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Abstract 

Transdermal delivery represents a good alternative to oral delivery of drugs and provides 

a convenient route of administration for a variety of clinical indications. It possesses 

some advantages over other ways of administration, being a non-invasive route, 

avoiding the first-pass metabolism in the GI tract, providing constant blood levels for 

drugs with a narrow therapeutic window, and minimizing side effects with a good patient 

compliance, since this dosage form is generally administered at most, once a day. The 

respective use is, however, limited by the poor penetration of drugs into the skin, caused 

by the major barrier to the transport within the skin, the stratum corneum, the outermost 

layer of the epidermis. 

To overcome this limitation, passive and active penetration enhancement techniques 

have been developed over the years to improve the bioavailability and increase the 

range of drugs for which topical and transdermal delivery is a viable option. The use of 

chemical penetration enhancers aims at increasing skin permeability, by reversibly 

altering the physicochemical nature of the stratum corneum, reducing its diffusional 

resistance. Surfactants are a class of compounds that recognizably have effects on the 

permeability characteristics of several biological membranes, including the skin, and 

therefore are able to enhance the penetration of other compounds present in the 

formulation. Additionally, the use of methods involving external electrical energy sources, 

such as iontophoresis, are able to significantly increase the transdermal permeation of 

ionic drugs, and are capable of expanding the range of compounds that can be delivered 

transdermally. The combination of both approaches has been reported to produce 
synergistic effects in terms of permeation for various systems reported in the literature 

and is also investigated in this thesis. 

Generally, the work presented in this dissertation focuses on the development of 

strategies to improve the delivery of drugs across the skin and comprises two distinct 

parts. Following a comprehensive introduction in Chapter 1, the work presented in 
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Chapter 2 and 3 is essentially centered on a HPMC-based hydrogel system that was 

selected to be the basis of the drug-carrier formulation in the in vitro permeation 

experiments addressed in Chapters 4 and 5. 

Chapter 2 reports in detail the thermal behavior of the HPMC-based hydrogels. Polymer 

hydrophobicity upon heating evolution has been monitored using UV/vis and 

fluorescence spectroscopy and correlated with gel formation. This phenomenon has also 

been thoroughly investigated using rheological experiments with both large strain 
(rotational) tests at different shear rates and small strain (oscillatory) tests. The results 

obtained motivated a further, related, study on the interaction between the HPMC 

hydrogel and an ionic surfactant (SDS), which has been comprehensively investigated 

using conductivity, rheology and UV/vis transmittance methods, presented in Chapter 3. 

It was found that the addition of SDS to HPMC solutions affects both the behavior in 

terms of SDS micellization and that of the HPMC solution, but in a non-trivial way. A 

model for HPMC–SDS interaction has been proposed, rationalizing the evolution of the 

system at different SDS and HPMC concentrations. 

Chapters 4 and 5 report in detail the use of several surfactants as chemical penetration 

enhancers, in the transdermal drug delivery of various drugs. The enhancement effects 

of this approach were assessed using in vitro studies that were carried out in Franz 

diffusion cells across dermatomed porcine skin. A series of dicationic (gemini) 
alkylammonium bromide surfactants with varying spacer lengths (G12-2-12, G12-6-12 

and G12-10-12) were tested as chemical permeation enhancers (CPE) for lidocaine 

hydrochloride, caffeine and ketoprofen. Three nonionic ether-monohydroxyl surfactants 

(C12E1, C12E5 and C12E8) were also evaluated as CPE alone and in combination with 

iontophoresis in the transdermal drug delivery of two ionized drugs, namely ondansetron 

hydrochloride and diltiazem hydrochloride. The results obtained demonstrate that both 

approaches were successful and are able of significantly improve the transdermal 

delivery of drugs, especially when iontophoresis is employed. Moreover, skin integrity 

studies were performed to assess potential harmful effects on the tissues resulting from 

the compounds applied and/or from the methodology employed. Light microscopy and 

scanning electron microscopy (SEM) at different magnifications did not reveal 

noteworthy morphological or structural changes and gave positive indications for their 
safe use as skin permeation enhancers. Complementary, studies in human epidermal 

keratinocytes (HEK) and in human dermal fibroblasts (HDF) were performed to establish 

their relative cytotoxicity profiles and compare it with that of azone (laurocapram), one of 

the most studied permeation enhancers. 
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Resumo 

A via transdérmica representa uma boa alternativa à administração oral de fármacos e 

constitui uma via de administração conveniente para um conjunto de indicações clínicas. 

Esta via apresenta algumas vantagens relativamente a outras vias de administração: é 

não-invasiva, evita o “efeito de primeira passagem” e permite a obtenção de um nível 

sanguíneo constante de fármacos com uma pequena janela terapêutica, minimizando a 

ocorrência de efeitos secundários. Habitualmente, a medicação administrada por esta 

via tem uma boa adesão terapêutica por parte dos pacientes, uma vez que estas 

formulações são administradas, no máximo, uma vez por dia. Contudo, a via 

transdérmica apresenta também algumas limitações devida à difícil penetração de 
fármacos na pele, particularmente através do stratum corneum, a camada mais 

superficial da epiderme e reconhecidamente a maior barreira à permeação de fármacos.  

Para ultrapassar estas limitações, têm sido desenvolvidas ao longo dos anos diversas 

técnicas passivas e activas capazes de aumentar a biodisponibilidade e a gama de 

fármacos possíveis de administrar por via transdérmica. A utilização de promotores 

químicos da absorção tem como objectivo aumentar a permeabilidade da pele, por via 

da alteração transiente e reversível da organização lipídica que compõe o stratum 

corneum, reduzindo a sua barreira à difusão. Os tensioactivos são uma classe de 

compostos que, reconhecidamente têm efeitos na permeabilidade de diversas 

membranas biológicas, incluindo a pele, e por conseguinte, têm a capacidade de 

promover a permeação de outros compostos presentes numa formulação farmacêutica. 

Adicionalmente, a utilização de métodos que envolvam a utilização de fontes externas 
de energia eléctrica, de que é exemplo a iontoforese, são capazes de aumentar 

significativamente a permeação transdérmica de fármacos ionizados ou ionizáveis e 

permite expandir a gama de compostos que podem ser administrados por esta via. A 

combinação das duas estratégias é referida frequentemente por ter efeitos sinergísticos 

em termos da permeação em vários sistemas reportados na literatura, sendo também 

investigada nesta tese. 
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Em termos gerais, os trabalhos desenvolvidos e apresentados nesta dissertação 

abordam o desenvolvimento de métodos que melhorem a eficiência da entrega de 

fármacos por via transdérmica e é composto por duas partes distintas. Depois de uma 

introdução pormenorizada do tema feita no Capítulo 1, os trabalhos reportados nos 

Capítulos 2 e 3 abordam um sistema hidrogel de hidroxipropilmetil celulose (HPMC) que 

foi seleccionado como base da formulação para os fármacos, cujos estudos de 

permeação in vitro são reportados nos Capítulos 4 e 5. 

No Capítulo 2 é abordado em pormenor o comportamento térmico de um hidrogel à 

base de um polímero de celulose modificado hidrofobicamente, HPMC. A evolução da 

hidrofobicidade das cadeias poliméricas com o aumento de temperatura foi monitorizada 

utilizando técnicas de espectroscopia de absorção UV-visível e de fluorescência e foi 

correlacionada com a formação de um sistema gel com a temperatura. Este fenómeno 

foi investigado através de técnicas reológicas, nomeadamente ensaios rotacionais com 

diferentes tensões de corte e a diferentes velocidades de corte e ensaios oscilatórios. 

Os resultados obtidos anteriormente motivaram um estudo relacionado, descrito no 

Capítulo 3 desta dissertação, onde foi investigada a interacção entre o sistema hidrogel 

de HPMC e um tensioactivo iónico (SDS) recorrendo a técnicas de condutividade 

eléctrica, reologia e espectroscopia de absorção UV-visível. Verificou-se que a adição 

de SDS às soluções de HPMC afectou o processo de micelização do SDS, tendo 
também alterado, de um modo não trivial, as propriedades das soluções de HPMC. Foi 

proposto um modelo para a interacção entre o polímero HPMC e o tensioactivo SDS, 

racionalizando a evolução do sistema para diferentes concentrações de SDS e de 

HPMC. 

Os Capítulos 4 e 5 desta dissertação relatam em pormenor a utilização de diferentes 

tensioactivos como promotores químicos da absorção de diversos fármacos por via 

transdérmica. 

O efeito destes promotores foi investigado através de ensaios de permeação in vitro em 

células de difusão vertical de Franz. Nestes ensaios, foi usada pele de porco 

previamente cortada com um dermátomo, como modelo para a pele humana. Vários 

tensioactivos derivados de alquilamónio, com cadeias alquílicas de doze carbonos (C12) 

e com variações estruturais no comprimento do espaçador (G12-2-12, G12-6-12, G12-
10-12) foram testados como promotores químicos de absorção para três fármacos: 

hidrocloreto de lidocaína, cafeína e cetoprofeno. Três tensioactivos não iónicos alquil-

oxietileno (C12E1, C12E5 and C12E8) foram também avaliados como promotores químicos 

de forma isolada ou em combinação com iontoforese na entrega transdérmica de dois 

fármacos: hidrocloreto de diltiazem e hidrocloreto de ondansetron. Os resultados obtidos 

demonstram que ambas as estratégias foram eficazes e capazes de aumentar 

significativamente a entrega transdérmica dos fármacos, especialmente quando a 

iontoforese foi utilizada. Adicionalmente foram efectuados estudos para averiguar a 

integridade da pele utilizada nos ensaios de permeação e potenciais efeitos tóxicos 
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causados pelos promotores de absorção ou pela metodologia utilizada. As imagens de 

microscopia óptica e de microscopia electrónica de varrimento (MEV), a diferentes 

níveis de ampliação, não revelaram alterações estruturais ou morfológicas significativas 

e deram indicações positivas quanto à utilização segura destes compostos como 

promotores da absorção transdérmica. Foram também efectuados estudos de 

citotoxicidade em linhas celulares de queratinócitos da epiderme humana (QEH) e em 

fibroblastos da derme humana (FDH), que permitiram estabelecer perfis de toxicidade 
relativa para os diferentes promotores e compará-los, por exemplo, com o da azona 

(laurocaprama), um dos mais estudados promotores da absorção transdérmica.  
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General introduction 

Chapter 1 

1. General introduction 

1.1. State of the art in transdermal drug delivery  

1.1.1. Transdermal drug delivery – its origins 

Transdermal drug delivery (TDD) refers for the transport of pharmaceutical actives to the 

human body through intact skin with the aim of a therapeutic effect. The application of 

substances to the skin for medicinal purposes has attracted considerable interest in 

recent years but as a concept is not new since many formulations have been used even 
in ancient times. Traditional preparations used include ointments, gels, creams and 

medicinal plasters containing natural herbs and compounds. Classical examples include 

the use of certain ointments and plasters. In the 16th century B.C. the Ebers Papyrus 

recommended that the husk of the castor oil plant be crushed in water and placed on an 

aching head and “the head will be cured at once, as though it had never ached” [1]. 

Another interesting story involves the mustard plaster. Mustard plant has been used both 

as a condiment and as an active ingredient with a therapeutic effect by the ancient 

Egyptians, Sumerians and Chinese. The mustard plaster, used in the management of 

severe chest pain congestion, was prepared by mixing the powered mustard seed 

(Brassica nigra) with warm water, and the resulting paste was spread on a strip of 

flannel and applied to the patient’s chest with a cloth binding wrapped around the body to 

keep the plaster in the right position. The Greek physician Dioscorides, prescribed 
mustard for everything from tonsillitis to epilepsy, and the Romans combined ground 

mustard seed with vinegar to make an ointment for snakebites and scorpion stings and 

chewed the seed to relieve toothaches. In addition to mustard plasters, several other 

plasters were recognized in early 20th century editions of the United States 
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Pharmacopeia (USP) and National Formulary (NF). Belladonna Plaster, containing 0.25–

0.30% of belladonna root alkaloids, was believed to act transdermally as an analgesic. 

Stronger Mercurial Ointment, a formulation containing 50% of elemental mercury, was 

reported to be an important precursor of the modern transdermal medication. It was used 

as a treatment for syphilis when Salvarsan and other arsenicals were in use, prior to the 

discovery of penicillin [2]. 

1.1.2. Advantages and limitations of the transdermal route 

Like many alternative routes of delivery, the skin has both benefits and limitations when 

compared with more conventional methods such as the oral route. Drugs that are 

ingested orally must pass through the liver, where they undergo metabolism before 

entering the bloodstream. This often results in a reduced amount of active drug available 

to reach the site of action and means that drugs may have to be given in higher doses to 

compensate. Drugs administered via the skin are not subject to first-pass effect, and 

therefore may be administered in lower doses.  

The main benefits associated with the transdermal route are thus the avoidance of first 
pass metabolism and other effects associated with the GI tract such as pH, chemical 

degradation, gastric emptying time or gastric irritation. The transdermal route can also 

provide a sustained and controlled delivery over a prolonged period of time which allows 

drugs with poor oral bioavailability and/or short biological half-lives to be administered at 

most, once a day [3, 4] and  the maintenance of constant blood levels in the plasma for 

drugs with a narrow therapeutic window, thus minimizing the risk of toxic side effects or 

lack of efficacy caused by peaks and troughs in blood-drug concentration [5, 6]. This 

results in improved patient acceptance and compliance [7-9]. Transdermal delivery of 

drugs  also provides direct access to target or diseased sites, e.g., the treatment of skin 

disorders such as psoriasis,  eczema, and fungal infections [10].  In the event of any 

adverse reactions occurs that may occur, either systemic or local, the administration of 

the drug can be easily interrupted. In addition, the transdermal route offers an alternative 
in circumstances where oral dosing is not possible (in unconscious or vomiting patients) 

[6]. 

However transdermal delivery of drugs is also influenced and limited by some factors. 

Ideally the drugs suitable for transdermal use should meet certain requirements 

regarding their physicochemical properties such as a molecular weight below 500 Da 

since solute diffusivity across the SC is inversely related to its size [11]. The melting 

point  should be ideally lower than 200°C [12] and should have an adequate aqueous 

and lipid solubility,  as a Log P (octanol/water) ideally between 1–3 is required for  

systemic delivery to occur [13]. A predictive rule of thumb is that the maximum flux of 

drug through the skin should decrease by a factor of five for an increase of 100 Da in the 

molecular weight, while a decrease by a factor of ten is expected for an increase of 

100°C in the melting point [14]. The transdermal route can only be applicable for potent 
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drugs that require only small plasma concentrations for a therapeutic effect  (e.g. 10–30 

ng/mL for nicotine) [15].The drugs, excipients, or other components of delivery devices 

applied topically should not cause an immune response or any kind of sensitization as 

the skin as an immunological barrier may be reactive by the exposure to certain  stimuli, 

resulting in erythema, edema, etc. [16-19]. The transdermal delivery of drugs is also 

affected by intra-and inter-variability caused by differences in skin type, site of 

application, patient age, variation in adhesive effectiveness and it is associated with the 
permeability of intact and diseased skin. This implies that there are fast, slow and normal 

skin absorption profiles resulting in different biological responses [20-22]. Another issue 

that might affect the efficacy of the delivery of drugs administered topically is the 

presence of enzymes in the skin, mainly esterases and peptidases that can metabolize 

the drugs into therapeutically inactive forms. This is known as pre systemic metabolism 

[23]. 

1.1.3. Drug delivery market and future perspectives 

Markets for transdermal drug delivery products are difficult to define because they 
overlap with the overall pharmaceutical markets of the drugs delivered by this route. 

Estimation can be made of the share of transdermal technologies in the overall market 

for drug delivery technologies. The transdermal delivery market was valued at $21.5 

billion in 2010 and is predicted to reach $31.5 billion by 2015. The annual U.S. market for 

transdermal patches is estimated at more than $3 billion. Transdermal drugs account for 

more than 12% of the global drug delivery market [24].  

The first transdermal patch (scopolamine) was approved in 1979 by the governmental 

agency Food Drug and Administration (FDA) for the relief of the symptoms of motion 

sickness, nausea, and vomiting. However, the real expansion of the transdermal market 

occurred with the introduction of the nicotine patches indicated for smoking cessation, in 

the early 1990’s. 

The success of the transdermal approach is confirmed by the fact that there are currently 
more than 35 TDD products approved in the USA for the treatment of a wide variety of 

medical conditions including hypertension, angina, motion sickness, female menopause, 

male hypogonadism, severe pain, local pain control, nicotine dependence, and more 

recently, contraception and urinary incontinence. Some of the products are listed in 

Table 1-1. 

As expected, the US market is the largest individual market. Currently, Novartis is the 

leading company, with a market share of 20%, mainly due to their branded products 

such as the Exelon® patch (a rivastigmine transdermal system which is the first 

transdermal therapy for Alzheimer's Disease) and some generic drugs from its Sandoz 

subsidiary (e.g. generic fentanyl, scopolamine, and nicotine patches.) Data indicates that 
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the transdermal market is still under expansion, but at a slower rate than the overall 

pharmaceutical market [26]. 

Table 1-1 Transdermal drugs approved by the FDA* updated from [25]. 

Approval 
year 

Drug Indication 
Product 
Name 

Marketing company 

1979 Scopolamine Motion sickness Transderm-
Scop 

Novartis Consumer Health 
(Parsippany, NJ) 

1981 Nitroglycerin Angina pectoris Transderm-
Nitro 

Novartis (East Hannover, NJ) 

1984 Clonidine Hypertension Catapres-TTS Boehringer Ingelheim (Ridgefield, 
CT) 

1986 Estradiol Menopausal 
symptoms 

Estraderm Novartis (East Hannover, NJ) 

1990 Fentanyl Chronic pain Duragesic Janssen Pharmaceutica (Titusville, 
NJ) 

1991 Nicotine Smoking cessation Nicoderm, 
Habitrol, 
ProStep 

GlaxoSmithKline (Philadelphia, 
PA), Novartis Consumer Health 
(Parsippany, NJ) Elan (Gainesville, 
GA) 

1993 Testosterone Testosterone 
deficiency 

Testoderm Alza (Mountain View, CA) 

1995 Lidocaine/epinephrine 
(iontophoresis) 

Local dermal 
analgesia 

Iontocaine Iomed (Salt Lake City, UT) 

1998 Estradiol/norethidrone Menopausal 
symptoms 

Combipatch Novartis (East Hannover, NJ) 

1999 Lidocaine Post-herpetic 
neuralgia pain 

Lidoderm Endo Pharmaceuticals (Chadds 
Ford, PA) 

2001 Ethinyl 
estradiol/norelgestromin 

Contraception Ortho Evra Ortho-McNeil Pharmaceutical 
(Raritan, NJ) 

2003 Estradiol/levonorgestrel Menopausal 
symptoms 

Climara Pro Bayer Healthcare Pharmaceuticals 
(Wayne, NJ) 

2003 Oxybutynin Overactive bladder Oxytrol Watson Pharma (Corona, CA) 

2004 Lidocaine (ultrasound) Local dermal 
anesthesia 

SonoPrep Echo Therapeutics (Franklin, MA) 

2005 Lidocaine/tetracaine Local dermal 
analgesia 

Synera Endo Pharmaceuticals (Chadds 
Ford, PA) 

2006 Fentanyl HCl 
(iontophoresis) 

Acute 
postoperative pain 

Ionsys Alza (Mountain View, CA) 

2006 Methylphenidate Attention deficit 
hyperactivity 
disorder 

Daytrana Shire (Wayne, PA) 

2006 Selegiline Major depressive 
disorder 

Emsam Bristol-Myers Squibb (Princeton, 
NJ) 

2007 Rotigotine Parkinson’s 
disease 

Neupro Schwarz Pharma (Mequon, WI) 

2007 Rivastigmine Dementia Exelon Novartis (East Hannover, NJ) 

2010 Buprenorphine Chronic pain Butrans Purdue Pharma L.P. (Stamford, 
CT) 

*This list includes transdermal patches and delivery systems approved by the FDA. Only the first approved product for 
a given drug or drug combination administered by a given delivery method is shown. Topical creams, ointments, gels 
and sprays are not included. 

Future developments of drug delivery will likely focus on the continuing expansion of 

drugs available for use. Transdermal drug delivery systems have been considered for 
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use in the development of antihistamines, anti-arthritics, anti-addictives,  -blockers, anti-

emetics, calcium channel antagonists, tranquillizers, anti-asthmatics, antiviral agents, 

hormones and centrally acting cholinergic agents.  

To advance our knowledge on the mechanism of transport of substances in both passive 

and enhanced drug delivery, visualization studies are necessary for intelligently 

addressing the feasibility of optimization of current and future drug delivery methods. 

Alternative transdermal drug delivery systems may involve the use of iontophoresis and 
phonophoresis. The customization of drug vehicles and enhancers may turn out to be 

the most promising future direction in drug delivery since the continuous steady state 

delivery of the drug achieved by these systems may not always provide an optimal 

therapeutic response. 

To optimize chronopharmacology, the transdermal systems must release the drug with a 

variable pulsatile profile, which can be achieved by the use of iontophoresis, biphasic 

systems or feedback loops. Iontophoretic drug delivery presents formidable challenges 

to the development of safe, effective, and commercialized delivery, not only for peptides 

but also for a wide variety of drugs. The enormous market potential and patient 

compliance in this area has generated much interest and activity. The prospects of 

creating a safe and marketable iontophoretic drug delivery system will depend on 

iontophoretic device design and the drugs applied. The Macroflux patch may provide 
expanded drug delivery opportunities for therapeutic peptides, proteins, and vaccines 

[26]. 

1.2. Background 

1.2.1. The Skin 

The skin is the largest organ of the body, accounting for more than 10% of the body 

mass of an average person, covering an average area of 1.7m2 and the one that enables 

the body to interact most intimately with its environment.  

1.2.1.1. Functions 

Numerous functions have been attributed to skin. Skin can act as an environmental 

barrier protecting the organism from harmful environmental aggressions (physical, 

chemical, radiation, microbiological), and it is well-known that is crucial for the 

maintenance of temperature, electrolyte and fluid balance [27, 28]. Skin acts a diffusion 

barrier that minimizes water loss that would result in dehydration, and as a barrier that 

can metabolize compounds to more easily eliminate products after absorption has 

occurred. Skin also plays an important role in body temperature regulation, in which 
blood vessels constrict to preserve heat and dilate to dissipate heat. Hair helps 

insulation, whereas sweating facilitates heat loss by evaporation. The skin also serves as 
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an immunological affector axis by having Langerhans cells process antigens and as an 

effector axis by setting up an inflammatory response to an external aggression. It has a 

well-developed stroma, which supports all other organs. The skin has neurosensory 

activity by which receptors sense touch, pain, and heat. In addition, the skin functions as 

an endocrine organ by synthesizing vitamin D and is a target for androgens that regulate 

sebum production and for insulin, which regulates carbohydrate and lipid metabolism. 

Skin possesses several sebaceous glands that secrete sebum, a complex mixture of 
lipids that function as antibacterial agents or as a water-repellent shield in many animals. 

The integument plays a role in metabolizing keratin, collagen, melanin, lipid, 

carbohydrate, and vitamin D as well as in respiration and in biotransformation of 

xenobiotics [29]. Skin has many requirements to fulfill and is therefore a heterogeneous 

structure that contains many different cell types that will be further discussed. 

1.2.1.2. Anatomy and composition 

Skin’s structure and composition is responsible for its multiple known functions:  

protective, sensorial and metabolic, which are essential to the survival of humans and 

other mammals in a relatively adverse environment [30, 31].  

 

Fig. 1.1 A diagrammatical illustration of the skin [32]. 

The skin is a complex organ, anatomically consisting of four main layers: the stratum 

corneum (SC), the outermost layer of the tissue (a non-viable epidermal layer), the viable 

epidermis, the overlying dermis, and the hypodermis (the innermost subcutaneous fat 

layer). 
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A basement membrane separates the epidermis and dermis, whereas the dermis 

remains continuous with the subcutaneous and adipose tissues [33]. There are also 

several associated appendages such as hair follicles, sweat ducts, apocrine glands and 

nails. 

1.2.1.2.1. Stratum Corneum  

The stratum corneum (SC) is the skin’s outermost layer and despite being only 10-20 m 

thick it is largely responsible for the barrier properties of the skin due to its well organized 

structure, very high density and low hydration (10-30%) [28]. On most body sites the SC 

consists of 12-25 layers of cells (corneocytes) embedded in a complex matrix of stacked 

intercellular lipids arranged similarly to a “brick and mortar” model [33, 34], but it can vary 

as from 9 cell layers in the eyelids up to over 50 cell layers in the hand palms or feet 

soles [35]. The corneocytes are flattened, elongated, dead cells, lacking nuclei and other 

organelles, 1m thick with a surface area of approximately 900 m2 [36] rich in insoluble 

keratins filaments (ca. 70%) and lipids (ca. 20%) bonded to a cornified cell envelope [27]. 
The corneocytes are the final product of the keratinocyte differentiation process that 

takes place along the epidermis and are continuously shed and renewed, in a process 

denoted as desquamation, completing a total turnover in 2-3 weeks. The corneocytes 

are linked by desmosomes (corneodesmosomes) and surrounded by a blend of 

intercellular lipids secreted from the lamellar granules of keratinocytes that define the 

tortuous pathways through which molecules can diffuse across the SC. Desmosomes 

are believed  to responsible for the cohesion between SC cells, and their degradation is 

essential for desquamation [37]. Proteases have been demonstrated to degrade the 

desmosomal proteins [38-40], and it appears that hydrolysis of cholesterol sulfate also 

accompanies cell shedding [41]. These intercellular lipids are namely ceramides (CER) 

(45-50% by weight), cholesterol (CHOL) (25%), free fatty acids (FFA) (10-15%) and 

cholesterol sulfate (<5%) ordered in a bilayer arrangement [27]. It is also known that the 
exact composition of the stratum corneum lipid barrier strongly defines the performance 

of the skin properties [42-45] [24,27–29]. Pilgram et al. have shown that certain skin 

diseases such as atopic dermatitis and lamellar ichthyosis are associated to an abnormal 

SC lipid composition and organization [46]. This seems to indicate that specific CER 

species might be closely related to the regulation of keratinization from living epidermal 

cells to dead horny cells, together with other CER-related lipids. The lipid composition on 

the SC differs significantly from most other lipid membranes since it has longer and more 

saturated lipids and it has no phospholipids [47]. At least nine extractable ceramide 

subclasses [45, 48-50] were extracted from human SC and are classified as CER1 to 

CER9 according to their thin layer chromatographic mobility. More recently, two novel 

CER subclasses were reported recently [51], showing that the number of subclasses in 

human SC is still increasing [52]. Their respective molecular structures are illustrated in 
Fig. 1.2. All of the ceramides and the fatty acids found in SC are rod-like or cylindrical in 

shape, and these physical properties make these lipids suitable for the formation of 

highly ordered gel phase membrane domains. Gel phase domains will be less fluid, 

hence, less permeable than their liquid crystalline counterparts. Cholesterol is a 
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ubiquitous membrane lipid and is capable of either fluidizing membrane domains or of 

making them more rigid, depending on the physical properties of the other lipids and the 

proportion of cholesterol relative to the other components. The role of cholesterol in the 

epidermal barrier is probably to provide a degree of fluidity to what could otherwise be a 

rigid, possibly brittle membrane system. This may be necessary for the pliability of the 

skin [53]. 

 

Fig. 1.2 Structures and nomenclature of ceramides (CERs) in human SC [51]. The letters in parentheses 
present the ceramide classification as suggested by [54]. 

1.2.1.2.2. Viable Epidermis 

The viable epidermis is a multilayered structure mainly composed of keratinocytes (95%) 

at different stages of differentiation and some other specialized cells such as 
melanocytes, Langerhans cells, Merkel cells, dendritic T cells [55]. The deepest layer of 

the epidermis is known as stratum basale (SB), a single layer of actively dividing 

epidermal stem cells linked to each other by desmosomes and connected to the basal 

membrane by hemidesmosomes [56] . The cells originated in the SB migrate then 

upwards to the next layer, the Stratum Spinosum (SS). The SS is the thickest layer of 

the epidermis and has a spiky appearance due to the abundance of desmosomes. Cells 

in this layer exhibit lipid-rich structures, the lamellar bodies (Odland bodies) and are 

richer in keratin filaments when compared to the cells in the SB. Stratum Granulosum 

(SG) corresponds to 3-5 layers of flattened keratinocytes showing clearly granules of 

keratohyalin, particularly significant due to its major role in the aggregation and 

alignment of keratin filaments. The Odland bodies are, at this stage, bigger and more 
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abundant. They enclose multiple lipidic lamellar units and hydrolytic enzymes (proteases, 

lipases and glycosidases). As the migration and differentiation takes place, Odland 

bodies migrate to the cell membrane, later releasing its content, a fundamental process 

in the formation of the SC extracellular lipid matrix. The Stratum Lucidum consists of 

some clear layers of flattened, compacted, anucleated cells, fully keratinized. It is only 

present in areas where the skin is particularly thick like the hand palms or the sole of the 

feet. 

