org/10.1016/j.ijpharm.2015.07.066

Xu, Z., Mangas-Sanjuan, V., Merino-Sanjuan, M., Merino, V., Garcia-Arieta, A., 2020.
Influence of inter-and intra-batch variability on the sample size required for demonstration
of equivalent microstructure of semisolid dosage forms. Pharmaceutics 12, 1-15.
https://doi.org/10.3390/pharmaceutics12121159

Yacobi, A., Shah, V.P., Bashaw, E.D., Benfeldt, E., Davit, B., Ganes, D., Ghosh, T., Kanfer, I.,
Kasting, G.B., Katz, L., Lionberger, R., Lu, G.W., Maibach, H.I., Pershing, L.K., Rackley,
R.J., Raw, A., Shukla, C.G., Thakker, K., Wagner, N., Zovko, E., Lane, M.E., 2014.
Current challenges in bioequivalence, quality, and novel assessment technologies for
topical products. Pharm. Res. 31, 837—-846. https://doi.org/10.1007/s11095-013-1259-1

Zarmpi, P., Flanagan, T., Meehan, E., Mann, J., Fotaki, N., 2017. Biopharmaceutical aspects
and implications of excipient variability in drug product performance. Eur. J. Pharm.
Biopharm. 111, 1-15. https://doi.org/10.1016/J.EJPB.2016.11.004

Zatz, J.L., 1995. Drug release from semisolids: Effect of membrane permeability on sensitivity
to product parameters. Pharm. Res. 12.

Zhang, X., Zheng, N., Lionberger, R.A., Lawrence, X.Y., 2013. Innovative approaches for
demonstration of bioequivalence: the US FDA perspective. Futur. Sci.
https://doi.org/https://doi.org/10.4155/tde.13.41

285






APPENDIX A

In vitro release testing
In vitro permeation testing

Hundreds of

samples
=
o Fast sample screening HPLC methods
Bifonazole 3.973 min
ANTIFUNGAL Clotrimazole 4.262 min
Tioconazole 3.643 min
ANTI- Etofenamate 3.491 min
INFLAMMATORY Diclofenac4.202 min
Hydrocortisone 6.378 min
| CORTICOSTEROID Clobetasol4.230 min
I\
Il ANTIVIRAL Acyclovir 3.350 min
I
ANTIHISTAMIC Dimetindene 3.497 min
Bifonazole
ANTIFUNGAL IVPT samples 5.053 min

Mass Balance samples 4.878 min

Diclofenac
IVPT samples 4.053 min
Mass Balance samples 4.000 min

ANTI-
INFLAMMATORY

Fig. A1.1 — Graphical abstract: Appendix Al.

This appendix has been adapted from the following publications:
Miranda, M., Cardoso, C., Vitorino, C. 2020. “Fast Screening Methods for the Analysis of Topical Drug Products.”
Processes 2020, Vol. 8, Page 397 8 (4): 397. https://doi.org/10.3390/PR8040397.

Miranda, M., Veloso, C., Brown, M., Pais, A.A.C.C., Cardoso, C., Vitorino, C. “Topical bioequivalence: Experimental
and regulatory considerations following formulation complexity” (submitted manuscript).

Tailoring bioequivalence — A topical antifungal case-study (manuscript in draft).

M.M and C.V conceived the idea and established the research design and implementation. M.M performed the
experimental parts of the work and wrote the first draft of the manuscript. Supervision, resources, data curation,

review and editing was provided by C.V. Funding acquisition was provided by C.C and C.V.
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Introduction

Considering the recent regulatory requirements, the overall importance of IVRT/IVPT methods
regarding topical product development is undeniable, especially when addressing particulate
systems. For each IVRT/IVPT study, several hundreds of samples are generated. Therefore,
developing rapid reversed-phase high-performance liquid chromatography (RP-HPLC)
methods, able to provide a real-time drug analysis of IVRT/IVPT samples, is a priority. This will
avoid stability issues and provide timely evaluation as well as real-time assessment of
specification conformity. From a quality control perspective, developing rapid HPLC methods
for IVRT samples can facilitate routine decision making, especially when out-of-trend (OOT) or

out-of-specification (OOS) results occur.

Taking this information into account, the first part of the present appendix presents a
framework for the selection of an appropriate IVRT medium, based on active pharmaceutical
ingredient (API) physicochemical characteristics. Furthermore, a partial validation of the
analytical methods developed for Chapters 4, 5, and 6 is herein presented. The second part of
the appendix addresses a partial validation of the analytical methods developed for the

IVPT/mass balance samples processed in Chapter 6.
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Appendix Al
Al.1 Materials and Methods
A1.1.1 Materials

Bifonazole, clotrimazole, tioconazole, etofenamate, sodium diclofenac, clobetasol propionate,
micronized hydrocortisone, acyclovir and dimetindene maleate, were kindly supplied by
Laboratérios Basi. Water was purified with a Millipore MILLI-Q reagent water system and
filtered through a 0.22 um nylon filter before use. All other chemicals were of analytical grade

or equivalent.

Al1.1.2 Methods
A1.1.2.1 Instrumentation and Chromatographic Conditions

A Shimadzu LC-2010HT apparatus equipped with a quaternary pump (LC-20AD), an
autosampler unit (SIL-20AHT), an oven (CTO-10AS), and a detector (SPD-M20A) was employed
to quantify all the drugs. Three columns were used for the analysis: (i) a XBridge™ C18 with 5
pum particle size, 2.1 mm internal diameter, a 150 mm length; (ii) a LiChrospher® 100 RP-18
with 5 um particle size, 4.6 mm internal diameter and 125 mm length; and finally; (iii) a
LichoCART® 250 RP-18 with 5um particle size, 4.6 mm internal diameter and 250 mm length.
All columns were supported with a SecurityGuard cartridge. Table A1.1 summarizes the

specific analytical conditions used for each drug product.

Table Al.1 — Analytical conditions. All developed methods are isocratic and relate to a 10 pL

injection volume.

Drug Analytical conditions

Column: XBridge™ C18 5um (2.1 x 150 mm)

Mobile phase: Buffer solution (2 mL of phosphoric acid with 980 mL of ultrapurified water, adjusted
to pH 3.2 + 0.05 with trimethylamine) and acetonitrile (68:32, v/v)
) Flow: 0.5 mL/min
Bifonazole Run time: 5.5
Wavelength: 210 nm
Oven temperature: 30°C

Injection volume: 10 pL

Column: XBridge™ C18 5um (2.1 x 150 mm)
Mobile phase: Methanol: 25 mM dipotassium hydrogen phosphate 75:25 m v/v, pH=7.5
Flow: 0.4 mL/min
Clotrimazole Run time: 5.5 min
Wavelength: 210 nm
Oven temperature: 30°C
Injection volume: 10 pL
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Drug Analytical conditions

Column: XBridge™ C18 5um (2.1 x 150 mm)
Mobile phase: water: methanol (20:80, v/v)
Flow: 0.4 mL/min
Tioconazole Run time: 5.5 min
Wavelength: 218 nm
Oven temperature: 30°C
Injection volume: 10 pL

Column: LiChrospher® 100 RP-18. 5um (4.6 mm x 125 mm)
Mobile phase: methanol: acetic acid 2% (80:20, v/v)
Flow: 1 mL/min
Etofenamate Run time: 5.5 min
Wavelength: 287 nm
Oven temperature: 30°C
Injection volume: 10 uL

Column: LiChrospher® 100 RP-18. 5um (4.6 mm x 125 mm)
Mobile phase: methanol: 2% acetic acid (75:25, v/v)
Flow: 1 mL/min

di:cl):;:r?;c Run time: 7 min
Wavelength: 280 nm
Oven temperature: 30°C
Injection volume: 10 pL
Column: LiChrospher® 100 RP-18. 5um (4.6 mm x 125 mm)
Mobile phase: methanol: 2% acetic acid (70:30, v/v)
Flow: 0.35 mL/min
pfrlg::iit::?; Run time: 5.5 min

Wavelength: 240 nm
Oven temperature: 30°C
Injection volume: 10 pL

Column: XBridge™ C18 5um (2.1 x 150 mm)
Mobile phase: water and acetonitrile (75:25, v/v)
Flow: 0.35 mL/min
Hydrocortisone Run time: 8 min
Wavelength: 247 nm
Oven temperature: 30°C
Injection volume: 10 pL

Column: XBridge™ C18 5um (2.1 x 150 mm)
Mobile phase: water and methanol (95:5, v/v)
Flow: 0.4 mL/min
Acyclovir Run time: 6 min
Wavelength: 247 nm
Oven temperature: 30°C
Injection volume: 10 pL

Column: LichoCART® C18 5um (4.6 x 250 mm)

Mobile phase: Buffer solution (Potassium dihydrogen phosphate (10 mM), dipotassium hydrogen
phosphate (40 mM), adjusted to pH 7.7 using 200pL of trimethylamine) with acetonitrile and
methanol (78.7 : 19.3 : 2, v/V)

Dimetindene Flow: 0.7 mL/min

maleate . .
Run time: 7 min

Wavelength: 250 nm
Oven temperature: 40°C
Injection volume: 30 pL
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A1.1.2.2 Preparation of Stock Solutions, Calibration Standards, and Quality Controls

All stock solutions were prepared by weighing approximately 10 mg of drug in 10 mL of an

appropriate solvent, yielding ca. 1 mg/mL concentration.

