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A B S T R A C T   

Over the past decade, topically applied drug products have experienced extraordinary price increases, due to the 
shortage of multisource generic drug products. This occurrence is mainly related to the underlying challenges 
evolved in topical bioequivalence documentation. Although there has been continuing regulatory efforts to 
present surrogate in vitro methods to clinical endpoint studies, there is still a continued need for cost- and time- 
efficient alternatives that account for product specificities. Hence, this work intended to expose bioequivalence 
assessment issues for complex topical formulations, and more specifically those related with product efficacy 
guidance. As a model drug and product, a bifonazole 10 mg/g cream formulation was selected and two different 
batches of the commercially available Reference Product (RP) were used: RP1 that displayed lower viscosity and 
RP4 which presented high, but not the highest, viscosity. In vitro human skin permeation testing (IVPT) was 
carried out and the results were evaluated by means of the traditional bioequivalence assessment approach 
proposed by the EMA, as well as by the Scaled Average Bioequivalence assessment approach proposed by the 
FDA. Based on previous experience, there was an expectation of a high level of variability in the results, thus 
alternative methods to evaluate local drug skin availability were developed. More specifically, an infected skin 
disease model, where ex vivo human skin was infected and ATP levels were used as a biological marker for 
monitoring antifungal activity after product application. The results showed that permeation equivalence could 
not be supported between the different RP batches. In contrast, this statistical difference between the formulation 
batches was not indicated in the disease model. Nevertheless, in pivotal IVPT studies, the lowest permeant 
formulation (RP4) evidenced a higher antifungal in vitro activity as reported by the lower levels of ATP. A critical 
appraisal of the results is likewise presented, focusing on an outlook of the real applicability of the regulatory 
guidances on this subject.   

1. Introduction 

Topically applied dosage forms, commonly developed to exert a local 

action, have been used throughout history for cosmetic and therapeutic 
purposes, being one of the oldest medicinal dosage forms known to 
human civilization (Benson and Watkinson, 2012; Ilić et al., 2021). 
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Semisolids represent a significant proportion of these pharmaceutical 
preparations. These can be further subdivided into single-phase systems, 
in which all vehicle ingredients are miscible and dissolve into each 
other, and into multiphase systems, in which distinct solubility profile 
components can be combined. Examples of the first group are gels and 
ointments, while creams and pastes are key examples of semisolids with 
a multiphasic structure (Brown and Williams, 2019; Surber and Knie, 
2018). All exhibit enhanced spreadability and bioadhesion characteris-
tics due to their rheological properties. These sensorial attributes stim-
ulate patient compliance to treatment, which is important as the patient 
has to apply the formulation directly to where the disease is visible. 
From a drug delivery perspective, this is also beneficial due to the 
avoidance of the hepatic first-pass metabolism and a lower side effect 
profile (Fernández-Campos et al., 2017; Simões et al., 2020; Surber and 
Knie, 2018). 

The constraints regarding the development of new chemical entities 
and patient need to acquire more affordable drug products have led to an 
expansion of the generic drug products market (Brown and Williams, 
2019; Fernández-Campos et al., 2017). Even though there are straight-
forward and highly defined regulatory mechanisms concerning bio-
equivalence documentation for oral generic products, the operational 
and regulatory aspects involved in topical bioequivalence demonstra-
tion are still far from being as reachable (Fernández-Campos et al., 2017; 
Lu et al., 2016; Miranda et al., 2018). The associated challenges are 
mainly related with the complexity of topical formulations (other than 
topical solutions), as well as with the complex delivery route associated 
with these products (US-FDA, 2022a). In an attempt to facilitate the 
development of topical generic drug products, several guidelines have 
been issued by the EMA and FDA. The agencies advise striving for 
qualitative (Q1), quantitative (Q2), microstructure (Q3) and perfor-
mance (Q4) sameness of the test product to the comparator medicinal 
product, herein referred as the Reference product (RP). Then, mostly for 
multiphasic formulations , equivalence pertaining to the local drug skin 
availability should be achieved and can be determined through in vitro 
permeation tests (IVPT), tape stripping or vasoconstrictor studies, the 
latter solely applicable to corticosteroid products (EMA, 2018; Food and 
Drug Administration, CDER, 2002; Miranda et al., 2023a; US-FDA, 
2022a). The guidelines provide defined acceptance criteria regarding 
all stages of the bioequivalence assessment workflow. However, several 
studies in the literature have shown that implementation of some of 
these acceptance criteria in daily practice might be challenging (Ilić 
et al., 2021; Mangas-Sanjuán et al., 2019; Miranda et al., 2023b, 2022, 
2020b; Xu et al., 2020). 

A topical antifungal cream formulation, more specifically a 10 mg/g 
bifonazole cream, was selected for the present study (Miranda et al., 
2023b, Miranda et al., 2020a, 2020b). Topical antifungals represent the 
main therapeutic approach to dermatophytosis, a condition increasing 
worldwide due to changes in the socioeconomic status, occupation, 
climate as well as to individual predisposing factors (Sahoo and Maha-
jan, 2016). Bifonazole belongs to the imidazole group, together with a 
variety of other compounds such as clotrimazole, econazole, fentico-
nazole, ketoconazole, isoconazole, miconazole, oxiconazole, sulcona-
zole, terconazole, tioconazole, sertaconazole and others (Burns et al., 
2008). These drugs display similar properties and act by inhibiting 
ergosterol synthesis (Burns et al., 2008). Imidazole compounds are 
fungistatic and active against a wide range of fungal organisms 
including Candida and Pityrosporum yeasts, as well as dermatophytes. 
Furthermore, they also display antibacterial properties and, at least in 
vitro, can suppress S. Aureus growth (Burns et al., 2008). Technologi-
cally, imidazole compounds can be formulated in a wide range of dosage 
forms, including creams, powders, sprays, suspensions and nail lacquers 
(Burns et al., 2008). 

In a previous research work of our group, the rheological and in vitro 
release variability of a bifonazole 10 mg/g cream Reference Product 
(RP) was investigated. Five different batches were screened in this study 
and the comparative analysis focused on microstructure (rheology) and 

performance (IVRT). The attained results showed statistically significant 
differences for both attributes, being particularly pronounced for 
rheology (Miranda et al., 2023a). These experimental observations led 
to a fundamental question to be addressed in the present study: How do 
these differences in microstructure and performance affect drug delivery 
i.e. the permeation profile? Answering this question is critical for 
selecting the RP batch to be used for local drug skin availability studies. 
From a generic manufacturer perspective, addressing this issue is key, as 
generic companies with an R&D project aiming a topical generic 
development need to be clear on which is the reference product. How-
ever, selecting a suitable RP batch whilst mitigating the risk of failure in 
product local drug skin availability studies, taking into account micro-
structure and performance results, may prove to be extremely 
challenging. 

To address this, in the present work, IVPT studies were carried out 
using two RP batches with different rheology characteristics, RP1 being 
less viscous than RP4 (Miranda et al., 2023a). Permeation kinetic 
equivalence was then evaluated by means of the traditional bioequiva-
lence assessment approach proposed by EMA, as well as by the Scaled 
Average Bioequivalence (SABE) assessment approach proposed by the 
FDA (US-FDA, 2022a). Experience suggesting a high level of variability, 
the present research also sought alternative methods to evaluate local 
drug skin delivery. According to the Draft Guideline on Quality and 
Equivalence of Topical Products, the presentation of a product-specific 
approach to documenting efficacy equivalence is possible, if it is satis-
factorily validated. Within this framework, in vitro skin infection and 
decolonisation equivalence studies can be used for antifungal formula-
tions. There are several literature reports on ex vivo skin infection 
models, but they are mainly focused on evaluating adhesion mecha-
nisms of fungal growth and detailed analysis of gene expression path-
ways during skin infection (Faway et al., 2017). The vast majority of 
these infection models use cultured skin equivalents, which are unable 
to recreate the heterogeneous nature of the skin, including cellular 
metabolism, skin appendages, and the stratum corneum barrier functions 
(Ilić et al., 2021). In the present work, these hurdles were tentatively 
surpassed through the application of a novel infected skin disease model 
developed by MedPharm Ltd, where ex vivo human skin was infected and 
ATP levels were used as a biological marker for monitoring antifungal 
activity after product application. The aim of this study was to assess and 
compare current recommendations on the use of ex vivo skin models to 
demonstrate product bioequivalence. As a case study, 10 mg/g bifona-
zole creams were compared using IVPT and an infected skin disease 
model. The former is a more accepted and commonly used approach, but 
the European traditional bioequivalence assessment approach, as well as 
other acceptance criteria, are much tighter than those of the FDA. 
Conversely, an infected skin disease model provides an alternative and 
complementary approach to IVPT, in an attempt to provide insight into 
the demonstration of topical antifungal bioequivalence. 