 

Fig. 1.3 Representation of the epidermis, showing the process of cell differentiation and the establishment of 
the cornified envelope [32]. For terminal differentiation, epidermal cells move from the basal layer (stratum 
basale) through the spinous layer (stratum spinosum) and the granular layer (stratum granulosum) towards 
the stratum corneum. During this process, they develop from mitotically active cells into dead, flattened 
squames. At the various stages of this development, different proteins are expressed. Crosslinking of 
epidermal proteins eventually leads to the establishment of the cornified envelope, a thick peripheral protein 
envelope that stabilizes each corneocyte. Additionally, lipids are synthesized in lamellar granules which are 
subsequently extruded into the extracellular space where they surround the corneocytes and build the lipid 
envelope. 

1.2.1.2.3. Dermis 

The dermis lies under the epidermis and is the principal mechanical support structure of 

the skin having also major roles in skin nutrition, thermal regulation and immune 

response. It is about 0.1– 0.5 cm thick and consists of dense connective tissue, rich in 

collagen, elastic and reticular fibers embedded in a mucopolysaccharide blend. The main 

cells found in the dermis are the fibroblasts, mast cells and macrophages. Other 

structures like blood and lymphatic vessels, sweat and sebaceous glands, sensory nerve 

endings and hair follicles are also found in this layer [57, 58].  
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1.2.1.2.4. Hypodermis 

The hypodermis is the deepest skin structure. It is made of loose connective tissue and 

connects the dermis to the muscles and bones underneath. The predominant cells in this 

layer are the adipocytes, specialized in the storage of energy in the form of fat, but 

fibroblasts and macrophages are also present [57, 58]. 

In conclusion, it is very important to have a fundamental knowledge of skin 

microanatomy in order to identify the relevant compounds and structures that may 
interact with penetrating agents (such as drugs) so as to understand their ability to 

penetrate the stratum corneum and to develop strategies to efficiently and safely 

overcome that barrier.	

1.2.2.  Mechanisms of percutaneous absorption 

The SC is a predominantly lipophilic barrier which minimizes transepidermal water loss 

(TEWL) and is at the same time the principal permeation barrier to percutaneous 

absorption. Due to the high organization level of the skin, drug molecules applied on its 

outer surface must follow tortuous paths, crossing all the skin cell layers and intercellular 
lipids, in order to reach the circulatory system in the dermis [59]. These routes are 

habitually classified as intercellular, transcellular and appendageal (via sweat glands and 

hair follicles). The relative contribution of these routes depends on the solubility, partition 

coefficient and diffusivity of the drug within these protein or lipid phases. 

 

Fig. 1.4 A schematic representation of the skin showing the different possible routes of penetration. The 
follicular area accounts for approximately 0.1% and the eccrine 10−3% of the total surface area [60] . 

Since the appendageal area available for transport is only about 0.1% of the total skin 

surface area this route usually contributes negligibly to steady state drug flux, being is 

particularly relevant for ions and large polar molecules that struggle to cross intact SC. 

However, the intercellular route appears to be predominant, and therefore many 

enhancement techniques aim to disrupt or bypass the SC molecular architecture of 

bilayers of ceramides, fatty acids, cholesterol and cholesterol esters.  
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The transdermal delivery of small molecules has been considered as a process of 

interfacial partitioning and molecular diffusion through the SC. A typical mathematical 

model considers the SC as a two-phase protein-lipid heterogeneous membrane having 

the lipid matrix as the continuous phase [33, 61, 62]. Several theoretical skin-permeation 

models have been proposed which can predict the transdermal flux of a drug based on 

some of its physicochemical properties [63-67]. We often make assumptions in these 

models about the barrier properties of the skin and predict the transdermal flux of a drug 
from a saturated aqueous solution, given the water solubility and the molecular weight of 

the drug and its lipid-protein partition coefficient. Most of these theoretical expressions 

assume a two-compartment model of the SC based on a heterogeneous two-

compartment system of protein-enriched cells embedded in lipid intercellular domains 

(“bricks and mortar model”). 

 In the bricks and mortar model, the SC corneocytes are considered to be the bricks 

because of their resistant cell envelopes and keratin microfibrils, while the layers of lipids 

found between the cells are considered to be the mortar [34, 68]. The lipid ‘‘mortar’’ is 

the main barrier to water passing out through the SC [69]. The permeability of lipid 

soluble molecules is modeled by considering them to wind their way around the 

corneocyte bricks by diffusing through the lipid mortar [70]. Both the bricks and the 

mortar of the SC are produced by keratinocytes at the stratum granulosum (SG), at 
which keratinocytes release the lipids of the mortar into the space between the cells as 

they are being transformed into the corneocytes ‘‘bricks.’’ A major difference between the 

current and the earliest versions of the model is that we now know that the bricks are 

linked by desmosomes. 

1.2.2.1. Theoretical basis of percutaneous absorption 

Since there are little evidences suggesting that there are active processes accounting for 

the permeation of drug molecules across the skin, the transport process is controlled by 

a passive diffusion mechanism that can be described by the Fick’s First Law of diffusion 

[71]. In permeation experiments Fick’s first law is used to describe steady state diffusion 

and to analyze permeation data. 

∆
		 	 	 	 	 	 	 	 	 1.1 	

where J stands for the steady-state flux per unit of area, D is the diffusion coefficient in 

the skin, K the partition coefficient between the skin and the formulation, c is the 

concentration difference across the skin and h corresponds to the diffusion path length. 
Since the drug concentration applied (capp) to the skin is much larger than the 

concentration under the skin (infinite dosing) Eq. 1.1 can be simplified to 

	 		 	 	 	 	 	 	 	 	 1.2 	
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where kp is a permeability coefficient (= KD / h) and is a heterogeneous rate constant 

having the units, for example, cm.h−1. It is often difficult to separate K and D and their 

calculated magnitude will depend on h. The parameter h cannot be accurately estimated 

as it is related to the tortuosity of the intercellular channels, which is imprecise. The 

driving force for diffusion is often simplified as the concentration gradient. Strictly it 

should be the chemical potential gradient. This leads to confusion when concentrated 

solutions are used and often mention is made of the thermodynamic activity. Fick’s laws 
of diffusion show that the flux (J) should increase linearly with concentration until capp 

reaches the solubility limit [60, 72]. 

The concentration gradient of drug within the skin and the diffusivity, in accordance with 

Fick’s Law, are therefore the two drug-related properties that influence flux across the 

skin. However, the concentration gradient, in turn, is influenced by the ability of the drug 

to partition into the skin and its ability to partition out of the skin into the underlying 

tissues. 

The cumulative amount of drug permeating through the skin (Qt) is given by 

		 	 	 	 	 	 	 	 1.3 	

where Cs is the saturated reservoir concentration when a sink condition is maintained in 

the receptor solution. According to the definition on USP 32-NF27, sink conditions is 

defined as “the volume of medium at least three times that required in order to form a 

saturated solution of drug substance” when performing a dissolution procedure. When 

the steady-state line, calculated from the slope of the linear part of the permeation 
profile, is extrapolated to the time axis, the value of the lag time is obtained by the 

intercept at Q=0 i.e., corresponds to a cumulative amount of drug permeating through 

the skin equal to 0). The diffusion coefficient (D) can then be calculated from Eq. (1.1), 

by knowing the donor phase concentration and thickness of the barrier (h), and 

measuring the partition coefficient (K). The lag time method is commonly used for 

analysis of the permeation data from in vitro experiments with an infinite dosing 

technique, that is, where the skin separates an infinite reservoir of drug on the donor side 

and a perfect sink as receptor. However, the lag time method could be subjective as it 

requires an evaluation to determine the linearity of the permeation profile [73]. 

1.2.3. Skin permeation enhancement strategies – overcoming the 

barrier 

In general, the SC is only permeable to small and moderately lipophilic molecules [74]. 

Therefore, in order to expand the range of molecules available for transdermal drug 

delivery, it is necessary to employ enhancement technologies to controllably, reversibly, 

and safely reduce the resistance of the outermost layer of the skin, the SC. A variety of 
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means have been studied in attempts to overcome this barrier. Such strategies include 

physical, biochemical, and chemical methods. The techniques that have emerged over 

the years can be generally categorized into passive or active (Fig. 1.5). 

 

Fig. 1.5 Some methods for optimizing Transdermal drug delivery [75]. 

1.2.3.1. Passive enhancement of skin permeation 

The conventional means of applying drugs to skin include vehicles such as ointments, 

creams, gels, and “passive” patch technology. However and based on Fick’s First law 

(Eq. 1.1), there are three permeation strategies that can increase the passive flux of a 

drug through the SC: by increasing the diffusion coefficient of the drug in the skin; by 

increasing the drug solubility in the skin and by increasing the degree of saturation of the 

drug in the vehicle, often referred as the super saturation approach. While the latter is 

based on the interaction between the drug and the vehicle, the two first strategies imply 

an effect of the vehicle on the barrier properties of the skin. Therefore, the most recent 
dosage forms have been developed in order to enhance the driving force of drug 

diffusion (thermodynamic activity) and/or to increase the permeability of the skin. Such 

approaches include the use of chemical permeation enhancers (CPE) [76-79], 

supersaturated systems [80], prodrugs or metabolic approach [81, 82], liposomes and 

other vesicles [83-93]. 

1.2.3.1.1. Chemical penetration enhancers (CPE) 

CPE are compounds that facilitate the permeation of drugs transdermally by temporarily 

and reversibly diminishing the barrier resistance. An effective CPE may increase the 

diffusion coefficient of the drug in the SC (i.e. by disrupting the SC barrier), may increase 

the effective concentration of the drug in the vehicle, and may improve partitioning 
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between the formulation and the SC (usually by altering the solvent nature of the skin 

membrane to improve partitioning into the tissue) or, less likely, by decreasing the skin 

thickness (for example by providing a permeation “shortcut” as opposed to a tortuous 

pathway for a permeant). Ideally, these compounds should exhibit some desirable 

properties such as being non-toxic, non-irritating, non-allergenic, pharmacologically inert, 

but at the same time, chemically and physically compatible with the delivery system. 

They should provide a fast onset of action with a predictable and suitable duration of 
action for the drug used and must should work unidirectionally (i.e. should allow 

therapeutic agents into the body whilst preventing the loss of endogenous material). It is 

also important that when a CPE is removed from the skin the barrier properties should 

be restored rapidly and fully. In addition it should be cosmetically acceptable (odorless, 

tasteless, colorless), inexpensive and with good solvent properties [94]. Although many 

chemicals have been evaluated as penetration enhancers in human or animal skins, not 

surprisingly, no such material has yet been discovered that possesses the above listed 

ideal properties although some compounds demonstrate some or several of the above 

characteristics. 

The mechanisms of action proposed for the CPE are diverse and complex. They can 

range from direct effects on the skin to alterations in the formulations. At biological 

concentrations, most of them interact with the intercellular lipid domains of the SC, 
causing fluidization, polarity alterations or lipid extraction and/or by affecting partitioning 

behavior. When acting directly on the skin CPEs can have effects on specific sites and 

structures such as the SC intracellular keratin, denaturing it or modifying its conformation 

causing swelling and increased hydration, the desmosomes that are responsible for the 

cohesion between corneocytes and on the intercellular lipid domains reducing the barrier 

resistance of the bilayer lipids. The disruption of the lipid bilayers could be homogeneous 

or heterogeneous depending if the enhancer distributes evenly along the bilayer lipids, or 

if it is concentrated within some domains. Such a phenomenon has been observed and 

reported for oleic acid and azone. 

Due to the importance of chemical structure in the mechanism of action of these 

enhancers and the availability of a large amount of data, structure activity relationships 

have been developed for CPE. Factors such as the chain length, polarity, unsaturation 
and the presence of particular functional groups have been considered (e.g. [95-98]). 

Optimal penetration enhancement was obtained with saturated alkyl chain lengths of C10 

to C12 attached to a polar head group, or C18 for unsaturated alkyl chains [99]. It should be 

noted that a direct relationship between drug and enhancer action for a specific 

permeation enhancer has also been reported in the literature. For example, the 

enhancement ratio promoted by nerolidol was found to decrease from 134.8 to 1.7 as the 

hydrophobicity of the drug is increased (from the relatively hydrophilic nicardipine 

hydrochloride to the hydrophobic tamoxifen) [100]. 

The term CPE includes a wide range of compounds such as water, sulphoxides (i.e. 

dimethylsuphoxide - DMSO), laurocapram (commercially known as azone), pyrrolidones, 
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fatty acids, alcohols, fatty alcohols, glycols, surfactants, urea, essential oils (i.e. terpenes 

and terpenoids), phospholipids and solvents. However and according to the work 

conducted for this thesis, special emphasis will only be given to surfactants, solvents 

(propylene glycol) and azone (used in this work for essentially for comparison). 

1.2.3.1.1.1. Surfactants 

Surfactants (surface active agents) comprise a class of compounds structurally 

consisting of a lipophilic alkyl or aryl fatty chain, linked to a hydrophilic head group, with 

amphiphilic properties which, therefore, can be employed as CPE. The hydrophilic 

portion can be nonionic, ionic or zwitterionic. Surfactants are present in many cosmetic 

and pharmaceutical formulations used as emulsifiers, wetting, suspending, solubilizing, 

and stabilizing agents. When applied to the skin, surfactants interact with the lipid 

molecules, intercalating into lipid bilayers. This results in interfacial defects and structure 

disruption causing the formation of diffusional paths for drugs molecules, being this the 

primordial mechanism of action. However, depending on the amphiphilic structure and 

concentration employed, local irritation of skin may be observed.  Surfactants generally 

have low chronic toxicity and most have been shown to enhance the flux of materials 
permeating through biological membranes, such as the skin. Anionic surfactants are 

negatively charged compounds that include sodium lauryl sulphate (SLS). Cationic 

surfactants exhibit positive charges and include trimethylammonium bromide derivatives, 

such as some of the compounds used in this work (gemini surfactants). Ether-

monohydroxyl surfactants (also used in this work as CPE) are examples of nonionic 

surfactants. Among the surfactant classes, non-ionic surfactants tend to be regarded as 

safe and therefore are less toxic and irritant than their charged counterparts. Charged 

surfactants have the potential to damage human skin, i.e. SLS has been reported to be a 

powerful irritant and caused an increase in the transepidermal water loss (TEWL) in 

human volunteers in vivo [101] and both anionic and cationic surfactants swell the 

stratum corneum and interact with intercellular keratin. The literature reports surfactant 

facilitated permeation of drugs such as diazepam, lorazepam, prazosin, piroxicam, 
hydrocortisone, lidocaine, etc. through various skin membranes, with significant flux 

enhancement [102-107]. 

1.2.3.1.1.2. Propylene glycol (PG) 

PG has been reported to have penetration enhancement activity on its own [76, 108, 

109] but it is mostly used as a vehicle for penetration enhancers and it has been shown 

to act synergistically when used concomitantly with other CPE such as oleic acid [110, 

111]. PG permeates well through human SC and the respective mechanism of action is 

similar to those involved for ethanol and similar solvents.  In this sense, PG can both 

alter the thermodynamic activity of the drug in the vehicle and therefore increasing the 

driving force for the diffusion process. At the same time, the interaction between PG and 
the SC can result in increased solubility of the drug in the SC, causing a facilitated 
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uptake of the drug into skin in addition some minor disturbance may occur due to 

intercellular lipid packing within the SC bilayers. 

1.2.3.1.1.3. Azone 

Azone (1-dodecylazacycloheptan-2-one or laurocapram) was the first molecule 
specifically designed as a skin penetration enhancer. Azone is a colorless, odorless 

liquid with a melting point of -7°C and it possesses a smooth, oily but yet nongreasy feel. 

As would be expected from its chemical structure, azone is a highly lipophilic material 

with a log P close to 6.2 and it is soluble in and is compatible with most organic solvents 

including alcohols and propylene glycol (PG). Azone has low irritancy, very low toxicity 

(oral LD50 in rat of 9 g/kg) and little pharmacological activity although some evidence 

exists for an antiviral effect.  

 

Fig. 1.6 Structures of some chemical permeation enhancers (azone and oleic acid) and a schematic showing 
their interaction with a representative ceramide [60]. 

Therefore, Azone appears to possess many of the desirable qualities listed above for a 

CPE. Azone has been reported to enhance skin delivery of a wide variety of drugs 

including steroids, antibiotics and antiviral agents [113-118]. Likewise other CPE’s, the 

efficacy of azone appears to be concentration dependent and is also influenced by the 

choice of vehicle from which it is applied [119]. Although azone has been in use for so 

many years, its mechanism of action is still controversial and under study. Considering 

the chemical structure (possessing a large polar head group attached to a lipid alkyl 



 

 

17 

General introduction 

chain), azone probably exerts its penetration enhancing effects through interactions with 

the lipid domains of the SC, causing the disruption of the bilayer lipids arrangement. 

However, the amount of drug that can be delivered using passive methods is still limited 

because the barrier properties of the skin are not fundamentally changed. 

1.2.3.2. Active enhancement of skin permeation – the use of electrical energy 

The advent of biotechnology in the latter half of the 20th century has led to the generation 

of therapeutically-active, large molecular weight (>500 Da), polar and hydrophilic 
molecules, such as peptides and proteins. These methods of permeation enhancement 

may involve the use of external electrical energy sources to act as a driving force and/or 

to reduce the barrier provided by the SC.  The physical force involved can be 

iontophoresis, electro-osmosis or electroporation [112]. The increase in drug permeation 

as a result of this methodology can be attributed to either one or a combination of the 

following mechanisms: electrorepulsion (for charged solutes), electro-osmosis (for 

uncharged solutes), and electropertubation (for both charged and uncharged)[113].  

Iontophoresis applies a small low voltage (typically 10 V or less) continuous constant 

current (typically 0.5 mA/cm2 or less) to push a charged drug into skin or other tissue. In 

contrast, electroporation applies a high voltage (typically 50–500 V) pulse for a very short 

duration (less than 1 second) to permeabilize the skin. Electro-osmosis is a phenomenon 

that accompanies iontophoresis, where the electrical field creates a convective flow of 
water which allows hydrophilic compounds to be transported. Both electro-osmosis and 

electroporation, do not provide a driving force for delivery, but rather reduce the barrier to 

delivery [114]. 

1.2.3.2.1. Iontophoresis 

Iontophoresis can be defined as a method of enhancing and controlling the penetration 

therapeutic agents in ionic form through the skin by the application of a low-level external 

electrical current across the skin [115, 116]. The drug is driven into the skin by 

electrostatic repulsion using an electrode of the same polarity as the charge of the drug. 

1.2.3.2.1.1. Advantages and Disadvantages 

Transdermal iontophoresis appears to be a promising technique for the delivery of a 

variety of compounds in a controlled and programmed manner. The technique has been 

observed to enhance the transdermal permeation of ionic drugs several-fold, and is 

capable of expanding the range of compounds that can be delivered transdermally.  

Along with the benefits of bypassing hepatic first pass effect, and higher patient 

compliance, the additional advantages that the iontophoretic technique includes the 

delivery of both ionized and unionized drugs. An important advantage is that it also 
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improves the delivery of polar molecules (very limited on the passive approach) as well 

as high molecular weight compounds and, depending on the current applied, it is 

enables continuous or pulsatile delivery of drugs. If needed, it permits an easier 

termination of drug delivery, offering a better control over the amount of drug delivered, 

since the amount of compound delivered depends on applied current, duration of applied 

current, and area of skin exposed to the current. In addition, iontophoresis permits the 

restoration of the skin barrier functions without producing severe skin irritation and can 
be used for systemic or local (topical) delivery of drugs. Another important advantage is 

the reduction of inter and/ or intra subject variability in view of the fact that the rate of 

drug delivery is more dependent on applied current than on SC characteristics [117].	

The reported limitations of iontophoretic systems include the amount of electric current 

that can be used in humans (regulatory limits currently are set at 0.5 mA cm−2) and the 

irreversible damage such currents could do to the barrier properties of the skin. In 

addition, iontophoresis has failed to significantly improve the transdermal delivery of 

macromolecules of  with molecular weight above 7000 Da [118]. The drugs delivered 

iontophoretically must be in aqueous solution and it must be ionized, which excludes 

some widely used drugs. The electrode and its content of drug applied to the skin act as 

a voltaic cell resulting in decreasing pH in the positive electrode and an increasing pH in 

the negative electrode, limiting the duration of treatment and there is usually a limit to the 
quantity of medication that can be delivered by this approach. 

1.2.3.2.1.2. Principles of iontophoresis 

The iontophoretic technique is based on the general principle that like charges repel 

each other. Thus during iontophoresis, if delivery of a positively charged drug (D+) is 

desired, the charged drug is dissolved in the electrolyte surrounding the electrode of 

similar polarity, i.e. the anode in this example (Fig. 1.7). On application of an 

electromotive force, the drug is repelled and moves across the SC towards the cathode, 

which is placed elsewhere on the body. Communication between the electrodes along 

the surface of the skin has been shown to be negligible [119], meaning that the 
movement of the drug ions between the electrodes predominantly occurs through the 

skin and not on the surface. When the cathode is placed in the donor compartment of a 

Franz diffusion cell to enhance the flux of an anion, it is termed cathodal iontophoresis 

and for anodal iontophoresis, the situation would be reversed. 

The skin, being negatively charged at physiological pH acts as a cation selective 

membrane and favors the motion of cations through anodal iontophoresis. Anodal 

iontophoresis also causes convective motion of the solvent occurring in response to the 

movement of counterions. This process is known as electro-osmosis and is involved in 

the motion of both neutral compounds and positively charged ions (Fig. 1.7). 

In summary, the increase in drug permeation as a result of iontophoresis can be 

attributed to either one or to a combination of the following mechanisms:  concentration 
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gradient (diffusive / passive transport component) and electrochemical potential gradient 

developed across the skin, increased skin permeability under applied electric current 

(electromigration / electrorepulsion) and a current-induced water transport effect (electro-

osmosis / convective transport / iontohydrokinesis). 

 

Fig. 1.7 Diagram of iontophoretic technique: as current is applied the drug (D+) are repelled into the skin and 
eventually absorbed in the systemic circulation. The anodal compartment contains an ionizable drug D+ with 
its counter-ion A- and Na+Cl-. The application of an electric potential causes a current to flow through the 
circuit. At the electrode solution interface, the Ag+ and Cl-react to form insoluble AgCl, which is deposited on 
the electrode surface. Electromigration transports the cations, including the drug molecule, from the anodal 
compartment and into the skin. At the same time, endogenous anions, primarily Cl-, move into the anodal 
compartment. In the cathodal chamber, Cl- ions are released from the electrode and electroneutrality 
requires that either an anion is lost from the cathodal chamber or that a cation enters the chamber from the 
skin. Taken from ref. [120]. 

However, iontophoretic drug transport occurs mainly through electrorepulsion and 

electro-osmosis. The passive component contribution is negligible. Electrorepulsion 

refers to the drug transport across skin due to either the repulsion of cations into the skin 

from the anode (anodal iontophoresis) or the migration of anions into the skin from the 

cathode (cathodal iontophoresis). On the other hand, electro-osmosis is a phenomenon 

that occurs as a result of a net negative charge on the skin at physiological pH that 

subsequently leads to its cation permselectivity. This results in induced solvent flow that 

facilitates cation transport in anode-to-cathode direction, with inhibition of anion transport 

enabling enhanced transdermal delivery of neutral and polar solutes across the skin 

when an electric field is applied [121]. 
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Due to the complex nature of iontophoretic delivery, a number of attempts have been 

made to define the respective delivery rate. The Nernst-Planck equation has been used 

with modifications to predict iontophoretic enhancement ratios (ratio of steady state flux 

in presence of electric potential and in absence of potential) as the original equation 

lacks a term for convective electroosmotic flow [122]. The contributions of osmotic flow 

have been studied and incorporated this fact into several equations [122-126]. 

Basically, the increased flux during iontophoresis (Jionto) includes: 1) flux due to the 
electrochemical potential gradient across the skin; 2) change in the skin permeability due 

to the electric field applied; and 3) electroosmotic water flow and the resultant solvent 

drag [127].  

Jionto	 	Jelectric	 	Jpassive	 	Jconvective	 	 	 	 	 	 1.4 	

where Jelectric is the flux due to electric current application, Jpassive is the flux due to passive 

delivery through the skin and Jconvective is the flux due to convective transport due to 

electroosmosis. 

1.2.3.2.1.3. Pathways of molecular transport in iontophoresis 

Skin appendages which include sweat glands and hair follicles are postulated to be 

involved in the major pathways of drug transport during iontophoresis [128]. Other 

pathways which have been shown to be involved in iontophoretic delivery include 

paracellular transport especially for water and uncharged polar solutes[129], artificial 

shunts due to temporary disruption of the organized structure of the SC [130], potential-

dependent pore formation has also been observed [127]. 

1.2.3.2.1.4. Factors affecting iontophoresis 

The pH affects iontophoresis in two ways. The pH of the donor solution influences the pH 
of the skin and makes the skin a selective membrane especially if the pH of the skin 

rises above 4. This causes the carboxylic acid moieties in the skin to become ionized 

and then the anodal iontophoresis promotes the permeation of cationic drugs. The pH of 

the donor solution also affects the ionization of the drug itself. Therefore in most cases, a 

weakly basic drug will be ionized to a lower extent at pH higher than its pKa and will not 

permeate by electromigration in presence of iontophoresis. In this case the drug will be 

more dependent on electro-osmosis to travel across the skin. The type of electrodes 

used also affect the iontophoretic delivery. Electrodes Ag/AgCl are often selected as they 

resist to the changes in pH which are generally seen during the use of platinum or 

zinc/zinc chloride electrodes. The following reactions typically occur at the anode  

Ag 	Cl → 	AgCl 	e 	 	 	 	 	 	 	 1.5 	
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The electron is released to the circuit and insoluble AgCl precipitates at the anode 

surface. In the case of other metals like platinum, the chloride ion at the anode will be 

converted to Cl2 which will in turn react with water to generate hydronium ions. These 

would migrate to the donor solution and compete with similar-charged drug ions; being 

highly mobile it enters the skin thus reducing drug transport and simultaneously causing 

skin irritation.  

Other important factors affecting iontophoretic delivery include concentration of co-ions 
(buffers), current intensity, type of current and skin used concentration of solute in the 

donor compartment, temperature of acceptor phase, charge on the drug and type of 

vehicle used. The presence of a co-ion (ion with the similar charge as the drug) results in 

competition between the drug and the co-ion, a reduction of the fraction of the current 

carried by the drug and thus a reduction in the transdermal iontophoretic flux of the drug. 

A most common source of co-ions is the buffer added to control the pH of the donor 

medium.  

The pattern in which the current is applied also affects the permeation profile. The use of 

continuous direct current may cause skin polarization, which in turn reduces the 

efficiency of iontophoresis. To overcome this build-up, pulsed direct current is used 

which delivers direct current periodically allowing the skin to return in between to its 

original condition. The flux obtained by both methods is comparable and any polarization 
induced skin damage is also prevented [131]. 

1.2.3.2.1.5. Applications, current and future market perspectives 

Transdermal iontophoretic systems have the potential to produce reproducible 

enhancement of transdermal delivery of molecules at levels that are therapeutically 

significant. These properties make the system suitable for the delivery of a wide range of 

molecules, including several macromolecules that demonstrate limited passive 

permeation. Therefore, iontophoresis has the potential to expand the range of 

compounds available for transdermal delivery to include proteins and peptides and 

enhance skin transport. Because the electrical current can be literally switched on and 
off and modified, iontophoretic delivery enables rapid onset and offset, and drug delivery 

is highly controllable and programmable.  

The unique advantages of iontophoresis technology have led to successful commercial 

applications in the pharmaceutical, as well as physical therapy, industry. The key factors 

in commercialization are the net efficiency of the device, its portability and convenience 

of administration. 

The PhoresorTM device (Iomed Inc.) was the first iontophoretic system to be approved 

by the Food and Drug Administration (FDA) in the late 1970s as a medical device. 

Iontophoretic systems are regulatory approved mainly for administering drugs into the 

body for medical purposes and specialized uses such as diagnosis of medical conditions 
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(e.g., cystic fibrosis) and glucose monitoring.  To enhance patient compliance, the use of 

patient-friendly, portable and efficient iontophoretic systems have been under intense 

development over the years. Some of the best-known devices are the GlucoWatch® 

Biographer for monitoring glucose [132], the LidoSite® Patch (Vyteris, Inc.)[133, 134], the 

E-TRANS iontophoretic system with Fentanyl hydrochloride, IONSYS® for pain 

management [135] and IOMED’s new Hybresis™ Iontophoresis Drug Delivery System 

[136]. 