Methanolic stock solutions were prepared for diclofenac, clobetasol, tioconazole,
etofenamate, and clotrimazole. Alternatively, for bifonazole, hydrocortisone and dimetindene
maleate, acetonitrile stock solutions were prepared instead. For acyclovir, due to its high
hydrophilicity, the stock solution was directly prepared in water. Two working standards were
considered for each drug. These were prepared by further dilution of each stock solution with
the corresponding release medium used in IVRT studies. Table A1.2 summarizes the release

medium used for each drug.

Table Al1.2 — Release medium composition used for IVRT studies.

Drug Release medium
Bifonazole PBS/ethanol (50:50, v/v, pH = 7.4)
Clotrimazole PBS/ethanol (50:50, v/v, pH = 7.4)
Tioconazole PBS/ethanol (50:50, v/v, pH = 4.5)
Etofenamate PBS/ethanol (70:30, v/v)

Sodium Diclofenac PBS/ethanol (80:20, v/v, pH = 7.4)
Clobetasol propionate = PBS/ethanol (50:50, v/v, pH = 7.4)
Hydrocortisone Water/ethanol (70:30, v/v)

Acyclovir PBS
Dimetindene maleate = PBS/ ethanol (80:20 v/v, pH = 7.4).

Six to ten standard solutions were considered for each calibration curve. Moreover, as quality

controls, five replicates of three different concentration standards were used.

Since the focus of the present work was to quantify IVRT samples, preliminary in vitro tests
were performed to determine the appropriate range for the calibration standards. Table A1.3
summarizes the concentrations used for each molecule. In all cases, IVRT and standard
samples were directly injected. All stock and working solutions were freshly prepared each

day.
A1.1.2.3 Method Validation

Validation studies were performed according to the International Council for Harmonization
(ICH) guidelines for each drug substance (CDER, 1994; ICH, 2005). These included system
suitability, limits of detection, and quantification, linearity, accuracy, precision, robustness,

and stability assessments.
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Specificity and Selectivity

Specificity, viz., the ability to accurately measure the analyte in the presence of all potential
sample components, was evaluated by comparing the chromatograms of three different
control matrices: (i), blank receptor medium solution (negative control, Cy), (ii) quality control
solutions prepared in receptor medium (positive controls, Cp), and (iii) release medium
solution of an IVRT run conducted with the tested formulations (matrix positive control, Cpm).
The main purpose of this assessment was to ensure that the integrity of each active substance

retrieved from IVRT samples was not compromised by any formulation excipient.

The negative controls (C,) were analysed to confirm the absence of any detectable drug
concentration. The mean retention time and concentration values (regarding the nominal
concentrations) for the C, and Cpm were used to set the acceptance criteria for the drug
retention time, and the difference in both parameters should not exceed 15% (Tiffner et al.,
2018).

System Suitability

System suitability was evaluated by injecting the same standard solutions six times. The
following requirements were considered: relative standard deviation (RSD) of the detector
response and retention time for all standard injections was not more than 2%, capacity factor
(k") was higher than 2, tailing factor (T) of drug peak was not more than 2.0, and theoretical

plate number (N) was higher than 2000.

Limits of Detection and Quantification

A specific calibration curve obtained from six standard solutions was traced in order to
determine the limits of detection (LOD) and quantification (LOQ). The following expressions
were used:

o

LOD =33 x 2 (A1.1)

(o

LOQ =10 x 2 (A1.2)

where o is the standard deviation of the response and S the slope of the calibration curve (ICH,
2005).
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Linearity

To test the linearity of the detector response, a set of six to ten calibration standards were
prepared for each drug, in the corresponding release medium. A specific range for each active

substance was adopted, taking into account IVRT results. Please see Table Al.3.

Table A1.3 —Concentrations used for calibration curve, quality control, and limits of detection
(LOD) and limits of quantification (LOQ) standards.

Drug Calibration Curve Standards Quality Control LOQ and LOD Standards
(ng/mL) Standards (pg/mL) (ng/mL)
. 0.1,0.5,1,2.5,5, 10, 25, 50, 75, The calibration curve
Bifonazole 100, and 150 0.25,20, and 80 standards were used
Clotrimazole 0.05,0.25,0.5, 1, 5, 10, 25, 50, 0.1, 20, and 40 0.05, 0.25,0.5,1, and 5
75, and 100
Tioconazole 0.1,0.5, 1, 2.5, 10, 25, and 50 4,8,and 16 The calibration curve
standards were used
Etofenamate 10, 25, 50, 75, 100, and 200 20, 80, and 180 0.5,1,2,2.5,4,and5
Sodium Diclofenac 10, 25, 75, 100, 150, and 200 20, 80, and 180 0.5,1,2,2.5,4,and5
Clobetasol 0.1,0.25,0.5, 1,2, 5, and 10 0.1,1.5,and 4 The calibration curve
propionate standards were used
Hydrocortisone 2.5, 5, 10, 20, 25, and 50 3, 15,and 40 0.25,0.5,1, 2,and 2.5
Acyclovir >,10, 25,50, ;g,oloo, 150, and 20, 80, and 200 0.25,0.5,1,2,and 5
Dimetindene 10, 15, 20, 25, 30, 35, 40 and 50 12.5,22.5and 37.5 The calibration curve
maleate standards were used

At least four calibration curves were considered for each active substance. Linearity was
determined through the calculation of a regression line, attained from the peak area as a
function of the standard concentration, by the method of the least squares. To comply with
regulatory requirements, curves that did not present a R? of at least 0.99 were not considered
(USP, 2009).

Accuracy and Precision

Precision measures the closeness of agreement, i.e., the degree of scatter between a series of
measurements obtained from multiple sampling of the same homogeneous sample. This
validation parameter was assessed by repeatability (intraday) and intermediate precision
(interday) for three days, of the established quality control (QC) standards. Five samples of
each concentration level were prepared. The RSD determined at each concentration level
should not exceed 15%, except for the lower concentrations, where a maximum of 20% was
allowed (Basso et al., 2018; CDER, 1994).
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To demonstrate accuracy, the closeness of agreement between the true value and the found
value, Equation A1.3, was used. Afterwards, the mean bias percentage for the five replicates

of the three QCs was calculated.

nominal concentration—observed concentration

Accuracy = x 100 (A1.3)

observed concentration

The same acceptance criteria regarded for precision were also considered to establish the
methods accuracy (CDER, 1994; ICH, 2005).

Ruggedness

To prove the methods ruggedness, five duplicates of the quality control samples were
alternatively analysed using different HPLC equipment, a Shimadzu LC-10AD apparatus,
equipped with a quaternary pump (LC-10AD), an autosampler unit (SIL-10ADVP), a CTO-10AVP
oven, and a CBM-20 A detector.

Stability

Five replicates of quality control solutions were prepared to evaluate the stability of IVRT
samples at room temperature storage (25°C) for 24 h in the autosampler and in short-term
storage at 4°C for 72 h (Basso et al., 2018; Carla Vitorino et al., 2013). The same acceptance

criteria established during precision and accuracy assessments were used.

Al1.1.2.4 Method Applicability to in vitro Release Testing — Franz Cell Receptor Fluid

Screening

The maintenance of sink conditions is crucial throughout the release experiments, therefore,
screening different receptor medium (co-solvents and pH effects), according to the active

substance physicochemical profile, should be a priority concern (Baert et al., 2010).

In order to rationally establish solubility conditions to be tested, in silico studies were
performed first. For that, the chemical structure of each APl was introduced in Chemaxon”®
software (ChemAxon, Budapest, Hungary) to calculate the respective chemical descriptors,

such as size, geometry, lipophilicity, solubility, and surface topology (Faria et al., 2019).

For solubility studies, the adopted protocol was as described in Chapter 4.
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A1.2 Results and Discussion

Al1.2.1 Method Validation

A1.2.1.1 Specificity and Selectivity

Chromatographic separation of all drugs in their respective release medium was successfully

achieved using the previously described analytical conditions, see Fig. A1.2.
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Fig. A1.2 — Representative chromatograms of a standard solution (solid green line) and in

Key: Right YY axis — standards; Left YY axis — IVRT samples.

vitro release testing (IVRT) samples (dashed grey line).

Please note that the products used in this study are complex formulations with multiple

ingredients. Preservatives such as benzyl alcohol or methyl parahydroxybenzoate, present in

some of the studied products, absorb in the UV region. For this reason, additional peaks are

present in IVRT samples of bifonazole, clobetasol, and tioconazole (pertaining to benzyl

alcohol) and in hydrocortisone (corresponding to methyl parahydroxybenzoate). In all cases,

drug peaks were resolved from the additional components, thus highlighting the specificity of

the proposed methods. No interference with the selected release medium was observed.
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To further illustrate the chromatographic similarity between the standards and IVRT samples,

the retention times are presented in Table A1.4.

