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Abstract 

In order to develop safe and effective topical and transdermal formulations to 

treat either local skin disorders or for systemic drug delivery, it is first 

imperative to assess skin permeation using a reliable and comprehensive 

analysis method. The assessment of drug permeation into/across the skin is 

traditionally accomplished using Franz diffusion cells with subsequent analysis 

by conventional chromatographic methods such as HPLC and more recently 

using advanced imaging techniques. In this context, time of flight-secondary 

ion mass spectrometry (ToF-SIMS) offers distinctive advantages in mapping 

drugs within skin with high sensitivity and chemical specificity without the 

need for fluorescent tags or radiolabels. The work in this thesis uses the 

combination of conventional and advanced methods to evaluate drug 

permeation into the skin. This approach provides complementary and detailed 

information regarding the permeated mass, the permeation depth and the 

spatial distribution and localisation of drugs within skin. 

As ToF-SIMS does not produce quantitative results, due to the matrix effects, a 

novel high throughput method was successfully developed to quantify ToF-

SIMS data. This method involved the homogenisation of skin tissue followed 

by microarray printing of this skin homogenate with known concentrations of 

active pharmaceutical ingredients, specifically imiquimod and chlorhexidine. 

The subsequent analysis by ToF-SIMS of the resulting array allowed the 

generation of a calibration curve that can be used in the quantification of the 

unknown drug concentration in the tape strips. This work has demonstrated the 

potential of a method to quantify ToF-SIMS data of drugs within skin.  

Imiquimod is an immune modulator drug approved by the FDA for the 

treatment of superficial basal cell carcinoma (BCC) but not the nodular lesions. 

An assessment of imiquimod permeation from commercially available Aldara
™

 

cream into ex vivo porcine skin was carried out using the complementary 

approach of HPLC and ToF-SIMS analysis. This work represents the most 

detailed assessment to date of the true extent of permeation of imiquimod from 

Aldara
™

 cream as previous studies analysed the permeation of Aldara
™

 cream 

showed a limitation in the analytical methodology employed (i.e. analysis by 
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HPLC only). The results showed that imiquimod does permeate into the 

stratum corneum but is very limited in the deeper skin cell layers. In addition, 

the ToF-SIMS ion images of Aldara
™

 cream tape strips illustrated a non-

uniform distribution of imiquimod within skin which may result in a decreased 

efficacy of the cream to uniformly treat whole BCC lesions giving rise to the 

likelihood of tumour recurrence. This offers previously unobserved insights 

about the spatial distribution of imiquimod delivered from Aldara
™

 cream. 

As other studies have reported that Aldara
™

 cream has some limitations in the 

treatment of nodular BCC lesions due to the cream’s inability to deliver 

imiquimod into the deeper more invasive nodular lesions, an enhancement of 

imiquimod permeation is thought to be useful to overcome these limitations. 

Therefore, an attempt to improve delivery of imiquimod into the deeper skin 

layers using microemulsions and microneedles was investigated. Imiquimod 

microemulsions were formulated, characterised and then tested for skin 

permeation enhancement. However, the assessment of imiquimod permeation 

from the formulated microemulsions alone and with microneedle pre-treatment 

using HPLC and ToF-SIMS demonstrated a limited ability of the 

microemulsions to improve delivery of imiquimod over Aldara
™

 cream. In 

contrast, Aldara
™

 cream with microneedle pre-treatment using a derma stamp 

electric pen showed improved delivery of imiquimod into the skin. This work 

is believed to be the first attempt to enhance imiquimod delivery using 

microemulsions and microneedles.  

Utilising the high sensitivity offered by the ToF-SIMS instrument in the 

analysis of individual tape strips, an in vivo and ex vivo comparison of 

chlorhexidine permeation into the stratum corneum was performed using 

commercial products currently used in hospitals within the UK for skin 

antisepsis. A comparison was carried out using the tape stripping technique 

with subsequent analysis of an individual tape strip by ToF-SIMS. The results 

showed that HiBiSCRUB
®

 4% produces a higher concentration of 

chlorhexidine in the upper stratum corneum layers than other products. This 

work demonstrated the first known application of ToF-SIMS to compare the in 

vivo skin permeation of commercially available chlorhexidine products and 
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provides the foundation for the potential application of ToF-SIMS in assessing 

bioequivalence of topical products.  
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1 Chapter One: General Introduction 

1.1 Skin structure and function 

Human skin is a highly complex multi-layered structure and it represents the 

largest organ of the body, comprising around 10% of the body mass, it covers 

an average area of 1.8 m
2
 in a typical adult [1]. The main function of the skin is 

to act as a barrier between the body and the outside environment. This barrier 

prevents the entry of chemicals, microorganisms, UV radiation and the loss of 

water and body fluids. In addition, the skin plays a role in the regulation of 

body temperature and it also acts as a sensory organ [2, 3]. Human skin can be 

divided into three layers (epidermis, dermis and subcutaneous fatty layer) [4] 

as shown in Figure 1.1. 

 

 

Figure 1.1: An illustration of cross-section through human skin. Adapted from 

Williams C.A [1]. 

 

1.1.1 Epidermis 

The epidermis is the outer avascular layer of the skin. It is a multi-layered 

region that varies in thickness from 0.8 mm on the palms of the hands and soles 

of the feet to 0.06 mm on the eyelids [3]. It is primarily composed of 

keratinocytes and it is divided into multiple layers which are formed by cellular 

division and differentiation of the keratinocytes from the basal layer (stratum 

basale) and towards the surface. The basal layer contains columnar shaped 
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metabolically active keratinocytes anchored to the basement membrane by 

proteinaceous structures called hemidesmosomes [5]. The basal cells undergo 

division (via mitosis) and differentiate as they migrate outwards, forming the 

stratum spinosum or squamous cells, the stratum granulosum and eventually 

the stratum corneum, which is the outermost layer of the skin [1, 6-8] as shown 

in Figure 1.1.  

 

Owing to the absence of the blood vessels in the epidermis, the supply of 

nutrients and waste removal occurs by diffusion across the epidermal-dermal 

barrier towards the cutaneous circulation in the dermis. The viability of the 

cells decreases with increasing distance from the basal layer. The term ‘viable 

epidermis’ is often used to describe the epidermal layer below the stratum 

corneum which are the stratum granulosum, stratum spinosum and stratum 

basale layers [3] because they contain nucleated cells responsible for the 

regeneration and renewal of epidermal tissue [9]. Water distribution within the 

epidermal layers is not homogeneous but is a gradient [10]. The results 

obtained from in vivo confocal Raman microscopy of human skin demonstrate 

a gradual increase in water content of the stratum corneum from 15% to 40% at 

the border of stratum corneum-stratum granulosum with an increase up to 70% 

in the deeper layers of the epidermis [11, 12]. 

 

The stratum corneum (or ‘horny’ layer) is predominantly responsible for the 

barrier properties of human skin which limits the permeation of chemical 

substances and microorganisms from the skin surface [13, 14]. The stratum 

corneum comprises only 10-15 cells in depth and is around 10-20 µm thick 

when dry (although it can swell to several times this when wet) [4, 14]. It is 

composed of anucleated flattened corneocytes packed with keratin filaments 

and surrounded by a lipid bilayer which is comprised largely of 25% 

cholesterol, 10% triglycerides, 15% fatty acids and 50% ceramides, with the 

absence of phospholipids [15, 16]. The resulting structure has been described 

as a brick wall-like structure containing corneocytes as “bricks’’ embedded in a 

matrix or “mortar’’ of intercellular lipids with desmosomes serving as rivets 
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between the corneocytes [1, 4, 17] as shown in Figure 1.2. The desmosomes 

are enzymatically digested before the desquamation process [5].  

 

 

Figure 1.2: A representation of the 'brick and mortar' model of human stratum 

corneum. Adapted from Beeckman et al. [18]. 

 

The stratum corneum is composed of approximately 80% protein and 20% 

lipid [19]. The protein present within the corneocytes is mainly alpha-keratin 

with small amounts of beta-keratin and a proteinaceous cell envelope [4, 16]. 

Corneocytes also contain the natural moisturising factor (NMF) which is a 

mixture of free amino acids and amino acid derivatives, lactic acid, urea, citrate 

and sugars and it is exclusively present in the stratum corneum [20]. NMF is a 

hygroscopic material and as such it acts as a humectant by absorbing 

atmospheric water, thus maintaining stratum corneum hydration [20].  In 

normal skin the keratinocytes in the basal layer take approximately 21 days to 

migrate and differentiate into a stratum corneum cell [6], and these cells in turn 

require a further two weeks before they are shed from the stratum corneum [1, 

21]. In addition to the keratinocytes, the epidermis and particularly the basal 

layer contains other specialised cell types, these are melanocytes, Langerhans 

cells and Merkel cells [3]. The main function of melanocytes is melanin 

production that provides the pigmentation of the skin and to absorb the harmful 

Corneocyte 

(brick) 

Desmosome 

Intercellular 

lipid between 

corneocytes 

(mortar) 

NMF within 

corneocytes 

Keratin 

Cornified cell 

envelope 
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UV radiation, thus decreasing free-radicals liberation in the stratum basale 

[22]. Langerhans cells are the antigen presenting cells in the skin localised in 

the superbasal layer of the epidermis. The binding of an antigen to the cell 

surface causes activation and migration of the Langerhans cells from the basal 

layer to the dermis and then on to the regional lymph nodes where they activate 

T cells to elicit an immune response [23]. Merkel cells are found in largest 

numbers around the touch sensitive sites of the body, such as the fingertips and 

lips and are associated with the nerve endings, their main function is cutaneous 

sensation [24]. 

 

1.1.2 Dermis 

The dermis is the second layer below the epidermis and it is about 3-5 mm 

thick and composed of a network of connective tissue, mainly of collagen and 

elastin embedded in a mucopolysaccharide gel. This provides an aqueous 

environment similar to a hydrogel. Nerves, blood vessels and lymphatics 

traverse the matrix and skin appendages such as hair follicles, sebaceous 

glands, and sweat glands penetrate through it [1]. The dermis possesses a rich 

blood supply for temperature regulation, wound healing, oxygen and nutrients 

delivery to the tissues and also to remove waste materials [4, 5].  

 

1.1.3 Subcutaneous fatty layer 

The thickness of this inner layer of the skin is several millimetres and it is 

composed mainly from adipose tissue which insulates the body, acts as thermal 

barrier and provides mechanical protection against physical shock [1, 3]. 

 

1.1.4 Skin appendages 

The skin appendages include sweat glands, hair follicles and the associated 

sebaceous glands. The sweat glands secrete sweat when stimulated either by 

heat or by emotional stress and sebaceous glands secrete sebum which consists 

of triglycerides, waxes and fatty acids to lubricate the skin surface and help to 

keep the pH of the skin surface at around 5. Typically the skin has hair follicles 
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from 50 to 100 per cm
2 

but they are absent at the load bearing areas such as the 

soles of feet and palms of hands [3, 4]. 

 

1.2 Drug transport and permeation through the skin 

For drug delivery the skin represents a formidable barrier and a difficult 

challenge to pharmaceutical scientists [1]. The drug molecules, in order to be 

transported through the skin, first must be presented to the skin surface in a 

dissolved form. Therefore, if the formulation contains a solid drug then 

dissolution within the formulation is the initial step in drug delivery. Following 

this, the active ingredient will partition into the outermost layer of the stratum 

corneum and diffuses through the stratum corneum. At the junction between 

stratum corneum-viable epidermis, there is another partitioning step and 

diffusion through the viable epidermis to reach the epidermis-dermis junction. 

Again, there is further partitioning and diffusion through the dermis to the 

blood vessels before removal in the systemic circulation [4] as illustrated 

schematically in Figure 1.3. In addition to these multiple partitioning and 

diffusion steps, there are other potential fates for drug molecules passing 

through human skin. The molecules may bind with the structural elements of 

the skin such as the binding of drug with the keratin present within the 

corneocytes at the stratum corneum, for example the binding of doxycycline to 

keratin present within the corneocytes [25] or the drug may undergo 

metabolism within the skin [4]. For most drug molecules the stratum corneum 

is the rate-limiting barrier for drug delivery. However, for some highly 

lipophilic drugs, the aqueous viable epidermis represents the main barrier to 

permeation [26]. A hydrophilic permeant has difficulty to penetrate the skin 

because it cannot easily enter the hydrophobic stratum corneum layer, while a 

lipophilic permeant can easily enter the stratum corneum but it may remain 

stored within it since the next layer (viable epidermis) has a higher water 

content [27]. The drug molecules have three routes to traverse the intact 

stratum corneum depending on their physicochemical properties, these being 

intracellular, intercellular and appendageal [28] as illustrated in Figure 1.3. 
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Figure 1.3: A representation of the principle mechanisms and pathways 

operating during transdermal and topical drug delivery. Adapted from 

Williams C.A [1]. 

 

1.2.1 Intracellular drug transport (across corneocytes)  

The intracellular pathway provides a polar route for the diffusion of 

hydrophilic molecules. However, the corneocytes are bound to a lipid envelope 

that connects to the lipid bilayers. Therefore, molecules that traverse the intact 

stratum corneum via this route undergo multiple partitioning and diffusion 

steps between hydrophilic and hydrophobic domains which is an unfavourable 

process for most drugs [3, 4]. 

 

 

Partition: is the molecular redistribution from one domain to another, such as 

from an aqueous domain to a lipid domain. 

Diffusion: is the movement of molecules through a domain from high 

concentration to low concentration. 
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Initially the drug molecules partition into a keratin-filled corneocyte, which is 

an aqueous environment and then diffuse through the corneocyte before 

partitioning into an intercellular lipid matrix. For intracellular transport to 

continue, the drug molecules must then diffuse through the lipid domain before 

they can again partitioning into and diffuse through the corneocytes and then 

lipoidal region [1, 4]. In the case of highly hydrophilic molecules, the rate-

limiting barrier for permeability is the multiple lipids bilayers that the molecule 

must cross between the corneocytes [4]. 

 

1.2.2 Intercellular drug transport (across lipids) 

This route provides the only continuous phase within the stratum corneum for 

drug transport. In this case, the drug molecules partition into the lipids between 

the corneocytes and then diffusion through a tortuous route within the lipid 

domain, ‘following the mortar in the brick wall’ [3, 4] (Fig. 1.3). It is now 

generally accepted that the intercellular route represents the major pathway for 

drug molecules to cross the stratum corneum [28, 29]. Within the intercellular 

lipid domains, the transport can happen via both (lipid core and polar head 

group) pathways. Thus, for a polar permeant the diffusion is via the polar head 

group pathway which is independent of the permeant’s partition coefficient, 

while for a non-polar permeant the diffusion occurs via the lipid core pathway 

and increases with the increase in the permeant’s partition coefficient [3]. The 

lipid bilayers provide the principle limiting barrier to drug permeation, since 

the intercellular transport occurs through the lipid domains and also the 

intracellular transport needs the lipid bilayers between the corneocytes to be 

crossed [4].   

 

1.2.3 Appendageal (via skin appendages)  

The appendages (hair follicles, sebaceous and sweat glands ducts) provide 

pores that overcome the stratum corneum barrier. This route represents a shunt 

route or short cut through which the drug molecules can move across the 

stratum corneum [1] such as in the case of caffeine [30] , minoxidil [31] and 

finasteride [32] permeation. The appendageal route is considered as a minor 
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route for drug transport. This is due to the fact that the appendages constitute 

only 0.1% of the total skin surface area [19] and the ducts of the sweat or 

sebaceous glands are seldom empty, containing sweat or sebum flowing out 

inhibiting drug delivery [4]. However, the appendages form a significant route 

for the transport of large polar molecules and ions that would traverse poorly 

across the stratum corneum [33]. In addition, they play a role in electrical 

enhancement of transdermal drug delivery (iontophoresis) [34] and also in the 

early stage of passive diffusion through the stratum corneum where the 

diffusion has yet to reach steady state [4]. Hair follicles can serve as a reservoir 

for drug molecules over a period of several days [35]. 

 

In terms of transdermal drug delivery, molecules that have been transported 

through the stratum corneum and then diffused through the lower epidermal 

layers (viable epidermis) will be cleared by the blood capillaries at the 

epidermal-dermal junction for systemic absorption. Therefore, the dermal 

concentration of transdermal drugs is kept low due to this rich blood flow, 

which provides a concentration gradient from the outside into the skin and this 

permits drug delivery through the skin [1]. 

 

1.3 Physicochemical properties of drugs affecting permeation 

It is clear that for any permeant there are three available routes for transport 

across the skin but the proportion of molecules which cross by each route will 

vary depending on the physicochemical properties of the permeant [1]. 

 

1.3.1 Partition coefficient 

The partitioning of the drug molecules into the stratum corneum is the rate 

limiting step in the permeation process and the partition coefficient of the 

permeant is usually the determining factor in selecting which pathway it will 

follow through the skin. Thus, it can be expected that a lipophilic molecule will 

preferentially partition into the lipid bilayers (intercellular route), whereas a 

hydrophilic molecule will prefer to partition into the hydrated keratin-filled 
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keratinocytes (intracellular route) rather than into the lipoidal domains [26]. 

However, this situation is not largely true for a hydrophilic permeant because 

the intercellular route contains desmosomes, proteins and a thin layer of water 

between the polar head groups in the lipoidal domains. Therefore, a 

hydrophilic permeant may partition into these polar regions within the lipid 

bilayers and cross the stratum corneum via the intercellular route. 

Consequently most drugs largely permeate through the continuous intercellular 

lipid bilayers by using both the lipid and polar regions of the bilayers 

depending on the partition coefficient of the permeant [36]. For a permeant 

with an intermediate partition coefficient (log P 1-3) the intercellular route 

probably predominates. For a highly lipophilic permeant (log P >3) the 

intercellular route will be the principle pathway to cross the stratum corneum. 

However, this permeant will have difficulty to partitioning out of the stratum 

corneum into the more aqueous viable epidermis. For more hydrophilic 

permeants (log P <1) the intracellular route increasingly predominates, yet 

there are lipid bilayers to cross between the corneocytes. The transport of a 

highly hydrophilic and charged permeant is predominantly through the 

appendageal route [4]. Lipophilic molecules are better candidates for 

transdermal drug delivery than hydrophilic molecules because they tend to 

permeate through the skin faster than the hydrophilic molecules but high 

lipophilicity also causes problems for clearance of the drug by the blood 

vessels at the epidermal-dermal boundary [1, 4]. Therefore, it is preferred that 

drug molecules have a balance between lipophilicity and aqueous solubility in 

order to cross the lipid bilayer of the stratum corneum and also pass through 

the more aqueous environment of the viable epidermis to ultimately enter the 

blood capillaries at the epidermal-dermal boundary [3]. 

 

1.3.2 Molecular size 

The permeant's molecular weight and structure also affects its transport across 

the skin particularly for the large molecules. There is an inverse relationship 

between the transdermal flux and the molecular weight of the permeant. Thus, 

small molecules cross human skin faster than large molecules [37] and the skin 
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may prevent the passage of large molecules, such as insulin (MW 3000-7000 

Da) [38] and low molecular weight heparin (MW 3000-9000 Da) [39]. 

 

1.3.3 Solubility / Melting point 

There is a clear relationship between the permeant’s melting point and its 

aqueous solubility. Most organic substances with high melting points possess 

relatively low aqueous solubilities [4]. The ideal permeant’s melting point limit 

for transdermal delivery is below 200 °C [40]. The permeant should exhibit 

some aqueous solubility required to cross the aqueous medium of the viable 

epidermis and also because that most of the topical medications are generally 

applied from an aqueous formulation [3]. 

 

1.3.4 Hydrogen bonding 

There is a possibility for a permeant having hydroxyl or carboxyl functional 

group in its structure to form hydrogen bonds with skin components. The 

permeation through the stratum corneum can be significantly reduced by 

increasing the number of hydrogen bonding groups on the permeant [41, 42], 

for example the diffusion coefficient and permeability of phenols is inversely 

related to the number of hydrogen bonding groups [43].  

 

1.3.5 Drug dose 

The drug's effective dose must be relatively low to allow the application of 

suitable sized patches or formulations and it must be readily released from the 

formulation, where poor drug release from the formulation can limit drug 

transport across the skin [1]. This limits the range of drugs that can be 

administered transdermally to obtain the required therapeutic level. There are 

certain parameters that can be used to predict the feasibility of an active drug 

ingredient for transdermal administration. These include [28, 40]: 
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1. Log P, ideally the log partition coefficient of the drug should be in the 

range of 1-3. 

2. Molecular weight (MW), ideally the molecular weight of the drug 

should be less than 500 Dalton. 

3. Aqueous solubility, ideally the aqueous solubility of the drug should be 

equal or greater than 1 mg/mL. 

4. Melting point of the permeant should be less than 200 °C. 

5. The effective daily dose of the drug should be in the range of 10-40 

mg/day.  

 

1.4 Pathological disorders of the skin 

In general, skin disorders can be classified into [4]: 

 Eruptions such as eczema, psoriasis and lichenoid eruptions. 

 Infections which can be bacterial, viral or fungal. 

 Ichthyoses conditions are disorders related to the keratinisation and 

epidermal differentiation. 

 Tumours which can be either benign such as actinic keratosis or 

malignant such as basal cell carcinoma, squamous cell carcinoma or 

melanoma. 

Topical formulations used in the treatment of basal cell carcinoma (BCC) and 

in the antisepsis of the skin against bacterial infections will be discussed here 

in more detail, since the work in this thesis aims to investigate the skin 

permeation of these formulations. 

 

1.4.1 Basal cell carcinoma (BCC) 

Basal cell carcinoma (BCC) is the most common type of skin cancer among 

white populations (Caucasian populations) constituting about 75%-80% of skin 

cancer cases [44, 45]. It has high prevalence in Europe, Australia and the 

U.S.A. Approximately 3-4 million cases per year of BCC occur in the United 
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States [46] and the incidence rate is rising by 10% annually worldwide [47]. It 

is an increasing health problem which puts a considerable burden on the 

resources of health care systems. The Medicare programme in the United 

States spends approximately 562 million dollars per year to treat non-

melanoma skin cancer [48]. BCC is not fatal, it is a slow growing tumour with 

very rare opportunity for metastasis but it can cause local invasive tissue 

destruction on the face, neck and head affecting facial sensory organs such as 

the nose, ear, lips and eyelids. [46, 49]. The most relevant aetiological factors 

for BCC are genetic predisposition and exposure to solar radiation (UV light). 

In addition, increasing age, fair skin with freckles, blond or red hair, blue eyes 

and male sex represent other risk factors [49].  

 

1.4.1.1 Classification of BCC 

BCC can be classified morphologically into four major types [50]:  

1.  Superficial (15%) without penetration into the dermis.  

2.  Nodular including micronodular (50%) with dermis involvement.  

3.  Infiltrative (10%-20%) with dermis involvement.  

4.  Mixed (10%-15%) a combination of the above growth patterns. 

Most of the truncal lesions are superficial BCC, while facial lesions are mainly 

nodular [51]. 

 

1.4.1.2 Treatment of BCC 

The aims of BCC treatment are complete eradication of the tumour with 

maximum restoration of normal function and acceptable cosmetic outcome. 

Treatment approaches can be either surgical or non-surgical. Surgical 

treatments include [52]: 

 Surgical excision. 

 Mohs micrographic surgery. 

 Curettage and electrodessication. 
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 Cryosurgery.  

Non-surgical approaches include: 

 Radiotherapy. 

 Photodynamic therapy. 

 Topical treatment with anticancer drugs such as imiquimod or                      

5-Fluorouracil.  