Table 1-2 Companies with technologies for drug delivery by iontophoresis [26] 

Company Technology 

3M 3M foam tapes, laminated with 3M proprietary acrylate adhesives, can be used in 
iontophoresis transdermal systems. 

ALZA IONSYS™ an iontophoretic system: composed of anodic (pH above 4) and cathodic 
reservoirs (pH below 4) with an electrical potential across both. The pH arrangement 
lowers skin resistance as well as skin irritation. Used for transdermal delivery of 
fentanyl-containing, analgesic. 

Birch Point Medical Wearable Electronic Disposable Drug delivery Technology (WEDD™) used for 
IontoPatch. A proprietary, ultra-thin, flexible and low cost battery technology provides 
an electric field to propel medication across the skin. 

Empi The Action Patch™ incorporates Empi's Dupel Iontophoresis System. 

Dharma Therapeutics 
(subsidiary of Trascu Ltd ) 

Lecithin Organogel Assisted Delivery (LOAD): formulation of drugs in special 
mixtures of lecithins and combination of these with iontophoretic delivery. LOAD can 
be used to deliver bioactive peptides. 

Genesis Medical Ltd MiniPhysionizer is an iontophoresis method of delivering drugs to the affected site 

Hisamitsu Combination of iontophoresis with electrophoresis. 

Iomed Phoresor Iontophoretic Drug Delivery System uses a low level external power supply 
(DC, maximum output = 4.0 milliamps) to control the drug dose (dose controller). The 
low-level current from the dose controller speeds the transport of the positive or 
negatively charged ions from the drug solution into the patient's skin. Combination of 
iontophoresis with electrophoresis. 

Life-Tech Inc. Use of iontophoresis for pain relief and administration of other drugs. 

NB Therapeutics Inc. Iontophoresis for treatment of skin disorders: treatment of onychomycosis and 
nongenital warts caused by human papillomavirus are in phase II clinical trials. 

Novartis A patch with two electrodes in the form of electrically insulated juxtaposed 
medicament reservoir with current flowing through the reservoir. 

OBJ Ltd Dermaportation: combines the abilities of active iontophoresis to mobilize drug 
molecules with electroporation to control the behavior of the dermal barrier effect. 

Transcu Ltd Iontophoresis (for use in its lidocaine devices) and ionic passive devices. 

Vyteris Inc. Active, transdermal drug delivery platform employing an adhesive patch containing 
medication and a small electronic dose controller, which activates the electrode with 
a mild current, propelling the drug into the skin. 

The incorporation of microprocessors into these devices by ALZA (now acquired by J&J) 

has resulted in a significant progress to ensure the safe and effective administration of 

potent drugs such as opioid analgesics [135]. These systems are capable of monitoring, 

recording, and displaying critical system functions to the caregiver and patient. The 

closed-loop use of information from biophysical or biochemical sensors to achieve 

individualized therapies, will likely drive future innovation in this field. 

Currently, competition among the marketed iontophoretic systems is mainly between two 

brands: IONSYS™ (ALZA / Johnson & Johnson) and Phoresor (Iomed), which is a 
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combination of iontophoresis with electrophoresis. However, an extended comparative 

evaluation of iontophoretic technologies  comprising 12 companies, has shown that 

passive controlled electrophoresis of Transcu Ltd has advantages over active 

electrophoresis and technologies that combine electroporation with electrophoresis for 

the following reasons: 1) Transcu’s active delivery system requires lower current than 

competing technologies, which may produce some damage to the skin, and passive 

delivery system is even safer than active delivery system as it needs no external power 
source; (2) customized and controlled delivery would be suitable for personalized 

medicine approach, a trend that has already started in healthcare [26]. 

1.2.3.2.2. Iontophoresis in conjunction with chemical penetration enhancers 

Although the use of iontophoresis results in much higher drug delivery if compared with 

conventional passive transdermal delivery, it still has limitations as a technique. CPEs 

can be used in combination with iontophoresis to achieve even higher drug penetration 

levels. In addition to increasing transdermal transport, a combination of chemical 

enhancers and electrically assisted delivery should also reduce the side effects such as 

irritation caused by high concentration of enhancers or stronger electric forces. The 

combined effects of enhancers and electrically assisted delivery depend on the physico-

chemical properties of the penetrant, enhancer and their behavior under the influence of 

an electric field. Occasionally, the use of chemical enhancers has been reported to result 
in reduced flux compared with using iontophoresis alone [137, 138]. However, more 

often synergistic effects have been reported such as those with fatty acids [139-144] , 

and terpenes [145-149] , azone[143, 150-152], surfactants [153, 154], solvents, etc. 

1.2.4.  Current experimental techniques used for in vitro 

percutaneous permeability testing 

Due to experimental and ethical difficulties, most of the transdermal drug delivery studies 

tend to use skin ex-vivo (in vitro) that inherently reduces some of the above complexity: 

regeneration stops, immune responses cease and metabolic activity is usually lost in 

these studies. However, it should always be kept in mind that data obtained from excised 

skin may not translate directly to the in-vivo situation. 

In vitro permeation studies are widely used to investigate the permeability of drugs since 

excised skin maintains its barrier properties. Most of in vitro techniques are carried out 

using diffusion cells. These devices have in common the presence of a donor 

compartment (where the vehicle containing the drug is placed) and a receptor chamber 

(containing receptor medium) separated by a membrane (e.g. skin), under controlled 

temperature conditions. Nevertheless, diffusion cells can assume multiple aspects and 
different complexity levels, varying from two-compartment static diffusion cells (vertical or 

horizontal) [155] to multi-jacketed ”flow-through” cells [156].  



 

 

Chapter 1 

24 

1.2.4.1. Franz diffusion cells 

Vertical Franz diffusion cells (Fig. 1.8) are the most widely used in vitro percutaneous 

absorption studies. In these devices, a membrane is placed between the upper donor 

chamber (properly capped to avoid evaporation of the formulation), and the lower 

receptor chamber, kept together with a clamp. Such display allows the determination of a 

drug permeation profile across a specific membrane, to a receptor medium that is kept 

continuously stirring at a fixed temperature, after analysis with an appropriate analytical 
method (e.g. HPLC). Special attention must be taken while choosing the receptor 

medium. Ideally, it should simulate as accurately as possible the corresponding in vivo 

fluid (e.g. blood) and must ensure “sink conditions” for the drug under investigation [157]. 

Generally, in vitro methods allow a better control of the experimental conditions and are 

particularly useful during the earlier stages of research, limiting the number of expensive 

in vivo studies in humans and animals [57]. 

 

Fig. 1.8 Schematic representation of a vertical Franz diffusion cell [158]. 

1.2.4.2. Membranes used for permeability testing 

Human skin is obviously the best membrane model to assess the transdermal absorption 

of a drug. However, due to its limited availability, alternative membranes models from 

animal sources or synthetic have been used with the same purpose.  

1.2.4.2.1. Polymer membranes 

A number of synthetic membranes have been tested as model membranes in 

permeability studies [159, 160]. Being a synthetic product, they exhibit less variability 

when compared other membranes from natural sources. Liquid membranes enclosing 

lipids as isopropyl myristate [161], dipalmitoyl phosphatidylcholine, linoleic acid and 

tetradecane [162] and others [163] or polymeric membranes based on polymers or 

combination of polymers such as polydimethylsiloxane (Silastic®) [164], poly-(2-
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hydroxyethylmethacrylate), cellulose acetate [165, 166], silicone cellulose [167], silicone 

polycarbonate  urethane (Carbosil®) [168] are examples of artificial membranes used 

with the objective of reproducing SC barrier properties. 

1.2.4.2.2. Animal skin vs. human skin 

Excised skin from different animal models has also been extensively used in studies 

assessing the transdermal absorption of drugs. Literature reports the use of skin from 

primates, pig, mouse, rabbit, rat, guinea pig and also snake models [169-176]. Its 
relevance as model depends on the similarity to human skin regarding physiological 

aspects such as blood perfusion, morphology and chemical composition. Considering 

this, and because the use of primates is restricted, the most significant and available 

model is porcine skin [177]. Furthermore it is well documented that porcine skin has 

similar physiological properties and anatomical features of human skin [172, 177-179].  

Some studies designed to predict skin permeation in man reported that similar 

permeation values were obtained when porcine  and human skin were tested under 

similar conditions in vitro [176, 177]. It has also been reported that both the morphology 

of the epidermis and upper dermis vasculature and functions of endothelial cells (e.g. 

plasminogen activator) in the pig were similar to that in man [180].The results of a study 

on the synthesis and turnover of membrane glycoconjugates in monolayer culture of pig 

and human epidermal cells reported identical values, concluding that pig cells can be 
used as a model for human cells [178]. Hence, in this work, porcine skin was selected to 

be used in substitution of human skin because it is functionally and structurally similar to 

the latter. 

1.2.5. Transdermal drug delivery systems (TDDS) 

Transdermal drug delivery technology represents one of the most rapidly advancing 

areas of novel drug delivery. This growth is catalyzed by developments in the field of 

polymer science. Polymers are the backbone of TDDS as they are often made of 

multilayered polymeric laminates in which a drug reservoir or a drug–polymer matrix is 
placed between two polymeric layers: an outer impermeable backing layer that prevents 

the loss of drug through the backing surface and an inner polymeric layer that acts as an 

adhesive and/or rate-controlling membrane.  

Transdermal drug delivery systems are broadly classified into the following three types 

described below and represented on Fig. 1.9. 
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Fig. 1.9 Schematic representation of transdermal drug delivery systems [181] 

1.2.5.1. Reservoir systems 

In this system, the drug reservoir is embedded between an impermeable backing layer 

and a rate-controlling membrane. The drug releases only through the rate-controlling 

membrane, which can be microporous or nonporous. In the drug reservoir compartment, 

the drug can be in the form of a solution, suspension, or gel (very often a water-based 

gel, such as the ones used in this work) or dispersed in a solid polymer matrix. On the 

outer surface of the polymeric membrane, a thin layer of drug-compatible, hypoallergenic 

adhesive polymer can be applied. 

1.2.5.2. Matrix systems 

1.2.5.2.1. Drug-in-adhesive system 

The drug reservoir is formed by dispersing the drug in an adhesive polymer and then 

spreading the drug-loaded polymer adhesive by solvent casting or by melting the 
adhesive (in the case of hot-melt adhesives) onto an impermeable backing layer. On top 

of the reservoir, layers of adhesive polymer are applied. 

1.2.5.2.2. Matrix-dispersion system 

The drug is dispersed homogeneously in a hydrophilic or lipophilic polymer matrix. This 

drug containing polymer disk is subsequently fixed onto an occlusive base plate in a 

compartment made from a drug-impermeable backing layer. Instead of applying the 

adhesive on the face of the drug reservoir, it is spread along the circumference to form 

an adhesive rim. 

1.2.5.3. Microreservoir systems 

This delivery system is a combination of reservoir and matrix-dispersion systems. The 

drug reservoir is formed by first suspending the drug in an aqueous solution of a water-

soluble polymer and then dispersing the solution homogeneously in a lipophilic polymer 
to form thousands of microscopic spheres of drug reservoirs. The thermodynamically 

unstable dispersion is immediately stabilized by cross-linking the polymer in situ [181]. 
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1.2.5.4. Hydrogels in transdermal drug delivery 

According to the work conducted for this thesis, special emphasis will be given to gels, 

particularly water-based gels (or hydrogels) despite the various possibilities of vehicles 

used in transdermal drug delivery systems. 

The widespread application of hydrogels is linked to the fact that they exhibit an 

intermediate behavior between solid and liquid materials. Hydrogels can be defined as 

three-dimensional, hydrophilic, polymeric networks capable of embedding large amounts 
of water. The networks are composed of polymers, which are insoluble due to the 

presence of chemical crosslinks (chemical gels), or physical crosslinks (physical gels), 

such as entanglements or crystallites which are responsible for its structure and physical 

integrity.  

 

Fig. 1.10 Various delivery and release mechanism of hydrogels [182] 

Because of their high water content and soft texture, hydrogels are biocompatible 
materials as they resemble natural living tissue more than any other class of synthetic 

biomaterials. The hydrated matrix results in good compatibility with proteins as well as 

living cells and body fluids [189, 190]. Therefore, hydrogels are nowadays widely used in 
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various therapeutic applications, e.g. tissue engineering, controlled drug delivery and 

diagnostic devices, e.g. medical and biological sensors, microarrays, diagnostic imaging 

[191]. 

Of the many applications of hydrogels, controlled drug delivery is one of the areas in 

which they have played a vital role as intelligent carriers. Due to the advances in polymer 

engineering, the physicochemical, mechanical, biological and functional properties can 

be easily modulated by manipulating the synthetic or processing methods. For example, 
hydrogels can be made to respond to environmental stimuli, such as temperature (e.g. 

poly(N-isopropylacrylamide) or PNIPAAm, PEO-PPO block copolymers and HPMC), pH 

(e.g. poly (acrylic acid) or PAA and Poly(N, N’-diethylaminoethyl methacrylate) or 

PDEAEM), light (copolymer of PNIPAAm and light sensitive chromophore, such as 

triphenylmethane and leuco derivatives), and specific molecules such as glucose 

(Poly(N-vinylpyrrolidone-co-phenyl boronic acid) or (Poly(NVP-co-PBA)) [192]. 

1.2.5.4.1. Matrix formers 

Polymer selection and design must be considered when trying to meet the criteria for the 

creation of effective transdermal delivery systems. Polymers used in transdermal 

delivery systems should have biocompatibility and chemical compatibility with the drug 

and other components of the system, such as penetration enhancers and pressure-

sensitive adhesives (PSAs). They should also be able to provide a consistent and 
effective delivery of a drug throughout the intended shelf life of the product and have 

generally-recognized-as-safe (GRAS) status. 

In the case of matrix formers, the main challenge is in the design of a polymer matrix, 

followed by optimization of the drug-loaded matrix not only in terms of release properties, 

but also with respect to its adhesion–cohesion balance, physicochemical properties, and 

compatibility and stability with other components of the system as well as with the skin 

[181]. 

1.2.5.4.1.1. Hydroxypropylmethyl cellulose (HPMC) 

HPMC is a versatile hydrophilic swellable polymer available in different grades, widely 
used in oral and topical formulations. It has also been tested as a matrix former in the 

design of patches of several drugs such as propranolol hydrochloride [183], flurbiprofen 

[184],  tramadol [185], methotrexate [186], trimetazidine [187] and metformin [188]. In 

addition, HPMC has been shown to yield clear films because of the adequate solubility of 

the drug in the polymer. Matrices of HPMC without rate-controlling membranes have 

been observed to exhibit a burst effect during dissolution testing  because the polymer 

was hydrated easily and swelled, leading to the fast release of the drug [183]. Moreover, 

HPMC is also chemically unreactive and therefore it is compatible with all active and 

non-active ingredients.  
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Because of the reasons listed above, HPMC was the polymer selected to be the matrix-

former in the preparation of drug-loaded hydrogels in the permeation studies presented 

in later chapters of this thesis. Its temperature-induced behavior was thoroughly 

investigated, as well as the respective interaction with an ionic surfactant. 

1.3. Scope 

The work presented in this thesis aims at the development of strategies to improve the 

efficacy of the delivery of drugs across the skin. It comprises two distinct parts. The first 

one is addressed in Chapters 2 and 3, and consists of a detailed physicochemical 

characterization and study of the interaction with surfactants of the HPMC hydrogel. The 

latter is subsequently used as drug vehicle in the in vitro transdermal permeation studies, 

presented in Chapters 4 and 5. 
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Chapter 2 

2. Aggregation and gelation in hydroxypropylmethyl 

cellulose aqueous solutions 

This chapter focuses on the thermal behavior of hydroxypropylmethyl cellulose aqueous 

solutions, a hydrophobically modified cellulose derivative, from room temperature to 

higher temperatures, above gelation. Significant aspects essentially overlooked in the 

literature, such as the correlation between polymer hydrophobicity and rheological 

behavior, and the shear effect on thermal gelation are discussed here. The present 

observations allow composing a picture of the evolution of the system upon heating. 

2.1. Introduction 

Water soluble cellulose derivatives are mostly biocompatible polymers used in a wide 

range of applications, especially in food, pharmaceutical, and cosmetic industries [189, 

190]. In particular, when dissolved in water, they can be used as thickeners, binding 

agents, emulsifiers, film formers, suspension aids, surfactants, lubricants and stabilizers 

[191]. The most common cellulose derivatives include methyl cellulose, hydroxypropyl 

cellulose, carboxymethyl cellulose and hydroxypropylmethyl cellulose (HPMC). Most of 

the applications of these cellulose derivatives solutions involve heating the polymer, and 

so it is crucial to understand the temperature dependence behavior of these solutions, 

which has been the object of various studies [192]. 

Cellulose is a natural polysaccharide, structurally consisting of a linear homopolymer 

backbone formed by D-glucopyranose units linked by 1 - 4 glycosidic bonds [193, 194]. 

Pure cellulose, depicted in Fig. 2.1, is insoluble in water due to the existence of strong 
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intra-molecular interactions via hydrogen bonds, which represents a limitation in practical 

applications. 

 

Fig. 2.1 Structure of natural cellulose. 

This can be overcome by preparing water soluble cellulose derivatives. The derivatives 

result from the substitution of hydroxyl groups in each anhydroglucose ring by other 

functional groups that decrease the crystallinity of the substance [195]. 

In the case of HPMC, the hydroxyl groups are replaced by hydroxypropyl and methyl 

groups as seen in Fig. 2.2. 

 

Fig. 2.2 Structure of hydroxypropylmethyl cellulose (HPMC). 

There are three types of HPMC classified by the United States Pharmacopeia according 

to the chemical substitution of the ether: E (Hypromellose 2910), F (Hypromellose 2906) 

and K (Hypromellose 2208). The major chemical differences between these types of 

HPMC are in the degree of substitution, molar degree of substitution and degree of 

polymerization.  The degree of substitution corresponds to the average number of 
substituted hydroxyl groups (maximum of 3), and the molar degree of substitution gives 

the number of substituents introduced into the anhydroglucose unit. Finally, the degree 

of polymerization is related to the average number of monomers in the chains [191]. 

HPMC aqueous solutions generally have the property of forming a reversible gel with 

temperature. Nevertheless, the study and understanding of this process is complex due 

the possibility of several different phenomena occurring during the heating cycle [196-

198]. It is generally accepted that the thermoreversible gelation of HPMC solutions is due 
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to hydrophobic interactions, and it is sometimes indicated that clouding precedes 

gelation [199, 200]. 

Gelation can be detected by a sharp increase in viscosity [201]. The temperature at 

which this occurs is influenced by the type of cellulose ether (see e.g.  ref. [192]). It has 

been observed that methylcellulose has a lower gelation temperature and forms firmer 

gels than HPMC with equivalent substitution and molecular weight, suggesting that 

hydroxypropyl substituents make the gelation process more difficult [202, 203]. 
Additionally, hydroxypropyl cellulose precipitates with increasing temperature but does 

not form a gel, which has been seen as evidence that the gelation of cellulose 

derivatives results from the exclusion of water (syneresis) from heavily methoxylated 

regions of the polymer [200, 204]. Conformational changes similar to those occurring in 

polyethylene-oxide have been presented as an explanation for the increasing 

hydrophobicity as temperature increases in substituted celluloses [205]. It is generally 

accepted that a polymer that provides such properties usually carries two different 

segments: one hydrophobic and one hydrophilic, distributed along the polymer chain. 

However, at higher temperatures the influence of the hydrophobic group is predominant 

[206]. Some authors also suggest that not only hydrophobic interaction but also 

hydrogen bonding may be involved in the gelation mechanism of cellulose derivatives 

[207]. 

The gelation phenomenon can be studied by a variety of techniques, which in turn 

provide different observables and different definitions for the gelation temperature.  In 

this work, we use rheology to study the thermal behavior of a range of HPMC solutions. 

In particular, we investigate various factors that can be used to establish the gelation 

temperature. These include the “classical approach” in which a ramp is used to set an 

increasing temperature, where gelation is monitored through a sudden alteration in 

viscosity. We also look into how the viscosity varies (and gelation temperature) for 

different shear rates. Issues related to kinetic effects on gelation are discussed in 

conjunction with this approach. Oscillatory measurements give additional information on 

the system, and provide another estimate of the gelation temperature. UV-VIS 

spectroscopy measurements are used to determine the cloud point (CP). This technique, 

together with polarized light thermal microscopy (PLTM) is important to assess the 
formation and growth of polymer aggregates that will ultimately lead to a three 

dimensional gel network. 

In this study, fluorescence spectroscopy using pyrene as a probe is performed in order to 

observe how the hydrophobic character of the polymer domains varies with temperature. 
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2.2. Experimental section 

2.2.1. Materials and sample preparation 

The cellulose derivative HPMC (METHOCEL
®
 K15M Premium), 19%-24% methoxyl and 

7-12% hydroxypropyl, Mw=4.3x105 Da was purchased from Dow Chemical Company and 

was used without further purification. Aqueous solutions of HPMC of different 

concentrations (1%, 2%, 5% and 10% w/w) were prepared by adding the desired amount 

of dry polymer to Millipore® water. The polymer solutions are above overlap 

concentration. Due to the long dissolution times, solutions were kept stirring for one 

week before use. 

2.2.2. Rheological studies 

The rheological measurements were conducted on a Reologica® Stresstech Rheometer 

equipped with automatic gap setting. A bob cup measurement system (CC 15) with a 

solvent trap was used to test all samples. The temperature control was achieved using a 

water bath system. All experiments based on a temperature ramp were performed from 
25 to 90°C at a fixed heating rate of 1°C/min. A number of viscosity measurements were 

also conducted in steady-state conditions. Dynamic or shear viscosity was analyzed by 

rotational shear experiments. Prior to this, a viscometry test was carried out in order to 

determine both Newtonian and non-Newtonian regimes. Oscillation tests were performed 

to determine the storage modulus, G’, and loss modulus, G”. Oscillatory measurements 

can be used to study the structure of a material, in which the deformation in the 

oscillation has to be kept small. An important point is to check whether measurements 

are made in the linear viscoelastic regime, otherwise the results of the frequency 

experiments will depend not only on the frequency but also on the applied stress or 

deformation. A test of linearity, the oscillation stress sweep, was used to obtain the 

values of shear stress for which the viscoelastic functions are independent from the 

magnitude of the applied stress. The applied frequency was chosen ensuring that, at the 

initial conditions, G” is dominant. The complex viscosity modulus *, a mathematical 

representation of the viscosity in oscillatory tests [208], was also obtained. Finally, 

relaxation times were extracted from the moduli G’ and G”, represented as a function of 

the frequency (frequency sweep tests). 

2.2.3. Cloud point determination and polarized light thermal 

microscopy observations 

An ultraviolet-visible spectrophotometer (Shimadzu® UV - 2100) was used for the cloud 

point measurements. The sample was placed in a cell with a dimension of 1×1×5 cm. 

Millipore® water was used as reference. For temperature measurements, the cells were 



 

 

35 

Aggregation and gelation in hydroxypropylmethyl cellulose aqueous solutions 

placed in a cell-holder connected to a water bath system with temperature regulation 

(Julabo® F30-C). In addition to this regulator, an external temperature sensor (Pt 100) 

was placed in the sample cell. The absorption spectra (200-850 nm) confirmed that there 

were no UV-absorbing moieties in the solutions. The transmittance was measured at a 

wavelength of 800 nm as previously reported for a similar system [199]. The system was 

heated at a faster rate at lower temperatures. This was then reduced to a slower heating 

rate at the point where the transmittance started to decrease. The system was 
equilibrated for at least 30 minutes before each measurement. 

The cloud point has been related to gelation, and different definitions were used to 

determine this point. In theory, the cloud point is defined as the temperature at which 

phase separation, in the form of turbidity, occurs for a 1% polymer concentration [209]. 

However, in practical applications the cloud point can be defined as the intersection of 

two straight lines drawn through the curves of absorbance at low and high temperatures, 

respectively [210], or as the 50% transmittance of the reference [199, 211] or as the 

maximum in the first derivative of absorbance in relation to temperature [212]. In this 

study the cloud point was considered to be the temperature at which the light 

transmittance was 50% of that obtained for the same sample at 25°C. 

The microscopy analysis was performed using a Linkam system DSC 600® (Surrey, 

U.K.). The optical observations were conducted using a Leica® DMRB microscope and 
registered using a Sony CCD-IRIS/RGB video camera. The image analysis used Linkam 

system software with the Real Time Video Measurement System. The images were 

obtained combining the use of polarized light with wave compensators, at a 200× 

magnification.  

The thermal behavior of the solutions was studied in heating/cooling cycles between 

25°C and 90°C, at scanning rates of 5°C/min. The scans were made under a nitrogen 

atmosphere through the use of nitrogen flow. 

2.2.4. Pyrene fluorescence measurements 

The ratio of the first (I1, =374 nm) and third (I3, =388 nm) vibronic fluorescence 

emission intensities (I1/I3) of pyrene is known as the micropolarity index, and is a 

qualitative measurement of the polarity at the local environment of the probe [213]. This 

index is close to 2.0 in pure water and ca. 1.0 in hydrophobic solvents like toluene. 

Being a hydrophobic probe, pyrene presents low solubility in water (approximately 10-

6M).  Pyrene solutions were prepared by filtering pyrene-saturated Millipore® water. The 

samples were prepared in situ by adding 30 L of the before mentioned solution to 3mL 

of 1% HPMC K15M solution and were left to equilibrate under stirring for 15 minutes 

inside of the measurement cell. 
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The fluorescence spectra were recorded with a Horiba-Jobin-Ivon SPEX Fluorolog® 3-22 

spectrometer and were corrected for the instrumental response. The Fluorolog® consists 

of a modular spectrofluorimeter with a double grating excitation (range 200–950 nm, 

optimized in the UV and with a blazed angle at 330 nm) and emission (range 200–950 

nm, optimized in the visible and with a blazed angle at 500 nm) monochromators. The 

bandpass for excitation and emission is 0–15 nm (values that are continuously 

adjustable from computer Datamax/32 software) and the wavelength accuracy is of 0.5 
nm. The excitation source consists in an ozone-free 45O W Xenon lamp and the 

emission detector is Hamamatsu R928 Photomultiplier (200–900 nm range), cooled with 

a Products for Research thermoelectric refrigerated chamber (model PC177CE005) and 

a photodiode as the reference detector.  

The system was equilibrated for at least 30 minutes before the measurement at each 

temperature. 

2.3. Results 

In this work we present four different strategies to investigate the thermal behavior of 

HPMC solutions: (i) the dependence of viscosity on temperature, at different shear rates 

through rotational tests; [214] (ii) the influence of temperature on the storage and loss 

moduli by oscillatory measurements, with inspection of relaxation times; (iii) clouding 

studies carried out via optical transmittance and PLTM measurements, and (iv) the 

evolution of the system polarity through fluorescence spectroscopy using pyrene as a 

probe. 

2.3.1. Rotational measurements at different shear rates 

Fig. 2.3 shows the viscosity-temperature behavior of the polymer solutions for the 

different concentrations of HPMC. For each solution, we have studied the viscosity upon 

heating for different values of the shear rate.  

Let us first address the results at the lower, Newtonian, shear rates. As the temperature 

rises, the viscosity smoothly decreases up to a characteristic temperature, usually 

denoted as the gelation temperature [199]. A sharp increase in viscosity is seen after this 

temperature. This characteristic point is concentration dependent, with a tendency for a 

decrease with concentration from 2% onwards. For each temperature point the viscosity 

increases with HPMC content, as expected. 

For the higher shear rates, corresponding to non-Newtonian regimes, viscosity suddenly 

drops close to the temperature at which gelation occurs for Newtonian shear rates. Then, 

this quantity reaches its lowest value and forms a plateau. The plateaus for higher and 
lower shear rates are observed for similar values of the temperature. 
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Fig. 2.3 Viscosity dependence on temperature for HPMC solutions of (a) 1%, (b) 2%, (c) 5% and (d) 10%, 
w/w. Curves are obtained at Newtonian shear rates (triangles), with imposed values respectively of 0.5, 0.05, 
5.0×10−3 and 1.0×10−3 s−1, and non-Newtonian shear rates (circles), of 50, 30, 5 and 1 s−1 respectively. 

Viscosity vs. temperature plots for the 2% solution were also obtained with a systematic 

variation in the shear rate (Fig. 2.4). It is observed that, with increasing shear rate, the 

point at which viscosity starts to increase is moved towards higher temperatures. In our 

observations, shear rates of 8s-1, 10s-1and 30s-1 tend to prevent gelation, replacing the 

steep increase in viscosity by a not well defined plateau slightly above the global 
minimum.  