Table A1.4 — Retention times for standards (n=45) and IVRT samples (n=180).

Drug

Bifonazole
Clotrimazole
Tioconazole
Etofenamate

Sodium Diclofenac

Clobetasol propionate

Hydrocortisone

Acyclovir

Dimetindene maleate

Standards

IVRT Samples

Retention time mean (min)

4.012 +0.06
4.296 £ 0.02
4.064 +0.21
3.390+0.01
4.241+0.01
4.229 +0.04

3.947 £0.09
4.315+0.04
3.697+0.11
3.395+0.02
4.166 £ 0.02
4.241+£0.03
6.387+£0.02
3.432+£0.07
3.947 +0.09

6.438 £ 0.01

3.506 +0.03
3.447 £0.04

Key: Please note that tioconazole retention time fluctuations may be ascribed to the hydrophobic interactions established with the matrix’

(formulation) lipophilic components.

Al1.2.1.2 System Suitability

System suitability tests aim to assess if the chromatograph and respective modules are able

to generate acceptable accuracy and precision results. To provide quantitative data, several

parameters should be taken into consideration. These include: number of theoretical plates,

separation factor, resolution, tailing factor, and precision (Papadoyannis and Samanidou,

2004). System suitability results and acceptance criteria are summarized in Table A1.5.

Table A1.5 — System suitability test parameters. System suitability was evaluated by injecting

the same standard solution six times.

Retention Time

OUE (i) fmin)
Mean RSD
BFZ 50 3.973 0.09
CLT 50 4.262 0.07
TCZ 10 3.643 0.08
ETF 100 3.491 0.24
DF 100 4.202 0.05
CLB 2 4.230 0.19
HC 25 6.378 0.06
ACV 100 3.350 0.23
DM 25 3.451 0.09
Acceptance criteria - <2.0%

Peak Area
Mean RSD
9135580 0.08
8701986 0.13
522268 0.44
2306243 0.14
2188617 0.42
96246 1.12
1779896 0.05
8187120 0.57
157445 0.22
- <2.0%

T. Plates

1898 400
1721502
1289 836
1883362.8
1598 293
1368 004
2689997
1362134
3486 849
> 1000

3.057
2.393
2.060
1.957
2.628
1.812
4.446
1.795

> 1000

T.
Factor

1.684
1.634
1.889
1.140
1.177
1.703
1.456
1.583
1.478
<2.0

Resolution

2.09
4.10
4.86
5.70
5.67
7.50
15.77
3.60

>2.0

Key: BFZ — Bifonazole; CLT — Clotrimazole; TCN — Tioconazole; ETF — Etofenamate; DF — Diclofenac; CLB — Clobetasol; HC — Hydrocortisone;
ACV — Acyclovir; DM — Dimetindene Maleate; Conc — concentration; T. Plates — theoretical plates; K* — capacity factor; T. Factor — tailing

factor.
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The precision of both peak area and retention time was compliant for all drugs, thus
documenting the system’s ability to detect and analyse the compounds in their respective

release medium.

Column efficiency was also evidenced for all drugs, since the number of theoretical plates (T.
Plates), tailing factor (T. Factor), and resolution were compliant with ICH criteria. Even though
the capacity factor (k') for acyclovir and clobetasol was slightly beneath 2.0, according to the

British Pharmacopoeia, this value can still be accepted (k” < 1.5) (C. Vitorino et al., 2013).

A1.2.1.3 Limits of Detection and Quantification

Since different dosage forms were considered for the present study, different release
mechanisms and release ranges are expected. Therefore, preliminary IVRT results were used
to determine specific and plausible LOD concentrations. LOD and LOQ values are summarized
in Table A1.6.

Table A1.6 — LOD and LOQ values.

Drug LOD (ng/mL) LOQ (ng/mL)
Bifonazole 1.46 4.43
Clotrimazole 0.35 1.06
Tioconazole 14.05 42.59
Etofenamate 0.44 1.33
Sodium Diclofenac 0.88 0.29
Clobetasol proprionate 2.52 7.63
Hydrocortisone 0.05 0.15
Acyclovir 0.04 0.12
Dimetindene maleate 1.39 4.20

Al1.2.1.4 Linearity

IVRT sample concentration is interpolated by using the regression results obtained from
calibration curves. These are often calculated through the least squares method that
estimates the correlation coefficient (R?) and the regression equation (Basso et al., 2018;

Gongalves et al., 2018). Table Al1.7 depicts the results from linearity studies.
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Table A1.7 — Results obtained from the regression analysis using the least squares method for
all studied drugs. Results are expressed as mean + standard deviation (SD), n=4. Please note
that a weighted linear regression was performed on calibration data using 1/x? as the

weighting factor.

Drug Mean R? Mean Slope Mean Intercept
Bifonazole 0.9984 £ 0.0007 = 71972704 £ 846636 12227244 + 6063944
Clotrimazole 0.9994 + 0.0002 175242 + 5754 1659 + 749
Tioconazole 0.9987 + 0.0003 61944 + 2704 3271+231
Etofenamate 0.9988 + 0.0008 23376 + 1055 56591 + 31185
Sodium Diclofenac 0.9994 + 0.0003 21958 + 106 10595 £ 14365
Clobetasol proprionate = 0.9970 + 0.0008 52833 +1014 1160 £ 429
Hydrocortisone 0.9999 £ 0.0001 72492 £ 772 -2643 + 834
Acyclovir 0.9996 + 0.0001 73690 + 2119 10926 + 8039
Dimetindene maleate 0.9990 + 0.0017 6316 * 342 6558 +4917

All R? were superior to 0.99 and, therefore, evidence is provided regarding data quality and

linearity in the proposed range.

A1.2.1.5 Accuracy and Precision

Calibration curve quality should also be documented through the evaluation of precision and

accuracy. Both parameters should be assessed at the intraday and interday levels.

According to our results, displayed in Table A1.8, RSD values did not exceed 15%, even for the

lowest concentration QC. The same trend was also verified for the accuracy results.
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Table Al1.8 — Intraday and interday accuracy and precision results for all drugs. Results are

expressed as mean £ SD (n=5).

Intraday (n=5) Interday (n=15)
Drug Concentration Measured Measured
cQ Concentration | Accuracy (%) RSD(%)  Concentration | Accuracy (%) RSD (%)
(ng/mL) (ng/mL) (ng/mL)
0.25 0.26 £ 0.02 -5.41 7.97 0.26 £0.03 -4.92 11.52
BFZ 20 20.2+04 -1.22 1.93 20.2+0.5 -1.23 2.72
80 825+15 -3.13 1.77 82629 -3.33 3.52
0.1 0.11+0.01 -3.25 12.28 0.11+0.01 -3.25 12.91
CLT 20 194+0.4 9.07 1.86 19.5+0.8 9.07 4.08
40 389+1.2 3.03 2.97 38.6+2.38 3.56 7.37
4 3.82+0.13 4.51 3.42 3.8+0.29 5.06 7.76
TCZ 8 7.68+0.14 3.96 1.94 7.67 £0.30 4.19 3.94
16 16.4+0.4 -2.30 2.42 16.4+0.6 -2.30 3.76
20 20.9+0.9 -0.05 4.62 20.6+2.1 -0.03 10.27
ETF 80 79.2+1.9 0.01 2.47 79.2+2.6 0.01 3.49
180 1753 0.03 2.11 1757 -1.19 4.08
20 20.1+0.3 -0.01 1.52 20.1+0.5 -0.01 2.52
DF 80 83.31+0.99 -0.04 1.17 83.3+0.5 -0.04 3.95
180 181+3 -0.01 1.92 181+4 -1.26 2.41
0.4 0.38 £0.02 3.75 7.22 0.39 £ 0.05 3.36 13.04
CLB 1.5 1.38 £0.09 7.69 7.01 1.38£0.15 8.30 10.71
4 3.75+0.16 6.21 4.39 3.75+0.27 6.31 7.11
3 3.18 £ 0.04 -6.11 1.23 3.16 £0.17 -5.23 5.53
HC 15 15.11+0.2 -0.72 1.48 15.1+0.3 -0.67 2.04
40 40.2+0.2 -0.61 0.54 40.2+0.5 -0.55 1.18
20 20.7+0.9 -3.48 4.47 20.6+1.3 -2.84 6.27
ACV 80 80.2+0.9 -0.28 1.19 80.2+1.4 -0.22 1.80
200 203+1 -1.72 0.56 204 +7 -1.87 3.61
12.5 12.44 £ 0.17 0.49 141 12.44 £ 0.32 0.49 2.58
DM 22.5 22.38+0.24 0.55 1.05 22.38 £0.42 0.55 1.89
37.5 37.15+£0.25 0.93 0.68 37.15+£0.70 0.93 1.89

Key: BFZ — Bifonazole; CLT — Clotrimazole; TCN — Tioconazole; ETF — Etofenamate; DF — Diclofenac; CLB — Clobetasol; HC — Hydrocortisone;
ACV — Acyclovir; DM — Dimetindene Maleate.