 

The selection of the treatment type depends on several factors, including [47, 

49]: 

 The histological nature, size, depth, and location of the lesion. 

 Patient general health condition. 

 Patient and specialist preference. 

 Cost of treatment. 

 Local availability of specialised staff and services. 

 

Surgical excision and in particular Mohs micrographic surgery represents the 

‘gold standard’ treatment for BCC especially for high risk lesions because of 

its higher cure rate and lower recurrence rate. However, this treatment option 

may be unsuitable for some patients because of the invasive nature of the 

treatment, poor cosmetic outcome with scar formation, cost implications, need 

for specialist staff, equipment and long waiting list [49, 53]. Conversely, 

topical treatment with an anticancer drug such as imiquimod provides a non-

invasive, self-administered treatment with excellent cosmetic outcome and 

lower cost. Therefore, it can be used as an alternative to surgery in the 

following cases [54]: 

 Patients with multiple lesions. 

 Patients with non-aggressive histological lesions. 
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 Patients with lesions difficult to excise either because of their location 

or size. 

 Poor surgical candidates’ patients because of underlying systemic 

diseases such as cardiovascular disease, pulmonary insufficiency, or 

with wound healing problems. 

 Patients with surgical phobia. 

 

The principle challenge for the topical treatment with anticancer drugs is to 

increase drug permeation at an adequate therapeutic level to eradicate tumour 

cells. In BCC the stratum corneum becomes thicker because of the 

hyperkeratinisation associated with the tumour lesions, this factor hinders drug 

permeation into the deeper skin layers. Therefore, a well-designed topical 

formulation for an anticancer drug is required to improve drug permeation 

through the thicker stratum corneum to reach the deeper skin layers, where the 

tumour cells are located [45]. 

 

1.4.1.3 Imiquimod  

Imiquimod is an immune response modifier drug with antiviral and antitumor 

activity. Its action is indirect through stimulation of the immune system to kill 

viruses and tumour cells. It was initially approved by the FDA in 1997 for 

genital and perianal warts treatment and marketed as Aldara
™

 cream (5% w/w 

imiquimod) by 3M Pharmaceuticals, USA. In 2004, the FDA approved the use 

of imiquimod for the treatment of actinic keratosis and superficial BCC. [45]. 

 

1.4.1.3.1 Mechanism of action 

Imiquimod stimulates both innate and acquired immunity. It activates the 

immune system by binding to toll-like receptor 7 (TLR-7) which causes 

production of cytokines such as interferon, interleukin and tumour necrosis 

factor. In addition, it activates Langerhans cells, the major antigen-presenting 

cells within the epidermis causing them to migrate from the site of treatment to 
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the regional lymph nodes for the activation of T lymphocytes. In addition, 

recent studies have shown that imiquimod can induce apoptosis to the tumour 

cells by direct stimulation and production of pro-apoptotic signalling via death 

receptors such as Fas Receptor [55]. 

 

1.4.1.3.2 Therapeutic efficacy 

Imiquimod was approved by the FDA for the treatment of small, primary, 

superficial BCC but not nodular BCC [45]. In addition, several clinical studies 

have demonstrated the efficacy of imiquimod in the treatment of superficial 

BCC with cure rates range from 75% to 88% when used (once daily/ 5 days per 

week) for 6 weeks, while the cure rates in nodular BCC range from 42% to 

76% for the treatment course of 12 weeks (once daily/ 5 days per week) [52, 

53, 55, 56]. This difference in the clearance rate is attributed to the fact that the 

lesions in nodular BCC show deeper invasion within the dermis with the 

inability of imiquimod to reach the tumour’s full depth [45]. In addition, the 

topical treatment of the superficial BCC lesions with Aldara
™

 cream has shown 

higher recurrence rate in comparison to surgery [56] particularly tumours with 

a thickness > 0.4 mm [48]. One study compared the topical imiquimod with 5-

fluorouracil and photodynamic therapy and concluded that imiquimod is more 

effective in the treatment of superficial BCC and can be used as the first choice 

treatment [57].  

 

According to Aldara
™

 cream leaflet, Aldara
™

 cream should be rubbed on the 

affected area and 1 cm around the affected area and it should be left for 

approximately 8 hours. During this time, the patient should not shower or 

bathe. For the treatment of superficial BCC lesions, Aldara
™

 cream should be 

applied daily for 5 consecutive days each week for 6 weeks. (e.g. Monday to 

Friday with no application on Saturday and Sunday). The patient should avoid 

sun light as much as possible during the treatment period and wear protective 

clothing and wide brimmed hat when outdoors. Many of the undesirable effects 

of Aldara
™

 cream are due to its local action on the skin. Local skin reactions 

can be a sign that imiquimod is working as intended. The treatment with 
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topical imiquimod is associated with local and to lesser extent systemic side 

effects. Local skin reactions include irritation, burning, erythema, oedema, 

pruritus, erosion and crusting. Whereas, systemic side effects such as headache, 

flu-like syndrome, fatigue, malaise, nausea and diarrhoea have been reported 

with some patients [55, 58]. 

 

As Aldara
™

 cream causes these local skin side effects and if it is applied for 

considerably long period of time of 6 weeks, it can compromise the barrier 

properties of the stratum corneum, allowing easier and greater permeation of 

imiquimod into the skin. However, in BCC the stratum corneum becomes 

thicker because of the hyperkeratinisation associated with the tumour lesions, 

this factor hinders drug permeation into the basal layer of the skin. Therefore, 

the clinical studies have demonstrated the limited efficacy of Aldara
™

 cream to 

treat deep nodular BCC lesions. 

 

1.4.1.3.3 Physicochemical properties 

Imiquimod (C14H16N4) is a synthetic imidazoquinoline amine compound (Fig. 

1.4) with a molecular weight of 240.3 g/mol and basic properties (pKa value of 

7.3). It has a relatively high melting point of 297-299 °C with a very poor 

water solubility of less than 1 µg/mL. In addition, it is a sparingly soluble in 

organic solvents [59]. The lipid solubility (log P) of imiquimod is 2.7 [60]. 

 

 

 

 

 

 

Figure 1.4: Chemical structure of imiquimod.  

 

http://upload.wikimedia.org/wikipedia/commons/0/02/Imiquimod.svg
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The current system of Aldara
™

 cream used as topical treatment of BCC lesions 

has shown success and gained approval for the treatment of superficial lesions. 

However, there are some limitations associated with this treatment such as the 

high recurrence rate of the superficial lesions as well as the inability of the 

cream to reach the deeper more invasive nodular lesions. To date, there is a gap 

in the available information regarding the exact depth of permeation and the 

spatial distribution of imiquimod when delivered from Aldara
™

 cream. 

Previous studies conducted by Stein et al. [61] and Rehman et al. [62] assessed 

the permeation of imiquimod into the skin from Aldara
™

 cream showing 

limitations in the analytical methodology employed. They used an 

inappropriate skin membrane i.e. ‘rat skin’ and HPLC as the analysis method. 

HPLC has a limited sensitivity level and does not have any imaging capability 

and therefore it cannot identify the spatial distribution of imiquimod within 

skin. Visualising the localisation of imiquimod within skin could help to 

understand the mechanism of permeation and provide an opportunity to 

develop more efficacious formulations of imiquimod in the future. 

 

1.4.2 Bacterial infections 

Intact skin is a highly efficient barrier against the ingress of microorganisms. 

However, the skin also carries commensal microbiota (microbial flora) which 

are not only found on the skin surface but rather distributed throughout the 

lower layers of the skin and located in numerous aggregates around hair 

follicles, sweat glands and sebaceous glands [63, 64]. Grice et al. investigated 

the influence of the sampling methods on the number of bacteria collected from 

the skin layers. They found that the number of bacteria increase with increasing 

depth of the skin layers sampled. They demonstrated that the number of 

bacteria collected from skin surface swabs is approximately 10,000 

bacteria/cm
2
, stratum corneum scrapes approximately 50,000 bacteria/cm

2 
and 

for punch biopsies of the whole skin depth is approximately 1,000,000 

bacteria/cm
2 

[65].
 
The types of bacteria that are commonly found in skin 

include staphylococcal species, micrococci, corynebacteria and 

propionibacteria [4]. These microorganisms can cause infections at the incision 

site when the skin barrier integrity is breached during surgery or catheter 
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insertion. (i.e. the resident microbial flora exists in the patient’s skin may 

become pathogenic and infects the incision site, in response to an impaired skin 

barrier) [65, 66]. For example, Staphylococcus epidermidis is well-known as a 

common skin commensal but simultaneously it is considered the most frequent 

cause of the hospital-acquired infections during catheters insertion procedures 

[63, 67]. Although, the surgical site infections (SSIs) can be caused by 

exogenous ingress of microorganisms into the incision site during surgery such 

as from the operation room environment, medical staff or surgical tools, the 

majority of SSIs are developed by microorganisms already present in patients’ 

skin [68-70]. The risk for developing SSIs is dependent on many factors such 

as the type of wound, the virulence of the microorganism and the general 

health and immunity of the patient [71].  

 

Surgical site infections are common postoperative complication with 5% of 

patients undergoing surgery developing them [72, 73]. SSIs can cause 

significant morbidity and mortality among patients following surgical 

operations [74]. It was reported that SSIs result in 20,000 deaths per year in the 

USA [75]. In addition, they can increase the length of stay and the cost of 

hospitalisation by 2-5 times [74]. In the UK, the treatment cost for each patient 

developing SSIs is increasing by as much as to £10,523 [76]. Therefore, it is 

necessary to reduce the microbial count in patient’s skin to a minimum level 

prior to surgical incision using an efficient antiseptic agent. Furthermore, the 

applied antiseptic is required to permeate in a quick and efficient manner 

across the stratum corneum into the deeper skin layers to eradicate the 

microorganisms which exist there [77].  The most widely used antiseptic agent 

for skin antisepsis in clinical setting is chlorhexidine [78-80].  

 

1.4.3 Chlorhexidine  

Chlorhexidine is a cationic bisbiguanide compound possessing a broad 

spectrum antimicrobial activity with a low level of toxicity to mammalian cells. 

It shows activity against both gram positive and gram negative bacteria in 

addition to some viruses and fungi [81]. The mechanism of action of 
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chlorhexidine is by causing a disruption of the bacterial cell wall. At 

bacteriostatic concentrations, chlorhexidine binds to the bacteria cell wall 

phospholipids and induces structural modifications that lead to the leakage of 

low molecular weight intracellular components such as potassium ions. At 

higher bactericidal concentrations, chlorhexidine causes greater structural 

damage to the bacterial cell wall leading to cytoplasmic leakage and cell death 

[82]. Chlorhexidine is generally used as gluconate salts because of their higher 

water solubility. Chlorhexidine digluconate (Fig. 1.5) has a molecular weight 

of 897.8 g/mol. In addition, it is an ionised and water soluble compound with a 

partition coefficient log P (octanol/water) of 0.0133 [83]. The sub-optimal 

physicochemical properties of chlorhexidine contribute to its poor permeation 

into the skin which may allow potential pathogenic bacteria to remain viable at 

deeper skin layers. It is desirable for the topical antiseptic agents to show a 

rapid and efficient permeation into the lower layers of the skin and hair 

follicles to eradicate the bacteria present there and thus prevent the 

development of SSIs. However, the greater permeation of an antiseptic agent 

for example chlorhexidine can lead to an increase in its concentration in the 

systemic circulation which may result in toxic levels of chlorhexidine in blood. 

Therefore, it is thought that a compromise is required between the extent of 

permeation of chlorhexidine and the systemic absorption. This may be 

achieved using a formulation such as liposomes or nanocapsules that can target 

chlorhexidine into the deeper skin layers at a concentration just slightly above 

the minimum bactericidal concentration to avoid the excessive absorption of 

chlorhexidine into blood at the dermis layer. Several researchers have shown 

the limited permeability of chlorhexidine into and across the skin when they 

studied its permeation by Franz cell experiments using ex vivo rat [84], human 

[77, 85] or porcine skin [83, 86].  
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Figure 1.5: Chemical structure of chlorhexidine digluconate.  

 

Lafforgue et al. compared the percutaneous diffusion of Hibitane
®

 solution 

(chlorhexidine digluconate 5% w/v) through rat skin with and without stratum 

corneum and they found that following 48 hours exposure time, a lower 

quantity of chlorhexidine is diffused into the whole rat skin compared to the 

stripped skin without stratum corneum (approximately100 times less than the 

stripped skin) and this is related to the physicochemical properties of 

chlorhexidine [84]. Karpanen et al. demonstrated that chlorhexidine poorly 

permeates into the deeper skin layer following 2 and 30 minutes contact time 

when they studied the percutaneous permeation of chlorhexidine through ex 

vivo full-thickness human skin from aqueous solutions at a concentration of 2% 

w/v. The concentration of chlorhexidine as determined by HPLC in the upper 

100 µm of skin is effective to eradicate microorganisms (0.157 and 0.077 

µg/mg tissue for the 2 and 30 minutes respectively) but the concentration 

below 300 µm depth is less than 0.002 µg/mg tissue which may not be 

sufficient to kill bacteria present there [77]. In a following study, Karpanen et 

al. compared the skin permeation of chlorhexidine from both aqueous and 

alcoholic solutions at a concentration of 2% w/v. They found that the 

permeation of chlorhexidine following 2 and 30 minutes contact time from 

both solutions is limited. The detected concentration of chlorhexidine at a skin 

depth of 300 µm is negligible (less than 0.0008 µg/mg tissue) [85]. Recently, 

Judd et al. analysed permeation of chlorhexidine form 2% w/v aqueous 

solution into ex vivo porcine skin using ToF-SIMS. They concluded from the 

visualised tape strips and cross-sectioned skin samples, that the permeation of 

chlorhexidine is limited to the stratum corneum layer and penetration 
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enhancers are required to improve permeation of chlorhexidine and reduce the 

skin’s microflora below the stratum corneum [83, 86].  

 

A wide range of commercial products incorporating chlorhexidine are available 

varying in the type of vehicle (aqueous or alcoholic) and concentration (0.5-5% 

w/v) used. These products can be used for hand washing, body washing, skin 

preparation prior surgery, vaginal antisepsis and gingivitis treatment [87]. The 

Evidence-Based Practice in Infection Control (EPIC) guidelines recommends 

the use of chlorhexidine gluconate 2% in 70% isopropyl alcohol for skin 

antisepsis [78]. Mild adverse effects are associated with the use of topical 

chlorhexidine products including contact dermatitis [88]. However, in rare 

cases an anaphylactic shock was recorded following parenteral or mucosal 

administration of chlorhexidine [89]. 

 

Although, several researchers have studied the permeation of CHG into ex vivo 

rat, porcine or human skin from aqueous or alcoholic solutions of CHG, there 

is presently no published in vivo data investigating CHG permeation on human 

volunteers using commercial products of CHG. This investigation would 

provide more relevant information to the clinical setting since commercial 

products of CHG already used in hospitals will be tested on human subjects.   

 

1.5 Experimental methods for assessing drug permeation into 

the skin 

1.5.1 In vivo method 

1.5.1.1 Clinical trials 

In experimental design with the goal to evaluate the topical and transdermal 

permeation for in vivo use, the ‘gold standard’ would be the use of human 

volunteer ‘clinical trials’ to assess drug permeation into and through the skin 

but practically this is quite difficult to achieve and associated with ethical and 

legal constraints [4]. In addition, the comparative clinical trials are costly and 
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time consuming experiments recruiting large number of volunteers with 

clinical endpoints showing high variability [90]. Therefore, to address this 

situation alternative methods such as tape stripping, microdialysis, 

vasoconstrictor assay and in vitro experiments are used to assess the 

permeation of drugs into the skin. 

 

1.5.1.2 In vivo tape stripping  

In vivo tape stripping of the skin is a simple and minimally invasive technique 

used to estimate the quantity of a permeant in the stratum corneum (assess 

local bioavailability) for drugs whose target is the stratum corneum, such as 

UV filters [91-95], antifungals [96-98], antiseptics [83, 99] and keratolytics 

[100-102]. It involves a sequential application and removal of an adhesive tape 

onto the skin surface to collect microscopic layers composed of approximately 

1 µm of stratum corneum [103]. Thus, it can provide information about the 

amount of permeated drug as a function of the stratum corneum depth [104]. 

The tape stripping process is relatively painless since it involves the removal of 

dead cells embedded in lipid matrix of the stratum corneum layer [103]. In this 

technique a drug is applied to a defined skin area, left for a period of time and 

followed by a sequential removal of the stratum corneum from the same treated 

skin area using adhesive tapes (Fig. 1.6). Thereafter, the drug content in each 

tape is usually determined by the conventional chromatographic methods such 

as HPLC following an appropriate extraction procedure. The removed tape 

strips contain amounts of both the applied drug and stratum corneum, a larger 

coverage of the stratum corneum is removed in the first few strips and reducing 

with subsequent tape strips removed [105]. The amount of the permeant drug 

also decreases with increasing depth into the stratum corneum [106]. In the 

tape stripping procedure, a roller is often used to press the tape strips by 

moving 10 times over them to stretch the skin surface. This will assist to avoid 

the effects of furrows and wrinkles during the tape stripping procedure which 

can cause removing parts of the stratum corneum from different depths with a 

single tape strip [107].  
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Figure 1.6: A schematic representation of the tape stripping process. 

 

Although, the tape stripping technique is relatively simple, it has been shown 

that there are different external and internal factors that influence the amount of 

the stratum corneum removed [107]. The external factors are the type of 

adhesive tape used [108], vehicle composition [109], the duration of pressure 

[110] and the velocity of removal of the tape strips [111], while the internal 

factors include the anatomical site [112], age [113], skin hydration [114] and 

depth of skin [115]. Due to these external and internal factors, different 

amounts of the stratum corneum can be removed by a single tape strip even 

within the same subject and therefore, a standardised protocol for the tape 

stripping procedure is required to reduce the variability in the amount of the 

stratum corneum removed and obtain consistent results. In addition, it is 

necessary to correlate the amounts of topically applied drug in each tape strip 

to their location within the stratum corneum by determining the amount of the 

stratum corneum removed by each tape strip (i.e. normalisation of a drug 

concentration to the stratum corneum amount) [116].  

 

Furthermore, to account for the inter-individual variation in the amounts of the 

stratum corneum removed which occur due to the inter-individual variability in 

the stratum corneum thickness (7-19 µm), the fraction of the stratum corneum 

removed (x/L) is required to be determined; where, the thickness removed (x) 

is divided by the total thickness of the stratum corneum (L). Consequently the 

(x/L) represents the relative depth within the stratum corneum. It was found 

that the use of this approach (fraction of the stratum corneum removed) has 

Adhesive tape removing 

corneocytes and drug
 

Stratum corneum
 

Adhesive tape
 

Viable epidermis
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advantages over the methods of tape strip number or the measured thickness of 

the stratum corneum removed by individual tape strip in reducing data 

variability and obtaining reasonably reproducible results [103].  

 

A noteworthy point is that the in vivo tape stripping has certain legal and 

organisational constraints related to the use of the human volunteers in 

experimental studies including the requirement for the application of ethical 

approval prior to starting the experiments.  Furthermore, not all drugs can be 

tested in vivo on the skin of human volunteers (i.e. only over the counter 

products are allowable) [104]. Therefore, in vitro tape stripping for the skin 

used in Franz cell experiments can provide a suitable model for the in vivo skin 

stripping to determine the concentration profile and total amount of the 

permeant within the stratum corneum [106]. Although, there are some 

limitations of the tape stripping process of being a laborious and time-

consuming technique associated with some difficulties in standardising the 

method, it remains widely used because of its simplicity and it can be carried 

out at any laboratory [117]. 

 

The complete removal of the stratum corneum by tape stripping can be 

assessed visually. The skin will appear shiny by eye with a moderate exudation 

which indicates the total removal of the stratum corneum [118]. In addition, 

confirmation of complete removal of the stratum corneum can be achieved by 

checking cross-sections of biopsied skin samples under the microscope prior to 

and following tape stripping. Prior to stripping, the stratum corneum layer is 

clearly recognisable, whereas absent following the stripping process [119]. 

Another approach is to measure the TEWL prior to stripping and then every 

five strips. The stripping process can be continued until the TEWL value 

reaches eightfold its initial value which represents the complete removal of the 

stratum corneum [103]. TEWL refers to the total amount of water loss through 

the skin. It is often used as a non-invasive method for elucidation of skin 

barrier function. TEWL increases when there is a damage to the skin barrier 

[120]. 
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1.5.1.3 Microdialysis 

Dermal microdialysis (DMD) is a more invasive technique than tape stripping 

because it involves placing a probe (semipermeable hollow fiber structure) at 

the dermis level which is continuously perfused with a sterile physiological 

buffer at a very low flow rate using a microdialysis pump. This technique 

allows direct determination of unbound drug and can provide in vivo real-time 

information about permeation of drugs in addition to study the permeation 

from the test and reference formulations simultaneously [121, 122]. Several 

studies have used DMD to assess the permeation of drugs in healthy and 

damaged skin [123, 124] as well as to evaluate the bioequivalence of topical 

formulations [125, 126]. However, this technique is still more invasive and the 

exact positioning of the device is difficult to achieve. In addition, a special 

training for the laboratory personnel is required [122].   

 

1.5.1.4 Vasoconstrictor assay (pharmacodynamic response) 

A non-invasive procedure for the determination of drug content in skin for 

topical corticosteroids is the vasoconstrictor assay. In this assay, the ability of 

steroids to produce vasoconstriction of the skin blood vessels leading to 

blanching (whitening) at the application site is measured [103]. The blanching 

intensity is correlated with the formulation potency and the degree of drug 

delivery into the skin [127]. In contrast to clinical trials, the vasoconstrictor 

assay is relatively simpler to perform and requires smaller numbers of 

volunteers [103]. However, this assay is associated with high inter-individual 

variability [122].  

 

1.5.2 In vitro method 

Due to the difficulties associated with the in vivo experiments, most of the 

topical and transdermal drug permeation studies use in vitro experiments as an 

alternative method. In vitro permeation experiments can provide a platform for 

the initial evaluation of the permeation of topical and transdermal formulations 

in addition to their application in risk assessment experiments for many drugs 
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and chemicals. This method has the advantages of a quick and simple 

application with the ability to perform multiple repeats without the need to 

enrol large numbers of subjects. In vitro permeation experiments are usually 

performed using static diffusion cells (Franz cell) with subsequent analysis by 

HPLC. A typical static Franz cell is illustrated schematically in Figure 1.7, it is 

made of glass and consists of two-chambers (donor and receptor chambers) 

separated by a membrane (skin). A drug formulation is applied in the donor 

chamber and then samples are collected from the receptor chamber at specified 

time intervals. Following this, the drug concentration is measured and a 

permeation profile is constructed [4].  

 

Careful selection of an appropriate membrane/skin sample is essential and it 

depends on the aim of the experiment. For example, if the aim of the 

experiment is the comparison between the release profiles from a series of 

formulations, then a simple polymeric membrane can be used [1]. On the other 

hand, if the aim is to evaluate permeability of a drug through human skin, then 

epidermal membrane (from stratum corneum to stratum basale) is used, since 

the drug is cleared by blood capillaries from the epidermal-dermal boundary in 

vivo [1]. The Scientific Committee on Consumer Safety (SCCS) recommends 

the use of a split-thickness skin for the in vitro permeation experiments 

utilizing human skin  

 

Figure 1.7: A schematic of static Franz cell. 
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as a membrane but for porcine skin a full thickness skin can be used due to the 

technical difficulties in obtaining intact split-thickness skin [128]. Generally, a 

skin integrity test is carried out prior to permeation experiments by either 

measuring the transepithelial electric resistance (TEER) or the transepidermal 

water loss (TEWL) of the membrane in order to verify the integrity of the 

membranes used for the in vitro permeation studies [4]. 