This dependence is again highlighted in Fig. 2.5. For lower temperatures, below gelation, 

it is seen that the effect of shear rate upon viscosity, in this case shear thinning, is 

limited. As the temperature increases the viscosity diminishes as previously shown, but 

the Newtonian regime remains essentially unaffected. Above 70°C the behavior changes 

dramatically, and shear thinning amounts to several orders of magnitude. Basically, low 

shear rates correspond to very high viscosities (gel) but, when a sufficiently large shear 

rate is applied, viscosity sharply decreases. Note also the general good agreement 

between the values of viscosity depicted in the Newtonian regimes for each temperature, 

and those found in Fig. 2.3(b) for the lower shear rates. This indicates an appropriate 

choice of the shear rates used in the studies in which a temperature ramp is imposed, 

even for temperatures above gelation. 
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Fig. 2.4 Viscosity as a function of temperature for the indicated shear rates in the 2% HPMC solution. 

 

Fig. 2.5 Viscosity as a function of shear rate in the 2% HPMC solution at the indicated temperatures. 
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An issue that is not often addressed in these systems is the kinetic control over the 

gelation process. Tests conducted with the 2% HPMC solution show that gelation, with a 

viscosity close to 200 Pa.s, occurs at ca. 75°C if the system is left to evolve at this 

temperature for more than one hour, so as to reach the steady-state (data not shown). At 

lower temperatures, we have not been able to detect gelation. 

It is thus likely that determinations such as those depicted in Fig. 2.3 corresponding to a 

rate of increase in temperature of 1°C/min (in which evaporation effects are minimized), 
may reflect some delay for establishing the actual value of the viscosity. However, the 

gelation temperature as extracted from the increase in viscosity is essentially accurate. It 

should be added that studies on the time evolution in methylcellulose systems have 

shown that significant equilibration occurs after ca. 5 minutes after temperature 

stabilization [197]. Thus, the studies based on light transmittance and pyrene 

fluorescence are performed on an essentially equilibrated system. 

2.3.2. Oscillatory measurements 

The temperature effect on gelation of the HPMC solutions was also studied by oscillatory 
tests and the results are shown in Fig. 2.6.  

In general, as the temperature is increased, G” smoothly decreases until reaching a 

characteristic temperature after which a sharp decrease is observed. G’ shows a similar 

behavior, but the sharp decrease is less pronounced when compared to G”, and absent 

in the case of the 1% solution. It is interesting to note that this characteristic temperature 

is observed slightly above 70°C for all concentrations of this study, being independent of 

the concentration of HPMC.  

Also observed is a final increase in both moduli with temperature, which is more 

significant for the storage modulus than for the loss modulus, at which G’ and G” curves 

intersect. At this point, the solution starts to gel as can be noticed by the sharp increase 

in the complex viscosity modulus. This is considered by a number of authors to be the 

gelation temperature [215, 216]. However, this crossing point depends both on the 
concentration of the polymer and on the frequency applied on oscillatory tests.   

It should also be noted that G’ values at the end of the tests are always higher than at 

the initial conditions (25°C), but the same is not true for the G” measurements. It is seen 

that the absolute values of the moduli are higher with increasing HPMC content.  
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Fig. 2.6 Storage (G’, squares), loss (G’’ , circles) and the complex viscosity ( ∗, triangles) modulus, as a 
function of temperature, for HPMC solutions of (a) 1%, (b) 2%, (c) 5% and (d) 10%, w/w. Frequency is 
chosen so as to impose a value of G’’ higher than G’ at the initial conditions. 

Relaxation times, given by the intersection of G’ and G” in the frequency sweep tests at 

constant temperature, and storage moduli at 1 Hz, with long equilibration times, are 

shown in Table 2-1 for the 2% solution. It is seen that, while the relaxation time always 

increases with temperature, the storage modulus G’ shows a non-monotonic behavior. 

Table 2-1 Relaxation times, calculated by the intersection of G’ and G’’ in the frequency sweep tests at 
constant temperature, and storage modulus G’ at 1 Hz. Data pertain to the 2% HPMC solution, and samples 
were in the steady-state 

Temperature (°C) Relaxation time (s) G’ (Pa) 

40 0.058 4.24 

60 0.106 2.94 

85 15.9 4.68 
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2.3.3. Optical transmittance measurements and polarized light 

thermal microscopy 

The light transmittance of HPMC solutions at the wavelength of 800nm is plotted in Fig. 

2.7 as a function of temperature. The highest concentration requires very high 

equilibration times, and was excluded. For HPMC concentrations between 1 and 5% it is 

seen that the transmittance curves have a very similar temperature profile. A long 

plateau in which the transmittance is hardly affected (100% relative to the value at 25°C) 

is followed by a sharp decrease at ca. 60°C, which reaches 0% at about 70°C. The cloud 

point, i.e. the reduction to 50% of the value at 25°C, is observed at ca. 68°C for every 

concentration. 

 

Fig. 2.7 Optical transmittance measurements for the HPMC solution for the indicated concentrations. The 
100% reference was taken as the transmittance at 25°C for each solution. 

Observations from PLTM confirm an isotropic liquid at lower temperatures as shown in 

Fig. 2.8(a), characteristic of the polymer sol. This behavior is seen up to temperatures 

close to gelation. As the temperature is increased above this point, the system exhibits 

some texture and, at the same time, light transmission is reduced as observed in Fig. 
2.8(b). 
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Fig. 2.8 PLTM images for the 1% HPMC solution for the indicated temperatures (a) 25°C and (b) 90°C. 

2.3.4. Pyrene fluorescence measurements 

The results on the evolution of the I1/I3 ratio are shown in Fig. 2.9  

 

Fig. 2.9 I1/I3 ratio of pyrene emission or micropolarity index (MI) progression with temperature for the 1% 
HPMC solution. 

We recall that a value slightly below 2 is expected for aqueous pyrene solutions, while 

values close to 1 are attained in apolar solvents. The 1% HPMC solution possesses 
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some hydrophobic character, which surpasses that of methylcellulose [217], probably 

due to the presence of the hydroxypropyl substituents. The value of I1/I3 does not 

significantly change until ca. 55°C. When the temperature is further increased, the 

emission intensity ratio decreases abruptly, after which the decrease becomes less 

pronounced (from 75°C onwards). This result is compatible with the optical light 

transmission measurements and PLTM observations. 

2.4. Discussion 

In what follows we will address different aspects of the thermal behavior of HPMC 

aqueous solutions. For a more systematic approach, these are divided in several 

relevant topics. 

2.4.1. Aggregation and gelation 

From the results, we can infer that gelation and aggregate formation upon heating are 

correlated. Between 25°C and 55°C, the fluorescence observations suggest that the 

character of the hydrophobic domains remains unchanged, and thus no significant 

aggregation of the polymer chains is expected. Within this temperature range, 

rheological data show a decrease in viscosity upon heating, following closely an 

Arrhenius behavior, with activation energies within 22-30 kJmol-1 for the solutions under 

study. This is probably due to the weakening of intermolecular interactions because of 

the higher average speed of molecules and of the shorter times they spend in contact 

with the nearest neighbors.  

However, from 55°C onwards, fluorescence results show an increase in the hydrophobic 

character of the system that is responsible for the polymer aggregation detected in the 
optical transmittance and PLTM studies. At a later stage, these aggregates are 

interconnected forming a three-dimensional network structure, and the shear viscosity 

increases. The variation in the hydrophobic character is relatively abrupt, contrasting to 

what happens in the case of methylcellulose [218].  

Our rheological results indicate a delay between the onset of gelation, irrespective of the 

observable used for its definition, and full gelation, corresponding to the maximum in 

viscosity. The same picture was found by other authors using heat capacity at constant 

pressure to extract the gelation temperature in HPMC solutions [219]. These authors 

establish a degree of gelation, defined as the ratio between relative heat absorbed at any 

stage of gelation and the relative heat input required for complete gelation, suggesting a 

delay of ca. 10°C.  
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Table 2-2 The cloud point is described in Section 2.3. Tc1 corresponds to the minimum before the sharp 
increase in viscosity at Newtonian shear rates and Tc2 to the steep lowering in viscosity at high shear rate. 
Finally, Tc3 is given by the intersection between the storage, G’, and loss, G’’, moduli. 

% HPMC Cloud point Tc1 Tc2 Tc3 

1 68 70 71 78 

2 68 75 71 80 

5 68 73 71 76 

10 - 70 71 72 

Table 2-2 gathers the cloud point values and, in order to further characterize the thermal 

rheological response of the polymer solutions, also includes a set of characteristic points. 

Tc1 is defined, for Newtonian regimes, as the temperature corresponding to the viscosity 

minimum before the steep increase, Tc2 represents the temperature at which viscosity 

sharply decreases for Non-Newtonian regimes, and Tc3 is the temperature above which 

G’ exceeds G´´. Tc1 therefore reflects the sharp increase in viscosity when the gelation 

process is initiated; Tc2 is compatible with a high hydrophobicity of the polymer chains 
and suggests strong chain aggregation with inhibited intercluster binding; Tc3 shows the 

effect of hydrophobicity in the elastic behavior of the system.  

The influence of concentration on these characteristic points can also be extracted from 

the same table. It is seen that the gelation temperature Tc1 displays a non-monotonic 

behavior. The extreme values of Tc1 in the concentration range under study differ by 5°C, 

which indicates some dependence on temperature. Tc2 is, in our findings, almost 

independent of concentration. It reflects the behavior of the polymer in water that, 

unperturbed, would lead to gelation. We submit that this point gives also a good 

assessment of the gelation temperature. Tc3 values are observed above Tc1 and Tc2 and 

show a similar trend as Tc1. This point presents, however, some dependence on the 

frequency applied in the oscillation test. 

The cloud point is lower than Tc1, Tc2 or Tc3 and has also a negligible dependence on 
concentration.  A similar situation is found for some cellulose systems [217], but it may 

be also close to [220] or clearly higher than the gelation temperature [218] for others. 

These discrepancies may be ascribed to different cellulose substituents, but it may also 

result from different definitions of both cloud point and gelation temperature. 

We can schematically summarize the phenomena occurring while heating the polymer 

solution above 55°C as follows: firstly the polymer becomes more hydrophobic, then the 

solution clouds, and finally the physical gel based on hydrophobic associations is 

formed.  
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2.4.2. Assessment of active links 

Relaxation times and storage moduli are displayed at different temperatures in Table 

2-1. These parameters have a direct connection with the previous discussion [221]. 
While the physical meaning of G’ is related to the density of the active links in the 

system, the relaxation time indicates the required time for the solid-liquid transition, 

which is related to the strength of the active links [222]. Table 2-1 exhibits three main 

regimes: at low temperatures (40°C), there are many weak active links, seen by high G’ 

and low relaxation time. This is coherent with the entanglement picture, where many 

polymer chains touch each other due to overlapping, without any important physical 

interaction. At such temperatures the polymer is hydrophilic and can easily slide through 

the polymer matrix according to the reptation picture [223, 224]. This would lead to small 

relaxation times.  

At intermediate temperatures (60°C), the active links are in lower amount but are 

considerably stronger than at lower temperatures. This is compatible with a partial 

dehydration of the polymer and consequent compaction. The bridging is less effective in 
this case but the contacts between the polymer chains are more effective.  

At higher temperatures (85°C), above the cloud point, both storage moduli and relaxation 

times increase. At such temperatures, the polymer-based clusters interact 

hydrophobically and the strength of the active links is also clearly stronger than the ones 

at lower temperatures. The polymer association is based on its hydrophobicity and the 

energy penalty for hydration of the chain inhibits the chain detachment. By comparing 

the data in Table 2-1 with Fig. 2.3(b) (low shear rates), we can state that the thermal 

gelation is induced both by an increase of the number of active links, probably related to 

the increase of the dynamics with temperature, and also by an enhancement of the 

strength of the polymer associations. 

2.4.3. Shear rate effects 

Results obtained in this work show the influence of the shear rate in the formation of a 

gel in HPMC solutions for temperatures above 70°C. Studies have focused on the 

concentrations 1, 2, 5 and 10%, and have shown that for low shear rates there is a steep 

increase in viscosity when the gelation temperature is attained. These observations are 

consistent with those obtained in previous work on methyl cellulose solutions using 

rotational viscometry [201], and agree qualitatively with other previous data [199]. 

However, for higher shear rates, gel formation is inhibited. Initially the loss of hydration 

water of the polymer results in a smooth decrease of the viscosity, in a way similar to 

that observed for Newtonian regime. As the chains become more hydrophobic they tend 
to form clusters and the high shear rate applied disrupts the inter-cluster network and 

prevents gel formation. High shear rates destroy the inter-cluster bonds and viscosity 
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drops to very low values, even lower than those observed at 25°C. This behavior has 

not, to our knowledge, been documented before for HPMC gels. 

 Some of the above findings may tentatively be explained on the basis of characteristic 

reorganization times of the system [191]. For low temperatures, the viscosity results from 

random entanglements (too low values of viscosity for a gel, but too high for a typical 

liquid solution). The system is thus frequently reorganized, and high shear rates do not 

substantially disrupt the equilibrium behavior. As the temperature increases, clusters are 
formed as seen in cloud point studies and, after, gelation sets in. At this point, the 

system becomes more rigid, and reformation times concomitantly increase. If 

temperature is further increased, the number of collisions also increases, as does 

molecular motion, and reformation times decrease. The solid-like behavior of the system 

now becomes dominant in the measurements, and viscosity increases again as seen for 

intermediate shear rates (see Fig. 2.4). 

 

Fig. 2.10 Viscosity profiles at Newtonian (triangles) and non-Newtonian (circles) regimes, micropolarity index 
(stars) and optical transmittance (squares) measurements upon heating for the 1% HPMC aqueous solution. 

In summary, we have inspected several observables (viscosity profiles at low and high 

shear rates, optical transmittance of the solution, micropolarity index) to assess the 

sequence of processes close to gelation. Additionally, we have looked into PLTM images 
at different temperatures. All this information is gathered in Fig. 2.10, in which several of 

these profiles are superimposed. This picture gives a unified view of the optical 

properties, viscosity profiles and hydrophobic behavior / aggregation, as previously 

discussed. 
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2.5. Conclusions 

Results have allowed us to compose a picture of the evolution of HPMC aqueous 
solutions with temperature. Random entanglements, dominant at room temperature, are 

still present up to ca. 55°C. In this range, there is no evidence of association of the 

polymer in clusters or bundles, and no variation in the micropolarity index. Clouding sets 

in suddenly and is the first evidence of cluster formation, mainly due to hydrophobic 

interactions. At even higher temperatures, these clusters are further associated in a 

three-dimensional network, and gelation can be detected. The use of Non-Newtonian 

shear rates prevents gelation or causes its translation to higher temperatures. 
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Chapter 3 

3. New insights on the interaction between 

hydroxypropylmethyl cellulose (HPMC) and sodium 
dodecyl sulfate (SDS) 

In this chapter we address again studies on HPMC, now in more complex systems that 

include an anionic surfactant (sodium dodecyl sulfate, SDS) in aqueous solutions. 

The effect of HPMC concentration on the critical association concentration (cac) of the 
surfactant and on the polymer saturation points (psp) was analyzed and allowed the 

establishment of association and micellization thermodynamic parameters at different 

polymer concentrations. The effect of temperature on these parameters was also 

investigated. Based on the findings, a model for HPMC–SDS interaction has been 

proposed, rationalizing the development of the system at different SDS and HPMC 

concentrations. 

3.1. Introduction 

Non-ionic cellulose derivatives comprise a broad group of biocompatible polymers. The 

respective aqueous solutions have gained a growing relevance in the last decades as a 

result of their interesting properties, which make them suitable to be used in several 

industrial applications such as cosmetics, drug formulations, detergents and food [190]. 

In many applications these aqueous solutions also contain ionic or non-ionic surfactants 

which are employed, among other reasons, to control the viscoelastic properties of these 

mixtures. The study of these systems is not only interesting from a perspective of 

industrial applications, but also for the fundamental understanding of polymer/ surfactant 

interaction.  
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Some water-soluble cellulose ethers have use in many applications as viscosity 

modifiers as a consequence of their capability to self-assemble via hydrophobic 

interactions. Another interesting feature of this class of water-soluble polymers is their 

ability to form, in aqueous solutions, reversible three-dimensional networks with 

temperature, a process known as thermal gelation. The sol-gel transition is a desirable 

occurrence with many uses such as material processing [225-229] and, particularly, a 

variety of bio-medical applications [230-234]. There are different common strategies to 
induce gel phases (or at least phases of higher viscosity) and they comprise increasing 

polymer concentration above the overlap concentration (the so-called C*), and the 

addition of surfactants or other associative species to promote bridging and association 

[235, 236]. Gel formation can also be achieved by tuning the temperature, either by 

cooling or heating, depending on the physicochemical characteristics of the polymer. The 

gelation temperature can therefore be adjusted by changing polymer architecture and/or 

molecular weight. This has been addressed in many interesting contributions, mainly 

dealing with three types of systems, including nonionic polysaccharides such as ethyl 

(hydroxyethyl)cellulose (EHEC) [214, 237-241], poly(isopropylacrylamide) and its 

derivatives [242-246], and pluronics such as F127 [232, 247-249]. These systems exhibit 

an increase in viscosity above a critical temperature and are suitable for some 

biomedical applications, particularly for drug delivery systems [250-253]. Thermal 
gelation of polymers is ascribed to two different mechanisms: micellar-cubic phase 

transition, as observed in pluronics [254-256], or hydrophobization of some polymer 

segments, as in the case of hydroxypropylmethyl cellulose (HPMC) [257].  

HPMC (see Fig. 2.2), in particular, can be seen as a hydrophobically modified cellulose 

derivative and it is frequently used in the food industry [258, 259], printing technology 

[260] and in many pharmaceutical applications [261] because it is biocompatible, non-

toxic and exhibits good mechanical properties. The usefulness of HPMC is essentially 

based upon different key attributes: efficient thickening, film forming ability, and surface 

activity [262]. Furthermore, HPMC undergoes a reversible sol-gel transition which is 

today object of study of some research groups, using different approaches and 

techniques [263, 264]. This transition is due to the increased hydrophobicity of the 

respective chains upon heating, as it is shown on Chapter 2. Our findings clearly 
suggested that a polarity change occurs in some polymer segments, mostly composed of 

ethylene oxide groups. This is similar and compatible to what is observed for nonionic 

surfactants containing such groups: while they are miscible in water at low temperatures, 

clouding and phase separation occur at higher temperatures. A thorough discussion on 

this topic has been recently published [265].  

In the process of self-association of polymers, the presence of surfactants has a 

noteworthy effect [266]. Surfactants are known to lower the interfacial tension between 

an aqueous solution and some other phase.  In the case of ionic surfactants such as 

sodium dodecyl sulfate (SDS), the respective behavior is affected by the presence of a 

polymer in solution. The presence of surfactants may change the behavior of a polymer 

in solution. This can be exemplified by surfactant-induced thickening [209, 267-274], 
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surfactant-induced swelling [273] or compaction [274], surfactant –induced phase 

separation [209, 272], among other effects. 

In an aqueous system containing both polymer and surfactant, there are clearly two 

important characteristic breakpoints in the interaction between these two entities. The 

first is known as the critical association concentration (cac) and represents the minimum 

surfactant concentration needed to start the polymer modulated surfactant association. 

The second breaking point is referred as the polymer saturation point (psp) and 
corresponds to the surfactant concentration at which the polymer chains become 

saturated of surfactant molecules. Subsequently, free micelles begin to form as further 

surfactant is added to the system. Various studies on this topic have been reported [275, 

276].  

In this Chapter, it is presented in detail the effect of the anionic surfactant (SDS) on the 

properties of aqueous solutions of HPMC. Sets of electrical conductivity, rheological and 

optical transmittance data are presented, helping to understand how polymer–surfactant 

interaction occurs at room temperature and upon heating, with emphasis on the thermal 

gelation. In addition, the effect of HPMC on the SDS association and micellization will 

also be addressed. The SDS-HPMC association is discussed not only based on the 

outcome of a thermodynamic analysis, but also supported by viscosity measurements 

and gel formation observables taken from rheological and optical transmittance tests. 
Models which allow the interpretation of SDS-HPMC interaction, at different 

concentrations of both components, are proposed from the experimental data. 

3.2. Experimental section 

3.2.1. Materials and sample preparation 

Hydroxypropylmethyl cellulose (METHOCEL K15M Premium), 19%-24% methoxyl and 

7-12% hydroxypropyl, Mw=4.3105Da was a kind gift from Dow Chemical. Sodium 

dodecyl sulfate (SDS) was purchased from Fluka. Both reagents were used as received 

without further purification. Aqueous solutions of HPMC of different concentrations 

(0.1%, 0.25%, 0.50%, 0.75% and 1.0% w/w) were prepared by adding dry polymer 

powder to Millipore water. The polymer solutions were kept stirring for 48 hours before 

use. 

3.2.2.  Electrical conductivity studies 

The electrical resistances of the solutions were measured using a Wayne–Kerr model 

4265 Automatic LCR meter operating at 1 kHz. A dip-type conductance cell with a cell 

constant of 0.1002 cm−1, with an, uncertainty of 0.02%, was used [277]. Cell constants 

were determined from measurements with KCl (reagent grade, recrystallized, and dried) 
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using the procedure and data reported elsewhere [278]. Solutions were studied within 24 

h of preparation. Measurements were taken at different temperatures, 25.0, 37.0 and 

50.0 (± 0.1°C) using a Grant thermostat bath. In a typical experiment, 40 mL of HPMC 

aqueous solution was placed in the conductivity cell and subsequently, aliquots of the 

SDS solution were added in a stepwise manner using a Methrom 765 Dosimate 

micropipette. The conductance of the solution was measured and recorded after each 

addition once after the electrical resistance reached a stable value. House-made 
software was used both for programmed surfactant addition and acquisition of electrical 

resistance data after reaching equilibrium. The solution specific conductance value 

presented here,  , was calculated from the experimental specific conductance and 

corrected for the experimental specific conductance of water or HPMC aqueous solution. 

3.2.3.  Rheological studies 

All the rheological experiments were conducted using a controlled stress Reologica 

Stresstech rheometer (Lund, Sweden) equipped with automatic gap setting. All samples 

were allowed to equilibrate for 10 minutes before the measurements. A “bob and cup” 
geometry (CC 15) with solvent trap was used to prevent sample evaporation. 

Temperature control was achieved using a water bath system coupled to the rheometer 

measurement system. The studies with temperature ramps were performed from 25 to 

90°C at a fixed heating rate of 1°C/min. Dynamic viscosity was analyzed by rotational 

shear experiments at 25°C. Flow curves were obtained by applying an increasing shear 

rate to the samples. Prior to this, a viscometry test was carried out for all samples in 

order to determine both Newtonian and non-Newtonian regimes and some useful 

parameters such as zero-shear viscosity (0) and infinite shear viscosity (∞).  

In rheology, it is quite common to use equations that describe the shape of the general 
flow curves. These equations need at least four parameters. One of these examples and 

probably the most popular is the Cross equation (Eq. 3.1), used to extract some 

significant parameters from the viscosity vs. shear rate profile [279]  

0

1

1 ( )mC

 
  









  	 	 	 	 	 	 	 	 3.1 	

that is equivalent to  

0
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In the Cross equation,  is the viscosity at any shear rate, 


, 0 and  refer respectively 

to the asymptotic values of viscosity at very low shear rates (zero-shear viscosity) and at 
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very high shear rates (infinite-shear viscosity) respectively, C is known as the Cross rate 

constant parameter, with the dimension of time, and m is a dimensionless constant, 

indicating the degree of dependence of viscosity on the shear rate in the shear-thinning 

region. A value of zero for m indicates Newtonian behavior, while values of m close to 1 

point to a shear-thinning behavior. The reciprocal of the time constant, 1/C, corresponds 

to a critical shear rate ( *


) signaling the end of the Newtonian plateau and the onset of 

shear-thinning region. The rheological curves obtained, in terms of viscosity vs. shear 

rate, corresponding to the different formulations tested, were mathematically fitted using 

the Eq. 3.2.  

Oscillation tests (25-90°C) were conducted in order to determine both the storage 

modulus, (G’) and the loss modulus (G’’). Oscillatory measurements are particularly 

useful to study the structure of some sensitive materials because the deformation 

magnitude in these tests is very small. A test of linearity, the oscillation stress sweep, 

was performed prior to all oscillatory tests to make sure that all measurements are within 

the linear viscoelastic region, otherwise the results would depend not only on the 
frequency selected but also on the applied stress of deformation. In turn, the applied 

frequency (1 Hz) was chosen ensuring that, at the initial conditions, G’’ is dominant. The 

complex viscosity modulus *, a mathematical representation of the viscosity in 

oscillatory tests, was also determined. 

3.2.4. Optical transmittance measurements 

A double-beam UV-VIS spectrophotometer (Shimadzu UV-2450) was used for the 

optical transmittance measurements. The samples were placed in a cell with a 

dimension of 1×1×5 cm. Millipore water was used as reference. For temperature 

measurements, the cells were placed in a cell-holder connected to a water bath system 

with temperature control (Haake Phoenix II – Thermo Scientific). In addition to this 

regulator, an external temperature sensor (Pt 100) was placed in the sample cell. The 

absorption spectra (200–850 nm) confirmed that there were no UV-absorbing moieties in 

the solutions. The transmittance of the samples was measured at a wavelength of 800 

nm as previously reported for a similar system [199]. 

3.3.  Results and Discussion 

In what follows, it will be firstly presented the results obtained by the different techniques, 

starting with the conductivity measurements. All the results are thereafter subsequently 

integrated, discussed and rationalized.  
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3.3.1.  Electrical conductivity studies to assess characteristic points 

and thermodynamics 

3.3.1.1. Effect of HPMC on the electrical conductance of SDS 

Electrical conductivity has been used to provide valuable information on the association 

between ionic surfactants and uncharged water-soluble cellulose derivatives, and 

several examples can be found in the literature [280, 281]. Fig. 3.1 shows the effect of 

the presence of hydroxypropylmethyl cellulose (HPMC) on the electrical conductance of 

aqueous SDS solutions. In the absence of HPMC, Fig. 3.1(a), the SDS electrical 

conductance shows two different linear regimes as a function of surfactant concentration, 

corresponding to the behavior below and above the critical micelle concentration (cmc). 

From these data, and by using the intersection of the data regression lines method [282], 

the cmc and the degree of counterion dissociation (), have been calculated yielding 

8.34 (±0.09) mM and 0.331 (±0.002), respectively, in close agreement with the values 

reported in literature [283, 284]. 

 

Fig. 3.1 Dependence of the specific conductance of aqueous solutions of SDS, at 25.°C, in the presence of 
HPMC with a concentration of (a) 0.0% (w/v), (b) 0.25% (w/v), and (c) 0.75% (w/v). Arrows indicate the cmc 
(1), cac (2) and psp (3). 

In the presence of HPMC, a further transition point is observed on the conductivity of 

SDS/HPMC mixtures as a function of SDS concentration, Fig. 3.1(b) and Fig. 3.1(c). The 
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first point (2) in the presence of polymer corresponds to the critical association 

concentration (cac). The second transition point (3) corresponds to the onset of bulk 

micelle formation. This exceeds the polymer saturation point (psp), which represents the 

surfactant concentration needed to saturate the polymer. Up to the psp, it is likely to 

consider that SDS concentration in bulk is constant and equal to the cac value. After 

saturation of the polymer, bulk SDS concentration starts to increase and reaches the 

cmc value found in the absence of polymer, thus leading to the formation of micelles in 
the bulk.  The psp and the onset of bulk micellization are, thus, in close proximity. In 

what follows, and for simplicity, transition point (3) will be denoted as psp, when 

extracted from conductivity measurements, but it constitutes in fact an upper limit (see 

below). It is worth noting that the slopes of =f ([SDS]) in the absence (above point (1)), 

and presence (above point (3)) of HPMC are very similar, which clearly confirms that for 

SDS concentrations above the psp, micellization takes place. For example, from data 

shown in Fig. 3.2, those slope values are 2.127(±0.008)10−2, 2.149(±0.005)10−2, 

2.17(±0.04)10−2 mS.cm−1.M−1, for 0, 0.25 and 0.75% (w/v) HPMC concentration, 

respectively. 

 

Fig. 3.2 Effect of HPMC concentration on the free energy of micellization of SDS, at 298.15 K, assuming that 
the polymer has only a spectator role on the equilibrium between SDS unimers and SDS micelles. The 
dashed horizontal line represents the free energy of micellization of SDS. 

It is also worth noting that the psp increases linearly with HPMC concentration, following 

a straight line equation: (psp/ (%w/v)) = 10.9 (±0.9) + 15 (±1)  ([SDS]/mM). The 
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variation of psp with HPMC concentration is close to half of that has been reported 

elsewhere [275], which can probably be ascribed to different degrees of substitution in 

the modified cellulose polymers used. 

We will now focus our discussion on the effect of HPMC on the association of SDS. The 

interaction between polymer and surfactant leads to an increase of the effective size of 

the ionic species and, consequently, the effect of the addition of SDS on the overall ionic 

mobility is smaller. The effect of HPMC concentration, at 25°C, in the cac of mixed 
SDS/HPMC solutions is shown in Table 3-1.  