These results substantiate that the developed methods are accurate, reliable, and

reproducible, since they all met the acceptance recommendations.

A1.2.1.6 Ruggedness

The ability of the method to provide reliable results despite minor variations in the analytical
conditions can be defined as ruggedness or robustness. Nevertheless, both terms present

slight differences (Gonzalez et al., 2014). ICH defines analytical method robustness as, “the

299



APPENDIX A

measure of its capacity to remain unaffected by small, but deliberate variations in method
parameters and provides an indication of its reliability during normal usage”
(CPMP/ICH/381/95, 2005). Furthermore, ICH provides examples of such variations. These
include mobile phase composition/pH variations, different columns, and different
temperature analysis or flow rates (CPMP/ICH/381/95, 2005; Gonzélez et al., 2014). USP
defines ruggedness as a measure of reproducibility of the test results under the variation
conditions normally expected from laboratory to laboratory and from analyst to analyst
(United States Pharmacopoeia, 2005). According to these compendial definitions, the term
ruggedness is more accurate when considering two different equipment types. Table A1.9

summarizes robustness results.
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Table A1.9 — HPLC method robustness. Results are expressed as mean + SD (n=4).

Drug Concentration CQ Mean Concentration Accuracy (%) RSD (%)
(ng/mL) (ng/mL)
0.25 0.26 £ 0.02 6.29 9.15
Bifonazole 20 18.4+0.8 —-8.05 4.44
80 81.2+0.5 1.49 0.59
0.1 0.11+0.01 9.03 9.85
Clotrimazole 20 17.5+0.7 -12.46 3.92
40 35.6+0.3 -10.87 0.72
4 3.99£0.07 0.13 1.71
Tioconazole 8 7.56+0.28 5.47 3.76
16 16.0£0.7 -0.08 4.12
20 22.9+0.5 13.77 2.37
Etofenamate 80 79+1.4 -0.93 1.75
180 1710 -4.95 0.24
20 21.0+0.3 4.84 1.36
Sodium Diclofenac 80 85.3+1.0 6.62 1.21
180 197 £10 9.18 5.05
0.4 0.41+0.05 3.59 11.75
Clobetasol Proprionate 15 1.37+£0.04 -8.75 3.09
4 3.61+0.04 -9.83 1.17
3 3.44 £ 0.06 14.67 1.86
Hydrocortisone 15 15.2+0.3 2.18 2.16
40 40.1+0.2 0.70 0.17
5 4.59 £ 0.02 -8.17 0.63
Acyclovir 100 95.9+0.1 -4.02 0.08
200 206+0 2.94 0.12
12.5 12.19+0.07 -2.70 0.55
Dimetindene Maleate 22.5 22.23+0.03 -0.77 0.15
37.5 37.63 £0.08 -0.10 0.22

Even though all results are in good acceptance with regulatory standards, some borderline

results were verified for hydrocortisone, etofenamate and clotrimazole.

A1.2.1.7 Stability

Stability testing should mimic common sampling procedures, so as to provide reliable data
analysis. The stability conditions assessed included autosampler and short-term stability.

Results are presented in Table A1.10.
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Table A1.10 — Autosampler and short-term stability of quality control (QC). Results are

expressed as mean * SD (n=5).

cf)t::iitl:m Autosampler Short term stability

Drug C°nceggat'0" Cont:\:::rr;tion Accuracy RSD Conr::rr;tion Accuracy RSD
(ng/mL) (ng/mL) ) %) (ng/mL) %) )

0.25 0.23+0.01 -8.43 6.29 0.29+0.01 15.96 3.94

BFZ 20 19.9+0.3 -.29 1.64 20704 3.17 2.07
80 84.2+0.8 5.22 0.94 85.5+0.8 6.83 0.96
0.1 0.11+0.01 7.67 5.37 0.10+0.01 -0.41 13.45

CLT 20 19.5+0.2 -2.68 0.94 20.2+0.8 1.14 4.08
40 38.7+0.6 -3.30 1.44 40.5+3.3 1.26 8.10

4 3.41+0.15 -14.81 4.50 3.49+0.18 -12.73 5.19

TCZ 8 7.76 £0.63 -2.94 8.12 7.41£0.35 -7.33 4.75
16 16.3+0.3 1.72 1.57 17.4+12 8.98 6.72

20 21.9+0.7 -0.09 3.06 20.2+0.1 1.03 0.75

ETF 80 92.8+3.0 -0.16 3.28 78.8+1.7 -1.54 2.20
180 198 +5 -0.10 2.66 178+ 1 -0.87 0.35

20 20.4+0.6 2.01 3.00 20.0+0.1 0.04 0.67

DF 80 84.4+2.7 5.50 3.20 82.310.6 2.82 0.69
180 1805 -0.15 2.60 184+ 0.0 2.05 0.20

0.4 0.34+0.01 -14.13 2.70 0.33+0.02 -16.24 6.19

CLB 1.5 1.35+0.03 -10.01 2.02 1.41 £0.06 -5.94 3.99
4 3.72+0.08 -7.06 2.18 391+0.21 -2.24 5.43

3.06 £ 0.05 1.96 1.77 3.40 £0.05 13.36 1.66

HC 15 15.1+0.5 0.82 3.25 15.2+0.3 1.24 2.04
40 39.9+0.3 -0.31 0.79 40.1+0.7 0.21 0.27

20 21.8+1.7 8.80 7.83 22.7+0.3 13.50 1.42

ACV 80 87.6+0.5 9.55 0.57 85.3+0.8 6.59 0.93
200 215+0.0 7.78 0.14 2092 4.27 0.77

125 12.17 £ 0.05 -2.64 0.38 12.53+0.25 -0.17 2.02

DM 22.5 22.51+0.17 0.04 0.75 22.40+0.31 -0.97 1.40
37.5 37.42+0.04 -0.20 0.10 37.66 £0.13 -0.17 0.36

Key: BFZ — Bifonazole; CLT — Clotrimazole; TCN — Tioconazole; ETF — Etofenamate; DF — Diclofenac; CLB — Clobetasol; HC — Hydrocortisone;
ACV — Acyclovir; DM — Dimetindene Maleate.

According to the results, it can be inferred that the analytes are stable under the studied

conditions, since precision and accuracy requirements were met.
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A1.2.2 Method Applicability to in vitro Release Testing — Franz Cell Receptor Fluid Screening
In Silico Studies: Using Chemical Predictors to Support IVRT Development

In order to determine the most appropriate conditions for solubility studies, the
physicochemical properties of each molecule were firstly predicted in silico and used to infer

their ionization, lipophilicity, permeability and solubility status, please see Table A1.11.

Table Al1.11 — In silico prediction of several physicochemical descriptors obtained from the

molecule structure using Chemaxon software.

Log S H H Solubility and pH

APl M P | (mg/mL) PKa ' yonors Acceptors Li::::ki tog D (mg/ml)
46 65 74 46 6.5 7.4

CLT = 344.84 | 5.84 0.000703 6.26 0 1 X 53 57 58 003 0 0
BFZ 31040 5.23  0.000791 6.36 0 1 X 47 507 52 0.05 0 0
TCZ 387.70 530 0.000552 @ 6.48 0 2 X 472 51 | 53 46 0 0
ETF  369.34 | 4.86 0.0187 | 15.12 2 4 C 49 49 49 002 002 002
DF | 296.15 4.26 0.0149 | 4.00 2 3 C 36 18 1.1 007 48 @ 379
CLB  466.97 4.18 0.0017  13.59 1 4 C 42 42 42 0 0 0
HC | 362.47 1.28  0.408  12.59 3 5 C 13 13 13 04 0.4 0.4
ACV | 225.21 1_63 9.1 11.98 3 7 o 1.64 1_63 1_63 9.3 9.1 9.1
DM | 4085 403  0.356 9.7 0 2 C 0.06 0.71 1.46 4085 4085 72.23

Key: BFZ — Bifonazole; CLT — Clotrimazole; TCN — Tioconazole; ETF — Etofenamate; DF — Diclofenac; CLB — Clobetasol; HC — Hydrocortisone;
ACV — Acyclovir; DM — Dimetindene Maleate; S — intrinsic solubility (water at 25 °C); C — Compliant; NC — Non-compliant; M — Molar Mass.

The distribution coefficients (Log D) were determined within a physiological range of pH values
compatible with skin application. The Log D is the appropriate descriptor for ionizable
compounds, since it relates to the solubility of all chemical forms depending on the selected
pH. Hydrocortisone, etofenamate, acyclovir, and clobetasol, as neutral actives, do not present
changes in LogD at different pH values. By contrast, all antifungal drugs plus diclofenac and
dimetindene show opposite behaviours. For diclofenac, the Log D at 4.6 was higher than the
Log D at 6.5, since the non-ionized form is predominant at an acidic pH (Carrer et al., 2018).
The reverse situation is observed for all antifungal drugs and dimetindene maleate, where an
increase of pH is followed by an increase of the Log D. The non-ionized form of bifonazole,

tioconazole, clotrimazole and dimetindene maleate is predominant at more basic pH.