 

The ex vivo human skin is considered the most reliable model for in vivo 

studies [129]. However, animal skin can be used as a substitute for human skin 

because of the legal constraints, unavailability of human skin and variability 

among samples due to age, gender, race and anatomical site differences [130]. 

It is observed that diffusion experiments through some animals’ skin, 

particularly small animals such as mice and rats show higher permeability 

results than experiments carried out by using human skin, since their skin is 

thinner than human skin [131]. The best natural membrane for diffusion studies 

is the pig skin, in particular pig ear skin which has a similar thickness, 

histology and permeability properties as human skin [132, 133]. Although 

many compounds have shown a similar permeability in both in vivo human 

skin and ex vivo porcine skin with an appropriate in vivo in vitro (IVIV) 

correlation, it is observed that some compounds show differences in 

permeability with poor IVIV correlation. The degree of similarity varies with 

the compound chemical properties [134]. Two critical factors are required to be 

considered in order to achieve a suitable IVIV correlation, these are the skin 

used in both in vivo and ex vivo experiments (should be from identical body 

site) and the vehicle (should be of identical composition and dose) [135]. 

 

The receptor solution should be a suitable solvent for the drug and sink 

conditions should be maintained during the experiment to allow permeation to 

continue as it would normally under in-vivo conditions with the presence of 

blood vessels (The concentration of the permeating molecules should not 

exceed 10% of its solubility in the receptor fluid) [1]. For hydrophilic and 

moderately lipophilic drugs (log P = 2) aqueous receptor solution such as 
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buffered isotonic saline pH 7.4 is mostly used. However, for more lipophilic 

drugs or where the aqueous solubility of the drug is low, the receptor fluid in 

this case needs some modifications either by the addition of solubilising agents 

or more commonly the addition of organic solvents like ethanol to the aqueous 

receptor fluid. Typically 25% ethanol/water co-solvent is usually used to 

provide sink conditions for lipophilic drugs. In addition, the effects of the 

receptor fluid on membrane integrity should be considered. The addition of a 

solubilising agent may damage the barrier nature of the biological membrane. 

Using a high concentration of ethanol in the receptor fluid may influence 

membrane integrity or could result in backwards flow from the receptor fluid 

into the donor fluid. This may change the partitioning of the drug across the 

membrane [4, 129]. The receptor fluid should be stirred continuously by using 

a magnetic stirrer bar to ensure appropriate mixing during the experiment and 

also to remove the molecules from directly beneath the membrane. The 

temperature of the skin membrane should be maintained near 32 °C to mimic 

the in vivo situation and to achieve this, the diffusion cell is submerged in a 

water bath at around 37 °C or water is circulated in a jacket around the cell 

[129]. The exposure time in the Franz cell experiments is usually maintained 

for 24 hours according to the recommendation of the Organisation for 

Economic Co-operation and Development (OECD) guidelines for skin 

permeation studies [136].  

 

1.6 Techniques used to analyse drug permeation into the skin 

1.6.1 Conventional chromatographic techniques 

The most widely used techniques for the determination of drug concentration 

permeated into or across the skin are the conventional chromatographic 

methods (usually HPLC) [137-140]. HPLC can be used to determine the 

concentration of a permeant which can be analysed from the different Franz 

cell elements such as donor chamber wash, skin wash, pooled tape strips, 

remaining skin and receptor fluid. Although, HPLC represents a relatively 

quick, quantitative and versatile method for analysis which can be adopted for 

most permeants by appropriate selection of columns, mobile phase and 
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detectors, it suffers from issues in the detection and quantification of a 

permeant if it presents at low concentrations (low sensitivity) [4]. Additionally, 

in liquid chromatography the sample should be in a solution and therefore an 

efficient extraction step with solvents is required prior to injection into the 

HPLC system. This increases the complexity of the method and the time 

needed for the analysis. Furthermore, as the HPLC does not have any imaging 

capability, it is unable to identify the exact depth of permeation or provide 

information about the spatial distribution of a permeant within skin for the 

topically applied formulations.  

 

1.6.2 Advanced imaging techniques 

Imaging techniques with relatively high spatial resolution have been 

successfully used either to analyse native skin or to map the permeation and 

visualise the spatial distribution of a permeant within skin. Confocal laser 

scanning microscopy (CLSM) [141-143] can produce in vivo high resolution 

and high contrast images with the ability to capture 3D images but this is 

applicable only for an inherent fluorophore compound (auto-fluorescent) 

otherwise fluorescent tagging will be required to follow the permeation within 

the skin. This fluorescent tagging changes the molecular structure of the drug 

and influences the permeation behaviour and can yield information about the 

distribution and localisation which is not truly related to the native compound. 

This limits the number of drugs that can be analysed by CLSM [117, 144].  

 

Vibrational spectroscopy techniques such as infrared [145-147] and Raman 

spectroscopy [148-150] have the advantages of label-free imaging of the skin. 

Nevertheless, infrared spectroscopy offers analysis of a limited spatial 

resolution. Raman spectroscopy and more specifically confocal Raman 

spectroscopy and stimulated Raman scattering microscopy provide non-

invasive, in vivo, real-time and label-free skin imaging techniques which can 

produce 3D images with high sensitivity [151, 152] and depth resolution of 2 

µm [117]. They have been used to map the permeation of both an active 

ingredient such as retinol and an excipient propylene glycol into the skin [153] 
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and also to monitor skin permeation of DMSO [154]. In addition, they have 

been utilised to profiling the distribution of ibuprofen and ketoprofen within 

skin [152] and studying the effect of different penetration enhancers on 

flufenamic acid permeation in ex vivo human skin [150]. However, these 

vibrational spectroscopy techniques have less chemical specificity than mass 

spectrometry methods. In addition, since the Raman signal is generally a weak 

signal, a prerequisite for the analysis of a compound by Raman spectroscopy is 

to produce a Raman signal with sufficient intensity for detection [117].  

 

Mass spectrometry techniques such as matrix assisted laser desorption 

ionisation (MALDI) [155-158] have been used in the analysis of biological 

samples due to its molecular identification capability of high mass range 

materials such as lipids, peptides and proteins. It has been successfully applied 

to determine the existence of pharmaceutical compounds within skin but with a 

limited spatial resolution. Additionally, the samples cannot be analysed directly 

as they need further processing prior to the analysis by the application of a thin 

layer of  matrix material onto the surface of the sample [159]. This adds 

additional complexity to the experimental procedure. Recently, there have been 

some improvements made to MALDI instrumentation to achieve a spatial 

resolution of 20 µm when used for assessing protein distribution in rat testis 

[158]. Another mass spectrometry technique is desorption electrospray surface 

ionisation (DESI) [160] in which the analysis of biological samples can be 

carried out at ambient conditions but again it offers a lower spatial resolution 

of approximately 100 µm which minimises the usefulness of this technique and 

limits its application.  

 

Time of flight-secondary ion mass spectrometry (ToF-SIMS) offers numerous 

advantages that can be exploited for the analysis of biological samples (Section 

1.7.7). However, to date there are only a small number of studies that utilise 

ToF-SIMS to explore drug permeation into the skin [83, 161]. 
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1.7 Time of flight-secondary ion mass spectrometry (ToF-

SIMS) 

ToF-SIMS is a highly sensitive surface analysis technique that is used to 

characterise the surface chemistry of a sample including illustrating the spatial 

distribution. It involves the use of a primary ion beam to bombard the surface 

of a sample under ultra-high vacuum conditions to sputter secondary ions 

which are detected and separated according to their mass. When a high energy 

beam of ions in the order of 25 keV bombards a surface, the particle energy is 

transferred to the atoms of the solid by billiard-ball-type collisional process 

called ‘collision cascade’. In this cascade of collisions that occurs between the 

atoms in the solid, some collisions return to the surface and result in the 

emission of secondary ions (Fig. 1.8). These secondary ions consist of either 

whole ionised molecules or fragment ions. [162].  

 

In addition to the mass spectra obtained from ToF-SIMS analysis, the ToF-

SIMS has the capability to produce ToF-SIMS ion images that illustrate the 

spatial distribution of different ions present in a sample by rastering (scanning) 

the primary ion beam onto the sample surface. ToF-SIMS instrument has the 

ability to map each detected ion as a function of its mass in addition to its x, y 

coordinates. Thus, each pixel of the image represents a full spectrum at that 

point. A spatial resolution of 400 µm to 1 µm can be achieved with ToF-SIMS 

depending on the primary ion mode [163]. ToF-SIMS ion images represent 

chemical maps which not only show the distribution and localisation of an 

exogenous compound within a tissue but also they highlight the co-localisation 

of the native components of that tissue and therefore permit the depth of 

permeation to be estimated [83].   
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Figure 1.8: A schematic showing the collision cascade (yellow arrows) that 

occurs by bombardment of a sample surface by a primary ion beam which 

leads to sputtering of secondary ions during SIMS analysis. Adapted from the 

National Institute of Standard and Technology (NIST).   

 

SIMS analysis that uses a low primary ion dose of ≤ 10
13

 ions per cm
2
 is 

termed ‘static’ SIMS. This value is estimated through an approximation that 

one primary ion impacts an area of 10 nm
2
. Therefore, to impact 1 cm

2
 area, it 

would require 10
13 

ions to achieve the static limit [162]. Thus, to ensure the 

minimum damage to a sample, the primary ion dose should be kept below the 

static limit of 10
13

. A ToF-SIMS instrument is mainly composed of an air-lock 

system, main analysis chamber, primary ion gun, time of flight mass analyser 

and electron flood gun as illustrated in Figure 1.9. The analysis of the samples 

by ToF-SIMS under ultra-high vacuum conditions (pressure <10
-8

 Torr) allows 

the ion beam to operate in a consistent way, avoids the collision of the emitted 

ions with the gas phase molecules and decreases the chance for the sample 

surface chemistry to change or be contaminated during SIMS analysis [162].  

 

1.7.1 Primary ion beam sources 

Four types of the primary ion beam sources (surface ionisation, plasma, 

electron bombardment and field ionisation sources) are available and can be 

differentiated by the way that they produce the primary ion [162]. Only field 
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ionisation source is discussed here because it has been used in the ToF-SIMS 

instrument utilized for the analysis work in this thesis. In the field ionisation 

source, a very high electronic field is used to remove electrons from the atoms 

of a liquid metal such as bismuth which flows over a tungsten tip with a radius 

< 1 µm in the proximity of an extraction field ranging from 10 to 40 KeV. This 

causes a Taylor cone to be formed from which the primary ions are stripped 

[162]. Field ionisation sources are usually referred to as a liquid metal ion gun 

(LMIG) and they produce high current densities and a focusable ion beam and 

therefore they are preferred for static SIMS analysis because they offer much 

higher spatial resolution for imaging [164].  

 

 

Figure 1.9: A schematic showing the components of a ToF-SIMS instrument. 

Adapted from (©IONTOF GmbH). 

 

1.7.2 Cluster ion sources 

Cluster ion or polyatomic ion sources such as Bin
+
 or C60

+
 offer several 

advantages over monoatomic sources and have become widely used as primary 

ion sources. Monoatomic sources such as Ga
+
 or Cs

+
 possess a small size and 

high energy and can cause deep disruption to the sample on impact,  

subsequently less material is removed from the sample surface [165]. The use 

of cluster ion sources produce greater desorption of ions from the surface with 

Sample 

Raster 

Focusing 

Pulsing 

Ion gun 

  

ToF-tube 

Ion mirror 

Detector 

Electron flood gun  

Extractor 

  

Secondary ions 



34 

 

less penetration into the sample ‘softer impact’ since the energy is distributed 

between all the atoms in the cluster (i.e. less energy per atom) and remains 

closer to the surface of the sample. This produces a higher secondary ion yield 

with reducing damage to the sample [165-167]. It was reported that for certain 

organic materials, the C60
+
 ion source produces a 30-100 fold increase in the 

secondary ion yield compared to a Ga
+
 source at the same energy [168]. This 

significant increase in ion yield by the use of cluster ion sources is especially 

useful for SIMS analysis of organic and biological materials which do not 

ionise as readily as inorganic materials. Additionally, it has been shown that 

the use of cluster ion sources results in a significant yield increase of the intact 

molecular species or the higher molecular weight fragment ions from the 

biological materials such as lipids and peptides associated with less damage to 

the sample surface [169, 170]. This improves the spatial resolution to the 

submicron level and opens new possibilities for the analysis of biological 

materials [170]. 

 

1.7.3 Mass analysers 

The time-of-flight (ToF) analyser is considered the most popular analyser used 

for static SIMS analysis. It works by accelerating the secondary ions sputtered 

from the sample surface by the primary ion pulses to a given potential to 

produce ions having the same kinetic energy. The time required for the ions to 

travel through the ToF-tube, which has a known path length to impact on the 

detector, can be measured [162]. Therefore, ions with a higher mass will move 

slower to reach the detector compared to lower mass ions possessing the same 

kinetic energy. The detection of secondary ions by ToF analyser offer several 

advantages over other analyser types such as quadrupole analyser regarding the 

higher sensitivity level in addition to the detection of ions from a greater mass 

range with higher resolution [162, 171].   

 

1.7.4 Charge compensation 

Since most biomaterials are electrical insulators, the bombardment of a sample 

surface by positively charged primary ions increases the surface potential and 
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leads to charge accumulation on the surface and a net positive charge. This 

surface charge build-up can decrease or eliminate the signal of the emitted 

secondary ions [170]. Therefore, to counteract this effect, an electron flood gun 

is widely used to irradiate the sample surface with pulses of low energy 

electrons between the primary ion pulses which are attached to the high 

positively charged regions to neutralise them [162]. However, the electrons 

dose should be kept below 6.3 × 10
18

 electrons/m
2
 to avoid the degradation of 

the sample surface [172, 173] as well as to reduce the electron-stimulated ion 

emission [170].  

 

1.7.5 Ionisation and matrix effects 

The ionisation and sputtering of the secondary ions from a sample surface is 

strongly affected by the electronic state at the material surface (molecular 

environment) which is commonly termed the matrix effects [162, 174]. These 

matrix effects prevent the ToF-SIMS instrument from being regarded as a 

quantitative technique. Generally, the quantification of ToF-SIMS data is 

challenging because the chemical environment from which a molecule is 

sputtered will affect the ionisation of that molecule either causing suppression 

or enhancement of ionisation [175, 176] which means that the secondary ion 

intensities (ion yields) are not directly proportional to the original 

concentration of  molecules [177] and they can be changed according to the 

different chemical bonding to the matrix leading to a difficulty in the 

determination of absolute surface concentration [178].  

 

Jones et al. investigated the effect of brain homogenate on the ionisation and 

detection of similar drug molecules differing only by the side chain addition, 

atropine (neutral molecule) and ipratropium bromide (positively charged salt). 

They concluded that the brain homogenate and more specifically the two main 

lipids, cholesterol and dipalmitoylphosphatidylcholine (DPPC), had significant 

different matrix effects on the ionisation and detection of the molecular ions of 

interest [179]. As illustrated in Figure 1.10, SIMS analysis of atropine and 

ipratropium bromide as pure materials on silicon shows a secondary ion yield 



36 

 

of atropine which is 2-3 times less than ipratropium bromide (Fig. 1.10a and b) 

but when mixed with brain homogenate, the secondary ion yield of atropine is 

50 times less than ipratropium bromide (Fig. 1.10c and d). This suppression of 

ionisation can be due to the unfavourable environment for the formation of the 

molecular ion of atropine [179].  

 

In another study Jones et al. demonstrated that in biological samples (multi-

domain samples), the ability to detect the same analyte may be achieved with 

varying degree of success due to the matrix effects. The suppression of 

ionisation of an analyte in a mixture can happen due to the existence of other 

molecules and this depends on the chemical properties of the compounds 

within the mixture. The tendency of a molecule to form positively or 

negatively charged molecular ions depends on the relative acid/base properties 

of the molecules present which govern proton transfer. Additionally, Jones et 

al. concluded that care should be taken when looking at images from complex 

samples because the ion intensity of a molecule may be different from one area 

to another as a consequence of the difference in the chemical environment of 

these areas [180].  

 

 

Figure 1.10: SIMS analysis of (a) atropine on silicon, (b) ipratropium on 

silicon, (c) atropine in brain homogenate, (d) ipratropium in brain 

homogenate. Adapted from Jones et al. [179]. 
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1.7.6 ToF-SIMS analysis of biological tissues 

ToF-SIMS provides a high mass resolution and chemical specificity for 

materials analysis which is important to discriminate between the complex 

structures in biological tissues. In addition, it produces high spatial resolution 

images of 1 µm for the complex multi-layered structures with sensitivity at 

ng/mL levels [170, 181, 182]. Furthermore, the preparation of samples for 

ToF-SIMS analysis is simple and does not require any extraction process often 

used in chromatographic methods or the addition of fluorescent tags or radio-

labels [83, 163, 183] except the removal of the excess moisture from the 

samples prior the analysis [184]. The successful application of ToF-SIMS to 

analyse biological materials such as proteins [185, 186] and lipids [187-192] 

from either healthy [193-195] or diseased tissues [196-198] have been 

demonstrated in several studies. There is presently a limited number of studies 

that investigate the application of ToF-SIMS to map drug permeation into the 

skin [83, 161]. Judd et al. used ToF-SIMS to analyse permeation of CHG from 

2% w/v aqueous solution into porcine skin [83]. The images of cross-sectioned 

skin samples are illustrated in Figure 1.11. 

 

 

Figure 1.11: ToF-SIMS ion images of cross-sectioned skin samples of CHG 

dosed porcine skin showing (a) total ion
-
, (b) 

37
Cl

-
 ion, (c) CHG marker ion 

(C7H4N2Cl
-
) and (d) PO2

- 
ion, where the scale bar represents 100 µm. Adapted 

from Judd et al. [83]. 

 

Similarly, Sjövall et al. utilised ToF-SIMS to image the distribution of the 

active pharmaceutical ingredient (API) ‘roflumilast’ in mouse skin [161]. 

Figure 1.12 illustrates the ToF-SIMS ion images of the cross-sectioned skin 

samples treated with roflumilast solution.  
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Figure 1.12: ToF-SIMS ion images of cross-sectioned skin samples of 

roflumilast treated rat skin showing (a) the total ion
+
, (b) skin lipid marker ion, 

and (c) roflumilast marker ion. Adapted from Sjövall et al. [161]. 

 

1.7.7 Limitations of ToF-SIMS 

The major limitation of ToF-SIMS analysis is its inability to produce 

quantitative results due to the matrix effects (Section 1.7.5) [170]. In addition, 

samples analysis by ToF-SIMS needs to be performed under ultra-high vacuum 

condition which is inappropriate for the in vivo real-time measurement (i.e. in-

vacuum ToF-SIMS analysis minimises the application field to biopsies only). 

Furthermore, the ToF-SIMS instrument is an expensive instrument that limits 

its wide availability for analysis [163].  

 

1.8 Enhancement of topical and transdermal drug delivery 

The permeation of drugs into and across the skin is limited due to the effective 

barrier provided by the skin, particularly the stratum corneum. The following 

equation summarizes the factors affecting permeant flux into the skin: 

 

Flux =  
diffusion coefficient × partition coefficient × concentration 

membrane thickness
 

 

According to equation 1.1, the flux of permeant can be increased by changing 

the skin barrier properties (increasing diffusivity), the permeant nature (to 

increase partitioning) or to increase the concentration of the permeant in its 

(c)  Roflumilast marker (b)  Skin lipid marker (a) Total ion
+
 

Section top Section top Section top 

(Equation 1.1) 
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formulation (increase thermodynamic activity) [1]. Manipulation of the skin 

thickness is difficult, although thinner application sites can be chosen. For 

example, the scrotum and postauricular (behind ear) have been used for 

transdermal delivery of testosterone scopolamine respectively [199, 200]. In 

addition, some physical techniques such as microneedles can be used to 

overcome the stratum corneum barrier [201]. Figure 1.13 illustrates the general 

strategies for skin permeation enhancement to improve delivery of drugs into 

and through the skin [202, 203]. The work in this thesis (Chapter 4) involves 

the use of microemulsions and microneedles as enhancement methods. 

Therefore, they are discussed here in more details.  

 

 

Figure 1.13: General strategies for skin permeation enhancement. Adapted 

from Alkilani et al. [202] and Hadgraft. J, Lane E.M [203].  

 

1.8.1 Microemulsions 

Microemulsions are transparent, thermodynamically stable, isotropic mixtures 

of an oil and aqueous phase with a surfactant and co-surfactant [204-207]. 

Microemulsions have received considerable attention as vehicles for drug 

delivery because of their high solubilisation capacity, thermodynamic stability, 

ease of formation and optical transparency [204, 205]. They have an ability to 
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improve the solubilisation of both lipophilic and hydrophilic drugs, which 

results in a high concentration gradient (thermodynamic activity) towards the 

skin. In addition, the microemulsion components such as the oil phase, 

surfactants and co-surfactants may serve as penetration enhancers to increase 

drug permeation [208]. Several studies have been shown the ability of 

microemulsions to increase transdermal drug delivery of both hydrophilic and 

lipophilic drugs in comparison to conventional vehicles [209-218]. For 

example, Sintov demonstrated that a w/o microemulsion of curcumin has 

shown significantly higher skin permeation compared to a micellar system, 

surfactant-oil mixture and a plain solution of curcumin [219] as illustrated in 

Figure 1.14. 

 

 

Figure 1.14: Cumulative curcumin permeation (µg/cm
2
) into rat skin following 

its application from a w/o microemulsion, micellar system, surfactant-oil 

mixture and plain solution in propylene carbonate, all formulations contained 

1% w/w of curcumin with n = 4. Adapted from Sintov C.A. [219]. 

 

Three types of microemulsion (oil in water, water in oil and bicontinous) can 

be formed depending on the proportion of their components as shown in Figure 

1.15. When the oil content in the microemulsion is low, an o/w microemulsion 

is produced (Fig. 1.15a), conversely a w/o microemulsion is formed when the 
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ratio of water phase is low (Fig. 1.15c) and a bicontinuous microemulsion is 

produced when the amounts of water and oil are similar (Fig. 1.15b) [204, 

205]. 

 

 

Figure 1.15: Microemulsion types showing: (a) oil in water microemulsion, (b) 

bicontinuous microemulsion and (c) water in oil microemulsion. Adapted from 

Lawrence et al. [205]. 

 

1.8.1.1 Microemulsions properties 

The shape of the microemulsion droplets are usually represented as spheres 

(micelles) but they may also show asymmetrical shape such as a prolate 

ellipsoid or cylinder-like form [205, 220]. Microemulsions are transparent due 

to their small droplet size which is generally less than 100 nm in diameter and 

therefore they do not refract or scatter light. These nanodroplets create a large 

interfacial area and thus they need a large amount of surfactant/co-surfactant 

(S/Co-S) mixture to stabilise them approximately between 10%-40% [221]. 

The spontaneous formation of microemulsions and their high thermodynamic 

stability is a consequence of the very low interfacial tension (<10
-3

 mN/m) at 

the oil/water interface which results in a very low free energy of the system and 

spontaneous emulsification of oil in water or water in oil [204, 221]. The great 

reduction in the interfacial tension is achieved by the addition of the co-

surfactants [204, 207]. Co-surfactants provide the appropriate flexibility or 

fluidity of the surfactant film at the interface between oil and water phases by 

permitting the long hydrophobic tails of the surfactant to move freely at the 

interface and thus allow a greater penetration of the oil molecules into this 

region leading to a further decrease in the interfacial tension between the water 
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and oil phases [205, 207, 221]. A comparison between the properties of 

emulsions and microemulsions is shown in Table 1.1. 