Table 3-1 Effect of HPMC concentration on the association and micellization of SDS as seen by electrical 
conductivity at 25°C. 

[HPMC] / % (w/v) cac / mM G°a / (kJ/mol) psp / mM  

0.0 8.34 (±0.09) a) −36.4 (±0.2) b)   

0.1 5.4 (±0.3) −33.1 (±0.8) 12.4 (±0.8) 11.6 c) 

0.25 5.3 (±0.2) −34.8 (±0.6) 15.6 (±0.8)  

0.5 5.2 (±0.3) −35.05 (±0.03) 16.9 (±1) 22.6 c) 

0.75 4.2 (±0.2) −37.4 (±0.5) 22.7 (±0.3)  

1.0 2.6 (±0.4) −37 (±1) (±2)  

a) critical micelle concentration; 
b) in the absence of HPMC the free energy of association corresponds to the free energy change for SDS 
micellization; 
c) from [285] 

As usual in these systems, the value of the cac is lower than the critical micelle 

concentration, indicating that the polymer-surfactant complex formation induces a more 

favorable SDS association. It is seen that the cac value remains approximately constant 

up to ca. 0.5% HPMC, in accordance with previous observations [275].However, for 

HPMC concentrations higher than 0.5%, the association between HPMC and SDS 

becomes significantly more favorable. This probably indicates that, above this 

concentration, the hydrophobic domains start to grow as the degree of overlap between 
different HPMC molecules increases and the respective hydrophobic patches associate. 

The free energy of association can be calculated from [285, 286]: 

º (2 ) lnaG RT X   	 	 	 	 	 	 	 3.3 	

where R is the gas constant, T the absolute temperature, X is the critical association 

concentration, or the cmc in the absence of polymer, in mole fraction units (cac/ [H2O]). 

 is the degree of counterion dissociation, calculated as the slope ratio m2-3/m0-2 [287], 

where the subscripts indicate the points that delimit the segment with each slope, with ‘0’ 

for the axis origin (see Fig. 3.1). The degree of dissociation of SDS counterions in the 

presence of the polymer (ca. 0.55) is higher than that occurring for SDS micellization (ca. 
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0.33) and independent of the HPMC concentration. This can be justified by the 

occurrence of small (and less dense) aggregates [288, 289]. The calculated values of the 

free-energy indicate a SDS association process slightly less favorable for low polymer 

concentrations than SDS micellization. However, association and micellization values 

are very close, and conductivity focus on SDS association, probably only partially 

including the SDS-polymer interaction. The free-energy of association becomes more 

favorable at polymer concentrations higher than 0.5%.  

To better understand the mechanism responsible for the association of SDS in the 

presence of HPMC, the effect of temperature on the thermodynamic association 

parameters of SDS was also studied. The dependence of the cac and  on the 

temperature (shown in Table 3-2), will allow us to compute the enthalpy of association (
º
aH ), calculated by [286] 

º 2 ln (1 )
(2 ) lna

d X d
H RT X

dT dT

         	 	 	 	 3.4 	

Assuming a linear dependence of (ln X) and (1−) on T, with slopes m and m’, 

respectively, Equation (3.4) can be re-written as 

 º 2 (2 ) 'lnaH RT m m X    
	 	 	 	 	 	 3.5 	

Finally, the entropy of association ( º
aS ) was evaluated from 

º º
º a a
a

H G
S

T

 
 

	 	 	 	 	 	 	 	 3.6 	

Table 3-2 shows the different thermodynamic association parameters for SDS in the 

presence of HPMC. We can conclude that the association of SDS in the presence of 

HPMC is enthalpy-dominated (|Ho
a|>|TSo

a|), but the entropy component is also 

significant. This is easily justified by a predominantly hydrophobic interaction. However, 

this process can only be seen if a concomitant dehydration of the surfactant chain and 

polymer takes place. It is known that the micellization of SDS is only enthalpy driven in 

the presence of ionic solutes [290] and, consequently, the present results are in close 
agreement with both the presence of small SDS aggregates with low counterion 

condensation and also the amphiphilic character of HPMC [291]. Such behavior is also in 

agreement with the hypothesis that SDS aggregates are smaller than the corresponding 

micelles [292, 293]. 

A more comprehensive analysis of the data shown in Table 3-2 allows us to point out 

that association is slightly favored upon heating. Quantifying this effect as d º
aG /dT, a 
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molar value of −80 JK−1 is obtained, which is very close to the value reported to the 

micellization of SDS in water (−82 JK−1) [286]. A deeper analysis of the effect of 

temperature on the º
aG  shows that the hydrophobic effect due to the interaction 

between the hydrocarbon tail (and probably the hydrophobic part of polymer) and water 

plays an important role in the HPMC-SDS interaction as can be inferred from the 

enthalpy-entropy compensation, which can be quantified by [294]  

º * º
a c aH H T S     	 	 	 	 	 	 	 	 3.7 	

where the slope Tc is the compensation temperature, closely related with solute-solute 

and solute-solvent interactions and *H  is the intercept of the compensation plots which 

gives the heat effect belonging to 0 0aS  , and can be interpreted as a measure of 

solute-solute interactions. By fitting the experimental data shown in Table 3-2 to Eq. 

(3.7), the following values for Tc and H* have been obtained:   368(±58) K and −38 (±2) 

kJmol−1, respectively. Despite a rather low correlation coefficient (R2 = 0.951), the Tc 

value is within the range (280-450 K) found for micellization processes [295] and H*, 

although more exothermic than what is observed for the SDS micellization: −29 kJmol−1 

[296],  can be considered as indicative that hydrophobic interactions play a major role in 

the association process. 

Table 3-2 Effect of the temperature on the polymer (0.5%) induced association properties of sodium dodecyl 
sulfate. 

T / °C ln X  G°a / kJ mol−1 H°a / kJ mol−1 S°a / J mol−1K−1 

25 −9.26 0.547 −35.05 (±0.03) −23.15 (±0.02) 39.9 

37 −9.08 0.552 −35.44 (±0.04) −26.22 (±0.03) 29.7 

50 −8.93 0.559 −37.04 (0±.04) −28.73 (±0.03) 25.7 

Following further addition of SDS on aggregate-containing solution a second mechanism 

of association occurs, as pointed out before. The thermodynamic parameters for the 
micellization of SDS in the bulk, in the presence of different concentrations of HPMC at 

298.15 K, were estimated assuming that the micellization of SDS can be treated also in 

the framework of the mass-law action model. The free energy of association is now 

calculated from an expression corresponding to Equation (3.3), but in which the estimate 

of the variation in ion condensation is given by the slopes after the psp and before the 

cac , the bulk concentration value of SDS is considered the cmc [209].  

2

(2 ) ln
[H O]m

cmc
G RT

 
    

  		 	 	 	 	 	 3.8 	
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The use of Equation (3.8) in the terms described is based on the approximation that the 

equilibrium between bulk unimers and micelles is not affected by the presence of the 

surfactant saturated chains. 

Fig. 3.2 summarizes the results obtained for the free energy of micellization in the bulk. 

This is independent of polymer concentration, up to a critical value. After this point (ca. 

0.5%) micellization becomes more favorable. A possible interpretation of this data is that 

for saturated, scattered HPMC-SDS aggregates, the behavior is well described by the 
unimer-micelles equilibrium, being this equilibrium very similar to that observed in the 

absence of HPMC. However, for higher values of the HPMC concentration, partially 

formed micelles of a few unimers may be released from the HPMC-SDS aggregates, 

thus facilitating micelle formation. The analysis of Fig. 3.2 also highlights the importance 

of the degree of dissociation of counterions on the SDS micellization process, for HPMC 

concentration higher than 0.5% (w/v). The use of Eq. (3.8) in the conditions above would 

thus not be, strictum sensum, justifiable (see Fig. 3.3 for a pictorial description of these 

remarks). 

 

Fig. 3.3 Equilibrium scheme involving SDS unimers, SDS-HPMC aggregates and bulk SDS micelles. Solid 
black lines represent HPMC chains, blue and yellow spheres correspond to SDS micelles and counterions 
respectively. Surfactant unimer is represented as the small blue sphere connected to a red hydrophobic tail. 
While unimer-aggregate and unimer-bulk micelles can be regarded as independent equilibria, a large 
concentration of aggregates promotes a direct equilibrium of these aggregates with bulk micelles (indicated 
by the dashed double-arrow), without systematic disaggregation into unimers. 

3.3.2. Viscoelastic properties of HPMC-SDS solutions 

When discussing the association between a polymer such as HPMC and an ionic 

surfactant such as SDS that affects the polymer behavior in solution, it is relevant to 

study and discuss their rheological behavior. The insight obtained from rheological data 

is crucial to build up the picture of polymer-surfactant association at different conditions 
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and compositions. Table 3-3 shows the composition of the prepared polymer-surfactant 

solutions for a constant HPMC load of 1.0% (w/w).  

Table 3-3 List of formulations tested in the rheological and optical transmittance studies and corresponding 
composition. 

 
HPMC K15M

% (w/w) 

SDS 

(g/100 mL)

SDS

mM 

S0.0 1.0 0.00 0.0 

S1.7 1.0 0.05 1.7 

S3.5 1.0 0.10 3.5 

S5.2 1.0 0.15 5.2 

S7.0 1.0 0.20 7.0 

S8.7 1.0 0.25 8.7 

S17 1.0 0.50 17 

S26 1.0 0.75 26 

S35 1.0 1.00 35 

S43 1.0 1.25 43 

S52 1.0 1.50 52 

3.3.2.1. Monitoring the association between polymer and surfactant 

Dynamic viscosity was determined by rotational shear experiments, at 25°C. Fig. 3.4 

shows the dependence of zero-shear viscosity ( 0 ), mathematically obtained by fitting 

the viscosity vs. shear rate curves with the Cross model equation, on SDS concentration. 

Three different regions are visible, separated by two characteristic breakpoints, a local 

minimum and a local maximum, denoted as (1) and (2) on Fig. 3.4. 

The rheological behavior of the mixed system is clearly sensitive to the association 

between HPMC and SDS.  The profile obtained is in agreement with previous findings 

reported in the literature for cellulose ethers and SDS mixed systems [307, 308]. 
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Fig. 3.4 Zero-shear viscosity as function of SDS concentration. Three different zones are visible. Before the 
first arrow is the pre-cac region. In the region between the two arrows, surfactant molecules start to form 
aggregates around hydrophobic moieties of the polymer, causing polymer swelling and leading to an 
increase in the viscosity. The second arrow indicates the maximum, which happens before the psp. After this 
concentration, surfactant molecules have saturated the polymer chains and start to form free micelles in 
solution, leading to screening of electrostatic repulsion and to an observable decrease in the viscosity. Solid 
lines are presented to guide the eye. 

Below the first point, the surfactant is already interacting to the polymer, as seen in Fig. 

3.4 by a relatively small decrease in the zero-shear viscosity (ca. 40%) up to a minimum 

close to the cac.  Different explanations may be invoked to justify this observation. The 

most accepted one is that there is a chain contraction due to the intense intramolecular 

hydrophobic association junctions [297-299]. The binding of surfactant molecules to 
semi-flexible polymers such as EHEC or HPMC, may modify the respective stiffness and 

this may, in turn, induce a coil-to-globule transition. This phenomenon is ascribed to a 

balance between two forces: attractive hydrophobic association between the polymer 

and hydrocarbon tails of the surfactant, which bind to the polymer and make it less polar; 

and electrostatic repulsive forces between the polymer chains as the surfactant is added, 

therefore increasing the polarity of the polymer. Below the cac, electrostatic repulsion 

plays a minor role and a contraction of the polymer chains induced by the hydrophobic 

association inside the polymer is observed.  For surfactant concentrations above the cac 

and below point (2), a significant increase in the viscosity upon surfactant addition is 

observed. At this stage micelle formation of SDS takes place along the HPMC chains 

and progressively converts the non-ionic polymer into a polyelectrolyte. Repulsion 
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among the negative charges of the polymer-surfactant complex causes the polymer to 

swell leading to a consequent increase in the shear viscosity. Polymer chains reach their 

maximum extension at point (2), resulting in a six fold enhancement in the viscosity from 

the minimum value read at cac. At this latter point, the polymer chains are virtually 

covered by surfactant micelles and further addition of the amphiphile causes an increase 

of free micelles in the bulk.  

Above point (2), i.e., above the SDS concentration that promotes the maximal rigidity in 
the transient network, and with progressive addition of surfactant to the system, the 

viscosity starts to decrease and ultimately reaches values even lower than those 

obtained for the surfactant-free HPMC solution (S0.0). Within this region above the 

transition point (2), all the surfactant added will be placed in the bulk, firstly as unimers 

and, afterwards as free micelles (above the cmc value for bulk SDS concentration). 

Concomitantly, the presence of SDS in the medium increases the ionic strength and 

causes HPMC chains to shrink due to the screening of the electrostatic repulsion. At 

sufficiently high surfactant concentrations, the hydrophobic associations along HPMC 

chains are inhibited, the polymer contracts, and the viscosity reaches a global minimum, 

close to zero. In our view, the polymer saturation point, psp, is situated, in terms of SDS 

concentration, after transition point (2), but before the point where the viscosity in the 

presence of SDS equals that found in the absence of surfactant. The explanation is that 
(i) the destruction of the transient network provides additional room for surfactant 

associated upon the polymer, and (ii) HPMC chains associated with SDS are typically 

more extended than those in its absence, thus promoting a higher viscosity. 

3.3.2.2. Modulating the thermal gelation of HPMC 

Thermal gelation in cellulose based polymers requires a certain degree of insolubility of 

some polymer segments at sufficiently high temperatures. On the other hand, solubility 

can be enhanced by using a charged polymer instead, since the entropy of counterions 

favors the solubility. It would be interesting to check the dependence of the thermal 

gelation on the charge density of HPMC-SDS complex by using different concentrations 

of SDS and therefore be able to adjust it. 

For each solution (S0.0-S52) we have conducted a number of viscosity measurements to 

investigate the influence of the presence of surfactant on the thermal gelation of HPMC. 
Oscillation tests were carried out to determine both the storage modulus G’, the loss 

modulus G’’ and the complex viscosity ( * ). 

Following the same strategy described in Chapter 2, gel formation was detected when 

the storage modulus G’ intercepts the loss modulus G’’ in an ascending trend.  

Experimental data presented in Table 3-4 shows that the addition of very low amounts of 
surfactant to the system shifts thermal gelation to higher temperatures. Another 

interesting fact is that thermal gelation is only observed for surfactant concentrations 
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lower than 7mM. For higher SDS concentration thermal gelation is inhibited, as seen in 

the oscillation plots (Fig. 3.5). 

Table 3-4 Gelation temperature for HPMC-SDS solutions. Gel formation requires higher temperature as SDS 
concentration increase, not being detected (n.d.) in our oscillation tests (1 Hz) for concentrations of SDS 
above 5.2mM. After a critical SDS concentration, gelation is totally inhibited, as can be seen in the oscillation 
tests.  

Formulation Gelation temperature / °C

S0.0 74 

S1.7 81 

S3.5 83 

S5.2 87 

≥ S7.0 n.d. 

 

 

Fig. 3.5 Storage (G’, squares), loss (G’’, circles) and the complex viscosity ( *, triangles) modulus, as a 
function of temperature, for formulation S1.7 (on the left) and S17 (on the right). Frequency is chosen so as 
to impose a value of G’’ higher than G’ at the initial conditions. Oscillation plots illustrate that gel formation 
occurs only for low concentration of SDS. For higher concentrations, the storage moduli G’ does not 
intersect the loss moduli G’’ in the temperature range studied (25-90°C) indicating that gel formation is not 
detected. As the surfactant progressively ionizes the polymer inter-chain hydrophobic associations and 
thermal gelation become weaker or negligible. 

The association of charged amphiphiles to HPMC brings a higher hydrophilic character 

to the polymer as result of a combined effect of the deactivation of polymer’s 

hydrophobic regions and enhanced solubility due to the presence of charges along the 

chains. The hydrophobic association among polymer segments, which is the mechanism 

of thermal gelation of this type of polymers, is then inhibited. As the SDS concentration 

increases, thermal gelation is therefore shifted to higher temperatures and eventually 
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inhibited, which is in agreement with previous studies analyzing the effect of ionic 

surfactants on the thermal gelation of other cellulose ethers [300-303]. 

3.3.3. Characteristic points revisited with light transmittance studies 

Optical transmittance studies were performed to gain additional insight on the 

mechanism of association between HPMC and SDS at room temperature. Changes in 

the optical properties of the system can be used to monitor how it evolves as more 

surfactant is present. To achieve that, optical transmittance tests were carried out for the 

solutions S0.0 – S52 (composition shown in Table 3-3). For sake of simplicity we 

considered the 1% HPMC hydrogel (S0.0) as reference i.e. 100% of transmittance at 

800nm. Fig. 3.6 shows that in the formulations containing low amounts of SDS (in the 

pre-cac region) it is observed a progressive decrease in the transmittance until the 

minimum transmittance point ([SDS]=4.210−3M). 

 

Fig. 3.6 Dependence of the optical transmittance (800nm) at 25°C of HPMC-SDS solutions on SDS 
concentration. Solid lines are a guide for the eyes. 

This is in agreement with the mechanism we proposed above, explaining the decrease in 

the viscosity below the cac as a result of a salting-out-like effect. HPMC chains start to 

shrink leading to a lower entanglement level and consequently causing a decrease in the 

transmittance (Fig. 3.6) and in the viscosity (Fig. 3.4). The minimum in the optical 

transmittance is slightly above the values of cac determined by means of conductivity 
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(as is that of the rheological studies). These observations indicated that the shrinkage of 

polymer chains slightly extends above the cac. The analysis of Fig. 3.6 clearly indicates 

that after the minimum, the transmittance increases sharply until a local maximum, 

indicating that the polymer swells for concentrations of SDS above the cac. This is 

caused by the adsorption of negatively charged micelles onto the polymer chain. The 

polymer is therefore converted into a polyelectrolyte and, due to charge repulsion, HPMC 

chains extend and swelling occurs. The swelling of the polymer allows a higher light 
transmittance because of the low optical contrast of the system, and thus the 

transparency increases at this stage up to a maximum, close to the psp 

([SDS]=2.110−2M). For surfactant levels above this point, i.e. above the concentration at 

which all the polymer chains are covered by surfactant micelles, additional surfactant 

unimers will be located at the bulk, forming micelles. Charged micelles and counterions 

now act as salt and screen electrostatic repulsion among negative charges of the HPMC-

SDS complex. Such screening leads to polymer compaction, which is responsible for the 

reduction in the optical transmittance of the system observed. 

3.3.4. Rationale 

Table 3-5 compiles the significant breakpoints found in the interaction between HPMC 

and SDS, and relates them with the phenomenological cac and psp values. 

Table 3-5 Summary of cac and psp related values (mM) determined from conductivity, rheology and optical 
transmittance measurements are shown in the table above. These were obtained by straight line interception 
at slope change (conductivity) and second degree polynomial fitting in the region of the minima (maxima) for 
rheological and optical transmittance measurements. The preceding inequality signs follow the 
considerations presented along the text. 

 Conductivity Rheology Optical transmittance 

cac (mM) 2.6 <3.4 <4.2 

psp (mM) <26 >16 21 

Fig. 3.7 is a graphical representation of the information gathered by the various 

techniques employed in this work. On the left panel, corresponding to a dilute regime, 

there is an initial decrease in the chain extension when SDS is first added (pre-cac 

region). After SDS association, the chains expand again due to electrostatic effects. 

Finally, at even higher surfactant concentration (above the psp), bulk micelles promote 
the compression of the SDS saturated HPMC backbone. On the right, we see a 

corresponding evolution for higher polymer concentration, now for a semi-dilute regime. 

The random entanglement in the absence of SDS is slightly perturbed by the compaction 

of the chains. Upon SDS association, the chains expand again and connecting nodes 

resulting from hydrophobic intra- and inter-chain association are formed. These, with 

excess SDS, are finally solubilized.  
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Fig. 3.7 Pictorial representation of the evolution of the SDS/HPMC/water system as a function of SDS and 
HPMC concentrations. Solid black lines represent HPMC chains, blue and yellow spheres correspond to 
SDS micelles and counterions respectively. The larger blue spheres indicate major hydrophobic association 
zones. 

3.4. Conclusions 

In the present chapter it was shown that the addition of SDS to HPMC solutions affects 

both the behavior in terms of SDS self-assembly and that of the HPMC solution, but in a 

non-trivial way. For diluted HPMC solutions, the cmc is reduced by ca. 60% of the cac 

value, which remains constant up to 0.5% HPMC solutions. The calculated free-energy 

of SDS association (which only partially includes the polymer-SDS interactions) also 

remains approximately constant, and indicates that the process is slightly less 

spontaneous than in the absence of HPMC. Again, for concentrations of HPMC above 

0.5%, there is an increase in the absolute value of the free-energy surpassing the one 
found in the absence of HPMC. The polymer saturation point, in contrast, increases 

monotonically with HPMC concentration, as could be expected. After the saturation 
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point, the micellization process is very similar to that found in the absence of HPMC if the 

polymer solution is diluted, but becomes more favorable for higher concentrations. 

For a constant (0.5%) concentration of HPMC, the SDS association process becomes 

more and more favorable as the temperature increases, in the range 25-50°C. 

Rheological measurements at room temperature also indicate three regimes as a 

function of SDS concentration. The first is characterized by a decrease in viscosity, up to 

the cac value, followed by a drastic increase until the proximity of the psp where it starts 
to decrease again (these trends are in close agreement with those obtained with optical 

transmittance measurements). SDS also promotes an increase in the gelation 

temperature and, for high concentrations, may completely inhibit gel formation.  
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Chapter 4 

4. Structure activity relationships in alkylammonium C12-

gemini surfactants used as dermal enhancers 

The purpose of the study presented in this chapter was to determine the ability and the 

safety of a series of alkylammonium C12-gemini surfactants to act as permeation 

enhancers for three model drugs, namely lidocaine HCl, caffeine and ketoprofen. In vitro 

permeation studies across dermatomed porcine skin were carried out over 24 hours, 

after pretreating the skin for 1 hour with an enhancer solution 0.16M dissolved in 

propylene glycol. The highest enhancement ratio (ER = 5.1) was obtained using G12-6-

12, resulting in a cumulative amount of permeated lidocaine HCl of 156.54 g cm-2. The 

studies with caffeine and ketoprofen revealed that the most effective gemini surfactant 

was the one with the shorter spacer, G12-2-12. The use of the latter resulted in an ER of 

2.4 and 2.2 in the passive permeation of caffeine and ketoprofen, respectively. However, 

azone was found to be the most effective permeation enhancer for ketoprofen, attaining 

a total of 138.36g cm-2 permeated, 2.7-fold over controls.  

This work demonstrates that this class of compounds is effective in terms of increasing 

the permeation of drugs, especially in the case of hydrophilic and ionized compounds, 

that do not easily cross the complex lipid barrier of the skin, the stratum corneum. Skin 

integrity evaluation studies did not indicate the existence of relevant changes in the skin 
structure after the use of the permeation enhancers, while the cytotoxicity studies 

allowed establishing a relative cytotoxicity profile including this class of compounds, 

single chain surfactants, and azone, a well-known permeation enhancer. A dependence 

of the toxicity to HEK and to HDF cell lines on the spacer length of the various gemini 

molecules was found. 
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4.1. Introduction 

The stratum corneum (SC) is the skin outermost later and it is generally recognized to be 
the major barrier to the permeation of drugs applied topically. SC is composed of 

keratinocytes embedded in a complex extracellular lipid mixture, containing ceramides 

(45-50%), cholesterol (25%), free fatty acids (10-15%) and some other lipids such as 

cholesterol sulfate, highly organized as gel phase membrane domains [27].  

Difficulties in obtaining and handling human skin have prompted researchers to employ 

alternative animal membranes for percutaneous studies. Among all, porcine skin is 

recognizably the closest model to human skin, since it has anatomical and morphological 

similarities with human skin [176, 304, 305], particularly in epidermis and upper dermis 

vasculature [180]. There are studies reporting similar in-vitro permeation values between 

human and porcine skin, and a significant positive correlation for the permeation of 

several drugs [172, 177]. 

The biggest challenge in transdermal drug delivery is to reversibly alter the barrier 
properties of the SC and, therefore, increase the transport of drugs across the skin. Such  

compounds are general known as chemical penetration enhancers (CPE) and have 

different mechanisms of action, which include increasing the partition of the drugs to the 

skin or their diffusion rates in the SC [12, 306, 307]. 

According to Fick’s law of diffusion  

	
	 	 	 	 	 	 	 	 4.1 	

where J is the steady-state flux, D is the diffusion coefficient of the drug in the SC, h is 

the diffusional path length or, in this case, the membrane thickness, P is the partition 

coefficient and C0 is the drug concentration applied, a combination of enhancement 

effects on diffusivity and partitioning may result in an enhancement effect. Synergistic 

effects have been verified for many combinations, including azone and propylene glycol 

[308]. 

Surfactants comprise a broad class of compounds with surface-active properties, and 
consequently have a great potential to be used as permeation enhancers.  Surfactants 

are often employed in transdermal formulations to increase the permeation of drug 

molecules across the skin. At concentrations below the critical micelle concentration 

(cmc), surfactants exist free in solution as unimers, and the effects of increasing skin 

permeability are generally ascribed to the ability of surfactant molecules to penetrate in 

the hydrophobic domains of the SC, therefore increasing the fluidity of the lipid structures 

[106]. 
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The major concerns about the use of surfactants in TDD are associated with the 

possibility of local irritation, erythema, itching and the time required for adequate skin 

recovery, as well as problems related with the transport into the systemic circulation [2, 

74, 309]. 

Despite the fact that cationic surfactants are reputedly at least as irritating as anionic 

ones, they are used in cosmetic formulations and have been reported to possess 

antibacterial properties [310, 311]. The potential of some alkyl surfactants to act as 
chemical permeation enhancers for various drugs have been studied and reported in the 

literature [106, 312-315]. Some studies have focused on the influence of the alkyl chain 

length on the potency of the surfactants as chemical permeation enhancers. The highest 

enhancer activity was found for surfactants with C12 alkyl chains [316].  

Unlike conventional surfactants, which are composed by a single hydrophobic tail 

connected to a polar head group, gemini (or dimeric) surfactants structurally consist of at 

least two hydrophobic tails and two hydrophilic head groups covalently linked by a 

spacer group [317, 318]. The chemical structure of the spacer and head groups may 

vary, resulting in compounds with different physico-chemical properties. The spacer can 

be as short as 2 methylene groups or long (12 methylene groups), rigid (stylbene) or 

flexible (methylene chain), polar (polyether) or nonpolar (polyether sugar). Also, the polar 

head group can be positive (e.g. ammonium as in the compounds reported in this study), 
negative (phosphate, sulfate) or nonionic (aliphatic or aromatic) [318, 319].  

 

Fig. 4.1 Schematic representation of cationic gemini surfactant. These molecules are composed of two 
monomeric surfactant molecules linked by a spacer chain. 

Gemini surfactants (Fig. 4.1) are typically micelle-forming surfactants that are reportedly 

more efficient in lowering the surface tension and have considerably lower critical micelle 

concentration (cmc) values than the corresponding single chain surfactants at the same 
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temperature, generally by one order of magnitude or more. These interfacial properties 

are attributed to the higher hydrophobicity of the gemini compared to their single chain 

homologues; furthermore, it is observed that for a series of n-s-n compounds, those 

properties are non-monotonically influenced by the spacer length, s [311, 320]. In what 

concerns to skin penetration enhancement of drugs, the enhanced interfacial properties 

may result in an efficient penetration enhancement using lower molar concentrations, 

therefore reducing the undesired irritancy or toxic effects on the skin. In addition, 
alkylammonium cationic gemini surfactants similar to those used in the present study 

have been reported to significantly interact with lipid membranes. It was reported that the 

presence of these compounds decreased the degree of organization of 

dipalmitoylphosphatidylcholine (DPPC) bilayers. The effect on the liposomes was found 

to be dependent on the spacer length, with the vertical positioning of gemini molecules 

inside the bilayer being governed by the hydrophobic effect upon the spacer [321].  

The objective of this study is to evaluate the potential of a series of cationic C12-

alkylammonium gemini surfactants as CPE for various model drugs across porcine skin, 

following a methodology identical to that used in a previous work of the authors [322]. 

These compounds consist of dimethylene-1,2- bis (dodecyldimethylammonium bromide), 

hexamethylene-1,2- bis (dodecyldimethylammonium bromide) and decamethylene-1,2- 

bis (dodecyldimethylammonium bromide), respectively referred in this manuscript as 
G12-2-12, G12-6-12 and G12-10-12.  