According to the Lipinski rule of five, it is more likely for a compound to exhibit an enhanced
permeability if the number of hydrogen bond donors/acceptors is no more than 5 or 10,
respectively, the molecular weight does not exceed 500 Da, and the LogP is not more than 5.

Hydrocortisone, etofenamate, acyclovir, clobetasol, diclofenac and dimetindene comply with
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these requirements, while the other active substances (antifungals) are expected to have
poorer permeability (Faria et al., 2019). Regarding lipophilicity, different profiles can be
identified. Hydrocortisone and acyclovir exhibit low/moderate lipophilicity, while the other

compounds are predominantly more lipophilic.

The solubility of the compounds was carefully inspected in order to select the most
appropriate IVRT conditions. Dimetindene maleate, acyclovir and hydrocortisone, display the
highest intrinsic solubility amongst the studied drugs (acyclovir and dimetindene are very
soluble and hydrocortisone is freely soluble) (The European Pharmacopoeia Commission,
2019). Even though PBS (pH = 7.4) could be a suitable choice for the release medium of these

actives, two additional circumstances had to be considered:

® The Topical and Transdermal Drug Products Product Performance Tests section in the USP
suggests a water/ethanol (70:30, v/v) release medium for a hydrocortisone cream (USP,

2009). Therefore, this particular release medium was instead considered.

* The dimetindene maleate 1 mg/g gel is an antihistaminic drug which reduces swelling and
sooths skin irritation. Since it should be administered 2-4 times a day, the IVRT study
timeframe was shorten to 6h (PAR, 2015b). In this context, to prompt drug release, the
addition of a cosolvent was equated. Please note that, dimetindene maleate solubility is
impacted by the pH, nevertheless at pH= 7.4 its solubility is still very high, therefore

screening studies solely contemplated the impact of cosolvents.

For acyclovir, a release medium comprising PBS was selected.

Diclofenac and etofenamate can be classified as sparingly soluble, hence the effects of two
co-solvents, ethanol and propylene glycol, were tested. Etofenamate Log D displays no
alteration within the considered pH range, therefore, a pH =7.4 was solely considered. The
solubility of these two actives was then assessed in the following conditions: PBS/co-solvent
80:20 and 70:30, v/v.

On the other hand, diclofenac solubility is impacted by the pH, consequently, screening
studies were performed at a pH values of 3.6, 5.5, and 7.4 in the condition PBS/co-solvent
80:20, v/v.

Clobetasol is considered slightly soluble and its Log D is not affected by pH. Taking this into
account, the following conditions were tested: PBS/ethanol 70:30 and 50:50, v/v.

Antifungal molecules present the lowest solubility, as they are considered as very slightly
soluble molecules. As previously mentioned, these molecules do not exhibit change in the Log

D at a physiological pH compatible with skin application. However, for tioconazole, at a
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pH = 4.6, the molecule evidences some degree of solubility. Therefore, the effect of the same
co-solvents was screened in the following conditions: PBS/co-solvent 70:30, 60:40, and 50:50,
v/v, for both bifonazole and clotrimazole. Alternatively, for tioconazole, PBS/co-solvent ratios
of 80:20, 70:30, and 50:50, v/v, were tested at a pH = 7.4. Since ethanol provided the highest
solubility results, the PBS/ethanol 80:20 and 50:50, v/v, conditions were repeated, but at a pH
of 4.5. Solubility results are presented in Fig. A1.3.
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Fig. A1.3 — Solubility of the active substances in each medium. The results are expressed as
mean * standard error of the mean (SEM) (4<n<7). Since the data are normally distributed
(Shapiro-Wilk normality test), a two-way ANOVA with a Tukey multiple comparison test was
employed to statistically compare the means. The differences among the means were

considered significant for values of p<0.1.
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Ethanol was herein selected due to its prevalence in the literature, while the selection of
propylene glycol was mainly related to the presence of this component in the qualitative
formulation of some products. In fact, among the polyvalent alcohols, propylene glycol is the
most frequently used co-solvent in topical products (de Melo et al., 2017). Nevertheless, for

all drugs, ethanol demonstrated a higher solubility.

For etofenamate, PBS/ethanol pH = 7.4 at a 70:30, v/v, ratio was selected as the release
medium. For bifonazole, clotrimazole, and clobetasol, a 50:50, v/v, ratio of PBS/ethanol pH =
7.4 enabled the optimal solubility conditions. For tioconazole, the same medium displayed
good results, however, a pH = 4.5 was selected. Finally, for diclofenac and dimetindene
maleate, a PBS/ethanol 80:20, v/v, at a pH = 7.4 was selected.

IVRT

The analytical methods presented in this appendix were used to monitor drug concentrations
in Chapters 4, 5 and 6. To meet formal requirements, topical product release mechanisms
should follow the Higuchi model, in other words, drug release should exhibit linearity with
respect to the square root of time (EMA, 2018b; Higuchi, 1961). As portrayed in the above

mentioned chapters, for all products, this criterion was fulfilled (Naik et al., 2016).

A1l1.3 Conclusions

Considering the current regulatory background, product performance evaluation techniques,
such as IVRT, are becoming increasingly common in all stages of topical products’ lifecycles. In
this context, one of the principal contributions of the developed analytical methods relies on
the establishment of a portfolio of HPLC methods specifically tailored for commercially
available topical products. The analytical methods presented here are specific, linear,
accurate, reliable, and reproducible. Due to their simplicity and a high sample throughput
potential, this database can constitute a useful tool for (i) fast screening of formulation
performance, and (ii) timely analysis of batch compliance, supporting a routine
implementation. Lastly, an in silico approach was successfully developed to assist the IVRT

release medium selection.
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Appendix A2
A2.1 Materials and Methods
A2.1.1 Materials

Bifonazole and diclofenac diethylammonium, were kindly supplied by Laboratdrios Basi. Skin
samples used for IVPT experiments were obtained from two different sources: (i) Centro
Hospitalar de Lisboa Central, where the experimental protocol was approved by the Bioethics
Committee. Written informed consent forms have been obtained from the participants
involved in this study (Process number 447/2017); (ii) Genoskin®. The tissue was also obtained
from plastic reduction surgeries. In both skin sources, after tissue excision, all specimens were
transported in saline solution (normal saline) under refrigeration (for less than 24 hours).
Water was purified with a Millipore MILLI-Q reagent water system and filtered through a 0.22

pum nylon filter before use. All other chemicals were of analytical grade or equivalent.

A2.1.2 Methods

A2.1.2.1 Instrumentation and Chromatographic Conditions

A Shimadzu LC-10AD apparatus, equipped with a quaternary pump (LC-10AD), an autosampler
unit (SIL-10ADVP), a CTO-10AVP oven and a CBM-20 A detector was used to monitor drug
concentrations in IVPT samples. Chromatographic analysis was conducted in isocratic mode.
The next table describes the analytical conditions used. All columns were supported with a

SecurityGuard cartridge.

Table A2.1 summarizes the specific analytical conditions used for each drug product.
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Table A2.1 — Analytical conditions. All developed methods are isocratic and relate to a 10 pL

injection volume.

Drug Analytical conditions

Column: XBridge™ C18 5 um (2.1 mm x 150 mm)

Mobile phase: Buffer solution (900 mL of a sodium dihydrogen phosphate solution (29 mM)
with 100 mL of a orthophosphoric acid solution (25 mM), adjusted to pH 3.2 using
Bifonazole trimethylamine) and acetonitrile (60:40, v/v).

Flow: 0.35 mL/min
Run time: 8 min
Wavelength: 210 nm
Temperature: 40°C

Column: LiChrospher® 100 RP-18. 5 um (4.6 mm x 125 mm)
Mobile phase: methanol: 2% acetic acid (75:25, v/v)
Diclofenac Flow: 1 mL/min
diethylammonium Run time: 7 min
Wavelength: 280 nm
Temperature: 30°C

A2.1.2.2 Preparation of Stock Solutions, Calibration Standards, and Quality Controls

Bifonazole and diclofenac stock solutions for were prepared as previously described and two
working standards were considered for each drug. These were prepared by further dilution of
the stock solution with the corresponding permeation medium/ extraction solvent used in
IVPT studies, see Table A2.2.

Table A2.2 — Release medium/ extraction solvent used for IVPT studies.

Drug Medium
IVPT Samples: PBS-PEG-400 (60:40, v/v pH=7.4)
Mass Balance samples: Acetonitrile

IVPT Samples: PBS (pH=7.4)
Mass Balance samples: Methanol

Bifonazole

Diclofenac diethylammonium

Six to ten standard solutions were considered for each calibration curve. Moreover, as quality

controls, five replicates of three different concentration standards were used.