2. Materials and methods 

2.1. Materials 

In the present work, two distinct methodologies were employed to 
evaluate the topical availability of bifonazole 10 mg/g cream formula-
tions. In the first one, regarding IVPT studies, the permeation profile of 
two batches of the reference formulation were compared – Canespor 10 
mg/g bifonazol cream (RP1) and Canesten Extra® créme mit 1 % Bifo-
nazol (RP4), respectively acquired from the Portuguese and German 
market. As controls, a placebo formulation and a 5 mg/g bifonazole 
cream formulation were used. 

The second approach involved a disease model, tailored for anti-
fungal activity assessment. For this test, the two RP batches were 
compared. A range of controls were assessed using this disease model: (i) 
water; (ii) 50:50 v/v polyethylene glycol 400:water and; (iii) an alter-
native placebo. The alternative placebo was manufactured with any 
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excipients that had the potential to have an antifungal effect removed. 
These controls were chosen to assess whether the act of dosing the 
infected skin with any sort of formulation resulted in a reduced ATP 
measurement. Table 1 summarizes the formulations used in each test, 
the qualitative composition of the reference product and the alternative 
placebo is described in the supplementary material (Table S1). 

Propylene glycol, polyethylene glycol 400 and Tween 80 were ac-
quired from Merck (Darmstadt, Germany), and phosphate buffered sa-
line (PBS), Ringer’s solution and ATP disodium hydrate were purchased 
from Sigma (Darmstadt, Germany). BacTiter-Glo substrate and BacTiter- 
Glo buffer were purchased from Promega (Southampton, United 
Kingdom). The lysing agent was provided by MedPharm Ltd. Water was 
purified using a Millipore MILLI-Q reagent water system and filtered 
through a 0.22 µm nylon filter before use. For the disease model ex-
periments, HPLC grade water was acquired from VWR (Lutterworth, 
United Kingdom) and sterile water for irrigation from Fresenius-Kabi 
(Chesire, United Kingdom). All other chemicals were of analytical 
grade or equivalent. 

2.2. Methods 

2.2.1. Local availability assessment 
Two methods were employed in the present study: IVPT and the 

antifungal disease model. For both methods, skin retrieved from human 
donors was used. The following paragraphs entail all the procedures 
involved in skin preparation. 

2.2.1.1. Skin 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 forms 
have been obtained from the participants involved in this study (Process 
number 447/2017); (ii) Genoskin® (Toulouse, France). The tissue was 
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 h). After transport, 
the subcutaneous fat was removed and the outer layers of skin con-
taining the stratum corneum (SC), viable epidermis and some dermis 
were frozen at − 20 ◦C. The day before the IVPT studies, the epidermis 
was isolated through a thermal process (heat separated epidermis, HSE). 
For that, the tissue was placed in a water bath at 60 ± 2 ◦C for 60 s and 
allowed to rest for 30 s at room temperature. With the aid of tweezers, 
the epidermis was separated, cut into 0.7 cm2 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 experiments, the skin was transferred into the 

diffusion cells and 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 reading higher than 20.0 g/ 
m2/h was excluded from the study (Nagelreiter et al., 2013; Shin et al., 
2020; Vitorino et al., 2014). Table 2 summarizes the donor de-
mographics (sex, skin type and age), as well as the skin anatomical 
region. 

According to EMA draft guideline requirements, for IVPT studies the 
number of skin donors should be 12, with at least 2 replicates per donor. 
All formulations should be tested using the same donor. Nevertheless, if 
properly justified, the number of donors may be reduced. 

For the disease model, human abdominal skin, acquired from 
abdominoplasties performed in the United States, was obtained from 
ZenBio (Durham, USA) and was supplied in a frozen state. Each sample 
was derived from a competent volunteer adult donor who has signed an 
Institutional Review Board (IRB) validated donor consent form that 
specifically lists both the intended uses for the donation for non-clinical 
research and conforms the procedures for processing the samples: 
Standard Operating Procedure managed GLP protocols in compliance 
with ethical regulations. Two donors were used for the disease model 
investigation, one for method development/validation work and the 
other for the full scale active investigation. Heat separation was 
employed to isolate the epidermis. The tissue was first thawed before 
being submerged in deionised water, heated to 60 ± 2 ◦C, for 60 s. The 
epidermis was then separated and mounted on filter paper, taking care 
to ensure the stratum corneum side was facing upwards. The prepared 
epidermal membrane was stored at − 20 ◦C until required. 

2.2.1.2. In vitro permeation studies. IVPT studies were performed in 
static vertical Franz diffusion cell equipment, with a diffusion area of 
0.636 cm2 and a receptor compartment of 5 mL (PermeGear, Inc., PA, 
USA). Diffusional cell system and laboratory qualification studies were 
carried out as described in (Miranda et al., 2019). To mimic the in-use 
setting and to follow regulatory recommendations, all studies were 
performed under occlusive finite dose settings (8–12 mg/cm2) (EMA, 
2018; FDA, 2022; Kamal et al., 2020). The stirring speed was set to 600 
rpm, and the temperature was controlled to ensure a 32 ± 1 ◦C tem-
perature at the skin surface. Considering the limited solubility of bifo-
nazole, a PBS-PEG (60:40, v/v, pH = 7.4) solution was used as the 
permeation medium. A timeframe of 48 h was considered, with sampling 
at 0, 4, 6, 20, 22, 24, 26, 28, 30, 44, 46 and 48 h. After each collection 
(300 µL), an equal volume of fresh-temperature-equilibrated permeation 
medium was added to the receptor chamber. 

The cumulative amount of bifonazole permeated as a function of 
time (AMT, (µg/cm2) was calculated using the following expression Eq. 
(1): 

AMT =
Cn × V0 +

∑n− 1
i=1 Ci × Vi

A
(1) 

Where Cn (µg/mL) corresponds to the drug concentration of the re-
ceptor medium at each sampling time, Ci to the drug concentration of 
the ith sample, A to the effective diffusion area (cm2), and V0 and Vi to 
the volumes of the receptor compartment and the collected sample, 
respectively. 

Bifonazole flux was calculated according to the FDA In Vitro 
Permeation Test Studies draft guidance, as well as in the acyclovir FDA 
draft guidance (FDA, 2022; US-FDA, 2022a). Briefly, the flux was 
calculated based upon: the receptor sample concentration at each time 
point; the measured volume of that specific diffusion cell; the area of 
dose application; and the duration for which the receptor volume was 
accepting the drug. 

IVPT experiments firstly included a pilot study with 3 donors which 
aimed to check the suitability of the proposed conditions. Afterwards, a 
pivotal study, with a larger pool of donors was conducted to infer on the 

Table 1 
Formulations used in the present study.  

Study Formulations Description 

IVPT Canespor 10 mg/g bifonazol cream – RP1 Test - Pilot/ 
Pivotal 

Canesten Extra® créme mit 1 % ifonazol – 
RP4 

Test - Pilot/ 
Pivotal 

Placebo Validation 
5 mg/g bifonazol cream formulation Validation 

Disease 
model 

Canespor 10 mg/g bifonazol cream – RP1 Test - Pivotal 
Canesten Extra® créme mit 1 % bifonazol – 
RP4 

Test - Pivotal 

Water Control - Pivotal 
50:50 v/v Polyethylene glycol 400:water Control - Pivotal 
Alternative placebo* Control, 

Validation 

*Alternative placebo stands for a placebo formulation without excipients 
responsible for the antifungal activity. 
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permeation profile equivalence of the two RP batches. 
According to the literature, as well as regulatory guidances, two 

endpoints should be retrieved from IVPT studies (EMA, 2018; US-FDA, 
2022a). These regard the AMT and the JMAX. The first endpoint, JMAX, 
corresponds to the maximal rate of absorption and it is analogous to the 
CMAX endpoint attained in traditional plasma pharmacokinetics. The 
second endpoint regards AMT, which is derived from equation (1) and 
can be compared to the area under the curve (AUC) of the incremental 
bifonazole permeation profile (Leal et al., 2017). 

To assess the risk of interference from the biological matrix or dosage 
form, Franz cells containing non-dosed skin and a placebo formulation 
were likewise considered. 