 

Fig. 4.2 Molecular structures of the chemical permeation enhancers used in this work (G12-2-12, G12-6-12, 
G12-10-12, DTAB and azone) 

In spite of the fact that literature is abundant with studies that assess skin permeation 

enhancing by a variety of compounds, systematic approaches relating structure and 

enhancing efficiency are rare. In this work, different spacer lengths were chosen, 

implying different cmc values and different hydrophobicity of the compounds. Single 

chain alkylammonium surfactant dodecyltrimethylammonium bromide (DTAB) and 

azone, a well-known CPE [316, 323-328], both having C12-akyl chains in their structures, 

were also used in this study, for comparative purposes (Fig. 4.2).  
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The variations imposed on the CPE are combined with the use of drugs with distinct 

physico-chemical properties: lidocaine HCl, positively charged; caffeine (non-ionized and 

hydrophilic) and ketoprofen (non-ionized and hydrophobic). 

 

Fig. 4.3 Molecular structures of lidocaine hydrochloride monohydrate (on the left, a), Mw: 288.81; ACD/logP: 
2.359; ACD/ logD (pH5.5): -0.13), caffeine (on the center, b), Mw: 194.19; ACD/logP: -0.628; ACD/ logD 
(pH5.5): -0.63) and ketoprofen (on the right, c), Mw: 254.28; ACD/logP: 2.911; ACD/ logD (pH5.5): 1.62) 

4.1.1. Drug information and background 

Lidocaine is a local anesthetic of the amide type. It is used for infiltration anesthesia and 
regional nerve blocks and is also classified as a Ib antiarrhythmic used in the treatment 

of ventricular arrhythmias, especially after myocardial infarction. It is generally 

administered as the hydrochloride form in pharmaceutical formulations. Lidocaine has a 

rapid onset of action and an intermediate duration, and it is readily absorbed from the GI 

tract, through mucous membranes and damaged skin, but is poorly absorbed through 

intact skin. Lidocaine undergoes a fast and extensive (about 90% of a given dose) first-

pass metabolism, and the bioavailability is about 35% of an oral dose. The amount of 

lidocaine recommended for surface anesthesia varies in different countries, but normally 

doses are given as a 2% gels, ointments and topical solutions. The range can vary from 

1 to 4% and, in some conditions lidocaine with a concentration of 10% has been 

formulated as a spray for application in mucous membranes. 

Caffeine is a methylxanthine that inhibits the enzyme phosphodiesterase and has an 
antagonistic effect at central adenosine receptors. Pharmacologically, it is a stimulant of 

the CNS, especially the higher centers, producing a state of wakefulness and increased 

mental activity while its action on the respiratory center causes an increase in the rate 

and depth of respiration. Caffeine is also known for its bronchodilating properties, diuretic 

action and for improving the performance of muscular work. Caffeine is rapidly and 

completely absorbed after oral doses with negligible first-pass effect [329, 330] and it is 

also absorbed through the skin, quickly passing into the CNS. Caffeine oral doses range 

from 50 to 200 mg, despite unit doses of about 15-65 mg are present in oral analgesic 

formulations containing acetaminophen, aspirin or codeine.  

Ketoprofen is a propionic acid derivative, pharmacologically considered a NSAID, used 

in the management of various musculoskeletal and joint disorders and dysmenorrhea, 

postoperative pain, acute gout or soft-tissues disorders. Ketoprofen is readily absorbed 
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from the gastrointestinal tract. It is also well absorbed from the intramuscular and rectal 

routes, but poorly absorbed through the skin. Topical application may cause contact and 

photoallergic dermatitis [331-334]. Daily use of ketoprofen usually ranges between 100 

and 200 mg divided in several doses. 2.5% gel ketoprofen formulations are employed 2-

3 times a day to treat local pain conditions.  

Additionally, the effects on the skin structure of the CPE and methodology employed was 

studied using light microscopy and scanning electron microscopy (SEM). The cytotoxicity 
of all compounds was also assessed and discussed. These studies were performed in 

cultured human epidermal keratinocytes (HEK) and in human dermal fibroblasts (HDF). 

4.2. Experimental section 

4.2.1. Materials 

Hydroxypropylmethyl cellulose (HPMC K15M) was a kind gift from Dow Chemical 

Company (USA). Lidocaine hydrochloride monohydrate, ketoprofen, caffeine and 

dodecyltrimethylammonium bromide (DTAB) (BioXtra, ≈ 99%), propylene glycol (PG) 

(Reagent Plus, 99%) were purchased from Sigma Aldrich (Saint Louis, MO, USA). 

Azone was synthesized at the New Jersey Center for Biomaterials, Rutgers, The State 

University of New Jersey (Piscataway, NJ, USA). The three cationic gemini surfactants 

used in this study (Fig. 4.2), alkylene bis(dodecyldimethylammonium bromide), 12-s-12 

for s = 2, 6 and 10, namely dimethylene-1,2- bis (dodecyldimethylammonium bromide), 

hexamethylene-1,2- bis (dodecyldimethylammonium bromide) and decamethylene-1,2- 

bis (dodecyldimethylammonium bromide), were synthesized and purified in the 

Department of Chemistry and Biochemistry, University of Porto, according to the method 
of Menger [317, 335, 336]. The purity of the compounds was ascertained by NMR, 

differential scanning calorimetry and determination of critical micelle concentration (cmc) 

by surface tension. The values obtained for cmc were 0.85, 0.96 and 0.40 for G12-2-12, 

G12-6-12 and G12-10-12, respectively, all in good agreement with previously reported 

values [337]. Furthermore, no dips near the cmc break were found in the surface tension 

vs. concentration plots, further confirming that surface-active impurities are absent. 

Phosphate buffer saline tablets (PBS) were purchased from TIC Gums (Belcamp, MD, 

USA). Formalin 10% was purchased from Fisher Scientific, Inc. (Torrance, CA, USA). 

CellTiter 96® AQueous One Solution Cell Proliferation Assay (MTS) was purchased from 

Promega Corp (Madison, WI, USA).  Tissue-Tek® O.C.T™ Compound was purchased 

from Sakura Finetek USA, Inc. (Agawam, MA, USA). Porcine skin tissue was obtained 

from young Yorkshire pigs (26.5–28 kg, UMDNJ, Newark, NJ). Human epidermal 
keratinocytes (HEK) and human dermal fibroblasts (HDF) were purchased from 

Invitrogen™ (Carlsbad, CA, USA). 
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4.2.2. Hydrogels composition and preparation 

Drug-loaded HPMC hydrogels were prepared as follows. Lidocaine HCl hydrogel 

contained 2.5% (w/w) lidocaine HCl, 1% (w/w) HPMC K15M and deionized water. 
Caffeine hydrogel was composed of 1.5% caffeine, 1% (w/w) HPMC K15M and 

deionized water. Ketoprofen hydrogel contained 5% (w/w) ketoprofen, 1% (w/w) HPMC 

dissolved in a mixture of PG/water 80:20. 

4.2.3. Porcine skin preparation 

Porcine skin was excised and dermatomed using a Padgett® Model B Electric 

Dermatome (Integra LifeSciences, Plainsboro, NJ) with 650-750 μm thickness and 

stored at −80°C. Before the experiments, skin samples were thawed at room 

temperature, before immersion in PBS (pH=7.4) for 1 h, for equilibration. 

4.2.4. Composition and preparation of the enhancer solutions 

The enhancer solutions were prepared at a concentration of 0.16M in PG. All 

compounds were soluble in PG at the concentration used, and produced clear solutions. 

4.2.5. Drug delivery studies 

In vitro permeation studies were performed over 24 hours using vertical Franz diffusion 

cells (PermeGear, Inc., PA, USA) with a diffusion area of 0.64 cm2 and a receptor 

compartment of 5.1mL filled with PBS solution (pH = 7.4). The receptor medium was 

maintained at 37°C ± 0.1 and stirred at 600 rpm during the permeation experiments. 

Drug loaded hydrogel (0.3 mL) was placed in each donor compartment and immediately 

covered with Parafilm®, preventing evaporation. Dermatomed porcine skin pieces with a 

thickness of 0.76 mm were used as a membrane. The skin was placed between the 

donor and receptor compartments, with the epidermal side facing up. At predetermined 

time points, namely 0, 4, 8, 12, 16, 20, 22 and 24 h, 300 L samples were collected from 

the receptor compartment and immediately replaced with 300 L of new PBS solution. 

The samples were kept in the refrigerator prior to HPLC analysis. Before initiating the in-

vitro permeation experiments, all the skin samples, except the control, were pretreated 

with 60 L of the various enhancer solutions, for 1 h. The origin, t=0, corresponds to the 

instant of application of the drug loaded hydrogel in the donor compartment. The sample 

concentrations were corrected to account for drug taken out at each sample point. 
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4.2.6. Drug quantification 

All samples were analyzed using HPLC. The system consisted of an Agilent HP 1100 

series with an autosampler, equipped with a quaternary pump and a VMD detector and 
an Agilent Chemstation. The quantification of lidocaine hydrochloride was carried out 

using a reverse phase Nova-Pak® C18 Column (4mm pore size, 3.9x300mm -Waters, 

Milford, MA, USA) with a guard column as the stationary phase. The mobile phase was 

prepared by mixing 50 mL of glacial acetic acid to 930 mL of water followed by adjusting 

the pH to 3.40 with a solution of 1M NaOH. Later, 4 volumes of the previous solution 

were mixed with 1 volume of Acetonitrile. The flow rate was set to 1.1 mL/min and the 

injection volume was 20L. Lidocaine hydrochloride was detected at 254 nm and the 

retention time was ca. 4.5 minutes. The method showed a linear response in the 0.025-

1.0 mg/mL (R2 = 0.9998) with a daily RSD < ±3.0%. A reverse-phase C18 column (150 x 

4.6mm C18 (2) 100 A Luna 5m, Phenomenex®) with a guard column was the stationary 

phase for the caffeine assay, at 25°C. The mobile phase consisted of a mixture of 15% 

acetonitrile and 85% of a solution of 0.1% H3PO4 in water. The flow rate was set to 1.0 

mL/min and the injection volume was 20 L. Caffeine was detected at 273 nm and the 

retention time was ca. 4 minutes. The method showed a linear response in the 0.01-500 

mg/mL range (R2 = 0.9973) with a daily RSD < ± 3.0%. Ketoprofen was detected at 256 

nm using a reverse-phase C18 column (150 x 4.6mm C18 (2) 100 A Luna 5m, 

Phenomenex®) with a guard column as the stationary phase at 25°C. The mobile phase 

consisted of a mixture of 45% of a 0.1% solution of H3PO4 and 55% acetonitrile. The flow 

rate was set to 1.0 mL/min and the injection volume was 20 L. In these conditions, the 

method exhibited a linear response between 0.01-100 mg/mL (R2 = 1.0000), and the 

retention time was close to 4 minutes with a daily RSD < ±3.0%. 

4.2.7. Data analysis in the permeation studies 

The steady flux at time t (J, g.cm−2) was calculated from the slope of the linear portion 

of the plot of the cumulative drug amount permeated versus time. Q24 refers to the 

cumulative drug amount present in the receptor compartment solution after 24 h of 

permeation experiment. The enhancement ratio (ER) for flux was calculated using  

	 	 	 	 	

	 	 	 	
      (4.2) 

Results are presented as mean ± standard deviation (SD) (N), where N is the number of 

replicates. Flux values were examined for significance using unpaired Student’s t-test. 

The p value was set to 0.05, meaning that for p < 0.05, there was statistically significant 

difference between the control and the enhancers tested. 
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4.2.8. Skin integrity evaluation  

Skin samples used in the permeation studies were subsequently rinsed with deionized 

water, dried and stored at -80°C. These samples were later investigated for the 
occurrence of morphological changes caused by the CPE and methodology employed. 

4.2.8.1. Histology - light microscopy studies  

Skin samples used in the permeation studies were sectioned and fixed using 10% 

buffered formalin for 24 hours at room temperature. Skin samples were subsequently 

dehydrated with 50%, 75%, 95% and 2 changes of 100% absolute ethanol for 1 hour 

each. Samples were embedded in Tissue-Tek® O.C.T. compound and frozen using dry 

ice [338]. Cross-section slices of 7m thickness were obtained using a microtome (Leica 

Model CM 1850, Leica Microsystems, Inc. Bannockburn, IL, USA) and stained following 

the Ellis Hematoxylin and Eosin (H&E) staining protocol [339]. 

The stained slices were analyzed using a Nikon Eclipse E 800 light microscope (Micro 

Optics, Cedar Knolls, NJ, USA) at 10, 20 and 40 x. A Nikon Digital Camera (Model DXM 

1200) was used to capture images. Images were processed using SPOT TM Imaging 

Software, Version 5.0 (Diagnostic Instrument, Inc., Sterling Heights, MI, USA). 

4.2.8.2. Scanning Electron Microscopy studies 

Skin samples were submerged in Tissue-Tek® O.C.T. Compound and frozen using dry 

ice. Cross-sectional slices of the frozen samples were prepared (10 m thickness) using 

a microtome (Leica Model CM 1850, Leica Microsystems, Inc. Bannockburn, IL, USA). 

The samples were defrosted and fixed using 4% formaldehyde for 1.5 hours. 

Subsequently, skin samples were rinsed and placed in deionized water, at room 
temperature for 2 hours and dehydrated using solutions of 30%, 50%, 75%, and 95% 

ethanol in water for 25 minutes. Finally, they were placed in two changes of absolute 

ethanol (100%) for 2 hours at room temperature. The dehydrated samples were dried 

with a critical-point drier (model CPD 020) and coated with gold. Surface and cross-

sections pictures of the samples were taken using Scanning Electron Microscopy (SEM - 

model AMARY-18301).  

4.2.9. Cytotoxicity studies – MTT/MTS Assay 

MTT / MTS assays are a colorimetric method used to determine the number of viable 
cells in cytotoxicity assays, widely reported in the literature for similar systems [340-343]. 

MTS reagent (CellTiter 96® AQueous One Solution Reagent) contains a tetrazolium 

compound [(3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-

2H-tetrazolium, inner salt] which is converted by mitochondrial dehydrogenase enzymes 

of living cells into a colored formazan compound. The number of viable cells is directly 
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proportional to the quantity of formazan product formed as measured by the absorbance 

at 490nm (Promega Corp. Protocol, 2009). The levels of formazan formed were 

quantified using a Microplate Power Wave X Scanning Spectrophotometer (Bio-TEK 

Instruments, Inc. Winooski, VT, USA). 

Cytotoxicity studies were carried out both in cultured HEK and in HDF seeded at 8000 

cells/well in 96-well plates under sterile conditions. The objective was to evaluate the 

toxic effects of the CPE on these types of skin cells, establishing a concentration-toxicity 

response. HEK were seeded in 100L/well of Epilife® (MEPI 500CA) medium 

supplemented with gentamycin (Gibco®), human keratinocyte growth supplement 

(Gibco®) and were incubating for 24 hours at 37°C, 5% CO2 and 90% R.H. HDF were 

seeded in 100 L/well of GIBCO®- Dulbecco's Modified Eagle Medium (DMEM) medium 

with 100 IU/mL penicillin, 100 IU/mL streptomycin and 10% fetal bovine serum. All the 

media and biological reagents were purchased directly from Invitrogen™, Inc. (Carlsbad, 

CA, USA). 

After seeding, the culture medium was removed and cells were exposed to medium 

(control), propylene glycol (PG) and various concentrations (160, 16, 1.6, 0.16, 0.016 

M) of azone and cationic gemini surfactants solutions in PG, subsequently diluted in 

culture medium and  placed in the incubator for an additional period of 24 hours in the 

same environmental conditions. After exposure, testing solutions were removed and 

replaced by a pre-mixed solution of MTS reagent (CellTiter 96® AQueous One Solution) 

and appropriate medium (Promega Corp. Protocol, 2009), and were returned to the 

incubator for 2 hours. The 96-well plates were read at 490nm using a plate reader 

(Microplate Power Wave X Scanning Spectrophotometer - Bio-TEK Instruments, Inc. 

Winooski, VT, USA). 

Results are presented as % cell viability (mean ± standard deviation, N=6), C.V., after 

background absorbance (abs), determined from “no cell” control wells was subtracted, 

according to 

. .
	 	 	 	

	 	 	 	 	
      (4.3) 

4.3. Results and Discussion 

4.3.1. In vitro permeation studies 

4.3.1.1. Effect of the penetration modifiers on the transdermal drug delivery of 

lidocaine hydrochloride 

As described in the experimental section, three gemini C12 surfactants, DTAB and azone 

were dissolved in PG at a concentration of 0.16M. The enhancer solutions were applied 
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to the epidermal side of dermatomed porcine skin placed between the donor and 

receptor compartments of Franz diffusion cells for 1 hour prior to the application of the 

lidocaine HCl loaded hydrogels. The results obtained are presented in Table 4-1 and the 

permeation profiles are shown in Fig. 4.4. 

Table 4-1 Effect of the chemical permeation enhancers on percutaneous permeation of lidocaine HCl across 
porcine skin. Data are presented as means ± S.D. (3≤N≤6). 

Penetration modifier Flux (g cm-2 h-1) Q24 (g cm-2) ER 

Control (drug-loaded hydrogel only) 2.43 ± 0.52 48.71 ± 11.00 - 

Propylene glycol (PG) 3.23 ± 2.17 73.79 ± 48.10 2.2 

0.16M G12-2-12 in PG* 3.96 ± 1.30 83.26 ± 27.66 2.7 

0.16M G12-6-12 in PG* 7.60 ± 3.55 156.54 ± 80.08 5.1 

0.16M G12-10-12 in PG* 5.75 ± 1.65 138.13 ± 31.18 3.9 

0.16 M azone in PG* 5.08 ± 2.22 113.90 ± 52.72 3.4 

0.16 M DTAB in PG* 5.53 ± 0.80 98.61 ± 15.08 3.7 

* Statistically significant difference between enhancer and control, at p < 0.05 (Student’s t-test) 

 

Fig. 4.4 Cumulative amount of lidocaine HCl permeated across porcine skin as a function of time. Skin was 
pretreated for 1 hour with enhancer solutions in PG, prior the start of the permeation experiments. 

The use of all three gemini surfactants tested, DTAB and azone solutions resulted in a 

statistically significant increase (p<0.05) of lidocaine HCl permeation, when compared to 

control. G12-6-12 was shown to be the most effective permeation enhancer resulting in a 

5-fold increase of the ER, followed by G12-10-12 (ER = 3.9), DTAB (ER = 3.7) and 
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azone (ER = 3.4). In contrast, PG and the gemini surfactant with the shorter spacer 

(G12-2-12) showed poor performance. 

4.3.1.2. Effect of the penetration modifiers on the transdermal drug delivery of caffeine 

Caffeine is a nonionic hydrophilic compound. The results obtained with this agent are 

presented in Table 4-2 and Fig. 4.5, and show that PG significantly decreased the 

amount of drug permeated, to approximately one half compared to the control. 

Table 4-2 Effect of the chemical permeation enhancers on percutaneous permeation of caffeine across 
porcine skin. Data are presented as means ± S.D. (6≤N≤9). 

Penetration modifier Flux (g cm-2 h-1) Q24 (g cm-2) ER 

Control (drug-loaded hydrogel only) 4.54 ± 0.96 99.72 ± 21.32 - 

Propylene glycol (PG)* 1.87 ± 0.47 35.28 ± 7.49 0.4 

0.16M G12-2-12 in PG* 10.93 ± 2.63 226.92 ± 58.75 2.4 

0.16M G12-6-12 in PG* 8.15 ± 2.15 162.72 ± 35.40 1.8 

0.16M G12-10-12 in PG 6.12 ± 2.11 127.91 ± 46.05 1.34 

0.16 M azone in PG 5.70 ± 2.26 118.09 ± 45.74 1.3 

0.16 M DTAB in PG* 10.52 ± 3.37 208.77 ± 62.07 2.32 

* Statistically significant difference between enhancer and control at p < 0.05 (Student’s t-test) 

 

Fig. 4.5 Cumulative amount of caffeine permeated across porcine skin as a function of time. Skin was 
pretreated for 1 hour with enhancer solutions in PG, prior the start of the permeation experiments. 

 



 

 

81 

Structure activity relationships in alkylammonium C12-gemini surfactants used as dermal enhancers 

In contrast, gemini surfactants G12-2-12 and G12-6-12 and DTAB significantly increased 

the caffeine permeated after 24h by approximately 2-fold. Surprisingly, azone had a 

modest performance in terms of penetration enhancement, causing only a slight increase 

of caffeine permeated, with a value that is not statistically different from control. 

4.3.1.3. Effect of the penetration modifiers on the transdermal drug delivery of 

ketoprofen 

Permeation experiments using ketoprofen as model drug were slightly different from 
those of lidocaine HCl and caffeine. Unlike in the case of the previous drug-loaded 

hydrogels, PG was directly incorporated in the hydrogel formulation due to low solubility 

(51 mg/L) of ketoprofen in water-based vehicles and, for this reason, was not tested as 

CPE separately. Permeation data presented in Table 4-3 and in Fig. 4.6 shows that 

azone and Gemini G12-2-12 were the most effective CPE with respectively 2.7 and 2.2 

enhancement ratios, and the only CPE tested that proved to be statistically different from 

the control.  

Table 4-3 Effect of the chemical permeation enhancers on percutaneous permeation of ketoprofen across 
porcine skin. Data are presented as means ± S.D. (5≤N≤8). 

Penetration modifier Flux (g cm-2 h-1) Q24 (g cm-2) ER 

Control (drug-loaded hydrogel only) 2.43 ± 0.52 48.71 ± 11.00 - 

0.16M G12-2-12 in PG* 5.25 ± 2.19 110.15 ± 47.96 2.2 

0.16M G12-6-12 in PG 2.44 ± 0.23 49.09 ± 5.56 1 

0.16M G12-10-12 in PG 3.25 ± 0.97 65.53 ± 20.65 1.3 

0.16 M azone in PG* 6.56 ± 1.02 138.36 ± 22.13 2.7 

0.16 M DTAB in PG 3.39 ± 1.11 67.28 ± 21.93 1.4 

* Statistically significant difference between enhancer and control at p < 0.05 (Student’s t-test) 

Gemini G12-10-12 (ER = 1.3) and DTAB (ER = 1.4) caused a mild increase in the 
ketoprofen permeated, while the use of gemini G12-6-12 resulted in the same amount of 

ketoprofen permeated as control. 
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Fig. 4.6 Cumulative amount of ketoprofen permeated across porcine skin as a function of time. Skin was 
pretreated for 1 hour with enhancer solutions in PG, prior the start of the permeation experiments. 

4.3.2. Overview and comparison 

Fig. 4.7 summarizes the ER obtained using the CPE for the three drugs (lidocaine HCl, 

caffeine and ketoprofen). It is seen that the most effective CPE are those with shorter or 

intermediate spacer lengths. In the case of lidocaine HCl, the maximum ER was found 

with a spacer of 6 carbons (G12-6-12, ER=5.1), and the CPE with the shorter spacer 

(G12-2-12) was the least effective. However, as the hydrophobicity of the drug increases 

the trend changes. In the case of caffeine and ketoprofen, G12-2-12 was clearly the 

most effective CPE accounting for a 2.5-fold and 2.2-fold increase in the flux, 

respectively. In studies with caffeine, the effect of G12-6-12 was still significant (ER=1.8) 

while that of G12-10-12 was found negligible. Also negligible were the effects of both 

G12-6-12 and G12-10-12 in the case of ketoprofen. 

It is also seen that in most cases steady-state permeation is attained after a period not 

exceeding 8h, and maintained for the full period of observation of 24h. Noting that the 
skin is pretreated with the CPE, and thus is not incorporated in the gel formulation, it is 

possible to infer that the enhancer effect is maintained in spite of phenomena such as 

permeation and dilution in the formulation. Otherwise, a decrease in the flux would be 

detected. 
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Fig. 4.7 ER obtained pretreating the skin using the various CPE for lidocaine HCl (top), caffeine (center) and 
ketoprofen (bottom). 

The results obtained indicate that the effect of CPE is especially important in cases 

where the drug is clearly hydrophilic, decreasing as the hydrophobicity of the drug 

increases. This trend parallels with a previous work in which terpenes were used as CPE 

for drugs with different hydrophobicities [49].  

Gemini molecules, owing to their amphiphilic nature and dicationic headgroup, will most 

certainly interact strongly with the intercellular lamellar lipid bilayers of SC. Moreover, 

due to the high gemini concentrations used in the formulations, one can presume that 
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ultimately there will be local compositional non-homogeneities in the lipid membranes, 

with the plausible formation of gemini-rich environments, through which the drugs will 

more easily permeate. It is well known that the interfacial and self-assembling properties 

of G12-s-12 gemini surfactants are determined by spacer length in a subtle way [344]. 

Due to its short 2-carbon spacer, G12-2-12 has a high positive charge density in the 

polar region of the molecule; moreover, its approximately cylindrical shape (critical 

packing parameter close to 1) dictates the formation of long cylindrical micelles already 
at low concentrations above the critical micelle concentration. G12-6-12, in turn, has a 

spacer that tends to lie “flat” at the interface, which implies an interfacial Gibbs energy 

penalty [344]. Thus, G12-6-12 has a higher cmc than G12-2-12 (0.96 and 0.85 mM, at 

25°C, respectively) and forms micelles of higher curvature than G12-2-12: small 

spheroidal micelles that show limited growth with concentration. For G12-10-12, the long 

flexible spacer is able to more easily bend from the interface into the hydrophobic core of 

the aggregate, and hence this surfactant is characterized by a lower cmc (0.40 mM, at 

25°C) than both G12-2-12 and G12-6-12, even despite the fact that the long spacer will 

create a unfavorable packing Gibbs energy term (higher chain conformational restrictions 

in the micellar core). G12-10-12 also forms small spheroidal micelles of limited 

concentration-induced growth. 

Overall, it is reasonable to presume that these different gemini surfactants will induce 
different types of local bilayer perturbation in the SC, namely in terms of local curvature, 

surface charge density, and steric hindrance in the hydrophobic core of membranes. 

Recent studies on the effect of gemini surfactants on lipid bilayers show that gemini 

molecules with tails containing 12 carbons are effective in inducing a decrease in the 

overall order of the bilayers due to an interplay of effects [321, 345]. It was found that the 

longer spacers tend to bend towards the inside of the bilayers, just as in neat micelles 

and at air-water interface, which may explain, as a first approach, the similitude of action 

found in the present work between G12-6-12 and G12-10-12. 

Furthermore, on the basis of the above considerations, the fact that G12-2-12 has the 

lowest ER for positively charged lidocaine can be reasonably understood because 

unfavorable electrostatic repulsions should be at stake in the interaction of G12-2-12-

enriched bilayer domains with the drug. For G12-10-12, headgroup charge density may 
also be relatively high, due to inward bending of the spacer that will bring charges to 

closer distance, but previous studies on mixed gemini-lipid bilayers show that the 

molecule as whole tends to be vertically more indented into the bilayer, with the 

consequence that charge is less interfacially exposed [345]. Moreover higher steric 

hindrance (atom density) in the core may not facilitate drug permeation through the 

bilayer. The effect of G12-10-12 is hence comparable to that of DTAB. It appears that 

G12-6-12 has the most favorable spacer length for lidocaine permeation, having enough 

ability to perturb the bilayer but decreased headgroup charge density and spacer 

hindrance, compared to the other two gemini. The existence of an optimal spacer (and 

thus charge-to-charge) distance in the interaction of gemini with other molecules has 

been reported before, for example in gemini-polyelectrolyte mixtures [346]. 
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In contrast, the short-spacer gemini seems to be the most efficient enhancer for caffeine 

and ketoprofen. Even though these drugs are uncharged, here we cannot discard the 

presence of electrostatic effects (albeit weak) promoting the enhancement, since 

caffeine is a relatively polar molecule and ketoprofen has an ionizable acidic group, and 

in both cases interaction with a cationic headgroup should be favorable. One slightly 

surprising result is the fact that G12-10-12, the most hydrophobic of the gemini, is not 

particularly effective as an enhancer for the most hydrophobic drug (ketoprofen), while 
G12-2-12 is significantly better. A possible explanation is the following: even though 

perturbation of the bilayer exists with G12-10-12 and a hydrophobic environment is 

“created”, steric hindrance promoted by the relative long bent spacer in the hydrophobic 

core of the bilayer will not facilitate drug permeation. Azone was the most effective CPE 

in the case of ketoprofen, the most hydrophobic drug, while the single-chain surfactant 

DTAB, has shown an intermediate performance, ranking between the most and the least 

effective gemini surfactant, in each case. DTAB might have the same weak electrostatic 

effect as G12-2-12 but because of its single-chained structure (and higher curvature 

effects) it may not be as effective as the gemini in forming a local hydrophobic 

environment. 

The present results indicate that the enhancing effects for the gemini molecules are a 

result of a combination of mechanisms, probably disturbing the SC lipid organization but 
also promoting the transport of the more hydrophilic, and charged drugs. Delipidization 

effects within the SC layer of the skin cannot also be discarded. 