Since the focus of the present work was to quantify IVPT/ mass balance samples, preliminary
in vitro tests were performed to determine the appropriate range for the calibration
standards. In all cases, IVPT and standard samples were directly injected. All stock and working

solutions were freshly prepared each day.

A2.1.2.3 Method Validation

Validation studies were performed according to the International Council for Harmonization
(ICH) guidelines for each drug substance (CDER, 1994; ICH, 2005). These experimental
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procedures reporting to system suitability, limits of detection, and quantification, linearity,

accuracy, precision, robustness, and stability assessments were previously reported in

section Al.

A2.1.2.4 Method Applicability to in vitro permeation Testing

The maintenance of sink conditions is crucial throughout the release experiments, therefore,

solubility studies were performed. The adopted protocol was as described in section 4.2.2.3.

A2.2 Results and Discussion

A.2.2.1 Specificity/selectivity

Chromatographic separation of all drugs was successfully achieved using the described

analytical conditions, see Fig. A2.1.
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Key: A — Bifonazole IVPT studies chromatograms. Right Y axis — IVPT medium, 10 ug/mL standard and IVPT sample; Left Y axis — skin blank
PM and placebo. B — Bifonazole IVPT mass balance studies chromatograms. Right Y axis — 10 pg/mL standard, donor chamber and skin. Left
Y axis — Acetonitrile and skin blank. C — Diclofenac IVPT studies chromatograms. Right Y axis — permeation medium, IVPT sample and blank
skin; Left Y axis — 10 ug/mL standard. D — Diclofenac IVPT mass balance studies chromatograms. Right Y axis — methanol, blank skin; donor
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Fig. A2.1 — Representative chromatograms obtained in IVPT studies.
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Moreover, it should be pointed out that these products regard complex formulations with
multiple ingredients. Preservatives such as benzyl alcohol present in bifonazole, absorb in the
UV region. For this reason, additional peaks are present in IVPT samples of bifonazole.
Moreover, IVPT samples also display additional peaks related to the skin matrix. Nevertheless,
in all cases, drug peaks were resolved from the additional components, thus highlighting the

specificity of the proposed methods.

To further illustrate the chromatographic similarity between the standards and IVRT samples,

the retention times are presented in Table A2.3.

Table A2.3 — Retention times (min) for standards and IVRT/IVPT samples.

Drug IVRT Samples IVPT Samples IVPT mass balance samples
Standards: 3.947 + 0.09 (n=45) Standards: 5.141+0.104 (n=30)  Standards: 4.878+0.0029 (n=23)
Samples: 4.012 + 0.06 (n=180) Samples: 5.053+0.044 (n=389) Samples: 4.91610.04 (n=62)

Standards: 4.166 + 0.02 (n=45) Standards: 4.053 + 0.89 (n=45)  Standards: 3.978 *+ 0.06 (n=45)
Samples: 4.241 + 0.01 (n=180) Samples: 4.12 + 0.03 (n=421) Samples: 4.00+0.03 (n=70)

Bifonazole

Diclofenac

A.2.2.2 System Suitability
System suitability results and acceptance criteria are summarized in Table A2.4.

Table A2.4 — System suitability test parameters. System suitability was evaluated by injecting

the same standard solution six times.

Retention Tim
Conc. etention Time Peak Area T

(min) . . . .
Drug (ug/mL) T. Plates K Factor Resolution
Mean RSD Mean RSD
BFZ_IVPT 10 5.166 0.12 1502 906 0.75 1807 869 6659.5 1.620 5.459
samples
BFZ_MB 10 4.879 0.13 2786524 0.42 625 715 2.727 1.09 2.635
samples
DF_IVPT 5 4.040 0.63 312078 1.19 4163 049 2.578 1.213 10.439
samples
DF_MB
— 50 3.818 1.61 2 822 057 1.27 1334386 2.497 1.070 6.924
samples
Acceptance criteria - <2.0% - <2.0% > 1000 > 1000 <2.0 >2.0

Key: BFZ — Bifonazole; BFZ_MB samples — Bifonazole mass balance samples; DF — Diclofenac; DF_MB samples — Diclofenac mass balance
samples; Conc — concentration; T. Plates — theoretical plates; K" — capacity factor; T. Factor — tailing factor.

The precision of both peak area and retention time was compliant for all samples, thus
documenting the system’s ability to detect and analyse the compounds in their respective
matrices. Column efficiency was also evidenced for all drugs, since the number of theoretical
plates (T. Plates), tailing factor (T. Factor), and resolution were compliant with ICH criteria
(CDER, 1994).
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A.2.2.3 Limits of Detection and Quantification

LOD and LOQ values are summarized in Table A2.5.

Table A2.5 - LOD and LOQ values.

Drug LOD (ng/mL) LOQ (ng/mL)
Bifonazole IVPT samples 1.01 3.05
Bifonazole Mass balance samples 0.38 1.16
Diclofenac IVPT samples 493 14.93
Diclofenac mass balance samples 2.28 5.36

A.2.2.4 Linearity

Sample concentration was interpolated by using the regression results obtained from
calibration curves. These are often calculated through the least squares method that
estimates the correlation coefficient (R?) and the regression equation (CDER, 1994;
CPMP/ICH/381/95, 2005). Table A2.6 depicts linearity studies results.

Table A2.6 — Results obtained from the regression analysis using the least squares method for
all studied drugs. Results are expressed as mean + standard deviation (SD), n > 4. Please note
that a weighted linear regression was performed on calibration data using 1/x? as the

weighting factor.

Condition Range Mean R? Mean slope Mean intercept
Bifonazole 0.05-5 pg/mL | 0.9999 +0.0001 127,368 + 32,561 18,554 + 2871
IVPT samples 5-50ug/mL | 0.9997 £0.0003 = 219,863 + 61,655 -516,812 + 278,696
Bifonazole
Mass Balance | 0.25-100 pg/mL | 0.9999 + 0.0001 273,785 + 2825 29,925 + 24,776
Samples
Diclofenac
0.01-100 pg/mL | 0.9999 + 0.0001 62,365 + 845 291 + 215
IVPT samples
Diclofenac
Mass Balance 1-200 pg/mL 0.999 £ 0.0012 59,351 + 818 10,387 + 4427
Samples

All R? were superior to 0.99 and, therefore, evidence is provided regarding data quality and

linearity in the proposed range.

A.2.2.5 Accuracy and Precision

The evaluation of precision and accuracy was assessed at both intraday and interday levels.
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According to our results, displayed in Table A2.7, RSD values were compliant even for the
lowest concentration QC. The same trend was also verified for the accuracy results. These

results substantiate that the developed methods are accurate, reliable and reproducible

(CDER, 1994; CPMP/ICH/381/95, 2005).

Table A2.7 — Intraday and interday accuracy and precision results for all drugs. Results are

expressed as mean * SD (n=5).

A.2.2.6 Stability

Stability testing should mimic common sampling procedures, so as to provide reliable data
analysis. The stability conditions assessed included autosampler and short-term stability.
Results are presented in Table A2.8. According to the results, it can be inferred that the

analytes are stable under the studied conditions, since precision and accuracy requirements

Drug

Bifonazole
IVPT samples

Bifonazole

Mass Balance
Samples

Diclofenac IVPT
samples

Diclofenac

Mass Balance
Samples

were met.

Qc

0.5

20
2.5
20
60
0.1
2.5
20
2.5
30
80

Measured
concentration

0.49+0.02
1.89£0.09
21.1+£0.7
2.44 £0.02
20.2+0.2
59.5+0.5
0.1+0.01
2.48 £0.05
20.3+0.3
2.5+0.06
30.0+0.6
79.3+0.9

Intraday (n=5)

Accuracy (%) Precision (%)

2.85
5.65
5.38
2.49
-0.93
5.38
-1.75
0.70
5.38
-0.25
-0.13
5.38

3.33
4.84
3.53
0.96
0.89
0.79
6.65
2.10
1.53
2.55
2.16
1.15

Measured
concentration

0.49+0.06
1.88+0.10
21.0+£0.9
2.44 £0.16
20.2+0.3
59.5+1.0
0.1+0.01
2.48 £0.06
20.3+0.4
2.47+0.18
30.0+£0.9
793+11

Interday (n=15)

Accuracy (%) Precision (%)

1.68
5.80
-5.22
2.49
-0.93
0.76
-1.02
0.70
-1.41
131
-0.13
0.88

12.02
5.24
4.18
6.67
1.49
1.76

10.46
2.44
2.24
7.10
3.09
1.44
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Table A2.8 — Autosampler and short-term stability of quality control (QC) samples. Results are

expressed as mean £ SD (n=5).