2.2.1.3. Mass balance studies. After IVPT experiments, mass balance 
studies were conducted to assess the amount of drug remaining on the 
donor compartment, on the skin and delivered into the skin (EMA, 2018; 
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. Afterward, 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 μm 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 formulation mass initially applied in the 
donor chamber (mapplied), and the sum of the final cumulative amount of 
bifonazole that permeates the biological membrane into the receptor 
chamber (mpermeated), the drug extracted from the formulation remain-
ing in the donor chamber (mdonor) and the drug extracted from the 
biological membrane (mskin) at the end of the experiments. The mass 
balance was then calculated according to the equation (2): 

mass balance =
m donor + m permeated + m skin

m applied
× 100 (2) 

Procedure reliability was confirmed by the total active ingredient 
recovery (%), which should be ideally within the range of 100  ± 10 % 
(EMA, 2018). 

2.2.2. HPLC analysis and method validation 
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. All analyses were conducted in isocratic 
mode with a 40 ◦C temperature. A XBridgeTM C18 5 µm (2.1 x 150 mm) 
column was used. The mobile phase consisted of a buffer solution (900 
mL of a sodium dihydrogen phosphate solution (29 mM) with 100 mL of 
an orthophosphoric acid solution (25 mM), adjusted to pH 3.2 using 
trimethylamine) and acetonitrile (60:40, v/v). The flow rate was set to 
0.35 mL/min and the run time was 8 min. The detection wavelength was 

210 nm. 
Analytical method validation was performed according to the In-

ternational Council on Harmonization guidelines (CPMP/ICH/381/95, 
2005). All experimental conditions are addressed in the supplementary 
material (Table S2-S6 and Figure S1). 

2.2.3. Disease model investigation 

2.2.3.1. Preparation of the trichophyton rubrum suspension. The disease 
model utilized a T. rubrum strain isolated from a patient suffering from 
onychomycosis. This strain was continuously subcultured to ensure a 
fresh stock plate was available for each experiment. Dermatophytes 
were transferred into Ringer’s solution, spread onto a potato dextrose 
agar plate and incubated for 7 days at 25 ◦C to produce conidia. 

Fresh T. rubrum organism suspension was prepared in sterile 0.1 % 
Tween 80 in Ringer’s solution for each experimental set up, with the 
Tween 80 added to attempt to reduce conidial aggregation. The sus-
pension was filtered through sterile gauze (Boots Sterile Gauze Swabs, 
7.5 cm x 7.5 cm) to remove the mycelium. A 1:10 dilution of the sus-
pension was then measured in the UV spectrophotometer (ThermoFisher 
Scientific Evolution 201) at 600 nm to obtain an optical density. The 
suspension was accepted if the optical density was between 0.7–0.9 Abs, 
if it fell outside this range it was appropriately diluted or more organ-
isms added as required. The suspension was then centrifuged and the 
pellet resuspended in 0.1 % Tween 80 in Ringer’s solution. 

2.2.3.2. Infected skin studies. A novel infected skin disease model 
developed by MedPharm Ltd was employed. In this disease model, ATP 
levels were used as a biological marker for antimicrobial activity across 
human skin. Skin prepared as above was removed from the freezer and 
allowed to defrost at room temperature for 30 min. The skin was cut into 
sections with a surface area of approximately 0.5 cm2, removed from the 
filter paper and mounted on sterile PTFE septa with the stratum corneum 
side facing upward. The skin was sterilised by application of 50 % 
ethanol and allowed to dry under the biological safety cabinet. The 
stratum corneum was inoculated with T. Rubrum (7.5 µL, using a positive 
displacement pipette) and allowed to dry prior to being mounted into 
the ChubTur® cells (stratum corneum facing down). A small amount of 
sterile Ringer’s solution was added to the lower half of the ChubTur® 
cells and sterile water (20 µL) was applied to the epidermal side of the 
skin to aid with hydration. The mounted ChubTur® cells were incubated 
at 32 ◦C for 24 h before dosing the stratum corneum with the selected 
formulation (2.5 µL, using a positive displacement pipette). Following 
dosing, the mounted ChubTur® cells were incubated for an additional 
24 h under the same prior conditions. The activity of the formulation 
was assessed using a previously validated bioluminescence ATP method. 

2.2.3.3. ATP assay and sensitivity. The solution utilised in the ATP assay 

Table 2 
Human skin donors characteristics.  

Study Donor number Gender Skin type Age Anatomical region Preparation method 

Pilot study 1 Female Type 3 43 Abdomen HSE 
2 Female Type 2 41 Abdomen HSE 
3 Female Type 2 29 Abdomen HSE 

Pivotal study 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 
8 Female Type 3 35 Thigh HSE 
9 Female Type 2 41 Abdomen HSE 
10 Female Type 3 37 Abdomen HSE 
11 Female Type 3 39 Thigh HSE 

Disease model M1 Female Unknown 26 Abdomen HSE 
M2 Female Type 2 55 Abdomen HSE 

Key: HSE – Heat Separated Epidermis. 
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was a mixture of the Promega BacTiter-glo kit and the MedPharm lysing 
agent, as used by Turner et al. (Turner et al., 2016). Wherever possible, 
the lysing solution was protected from light with foil, to prevent po-
tential degradation from light. 

ATP standards were prepared at known concentrations (1.1, 3.4375, 
6.875, 11, 13.75, 27.5, 55, 110 and 220 ng/mL) by performing a range 
of dilutions of the stock ATP standard (1 mg/mL) in Ringer’s solution. 
These standards were then plated in a 96 well white micro-titre plate 
(100 µL). The BioTek FLx800 fluorometer/luminometer was then used 
to dispense the lysing solution (100 µL) into the wells, and the light 
emitted from the well was read at 10 s and 5 min after dispensing. This 
data was used to produce a standard curve, demonstrating that the 
lysing solution was able to differentiate between ATP concentrations 
and thus was fit for purpose. An investigation into the potential 
quenching effect of the formulation was considered and no effect from 
the formulation was seen on the ATP assay. 

In an attempt to validate the disease model, the sensitivity of the 
model was investigated. This was performed using the original Canesten 
Extra® formulation, a 50 % strength active formulation and a placebo. 
While performing this experiment, a significant placebo effect was 
observed which necessitated the inclusion of alternative controls. 

2.2.4. Data analysis and statistics 

2.2.4.1. IVPT data. According to the FDA and EMA draft guidelines, to 
infer on efficacy equivalence, the 90 % confidence intervals (CI) for the 
ratio of means between the formulations being compared, should be 
determined for both IVPT endpoints – JMAX and AMT (EMA, 2018; FDA, 
2022). Furthermore, to document the discriminatory capacity of the 
IVPT method, the 90 % CI should also be presented for the target 
formulation and the control. 

These intervals were determined following two approaches – EMA 
and FDA. Both approaches recommend a paired comparison. In the EMA 
approach, 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 CI was attained by the usual expression: 

X ± t ×
s
̅̅̅
n

√ (3) 

Wherein X is the previously calculated mean of all individual T-R 
differences, t is the t-value reporting to a 90 % CI with n-1 degrees of 
freedom, s regards the standard error calculated as previously described, 
and finally, n is the sample size. 

To follow the FDA approach, the evaluation of BE was based on the 
natural log transformed total amount penetrated (AMT) and the 
maximum flux rate (JMAX). 

For the AMT and JMAX CI calculations, the within-reference standard 
deviation (SWR) was evaluated from the data as 

SWR =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

j=I

∑r

i=I
(Rij − Rj)

2

(r − I)n

√
√
√
√
√

(4) 

where n is the number of donors, r is the number of replicates, I is the 
donor average, Rij is the observation from the ith replicate and the jth 

donor from the RP, Rj is the mean of the jth donor for the reference 
formulation. 

The obtained value for SWR was then used as a cut-off such that:  

• For SWR ≤ 0.294, the test and reference formulations are declared 

bioequivalent if the (1-α) 100 % two-tailed confidence interval X ±

t(n− 1), ∝/2 ×

̅̅̅
s2
I
n

√

is contained within the limits [1/m, m] (Pensado 
et al., 2019).  

• When SWR > 0.294, a scaled criterion is used. This is a similar 
approach to that used by the FDA for analysis of highly variable 
drugs, modified for the particular design. The hypotheses to be tested 
are: 

H0 :
(μT − μR)

2

σ2
WR

> θ. 

Ha :
(μT − μR)

2

σ2
WR

≤ θ. 