4.3.3. Skin integrity evaluation 

Porcine skin samples used in the permeation experiments were carefully washed with 

water before storage at −80°C. Potential effects on the skin and morphological changes 

caused by the use of the chemical penetration enhancers and formulations were 

evaluated by means of histology-light microscopy and SEM. 

4.3.3.1. Histological studies 

Porcine skin samples used in the permeation experiments described above, pretreated 

with various permeation enhancers, were collected and later subject to histological 

procedures followed by observation, at different magnifications, using a light microscope.  

Fig. 4.8 shows cross section pictures of untreated porcine skin obseved at three 

magnifications: 10x (a), 20x (b) and 40x (c), that were used as the negative control. The 

different layers of the skin can be identified based on the their morfological differences 

enhanced after the staining protocol employed. The outermost skin layer visible is the 

stratum corneum (SC). This is the the target struture for the chemical permeation 

enhancers. The viable epidermis (VE) is the dark colored struture underneath the SC 
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and above the dermis (D), the larger and lighter structure visible. Hair folicles are also 

visible in some of the pictures shown. 

 

Fig. 4.8 Untreated (Control) porcine skin pictures were captured using an optical light microscope at 10x - a), 
20x - b), 40x - c). The distinct skin layers can be observed: stratum corneum (SC), viable epidermis (VE), 
dermis (D) and hair follicles (HF). 

The images presented in Fig. 4.9 were obtained from skin samples used in the 

permeation experiments treated with the different CPEs.  

 

Fig. 4.9 Porcine skin pictures were obtained from the skin samples used in the permeation experiments that 
were previously pretreated with the CPE. For simplicity only the pictures taken at 20x magnification are 
shown. The pictures refer to the samples pretreated with: PG (d), azone (e), DTAB (f), G12-2-12 (g), G12-6-
12 (h), G12-10-12 (i) as penetration enhancer. 

These studies was performed in order to observe potential alterations and damages 

caused by the CPE to the skin structure, particularly on the outer layers, since the main 

target of the CPE is the intercellular lipid matrix of the SC. By comparing the images from 
the untreated skin samples (Fig. 4.8) and images of skin treated with the CPE (Fig. 4.9), 

it is observed that there are not relevant macroscopic differences concerning the integrity 

and cohesion between the skin layers. In both untreated and treated samples, the 

shedding of cells sheets from the SC is visible. The different shades are essentially due 

to the variability occurred during the staining protocol. 
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4.3.3.2. Scanning Electron Microscopy (SEM) studies 

SEM studies were performed in order to observe the occurrence of potential harmful 

effects caused by the use of CPE on the skin that could not be perceived using 

conventional light microscopy. Since this technique has a large depth of field, the images 

obtained have a three-dimensional appearance, high-resolution even at high 

magnifications, revealing details of the surface of the skin. 

Skin layers such as the SC (the outermost multi-layered structure), viable epidermis (the 
darker area) and dermis (the thickest structure mostly composed of connective tissue 

under the viable epidermis) are visible in detail in Fig. 4.10 and Fig. 4.11.  

 

Fig. 4.10 SEM cross section of untreated porcine skin (control) at 100x (left top), 200x (right top), 400x (left 
bottom) and 600x (right bottom) magnification, revealing the skin structures. This skin samples were not 
subjected to permeation studies and are presented for comparative purposes. 

Unlike the control samples shown in Fig. 4.10 presented for comparative purposes, the 

pictures presented in Fig. 4.11 were obtained from skin samples previously used in the 
permeation studies, reported in section 4.3.1. It can be observed some that some 

stratum corneum cells are naturally shedding, but it is seen both in the control and 

treated samples. Also noticed is some expected variability between the samples 

analyzed, mostly regarding the thickness of the stratum corneum,  but changes or 
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damage to the skin structure caused by the CPE used that could result in permanent 

alterations or loss of integrity are not detected.  

 

Fig. 4.11 SEM cross-section pictures of porcine skin used in the permeation studies. These samples were 
pretreated with various permeation enhancers: PG (left top), azone (center top), DTAB (right top), G12-2-12 
(left bottom), Gemini 12-6-12 (center bottom) and G12-10-12 (right bottom) at 400x magnification. 

4.3.4. Cytotoxicity studies 

Skin irritation is commonly defined as a reversible inflammatory reaction produced by the 

arachidonic acid cascade and cytokines in the viable skin cells like keratinocytes and 

fibroblasts.  

The determination of the cytotoxicity of the CPE used in this work was carried out by 

exposing cultured human epidermal keratinocytes (HEK) and human dermal fibroblasts 

(HDF) to various concentrations of the CPE, following the MTS assay protocol. MTT 

/MTS assay is generally regarded as a method that is able to provide a cost-effective, 

precise and reproducible index of viability for skin cells and an alternative for skin 

irritation assessment [347-349].  Unlike the skin tissue, the groups of cells cultured for 

the MTS assay is noticeably less complex in number and in cell types when compared to 

the skin tissue. Therefore the results should be regarded as an indication of potential and 

relative toxicity and irritation of the compounds to the skin cells. 

Standard plots for HEK (R2 = 0.986) and for HDF (R2 = 0.978) were created based on the 

absorbance readings at 490 nm for 0, 2.000, 4.000, 6.000, 8.000 and 10.000 cells/well in 

order to ensure the linearity of the MTS assay method used (Fig. 4.12). 
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Fig. 4.12 Pictures of cultured HEK (on the left) and HDF (on the right), seeded at 8.000 cells/well in 
appropriate culture medium, prior to the start of the MTS assay. 

The results obtained in the MTS assay are displayed in Fig. 4.13 (HEK) and in Fig. 4.14 

(HDF).  

 

Fig. 4.13 MTS assay results for HEK. The bars represent the cell viability (%) for each permeation modifier 
and concentration tested. The error bars represent the standard deviation (N=6). 

As shown on Fig. 4.13, PG did not significantly reduce the viability of HEK when 

compared to the control (cells not subjected to any CPE exposure). Therefore it can be 

assumed that the effect on the HEK viability is caused by the CPE and not by the vehicle 

where the CPE was incorporated. In opposite, when a concentration of 160 M (S1) was 

applied to the cells it was observed that approximately 100% cell death occurred in all 

cases. The exposure to a concentration of 16 M (S2) produced different results, 
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depending on the CPE used. HEK showed higher tolerance to the presence of DTAB, 

than for any gemini surfactants used or azone. It can also be concluded that 

concentrations of 1.6 M or lower (S3, S4 and S5) are not considered harmful to the 

cells, as the cell viability is always close to 100%.  

 

Fig. 4.14 MTS assay results for cultured HDF. The bars represent the cell viability (%) for each permeation 
modifier and concentration tested. The error bars stand for the standard deviation (N=6). 

The results summarized in Fig. 4.14, demonstrate that HDF show higher tolerance to the 

presence of the CPE than HEK, as the cell viability is respectively higher for the first and 

lower for the later, for the same concentration of CPE employed. 

PG exposure resulted in a slight reduction in HDF viability, yet not statistically significant 

from the control, as expected. CPE concentrations of 160 M (S1) caused cell death in 

all cases except for gemini surfactant G12-2-12, where an approximately 60% of viability 

was observed. The presence of a concentration of 16 M (S2) or lower of any 

penetration modifier did not cause a significant decrease in the HDF viability, except for 

enhancers G12-6-12 and G12-10-12. In both cases, cell viability was reduced in 

approximately 50% when HDF were exposed to a concentration of 16 M (S2) and 

slightly less for a concentration of 1.6 M (S3) only observed for G12-6-12.  

A global analysis of the MTS assay results obtained with HDF suggests that the 

cytotoxicity of the gemini surfactants studied is dependent on spacer length. The 

compound with the shortest spacer, G12-2-12, was found to be less toxic to HDF when 
compared to the other gemini, and in fact to all CPE. We recall that both electrostatic 
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(headgroup charge density) and packing effects (spacer conformation and vertical 

positioning on the bilayer) may lie behind the structural perturbation of membranes that 

cause cytotoxic effects. A possible explanation for G12-2-12 effects in cultured HDF is 

that this gemini, as previously mentioned, may more easily fit into the lipid bilayer 

structure due to its cylindrical geometric shape (more akin to that of lipid molecules), thus 

causing less structural perturbation on the membrane. This effect, however, was not 

noticed in HEK, where DTAB was found to be the least destructive CPE, suggesting that 
for this cell line electrostatic effects (higher headgroup charge density for 12-2-12) may 

play a bigger role. Nevertheless, even for HEK, the shortest spacer gemini seems to be 

the least cytotoxic of all gemini, and even a little bit better than azone. 

4.4. Conclusions 

This work presents a systematic approach to the use of a series of gemini surfactants as 

permeation enhancers for drugs of varying hydrophobicity and belonging to different 

therapeutic groups. The gemini surfactant molecules differ only in the spacer length, 
comprising 2, 6 and 10 carbon atoms. It was observed that a maximal enhancing effect 

was achieved with the most hydrophilic and charged drug (lidocaine HCl). In this case, 

the gemini surfactant with the intermediate spacer length was the most effective. In 

contrast, for caffeine and ketoprofen, G12-2-12 was the most effective CPE. This 

suggests that this class of molecules promotes both SC perturbation and drug transport 

through the lipid barrier. It was also found that these compounds possess similar 

cytotoxic profiles to that of azone and their direct use in the skin tissue did not determine 

significant morphological changes. They are therefore, promising CPE candidates, 

essentially directed at permeation enhancing of hydrophilic drugs. 
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Chapter 5 

5. A combination of nonionic surfactants and 

iontophoresis to enhance the transdermal drug 
delivery of ondansetron HCl and diltiazem HCl 

The work presented in this Chapter reports the evaluation of three nonionic ether-

monohydroxyl surfactants (C12E1, C12E5 and C12E8) as skin permeation enhancers in the 

transdermal drug delivery of two drugs: ondansetron hydrochloride and diltiazem 
hydrochloride, formulated as hydrogels. Passive and iontophoretic in vitro studies across 

dermatomed porcine skin were performed using vertical Franz diffusion cells during 24 

hours. Skin integrity studies (light microscopy and SEM) were performed to assess 

potential harmful effects on the tissues resulting from the compounds applied and/or 

from the methodology employed. Complementary studies (MTT assay) were performed 

to gain information regarding the relative cytotoxicity of the penetration enhancers on 

skin cells.  

5.1. Introduction 

Historically, the biggest challenges in the development of transdermal drug delivery 

systems have focused in overcoming the skin barrier without causing harmful effects, 

principally local irritation. 

Strategies to increase drug permeation across the skin include passive and active 

methods or the combination of both. The use of permeation modulators / enhancers is 

particularly useful since they have been reported to increase the diffusivity and/or the 

solubility of drugs in the skin by reversibly altering lipid organization of the SC, reducing 

the diffusional resistance [99, 350, 351]. Surface active agents (surfactants) comprise a 
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class of compounds with amphiphilic properties and, therefore, can be employed as 

permeation enhancers. When applied to the skin, surfactants interact with the lipid 

molecules, intercalating into lipid bilayers [321]. This results in interfacial defects and 

structure disruption causing the formation of diffusional paths for drugs molecules [60]. 

Depending on the amphiphilic structure and concentration employed, local irritation of 

skin may be observed. However, nonionic surfactants are commonly recognized to have 

the lowest irritating properties among all surfactant classes [309, 352]. 

As reported in Chapter 1, iontophoresis is a promising technique capable of extending 

the number of compounds that can be delivered transdermally, and is particularly useful 

for hydrophilic drugs and / or those with higher molecular weight. Based on the principle 

that like charges repel, iontophoresis consists of the application of an electrical current of 

low voltage to the skin, forcing the drug molecules to cross the SC. In the case of 

positively charged drugs such as those used in this work, drug molecules are repelled by 

the positive electrode (anode) into the skin, towards the negative electrode (cathode), 

reaching the systemic circulation. Negatively charged ions migrate in the opposite 

direction, closing the circuit [117, 120]. The use of chemical penetration enhancers with 

iontophoresis is regarded as one of the best strategies to enhance the permeation of 

drugs across the skin, combining the advantages of both approaches. It has been shown 

that in many cases the concentrations of enhancers can be reduced as well as the 
current levels without the loss of effectiveness of drug delivery. This approach has been 

extensively reported in the literature for different drugs, and in combination with different 

permeation enhancers [139-143, 146, 147, 353-358]. 

Ondansetron hydrochloride (Fig. 5.1-a) is a serotonin 5-HT3 receptor antagonist with 

antiemetic activity. It is used in the management of postoperative nausea and vomiting 

(PONV) and concomitantly with chemotherapy and radiotherapy. Despite that doses are 

normally expressed in terms of the base form it is also commonly administered as its 

hydrochloride form especially in injectable and oral dosage forms. Ondansetron 

undergoes a significant first-pass hepatic metabolism, which justifies  the development of 

an alternative to the oral and injectable routes, such as the transdermal route, avoiding 

the gastrointestinal effects and associated pain , and promoting  better patient 

compliance [359].  
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Diltiazem hydrochloride (Fig. 5.1-b) is a benzothiazepine calcium-channel blocker with 

peripheral and coronary vasodilator properties, used in the management of angina 

pectoris, cardiac arrhythmias and hypertension. Like ondansetron, it undergoes an 

extensive first-pass metabolism (bioavailability ca. 40%) and has been reported to cause 

GI disturbances, including nausea, vomiting and constipation. Therefore, the transdermal 

route also appears as a promising route of administration [359]. 

 

Fig. 5.1 Molecular structures of ondansetron hydrochloride dihydrate (on the left, Mw: 365.15; logP: 2.07; 
logD (pH5.5): 0.19) diltiazem hydrochloride (on the right, Mw: 450.14; logP: 3.63; logD (pH5.5): 0.76). 

In addition, the work presented is of significant value since there are few studies in the 

literature reporting the transdermal use of ondansetron [360-362]. Diltiazem transdermal 

delivery has been the center of attention of some studies focusing on film, matrix or 

patch compositions alone [363-365] or concomitantly with iontophoresis [366]. Nolan and 
co-workers [140] studied the combined use of oleic acid as permeation enhancer and 

iontophoresis in the transdermal delivery of diltiazem hydrochloride and some other 

drugs, across human and murine skin.  However, the use of various nonionic ether-

monohydroxyl C12 surfactants, only differing from each other in the polar headgroups, as 

chemical permeation enhancers, or combined with iontophoresis has not been 

investigated to date. 

The objective of the work reported here is the development of drug-loaded hydrogels 

suitable for transdermal drug delivery, and the evaluation of the efficacy of various 

nonionic ether-monohydroxyl C12 surfactants (C12E1, C12E5 and C12E8) as permeation 

enhancers, in the absence and presence of iontophoresis, for the drug delivery of 

ondansetron and diltiazem hydrochloride, across porcine skin. In addition, this work 

reports cytotoxicity studies (MTS assay) in human epidermal keratinocytes (HEK) and in 
human dermal fibroblasts (HDF), and histology and SEM studies were carried out on 

cells and skin tissue respectively, to evaluate potential harmful effects of the enhancers 

and of the methodology used. 
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5.2. Experimental section 

5.2.1. Materials and sample preparation 

Ondansetron HCl dihydrate (≥ 99%) and diltiazem HCl (≥ 99%) were purchased from 

Polymed Therapeutics, Inc. (Houston, TX, USA). Hydroxypropylmethyl cellulose (HPMC 

K15M) was a kind gift from Dow Chemical Company (USA). Propylene glycol (PG) 

(Reagent Plus, 99%), nonionic ether-monohydroxyl C12 surfactants, ethylene glycol 

monododecyl ether (C12E1), pentaethylene glycol monododecyl ether (C12E5), 

octaethylene glycol monododecyl ether (C12E8), silver wire (Ag), silver chloride (AgCl) 

and citric acid monohydrate were purchased from Sigma Aldrich (Saint Louis, MO, USA). 

Indicative values of the logP and logD of the drugs and surfactants were obtained using 
suitable predicting software (ACD/LabsTM, Toronto, Canada). Azone was synthesized at 

the New Jersey Center for Biomaterials (Piscataway, NJ, USA). Phosphate buffer saline 

tablets (PBS) were purchased from TIC Gums (Belcamp, MD, USA). Formalin 10% was 

purchased from Fisher Scientific, Inc. (Torrance, CA, USA). CellTiter 96® AQueous One 

Solution Cell Proliferation Assay (MTS) was purchased from Promega Corp (Madison, 

WI, USA).  Tissue-Tek® O.C.T™ Compound was purchased from Sakura Finetek USA, 

Inc. (Agawam, MA, USA). Porcine skin tissue was obtained from young Yorkshire pigs 

(26.5–28 kg, UMDNJ, Newark, NJ). Human epidermal keratinocytes (HEK) and human 

dermal fibroblasts (HDF) were purchased from Invitrogen™ (Carlsbad, CA, USA). 

5.2.2. Hydrogel preparation 

Ondansetron HCl hydrogel (pH 2.2) was composed of 2.0% (w/w) ondansetron HCl, 

1.0% (w/w) HPMC K15M and deionized water. Citric acid 0.01% (w/w) was previously 

added to dissolve the ondansetron HCl. Diltiazem hydrogel (pH 4.4) contained 3.0% 

(w/w) diltiazem HCl, 1% (w/w) HPMC K15M and deionized water. 

5.2.3. Porcine skin preparation 

Porcine skin was obtained from young Yorkshire pigs. Prior to dermatoming, 
subcutaneous fat (hypodermis) was removed with a knife, avoiding contamination 

caused by contact with the outer layer of the skin. Porcine skin was excised and 

dermatomed into an approximate size of 1cm2, using a Padgett® Model B Electric 

Dermatome (Integra LifeSciences, Plainsboro, NJ) with 650-750 μm thickness and was 

stored at −80°C no more than 3 months prior to use. Immediately before the 

experiments, skin samples were defrosted, thawed and rinsed with water at room 

temperature, before immersion in PBS (pH=7.4) for 1 h to promote equilibration. 
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5.2.4. Preparation of Ag and AgCl electrodes 

Pure silver (Ag) wire 0.5mm in diameter was used as the anode. AgCl electrode, the 

cathode was prepared by placing a pure silver wire and an AgCl powder coated wire in a 
beaker filled with 0.1 N HCl solution, both connected to a power source at 3.0 mA for 12 

hours. 

5.2.5. Preparation of enhancer solutions 

All enhancer solutions were prepared at 0.16M in propylene glycol (PG). The enhancers 

tested were three nonionic ether-monohydroxyl C12 surfactants, ethylene glycol 

monododecyl ether (C12E1), pentaethylene glycol monododecyl ether (C12E5), 

octaethylene glycol monododecyl ether (C12E8) and Laurocapram / 1-

dodecylazacycloheptan-2-one (azone). All enhancers were soluble in PG at the 
concentration used. 

5.2.6. Drug delivery studies 

In vitro permeation studies were carried out over a period of 24 hours in vertical Franz 

diffusion cells (PermeGear, Inc., PA, USA) with a diffusion area of 0.64cm2 and a 

receptor compartment of 5.1 mL filled with PBS solution (pH=7.4), kept at 37°C ± 0.1 and 

stirred at 600 rpm. Drug loaded hydrogel (0.3 mL) was placed in each donor 

compartment and occluded with Parafilm® to prevent evaporation. Dermatomed porcine 

skin pieces (0.76 mm thickness) were placed between the donor and receptor 
compartments, with the epidermal side facing up. At predetermined time points (0.0, 1.0, 

3.0, 5.0, 8.0, 12.0, 20.0 24.0 h), 300L samples were collected from the receptor 

compartment and immediately replaced with 300L of PBS solution. Samples were kept 

in the refrigerator prior to HPLC analysis. All the skin samples, except the control, were 

pretreated with 60 L of the various enhancer solutions, for 1 h, prior to the application of 

the drug loaded hydrogel in the donor compartment (t = 0.0), both in passive and 

iontophoresis experiments. Iontophoresis experiments were carried out at 0.3mA for 8 

hours (Stage 1) followed by 16 hours of passive diffusion (Stage 2), using a Phoresor II 

Auto (Model PM 850) as the power source. The anodal electrode (Ag) was in contact 

with the hydrogel formulation whereas the cathode (AgCl) was placed inside the receptor 

solution. Both electrodes were connected to the power source. 

5.2.7. Drug delivery studies 

All samples were analyzed using HPLC. The system consisted of an Agilent HP 1100 
series with an autosampler, equipped with a quaternary pump and a VMD detector and 

an Agilent Chemstation. A reverse-phase C18 column (150 x 4.6mm C18 (2) 100 A Luna 

5m, Phenomenex®) with a guard column was the stationary phase for the Ondansetron 
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HCl assay, at 25°C. The mobile phase consisted of methanol and PBS (pH=7.4) at 

65:35. The flow rate was set to 1.0mL/min and the injection volume was 20L. 

Ondansetron HCl was detected at 310nm and the retention time was ca. 5 minutes. The 

method showed a linear response in the 0.1-500g range (R2 = 1.0000) with a daily 

RSD < ±3.0%. Diltiazem HCl was detected at 240 nm using a reverse-phase C18 

column (150 x 4.6mm C18 Luna 5m, phenyl-hexyl, Phenomenex®) with a guard column 

as the stationary phase at 25°C. The mobile phase was prepared by mixing 4 volumes of 

methanol with 1 volume of water. The pH was then adjusted to 3.3 with glacial acetic 

acid. Final pH was adjusted to 6.6 using TEA. The flow rate was set to 1.2 mL/min and 

the injection volume was 20 L. The retention time was ca. 3.3 minutes. The method 

showed a linear response in the 0.01-100 g range (R2 = 1.0000) with a daily RSD < 

±3.0%. 

5.2.8. Data analysis in the permeation studies 

The steady flux at time t (J, g.cm−2) was calculated from the slope of the linear portion 

of the plot of cumulative drug amount permeated vs. time. Q8 and Q24 refer respectively 

to the cumulative drug amount present in the receptor fluid after 8 and 24 hours. The 

enhancement ratio (ER) for flux was calculated using  

	 	 	 	 	 	 	 	 	 	

	 	 	
	 	 5.1 	

Results are presented as mean ± standard deviation (S.D.) (N), where N is the number 

of replicates. Flux values were examined for significance using unpaired Student’s t test. 

The p value was set at 0.05, meaning that if p < 0.05, there was statistical significance 

between the control and the enhancers tested. 

5.2.9. Skin integrity evaluation 

Morphological changes and integrity evaluation was carried out by analyzing the 

structure of the skin by means of light microscopy and scanning electron microscopy of 

the samples used in the permeation studies. After permeation experiments, skin samples 

were immediately rinsed with deionized water, carefully dried and stored at −80°C until 

further use. 

5.2.9.1. Histology studies 

Skin samples used in the permeation studies were carefully sectioned and fixed using 

10% buffered formalin for 24 hours at room temperature. Skin samples were 

subsequently dehydrated with 50%, 75%, 95% and 2 changes of 100% absolute ethanol 
for 1 hour each. Samples were embedded in Tissue-Tek® O.C.T. compound and frozen 

using carbon dioxide (dry ice) [338]. Cross-section slices of 7m thickness were obtained 
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using a microtome (Leica Model CM 1850, Leica Microsystems, Inc. Bannockburn, IL, 

USA) and were stained following Ellis Hematoxylin and Eosin (H&E) staining protocol 

[339]. 

The stained slices were analyzed using a Nikon Eclipse E 800 light microscope (Micro 

Optics, Cedar Knolls, NJ, USA) at 10, 20 and 40 x. A Nikon Digital Camera (Model DXM 

1200) was used to capture images. Images were processed using SPOT TM Imaging 

Software, Version 5.0 (Diagnostic Instrument, Inc., Sterling Heights, MI, USA). 

5.2.9.2. Scanning Electron Microscopy studies 

Skin samples were submerged in Tissue-Tek® O.C.T. Compound and frozen using dry 

ice. Cross-section slices of the frozen samples were cut with 10 m thickness using a 

microtome (Leica Model CM 1850, Leica Microsystems, Inc. Bannockburn, IL, USA). The 

samples were defrosted and fixed using 4% formaldehyde for 1.5 hours. Following to 

this, skin samples were rinsed and placed in deionized water, at room temperature, for 2 

hours. Samples were dehydrated using solutions of 30%, 50%, 75%, and 95% ethanol in 

water for 25 minutes and finally, skin samples were placed in two changes of absolute 

ethanol (100%) for 2 hours at room temperature. The dehydrated samples were dried 
with a critical-point drier (model CPD 020) and coated with gold. Surface and cross-

sections pictures of the samples were taken using Scanning Electron Microscopy (SEM - 

model AMARY-18301).   

5.2.10. Cytotoxicity studies 

MTT / MTS assays are a colorimetric method used to determine the number of viable 

cells in cytotoxicity assays, widely reported in the literature for similar systems [340-343]. 

MTS reagent (CellTiter 96® AQueous One Solution Reagent) contains a tetrazolium 

compound [(3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium, inner salt] which is converted by mitochondrial dehydrogenase enzymes 

of living cells into a colored formazan compound. The number of viable cells is directly 

proportional to the quantity of formazan product formed as measured by the absorbance 

at 490nm (Promega Corp. Protocol, 2009). The levels of formazan formed were 

quantified using a Microplate Power Wave X Scanning Spectrophotometer (Bio-TEK 

Instruments, Inc. Winooski, VT, USA). 

Cytotoxicity studies were conducted both in cultured HEK and in HDF seeded at 8000 

cells/well in 96-well plates under sterile conditions. The goal was to assess the toxic 

effects of the permeation enhancers on these types of cells. HEK were seeded in 

100L/well of Epilife® (MEPI 500CA) medium supplemented with gentamycin (Gibco®), 

human keratinocyte growth supplement (Gibco®) and were incubating for 24 hours at 

37°C, 5% CO2 and 90% R.H. HDF were seeded in 100L/well of GIBCO®- Dulbecco's 

Modified Eagle Medium (DMEM) medium with 100IU/mL penicillin, 100 IU/mL 
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streptomycin and 10% fetal bovine serum. All the media and biological reagents were 

purchased directly from Invitrogen™, Inc. (Carlsbad, CA, USA). 

After seeding, the culture medium was removed and cells were exposed to medium 

(control), propylene glycol (PG) and various concentrations (160, 16, 1.6, 0.16, 0.016 

M) of azone and nonionic ether-monohydroxyl C12-surfactants (C12E1, C12E5 and C12E8) 

dissolved in PG and diluted in culture medium and were placed in the incubator for 

another 24 hours in the same environmental conditions. After the exposure, testing 

solutions were removed and replaced by a pre-mixed solution of MTS reagent (CellTiter 

96® AQueous One Solution) and appropriate medium (Promega Corp. Protocol, 2009), 

and were returned to the incubator for 2 hours. After this the 96-well plates were read at 

490nm using a plate reader (Microplate Power Wave X Scanning Spectrophotometer - 

Bio-TEK Instruments, Inc. Winooski, VT, USA). 

Results are presented as % cell viability (mean ± standard deviation, N=6), C.V., after 

background absorbance (abs), determined from “no cell” control wells, was subtracted, 

and was calculated according to	 

. .
	 	 	 	

	 	 	 	 	
	 	 	 	 	 	 5.2 	

5.3. Results 

5.3.1. In vitro permeation studies 

The permeation studies were conducted essentially in two conditions, either by applying 
chemical permeation enhancer solutions alone or in combination with iontophoresis. 

5.3.1.1. Effect of the penetration modifiers on the transdermal drug delivery of 

ondansetron HCl 

Three nonionic ether-monohydroxyl C12 surfactants (C12E1, C12E5 and C12E8) and Azone 

were dissolved in PG (0.16 M) and applied to the skin (60 L) one hour prior to the 

application to the skin of 0.3 ml of 2% ondansetron HCl loaded hydrogel.  

The permeation parameters (Flux, Q24 and ER) are presented in Table 5-1. 
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Table 5-1 Effect of the chemical permeation enhancers on percutaneous permeation of ondansetron HCl 
across porcine skin. Data are presented as means ± S.D. (5≤N≤8). 

Penetration modifier Flux (g cm-2 h-1) Q24 (g cm-2) ER 

Control (drug-loaded hydrogel only) 0.043 ± 0.14 0.8 ± 0.28  

Propylene glycol (PG)* 0.41 ± 0.27 8.68 ± 5.87 9.5 

0.16M C12E1 in PG* 1.12 ± 0.21 23.32 ± 4.66 26 

0.16M C12E5 in PG* 4.59 ± 0.78 93.41 ± 15.63 107 

0.16M C12E8 in PG* 2.00 ± 0.69 38.53 ± 13.02 47 

0.16 M Azone in PG 0.061 ± 0.020 0.98 ± 0.38 1.4 

* Statistically significant difference between enhancer and control, at p < 0.05 (Student’s t-test) 

All the permeation modifiers tested showed statistically significant enhancement (p < 

0.05), except azone, and the nonionic surfactant C12E5 (ER=107) resulted in the highest 

permeation of ondansetron HCl of all the permeation modifiers.  