 

Table 1.1: A comparison between the properties of emulsions and 

microemulsions. Adapted from Santos et al. [204]. 

Property Emulsions Microemulsions 

Droplet size 0.2-10 µm <100 nm 

Appearance cloudy transparent 

Preparation requires energy input spontaneous formation 

Stability thermodynamically unstable thermodynamically stable 

Interfacial 

energy 
high very low 

 

It is noteworthy that the term microemulsion (10
-6

) is somewhat confusing 

because it describes a system containing droplets at nanosize diameter (10
-9

). 

This confusion is a result of the historical development of the colloidal science 

since the first article to use the term microemulsion was published in 1961 

before the growing interest in nano-technology field during the last decade 

[220].  

 

1.8.1.2 Microemulsions components 

1.8.1.2.1 Oil phase 

Saturated and unsaturated fatty acids can be used as the oil phase of 

microemulsions with skin penetration enhancing effects demonstrated for a 

variety of drugs [222]. They have the ability to enter the hydrophobic bilayer of 

the stratum corneum and cause perturbation of the lipid arrangement to create 

separate domains for enhancing permeation [223]. For example, oleic acid 

showed a 28 fold increase in the flux of salicylic acid and a 56 fold increase in 

5-fluorouracil flux through ex vivo human skin [4, 224]. Other oils that have 

been used as microemulsion oil phase are isopropyl myristate (IPM) [225], 

triacetin [218], isostearyl isostearate [226] and Miglyol 812 [227].  
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1.8.1.2.2 Surfactants 

Non-ionic surfactants are widely utilised in topical formulations as emulsifying 

and solubilising agents. In addition, it was reported that they may influence the 

barrier properties of the stratum corneum [222, 228]. They either increase the 

fluidisation of the stratum corneum lipids or facilitate the partition of polar 

molecules across the barrier [222]. Tween 80 showed an improvement in the 

permeation of hydrocortisone [229] and lidocaine [230]. Similarly, Tween 20 

enhanced 5-fluorouracil permeation through mouse skin [231]. In comparison 

with ionic surfactants, non-ionic surfactants have been reported to cause a 

minimum degree of skin irritation and toxicity [4, 204, 205]. Additionally, they 

are insensitive to pH and electrolyte concentration as ionic surfactants but they 

are more sensitive to temperature because of the decrease in their solubility 

with increasing temperature [205].  

 

1.8.1.2.3 Co-surfactants 

Short and medium chain alcohols such as ethanol and butanol are commonly 

used as co-surfactants to lower the interfacial tension required for the 

microemulsion formation [222]. Furthermore, they have skin permeation 

enhancing effects as ethanol and butanol have been shown to enhance the flux 

of estradiol and levonorgestrel respectively [232, 233]. However, the presence 

of alcohols as co-surfactants may cause additional skin irritation [204]. Chen et 

al. demonstrated that alcohol free microemulsions are less irritant to the skin 

[234]. Propylene glycol (PG) is used as a co-surfactant for microemulsions 

with permeation enhancing properties [222]. It increases the permeation of 

drugs by enhancing drug solubility in the stratum corneum in addition to the 

solvent drag effect [235]. Furthermore, it was reported that PG does not cause 

skin irritation [236]. The other component of microemulsions is the aqueous 

phase in which water is generally used [222]. 
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1.8.1.3 Construction of pseudo-ternary phase diagrams  

Phase diagrams are generally used as a means to delineate the area of existence 

of the microemulsion region [204, 221]. A pseudo-ternary phase diagram 

contains 3 axes and since there are 4 components in the microemulsion, 

frequently one of the axes is designated as a fixed ratio of two components 

(usually surfactant/co-surfactant). The other two axes represent the water and 

oil phases. Firstly, the surfactant and the co-surfactant are mixed together at a 

certain ratio to form the surfactant/co-surfactant (S/Co-S) mixture. The S/Co-S 

mixture is then mixed with the oil phase at varying ratios from 1:9 to 9:1 in 

multiple glass vials and titrated step by step with water using water titration 

method [237] while the mixture is being stirred by a magnetic stirrer at a 

moderate speed. Following each addition, the microemulsion is inspected 

visually for transparency and the proportion of each component is calculated 

and recorded. The different proportions of the microemulsion components at 

which microemulsion was formed are plotted to generate the microemulsion 

region within a pseudo-ternary phase diagram [221].  

 

1.8.1.4 Characterisation of microemulsions 

In addition to microemulsion formation, the mixture of oil, water, surfactants 

and co-surfactants can form other colloidal structures such as emulsions or 

liquid crystals depending on the ratio of each component. These other 

structures can be distinguished from microemulsions by visual examination or 

with the aid of the polarised light microscope since they are not isotropic as 

microemulsions [204, 207]. Emulsions can be easily recognised because they 

are non-transparent cloudy liquids and the liquid crystalline hexagonal, cubic 

or lamellar structures show solutions of higher viscosity and under the 

polarised light they are anisotropic structures [207]. Other tests that can assist 

in the characterisation of microemulsions are dynamic light scattering, 

viscosity and conductivity measurements in addition to freeze-fracture TEM 

that permits the direct visualisation of the microemulsion structure [204, 205]. 
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1.8.1.5 Limitations of microemulsions 

Some of the limitations of microemulsions are due to the fact that the 

evaluation of their efficacy and safety is mostly carried out on animal skin 

which may be not quite representative and predictive of the human skin. Other 

issues include irritation and toxicity offered by the use of high concentration of 

S/Co-S mixture required for microemulsion formulation [204] (i.e. excipient 

acceptability is a significant problem associated with microemulsions 

formulation) [205].  

 

Due to the numerous advantages offered by microemulsions as a drug delivery 

system, they have been widely used as an enhancement strategy to improve 

skin permeation for variety of hydrophilic and lipophilic drugs. However, their 

potential role to enhance skin permeation of imiquimod to treat BCC lesions 

has not yet explored.  

 

1.8.2 Microneedles  

Since the passive methods of skin permeation enhancement showed a limited 

efficiency in improving drug permeation, particularly for the delivery of large 

drug molecules and vaccines, physical methods like microneedles have been 

developed and show great promise in this field [201]. Microneedles provide a 

minimally invasive means to transport drug molecules into and across the skin. 

Microneedles are composed of small micron sized needles (50-900 µm in 

height) which pierce the skin to create microchannels through which the drug 

molecules can be more easily transport [238-240]. Microneedles combine the 

simple and easy use of a transdermal patch with the efficiency of delivery 

accomplished by conventional hypodermic syringe [202]. They have the 

advantages of bypassing the stratum corneum and penetration into the viable 

epidermis layer avoiding nerves and blood vessels located in the dermis and 

therefore they are generally considered by many research groups to be painless 

[241-243]. This can improve patient compliance and adherence to the 

treatment. However, the degree of pain is related to the height of microneedles 

applied, the greater the height of microneedles the greater the sensation of pain. 
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Thus, microneedle height should be optimised to minimise the pain and at the 

same time enhance the drug delivery across the skin [244]. Unlike hypodermic 

injections, microneedles are minimally invasive injections and generally do not 

cause bleeding or require trained personnel for administration and can be 

applied by patients themselves (i.e. self-administration) [202, 245] since they 

are fabricated as a microneedle patch which can be applied using thumb 

pressure or they can be applied by a microneedle applicator [246].  

 

Several studies reported the efficacy of microneedles to deliver a wide range of 

drugs into and through the skin, ranging from low molecular weight drugs such 

as alendronate [247] and ibuprofen [248] to macromolecules such as insulin 

[249, 250], desmopressin [251], low molecular weight heparins [252], gene 

therapies [253, 254] and vaccines [255]. For example, microneedles have been 

investigated by Donnelly et al. [256] for their potential role to enhance 

intradermal delivery of the porphyrin precursor 5-aminolevulinic acid (5-ALA) 

used in the topical photodynamic therapy of BCC. They used silicon 

microneedle arrays in vivo to enhance skin penetration of 5-ALA into mice 

skin. They found that microneedle pre-treatment could induce a significant 

higher level of the photosensitiser protoporphyrin IX (PpIX) in the skin 

compared to intact skin untreated with microneedles as illustrated in Figure 

1.16. 

 



47 

 

 

Figure 1.16: Protoporphyrin IX (PpIX) fluorescence intensity and 

accumulation in murine skin at the site of application after 1 hr. application of 

bioadhesive patch containing 5 mg of 5-ALA to (a) intact skin (   ) and (b) MN-

punctured skin (   ). Mean ± SD, n = 3. Adapted from Donnelly et al. [256]. 

 

1.8.2.1 Types of microneedles 

Microneedles can be divided into four types, as shown in Figure 1.17, 

depending on the way they deliver drugs into the skin [201, 202, 245, 257], 

these are: 

1. Solid microneedles (‘poke and patch’) can be used as a skin pre-

treatment. The skin is punctured by intact solid microneedles followed 

by the application of a drug formulation. 

 

2. Coated microneedles (‘coat and poke’) where the microneedles are 

coated with a drug formulation with a subsequent dissolution of the 

formulation after insertion into the skin. This approach solves the 

problem of two-step application of solid microneedles but has 

limitation in drug loading and delivery owing to the small dimensions 

of the microneedle tip.  

 

(a) 

(b) 

Intact skin 

MN- punctured skin 

(a) 

(b) 
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3. Dissolving microneedles (‘poke and release’) where the drugs are 

encapsulated within a dissolving biodegradable microneedle array. This 

strategy has the advantages of elimination of the need for sharps 

disposal and the likelihood of accidental reuse of microneedles. 

 

4. Hollow microneedles (‘poke and flow’) for infusion of a liquid drug 

solution through microneedles into the skin. Delivery of drug solutions 

through the microneedles into the skin can be achieved by a syringe.  

 

 

Figure 1.17: Types of microneedles and methods of drug delivery into the skin 

using microneedles, showing (A) microneedles types applied on the skin and 

(B) delivery of drugs from these microneedles. Adapted from Kim et al. [201]. 

 

1.8.2.2 Microneedles fabrication  

The majority of microneedles are made from silicon or metal [258]. However, 

some of them are made from glass [259], dextrin [260], maltose [261] and 

polymers [262, 263]. Microneedles can be fabricated at different lengths, 

diameters, shapes and needle density [258, 264]. A microneedle array of an 

area less than 1 cm
2
 can be fabricated to contain hundreds of microneedles [1]. 

The different fabrication methods used to manufacture microneedles are based 

on the microfabrication techniques such as photolithography, etching methods, 

laser cutting, metal electroplating and micromolding [201, 245]. 
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1.8.2.3 Factors affecting microneedles efficacy 

To obtain effective skin penetration capable of improving drug delivery, the 

microneedles should be sharp, robust and have the ability to withstand the 

lateral forces experienced by the skin during microneedle insertion but with 

some degree of flexibility (i.e. the microneedles should show sufficient 

strength to penetrate the skin without bending or breaking and to counteract the 

skin elasticity) [258]. The performance of the microneedles is dictated by the 

needle height, thickness, shape, tip-radius, base diameter, geometry and density 

of the array in addition to the force and method of application. These factors 

determine the overall insertion and breaking force of the microneedles. For 

effective and safe use of the microneedles, microneedles should be fabricated 

with a low insertion force and high fracture force (high margin of safety) [258, 

265]. The margin of safety is the ratio of the fracture force to the insertion 

force and microneedles can be inserted without breaking if they show margin 

of safety values of greater than one [239, 266]. A noteworthy point is that the 

most important feature in microneedle design which leads to efficient insertion 

of microneedles is the tip-radius. A microneedle with a smaller tip radius is 

sharper and therefore penetrates the skin more smoothly and efficiently than 

one with a larger tip radius [267].  

 

1.8.2.4 Techniques used to detect microneedle insertion 

There are several techniques that have been used to demonstrate successful 

microneedle insertion and formation of the microconduits within skin [268]. 

Staining of microneedles treated skin with dyes such as gentian violet [269, 

270], methylene blue [254, 271] or trypan blue [272, 273], measurement of the 

electrical impedance [274] and transepidermal water loss (TEWL) monitoring 

[275] are usually techniques used to detect the skin disruption caused by 

microneedle treatment. However, these techniques cannot provide information 

regarding the insertion depth of the microneedles as well as the dimensions of 

the created microchannels [268]. Therefore, other techniques have been 

utilized to overcome these difficulties including the histological examination of 

the stained cryo-sectioned skin samples following microneedles treatment 
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[276], the use of confocal laser scanning microscopy (CLSM) [277] and more 

recently the application of optical coherence tomography (OCT) [238, 278].  

 

1.8.2.5 Limitations of microneedle therapy 

Although, microneedles offer several advantages for enhancing drug 

permeation into or through the skin to produce local or systemic effects 

respectively, there are some challenges and safety issues that need to be 

addressed in order to make microneedles available for clinical use by patients. 

Microneedles limitations include the scale up production of microneedles to the 

industrial levels and the lack of specific quality standards, the irritation or skin 

trauma that may result from the long-term use of microneedles and pore 

closure following microneedle application as it relates to the microbial 

contamination and the risk of infections. In addition, there are some concerns 

about drug loading dose and the relevant therapeutic concentration of drugs 

achieved by microneedles application [202, 245, 279, 280].  

 

Dermal and transdermal drug delivery using microneedles offers a great 

opportunity to enhance drug penetration into and across the skin. This is 

reflected by the increased number of studies that utilise microneedles as an 

enhancement strategy with some success demonstrated in clinical testing. 

However, to date there is no published data regarding the use of the 

microneedles to improve delivery of imiquimod into the skin to treat BCC 

lesions. Microneedle therapy can provide a promising approach to directly 

deliver imiquimod at appropriate therapeutic concentration to the basal layer of 

the epidermis where the tumour cells are located. 

 

1.9 Tissue homogenisation methods 

Tissue homogenisation or disruption is mostly used as an early and essential 

step in the process of isolation and quantification of proteins, DNA, RNA or 

analytes from intact tissue samples [281]. There are two main methods 

available for tissue disruption including chemical methods and 
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mechanical/physical methods. The choice of the method used is largely 

dependent upon the researcher’s objectives (the method type should be dictated 

by the characteristics of the final homogenate). For example, if active proteins 

are required especially those which are affected by heat, then any step or 

process which leads to heat generation should be eliminated from the 

homogenisation protocol [282]. Another factor which may play a role in 

method selection is the sample throughput. A high throughput  method is 

desirable to process hundreds of samples, but in turn, this may require a trade-

off with the homogenisation effectiveness because a multi-step method may be 

more effective than the high throughput one step process [281].  

 

1.9.1 Chemical methods 

A chemical method is often preferred for the disruption of cultured cells in 

which the cellular components are liberated using either lysis buffers, 

detergents (surfactants) or lytic enzymes [282]. Intact hard tissues and solid 

samples are not efficiently homogenised by a chemical method alone. 

Therefore, a combination of chemical and mechanical methods are used in 

order to be more effective which has been demonstrated in studies requiring the 

homogenisation of lung, heart [283] and skin [284].  

 

1.9.2 Mechanical methods 

In mechanical homogenisation methods, tissue disruption occurs by applying 

an external force to the samples such as grinding, shearing, beating and 

shocking. Mechanical methods have the advantage of not introducing 

unwanted chemical molecules into the sample. Additionally, many proteins 

remain unaffected and intact after liberation from the cell which is useful for 

the isolation of proteins and enzymes assay [282]. Tissue homogenisation by 

mechanical methods can be carried out by mortar and pestle, Dounce 

homogenisers, rotor-stator homogenisers, beads beating homogenisers and 

sonication methods [281, 282]. Combined mechanical methods or multi-step 

homogenisation approaches offer a powerful strategy to obtain a uniform tissue 

homogenate with the liberation of nearly all analytes of interest [281]. The 
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initial step in this process involves reduction of the intact tissue size into 

smaller parts, whereas the second step is further disruption of these parts to 

release all cell components. The balance between the high efficiency of the two 

or multi-step process to liberate the key analytes and the increased processing 

time per sample should be dictated by the researcher’s objectives [282].  

 

Skin is a tough fibrous tissue with resilient properties and as such is relatively 

difficult to homogenise by a single method or in a one step process [282, 285]. 

Therefore, combined methods, or multi-step methods, are needed to obtain a 

uniform skin homogenate. Nirogi et al. reported the effectiveness of using a 

combination of lytic enzymes and mechanical methods to liberate and quantify 

analytes within skin. In this work by Nirogi et al. rat skin exposed to diclofenac 

gel was first incubated with collagenase enzymes at concentration of 0.25% 

w/v for 16 hours, then homogenised by beads in a beater mixer mill for 5-10 

minutes and rotor-stator homogeniser for 30 seconds, followed by liquid-liquid 

extraction with methyl tert butyl ether (MTBE) solvent to quantify diclofenac 

in skin by LC-MS [284]. Although, this method achieved a uniform skin 

homogenate, the addition of chemicals or enzymes as a first step to aid in the 

homogenisation process may influence the chemistry of skin or introduce new 

chemical groups which may interfere with the ion signal of a compound of 

interest when analysed by ToF-SIMS. Therefore, it is thought that the 

development of another skin homogenisation method without the addition of 

enzymes is required for skin samples analysed by ToF-SIMS.  

 

1.10 Microarray printing 

The transfer of a liquid onto a solid surface to form microscopic spots in a 

particular pattern is called microarray printing [286]. Microarray technology 

allows a rapid and cost-effective screening of thousands of materials in a single 

analysis session by printing micron scale spots on a solid substrate [286]. A 

microarray can be produced by various surface patterning techniques, such as 

photolithography, electron beam lithography, soft lithography, nanolithography 

and direct-writing (robotic spotting) [287, 288]. Of these techniques, the most 
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common one is the direct-writing technique due to its simplicity, high 

throughput, flexibility in patterns design and suitability to wide range of 

samples [288, 289]. In direct-writing, thousands of different solutions can be 

removed from a well plate using a moving print head containing either a print 

pin or nozzle to be positioned onto a substrate at the desired location. Direct-

writing can be divided into direct contact printing and non-contact (ink-jet) 

printing [286, 288] as illustrated in Figure 1.18.  

 

 

Figure 1.18: A schematic of the formation of a microarray using direct contact 

and non-contact printing. The solid pin (b) and quilled pin (c) used for direct 

contact printing, whereas ink-jet nozzle (d) used for non-contact printing. 

Adapted from Hook et al.[289]. 

 

1.10.1 Direct contact printing 

As shown in Figure 1.18, microarrays formed by direct contact printing involve 

the use of a robot arm (a) connected to a pin (b or c) which first dips the pin 

into a solution in a well plate (e), then spots onto the substrate surface (f) at a 

desired location by making contact. The pin can be either a solid (Fig. 1.18b) 

or quill pin (Fig. 1.18c) (containing a slit or groove) [286, 288-290] and is 

(e) Source plate (f) Substrate 

Transfer material from 

source plate to substrate 

 

(b) 

Solid 

metal pin 

(c) 

Quilled 

metal pin 

(d) 

Ink-jet 

nozzle 

(a) Robotic arm 
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usually fabricated from stainless steel or tungsten for strength and durability 

[291]. A solid pin has the advantage of easier washing, most appropriate for 

printing viscous solutions [290] and no variation in the deposition volume 

during printing (the last spot can be exactly printed as the first spot) because 

the pin revisits a sample well plate after each spotting. However, this revisiting 

of the well plate results in lowering printing speed and increasing time required 

to complete array printing. Another issue associated with a solid pin is the 

evaporation of a captured liquid droplet before spotting when using volatile 

solutions or working in an evaporative environment [291].  

 

A quill pin that has a slit reservoir is able to draw up a solution and produce 

more spots from a single dip before a refill is required, leading to faster 

printing [288, 289]. Additionally, this reservoir protects the sample from air, 

thus the evaporation of a liquid droplet from the tip is less severe than a solid 

pin [291]. A quill pin is more difficult to clean and susceptible to slit clogging 

by viscous and sticky samples. Therefore, it is not preferred to use for viscous 

solutions. Otherwise, efficient washing steps are required to prevent slit 

blocking [288, 291] which can be time consuming and ineffective. Control of 

the printing environment such as temperature and humidity is also important to 

obtain high quality, consistent and reproducible arrays [291]. The size of the 

printed spot in direct contact method is dependent on the pin shape, size and 

diameter [289, 291].  

 

In general, the direct contact printing method provides a powerful tool for 

research applications due to its adaptability to a wide range of sample types, 

spot reproducibility and an easy cleaning system owing to the absence of an 

aperture (required for ink-jet printing) that may become blocked. Some 

limitations associated with direct contact printing include that the volume of a 

solution removed and deposited by a pin is not easily adjustable and that 

surface damage can result from the direct contact with a pin especially on 

delicate surfaces, such as 3D gels and nitrocellulose [286, 291]. Direct contact 

microarray printing has been successfully applied for the formation of DNA 
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[292], protein [293], polymer [294] and cell microarrays [295]. An example of 

a protein microarray is illustrated in Figure 1.19 in which green fluorescent 

proteins (GFP) were printed at specific concentrations on activated slides. 

Following incubation, fluorescence intensities were determined for each 

standard to generate a calibration curve [296]. However, to date it is not known 

if the microarray printing of a homogenised skin tissue with drug solutions to 

generate a calibration curve can be achieved. 

 

 

Figure 1.19: Calibration curve of green fluorescent protein (GFP) generated 

from the printed microarray used for the determination of unknown protein 

amounts. Adapted from Zarate et al. [296]. 

 

1.10.2 Non-contact printing 

Non-contact (ink-jet) printing also uses a robotic arm but in this case to move a 

nozzle (Fig. 1.18d) that draws up the determined volume of a solution from a 

well plate and then ejecting nanolitre or even picolitre volumes at the specified 

location onto a substrate surface [286]. The spot size is determined by the 

droplet volume and the surface energy of the printed solution and the substrate 

[289]. This technique has several advantages in avoiding the issues that occur 

with pins, such as contamination of the tips due to insufficient cleaning, 

substrate damage because of the direct contact with a pin and variations in the 

spot volume [286, 288]. Ink-jet printers are less suitable for high viscosity 
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samples due to blockage of the nozzle orifice by material aggregates. In 

addition, rapid evaporation of a solvent form the printed picolitre sized spot 

can result in uneven distribution of the deposited material [286, 289]. Ink-jet 

printing has been successfully used to produce microarrays for drug screening 

purposes [297], high throughput cell patterning [287] and hydrogel microarray 

formation from polymers [298].  

 

1.11 Aims of this thesis 

The 1
st
 aim of this thesis is to investigate the potential role of ToF-SIMS to 

map the permeation depth and visualise the spatial distribution of drugs 

permeated into the skin with a quantification aspect using imiquimod and 

chlorhexidine as model drugs. 

 

The 2
nd

 aim is to enhance imiquimod permeation into the lower epidermal 

layers of the skin, specifically the basal layer using microemulsions and 

microneedles enhancing strategies. 

 

The objectives of the 1
st
 aim are: 

 To assess skin permeation of imiquimod from Aldara
™

 cream and from 

simple solvent systems in DMSO and oleic acid using Franz diffusion 

cells, skin tape stripping and skin cross-sectioning with subsequent 

analysis by HPLC and ToF-SIMS. 

 To investigate the effect of concentration, type of vehicle and 

application time on chlorhexidine permeation into the skin using in vivo 

tape stripping of human volunteers and ex vivo porcine skin with 

subsequent ToF-SIMS analysis. 