Stab.' I!ty Autosampler Short term stability
condition
Dru ac Measured Accuracy Precision Measured Accuracy Precision
i concentration (%) (%) concentration (%) (%)
0.5 0.47 £0.03 -3.07 7.15 0.47 £0.02 -6.09 4.25
Bifonazole
2 2.19+0.13 9.39 6.04 2.13+£0.03 6.40 1.55
IVPT samples
20 20.7+£0.5 3.66 2.58 20.5+1.15 2.73 5.59
Bifonazole 2.5 2.59+0.05 3.47 1.74 2.60+0.03 3.92 1.22
Mass Balance 20 20.1+0.14 0.46 0.70 20.2 £0.07 0.99 0.35
Samples 60 59 + 0.47 -1.66 0.79 58.81+0.1 -1.99 0.17
0.1 0.09 £0.01 -11.97 5.93 0.10 £ 0.004 -3.68 3.99
Diclofenac IVPT o 5 514005 0.46 2.08 2.49 £0.015 040  0.59
samples
20 20.3+0.5 1.47 2.32 20.2+0.3 1.02 1.47
Diclofenac 25 2.4+0.04 -4.08 1.68 2.44£0.02 -2.47 099
Mass Balance 30 30.7+0.5 2.41 1.66 29.8+1.5 -0.77 5.11
Samples 80 81.1+0.8 1.36 0.96 77.6 +0.6 -3.00 0.81
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The present Appendix describes the statistical approaches used for confidence interval

calculations.

90% Confidence Interval Calculation according to SUPAC-SS criteria (FDA)

In Chapter 4, to evaluate the sensitivity of the diclofenac emulgel IVRT method, the confidence
intervals (Cl) pertaining to the lower/higher strengths formulations vs. the nominal
formulation were calculated based on the Wilcoxon Rank Sum/Mann-Whitney rank test. This
statistical test, described in the SUPAC-SS guidance, regards a nonparametric test. According
to the FDA, this is suitable for IVRT data since it minimizes the presence of outliers, which, as
extensively reviewed throughout this thesis, are expected to occur in IVRT experiments
(Conover, 1999; FDA, 1997). The next example regards the Wilcoxon Rank Sum/Mann-
Whitney rank test for the 90% ClI computed between the 1% vs. 0.5% diclofenac formulations,

described in Chapter 4.

The first step evolved in the computation of this Cl is to form a 144 element matrix, which
corresponds to the 12 x 12 individual TP/RP ratios. This is illustrated in Table B.1, where the
IVRR of the 1% diclofenac formulation (RP) are listed down the left margin of the table, and
IVRR values of the lower strength formulation (TP) are displayed across the top of the table.

All the individual T/R ratios regard the entries in the body of the table.
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Table B.1 — 90% Confidence interval calculation according to the Wilcoxon Rank Sum/Mann-
Whitney rank test (FDA).

402.1 4535 529.8 4219 4253 405.0 490.3 475.5 511.7 516.9 4444  404.4
655.9 0.6131 0.6915 0.8078 0.6432 0.6484 0.6175 0.7475 0.7249 0.7802 0.7881 0.6775 0.6165
767.9 0.5236 0.5906 0.6899 0.5494 0.5538 0.5274 0.6385 0.6191 0.6664 0.6731 0.5787 0.5266
704.8 0.5705 0.6435 0.7518 0.5986 0.6035 0.5747 0.6957 0.6746 0.7261 0.7334 0.6305 0.5738
636.3 0.6319 | 0.7128 0.8326  0.6630 0.6684  0.6365 0.7705 0.7472 0.8042 0.8124 0.6984 0.6355
652.8 0.6160  0.6948 0.8116 0.6463 0.6515 0.6204 0.7511 0.7284 0.7839 0.7919 0.6808 0.6195
604.9 0.6648 | 0.7498 0.8759 | 0.6975 0.7031 0.6696 0.8106 @ 0.7861 0.8460 0.8546 0.7347 0.6686
644.8 0.6236 0.7034 0.8216 0.6543 0.6596 0.6281 0.7603 0.7373 0.7936 0.8016 0.6892 0.6271
803.0 0.5008 0.5648 0.6598 0.5254 0.5297 0.5044 0.6106 0.5921 0.6373 0.6438 0.5534 | 0.5036
724.6 0.5549 0.6259 0.7312 0.5822 0.5869 0.5589 0.6766 0.6562 0.7062 0.7134 0.6133 0.5581
649.8 0.6188 0.6979 0.8153 0.6492 0.6545 0.6232 0.7545 0.7316 0.7875 0.7954 0.6838 0.6223
654.4 0.6145  0.6930 0.8096 @ 0.6447 0.6499 0.6189 0.7492 0.7265 0.7820 0.7899 0.6791 0.6179

617.0 0.6518 | 0.7351 0.8588 | 0.6838 0.6894 @ 0.6565 0.7947 0.7707 0.8295 0.8379 0.7203 0.6555

The second step to determine the confidence interval is to rank these 144 individual TP/RP
ratios from lowest to highest. In the third step, the 43™ and the 121% ordered individual ratios
regard the lower and upper limits, respectively, of the 90% CI for the ratio of the median TP
IVRR over the median IVRR for RP.

For this specific case study, the Cl corresponds to 0.6271 to 0.7861, or in percentage terms to
62.71% to 78.61%.

90% Confidence Interval Calculation according to EMA criteria

To calculate the Cl according to EMA directives, the procedures described in the
bioequivalence guideline were followed (EMA, 2010). For this, one should take into account
that the terms sequence, subject within sequence, period and formulation do not apply, since
we are considering in vitro studies. In the guideline it is stated that a non-parametric analysis
is not acceptable (EMA, 2010).
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The next example regards the calculation of the 90% ClI, following EMA directives, of the IVRR
of batch 1 vs. IVRR of batch 2 of the hydrocortisone cream studied in Chapter 5 (HC_1 vs.
HC_2).

Firstly, the data was natural log transformed. Then, the means and the standard deviations
were calculated. This was followed by obtaining the ratio of the two back-transformed

averages for IVRR, please see Table B.2.

Table B.2 — Step 1 for 90% Cl calculation according to EMA bioequivalence guideline. The data
herein presented corresponds to the IVRR (ug/cm?/vh) attained for hydrocortisone cream
batch 1 and batch 2.

IVRRHC_1 IVRR HC_2 Ln (IVRR HC_1) Ln (IVRR HC_2)
69.227 76.133 4.237 4.332
74.593 87.596 4.312 4.473
84.603 80.719 4.438 4.391
76.921 77.496 4.343 4.350
69.583 81.129 4.243 4.396
88.825 77.973 4.487 4.356
63.901 90.563 4.157 4.506
70.721 74.324 4.259 4.308
68.501 77.622 4.227 4.352
69.916 81.112 4.247 4.396
59.210 78.366 4.081 4.361
75.428 84.530 4.323 4.437
Mean 4.279 4.388
SD 0.111 0.058
Exp Mean 72.20 80.50
Ln Ratio average -0.109

The next step included the calculation of the 90% confidence interval, according to Equations
(B.1) and (B.2).

Sp _ \/(nl—l)xsf+(n2—1)><s§ (B.1)
n1+n2—2

Xq 1 1

X:2 + tl—a/Z,n1+n2—2,Sp Tl—1 + n_2 (B.2)

where X is the mean value to evaluate the test (X;) or reference product (X,), t1-a/2 is the

Student’s t value for a = 0.90, s is the standard deviation, and n the number of observations.
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Please take into account that in this example the terms TP and RP do not apply, since all data
was attained with different batches of the RP. Nevertheless, for Cl calculations aiming

bioequivalence documentation the ratios should be calculated as TP/RP.

Table B.3 — Step 4 for 90% Cl calculation according to EMA bioequivalence guideline. The data
herein presented corresponds to the IVRR (ug/cm?/vh) attained for hydrocortisone cream
batch 1 vs. batch 2.

Sp 0.089
1 1
tl—a/z,n1+n2—2,5p —+— 0.06
ng n,
Lower CI -0.171
Upper CI -0.046
Antilog
Lower Cl (%) 84.27
Upper CI (%) 95.46

90% Confidence Interval based on the pairwise difference between population

means.

In Table 5.9, the 90% confidence intervals regarding the microstructure parameters were

calculated based on the difference between population means.

The following formula was used:

90% CI = (M, — M,) + t X (Z—”) + (S—”) (B.3)

1 ns

where, M1 and M3 regard the sample means of the parameter being considered, t corresponds
to the t statistic determined by confidence level, s the standard deviation and n the sample

size.

This calculation assumes that the two population variances being compared are equal (i.e., it
uses a pooled standard deviation in order to calculate the standard error portion of the
confidence interval calculation). If the Cl encloses the value 0, we can ensure equivalence

similitude.

For the clotrimazole case study in Chapter 3 and in Chapter 6, for simplicity, the Cl values were

expressed in percentage and calculated according to EMA approach.
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90% Confidence Interval calculated through the SABE approach (FDA)

As mentioned in Chapter 6, the Cl calculations pertaining to the IVPT data were determined
following two approaches —the EMA and the FDA approach. The next section summarizes the
main procedures used to estimate the 90% Cls of IVPT endpoints according to the FDA
approach. All calculations followed the FDA acyclovir guidances, as well as the work by A.
Pensado and collaborators (FDA, 2016c; Pensado et al., 2019).