Where μT and μR are the population means of the test and reference 

formulations, respectively, θ corresponds to (ln(m))
2

0.252 and m represents the 
choice of the bioequivalence limit. The two products are declared bio-
equivalent if the upper bound of the confidence interval for the quantity 
(SCIUB), (μT − μR)

2
− θ σ2

WR, is less than or equal to zero. This criterion 
imposes the additional constraint that the point estimate must lie within 
the limits [1/m, m]. Rejection of the null hypothesis supports bio-
equivalence of the test and reference products (FDA, 2022). 

Example calculations of the bioequivalence evaluations for AMT are 
provided in the supplementary material (Tables S7-S10). 

Data analysis was conducted using Microsoft Office Excel®. 

2.2.4.2. Disease model. Initially, the data for each treatment group from 
the disease model investigation was tested for a normal distribution 
using a quantile–quantile plot (QQ plot) and the Shapiro-Wilk test. Two 
tests were chosen for this step to improve confidence in the data 
normality. The Shapiro-Wilk test was carried out to a 95 % confidence 
level. From these tests, it was found that the unprocessed data from the 
disease model was not normally distributed, which would be required 
for the proposed post-hoc tests. Therefore, the data was natural log 
transformed, and the normality tests repeated. It was found that the log 
transformed data appeared normally distributed on the QQ plot with the 
treatment groups having p-values > 0.05 in the Shapiro-Wilk test. These 
tests were performed using JMP®. 

A Dixon’s Q test was then executed on the log transformed data, 
grouped by experimental set up. This was performed on the log trans-
formed data rather than the unprocessed data as the Dixon’s Q test as-
sumes that data is normally distributed. The Dixon’s Q test was chosen 
for this analysis due to the small data set generated, as well as its ability 
to easily highlight individual data points as an outlier. As the number of 
data points between groups varied in size, multiple variations of the 
Dixon’s formula were used; r10 for 10 or fewer replicates using a critical 
value of 0.560 for n = 6 and 0.412 for n = 10, r21 for 12 replicates using a 
critical value of 0.489 and r22 for 15 replicates using a critical value of 
0.470. Each Dixon’s Q test was carried out to a 90 % confidence level 
and the analysis showed that no individual data point was deemed an 
outlier and therefore, all data points were included in further tests. This 
test was performed using Microsoft Office Excel®. 

Finally, Tukey’s honestly significant difference (HSD) test was used 
to determine whether there was a statistically significant difference 
between treatment groups. Tukey’s HSD was chosen as alternative one- 
way tests performed sequentially would accumulate errors due to the 
multiple pairings required. The Tukey-Kramer variation was used on the 
log transformed data pooled from all experimental set ups. This varia-
tion was used to address the treatment groups having differing sample 
sizes. The log transformed data was tested as the Tukey HSD test as-
sumes a normal distribution. The analysis was performed at a 95 % 
confidence level. This test was performed using JMP®. 
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3. Results and discussion 

3.1. Product efficacy profile – IVPT kinetic studies 

The test guideline 428 by the Organization for Economic Coopera-
tion and Development (OECD), the EMA draft guideline, the FDA In 
Vitro Permeation Test Studies for Topical Drug Products Submitted in 
ANDAs Guidance for Industry, the FDA product specific guidances for 
generic drug development, as well as the recently revised < 1724 > USP 
chapter on Semisolid Drug Products — Performance Tests, detail the 
methodologies that can be used to infer on the in vivo absorption of 
topical products, such as IVPT (EMA, 2018; FDA, 2022; Jin et al., 2022; 
OECD, 2010; USP, 2023). IVPT tests can be used to predict the in vivo 
absorption of topical products, as they quantify the drug flux over time 
using a suitable ex vivo human skin membrane (Jin et al., 2022). 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. These reasons further ground the increasingly regula-
tory significance of this methodology (Abd et al., 2016; Franz, 1975; 
Leal et al., 2017). 

Bifonazole cream formulations were selected as a case study for the 
present work due to previous works by our group, in which the vari-
ability of bifonazole 10 mg/g cream RP formulations was described. 
Briefly, an initial study involved the assessment of the microstructure 
characteristics (globule size, pH, and rheological attributes) of three 
batches from the same RP. Then, product performance, evaluated by 
means of IVRT, was likewise studied (Miranda et al., 2020b). The results 
showed that there were marked inter-batch differences between globule 
size and rheology profile, with the batch with lower globule size 
revealing a lower viscosity. Regarding the IVRT profile, even though the 
release profiles were similar between all batches, when applying the 
EMA draft guideline criteria, solely one batch-to-batch combination 
would yield regulatory compliant results (Miranda et al., 2020b). These 
experimental observations laid the ground for a second study (Miranda 
et al., 2023a). The primary objective of the latter was to establish a 
framework to comprehensively address the several variability scenarios 
that may occur in daily practice. In this study, the initial three RP 
batches were complemented with two extra RP batches, yielding a total 
of 5 batches. These were considered together with a Q1/Q2 equivalent 
formulation (TP), a Q1 equivalent formulation (CPA), and finally, a 
bifonazole cream formulation with Q1 and Q2 differences (CPB). 
Focusing on the RP characteristics, the results from this work continued 
to highlight the pronounced rheological variability between batches. 
Even when comparing the most similar RP batches in terms of viscosity, 
the statistical comparison continued to reveal uncompliant results ac-
cording to the EMA draft guideline, as there was a difference of more 
than 10 % between the rheological endpoints attained with these RP 
batches, combined with a lack of compliance with the 90–111 % con-
fidence interval (Miranda et al., 2023a). These rheological differences 
motivated the determination of a drug release profile for each RP batch, 
which again, revealed statistical differences for some batch-to-batch 
combinations. Even though the performance differences were not as 
distinct as the rheological ones, according to the EMA draft guideline 
90–111 % equivalence interval acceptance criteria, overall equivalence 
between RP batches failed to be supported (Miranda et al., 2023a). 
These experimental observations led to a fundamental question: How do 
these differences in microstructure and performance affect the perme-
ation profile? From a generic manufacturer point of view, addressing 
this question is essential to properly identify the RP batch to use in 
human permeation kinetic studies. In the present work, IVPT studies 
were carried out using two RP batches with different viscosity, with RP1 
being less viscous than RP4 (Miranda et al., 2023a). The computation of 
the in vitro release rate (IVRR) 90 % CI for these batches yielded 
borderline, but still uncompliant results following EMA draft guideline 
directives (97.0–113.1 %). 

When developing an IVPT method, there are several parameters that 

need to be addressed: (i) human membrane characteristics, membrane 
preparation techniques, skin integrity evaluation methods, and respec-
tive acceptance criteria; (ii) Choice of receptor medium, which should 
comply with sink conditions. Although the FDA strongly discourages the 
use of organic solvents, according to the EMA draft guideline, their use 
may be justified, if the skin integrity is not compromised. In this work, 
due to limited solubility 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 homo-
geneous 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 API 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. In 
this study, both RP batches were used, as well as a control formulation. 
This formulation regarded a 5 mg/g bifonazole cream. The inclusion of a 
different strength product aims to document the method sensitivity and 
discrimination. 

The IVPT pilot study results are summarized in Fig. 1 and Table S11. 
In this preliminary assessment, skin from 3 different donors was 

used. Two replicates per formulation were used in each donor, providing 
a total of 6 replicates per formulation. Due to the limited sample size, no 
statistical analysis of the pilot study was performed. Pooling all the data, 
IVPT pilot study results revealed that RP4 presented a superior perme-
ation, followed by RP1 and the control formulation (5 mg/g bifonazole 
cream). 

Pilot studies revealed that experimental procedures adequately 
described the cutaneous pharmacokinetics of bifonazole since the 
maximal rate of absorption is achieved, followed by a decrease. 
Furthermore, the developed method proved to be sensitive, being able to 
detect changes as a function of differences in drug delivery. 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/m2/h in TEWL were obtained in some diffusion cells, these 
results were borderline and did not correspond to higher AMT 

Fig. 1. Overall permeation profiles for bifonazole in pilot IVPT studies. All 
results report to mean ± SEM (n = 2, meaning 2 replicates per donor, 3 donors 
were considered in IVPT pilot studies). 
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(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. Mass balance results, presented in Table S11, were overall 
compliant with the established 90–110 % criteria with the exception of 
donor 1 (2nd replicate of RP1, and both replicates for RP4), as well as for 
donor 2 (a single replicate of RP1 and RP4). 

The results produced from the pilot study demonstrated that the 
method was fit for the proposed purpose. Therefore, these conditions 
were adopted for the IVPT pivotal study. 

The comparative pivotal permeation and flux profiles of the bifo-
nazole cream formulations are presented in Fig. 2 and in Table 3. 