 

Fig. 5.2 Cumulative amount of ondansetron HCl permeated across porcine skin as a function of time. Skin 
was pretreated with various nonionic ether-monohydroxyl C12 surfactants 1 hour prior the start of in vitro 
experiments. Data is presented as means ± S.E.M. (5≤N≤8). 

It is worth noting that the pretreatment with the vehicle (PG) caused an approximately 10 

fold increase in the flux and 117 fold increase in the Q24, but this was clearly lower than 

the effect observed for the surfactants C12E1 (ER=26), C12E5 (ER=107) and C12E8 

(ER=47). It should be recalled that these results have shown to be reproducible, with 

relative standard deviations typically between 25 and 33%.  
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Surprisingly, Azone had little effect and no statistical difference from the control was 

found. The permeation profile of the cumulative amounts of ondansetron HCl permeated 

across the skin over a period of 24 h is presented in Fig. 5.2. 

5.3.1.2. Combined effect of the pre-treatment with penetration modifiers and 

iontophoresis on the transdermal drug delivery of ondansetron HCl 

The combined effects of penetration modifiers and iontophoresis in the transdermal 

permeation of ondansetron HCl were also investigated. Similarly to the previous 
experiments, all the enhancers were dissolved in PG and applied to the skin 1 h prior the 

start of the experiment. Despite in vitro permeation experiments were carried out over a 

period of 24 hours, iontophoresis (0.3 mA) was only employed in the first 8 h (stage 1), 

followed by a post-iontophoresis passive diffusion period of 16 h (stage 2). Results are 

summarized in Table 5-2 (stage 1) and in Table 5-3 (stage 2).  

Table 5-2 Combined effects of chemical permeation enhancers and iontophoresis (0.3mA, 8 h - stage 1) on 
the percutaneous permeation of ondansetron HCl across porcine skin. Data are presented as means ± S.D. 
(N=6). 

Penetration modifier Flux (g cm-2 h-1) Q8 (g cm-2) ER 

Control (only formulation) 16.35 ± 3.46 128.30 ± 25.83  

Propylene glycol (PG) 14.57 ± 2.78 112.31 ± 21.80 - 

0.16M C12E1 in PG* 22.66 ± 3.76 173.48 ± 29.68 1.4 

0.16M C12E5 in PG* 20.79 ± 3.20 159.63 ± 24.13 1.3 

0.16M C12E8 in PG 15.24 ± 3.36 117.47 ± 26.84 - 

0.16 M Azone in PG 12.12 ± 0.81 93.19 ± 5.73 - 

* Statistically significant difference between enhancer and control at p < 0.05 (Student’s t-test) 
 

Table 5-3 Combined effects of chemical permeation enhancers and iontophoresis on the percutaneous 
permeation of ondansetron HCl across porcine skin. Data pertain to post-iontophoresis period (0.0mA, 16h – 
stage 2), and are presented as means ± S.D. (N=6). 

Penetration modifier Flux (g cm-2 h-1) Q24 (g cm-2) ER 

Control (only formulation) 5.50 ± 0.46 220.29 ± 24.99  

Propylene glycol (PG) 5.86 ± 1.12 208.91 ± 35.50 1.1 

0.16M C12E1 in PG 6.99 ± 0.47 289.73 ± 37.22 1.3 

0.16M C12E5 in PG* 10.74 ± 1.87 336.33 ± 48.03 2.0 

0.16M C12E8 in PG* 11.84 ± 0.95 312.62 ± 25.34 2.15 

0.16 M Azone in PG 5.29 ± 0.66 175.94 ± 6.88 - 

* Statistically significant difference between enhancer and control at p < 0.05 (Student’s t-test) 

Results showed that iontophoresis (0.3 mA, 8 h) caused a dramatic increase in the flux 

of ondansetron hydrochloride ranging between 5-fold for skin samples treated with C12E5 
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and 380 fold for the control samples (formulation only). The effect of the enhancers is 

barely noticed when iontophoresis is employed, because the contribution of the latter 

suppressed the contribution of the penetration modifiers, as expected. However, 

surfactants C12E1 and C12E5 still caused a noteworthy effect on the flux values, 

respectively 40% and 30%, which are statistically different from the control in  stage 1 

(Table 5-2). The increase is therefore substantial in absolute value, especially if 

compared with the permeated amounts obtained in the passive process. In stage 2 
(Table 5-3), after iontophoresis was turned off, the flux values decreased as expected. 

However, skin samples treated with C12E5 and C12E8 showed statistically higher values 

than those observed for the control samples with an ER of 2. The analysis of Q24 values 

showed that the combined use of iontophoresis and nonionic surfactants C12E5 and C12E8 

caused an approximately 400-fold increase in the cumulative amount of drug permeated 

in 24 h, in comparison with the passive diffusion in untreated skin (control), and an 

approximately 40-fold increase comparatively to the passive PG pretreated skin. The 

profiles obtained in these permeation experiments are summarized in Fig. 5.3. 

 

Fig. 5.3 Cumulative amount of ondansetron HCl permeated across porcine skin as a function of time. Skin 
was pretreated with various nonionic ether-monohydroxyl C12 surfactants 1 hour prior the start of in vitro 
experiments. Iontophoresis (0.3mA) was applied during the first 8 hours (stage 1), followed by a 16 h passive 
permeation. Data are presented as means ± S.E.M. (N=6). 

5.3.1.3. Effect of the penetration modifiers on the transdermal drug delivery of 

diltiazem HCl 

An identical study was carried out using diltiazem hydrochloride as the model drug. 

Passive diffusion experiments showed that all nonionic surfactants tested increased 

significantly the permeation of diltiazem HCl. The increase observed when azone was 
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employed was not statistically significant. C12E5 was found to be the most efficient 

penetration modifier tested, leading to a 9.4 fold increase in the flux values, as compared   

to control (Table 5-4). The profiles of the permeation experiments are summarized in Fig. 

5.4. 

Table 5-4 Effect of the chemical permeation enhancers on percutaneous permeation of diltiazem HCl across 
porcine skin. Data are presented as means ± S.D. (3≤N≤7). 

Penetration modifier Flux (g cm-2 h-1) Q24 (g cm-2) ER 

Control (only formulation) 0.71 ± 0.26 13.53 ± 4.41  

Propylene glycol (PG) 0.55 ± 0.064 7.59 ± 1.34 - 

0.16M C12E1 in PG* 3.98 ± 1.72 77.83 ± 37.07 5.6 

0.16M C12E5 in PG* 6.68 ± 1.11 137.85 ± 29.40 9.4 

0.16M C12E8 in PG* 3.57 ± 0.90 65.36 ± 19.27 5.0 

0.16 M Azone in PG 2.52 ± 1.25 50.95 ± 26.67 3.5 

* Statistically significant difference between enhancer and control at p < 0.05 (Student’s t-test) 
 

 

Fig. 5.4 Cumulative amount of diltiazem HCl permeated across porcine skin as a function of time. Skin was 
pretreated with various nonionic ether-monohydroxyl C12 surfactants 1 hour prior the start of in vitro 
experiments. Data is presented as means ± S.E.M. (3≤N≤7). 

5.3.1.4. Combined effect of the pre-treatment with penetration modifiers and 

iontophoresis on the transdermal drug delivery of diltiazem HCl 

Similarly to what was observed in the studies with ondansetron HCl, values of diltiazem 

flux, Q8 and Q24 increased significantly following the use of iontophoresis (see the next 
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section). As presented in Table 5-5, in stage 1 (0-8 h), no statistically significant 

difference was observed between the three nonionic surfactants tested and azone. 

Despite the fact that the ER values are similar, C12E8 (1.6) and C12E5 (1.5) had higher 

activity compared to C12E1 (1.4) and Azone (1.3). Interestingly, PG pretreatment resulted 

in a significant decrease in the permeation parameters, in comparison to the control. 

Table 5-5 Combined effects of chemical permeation enhancers and iontophoresis (0.3mA, 8 h - stage 1) on 
the percutaneous permeation of diltiazem HCl across porcine skin. Data are presented as means ± S.D. 
(N=6). 

Penetration modifier Flux (g cm-2 h-1) Q8 (g cm-2) ER 

Control (only formulation) 123.24 ± 12.78 964.64 ± 98.74  

Propylene glycol (PG) 102.09 ± 12.57 801.50 ± 95.49 - 

0.16M C12E1 in PG* 166.25 ± 33.98 1289.30 ± 264.57 1.4 

0.16M C12E5 in PG* 181.58 ± 24.74 1415.04 ± 190.55 1.5 

0.16M C12E8 in PG* 199.00 ± 25.65 1547.02 ± 192.31 1.6 

0.16 M Azone in PG* 163.07 ± 21.81 1267.69 ± 133.68 1.3 

* Statistically significant difference between enhancer and control at p < 0.05 (Student’s t-test) 

In stage 2 (8-16 h), the permeation parameters decreased comparatively to those for 

stage 1, but were clearly higher than those observed in the passive permeation study 

(Table 5-6). In this period, only enhancers C12E5 and C12E8 showed significantly higher 

permeation than the control. After 24 h of permeation, samples treated with a 

combination of iontophoresis (0.3mA, 8 h) and nonionic surfactants C12E5 and C12E8, 

reached 2530 and 2678 g/cm2 respectively, 1.5 and 1.6 times the amount of diltiazem 

HCl permeated in the control iontophoresis experiment.  

Table 5-6. Combined effects of chemical permeation enhancers and iontophoresis on the percutaneous 
permeation of diltiazem HCl across porcine skin. Data pertain to post-iontophoresis period (0.0mA, 16h – 
stage 2), and are presented as means ± S.D. (N=6). 

Penetration modifier Flux (g cm-2 h-1) Q24 (g cm-2) ER 

Control (only formulation) 43.78 ± 11.59 1689.87 ± 224.28  

Propylene glycol (PG) 36.49 ± 11.07 1409.43 ± 133.91 - 

0.16M C12E1 in PG 47.76 ± 5.47 2092.71 ± 241.23 1.1 

0.16M C12E5 in PG* 66.64 ± 13.38 2530.36 ± 286.97 1.5 

0.16M C12E8 in PG* 66.81 ± 17.45 2678.15 ± 304.20 1.5 

0.16 M Azone in PG 42.91 ± 7.48 1998.39 ± 133.68 - 

* Statistically significant difference between enhancer and control at p < 0.05 (Student’s t-test) 

By comparing Q24 values of iontophoresis (Table 5-6) against those in which this 

technique is absent (Table 5-4), it can be seen that the amount of drug permeated 

increased by ca. 200 fold when a combination of enhancer and iontophoresis was used. 
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The permeation profiles of diltiazem HCl across porcine skin, using a combination of 

iontophoresis and various enhancers are presented in Fig. 5.5. 

 

Fig. 5.5 Cumulative amount of diltiazem HCl permeated across porcine skin as a function of time. Skin was 
pretreated with various nonionic ether-monohydroxyl C12 surfactants 1 hour prior the start of in vitro 
experiments. Iontophoresis (0.3mA) was applied during the first 8 hours (stage 1), followed by a 16 h passive 
permeation. Data are presented as means ± S.E.M. (N=6). 

5.3.1.5. Overview and comparison 

Results show that in both in passive and post-iontophoresis stages, the enhancer with 

the best overall performance is C12E5. Despite the fact that it is very difficult to know the 

exact mechanism of permeation enhancement, a possible explanation for the 

observations will be given in what follows, based on some physico-chemical properties. 

The C12E1surfactant is the most hydrophobic compound (logP = 5.05) and is also the 

least effective both for passive and post-iontophoresis diffusion for both drugs. In passive 

diffusion, C12E5 (logP = 3.62) performs better for both drugs, in what seems a 

compromise between affinity for the lipid structures on the SC, higher for C12E1 and 

affinity for the drugs, higher for C12E8 (logP = 2.54). We note that, in a simple 

interpretation, affinity for the lipids correlates with disordering of the SC lipids, while 

affinity for the drug accounts for the facilitated transport of the drugs. 

Also reported is the fact that C12E5 is more effective in association with diltiazem than 

ondansetron. It should be noted that in spite of the fact that the Mw of ondansetron HCl 

(Mw: 365.15; logP: 2.07; logD (pH5.5): 0.19) is lower than of the diltiazem HCl (Mw: 

450.14; logP: 3.63; logD (pH5.5): 0.76), the former is a more hydrophilic drug, thus it 

permeates less in absolute values. Any increase caused by the enhancers is therefore 
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comparatively more significant than that for a more hydrophobic drug. This more 

pronounced effect occurs due to a facilitated transport of the hydrophilic drug through the 

lipid layers of the skin. This effect has been previously reported by A.F. El-Kattan et 

al.[367], where the ER of the chemical enhancers employed (terpenes) was much higher 

for the hydrophilic drugs and decreased with an increase in the hydrophobicity. 

Fig. 5.6 and Fig. 5.7 summarize the results obtained in the permeation studies involving 

iontophoresis. We will first consider the data for ondansetron. Control and PG treated 
samples produced almost indistinguishable effects, both in stage 1, in which the 

electrical current was applied for 8 hours, and in the subsequent stage of 16 hours.  

 

Fig. 5.6 Cumulative amount of ondansetron HCl permeated across porcine skin after 8h (stage 1) and 24h 
(stage 1 and 2). 

Interestingly, azone treated skin displayed a slight reduction in the cumulative amount, 

compared to the iontophoresis control. The highest drug permeation was achieved with 

the surfactant treated samples. Relative to the control, the surfactants promoted drug 

delivery with an increase in flux between 30 and 40% in stage 1. This corresponded to a 

considerable amount, if we take in consideration the effect of iontophoresis and compare 

it to the passive process. It is seen that, also for stage 1, the samples treated with C12E1 

showed the highest permeated amount of ondansetron, followed by skin samples treated 
with C12E5 and C12E8, respectively. Interestingly it was observed that this order was 

reversed in stage 2. Overall, during the 24 hours, the conjugation of the two opposite 

trends resulted in a maximum amount of drug permeated, when surfactant C12E5 was 

employed, with a slightly higher amount of drug permeated in stage 2 than during the 

iontophoretic stage. The latter effect was even more pronounced in samples treated with 

surfactant C12E8, while in the remaining samples drug permeation was higher for stage 
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1. For the most effective enhancer, C12E5, the enhancement ratio calculated on the 

basis of the total cumulative amount permeated, was 400-fold higher than that for 

passive control. 

Data obtained with diltiazem hydrochloride showed that PG treatment caused a slight 

decrease in the permeated amount of drug compared to the control. However, all other 

enhancers tested had the opposite effect. The surfactants were again more effective 

than azone, and interestingly, the enhancing effect increased with increasing surfactant 
molecular weight. Generally, this increase was observed both in the iontophoresis and 

post-iontophoresis stages. It should be noted that, unlike what has been observed in 

studies with ondansetron, the iontophoresis stage corresponded to a permeated amount 

of drug which was always higher than that of stage 2. The use of C12E8 in combination 

with iontophoresis promoted the highest enhancement ratio. 

 

Fig. 5.7 Cumulative amount of diltiazem HCl permeated after 8h (stage 1) and 24h (stages 1 and 2). 

A rough estimate based on the above results obtained with porcine skin, indicated that 

for the 24 hour period a total dose of ca. 8.4 mg and 67 mg would reach the blood 

stream for ondansetron and diltiazem, respectively, using a 5 x 5 cm2 formulation patch. 

Therefore, these values show that the approaches described in this work may provide a 

promising strategy to obtain effective therapeutic levels for both drugs, taking into 

account that slightly higher values  drug permeated are expected when using human 

skin [170, 172]. Moreover, higher blood concentrations can be reached with further 

formulation optimization and iontophoretic parameter adjustments (time and current 

intensity) applied to the skin. 
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5.3.2. Skin integrity evaluation 

Skin samples used in permeation experiments were rinsed with water and kept frozen at 

−80°C until further use. Skin damage and morphological changes caused by the 
methodology employed (chemical penetration enhancers and iontophoresis) were 

assessed (light microscopy and SEM). 

5.3.2.1. Histological studies 

Histological procedures followed by light microscope observations at different 

magnifications (10, 20 and 40 x) were carried out in untreated (control) and treated skin 

samples. All the treated tissues were skin samples previously used as membranes in the 

in vitro permeation experiments, and subject to treatment with various penetration 

modifiers alone or in combination with iontophoresis. 

 

Fig. 5.8 Porcine skin pictures taken by an optical light microscope at a magnification of 20x after permeation 
experiments, except for the control (a), using C12E5 (b), C12E5 + iontophoresis (c), C12E8 + iontophoresis (d). 
The various skin layers and structures can be observed: stratum corneum (SC), viable epidermis (VE), 
dermis (D) and hair follicles (HF). 

The histology work was performed on all skin samples treated with enhancers. However, 

we are presenting only skin samples treated with the enhancers that resulted in the most 
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efficient drug penetration. As can be observed in Fig. 5.8, no significant morphological or 

structural changes have been detected when comparing the control samples with those 

subjected to the combined treatment. No major changes were detected in cell 

morphology and cohesion, or in the level of organization of the tissues, but some areas 

of the SC were noted to be detaching or peeling off from the subsequent layer. However, 

this is also observed in the untreated samples and may be a result of sample handling. 

The variation observed in the properties related to the skin structure, such as the 
thickness of the SC, the density and depth of the rete pegs may be ascribed to inter-

individual variability, and to the body area where the skin was obtained from. It is worth 

noting that skin samples subjected to iontophoresis exhibited small dark spots, 

consistent with residues of silver chloride, in the region of the SC. 

5.3.2.2. Scanning Electron Microscopy studies  

Scanning Electron Microscopy (SEM) studies were carried out to assess the skin 

integrity after the drug permeation experiments.  

Skin layers such as the SC (the outermost multi-layered structure), viable epidermis (the 

darker area) and dermis (the thicker structure mostly composed of connective tissue 

under the viable epidermis) are visible in detail on the following figures (Fig. 5.9, Fig. 

5.10 and Fig. 5.11). 

 

Fig. 5.9 SEM cross section of untreated porcine skin (control) at 100x and 400x magnification. This skin 
sample was not subjected to permeation studies. 

It was observed that all the thirteen skin samples tested retained the cell-to-cell and 

layer-to-layer cohesion and their macroscopic structure after the cryo-SEM procedure. 

Despite all the treatments, the tissues remained compact, well stacked and with the 

same level of organization observed in untreated skin samples. By looking at the skin 

surface it can be seen that some corneocytes of the outermost layer of the SC were 

being shed, a normal process of skin cells renewal known as desquamation (as 
previously noted in the optical microscopy observations). 
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Fig. 5.10 SEM cross-section pictures of porcine skin treated with nonionic surfactant C12E8 at 100x and 200x 
magnification taken after permeation studies. On the left picture, a hair filament in the dermis is visible. 

 

 

Fig. 5.11 SEM cross-section pictures of porcine skin treated with nonionic surfactant C12E5 and iontophoresis 
(0.3mA, 8h) at 100x and 400x magnification. 

However, it can also be observed that, despite some swelling of the SC caused by the 

large amounts of water present in the drug-loaded hydrogels, the corneocytes of the SC 

are very well packed and in close contact with each other, providing the high 

organization needed for maintaining its barrier properties. Therefore, it can be concluded 

that no major differences were found between the control and the treated samples in 

terms of skin integrity.  

5.3.3.  Cytotoxicity studies 

The potential cytotoxicity of the chemical penetration modifiers used was assessed by 

exposing cultured HEK and HDF to different concentrations of these compounds, and by 

evaluating and comparing the change in the mitochondrial metabolic activity of those 

cells using the MTS assay. 
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Standard plots for HEK (R2 = 0.986) and for HDF (R2 = 0.978) were constructed based on 

the absorbance readings at 490 nm for 0, 2.000, 4.000, 6.000, 8.000 and 10.000 

cells/well to ensure the linearity of the MTS assay method used (see Fig. 4.12). 

The results obtained in the MTS assays are presented in Fig. 5.12(HEK) and in Fig. 

5.13(HDF). 

 

Fig. 5.12 MTS assay results for cultured HEK. The bars represent the cell viability (%) for each permeation 
modifier and concentration tested. The error bars stand for the standard deviation (N=6). 

As can be seen on Fig. 5.12 PG did not significantly reduce the viability of HEK when 

compared to the control (untreated cells). However, 160 M (S1) of all the compounds 

was lethal for all the HEK. Azone 16 M (S2) use resulted in cell death at nearly 100%, 

however, compound C12E1 produced no harm to the cells. The same concentration of 

C12E5 and C12E8 caused, respectively, a cell viability reduction of 40% and 25%. 

Concentrations of 1.6 M (S3) or lower (0.16 M (S4) and 0.016 M (S5)) of any of the 

enhancers did not cause significant cell viability reduction, except in the case of azone.  

The MTS assay using HDF showed that the HDF exhibited higher tolerance to the 

permeation modifiers compared to the HEK. PG caused cell death to a higher extent 

than in the case of HEK, but this was not statistically significant. Concentrations of 16  M 

(S2) or lower of any penetration modifier did not cause a significant decrease in the HDF 

viability. A concentration of 160  M (S1) of any of the compounds tested was lethal to all 

the cells except in the case of the nonionic surfactant C12E1. Results obtained both in 
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HEK and in HDF suggest that the toxicity of the nonionic surfactants tested is molecular 

weight dependent. 

 

Fig. 5.13 MTS assay results for cultured HDF. The bars represent the cell viability (%) for each permeation 
modifier and concentration tested. The error bars stand for the standard deviation (N=6). 

5.4. Conclusions 

The results presented show that the nonionic ether-monohydroxyl surfactants tested 

were effective skin penetration enhancers for the transdermal drug delivery of 

ondansetron hydrochloride and diltiazem hydrochloride. The enhancement effects 

observed were dependent on the penetration modifier and on the drug used. 

Pentaethylene glycol monododecyl ether (C12E5), produced the highest flux values and 

cumulative amounts of drug permeated (Q24) observed in the passive transdermal 

studies of both ondansetron hydrochloride (ER = 107) and diltiazem hydrochloride (ER = 

9.4). The combined use of the chemical penetration enhancers and iontophoresis 
(0.3mA - 8h) significantly increased the amount of drugs permeated. Despite the fact that 

the major contribution in terms of drug permeation was derived from the iontophoresis 

transport, the various chemical penetration enhancers produced different levels of 

activity. The best results in terms of drug permeated were obtained with the combination 

of iontophoresis and the enhancer pentaethylene glycol monododecyl ether (C12E5) (ER 

= 420, compared to passive permeation without enhancer pretreatment) for ondansetron 

hydrochloride while octaethylene glycol monododecyl ether (C12E8) (ER = 200, compared 

to passive permeation without enhancer pretreatment) performed better with diltiazem 
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hydrochloride. Skin integrity evaluation studies did not show significant changes in the 

tissue morphology when compared to the untreated samples suggesting that these 

compounds are promising candidates for use in transdermal formulations. The present 

results suggest that both drugs can be successfully delivered through the skin using a 

combination of chemical enhancement and iontophoresis, attaining plasma levels 

comparable to those obtained with oral formulations 
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Concluding remarks 

Transdermal drug delivery consists of the transport of pharmaceutical actives to the 

human body through intact skin aiming at a therapeutic effect. Overall, transdermal drug 

delivery offers interesting opportunities to address the low bioavailability of many oral 

drugs, the pain and inconvenience of injections, and the limited controlled-release 

options of both. However, the stratum corneum, the outer layer of the epidermis, is a 

formidable barrier to drug penetration, limiting transdermal bioavailability. For this 

reason, only a limited number of drugs have been successfully delivered via the 

transdermal route. 

The work reported in this dissertation highlights the importance of combining different 
strategies to increase the permeation of drugs across the skin, without causing skin 

irritation or damage. It relies on fundamental approaches for the study of the formulation, 

based on HPMC hydrogels, including systems containing surfactants. Additionally, it 

contains a detailed assessment of the enhancing capabilities of various surfactants, 

including a series of cationic alkylammonium bromide gemini surfactants and nonionic 

ether-monohydroxyl surfactants for various drugs, with different physicochemical 

properties and therapeutic indications. 

In what concerns the study of the thermal behavior of HPMC hydrogels, it was possible 

to establish various characteristic temperatures that were identified in the HPMC 

thermogelation process, based on different techniques. It was found that, as the system 

is heated, HPMC polymer chains become more hydrophobic and eventually start to 

aggregate in macroscopic clusters as confirmed by the clouding observed in the 
polymeric solutions. Random entanglements responsible for the viscosity at room 

temperature are progressively replaced by hydrophobic interactions. Upon further 

heating, these clusters associate in a three-dimensional network and gelation is 

detected. 
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In the study of the interaction between HPMC and SDS, the latter was chosen since 

anionic surfactants generally interact with different types of water-soluble polymers, in 

contrast to cationic ones in which a higher degree of counterion binding is observed. This 

made it simpler to analyze the interaction starting at minute concentrations of the 

surfactant, and allowed establishing an appropriate methodological approach which may 

be transposed to other systems containing different polymers and surfactants. Data 

obtained from electrical conductivity, rheological and optical transmittance techniques 
were crucial to understand the mechanism of polymer-surfactant interaction and how it 

affects the process of surfactant micellization and polymer thermal gelation. It was found 

that the presence of SDS causes an increase in the gelation temperature and that, for 

higher concentrations of SDS, gel formation is inhibited. Studies at room temperature 

showed that the interaction between HPMC and SDS occurs in three distinct stages: pre-

critical aggregation concentration (cac), between cac and polymer saturation point 

(psp) and after psp. Additionally, the free energy of micellization of SDS indicates that 

this phenomenon is independent of polymer concentration, up to 0.5% of polymer. For 

higher concentrations of the latter, SDS micellization becomes more favorable. It was 

also found that for a constant concentration of polymer (0.5%), SDS association 

becomes more favorable as the temperature increases in the range of 25-50°C. A 

rationale for the results has been proposed by a general model in which variations in 
both surfactant and HPMC concentration are included.  

In the studies reporting the evaluation of a series of cationic alkylammonium bromide 

gemini surfactants as chemical permeation enhancers, it was found that the gemini G12-

6-12 caused the highest increase in the permeation of the charged drug, lidocaine 

hydrochloride, attaining an approximately 5-fold enhancement, in comparison with the 

control. The enhancement effect observed was lower in the studies with caffeine and 

ketoprofen, but still statistically significant. The most effective gemini surfactant for 

caffeine and ketoprofen was the one with the shorter spacer, G12-2-12. However, in the 

case of the most hydrophobic drug, ketoprofen, azone (laurocapram) caused a slightly 

higher enhancement ratio, but not statistically different from that of the G12-2-12 

surfactant. Results indicate that this class of compounds significantly increased the 

permeation of lidocaine hydrochloride, caffeine and ketoprofen and therefore are 
promising CPE candidates, essentially directed for enhancing permeation of hydrophilic 

and ionized drugs that do not easily cross the complex lipid barrier of the stratum 

corneum. 

Additionally, a series of nonionic ether-monohydroxyl surfactants were evaluated as skin 

penetration enhancers for the passive and iontophoretic delivery of ondansetron 

hydrochloride and diltiazem hydrochloride. Not surprisingly, the enhancement effects 

observed were dependent on the penetration modifier and on the drug used. The highest 

flux values and cumulative amounts of drug permeated (Q24) observed in the passive 

transdermal studies of both ondansetron hydrochloride (ER = 107) and diltiazem 

hydrochloride (ER = 9.4) was obtained using pentaethylene glycol monododecyl ether 

(C12E5). The combined use of CPEs and iontophoresis (0.3mA – 8h) considerably 
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increased the permeation of both drugs.  The simultaneous use of C12E5 and 

iontophoresis resulted in an impressive 420-fold permeation enhancement of 

ondansetron hydrochloride. The combined use of octaethylene glycol monododecyl ether 

(C12E8) and iontophoresis resulted in a 200-fold flux enhancement ratio for diltiazem 

hydrochloride. The results obtained show that the compounds and methodology used 

are able to provide effective and safe therapeutic levels for both drugs. Supplementary 

formulation optimization and iontophoretic parameter tuning, such as time and current 
intensity applied to the skin, may be further adjusted in order to provide desired levels of 

drug permeated and, at the same time, minimize the occurrence of skin irritation 

problems.  

Over the years, many potent enhancers have been discovered, but in most cases they 

are not free of toxicity / irritation issues, therefore limiting their clinical usefulness. For 

this reason, skin integrity evaluation studies and cytotoxicity studies in cultured human 

skin cells were performed in order to investigate if the surfactants investigated caused 

detrimental effects to the skin tissue.  Despite of the fact that skin integrity evaluation 

studies did not reveal significant changes in the tissue morphology after the use of the 

several chemical enhancers, alone or in combination with iontophoresis, the long term 

local and systemic toxicity of the chemical enhancers in the final transdermal dosage 

form should be carefully assessed. 
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