 To quantify ToF-SIMS data in the test samples depending on 

calibration curves generated by microarray printing of a skin 

homogenate with drug solutions at different concentrations. 
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The objectives of the 2
nd

 aim are: 

 To formulate, characterise and investigate the permeation enhancing 

ability of microemulsions of imiquimod to improve delivery of 

imiquimod over Aldara
™

 cream. 

 To determine the ability of stamp pen microneedles to penetrate the 

skin and to enhance delivery of imiquimod when they are used as skin 

pre-treatment followed by the application of microemulsions or 

Aldara
™

 cream. 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 



58 

 

2 Chapter Two: Quantifying ToF-SIMS Data Using 

Microarray Printing of Drugs with Skin Homogenate  

2.1 Introduction 

As discussed in Chapter 1, Section 1.7.6, ToF-SIMS possesses several 

advantages which can be utilised for drug detection and mapping in biological 

samples, these advantages include relatively high spatial resolution of 1 µm, a 

large mass range > 7000 with high chemical specificity and sensitivity at 

ng/mL levels [170, 181, 182]. In addition, samples do not require laborious 

preparation, fluorescent tags or radio-labels [163, 183]. However, the major 

limitation of ToF-SIMS is its inability to produce quantitative results due to the 

matrix effects [170, 299] as detailed in Chapter 1, Section 1.7.5. Matrix effects 

can be overcome by assessing the ionisation of drug molecules within an 

identical or similar chemical environment [171, 175]. This is achieved by 

adding known amounts of a drug of interest at different concentrations to a 

tissue or model matrix to generate a calibration curve used in the quantification 

process [175]. For example, dextran has been used as a model matrix to 

quantify boron concentration in cell cultures. Dextran was selected because of 

its matrix similarity to cells and tissue matrices since it composed of long chain 

hydrocarbons containing carbon, hydrogen and oxygen [300, 301]. Henss et al. 

investigated the quantification of calcium in bone using ToF-SIMS and 

concluded that calcium quantification is possible when standards of calcium 

hydroxyapatite collagen scaffold were used as calibration reference samples. 

The use of this scaffold, which is similar in its composition to bone tissue, 

results in negligible matrix effect differences between the standards and bone 

[176]. To quantify ToF-SIMS data for a drug within skin, skin homogenate 

represents the ideal matrix for this purpose due to its identity and relevance to 

real skin tissue. The available method which was developed by Nirogi et al. 

[284] (discussed in Chapter 1, Section 1.9.2) used a combination of lytic 

enzymes and mechanical methods to obtain skin homogenate. It is thought that 

the addition of chemicals or enzymes as a first step to aid in the 

homogenisation process may influence the chemistry of skin or introduce new 
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chemical groups which may interfere with the ion signal of a compound of 

interest when analysed by ToF-SIMS. Therefore, the work in this chapter 

involves the development of a multi-step mechanical method for skin 

homogenisation without the need of enzymes addition. The work also manages 

for the first time to microarray print skin homogenate with known 

concentrations of imiquimod and chlorhexidine solutions to investigate the 

concentration effect on ion intensity (discussed in Chapter 1, Section 1.10.1). 

 

2.2 Chapter Aims 

The aim of this chapter is to quantify drug concentration within skin for 

samples analysed by ToF-SIMS. This can be achieved by microarray printing 

of a mixture of a drug at known concentrations with skin homogenate to 

generate a calibration curve used in the quantification process. Using this 

method any matrix effects could be overcome as the ion intensities of 

compounds of interest are measured from the identical matrix (skin 

homogenate) as the analysed material (skin tape strips and cross-sections). In 

addition, the microarray printing approach is not only high throughput in 

sample generation, thereby making multiple sample repeats obtainable, but is 

amenable to a high throughput analysis of many samples simultaneously. This 

work represents the first attempt or a ‘proof of concept’ for the quantification 

of a drug within skin when analysed by ToF-SIMS. 
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2.3 Materials and Methods 

2.3.1 Materials 

Imiquimod was purchased from Bioscience Life Sciences, UK. Chlorhexidine 

gluconate 20% w/v aqueous solution was ordered from Alfa Aesar, USA.  

Oleic acid, DMSO and IPA were purchased from Sigma-Aldrich, UK. Acetone 

was obtained from Fisher Scientific, UK. Teepol solution (Multipurpose 

detergent) was ordered from Scientific Laboratory Supplies, UK. Deionised 

water was obtained from an ELGA reservoir, PURELAB
®

 Ultra, ELGA, UK. 

All reagents were of analytical grade, unless otherwise stated. 

 

2.3.2 Skin preparation  

Skin was prepared from pig ears obtained from a local abattoir, animals were 

aged approximately 6 months and the skin was acquired prior to any steam 

cleaning process. The skin was washed with distilled water and dried using 

tissue. Hair was carefully cut with scissors and the skin’s subcutaneous fatty 

layer was removed using a scalpel in preparation for the homogenisation 

process. 

 

2.3.3 Skin homogenisation 

Several mechanical methods were investigated to obtain skin homogenate, 

including mortar and pestle, Dounce homogeniser, Retsch
®

 mixer mill and 

rotor-stator homogeniser as illustrated in Figure 2.1. 

 

2.3.3.1 Mortar and pestle 

In cryogenic grinding by mortar and pestle (Fig. 2.1a), a piece of skin (1 × 1 

cm
2
) was snap frozen in liquid nitrogen to make it brittle and easy to fracture. It 

was then placed in a clean porcelain mortar and pressed by a pestle in a circular 

motion with downward pressure to fragment the skin into smaller pieces.  
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2.3.3.2 Dounce homogeniser 

A Dounce homogeniser (GPE Limited) (Fig. 2.1b) was applied to a section of 

skin tissue (1 × 1 cm
2
) alongside 3 mL of deionised water in a long tube and a 

pestle was inserted and pressed down and then lifted to shear the skin tissue. 

 

2.3.3.3 Retsch
®

 Mixer Mill 

A Retsch
®

 mixer mill (MM301, Germany) (Fig. 2.1c) was used which involves 

crushing tissue with beads. The skin was snap frozen in liquid nitrogen and 

placed with stainless steel grinding balls inside a tube which was again snap 

frozen in liquid nitrogen and rapidly shaken by back and forth motion at a 

vibrational frequency of 5 Hz /second for 10 minutes.  

 

2.3.3.4 Rotor-stator Homogeniser 

A Rotor-stator homogeniser (Ultra-Turrax, T25, IKA, Germany) (Fig. 2.1d) 

was used for skin homogenisation. Sections of skin tissue (1 × 1 cm
2
) were cut 

with scissors into very small pieces in an aluminium foil covered petri dish. 

After that, they were carefully transferred into a clean plastic test tube and 2 

mL of distilled water was added to them. Samples were left in water for 

approximately 1 hour and then homogenised using a rotor-stator homogeniser 

at full speed (24000 rpm) for 15 minutes. Following this, the uniform mass of 

skin homogenate was poured into a clean petri dish and left to air dry for 

approximately 2 hours at ambient temperature to be used further in the next 

steps of microarray printing.  
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Figure 2.1: Images of the instruments used in the development of skin 

homogenisation, specifically: (a) mortar and pestle, (b) Dounce homogeniser, 

(c) Retsch mixer mill and (d) rotor-stator homogeniser. 

 

2.3.4 Preparation of drug solutions 

Stock solutions of imiquimod in DMSO at a concentration of 3 mg/mL and in 

oleic acid at concentrations of 20 mg/mL and 4 mg/mL were prepared by 

dissolving accurately weighed amounts of imiquimod in a specified volume of 

each solvent using volumetric flasks. For chlorhexidine gluconate (CHG), 

stock solutions in water and IPA 70% v/v were prepared at concentration of 2 

mg/mL from the standard solution of 20% w/v. Following this, diluted 

solutions from each stock solution were prepared at different concentrations to 

make a calibration curve in each solvent. For imiquimod in DMSO, the 

concentrations prepared were 0.3, 0.6, 0.9, 1.2, 1.5, 1.8, 2.1, 2.4, 2.7 and 3.0 

mg/mL. For imiquimod in oleic acid the concentrations prepared were 2, 4, 6, 

Mortar and Pestle Dounce Homogeniser 

Retsch Mixer Mill Rotor-stator Homogeniser 

(b) 

(c) (d) 
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8, 10, 12, 14, 16, 18, and 20 mg/mL from the 20 mg/mL stock solution and 

0.05, 0.1, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6, 1.8, 2.0, 2.5, 3, 3.5 and 4.0 

mg/mL from the 4 mg/mL stock solution. For the first printing attempt of CHG 

in water and IPA 70% v/v (sonication bath trial), the concentrations were 0.2, 

0.4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6, 1.8 and 2.0 mg/mL, the other attempt (probe 

sonication) was done with lower range of concentrations of 0.0078, 0.0156, 

0.0312, 0.0625, 0.125, 0.25, 0.50, 0.75, 1.00, 1.25, 1.50, 1.75 and 2.00 mg/mL. 

 

2.3.5 Mixing of drug solutions with skin homogenate 

A consistent amount of dried skin homogenate was weighed on a balance 

(approximately 50 mg ± 1%) and placed in an Eppendorf vial, then 250 µL of 

each drug solution (imiquimod or CHG) at a specific concentration was added 

and sonicated to obtain a uniform dispersion of skin homogenate with a drug 

solution. In the first attempts, the vials containing skin homogenate and drug 

solutions were sonicated in a sonication bath (Fisher Scientific FB 15050, 

Germany) for 30 minutes. Further attempts employed a probe sonicator 

(BANDELIN Sonoplus, Germany) which was used for 2 minutes to mix drug 

solutions with skin homogenate instead of the sonication bath. The probe was 

cleaned with water and acetone following each run. Drug concentration was 

expressed as µg of a drug in mg of skin homogenate. 

 

2.3.6 Microarray printing of drugs with skin homogenate 

From Eppendorf vials containing uniform dispersions of skin homogenate with 

a drug, 100 µL were pipetted and transferred into polypropylene well plates 

ready for microarray printing. Microarray printing was carried out using a 

contact printer (BIODOT) with micro spotting quill pin (ArrayIt
®
, Catalog ID 

= 946MP6B). In the initial printing trials, acetone was used alone to clean the 

printing pin. Subsequent trials employed a triple washing method with 

detergent (Teepol
®
 3% v/v solution), water and acetone. Five repeats from each 

drug concentration solution were printed, in addition to a skin control and 

solvent blank. Following printing, slides were snap frozen in liquid nitrogen 

and placed in a freeze dryer (VirTis SP scientific, Sentry 2, USA) for one hour 
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at a temperature of -60 
ο
C and vacuum pressure of 14 mT prior to ToF-SIMS 

analysis. Temperature and humidity were kept constant during printing at 21 

ο
C and 41% respectively.   

 

In addition to printing with a quill pin (containing a slit inside), a customised 

solid pin (without any slit) was made at the Medical Engineering workshop, 

The University of Nottingham and used in the microarray printing of the 

dispersion of skin homogenate with a drug during trials to improve the printing 

quality. The dimensions of the pin are as follows: the pin length is 22 mm with 

a diameter of Ø1.55 mm. The length of the base surrounding the pin is 7.30 

mm with a diameter of 3.07 mm as illustrated in Figure 2.2.  

 

 
 

Figure 2.2: An illustration showing the dimensions of the customised solid pin. 

 

2.3.7 ToF-SIMS analysis 

ToF-SIMS analysis was performed using a ToF-SIMS IV instrument 

(IONTOF, GmbH) with a Bi3
+
 cluster source. A primary ion energy of 25 keV 

was used, the primary ion dose was preserved below 1 × 10
12 

per cm
2
 to ensure 

static conditions. The area scanned encompassing the entire microarray region 

was varied from 15 × 14 mm to 7 × 25 mm and 6 × 14 mm according to the 

microarray area and were analysed in the ‘high-current bunched’ mode. The 

resolution was 100 pixels/mm and charge compensation was applied in the 

form of a low energy (~ 20 eV) electron flood gun. Data was acquired and 

analysed using SurfaceLab6 (IONTOF GmbH) instrument software. All peak 

intensities were normalised to the total ion count of the spectra.  
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2.4 Results and Discussion 

2.4.1 Skin homogenisation  

As discussed in Chapter 1, Section 1.9.2, skin is a tough fibrous tissue with 

resilient properties and as such is relatively difficult to homogenise by a single 

method or in a one step process [282, 285]. Thus, to obtain a uniform skin 

homogenate, a multi-step mechanical method was developed. Mechanical 

methods have the advantage of avoiding the introduction of chemicals into skin 

tissue that may interfere with the ToF-SIMS signal obtained from the 

compound of interest.  

 

Cryogenic grinding by mortar and pestle is simple and easy to perform but was 

unsuccessful in breaking down skin tissue into small fragments. Hence, a 

Dounce homogeniser, which homogenises tissue by shearing forces, was 

attempted. The repeated up and down movement should result in tissue 

shearing but this was not the case for the skin. The skin was still intact without 

any fragmentation after a period of 15 minutes. Therefore, a beating method 

was attempted using Retsch
®

 Mixer Mill and after a 10 minute homogenisation 

period it was observed that the skin tissue was still unfragmented suggesting 

that this method was unfeasible.  

 

Finally, a rotor-stator homogeniser (Ultra-Turrax) was used and it was able to 

produce a uniform skin homogenate (Fig. 2.3c). In this trial, skin sections (Fig. 

2.3a) were cut with scissors into very small pieces (Fig. 2.3b) to facilitate their 

passage into the slots of the homogeniser and following cutting they were left 

with 2 mL of distilled water for hydration and softening before 

homogenisation. During the homogenisation process, the plastic test tube 

containing hydrated skin pieces was placed in a glass beaker filled with ice to 

eliminate any heat generated during the homogenisation that may adversely 

affect both the skin and the homogeniser. The images of skin pre and post 

homogenisation by rotor-stator homogeniser are shown in Figure 2.3. 
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Figure 2.3: Images of skin (a) pre-processing, (b) following cutting with 

scissors into very small pieces and (c) post rotor-stator homogenisation. 

 

The assessment of homogeneity of skin homogenate following the 

homogenisation by a rotor stator homogeniser was carried out grossly by 

pressing a spatula on skin homogenate to examine if there is any granulated 

non-homogenised material that may require further homogenisation. 

 

This developed multi-step (cutting, hydrating and homogenisation) mechanical 

method was efficient in producing a uniform skin homogenate in 

approximately 2-3 hours without the need of chemicals or enzyme addition. 

Therefore, it seems to be appropriate for skin samples analysed by ToF-SIMS 

since there is no interference with an ion signal obtained from the compound of 

interest. As previously detailed in Chapter 1, Section 1.9.2, Nirogi et al. 

reported the effectiveness of using a combination of lytic enzymes and 

mechanical methods to liberate and quantify analytes within skin when 

analysed by LC-MS [284]. In comparison to Nirogi et al. method, the 

developed multi-step mechanical method (Section 2.3.3.4) is able to produce a 

uniform skin homogenate without the need of enzyme addition, with a reduced 

equipment requirement and reduced time (skin homogenate can be obtained in 

approximately 2-3 hours compared to more than 16 hours in Nirogi et al. 

method). This results in a high throughput and cost effective method.    

 

 

 

(a) (b) (c) 
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During the skin homogenisation process using a rotor-stator homogeniser, it 

should be noted that heat is generated due to homogenisation at high speed and 

skin samples should always be kept in an ice beaker during homogenisation to 

compensate for this effect. Additionally, the cleaning of the homogeniser shaft 

should be done immediately after finishing the homogenisation process by 

washing with water and methanol several times, otherwise it becomes difficult 

to clean since the remaining skin homogenate sticks on the shaft and inside the 

slots and needs the use of a fine tweezer to remove.  

 

The minimum time required to obtain a uniform skin homogenate is 15 minutes 

(tested experimentally) and it depends upon the size of skin pieces that are cut 

by scissors in the previous step. The finer the pieces, the shorter the time 

required for homogenisation. After homogenisation, skin homogenate was left 

to dry in air at ambient temperature for approximately two hours to allow the 

remaining water in skin to evaporate and not influence the weight of skin (i.e. 

to obtain a constant weight) when mixed with drug solutions in the next step. 

The summary of the steps of skin homogenisation, mixing with drug solutions 

and subsequent microarray printing and ToF-SIMS analysis is shown in Table 

2.1. 
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Table 2.1: Summary of the steps of skin homogenisation, mixing with drug 

solutions and subsequent microarray printing and ToF-SIMS analysis to finally 

generate a calibration curve for a drug in skin tissue. 

Step No. Process 

1 Skin sections removed from porcine ear (1 cm × 1 cm) 

2 Cutting of skin with scissors into very small pieces 

3 Mixing of skin tissue with 2 mL of deionised water 

4 Homogenisation using Rotor-stator homogeniser 

5 Obtaining skin homogenate 

6 Drying at ambient temperature 

7 Mixing of skin homogenate with drug solutions at different conc. 

8 Sonication using probe sonicator 

9 Microarray printing 

10 Freeze drying 

11 ToF-SIMS analysis 

 

 

2.4.2 Microarray printing of imiquimod with skin homogenate 

(sonication bath attempt) 

Microarray printing was performed using a BIODOT contact printer with a 

quill pin rather than non-contact (ink-jet) printer because of the high viscosity 

of the printed solutions (drug solutions with skin homogenate) which can cause 

blockage of the nozzle orifice of the ink-jet printer. One of the limitations of 

the ink-jet printer is that it cannot print viscous solutions [286, 289] (discussed 

in Chapter 1, Section 1.10.2) and was deemed suitable to investigate.  
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For the initial printing attempts, a sonication bath was used to mix imiquimod 

solutions with skin homogenate in order to obtain a homogeneous mixture, 

where vials containing the samples were sonicated for 30 minutes. In these 

attempts the printing pin was washed with acetone to prevent the ‘carryover’ 

effect and clogging of the slit by the dispersed tissue during the printing 

process. DMSO and oleic acid were chosen as solvents to dissolve imiquimod 

because of the higher solubility of imiquimod in these solvents rather than 

water or organic solvents [59]. 

 

ToF-SIMS data for imiquimod was collected in positive polarity for the 

molecular ion [M+H]
+
  (C14H17N4

+
) at m/z = 241. Details regarding the 

selection of this particular ion and the choice of polarity will be discussed in 

Chapter 3, Section 3.4.1.3.1. In addition, (CH4N
+
) ion at m/z = 30 was selected 

as being indicative of skin in data acquisition and analysis. 

 

ToF-SIMS ion images of the printed microarray of skin homogenate with 

imiquimod in DMSO and in oleic acid at different concentrations are shown in 

Figure 2.4. The upper section (i.e. upper 5 rows of spots) of the images shows 

spots printed in DMSO, while the lower section (i.e. lower 5 rows of spots) is 

in oleic acid (OA). Figure 2.4 illustrates the total ion image (Fig. 2.4a), the skin 

marker (CH4N
+
) image (Fig. 2.4b) which represents the printed skin spots and 

the molecular ion [M+H]
+
 of imiquimod (C14H17N4

+
)
 
image (Fig. 2.4c) which 

represents the imiquimod. Five repeats from each drug concentration, in 

addition to skin control and solvent blank are printed and can be observed in 

Figure 2.4c. An assessment of the skin marker image shows that skin spots are 

unevenly printed for DMSO solutions and printed with very low intensity for 

oleic acid solutions (Fig. 2.4b). The [M+H]
+
 secondary ion image of 

imiquimod in DMSO (Fig. 2.4c) suggests that the imiquimod is only 

observable at the lowest concentration which is counterintuitive. It is proposed 

that the imiquimod might have precipitated in the well plates during the 

printing process leading to just printing spots of skin homogenate with the 

exception of the first spots printed at 10 µg/mg. These printing limitations are 
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likely due to improper mixing of drug solutions with skin homogenate or 

clogging of the printing pin due to inefficient washing method. 

 

The spots of the [M+H]
+
 of imiquimod in oleic acid are quite clearly printed at 

the range of concentrations used with an increase in ion intensity from the 

lower to higher concentrations. Intensity scale represents the intensity of the 

detected ions where the lighter the colour the higher the ion intensity. Ion 

intensity values obtained from these spots are calculated by finding regions of 

interest (ROI) around these spots. These intensity values are normalised to the 

total ion intensity value to overcome any differences due to spot size or 

fluctuation in ion beam current. Following this, these values are used to 

generate a calibration curve relating concentration of imiquimod in skin (µg of 

imiquimod per mg of skin) with the normalised ion intensity as shown in 

Figure 2.5. 

 

2.4.3 Calibration curve of imiquimod in oleic acid with skin 

homogenate (sonication bath attempt)  

Normalised ion intensity values of the [M+H]
+
 for imiquimod in oleic acid 

obtained from the printed microarray are plotted versus imiquimod 

concentration in skin (µg of imiquimod per mg of skin) to generate a 

calibration curve as shown in Figure 2.5. It can be seen that there is a linear 

correlation between imiquimod concentration at the range of 10-80 µg/mg and 

the spots ion intensity (R-squared value of 0.94). However, the linearity of the 

curve disappeared at higher concentration points of 90 and 100 µg/mg. 
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Figure 2.4: ToF-SIMS ion images of the printed microarray of imiquimod in DMSO 

and oleic acid solutions with skin homogenate (sonication bath attempt) showing: (a) 

the total ion
+
, (b) the skin marker CH4N

+
 which represents the printed skin spots and 

(c) the imiquimod marker C14H17N4
+
 which represents the printed imiquimod spots. 

Five repeats (rows) from each drug concentration were printed, in addition to skin 

control and a solvent blank are shown in these images. These findings were 

representative for three repeats. 
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In addition, at this range of the applied concentrations, the normalised ion 

intensity values are vary between 0.01 and 0.03 which are much higher than 

the normalised ion intensity of the future test samples informed by the ex vivo 

work (Chapter 3). Moreover, the intensity data of some printed spots such as 

those at 40, 60, 90 and 100 µg/mg show high standard deviation values of ± 

0.0031, ± 0.0036, ± 0.0066 and ± 0.0051 of the ion intensities 0.0195, 0.0227, 

0.0262 and 0.0290 respectively. This is attributed to the poor mixing of drug 

solutions with skin homogenate which results in a non-uniform mixture. 

Therefore, a second printing attempt with amendments in the mixing and 

printing conditions was carried out to address these limitations and generate a 

more reliable calibration curve. 

 

 

Figure 2.5: Calibration curve of imiquimod in oleic acid with skin homogenate 

(sonication bath attempt) in which imiquimod concentration is plotted versus 

normalised molecular ion intensity. Data is presented as the mean ± SD (n = 5). 

 

2.4.4 Microarray printing of imiquimod with skin homogenate 

(probe sonication attempt) 

In this attempt, some amendments were applied to improve the quality of 

printing. First, solutions of imiquimod in oleic acid were mixed with skin 

homogenate using a probe sonicator for 2 minutes instead of a sonication bath 

for 30 minutes, this yielded a more uniform and homogeneous mixture in a 
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shorter time period. A probe sonicator produces higher ultrasound energy with 

greater localised intensity in comparison to a sonication bath. This leads to 

higher efficiency of the sonication process [302, 303]. Second, a triple washing 

method with detergent (Teepol
®

 3% v/v solution), water and acetone was used 

rather than just washing with acetone. This ensures the cleaning of a printing 

quill pin and prevents clogging by the dispersed tissue during the printing 

process. In this attempt, imiquimod solutions in oleic acid were prepared and 

printed at lower range of concentrations (0.25-20 µg/mg) as shown in (Fig. 

2.6c) to match the anticipated low ion intensity of the test samples.  