As previously mentioned, a larger pool of skin donors was employed 
in pivotal studies to account for inter-donor variability. The final 
countdown for donors used in the present study was 11, with 3 donors 
employed in pilot studies and 8 in pivotal studies. Similarly to the pilot 
study design, 2 replicates per formulation per skin were always 
considered. 

Fig. 2 shows that there are clear differences between both RP 
batches, with RP1 revealing a higher permeation when compared to 
RP4. This data is opposite to the one acquired in pilot studies. As can be 
retrieved from Table 3, donor 4 exhibited a 2.2-fold higher permeation 
of RP4, whilst donor 6 exhibited an even higher permeation discrep-
ancy. For all other donors, there was generally a good agreement be-
tween both formulations, even though the majority of the donors 
exhibited a higher permeation of RP1. This can be ascribed to the 
reduced number of donors used in the pilot study, as well as to the fact 
that solely two replicates were considered per donor. Moreover, the 
inter-individual variability may have also contributed to these 
discrepancies. 

Furthermore, the control formulation, that presented half of the 

bifonazole strength, exhibited a decrease in drug delivery. According to 
the in vitro permeation test studies for topical products submitted in 
ANDAs – FDA draft guidance, the modulation of topical product strength 
to support IVPT method sensitivity may not be a suitable strategy for 
some formulations, as it may not consistently reproduce the expected 
increase/decrease in drug delivery (US-FDA, 2022a). However, as dis-
played in Fig. 2, in the present case study, the lower strength product 
promoted a decrease in bifonazole cutaneous pharmacokinetics, relative 

Fig. 2. 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 = 8 donors; Control 
formulation = 4 donors. Two replicates per donor were always considered. 

Table 3 
Results from the bifonazole IVPT pivotal studies. The data (arithmetic mean ±
SEM) were obtained from 8 donors and two replicates per donor were always 
considered.  

Product Skin (n) AMT (µg/cm2) JMAX (µg/cm2/h) 

RP1 Donor 4 (2) 
Donor 5 (2) 
Donor 6 (2) 
Donor 7 (2) 
Donor 8 (2) 
Donor 9 (2) 
Donor 10 (2) 
Donor 11 (2) 
Combined (16) 

21.87 ± 8.45 
43.89 ± 20.59 
97.49 ± 64.66 
53.32 ± 1.77 
82.96 ± 61.22 
116.00 ± 50.82 
50.33 ± 30.99 
53.39 ± 30.47 
64.91 ± 12.80 

2.66 ± 0.59 
5.00 ± 2.49 
9.91 ± 7.22 
6.15 ± 1.45 
17.52 ± 15.52 
7.66 ± 2.34 
7.36 ± 4.33 
5.69 ± 3.66 
7.75 ± 2.00 

RP4 Donor 4 (2) 
Donor 5 (2) 
Donor 6 (2) 
Donor 7 (2) 
Donor 8 (2) 
Donor 9 (2) 
Donor 10 (2) 
Donor 11 (2) 
Combined (16) 

48.25 ± 24.20 
2.53 ± 0.81 
5.00 ± 2.23 
35.88 ± 15.67 
58.82 ± 28.58 
68.27 ± 52.38 
44.72 ± 1.51 
30.68 ± 22.12 
36.77 ± 8.55 

8.62 ± 2.39 
0.36 ± 0.18 
0.50 ± 0.27 
5.31 ± 0.61 
8.81 ± 2.84 
8.89 ± 5.95 
5.61 ± 0.42 
5.84 ± 5.25 
5.49 ± 1.16  
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to that obtained from the nominal strength product (US-FDA, 2022a). 
Taking this into account, the IVPT method selectivity was inferred, as 
the methodology was selective for differences in drug delivery (US-FDA, 
2022a). 

A thorough analysis of the pivotal data suggests that a potential 
correlation between the permeation behaviour and the rheological and 
performance characteristics of the products may be established (please 
see Fig. 3). 

The rheological behaviour is a critical quality attribute of a semi-
solid, as its biopharmaceutical characteristics, such as drug release and 
permeation, are reliant on the rheological profile (Simões et al., 2020; 
Sivaraman et al., 2017; Soriano-Ruiz et al., 2019). 

When comparing both bifonazole RP batches, in the higher viscosity 
system (RP4), drug permeation was hampered, which in turn affected 
the skin bioavailability of the product. On the other hand, RP1 revealed 
an opposite trend, with higher permeation and lower viscosity. Note, 
however, that IVRT performance results did not reflect these differences. 
For example, a work by Binder et al. described the correlation between 
viscosity and drug penetration. The authors produced sulphadiazine 
sodium hydrogels with different rheological profiles. Then, in vitro skin 
penetration was monitored by dermatopharmacokinetic methods, 
combined with non-invasive confocal Raman spectroscopy (Binder 
et al., 2019). The authors performed these experiments in full-thickness 
porcine ear skin. Even though the results showed that the drug pene-
tration was largely unaffected by hydrogel viscosity, the authors 
observed that drug penetration depth slightly decreased with an in-
crease in viscosity, suggesting a slower drug permeation due to the 
increasingly dense gel networks (Binder et al., 2019). A study by Tanja 
Ilic et al. performed a comparative assessment of selected CQAs and in 
vitro/in vivo product performances, with distinct aceclofenac formula-
tions (Ili and Daniels, 2017). The main rationale of this work was to 
document the ability of “ready-to-use” topical vehicles based on alkyl 

polyglucoside-mixed emulsifier (with/without co-solvent modifica-
tions), instead of pharmacopoeial bases, such as the non-ionic hydro-
philic cream. The authors observed that the more viscous formulation 
showed the lowest aceclofenac permeation (Ili and Daniels, 2017). 

According to OECD and EMA draft 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, 2018; Hossain et al., 2019; OECD, 2010). The total 
recovery of drug at the end of the IVPT experiment should be calculated 
by considering the mass of formulation initially applied to the donor 
chamber (mapplied) and the sum of the final cumulative amount of drug 
that permeates the biological membrane into the receptor chamber 
(AMT), the drug extracted from the formulation remaining in the donor 
chamber (mdonor) and the drug extracted from the biological membrane 
(mskin) at the end of the experiments. Procedure reliability should be 
confirmed by the total drug recovery (%), which, according to EMA draft 
guideline requirements should be within the 100 ± 10 % range (EMA, 
2018). 

Mass balance results, depicted in Table 4, were generally compliant 
with the established criteria. However, for some skin pieces, the 
extraction procedures did not meet the prescribed values. The evalua-
tion of drug concentration in heat-isolated epidermis samples is chal-
lenging, due to several reasons: (i) interference coming from the 
biological matrix; (ii) difficulty in manipulating the skin sheets. The 
thermal separation of the skin leads to the attainment of a very thin 
layer, which may prove to be challenging to manipulate, in contrast to 
dermatomed or full thickness skin. Nevertheless, when using heat 
isolating epidermis separation technique, the stratum corneum is kept 
integral, and by using a thin skin layer, the chances of occurring an 
artificial delay of drug permeation are lessened (EMA, 2018); (iii) need 
for a very sensitive analytical method and; (iv) need to perform IVPT 
studies under finite dose conditions. These reasons, combined with the 

Fig. 3. Viscosity curve of bifonazole cream formulations. Results report to n = 3 (mean ± SEM). IVRT profiles of bifonazole cream formulations. Results report to n 
= 12 (mean ± SEM). Data retrieved with permission from (Miranda et al., 2023a). 
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strict 90–110 % recovery criteria by EMA draft guideline, contributed to 
this occurrence (Demurtas et al., 2020; EMA, 2018). 

Overall, mass balance results were in accordance with the IVPT 
pivotal data, as a superior bifonazole skin retention was observed in 
RP4, the most viscous batch (24.76 µg), when compared to RP1 (19.79 
µg), the less viscous formulation. This behavior may render to a pref-
erential surface therapeutic effect rather than that prompted by in-depth 
skin penetration. 

Regarding TEWL results, also presented in Table 4, these were 
compliant with the 20 g/m2/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 perme-
ation rate. Moreover, no leaks were observed in the excised human 
membranes. 

The statistical analysis of the IVPT pivotal test is summarized in 
Table 5. As IVPT data does not follow a normal distribution, it 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 differ-
ences between TP and RP, in permeation endpoints, should be individ-
ually calculated for each donor. 

In the European approach, the variability within subjects is calcu-
lated 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, 2022; 
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 (SClUB) for the quantity, (μT −

μR)2 – σ2
WR (ln(1.25)/0.25)2, is less than or equal to zero. μT and μR re-

gard the population means of the test and reference products, respec-
tively, and σ2

WR refers to the reference population variance (Pensado 

Table 4 
Skin integrity and mass balance results for bifonazole 10 mg/g cream pivotal study results.  