The example herein selected refers to the AroraL endpoint retrieved from pivotal IVPT data for
the pairwise bifonazole 10 mg/g cream comparison RP1 vs. TP1. This rationale is also
applicable to Juax. In this study, the above mentioned products were tested in the skin from 8
donors and 2 replicates were always considered, nr=2 and n=8. Please note that the results
attained from the pilot study were not regarded for the statistical analysis, as per FDA
requirements (FDA, 2016c).

Bioequivalence calculations were performed based on this specific study design — a balanced
study with nr replicated measurements of each formulation in a total of n subjects for a metric

determined in the k™ replicated site treated with formulation i on subject j (Mi).

Mijc regards a metric which always represents a positive number, such as the mass per unit
area of drug permeated at the end of the IVPT study (Aroral). To evaluate bioequivalence in
such conditions, Mijjx was naturally log-transformed, which will be further defined as Zjj, then

it was determined in each subject and then averaged across all subjects as follows:

Zijk = In(Mjj) = naturaly log transformed value of Mi

1 . . .. . .
Zij = —Yi1Zijx = mean of the log-transformed metric for formulation i in each subject j
nr

Ml-j = exp(Z_ij) = Geometric mean of the metric for formulation i in each subject j

I_j = Z_lj - Z_zj = Difference between formulations 1 and 2 of the mean of the log transformed

metric in each subject j

[ = % ;-‘:11_]- = Mean of the differences between formulations 1 and 2 of the log transformed

metric averaged over n subjects

1 = = . . . . .
s? =—¥" (I — I)? = inter-subject variance of the differences between formulations 1
L= pogaj=1j

and 2 of the log transformed metric

319



APPENDIX B

The within variance for a formulation | measured in subject j is calculated as follows:

2 1 n

= 12
nr - . . . . .
Wi = nir Dy 2U=1 k=1[Zijk — Zij] = within subject variance of the log transformed metric

S

for formulation i

Note that for a balaced design, estimates for I and s; are the same forI_j calculated from the

difference of the mean of the log trnasformed metric (i.e. I; = Z_lj - Z_zj) or calculated as the
mean of randomely matched replicates, such as I; = %Zﬁzl(lek — Zyjk) as specified in

(Pensado et al., 2019).

The following tables specify the calculations performed when evaluating bioequivalence of
the bifonazol 10 mg/g cream RP1 and the test product TP1. Furthermore, the determination

of the within subject variance for RP1 is listed on Table B.6.

Traditional average bioequivalence assessment
Traditionally, formulation 1 and 2 are considered to be equivalent for a margin m if:

T £ 8,000 < In(m)

SiXtp.95n—1

8ig09 = — - projected half-width of the 90% confidence interval (Cl) for the

population mean difference. In this, ty 95,1 regards the 95% percentile of the student’s t
distribution with n-1 degrees of freedom. The value m, traditionaly corresponds to m=1.25

which corresponds to the [0.8 - 1.25] confidence interval.

Results are presented as the geometric mean ratio (GMR) of the selected metric for
formulation 1 compared with formulation 2 and the projected lower and upper 90% Cls for

the population mean ratio (GMRgo%,upperand GMR go%,lower respectively) calculated as:
GMR = exp(l)
GMRooo, 10wer = exp(l_— 890%) and GMRooo,upper = exp(1_+ 890%)

Example calculations of this traditional BE assessment methodology for RP1 and TP1 are
provided in Table B.5. Even though the GMR, as well as the lower and upper Cl can be naturaly
or base 10 logarithmic transformed, given that the anti-log step is consistent with the type of
log transformation used in this work the natural log transformation was in all cases selected.
The reasons that support this selection are related with the scaled average bioequivalence

procedure which is specific to the type of logarithmic transformation (Pensado et al., 2019).
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Scaled average bioequivalence assessment (SABE)

As previously mentioned in Chapter 6, this methodology applies when the within subject
standard deviation for the RP is Sw2>0.294. In this condition, the RP and the TP can be
considered bioequivalent if the geometric mean ratio (GMR), calculated as previously
described, falls within the range [1/m, m] for the selected bioequivalence margin (which is
traditionally set to 1.25) and if the upper 95% confidence interval (SClyg) for the quantity

In(m)?\ .
(U — 1p)? — a2, (2(:;) ) is less than, or equal to zero.

The parameters i, and u, regard the population means of the test and reference product,
respectively, and 6,2, corresponds to the variance of the reference population. Please note
that all parameters should be calculated for the log transformed metric. The calculation of

SClys as described by Pensado et al. is following presented (Pensado et al., 2019):

In(m)71?
3:[ (m)
Owo

2
x=r-L
n
Y:_QS‘%/Z

2
, _ st
X =+ toosn-1 o

, n(nr — Dsy,
Yp=-0—"F—"—
XO.95,n(nr— 1)

V=Xpg=X)|Xp—X|+(Yp-Y)|[Yp—Y|

%4

In this, 0,,0 = 0.25 (regulatory constant), ty95,-1 is defined as the traditional ABE

assessment and X(2),95 n(nr—1) corresponds to the 95™ percentile of the Chi-Square distribution

with n(nr-1) degrees of freedom.

Example SABE calculations for RP1 and TP1 are provided in Table B.7. As previously
mentioned, all calculations herein presented assume that the data was naturally log

transformed.
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Table B.5 — Traditional bioequivalence evaluation of the TP1 vs. RP1 (designated as
formulations 1 and 2, respectively). The calculations were performed based on the difference
between both formulations of the log transformed bifonazole amounts retrieved at the end

of the IVPT study I;.

Donor number I = Zy; — Z5; (ug/cm?)

-0.2830

5 -1.2970

6 -0.0049

7 0.2295

8 -0.5983

10 -0.5144

11 1.0371

12 0.9484

I -0.0603

Si 0.7913
&1,90% 0.5301

I — &150% -0.5904
I + 8190% 0.4697
GMR 0.9414
GMRo0% lower 0.5541
GMRgo%upper 1.5996

Table B.6 — Calculation of the within subject variance (S2wz) for the AtoraL parameter.

[Z2j - 23]
mber k=2

4 0.1662 0.1662
5 0.2591 0.2591
6 0.6379 0.6379
7 0.0011 0.0011
8 0.8948 0.8948
10 0.2208 0.2208
11 0.5157 0.5157
12 0.4205 0.4205

Sum 6.232

Sw2 0.779

Sw2 0.883
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Table B.7 — Scaled average bioequivalence (SABE) calculations comparing the bifonazole RP1
vs. TP1 batch (designated as formulations 1 and 2, respectively) for the log transformed

bifonazole amount (Arorat) for m = 1.25.

Owo m 0 n nr t0.95, (n-1) X2 0.95, nr(n-1)
0.25 1.25 0.797 8 2 1.8946 15.51
[ Si? Swz X Y X'g Y's X=X Ye-Y \% SClus GMR
Calculated

values
-0.0603 0.6262 0.8826 -0.0746  -0.6206 0.3486 -0.3202 0.4232 0.3005 0.2694 -0.1763 0.9414

90% Confidence Interval for IVPT data (EMA)

As previously mentioned, the Cl calculations pertaining to the IVPT data were determined
following two approaches —the EMA and the FDA approach. The next section summarizes the
main procedures used to estimate the 90% Cls of IVPT endpoints according to the EMA

approach.

Firstly, the data was natural log transformed. Then, the arithmetic mean of all individual T-R
differences was calculated. Subsequently, the variability within subjects was calculated as the
difference between each individual subject difference T-R and the previously determined
mean. These squared differences were summed to obtain the sum of squares. The sum of

squares was divided by n-1 degrees of freedom, to obtain the variance of the differences.

The standard error of the differences was obtained by dividing the variance by n and then
calculating the square root. The confidence interval was attained by the usual expression

XJ_rtx}ﬁ (B.4)

wherein X is the previously calculated mean of all individual T-R differences , t is the t-value
reporting to a 90% Cl with n-1 degrees of freedom, s regards the standard error calculated as

previously described, and finally, n is the sample size.
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Table B.9 — EMA IVPT data bioequivalence evaluation of the TP1 vs. RP1 (designated as
formulations 1 and 2, respectively). The calculations were performed based on the difference
between both formulations of the log transformed bifonazole amounts retrieved at the end

of the IVPT study ;.

Donor number I = Zy; — Z5; (ug/cm?)

-0.2830
5 -1.2970
6 -0.0049
7 0.2295
8 -0.5983
10 -0.5144
11 1.0371
12 0.9484
I -0.0603

Table B.10 — EMA IVPT data bioequivalence evaluation of the TP1 vs. RP1 (designated as
formulations 1 and 2, respectively). The calculations were performed based on the difference
between both formulations of the log transformed bifonazole amounts retrieved at the end

of the IVPT study ;.

Donor number [T, — T ]Z(pg/cmz)

4 0.0496

5 1.5293

6 0.0031

7 0.0840

8 0.2894

10 0.2062

11 1.2043

12 1.0176

Sum 4.3835
Lower Cl (%) 78.06
Upper CI (%) 113.55
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