 

Printing of imiquimod in DMSO was not repeated this time, since imiquimod 

spots in DMSO were not adequately printed from the previous sonication bath 

trial. In addition, oleic acid is more similar to the composition to the existing 

delivery systems of imiquimod such as Aldara
®
 cream. Accordingly, the 

microarray of imiquimod in oleic acid with skin homogenate can be used to 

generate a calibration curve for quantification purposes.  

 

ToF-SIMS ion images of the printed microarray of skin homogenate with 

imiquimod in oleic acid at different concentrations are shown in Figure 2.6 

which illustrates the total ion image, the skin marker (CH4N
+
) image and the 

molecular ion (C14H17N4
+
) image as shown in Figure 2.6a-c respectively. Five 

repeats from each drug concentration, in addition to skin control are printed 

and can be seen in Figure 2.6c. An assessment of the skin marker and the 

[M+H]
+
 of imiquimod images (Fig. 2.6b and c) show that the spots are 

uniformly printed for both the skin and imiquimod and increase in imiquimod 

concentration is associated with an increase in the secondary ion intensity (Fig. 

2.6c). The improvement of microarray printing quality is attributed to the 

improved mixing of imiquimod solutions with skin homogenate achieved by 

probe sonication. Further benefit is obtained from the triple washing method 

used here to clean the printing pin to prevent clogging. Spots of skin control 

are clearly printed with high intensity in a skin marker image (Fig. 2.6b) but 

with very low intensity in the [M+H]
+
 image of imiquimod (Fig. 2.6c). This 
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verifies the high specificity of the ToF-SIMS instrument towards imiquimod 

analysis. 

 

 

Figure 2.6: ToF-SIMS ion images of the printed microarray of imiquimod in 

oleic acid solutions with skin homogenate (probe sonication attempt) showing: 

(a) the total ion
+
, (b) the skin marker CH4N

+
 which represents the printed skin 

spots and (c) the imiquimod marker C14H17N4
+
 which represents the printed 

imiquimod spots. Five repeats from each drug concentration, in addition to 

skin control are shown in these images. These findings were representative for 

three repeats. 
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2.4.5 Calibration curve of imiquimod in oleic acid with skin 

homogenate (probe sonication attempt)  

A calibration curve of imiquimod in oleic acid with skin homogenate is 

generated by plotting imiquimod concentrations in skin (µg of imiquimod in 

mg of skin) versus normalised ion intensity values as illustrated in Figure 2.7. 

Data is presented as the mean of five repeats of each concentration with the 

error bars represent the standard deviation from the mean value. The 

concentration range (0.5-15 µg/mg) used in the generation of this probe 

sonication calibration curve is lower than that used in the previous sonication 

bath trial (10-100 µg/mg). This results in lower ion intensity values (0.001-

0.006) that matches the ion intensity of the future test samples informed by the 

ex vivo work (Chapter 3). At the range of concentration used, a linear 

correlation between imiquimod concentration and the spots ion intensity is 

observed (R-squared value of 0.98). Therefore, this calibration curve can be 

applied for quantification purposes. The limit of detection (LoD) was found to 

be at 0.5 µg/mg and it was calculated by comparing the imiquimod [M+H]
+ 

intensity to the skin control ion intensity. The limit of quantification (LoQ) is 

determined where imiquimod concentration could be quantified with 

acceptable accuracy and precision at a coefficient of variation (CV) of less than 

20% [304] and it is found to be at 1 µg/mg. 

 

Furthermore, it was observed that the standard deviation of the ion intensity 

values is less than that obtained from the previous imiquimod calibration curve 

of the sonication bath attempt (Fig. 2.5). The highest standard deviation value 

is ± 0.0006 of the ion intensity 0.00628 at a concentration of 17.5 µg/mg in 

comparison to ± 0.006 of the ion intensity 0.026 at a concentration of 90 µg/mg 

from the previous sonication bath trial. This suggests the appropriate 

homogenisation of the printed samples (imiquimod solutions with skin 

homogenate) was achieved by the use of a probe sonicator which results in this 

reduction in the standard deviation values. 
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Figure 2.7: Calibration curve of imiquimod in oleic acid with skin homogenate 

(probe sonication attempt) in which imiquimod concentration is expressed as 

µg of drug per mg of skin and plotted versus normalised molecular ion 

intensity. Data is presented as the mean ± SD (n = 5). 

 

2.4.6 Microarray printing of chlorhexidine gluconate (CHG) with 

skin homogenate (sonication bath attempt) 

Microarray printing of CHG in water and in isopropyl alcohol (IPA 70% v/v) 

with skin homogenate is achieved using the same printing conditions as in the 

imiquimod microarray sonication bath attempt (Section 2.4.2), in which CHG 

solutions in water and IPA at different concentrations were mixed with skin 

homogenate using a sonication bath for 30 minutes and printed using a quill 

pin with a single washing method by acetone. Water and IPA were used as 

vehicles because of the miscibility of CHG standard solution (20% w/v 

aqueous solution) with these solvents. Additionally, the commercial products 

of chlorhexidine (test solutions) such as HiBiScrub
®
 and ChloraPrep

®
 which 

are available in water and IPA vehicles respectively. ToF-SIMS data for CHG 

was collected in negative polarity for the fragment ion (C7H4N2Cl
-
) at m/z = 

151. Details regarding the selection of this particular ion and the choice of 

polarity will be discussed in Chapter 5, Section 5.4.1. In addition, the (CNO
-
) 

ion at m/z = 42 was selected as being indicative of skin marker in data 

acquisition and analysis. 
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ToF-SIMS ion images of the printed microarray of skin homogenate with CHG 

in water and IPA at different concentrations are shown in Figure 2.8. The upper 

section (i.e. upper 5 rows of spots) of the images shows spots printed in water, 

while the lower section (i.e. lower 5 rows of spots) is in IPA. Figure 2.8 

illustrates the total ion image (Fig. 2.8a), the skin marker (CNO
-
) image (Fig. 

2.8b) which represents the printed skin spots and the fragment ion (C7H4N2Cl
-
)
 

image (Fig. 2.8c) which represents the CHG marker. Five repeats from each 

drug concentration, in addition to skin control are printed and can be observed 

in Figure 2.8c. 

 

An examination of the skin marker (CNO
-
)
 

and the CHG marker ion 

(C7H4N2Cl
-
)
 
images (Fig. 2.8b and c) reveal that skin spots and CHG spots are 

unevenly printed in both water and IPA with missing spots for IPA solutions. 

This might be due to improper mixing of skin homogenate with drug solutions 

or clogging of the quill pin during the printing process due to an insufficient 

washing method. Therefore, the generation of a reliable calibration of CHG in 

IPA is unfeasible due to this inappropriate printing of CHG spots in IPA (many 

missing spots) and a calibration curve can only be generated for CHG in water 

as shown in Figure 2.9. 

 

It was observed that the sonication of skin homogenate with solutions of CHG 

in IPA results in non-homogeneous mixture which might lead to this 

inadequate printing, this is likely due to coagulation and precipitation of skin 

proteins by IPA. Zellner et al. demonstrated the ability of ethanol to precipitate 

proteins from water-ethanol mixture by decreasing the dielectric constant of 

water and causing dehydration of proteins leading to a reduction in their 

solubility and precipitation [305]. Some spots of skin control were printed 

showing high intensity skin marker (CNO
-
)

 
image (Fig. 2.8b) but with very low 

intensity in a CHG marker (C7H4N2Cl
-
)
 
image (Fig. 2.8c). This suggests the 

high ion specificity of the ToF-SIMS instrument towards CHG analysis.  
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Figure 2.8: ToF-SIMS ion images of the printed microarray of CHG in water and IPA 

solutions with skin homogenate (sonication bath attempt) showing: (a) the total ion
-
, 

(b) the skin marker (CNO
-
) which represents the printed skin spots and (c) the CHG 

marker (C7H4N2Cl
-
) which represents the printed CHG spots. Five repeats from each 

drug concentration, in addition to skin control are shown in these images. These 

findings were representative for three repeats. 
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2.4.7 Calibration curve of CHG in water with skin homogenate 

(sonication bath attempt) 

A calibration curve of CHG in water with skin homogenate is generated by 

plotting CHG concentrations in skin (µg of CHG in mg of skin) versus 

normalised ion intensity values of a CHG marker ion (C7H4N2Cl
-
) as illustrated 

in Figure 2.9. Data is presented as the mean of five repeats of each 

concentration with the error bars represent the standard deviation from the 

mean value. A linear correlation between concentration at the range of (1-9 

µg/mg) and the normalised ion intensity (R-squared value of 0.92) can be 

observed. However, there are some spots not adequately printed and showing 

high standard deviation values such as those at concentrations of 6 and 8 

µg/mg in which the standard deviation values are ± 0.001 and ± 0.0012 of the 

ion intensity 0.0030 and 0.0041 respectively. This might be as mentioned 

earlier (Section 2.4.3) due to inadequate mixing of CHG solutions with skin 

homogenate which results in a non-homogeneous mixture. 
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Figure 2.9: Calibration curve of CHG in water with skin homogenate 

(sonication bath attempt) in which CHG concentration is expressed as µg of 

drug per mg of skin and plotted versus normalised CHG marker ion intensity. 

Data is presented as the mean ± SD (n = 5). 
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2.4.8 Printing with a solid pin 

In an attempt to further improve the quality of the printed microarray of CHG 

solutions with skin homogenate, a solid pin instead of a quill pin was used.  A 

solid pin has several advantages (discussed in Chapter 1, Section 1.10.1) 

including easier cleaning, suitability for use with viscous solutions and less 

variation in the deposition volume during printing because it re-dips the well 

plate after each spotting [290, 291]. Therefore, it has been utilised for a further 

series of microarray printing. A customised solid pin was made at the Medical 

Engineering workshop, The University of Nottingham to be used in the 

printing process. It was made from stainless steel with approximately similar 

dimensions and measurements of a quill pin but without the slit inside. The 

microscopic images of both quill pin and solid pin used in the printing of 

microarrays are shown in Figure 2.10a and b respectively.  

 

 

Figure 2.10: Microscopic images of (a) quill pin and (b) solid pin used in the 

printing of microarrays of drug solutions with skin homogenate.  

 

CHG solutions in water were prepared and mixed uniformly with skin 

homogenate and then transferred to the well plate for printing according to the 

method previously used (Section 2.4.6). When the robotic arm started dipping 

the solid pin into solutions in the well plate and then spotting on a glass slide 

surface, it was apparent that there were no spots on the surface. It is thought 

that pin fabrication was imperfect causing failure in microarray printing and an 

amendment of the pin tip was required to improve the quality of printing. As 

illustrated in Figure 2.10b, the tip of the solid pin is very sharp and pointed in 

(a) quill pin (b) solid pin 
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comparison to the quill pin, this creates a difficulty for the solid pin to catch a 

liquid drop from the sample well plate in order to transfer and spot onto the 

substrate surface (a liquid drop slips from the pin tip prior to contact with the 

substrate). This can lead to a failure in microarray formation. Thus, the sharp 

tip of the solid pin was amended (cut) to be similar to a quill pin tip and 

utilised to print a new microarray. Figure 2.11 shows a CHG microarray 

printed after amendment of the solid pin.  

 

 

Figure 2.11: ToF-SIMS ion images of the printed microarray of CHG in water 

with skin homogenate printed by a solid pin showing: (a) the skin marker 

(CNO
-
) and (b) the CHG marker (C7H4N2Cl

-
). 

 

An assessment of the skin marker and CHG marker images (Fig. 2.11a and b 

respectively), demonstrate that some spots are printed on the glass slide but the 

quality of the printing is very poor (issues with printing consistency). The spots 

of skin and of CHG marker ion are printed in an uneven manner and with 

irregular shape. It is thought that the pin, even after amendment, is still unable 

to adequately print microarrays in an appropriate way. Therefore this solid pin 

was omitted from microarray printing due to its inefficiency in producing high 

quality microarrays. It was apparent that the fabrication of a pin with 

dimensions of few hundred microns is quite challenging and needs advanced 

machining technology that may not be available at an ‘in house’ workshop.  
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2.4.9 Microarray printing of CHG with skin homogenate (probe 

sonication attempt) 

In this series of work the setting of the robotic printer arm connected to the 

quill pin has been modified to enable it to print as a solid pin. In this way, the 

pin revisits the sample well plate after each spotting which results in less 

variation in the deposition volume during printing to achieve a more even 

microarray. In addition, the probe sonicator and the triple washing method that 

has been used in imiquimod printing (probe sonication attempt, Section 2.4.4) 

was also used here to ensure optimised mixing and cleaning of the printing pin. 

Printing of CHG in IPA with skin homogenate was not repeated this time 

because of the inadequate mixing of the CHG in IPA solutions with skin 

homogenate achieved even with probe sonication which may result in improper 

microarray printing and unreliable calibration curve. Therefore, the microarray 

formation and calibration curve generation was only performed for solutions of 

CHG in water. 

 

Figure 2.12 illustrates the ToF-SIMS ion images of the printed microarray of 

CHG in water at different concentrations with skin homogenate. Five repeats 

from each CHG concentration, in addition to skin control are printed and can 

be observed in Figure 2.12b. An assessment of the skin marker (CNO
-
)
 
image 

(Fig. 2.12a) shows that the skin spots are appropriately printed throughout the 

slide. This indicates that the mixing by probe sonicator and the use of the triple 

washing method to clean the pin after printing each drug concentration are 

more efficient in producing a uniform and even microarray than the previous 

sonication bath attempt (Section 2.4.6). Again, the specificity of ToF-SIMS 

instrument towards CHG analysis is confirmed by detecting spots of the skin 

control with a high intensity in skin marker (CNO
-
)
 
image (Fig. 2.12a) but with 

a very low intensity in CHG marker ion (C7H4N2Cl
-
)
 
image (Fig. 2.12b). 

 

An examination of CHG marker ion
 
image (Fig. 2.12b) reveals that the CHG 

spots are adequately printed with a decreasing ion intensity from the higher to 

lower drug concentration. This suggests a direct relationship between CHG 
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concentration and ion intensity. Furthermore, at each particular CHG 

concentration, the repeats have approximately a similar spot size. This can be 

attributed to the modification in the setting of the robotic printer arm which 

made a quill pin to print as a solid pin. Thus, it revisits a sample well plate after 

each spotting leading to less difference in the volume deposited each time. 

Nevertheless, the time required to complete printing was longer [291], 

approximately one hour which is double the time of the previous sonication 

bath trial (Section 2.4.6) but it is still a reasonable time to obtain an improved 

quality of microarray. In addition, there is a difference in the size of the printed 

spots at the different CHG concentrations, this is likely related to the difference 

in the viscosity of the printed solutions. However, this difference in spot size 

will not influence the ion intensity values obtained from them when analysed 

by ToF-SIMS because each value is normalised to the total ion intensity and in 

this way the effect of spot size will be negated.  

 

2.4.10 Calibration curve of CHG in water with skin homogenate 

(probe sonication attempt) 

A calibration curve of CHG in water with skin homogenate is generated by 

plotting CHG concentrations in skin (µg of CHG in mg of skin) versus 

normalised ion intensity values of CHG marker ion as illustrated in Figure 

2.13. Data is presented as the mean of five repeats of each concentration with 

the error bars represent the standard deviation from the mean value. The 

concentration range of 0.039-8.75 µg/mg results in ion intensity values 

between 0.001 and 0.008. This range of ion intensity is informed by the future 

in vivo and ex vivo CHG test samples (Chapter 5). A linear correlation between 

CHG concentration and ion intensity is observed with an R-squared value of 

0.97. However, by careful examination of the curve it is apparent that the 

linearity of the curve disappeared at higher concentration points of 6.25, 7.5 

and 8.75 µg/mg. This is attributed to saturation of the detector of the ToF-

SIMS instrument. Nevertheless, the lower part of the curve at the concentration 

range of 0.039-3.75 µg/mg still shows higher linearity with an R-squared value 
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of 0.99 as shown in Figure 2.13. Therefore, this calibration curve can be 

applied for quantification purposes instead of the whole curve. 

 

 

Figure 2.12: ToF-SIMS ion images of the printed microarray of CHG in water 

with skin homogenate (probe sonication attempt) showing: (a) the skin marker 

(CNO
-
) which represents the printed skin spots and (b) the CHG marker 

(C7H4N2Cl
-
)
   

which represents the printed CHG spots. Five repeats from each 

drug concentration, in addition to skin control are shown in these images. 

These findings were representative for three repeats. 
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The limit of detection (LoD) and the limit of quantification (LoQ) are found to 

be at 0.078 µg/mg. The limit of detection is calculated by comparing the 

intensity of CHG marker ion to the skin control ion intensity. The limit of 

quantification is determined where CHG concentration can be quantified with 

acceptable accuracy and precision at coefficient of variation (CV) of less than 

20% [304]. Although, the application of this calibration curve for the 

determination of concentrations higher than 3.75 µg/mg will be inaccurate, it 

shows appropriate accuracy and precision at the lower concentrations 

necessary to compare the CHG concentration in the tape strips with the 

minimum bactericidal concentration of CHG (Chapter 5). 

 

In addition, Figure 2.13 illustrates that the standard deviation at each 

concentration point is less than that obtained from the previous CHG 

calibration curve of the sonication bath attempt (Fig. 2.9). The highest value of 

the standard deviation is ± 0.00034 of the ion intensity 0.005 at concentration 

of 3.75 µg/mg in comparison to ± 0.0012 of the ion intensity 0.0041 at 

concentration of 8 µg/mg from the previous sonication bath attempt. This 

indicates the homogeneity of the printed samples (CHG solutions with skin 

homogenate) resulting in less variability of data around the mean value and 

confirms the significant role of the probe sonicator on the mixing uniformity of 

the printed samples. 
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Figure 2.13: Calibration curves of CHG in water with skin homogenate (probe 

sonication attempt) in which CHG concentration is expressed as µg of drug 

per mg of skin and plotted versus normalised ion intensity. The calibration 

curve at the lower concentration range of 0.039-3.75 µg/mg (red line) shows 

higher linearity than the whole curve (black line). Data is presented as the 

mean ± SD (n = 5). 
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2.5 Conclusions 

Quantification of ToF-SIMS data is a challenging task due to the matrix effects 

that influence the secondary ion yield. Therefore, to address this issue, 

quantification from an identical or similar model matrix is required to generate 

a calibration curve used in the quantification of the unknown concentration of a 

drug within skin. To quantify ToF-SIMS data for a drug within skin, skin 

homogenate represents the ideal matrix due to its identity and relevance to real 

skin tissue. The work in this chapter demonstrates the development of a 

mechanical method with a multi-step process that is efficient in producing skin 

homogenate in an acceptable time limit and without introducing any chemicals 

that may interfere with the signal obtained from an analyte within skin when 

analysed by ToF-SIMS. In addition, the microarray printing approach provides 

a high throughput technique to generate and analyse many samples 

simultaneously. The homogeneity of the mixture of drug solutions with skin 

homogenate, the type of pin used and pin washing method have a great impact 

on the quality of the printed microarray and consequently on the generated 

calibration curve. Calibration curves of imiquimod and chlorhexidine were 

successfully generated with acceptable linearity, accuracy and precision which 

can be used to determine their concentration in the test samples for example in 

the tape strips. This is believed to be the first time that a mechanical method for 

skin homogenisation with microarray printing of skin homogenate has been 

applied to enable quantification of ToF-SIMS data within skin. This method 

represents the first attempt or a proof of concept for the quantification of ToF-

SMIS data within skin which can be further improved to be more reliable and 

pertinent. 
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3 Chapter Three: Assessment of Imiquimod Permeation into 

ex vivo Skin Tissue by HPLC and ToF-SIMS Analysis 

3.1 Introduction 

As detailed in Chapter 1, Section 1.5.1.1, the majority of skin permeation 

testing uses in vitro experiments due to the legal and ethical constraints [4, 306, 

307], in addition to the difficulties associated with in vivo clinical trials 

including the high variability, costly and long experiments enrolling large 

number of subjects [122, 308]. The usefulness of Franz diffusion cells in 

predicting the in vivo percutaneous absorption, comparing permeation from 

different formulations and in risk assessment has been proven for wide range of 

drugs and chemicals [309-313]. The detection of a permeant traversing through 

the skin in Franz cell experiments is mostly achieved by the conventional 

chromatographic methods (usually HPLC). However, the HPLC has several 

drawbacks (discussed in Chapter 1, Section 1.6.1). Visualising distribution of a 

permeant within skin can be achieved by imaging techniques such as ToF-

SIMS. Recently, ToF-SIMS has been used to map permeation and visualise 

distribution of drugs within skin as in the case of the antiseptic drug 

chlorhexidine digluconate [83], topically applied drug molecules (roflumilast, 

tofacitinib and ruxolitinib) [161] and cosmetics [314] as discussed in Chapter 

1, Section 1.7.6. 

 

To date, there is a gap in the in the available information regarding the exact 

depth of permeation and the spatial distribution of imiquimod when delivered 

from Aldara
™

 cream. The previous studies assessed the skin permeation of 

imiquimod from Aldara
™

 cream showed limitations in the analytical 

methodology employed. A study conducted by Stein et al. to compare 

permeation of imiquimod from a new formulated imiquimod containing 

emulsion gel (IMI-Gel) with Aldara
™

 cream across mouse skin found that 

11.5% of imiquimod from Aldara
™

 permeated across the skin and only 19% 

remained on the skin surface when analysed by HPLC [61]. This high 

imiquimod permeability from Aldara
™

 cream can be attributed to the use of  
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mouse skin, since it is thinner and much more permeable than human or pig 

skin (up to 10 times) [131, 315]. These results are therefore not a relevant 

comparison to this work and highlight the necessity to use an appropriate skin 

type for permeation testing. Another study conducted by Rehman et al. 

reported a comparison of the imiquimod permeation from a formulated fish oil-

carbopol bigel containing 5% imiquimod with Aldara
™

 cream into mouse skin. 

This study demonstrated that the tape strips and the remaining skin samples 

contained a higher amount of imiquimod permeated from Aldara
™

 cream than 

from the bigel formulation. The imiquimod content in the tape strips from 

Aldara
™

 cream and the bigel formulation was found to be 1.57 ± 0.5 mg/cm
2 

and 0.93 ± 0.05 mg/cm
2
 respectively. These values are equivalent to 59.66% 

and 35.34% of the
 
mean % recovered amount. Similarly, the content in the 

remaining skin from Aldara
™

 cream and the bigel formulation was 0.85 ± 0.34 

mg/cm
2 

and 0.30 ± 0.04 mg/cm
2 

respectively which are equivalent to 32.3% 

and 11.4% of the mean % recovery. In this study in addition to the use of 

mouse skin, the authors have used cetrimide (cationic surfactant) as a receptor 

fluid and the skin was wiped with a cotton swab dipped in IPA during the skin 

preparation step [62]. All these factors may influence the skin integrity which 

may give rise to a higher permeation rate. It is believed that the difference 

between the results presented here and the results from Stein and Rehman work 

[61, 62] which show a greater permeation of imiquimod from Aldara
™

 cream 

can be attributed to the variation in the experimental conditions used including 

the type of skin, receptor fluid and the HPLC analysis method.  

 

Therefore, in this chapter, the permeation of imiquimod into ex vivo porcine 

skin from Aldara
™

 cream and from simple solvent systems in DMSO and oleic 

acid has been investigated using Franz diffusion cells with subsequent analysis 

by HPLC and ToF-SIMS. Imaging of skin tape strips and cryo-sectioned skin 

samples were conducted by ToF-SIMS to map permeation and visualise the 

distribution of imiquimod within skin tissue.  
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3.2 Chapter Aims 

The key aim of this chapter is to evaluate the permeation of imiquimod from 

the commercial product Aldara
™

 cream into ex vivo porcine skin using a 

combination of conventional experimental method of Franz diffusion cells, 

skin tape stripping and HPLC analysis as well as advanced ToF-SIMS imaging 

technique. The expectation is to glean a presently unavailable insight into the 

exact depth of permeation and the spatial distribution of this drug within skin. 