Key: Green label – Compliant results; Red label – Non-compliant results. N.D. – Not determined. To interpret the color references in the table caption, the reader is 
referred to the web version of this article. 

M. Miranda et al.                                                                                                                                                                                                                               



International Journal of Pharmaceutics 656 (2024) 124012

10

et al., 2019). Example calculations are provided in the supplementary 
material (Tables S7-S10). 

According to EMA draft guideline, a wider 90 % CI, 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. Nevertheless, 
even when considering this broader acceptance criteria, the RP product 
comparisons continue to fail to document product permeation equiva-
lence. This scenario is also observed when addressing the FDA approach. 
A limitation of this study regards the sample size. A paper by Tothfalusi 
et al. demonstrated that for highly variable drugs in pharmacokinetic 
studies, 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, it is recommended that a 
maximum 10 % deviation between the means (e.g. GMR = 1.10) should 
be considered (Tothfalusi and Endrenyi, 2011). Considering these pre-
mises, in order to achieve a 90 % power, and based on the variability 
encountered for the RP permeation data, the authors advice on a sample 
size of 85 donors, in order to comply with EMA. On the other hand, to 
fulfil with FDA requirements, the donor sample size should have been 68 
(Tothfalusi and Endrenyi, 2011). The conduct of such a trial would be 
impractical, if not impossible. However, another strategy that could 
have been used during the IVPT study design, was the inclusion of more 
skin replicates per donor, instead of using a larger pool of donors, as 
detailed in the recent in vitro permeation test studies for topical products 
submitted in ANDAs – FDA draft guidance (US-FDA, 2022a). Further-
more, according to the same guidance, the usage of skin retrieved from 
the same anatomical region, would have provided a better IVPT study 
control. 

In fact, the anatomical regions display distinctive permeation char-
acteristics. A study by Bormann and Maibach acknowledges the regional 
variation in percutaneous absorption (Bormann and Maibach, 2020). 
The authors detail that in general the head, neck, and genital regions 
appear more absorptive than other body regions. On the other hand, the 
abdomen, chest, back and thighs proved to be less absorptive. These 
differences may be explained by several parameters such as skin anat-
omy, stratum corneum thickness, sebum production, proximity of 
vascular blood supply to the cutaneous surface, as well as appendage 
density (Bormann and Maibach, 2020). This last parameter, should be 
closely considered, as the storage reservoir capacity of the hair follicle is 
10-fold longer than that of stratum corneum, and that the follicular route 
provides a pathway for topical drug absorption, in addition to the 
intercellular and intracellular routes (Akomeah et al., 2007; Feschuk 
et al., 2022). Also, when considering the anatomical variation in terms 
drug permeation, a study by Schmitt et al. (2010) tested the perme-
ability of several compounds present in rose oil, in human skin samples. 
The authors aimed to compare the permeability differences of such 

compounds, when applied to the upper arm, breast, and abdomen. These 
anatomical regions were also considered in the present study, as 
depicted in Table 2. The authors were able to denote permeation dif-
ferences, however these appeared to be dependent upon the molecule – 
i.e. the permeability of abdominal skin was greater than that of upper 
arm, for linalool and eugenol, whilst in the upper arm, the skin appeared 
to be more permeable for β-myrcene, trans-rose oxide and cis-rose oxide 
(Schmitt et al., 2010). In the present work, we were not able to denote a 
trend of increased/decreased permeability according to the anatomical 
region. For RP1 the lowest permeability was attained with donor 4, 
which was skin from the arm. However, in RP4 the scenario was 
different, with donors 5 and 6 (respectively glute and abdomen) dis-
playing the lowest permeation of bifonazole. This lack of correlation 
with the previously referred study may be ascribed to the fact that a 
complex formulation – a multiphasic cream – is being evaluated, rather 
than an isolated compound. Therefore, the permeant displays a more 
complex physicochemical profile that is likely to affect permeation, 
more than the anatomical variation of the skin. Furthermore, the overall 
conclusion also is likely to have been affected by the small but more 
practically relevant number, of donors studied - solely 8 in the pivotal 
studies, from which only skin from 4 different body sites was considered. 

The age of a person also affects topical drug permeation. As the in-
dividual grows older there are several physiological constraints that 
contribute to a reduction of skin permeability. Firstly, there is an 
average increase of the size of stratum corneum corneocytes throughout 
their lifecycle. The dehydration of the outer layers of the stratum cor-
neum, decreased epidermal turnover and decreased microvascular 
clearance are also contributing factors (Benson and Watkinson, 2012). 
These events should also be linked with the physicochemical charac-
teristics of the drug being studied – bifonazole. This is a lipophilic drug 
with a log P of 4.8. In such circumstances, the increased lipid content 
and reduced hydration status of the stratum corneum in older skin donors 
may improve the permeation through this superficial layer, however, 
the passage into and through the remaining layers of the epidermis 
becomes rate limiting, therefore the permeation is lower (Poet and 
McDougal, 2002). 

Another physiological alteration in the skin of older individuals 
regards the reduction in the skin blood flow. This event directly impacts 
the drug clearance rate from the skin, thereby affecting the drug pene-
tration and permeation rate. These physiological alterations are 
extremely important in in vivo assessments, however when dealing with 
excised human skin, the literature points out that differences in age, 
even though important, are not the main drivers for IVPT variability 
(Benson and Watkinson, 2012). According to our results, when consid-
ering both formulations, the youngest skin donor in the pivotal studies 
(donor 6) was not the one with higher permeation, and the oldest skin 

Table 5 
90 % confidence interval calculated for JMAX (µg/cm2/h) and AMT (µg/cm2) at the end of the permeation experiment (48 h) for bifonazole cream formulations 
following EMA and FDA approaches.  

Key: JMAX – Maximal flux; AMT – Cumulative drug amount permeated at the end of the IVPT study. RP1 vs RP4 = 8 donors. In the EMA approach, the 90 % CI were 
calculated based on the geometric mean of the duplicate values obtained per donor. In the FDA approach: SCIUB – upper bound of the 90 % confidence interval; AMT 
and JMAX 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 (NC) results. To interpret the color references in the table caption, the reader is referred to the web version of this article. 
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donor (donor 4) was not the one with lowest permeation, or vice versa. 
Although this study was not designed to examine this phenomenon, 
differences in donor age should be closely considered when correlating 
in vitro with in vivo data (Benson and Watkinson, 2012). 

Despite these limitations, it is important to denote that for these 
batches, rheology combined with IVPT methods, clearly showed an 
interconnection between viscosity attributes and permeation behavior, 
for different batches of the same RP product. Conversely, even though 
equivalence as per EMA draft guideline requirements was not observed, 
the release differences between both batches were not as expressive 
(Miranda et al., 2023a). 

3.2. Disease model 

Aiming at the development of a surrogate method to support in vivo 
local bioavailability, a disease model mimicking an antifungal skin 
infection condition was established. To this end, the sensitivity of the 
proposed methodology was inspected based on the monitoring of ATP 
levels as outcome (Please see Figure S2). In high-throughput screening 
investigations, ATP assays are a common way to quantify the number of 
viable microbial cells as it is relatively easy and cheap to perform. After 
cell death has occurred the microbial cells lose the ability to produce 
new ATP molecules and ATPases present in the cell rapidly degrade any 
remaining ATP. This assay thus only quantifies cells that are metaboli-
cally active (Riss et al., 2016). 

Figure S2 shows a representative calibration curve which presents 
the ATP concentration against luminescence units (LU) for measured 
ATP standards between 1.1 and 220.0 ng/mL. The sample calibration 
curve demonstrates that the amount of luminescence measured was 
directly proportional to the amount of ATP present (as evidenced by the 
R2 value of 0.9999 when regression analysis was performed). Therefore, 
the ATP assay method was determined to be fit for purpose. Fig. 4 dis-
plays the application of the model developed to evaluate the antifungal 
activity of the formulations involved in the study and the respective 
control. 

Using the Shapiro-Wilk test at a 95 % confidence level, it was 
determined that the raw data was not normally distributed, therefore the 
data was natural logged before further statistical tests were performed. 
The Tukey-Kramer HSD test was used to compare the mean natural 
logged luminescence between formulations and the infected control. As 
shown in Fig. 4, both formulations are not significantly different from 
each other, however RP4 is statistically different from the infected 
control. 

As previously stated, during the model sensitivity investigation a 
large placebo effect was observed. This led to further investigation to 

find a suitable control, using the method described in section 2.2.3.2. A 
range of controls were trialed, including a placebo cream and an alter-
native placebo with potential antifungal excipients removed. This 
investigation found that the alternative placebo provided a lesser pla-
cebo effect than the original placebo formulation. The original placebo 
formulation had the largest effect on ATP recovery, showing a 20 % ATP 
recovery compared to the infected control. It was also found that the 
controls assigned a smaller effect on ATP recovery than both placebo 
formulations, with water as a control showing an 80 % ATP recovery 
compared to the infected control. It is worth noting that this placebo 
effect can also be seen in clinical trial data for bifonazole products in 
which mycological cure rate in comparison to the placebo was not al-
ways statistically significant (Bayer, 2012). In addition, a vehicle effect 
can often be seen with topical formulations in general; for example, a 
study by Epstein and Stein Gold (2013) showed up to a 45 % reduction in 
inflammatory lesions in patients that received a vehicle foam for treat-
ment of acne vulgaris (Epstein and Gold, 2013). This demonstrates that 
the action of applying a topical product can result in an objective 
beneficial patient outcome. Although this disease model failed to show 
sensitivity, it could be argued that the level of vehicle effect and efficacy 
of the API against the target organism may influence the level of vali-
dation that can be achieved. For example, previous studies using more 
efficacious drugs (such as efinaconazole) against T. Rubrum (Turner 
et al., 2016) have had greater success in validating the disease model 
used in this study, resulting in a higher level of discrimination between 
formulations tested. In this regard alternate organisms which bifonazole 
has been shown to be efficacious against, such as Candida albicans 
(Lalošević et al., 2009), may have been more appropriate. 

Despite the fact that the disease model was unable to statistically 
differentiate between the formulation batches where the IVPT model 
was discriminatory, the lowest permeant formulation (RP4) evidenced a 
higher antifungal in vitro activity as reported by the lower levels of ATP. 
This behavior could be ascribed to the reduced permeation kinetics 
observed for this formulation, leading to the accumulation of the drug in 
the upper layers of the skin where the disease is prominent, a pattern 
compatible with the pharmacodynamic profile of the drug. Note that this 
trend is also consistent with the rheological behavior, where a lower 
zero-shear viscosity and yield point is reported for RP1, the higher 
permeant formulation. 

3.3. Weight of evidence 

A critical appraisal of the IVPT data and disease model results is 
necessary, in order to draw the most reasonable conclusions. This 
evaluation should closely consider the variability inherent to both 
methods. As highlighted in the literature, managing variability is one of 
the main hurdles associated with topical bioequivalence assessment 
(Benson and Watkinson, 2012; Brown et al., 2023; Brown and Williams, 
2019; Ili and Daniels, 2017; Ilić et al., 2021; Mangas-Sanjuán et al., 
2019; Xu et al., 2020). As mentioned in the introductory section, besides 
documenting the qualitative and quantitative sameness of the TP to the 
RP, generic manufacturers are expected to prove microstructure equiv-
alence. Within this scope, there are a myriad of physicochemical and 
structural characterization tests that should be employed in order to 
promptly describe, and consequently compare, the type, amount and 
arrangement of matter in the dosage form (Raney et al., 2023). Ac-
cording to the FDA Guidance for Industry - Physicochemical and 
Structural (Q3) Characterization of Topical Drug Products Submitted in 
ANDAs, as well as the recently published stimuli article on the USP 
expert panel, these tests include:  

• Organoleptic characterization;  
• Microscopic analysis aiming the evaluation of the phase states, as 

well as the structural organization of matter;  
• Polymorphs characterization;  
• Rheology characterization; 

Fig. 4. ATP recovery from each formulation compared to the infected control, 
presented as a percentage. Results report the mean ± SEM calculated from 
pooled values across experimental set ups. RP1 n = 36, RP4 n = 36 and Infected 
Control n = 31. 
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• Solvent activity;  
• pH;  
• Oleaginous components characterization, if applicable;  
• Specific gravity. 

In previous studies, it was found that there were large variability 
differences in the rheology profile of the two batches. Depending on the 
selected endpoint, RSD values would range from 0 to 45 % (3 replicates). 
Inversely, when considering IVRT data, used to support performance 
equivalence, the registered variability was less (< 10.0 %). However, in 
the present work, the encountered variability in IVPT data was again 
much higher. This occurrence can be attributed to the use of human skin, 
but also to the variability inherent to IVPT methodology. The results 
attained with the disease model also exhibited high variability, as a 
consequence of the use of biological membranes, combined with the use 
of live microorganisms and inherent methodological variability. 

It is important to correlate such in vitro variability with that observed 
in vivo. High variability is registered in clinical endpoint studies (CES) - 
the gold standard method for evaluating topical bioequivalence. As skin 
permeation is affected by several factors and some reference products 
possess a modest therapeutic efficacy, in order to manage variability, 
CES require a complex structure, with the enrolment of many subjects (n 
> 500) (Boix-Montanes, 2011; Chang et al., 2013; Harris, 2015; Narkar, 
2010). Furthermore, the method itself displays many critical parame-
ters, including the difficulty in standardizing patient dosing. A paper by 
Dina Vind-Kezunovic and colleagues states that the application of 
topical products by individuals is inherently variable and can account 
for a 13.6-fold difference alone (Vind-Kezunovic and Serup, 2016). The 
difficulty of ensuring compliance with treatments is also problematic, 
along with the differences between the skin of the individuals entering 
the study and their respective disease state, i.e. severity based on or-
ganism and damage perspective (Ariyanayagam et al., 1985). 

On a practical note: according to regulatory requirements, the 
number of required replicates to validate the differences observed in 
IVRT is 6–12. This number obviously dramatically increases when 
dealing with product efficacy equivalence studies, such as IVPT or dis-
ease model methods, where there is going to be a greater variability in 
the data. For instance, the EMA draft guideline for IVPT suggests that the 
pilot study could be useful in estimating sample size but then prescribes 
that the number of donors should be not less than 12 and the number of 
replicates for each donor should be at least 2. Such a lack of clarity 
concerning the distribution of these numbers across the pilot and pivotal 
studies is confusing. Nevertheless, as shown in this study, these numbers 
may not suffice and the study could have been improved by using the 
pilot study to allow for a better estimation of the sample size to power 
the pivotal study, in much the same way as that proposed by the US-FDA 
in 2022. In fact, the FDA In Vitro Permeation Test Studies draft guidance 
takes this even further by advising on a more practical inclusion of 4–6 
skin donors but with a minimum of four replicate skin sections per donor 
per treatment group. Like the EMA, the FDA recommends testing on the 
same donors and the normalization of the number of replicates per 
donor, in order to perform a balanced statistical analysis (EMA, 2018; 
US-FDA, 2022a). Other limitations of the EMA draft guideline includes 
the tighter acceptance criteria, as well as in the absence of a recom-
mended statistical analysis protocol. The lack of detail in such critical 
aspects poses as a significant challenge to any company involved in such 
studies and thus may act as a deterrent towards topical generic devel-
opment. Within this scope, despite all the regulatory efforts on providing 
alternative frameworks for topical bioequivalence documentation, there 
is still a real need for the regulatory agencies to consider a more bespoke 
specific product approach in which a biowaiver from product efficacy 
studies could be applicable. 

Fig. 5 intends to provide a schematic flow of the several steps 
involved in the documentation of topical bioequivalence and at the same 
time to shed light on the most problematic features that can arise from 
this framework. 

The general framework for documenting topical bioequivalence is 
reliant on the technological features of the formulation. In this context, 
according to EMA draft guideline requirements, for monophasic for-
mulations, equivalence should be sustained for Q1-Q3 attributes, as well 
as for performance (Q4). Single phase systems may be defined as “a 
single-phase base in which the active substance is in solution or sus-
pension e.g. cutaneous solutions, single phase gels and ointments; 
cutaneous suspensions” (EMA, 2018). However, from a regulatory 
perspective, applying this biowaiver from product efficacy equivalence 
studies could also be useful for multiphasic formulations, in which the 
time since approval for the reference product exceeds 10 years. This 
resembles the requirement for biographic applications. Note, however, 
that this abridged process is commonly adopted for other dosage forms. 

Documenting Q1 and Q2 equivalence is one of the cornerstones of 
topical generic products development, as every batch of a pharmaceu-
tical product is designed to have the same Q1 and Q2 (Raney et al., 
2023). However, formulators may need to overcome several challenges 
(Chang et al., 2013):  

• Patent protection of the RP;  
• Undesirable RP characteristics;  
• Difficulty in determining the excipient grade of the RP;  
• Excipients not present in the market. 