Moreover, since published clinical trials showed the limited ability of Aldara
™

 

cream to efficiently treat deep nodular BCC lesions, an investigation of the 

permeation of imiquimod from DMSO and oleic acid solutions (penetration 

enhancers) was carried out to examine if imiquimod could penetrate deeper 

skin layers. This is believed to be, the first time that the permeation of 

imiquimod from Aldara
™

 cream has been studied at this level of detail. 

 

3.3 Materials and Methods 

3.3.1 Materials 

Imiquimod was purchased from Bioscience Life Sciences, UK. Aldara
™

 5% 

cream, MEDA Company, Sweden was purchased from Manor pharmacy, UK.              

DMSO, oleic acid, HCl, sodium acetate and isopentane were purchased from 

Sigma-Aldrich, UK. Acetonitrile (HPLC grade), glacial acetic acid were 

obtained from Fisher Scientific, UK. Teepol solution (Multipurpose detergent) 

was ordered from Scientific Laboratory Supplies, UK. D-Squame standard 

sampling discs (adhesive discs) were ordered from CUDERM corporation, 

USA. OCT compound were obtained from VWR International Ltd. Belgium. 

Deionised water was obtained from an ELGA reservoir, PURELAB
®
 Ultra, 

ELGA, UK. All reagents were of analytical grade, unless otherwise stated. 
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3.3.2 Permeation study of Aldara
™

 cream 

All in vitro permeation experiments within this chapter were carried out using 

the following regulatory protocols as a guide:  

 OECD Guideline for the Testing of Chemicals, Skin Absorption: in 

vitro Method, No. 428 (2004), [316]. 

 OECD Guidance Document for the Conduct of Skin Absorption 

Studies, No. 28 (2004), [136]. 

These guidelines are accepted as a reliable standard for conducting in vitro 

permeation experiments. 

 

3.3.2.1 Skin preparation 

Porcine skin was used in Franz cell experiments due to the limited availability 

and difficulties associated with the use of ex vivo human skin [317]. In 

addition, porcine skin has similar thickness, histological and permeability 

properties as human skin [132, 318]. Samples of dermatomed porcine skin 

were prepared from the flank of five month old pigs obtained from a local 

abattoir prior to any steam cleaning process. The skin was washed with 

distilled water and dried using tissue. Hair was carefully cut by scissors to 

avoid any damage to the stratum corneum. The subcutaneous fatty layer was 

removed using a scalpel and then the skin was dermatomed to approximately 

400 µm thickness by an electrical dermatome (Zimmer electric dermatome 

8821, USA). After that, skin samples were wrapped in aluminium foil and 

stored frozen at -20 °C. Skin samples were used within six weeks of being 

frozen [319]. 

 

3.3.2.2 Skin integrity test 

The dermatomed skin was checked for skin integrity before performing the 

permeation study. The skin was placed in Franz cells with the stratum corneum 

facing upwards. The receptor chamber and the donor chamber were filled with 

10 mL and 2 mL of 0.9% w/v sodium chloride solution respectively, then the 

Franz cells were placed in a stirring water bath (Cleaver Scientific Ltd., UK) at 
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37 °C for 30 minutes to equilibrate. Thereafter, the transepithelial electric 

resistance (TEER) was measured using a modified form of EVOM2 

Voltohmmeter (World Precision Instruments, USA). Skin samples passed the 

skin integrity test if they showed TEER reading ≥  3 KΩ [319]. 

 

3.3.2.3 Assembly of diffusion cells 

Franz diffusion cells with an exposed surface area of 0.64 cm
2 

were used for 

the permeation study of Aldara
™ 

cream. Skin samples were mounted on Franz 

cells with the stratum corneum facing upwards. The receptor chamber was 

filled with 10 mL of 0.1N HCl used as receptor fluid to keep sink conditions 

because of the high solubility of imiquimod (basic compound) in this acidic 

medium 9.5 mg/mL (tested experimentally). Franz cells were then placed in a 

stirring water bath (Cleaver Scientific Ltd., UK) at 37 °C for 30 minutes to 

equilibrate before applying the formulation. The skin was dosed with 50 mg of 

Aldara
™ 

cream and the experiment run time was 24 hours. The receptor fluid 

was stirred continuously by a small Teflon-coated magnetic stirrer bar at 600 

rpm and it was analysed for imiquimod content by HPLC at 24 hours after 

cream application. Data was collected from 12 Franz cells (6 analysed by 

HPLC and other 6 by ToF-SIMS). 

 

3.3.2.4 Measurement of mass balance 

When the Franz cell experiments were completed (after 24 hours), the excess 

formulation was removed from the surface of the skin by careful application of 

a combination of very soft dry and moistened sponges with 3% v/v Teepol
®
 

detergent solution. The sponges were combined and analysed for imiquimod by 

HPLC as a total skin wash. In addition, any cream on the donor chamber inner 

surface was also removed by the sponges and analysed for imiquimod by 

HPLC as a donor chamber wash.  
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3.3.2.5 Tape stripping 

After removing the excess cream from the skin surface, the skin was 

dismantled from the Franz cell assembly and left to air dry at ambient 

temperature for approximately 2 hours. Following this, a tape stripping 

technique was employed using adhesive tapes (D-Squame, Standard Sampling 

Discs, USA) with a diameter of 22 mm. The adhesive tapes were applied and 

removed successively from the same treated skin area for up to 20 strips with 

the aid of a roller to press the adhesive tape 10 times onto the skin surface to 

stretch it to avoid the effects of furrows and wrinkles on the tape stripping 

procedure [107]. Adhesive tapes were removed from the skin surface by 

tweezers in one swift motion [107] which were then placed in Eppendorf vials 

and stored at -20 °C until required for analysis. Tape strips obtained from 6 

Franz cells were analysed by HPLC in which the tape strips from each cell 

were pooled together for analysis, the remaining skin after tape stripping (i.e. 

stripped skin without stratum corneum layer) was also reserved for HPLC 

analysis. In addition, tape strips from 3 Franz cells were analysed individually 

by ToF-SIMS in which the tape strips were attached to glass slides with a 

double sided adhesive tape where the removed stratum corneum facing 

upwards. Following this, the slides were placed in plastic petri dishes and 

liquid nitrogen was carefully poured into the petri dish to freeze tape strips on 

the slides, then the frozen slides were kept in a freeze dryer for 1 hour prior to 

ToF-SIMS analysis.  

 

3.3.2.6 OCT embedding and skin cryo-sectioning 

Skin samples removed from 3 Franz cells were placed in a plastic block 

containing optimum cutting temperature (OCT) gel (VWR International Ltd., 

Belgium) which is an inert mounting medium for cryotomy that solidifies upon 

rapid cooling. Therefore, the plastic block containing skin immersed in OCT 

was placed in a beaker of isopentane pre-cooled with liquid nitrogen to 

solidify.  After solidification, the OCT blocks were wrapped in aluminum foil, 

placed in an airtight plastic bag and stored at -80 °C. Cryo-sectioning of skin 

samples was carried out by placing the OCT block in a cryostat chamber 
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(Thermo Cryotome™, UK) at a temperature of -20 °C. The block was allowed 

to equilibrate within the cryostat chamber for 30 minutes and then sectioned 

using a steel blade into vertical cross sections of 20 µm thickness. Following 

this, the cryo-sections were mounted onto clean polysine microscope adhesion 

slides (ThermoFisher Scientific) and freeze dried for 1 hour prior to ToF-SIMS 

analysis. 

 

3.3.2.7 HPLC analysis 

HPLC analysis was carried out using an Agilent 1100 series instrument 

(Agilent Technologies, Germany) equipped with degasser, quaternary pump, 

column thermostat, autosampler and UV detector. System control and data 

acquisition were performed using Chemostation software. The details of the 

HPLC chromatographic conditions are as follows: column C18 (75 × 4.6 mm) 

ACE5/ ACE-HPLC Hichrom Limited, mobile phase of acetate buffer pH 3.7: 

acetonitrile (70:30 v/v), flow rate of 1 mL/minute, UV detection at λ max. 239 

nm, injection volume of 10 µL and column temperature at 25 °C.  

 

3.3.2.7.1 Preparation of the calibration curves of imiquimod by HPLC 

Two stock solutions of imiquimod, one in the extraction solvent MeOH 

mixture (MeOH 90%:Water 9%:0.1N HCl 1%) and the other one in 0.1N HCl 

(receptor fluid) were prepared at concentration of 10 µg/mL. Then solutions of 

different concentrations (0.039, 0.078, 0.156, 0.3125, 0.625, 1.25, 2.5, 5.0 and 

10 µg/mL) were obtained by appropriate dilution from the stock solutions. 

 

3.3.2.7.2 Determination of the percentages of imiquimod recovered by 

HPLC 

The amount of imiquimod from the different Franz cell elements (skin wash, 

donor chamber wash, pooled tape strips and remaining skin after tape 

stripping) was extracted by the addition of 20, 10, 5 and 3 mL of the extraction 

solvent (MeOH mixture) respectively. They were then vortexed for 2 minutes 

and left overnight. Following this, they were sonicated for 30 minutes, filtered 
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through a 0.45 µm syringe filter and injected into the HPLC system where they 

were analysed using the method described in Section 3.3.2.7. Receptor fluid 

samples were filtered through a 0.22 µm centrifuge tube filter and injected 

directly into the HPLC system without any dilution.  

 

3.3.2.8 ToF-SIMS analysis 

ToF-SIMS was used to analyse individual tape strips and cryo-sectioned skin 

samples obtained from Franz cell testing. ToF-SIMS analysis was done using 

the same instrument and analysis conditions detailed in Chapter 2, Section 

2.3.7. The area scanned of the tape strips samples was (9 mm × 9 mm) 

encompassing the entire skin area exposed to Aldara
™ 

cream during Franz cell 

diffusion experiments. For the cryo-sectioned skin samples the scanned area 

was (6 mm × 6 mm) or (10 mm × 4 mm) depending on the section size. All the 

samples were analysed at a resolution of 100 pixels/mm. The tape strips and 

cryo-sectioned skin samples were placed in a freeze dryer for 1 hour prior to 

ToF-SIMS analysis to remove any moisture present in the samples. An ion 

representing biological material and therefore indicative of skin (skin marker) 

was identified as CH4N
+
 and was used to threshold the data sets. After that, the 

data was reconstructed to remove the data from the adhesive tape material 

found between the fissures in the stripped skin (removing the substrate data) 

and therefore the data was only analysed from the skin material. Following 

this, each image of the individual tape strip (9 mm × 9 mm) was divided into 

four smaller data sets of (4.5 mm × 4.5 mm) which results in four repeats (n = 

4) for each sample and their intensities were normalised to the total ion 

intensity. All peak intensities were normalised to the total ion count of the 

spectra.  
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3.3.3 Skin permeation of imiquimod from DMSO and oleic acid 

solutions 

Solutions of imiquimod in DMSO and oleic acid at concentration of 100 

µg/mL were prepared and dosed onto porcine skin during Franz cell 

experiments, subsequently the tape strips and cryo-sectioned skin samples were 

analysed by ToF-SIMS. Porcine skin preparation, Franz diffusion cell 

experiment conditions, skin tape stripping, skin cryo-sectioning and ToF-SIMS 

analysis conditions were the same as mentioned previously in Section 3.3.2. 

However, before performing this experiment, a preliminary study was carried 

out to determine the concentration at which ToF-SIMS could detect imiquimod 

in DMSO and oleic acid solutions. This was achieved by spiking 1 µL of 

imiquimod in these solutions at concentrations of 1, 10 and 100 µg/mL onto 

tape strips obtained from porcine skin with subsequent analysis by ToF-SIMS. 

 

3.3.4 Statistical analysis of the data 

The statistical tests used to compare ion intensities were one way ANOVA 

with Tukey’s multiple comparisons test or t-test. All data is presented as the 

mean ± SD of n = 4 with P values of ≤ 0.05 being regarded as significant using 

GraphPad Prism 7 software (USA). Prior to statistical analysis all data was 

tested for normality using Shapiro-wilk normality test. 
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3.4 Results and Discussion 

3.4.1 Permeation study of Aldara
™

 cream 

3.4.1.1 HPLC chromatograms and calibration curves of imiquimod 

Imiquimod shows a sharp, well separated peak which is present at 

approximately two minutes in both MeOH mixture (extraction solvent) and in 

0.1N HCl (receptor fluid) as illustrated in the HPLC chromatograms Figures 

3.1 and 3.2 respectively. 

 

 

Figure 3.1: HPLC chromatograms of imiquimod in MeOH mixture (extraction 

solvent) showing (a) blank chromatogram and (b) imiquimod chromatogram. 

 

The calibration curves of imiquimod in MeOH mixture and in 0.1N HCl 

generated by HPLC are shown in Figure 3.3a and b respectively which are 

observed to be linear at the range of concentration used with an R-squared 

value of 0.99 in both media. Therefore, a reliable measurement for the area 

under the curve can be obtained within this range of concentration. The limit of 

detection (LoD) and limit of quantitation (LoQ) are determined experimentally 
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according to the signal/noise ratio and CV% methods [304]. For imiquimod in 

a MeOH mixture, the LoD and LoQ were found to be at a concentration of 

0.346 µg/mL. For 0.1N HCl, the LoD and LoQ were found at 0.151 µg/mL and 

0.303 µg/mL respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2: HPLC chromatograms of imiquimod in 0.1N HCl (receptor fluid) 

showing (a) blank chromatogram and (b) imiquimod chromatogram. 
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Figure 3.3: Calibration curves of imiquimod in (a) MeOH mixture (extraction 

solvent) and (b) in 0.1N HCl (receptor fluid) by HPLC. Data is presented as 

the mean ± SD (n = 3). 

 

3.4.1.2 Determination of the percentage of imiquimod recovered from 

Aldara
™

 cream permeation study by HPLC 

The percentage of imiquimod recovered from the different Franz cell elements 

(donor chamber wash, skin wash, tape strips, remaining skin and receptor fluid) 

of the permeation study of Aldara
™

 cream when analysed by HPLC are 

reported in Table 3.1 and graphically illustrated in Figure 3.4. The recovery 

percentage of imiquimod is highest in the skin wash as compared to other 
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elements indicating that Aldara
™

 cream has limited permeation into the skin 

with most of the imiquimod being recovered from the skin wash (mean 

recovery percentage is 90%) with a very minor amount (< 1%) recovered from 

the remaining skin. The recovery percentage of imiquimod from the tape strips 

is also low (1.18% ± 0.69) which indicates the existence of imiquimod in the 

stratum corneum at low concentration. The receptor fluid also shows a low 

recovery percentage of imiquimod (0.89% ± 0.19) which highlights the limited 

permeation of imiquimod across the skin to reach the receptor fluid 

compartment. The sum of the mean recovery percentage of imiquimod from 

the different Franz cell elements is approximately 95%. The 5% difference is 

thought to be lost during the extraction process prior to HPLC analysis. This 

data suggests that skin permeation of Aldara
™

 cream is very superficial and is 

consistent with the FDA approval specification and clinical trials that showed 

the efficacy of Aldara
™

 cream only for the treatment of superficial BCC lesions 

[45, 53].  

 

The high lipophilicity and low aqueous solubility of imiquimod suggests that it 

exhibits more permeation into the stratum corneum layer compared with the 

more aqueous viable epidermis and therefore it may remain stored within the 

stratum corneum since the next layer (the viable epidermis) has high water 

content. Several studies have shown that lipophilic drugs and lipophilic 

sunscreens tend to be preferably located, or accumulated, on the skin surface 

and in the superficial layers of the stratum corneum [208, 320]. 
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Table 3.1: Recovery percentage of imiquimod from the different Franz cell 

elements of the permeation study of Aldara
™

 cream by HPLC. 

Franz cells number 

Analysed 

element 
1 2 3 4 5 6 

Mean 

recovery 

% 

SD 

Donor wash 0.48 3.96 2.51 1.39 0.78 1.57 2.04 ± 1.23 

Skin wash 94.55 79.81 88.32 95.12 89.77 93.52 90.18 ± 5.75 

Tape strips 0.63 2.55 0.96 1.17 0.89 0.91 1.18 ± 0.69 

Remaining 

skin 
0.45 1.47 1.08 0.92 0.81 0.75 0.91 ± 0.34 

Receptor 

fluid 
0.75 0.93 1.24 0.67 0.86 0.91 0.89 ± 0.19 

 
% Recovered  

 

 

 

Figure 3.4: Mean recovery percentage of imiquimod from the different Franz 

cell elements (donor chamber wash, skin wash, tape strips, remaining skin and 

receptor fluid) of the permeation study of Aldara
™

 cream when analysed by 

HPLC. Data is presented as the mean ± SD (n = 6). 
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3.4.1.3 ToF-SIMS analysis 

Due to several advantages offered by ToF-SIMS (discussed in Chapter 1, 

Section 1.7.6), it is used in these studies to detect and image imiquimod in tape 

stripped and cryo-sectioned skin samples obtained from the Aldara
™

 cream 

permeation and from DMSO and oleic acid experiments. Prior to ToF-SIMS 

analysis of the tape strips and cryo-sectioned skin samples, some preliminary 

ToF-SIMS experiments of the reference imiquimod material were performed to 

establish secondary ions representative of the imiquimod chemistry. 

 

3.4.1.3.1 ToF-SIMS analysis of imiquimod reference on silicon wafer 

ToF-SIMS survey spectra of imiquimod reference on silicon wafer in both 

positive and negative polarity are shown in Figure 3.5a and b. 

 

 

Figure 3.5: ToF-SIMS spectra of imiquimod reference in (a) positive polarity 

and (b) negative polarity. 

 

Mass (u)

50 100 150 200

6
x10

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

In
te

n
s
it
y
 (

c
o

u
n

ts
)

Mass (u)

50 100 150 200

6
x10

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

In
te

n
s
it
y
 (

c
o

u
n

ts
)

C10H8N4
-
 

184 

m/z 

In
te

n
si

ty
 

(b) 

C10H9N4
+
  

185 

C14H17N4
+ 

 

241 

In
te

n
si

ty
 

(a) 

m/z 



103 

 

As shown in Figure 3.5a, two secondary ion peaks relevant to imiquimod are 

observed in the positive polarity spectra, the molecular ion [M+H]
+
 peak of 

imiquimod (C14H17N4
+
) at m/z = 241 and the fragment ion peak (C10H9N4

+
)
 
at 

m/z = 185. The [M+H]
+
 of imiquimod (C14H17N4

+
) which resulted from the 

ionisation of the whole imiquimod molecule C14H16N4 (MW 240) is more 

intense than the fragment ion peak. Figure 3.5b shows the negative polarity 

data which highlights the fragment ion peak (C10H8N4
-
) at m/z = 184. The 

positive ion mode is therefore considered to be more informative than the 

negative ion mode due to the presence of the [M+H]
+ 

at a relatively high 

intensity which provides unambiguous identification of imiquimod. Therefore, 

the ToF-SIMS data of imiquimod will be presented in the positive polarity 

only. (CH4N
+
) peak at m/z = 30 which is generally considered as a generic marker for 

organic material in positive polarity, used in this work as a skin marker to indicate the 

regions on the sample containing skin tissue (i.e. it represents the skin pattern). The 

(CH4N
+
) peak shows a higher normalised ion intensity in the skin control sample than 

in the imiquimod reference material (Fig. 3.6). This verifies the appropriate use of 

(CH4N
+
) peak as a skin marker.   

 

 

Figure 3.6: Stacked ToF-SIMS spectra of imiquimod reference material and 

skin control sample showing the peak of skin marker ion (CH4N
+
) at m/z = 30. 
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reference material (Fig. 3.5a)), it is clearly resolved suggesting that ToF-SIMS 

can be used to identify imiquimod in Aldara
™

 cream. 

 

 

Figure 3.7: ToF-SIMS survey spectrum of Aldara
™

 cream, where the inset 

spectrum shows the peak of the [M+H]
+
 of imiquimod at m/z = 241. 
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 cream tape strips 
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 cream tape strips are shown in Figure 3.8 (specifically showing strips 
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+
 of imiquimod is detected throughout 

the series of 18 tape strips. A decreasing ion intensity is observed from the 
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insight into the exact depth of permeation achieved with this drug. This work 

represents the first time use of the ToF-SIMS to assess the permeation of 

imiquimod from the Aldara
™

 cream into the skin as a function of depth.  
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Figure 3.8: Stacked ToF-SIMS spectra of the [M+H]
+
 of imiquimod in 

Aldara
™

 cream tape strips showing the peak of the [M+H]
+
 of imiquimod 

(C14H17N4
+
) at m/z = 241. 

 

Figure 3.9 illustrates the ion intensity values of the [M+H]
+
 of imiquimod from 

the different tape strips normalised to total ion intensity following the removal 

of the substrate (adhesive tape background) plotted versus tape strip number. 

This data confirms the reduction in ion intensity values from TS 1 to TS 18 (p 

≤ 0.05) observed in Figure 3.8.  
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Figure 3.9: Ion intensity values of the [M+H]
+
 of imiquimod in Aldara

™
 

cream tape strips normalised by total ion intensity. Data is presented as the 

mean ± SD (n = 4). The dotted black line represents the ion intensity obtained 

from the control skin samples. 
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The tape stripping process was only confined to 20 tape strips. However, it is 

observed that the ion intensity of the [M+H]
+
 of imiquimod at TS 18 is still 

significantly higher compared to the skin control ion intensity (p ≤ 0.05). This 

indicates that the removed 20 tape strips did not achieve complete removal of 

the stratum corneum layer and imiquimod may remain at the lower layers of 

the stratum corneum. 

 

The decreasing permeation of imiquimod at the inner layers of the stratum 

corneum is consistent with the HPLC results that demonstrated a limited 

permeation of imiquimod into the deeper skin layers (less than 1% recovered 

from the remaining skin specimen, Section 3.4.1.2). However, importantly, 

ToF-SIMS has shown enhanced sensitivity in the detection of imiquimod in the 

tape strips as compared to HPLC analysis to the extent that imiquimod within 

single tape strips can be successfully analysed throughout the entire stratum 

corneum. 

 

As well as enhanced sensitivity compared to HPLC, ToF-SIMS also has an 

imaging capability. Visualisation of imiquimod’s spatial distribution within 

skin layers can be achieved by ion beam rastering (scanning) of the tape strips 

obtained from the permeation study. ToF-SIMS ion images of the entire tape 

strip area, which represents the whole exposed area of the skin to Aldara
™ 

cream during Franz cell diffusion experiment, are illustrated in Figure 3.10. 

Figure 3.10 illustrates the total ion image (Fig. 3.10a), the skin marker (CH4N
+
) 

image (Fig. 3.10b) and the [M+H]
+
 of imiquimod (C14H17N4

+
)
 
image (Fig. 

3.10c).  
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Figure 3.10: ToF-SIMS ion images of Aldara
™

 cream tape strips showing: (a) 

the total ion
+
, (b) the skin marker (CH4N

+
) and (c) the imiquimod marker 

(C14H17N4
+
). The scanned area is (9 mm × 9 mm). 

 

An examination of the skin marker, CH4N
+
 (Fig. 3.10b), shows that the amount 

of skin (corneocytes) attached per tape strip is reduced moving from the outer 

skin surface (TS 1) towards the inner layers of the stratum corneum (TS 18). 
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desmosomes) from the skin surface towards the inner layers [322]. 