In what concerns Q2 equivalence, according to EMA draft guideline, 
a strength biowaiver can be applied, for different strength products. 
These products solely differ in the amount of API, being the basic 
formulation, equipment and manufacturing process the same for all 
strengths. Therefore, if there is a proper documentation of extended 
pharmaceutical equivalence parameters, a biowaiver from product ef-
ficacy studies could be granted. This is a positive feature of the European 
guideline, as it facilitates the work and costs burden for the generic 
manufacturer. 

When it is not possible to assure Q1 and Q2 equivalence, it is 
important to reflect upon the framework provided by Vinod Shad and 
collaborators, concerning the Topical Drug Classification system (Shah 
et al., 2015). The authors stated that for products that are not Q1 and Q2 
equivalent (which are collectively referred to as class 3 topical prod-
ucts), a biowaiver could also be considered. For instance, API with 
specific physicochemical properties that strongly influence the formu-
lation 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 detailed, Q3 characterization involves a range of spe-
cific tests aiming to best describe the critical quality attributes of the 
product. In this context, and as stated by Sam Raney and colleagues, the 
information gathered by each method should be collectively analysed to 
infer on Q3 (Raney et al., 2023). There are several identified challenges 
in this task: (i) identifying the tests that provide factual information on 
product CQA, as these are product specific; (ii) Managing RP variability, 
as referred in this study as well as in other literature reports, the selec-
tion of the RP batch may not be irrelevant (Ili and Daniels, 2017; 
Miranda et al., 2023b, 2020b; Xu et al., 2020); (iii) Defining suitable 
acceptance criteria for Q3 equivalence. According to the FDA Guidance 
for Industry - Physicochemical and Structural (Q3) Characterization of 
Topical Drug Products Submitted in ANDAs, Q3 sameness may only be 
supported if the product is Q1/Q2. Furthermore, each relevant Q3 
attribute of the TP must be within the range characterized for the RP, 
potentially characterized in multiple batches. The guideline also states 
that Q3 sameness may be declared by the Agency, if there is an 
acceptable variability of the TP/RP microstructure parameters (US-FDA, 
2022b). However, this view differs from the EMA draft guideline where 
it is requested that for all quantitative quality characteristics, the 90 % 
confidence interval for the difference of means of the test and 
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Fig. 5. Implementation hurdles to topical bioequivalence documentation.  
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comparator products should be contained within the acceptance criteria 
of +/- 10 % of the comparator product mean, assuming normal distri-
bution of data. This criteria, taking into account the complexity of 
semisolid microstructure, is in many cases too strict (Ili and Daniels, 
2017; Miranda et al., 2023b, 2020b; Xu et al., 2020). 

In what concerns the documentation of product performance 
equivalence, clear information is provided in the guidelines, ranging 
from the workflow to be applied to IVRT studies (method development, 
analytical method validation, IVRT validation, pilot and pivotal 
studies), to the corresponding acceptance criteria. However, a signifi-
cant challenge in this step relies on the restrictive EMA draft guideline 
criteria for statistical equivalence (90–111 %), which is not shared by 
the FDA (EMA, 2018; US-FDA, 2022c). A recent study by Wellington et 
al. used a validated IVRT method to conduct comparative IVRT runs on 
five generic products marketed in South Africa and one Canadian 
generic. These products were compared with a relevant RP. When the 
authors compared the RP product batches, despite the release profile 
being extremely close, performance equivalence according to EMA draft 
guideline failed to be supported, as the confidence interval was 
84.03–102.86 % (Wellington et al., 2023). 

The next step regards product efficacy documentation. As these 
studies are far more complex than the previous ones, their presentation 
would yield meaningful results for multiphasic formulations with added 
complexity, or in cases in which the other equivalence parameters failed 
to be supported. The experimental approach to follow is highly reliant 
on the product features/clinical target. Depending on the product action 
site, as well as pharmacotherapeutic profile, IVPT studies, tape strip-
ping, microdialysis, open flow microperfusion, disease model studies, 
may be viable options. As previously reviewed, managing method 
variability may pose as a significant challenge in this step. Both IVPT 
and disease model methods displayed a level of variability consistent 
with clinical therapeutic equivalence studies, the gold standard, which is 
an extremely costly and time consuming method for evaluating topical 
bioequivalence. The skin disease model studies were unable to statisti-
cally differentiate between the formulation batches where the IVPT 
model was discriminatory; however, it should be pointed out that dif-
ferences in the efficacy profile of two batches of the same product are not 
expected to occur in vivo. Furthermore, the results of the disease model 
are in agreement with those attained in IVPT (lowest permeant formu-
lation had a higher antifungal in vitro activity), as well as rheology 
(lowest viscosity formulation had a higher antifungal in vitro activity). 
However, there were practical hurdles during the development of the 
present model, namely in what concerned the documentation of the 
method sensitivity. In the manuscript, the use of Candida albicans, 
instead of T. Rubrum is appointed as a strategy to improve this aspect. 

Previous studies using more efficacious drugs (such as efinaconazole) 
against T. Rubrum (Turner et al., 2016) have had greater success in 
demonstrating sensitivity in the disease model used in this investigation, 
resulting in a higher level of discrimination between formulations 
tested. Therefore, we may have had more success using a different or-
ganism (although perhaps less relevant) against which bifonazole has 
greater efficacy, such as Candida albicans as shown by Lalosević et al. 
(Lalošević et al., 2009); (Lalošević et al., 2009). Alternatively, it is 
possible that more pre-established microbiological test methods, for 
example zone of inhibition investigations (perhaps with a keratin sup-
plemented media to more closely resemble in vivo skin) or a minimum 
inhibitory concentration experiment could have been used, although 
obviously the skin itself is not present. Furthermore, when addressing 
the conduct of IVPT studies, the regulatory agencies, more specifically, 
the FDA, mainly focus on the topical acyclovir cream PSG. Even though 
this product is highly complex, the therapeutic perspective is very poor, 
and for that reason not comparable to other products available in the 
market. The presentation of other case studies would be beneficial for 
generic manufacturers. 

As referenced in the regulatory guidances, clinical studies, including 
vasoconstriction, pharmacokinetic and clinical endpoint studies, are of 

course available, but are extremely time consuming and expensive and 
their need should be solely required for the worst cases. Nevertheless, no 
matter what developments and changes are made in the processes to 
demonstrate acceptable bioequivalence for a topical generic product, 
the return on investment will be what determines whether any topical 
generic will be commercialised. 

4. Concluding remarks 

In this work, we have investigated both the experimental procedures 
and regulatory mechanisms underlying the efficacy profile equivalence 
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 comparative local availability studies to document 
product efficacy equivalence. IVPT studies were carried out using two 
RP batches that displayed distinct rheological profiles. The IVPT results 
were then analysed according to two statistical approaches – EMA and 
FDA. Equivalence between RP1 vs. RP4 failed to be supported by both 
approaches. This highlights that the selection of RP batches for this 
specific case study is a critical step in documenting bioequivalence of 
topical generic products. 

Overall, skin permeation kinetics methodology has an intrinsically 
high variability that could hampered result interpretation. The proposal 
of wider acceptance criteria could be highlighted as a measure to 
circumvent this issue. In contrast, the disease model herein presented 
could provide an alternative and more straightforward product com-
parison approach and more reliable strategy to infer on topical anti-
fungal bioavailability, as it is not expected that different batches would 
yield a different therapeutic response. Note that this disease model has 
already shown promise for evaluating the efficacy of formulations 
containing other APIs, for example when evaluating the formulation 
Lamisil®. 

CRediT authorship contribution statement 

Margarida Miranda: Writing – original draft, Formal analysis, Data 
curation, Conceptualization. Zoe Volmer: Investigation, Formal anal-
ysis, Data curation. Alicia Cornick: Investigation, Formal analysis, Data 
curation. Aidan Goody: Investigation, Formal analysis, Data curation. 
Catarina Cardoso: Supervision, Resources. Alberto A.C.C. Pais: 
Writing – review & editing, Validation, Formal analysis, Data curation. 
Marc Brown: Writing – review & editing, Resources, Methodology, 
Formal analysis, Data curation, Conceptualization. Carla Vitorino: 
Writing – review & editing, Supervision, Formal analysis, Data curation, 
Conceptualization. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

Data will be made available on request. 

Acknowledgments 

Margarida Miranda acknowledges the PhD grant PD/BDE/135075/ 
2017, assigned by FCT and Laboratórios Basi from the Drugs R&D 
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