Furthermore, the ion intensity of the [M+H]
+
 of imiquimod (Fig. 3.10c) which 

represents a reflection of the imiquimod spectra is also observed to decrease 
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corneum (TS 18) with a non-uniform pattern of distribution within the stratum 

corneum layers where some skin areas shows spots of higher imiquimod 

density than the others. This is thought to be related to the pathway by which 

imiquimod in Aldara
™

 cream permeates through the skin (i.e. the existence of a 

particular constituent such as fatty acids that may facilitate the permeation of 

imiquimod into the skin) which is influenced by the physicochemical 

properties of imiquimod, the vehicle and formulation type.  

 

The distribution of curcumin (lipophilic fluorescent dye) within the stratum 

corneum from different formulations has been studied by other researchers. 

They analysed tape strips removed from human volunteers using laser scanning 

microscopy (LSM) [208] or fluorescent microscopy [323] and demonstrated 

that the distribution and localisation of a particular dye is influenced by the 

physicochemical properties of the dye and the type of vehicle used which 

affects the pathway of penetration.  

 

To investigate the effect of experimental conditions such as drying effect on 

the spatial distribution of imiquimod within skin, samples of skin homogenate 

were spiked with imiquimod dissolved in DMSO. Some of these samples were 

snap frozen immediately by liquid nitrogen and others left to air dry for 2 hrs 

prior to freeze drying. Both samples show a similar spatial distribution of 

imiquimod when analysed by ToF-SIMS (Fig. 3.11). This highlights that the 

non-uniform distribution of imiquimod within skin is not related to the 

experimental conditions. Furthermore, as shown in Figure 3.10c the non-

uniform distribution is more pronounced at lower tape strips TS 6, 12 and 18 

than TS 1 and 2. Thus, if the experimental conditions influence the distribution, 

they should affect all tape strips to the same extent. This condition is also 

applied for CHG tape strips (Chapter 5, Fig. 5.4) in which CHG is more 

uniformly distributed at TS 2 than other tape strips.  
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Figure 3.11: ToF-SIMS ion images of drops of skin homogenate spiked with 

imiquimod in DMSO where (a) frozen immediately by liquid nitrogen and (b) 

left to air dry for 2 hrs prior to freeze drying. 

 

This non-uniform distribution of imiquimod within skin can decrease the 

efficacy of Aldara
™

 cream to uniformly treat whole BCC lesions. The pattern 

of drug distribution within the skin layers is very important in BCC because the 

whole lesion area should be treated uniformly at the effective concentration to 

increase the cure rate and prevent recurrence. Therefore, the ability to assess 

this is of great importance, since the topical treatment of BCC lesions with 

Aldara
™

 cream has shown higher recurrence rate in comparison to surgery 

[56], particularly tumours with a thickness of  > 0.4 mm [48]. This is believed 

to be the first attempt to visualise the localisation of imiquimod within skin 

permeated from Aldara
™

 cream in a large scanned area of (9 mm × 9 mm) by 

ToF-SIMS. This provides information regarding the uniformity of imiquimod 

within skin which may assist to improve the design of imiquimod’s 

formulations in the future. 
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3.4.1.3.4 ToF-SIMS analysis of Aldara
™

 cream cryo-sectioned samples 

ToF-SIMS analysis of cryo-sectioned skin samples (prepared as described in 

Section 3.3.2.6) is used to map imiquimod permeation within different skin 

layers. Skin cross-sectioning can be used as a complementary tool to the tape 

stripping technique to follow and visualise drug permeation within skin. Skin 

sections were prepared by the OCT embedding method rather than the 

formalin-fixed paraffin embedding (FFPE) method to avoid the introduction of 

different solvents used in FFPE method such as paraformaldehyde, ethanol and 

xylene into the skin that may ‘wash out’ imiquimod from the tissue and 

influence the chemistry of samples. In addition, it has been reported that tissue 

sections prepared by FFPE can be covered with a layer of paraffin and this 

overlayer of paraffin can influence tissue signals when analysed by ToF-SIMS 

[324]. Although, this paraffin layer could be removed by short sputtering with 

C60 cluster ion but it may induce sample damage. Another issue associated with 

FFPE is that the formalin which is used as a fixative agent and the clearing 

agent xylene can extract lipids from tissue sections affecting the analysis 

results [324, 325]. Malm et al. compared the influence of different methods 

used in the fixation and drying of cells on the chemical structure and 

morphology of human fibroblasts when analysed by ToF-SIMS and they 

concluded that cryofixation and freeze drying can be utilised as a general 

preparation protocol to prepare cells for ToF-SIMS analysis with a preserved 

cell morphology and retained distribution of the diffusible ions [326]. In this 

work, sections of a thickness of 20 µm were found to be more appropriate for 

ToF-SIMS analysis in terms of how flat the sections were and clarity of the 

images compared to 10 or 30 µm thickness samples.  

 

Figure 3.12 illustrates the ToF-SIMS spectra of the skin control and Aldara
™

 

cream cryo-sectioned skin samples. The ion intensity of the [M+H]
+
 of 

imiquimod is at the background or noise level for the skin control samples (Fig. 

3.12a) while, it is at higher intensity for Aldara
™

 cream sections (Fig. 3.12b). 

Although, this intensity is not very high it is clearly resolved. 
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Figure 3.12: Stacked ToF-SIMS spectra of the cryo-sectioned samples for (a) 

skin control and (b) Aldara
™

 cream, showing the peak of the [M+H]
+
 of 

imiquimod (C14H17N4
+
)
 
at m/z = 241. 

 

ToF-SIMS ion images of the cryo-sectioned samples for the skin control and 

Aldara
™

 cream are shown in Figure 3.13 which illustrates the total ion image 

(Fig. 3.13a), the skin marker (CH4N
+
) image (Fig. 3.13b) and the [M+H]

+
 of 

imiquimod image (Fig. 3.13c). An examination of the total ion image and the 

skin marker image (Fig. 3.13a and b) indicates that the skin is adequately 

sectioned using the conditions mentioned in Section 3.3.2.7. ToF-SIMS ion 

images are strongly dependent on the quality of the cross-sectioned skin 

samples. The samples should be well sectioned and quite flat in order to 

minimise sample topography and obtain clear ToF-SIMS images. However, the 

identification of the different skin layers within a skin section such as the 

stratum corneum, viable epidermis and dermis is not straightforward and 

require the matching of a ToF-SIMS image to a microscope image to recognise 

the different skin layers. Therefore, an examination of the cryo-sectioned 

samples under a light microscope was carried out to identify the stratum 

corneum layer prior to ToF-SIMS analysis. An assessment of the [M+H]
+
 of 

imiquimod image (Fig. 3.13c) shows the absence of imiquimod from the skin 

control section and its existence in Aldara
™

 cream sectioned samples at a low 

intensity in the stratum corneum. Therefore, this image further confirms the 

limited availability of imiquimod at the deeper skin layers but does illustrate its 

permeation into the stratum corneum.  
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Figure 3.13: ToF-SIMS ion images of the cryo-sectioned samples for the  skin 

control and Aldara
™

 cream showing (a) the total ion
+
, (b) the skin marker 

(CH4N
+
) and (c) the imiquimod marker (C14H17N4

+
). 

 

3.4.2 Skin permeation of imiquimod from DMSO and oleic acid 

solutions 

As the HPLC and ToF-SIMS results for Aldara
™

 cream have shown the limited 

permeability of imiquimod into the skin and since greater permeation is 

anticipated from DMSO and oleic acid solutions (chemical penetration 

enhancers) [203, 327, 328], solutions of imiquimod in DMSO and oleic acid at 

concentration of 100 µg/mL were prepared and dosed onto porcine skin during 

Franz cell experiments to investigate the permeability of imiquimod into the 

deeper skin layers from these simple solutions before moving to more 

sophisticated formulations such as microemulsions.  
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3.4.2.1 Determination of imiquimod concentration in DMSO and oleic 

acid solutions detected by ToF-SIMS 

A preliminary experiment was carried out to determine the concentration at 

which ToF-SIMS could detect imiquimod in DMSO and oleic acid solutions. It 

was observed that the [M+H]
+
 of imiquimod is more intense at the 

concentration of 100 than 10 or 1 µg/mL as shown in Figure 3.14. Therefore, 

the concentration of 100 µg/mL is applied for imiquimod in DMSO and oleic 

acid Franz cell diffusion experiments. 

 

 

Figure 3.14: ToF-SIMS spectra of imiquimod in DMSO at concentrations of 

(1, 10 and 100 µg/mL) spiked on tape strips showing the peak of the [M+H]
+
 

of imiquimod C14H17N4
+ 

at m/z = 241, where (a) ion intensity at fixed Y-axis 

scale and (b) at variable Y-axis scale. 
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3.4.2.2 ToF-SIMS analysis of the tape strips of imiquimod in DMSO 

solution 

ToF-SIMS ion images of the tape strips of imiquimod in DMSO solution are 

shown in Figure 3.15. Due to the aggressive nature of DMSO as a solvent, tape 

strip one (TS 1) is observed to remove most of the stratum corneum layer with 

very little amount being removed by the second tape strip (Fig. 3.15b). 

Therefore, it is thought that the tape stripping in this condition is unreliable and 

skin cross-sectioning could provide the more relevant and reliable method to 

map imiquimod permeation from the DMSO solution. 

 

 

Figure 3.15: ToF-SIMS ion images of imiquimod in DMSO tape strips 1 and 2 

showing: (a) the total ion
+
, (b) the skin marker (CH4N

+
) and (c) the imiquimod 

marker (C14H17N4
+
). 
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in the skin section, most apparently at the stratum corneum. This suggests the 

limited ability of the penetration enhancer DMSO to enhance permeation of 

imiquimod into the deeper skin layers and the requirement of using another 

approach to achieve improvement in permeation.  

 

 

Figure 3.16: ToF-SIMS spectrum of the cryo-sectioned skin samples of 

imiquimod in DMSO solution showing the peak of the [M+H]
+
 of imiquimod  

(C14H17N4
+
) at m/z = 241. 

 

 

 

Figure 3.17: ToF-SIMS ion images of the cryo-sectioned skin samples of 

imiquimod in DMSO solution showing (a) the total ion
+
, (b) the skin marker 

(CH4N
+
) and (c) the imiquimod marker (C14H17N4

+
). 
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3.4.2.4 ToF-SIMS analysis of the tape strips of imiquimod in oleic acid 

solution 

Figure 3.18 shows the ToF-SIMS spectra of the [M+H]
+
 of imiquimod in the 

different oleic acid tape strips, where the [M+H]
+
 of imiquimod is detected at 

tape strip one (TS 1) to tape strip twenty (TS 20) with a decreasing ion 

intensity. Rationally, the removed amount of skin and a drug content is higher 

in the first tape strip than the other tape strips [107] but in the case of oleic 

acid, the removed amount of skin and the ion intensity of the [M+H]
+
 of 

imiquimod in tape strip one is slightly less than tape strip two (Fig. 3.19). 

However, this difference is not significant at (p ≤ 0.05).  

 

 

Figure 3.18: stacked ToF-SIMS spectra of the [M+H]
+
 of imiquimod in oleic 

acid tape strips showing the peak of the [M+H]
+
 of imiquimod (C14H17N4

+
)
 
at 

m/z = 241. 
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Figure 3.19: Ion intensity values of the [M+H]
+
 of imiquimod in oleic acid 

tape strips normalised by total ion intensity. Data is presented as the mean ± 

SD (n = 4). The dotted black line represents the ion intensity obtained from the 

control skin samples. 

 

Figure 3.20 illustrates ToF-SIMS ion images of the tape strips of imiquimod in 

oleic acid solution showing the total ion image (Fig. 3.20a), the skin marker 

(CH4N
+
) image (Fig. 3.20b) and the imiquimod marker image (Fig. 3.20c). An 

examination of the skin marker (CH4N
+
) image (Fig. 3.20b) demonstrates that 

there is a decrease in the amount of skin removed by a tape strip from the outer 

skin surface (TS 1) towards the inner layers of the stratum corneum (TS 20). 

However, it seems that tape strip one has removed less skin than tape strip two 

due to the oily nature of oleic acid which reduces the tackiness of the first tape 

strip. In addition, it is observed that the amount of skin removed by the lower 

tape strips (TS 15 and TS 20) is significantly reduced which may result in an 

unreliable determination of imiquimod concentration at these lower tape strips. 

An assessment of the images of the [M+H]
+
 of imiquimod (Fig. 3.20c) which 

represents a reflection of the imiquimod spectra shows that the ion intensity of 

the [M+H]
+
 is also decreased from the outer to the inner layers of the stratum 

corneum with a non-uniform distribution of imiquimod within these layers. 
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Figure 3.20: ToF-SIMS ion images of imiquimod in oleic acid tape strips 

showing: (a) the total ion
+
, (b) the skin marker (CH4N

+
) and (c) the imiquimod 

marker (C14H17N4
+
). 
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3.4.2.5 ToF-SIMS analysis of the cryo-sectioned skin samples of 

imiquimod in oleic acid solution 

Although, the intensity of the [M+H]
+
 of imiquimod is not as intense as for 

DMSO cryo-sectioned samples, it is still detected at m/z = 241 as illustrated in 

Figure 3.21. The secondary ion image of the [M+H]
+
 of imiquimod also shows 

the existence of imiquimod at the stratum corneum layer (Fig. 3.22c). 

 

 

Figure 3.21: ToF-SIMS spectrum of the cryo-sectioned skin samples of 

imiquimod in oleic acid solution showing the peak of the [M+H]
+
 of 

imiquimod (C14H17N4
+
) at m/z = 241.  

 

 

 

 

 

 

 

 

 

 

Figure 3.22: ToF-SIMS ion images of the cryo-sectioned skin samples of 

imiquimod in oleic acid solution showing (a) the total ion
+
, (b) the skin marker 

(CH4N
+
)and (c) the imiquimod marker (C14H17N4

+
). 
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3.4.3 Quantification of imiquimod in the tape strips of Aldara
™

 

cream and oleic acid solution 

Determination of imiquimod concentration in the tape strips obtained from the 

permeation study of Aldara
™

 cream and oleic acid solution can be carried out 

employing the calibration curve generated for imiquimod with skin 

homogenate (Fig. 2.7). This calibration curve has been used as a reference to 

quantify imiquimod concentration in the tape strips. The normalised ion 

intensity from each tape strip is compared to the intensity of the calibration 

curve to determine the corresponding concentration. Values of the calculated 

concentration of imiquimod in the tape strips of Aldara
™

 cream and of oleic 

acid solution are shown in Tables 3.2 and 3.3 respectively and graphically 

illustrated in Figure 3.23. The concentration of imiquimod in tape strips is 

expressed as µg of imiquimod in mg of skin.  

 

Table 3.2: Determination of imiquimod concentration in Aldara
™

 cream tape strips. 

Tape 

strip No. 

Normalised ion  

intensity 

Conc. of imiquimod as calculated from the 

calibration curve (µg/mg) 

1 0.00603 15.88 

2 0.00433 11.05 

6 0.00303 7.36 

12 0.00256 6.03 

18 0.00201 4.47 

 

Table 3.3: Determination of imiquimod concentration in oleic acid tape strips. 

Tape 

strip No. 

Normalised ion  

intensity 

Conc. of imiquimod as calculated from the 

calibration curve (µg/mg) 

1 0.00318 7.79 

2 0.00341 8.44 

5 0.00215 4.87 

10 0.000825 1.11 

15 0.000701 below LoQ 

20 0.000643 below LoQ 
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Figure 3.23: Comparison of the imiquimod’s concentration in Aldara
™

 cream 

and oleic acid tape strips as shown in Tables 3.2 and 3.3. Data is presented as 

the mean ± SD (n = 4). 

 

Tables 3.2, 3.3 and Figure 3.23 show that the concentration of imiquimod is 

decreased from the uppermost layer (TS 1) to the deepest layer (TS 18 or 20) 

and the imiquimod’s concentration is higher in Aldara
™

 cream tape strips than 

oleic acid tape strips. This indicates that Aldara
™

 cream delivers more 

imiquimod into the stratum corneum than oleic acid.  

 

The importance of the determination of imiquimod concentration at the 

different tape strips is to identify if the concentration at a particular tape strip is 

below or above the minimum effective concentration (MEC) of imiquimod. A 

previous study conducted by Miller et al. reported that the MEC of imiquimod 

required to release cytokines from corneocytes under in vitro conditions is 1 

µg/mL [329]. According to the calculations used to generate imiquimod’s 

calibration curve with skin homogenate (Chapter 2, Sections 2.3.4 and 2.3.5) 

this MEC of 1 µg/mL is equivalent to 0.005 µg of imiquimod in 1 mg of skin 

(0.005 µg/mg). Therefore, the calculated concentrations for imiquimod at the 

different tape strips from both Aldara
™

 cream and oleic acid solution shown in 

Tables 3.2 and 3.3 are higher than the MEC of imiquimod required to induce 
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release of cytokines to treat BCC lesions. Although, these values represent the 

concentration of imiquimod at a particular tape strip, it cannot be applied to the 

whole tape strip area because of the non-homogeneous distribution of 

imiquimod within the tape strip as established from ToF-SIMS ion images 

particularly at the lower tape strips. This variation in the ion intensity and 

hence in the concentration of imiquimod within the same strip may result in 

areas with a concentration lower than the MEC leading to treatment failure 

with a high tumour recurrence rate.  

 

Additionally, the determination of imiquimod concentration at the stratum 

basale (the basal layer at which the tumour cells are originated) from the cross-

sectioned skin samples is not likely possible due to the limited magnification 

capability of the camera of the ToF-SIMS instrument which cannot clearly 

differentiate between the different viable epidermis layers. Furthermore, the 

ion intensity of imiquimod obtained from the current analysis of the cross-

sectioned samples is below the quantification limit of the calibration curve of 

imiquimod. Therefore, an improvement in the calibration curve sensitivity may 

help to determine the imiquimod concentration in these samples. 
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3.5 Conclusions 

The work in this chapter demonstrates a novel application of Franz diffusion 

cells, skin tape stripping and skin cryo-sectioning with subsequent analysis by 

HPLC and ToF-SIMS to map and visualise the distribution of imiquimod into 

the skin from the commercial product Aldara
™

 cream as well as from the 

simple solvent systems of DMSO and oleic acid. This work also shows the 

valuable complementary role of ToF-SIMS technique in the analysis and 

imaging of imiquimod permeation into the skin with high sensitivity and 

chemical specificity without the need of fluorescent tags or radiolabels. The 

HPLC and ToF-SIMS results highlighted the most detailed assessment yet of 

the permeation of imiquimod from Aldara
™

 cream. This work, specifically the 

ToF-SIMS analysis, has evidenced that imiquimod does actually permeate into 

the stratum corneum but has limited permeation into the deeper skin layers 

which is consistent with the FDA approval and clinical trials for the treatment 

of superficial BCC. The ToF-SIMS ion images of Aldara
™

 cream tape strips 

illustrated a non-uniform distribution of imiquimod within skin which may 

result in a reduction the efficacy of the cream to uniformly treat whole BCC 

lesions giving rise to the likelihood of tumour recurrence. Quantification of the 

imiquimod concentration by ToF-SIMS to determine its concentration at 

individual tape strip was achieved using the calibration curve of imiquimod 

with skin homogenate. It was found that the concentration of imiquimod at the 

different tape strips from both Aldara
™

 cream and oleic acid solution is higher 

than the MEC of imiquimod determined under in vitro conditions required to 

elicit an immunological response. However, this concentration value cannot be 

applied to the whole tape strip area because of the non-homogeneous 

distribution of imiquimod within the tape strips. ToF-SIMS analysis of the 

Aldara
™

 cream cross-sections and the cross-section from the penetration 

enhancers DMSO and oleic acid solutions showed the existence of imiquimod 

is primarily at the stratum corneum layer. Indeed, penetration enhancers 

(DMSO and oleic acid) have not improved the permeation of imiquimod into 

the deeper skin layers and other techniques are needed to enhance delivery of 

imiquimod. This work represents the first instance that the permeation of 

imiquimod from Aldara
™

 cream has been explored at this level of detail 
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yielding new insights into its permeation characteristics. Importantly, this 

approach could be applied to enable the development of enhanced permeation 

delivery systems to treat BCC.  
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4 Chapter Four: Enhancement of Imiquimod Permeation 

into the Skin Using Microemulsions and Microneedles 

4.1 Introduction 

Since Aldara
™

 cream has shown some limitations in the treatment of BCC such 

as the high recurrence rate of superficial lesions [48, 56] as well as the cream’s 

inability to deliver imiquimod into the deeper more invasive nodular lesions 

[45] (detailed in Chapter 1, Section 1.4.1.3.2), an enhancement of imiquimod 

permeation was thought to be useful to overcome these limitations. As shown 

in Chapter 1, Figure 1.13, there are several passive and active methods 

available for the enhancement of drug permeation into the skin [203, 330]. The 

selection of a particular method depends on the physicochemical properties of 

the drug and on the method’s efficacy, safety and the availability of the 

materials and equipment required to achieve this permeation enhancement. 

Microemulsions and microneedles have numerous advantages and they have 

shown successful enhancement of drug permeation into and across the skin for 

various types of drugs (discussed in Chapter 1, Sections 1.8.1 and 1.8.2). 

However, to date they have not been explored to improve imiquimod 

permeation into the skin. Therefore, the work in this chapter is an attempt to 

enhance delivery of imiquimod into the skin using microemulsions and 

microneedles strategies as they have the potential for permeation enhancement. 

 

4.2 Chapter Aims 

The aim of this chapter is to improve the permeation of imiquimod into the 

skin (i.e. achieving higher permeated amounts of imiquimod in the viable 

epidermis layer) to overcome the limitations associated with the Aldara
™

 

cream topical application. Therefore, oil in water (o/w) microemulsions of 

imiquimod were formulated, characterised and then tested for skin permeation 

enhancement. Additionally, solid microneedles were used as skin pre-treatment 

followed by the application of the formulated microemulsions as well as 

Aldara
™

 cream to investigate the effect of microneedles in enhancing delivery 
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of imiquimod from these formulations. Skin permeation enhancement 

experiments were performed using ex vivo porcine skin mounted in Franz 

diffusion cells with samples analysis carried out by HPLC and ToF-SIMS. This 

is thought to be, the first time that the microemulsions and microneedles have 

attempted to enhance imiquimod delivery into the skin. 

 

4.3 Materials and Methods 

4.3.1 Materials 

Imiquimod was purchased from Bioscience Life Sciences, UK. Aldara
™

 5% 

cream, MEDA Company, Sweden was purchased from Manor pharmacy, UK.              

DMSO, oleic acid, HCl, isopropyl myristate (IPM), Tween 20, Tween 85, 

propylene glycol (PG), Cremophore RH 40, methyl orange, methylene blue, 

isopropyl alcohol (IPA), absolute ethanol, butanol, isopentane, perchloric acid, 

triethylamine (HPLC grade), ammonia water, paraformaldehyde, 

haematoxylin, eosin and DPX were purchased from Sigma-Aldrich, UK, 

Germany and USA. Acetonitrile (HPLC grade), limonene D (+), industrial 

methylated spirit and xylene were obtained from Fisher Scientific, UK. Tween 

80 and triacetin were purchased from Fluka, Switzerland. Sodium 1-

octanesulfonate and OCT compound were obtained from VWR International 

Ltd. England and Belgium. Cremophore HS 15 was purchased from BASF, 

Germany. Gentian violet 1% w/v solution was obtained from De La Cruz 

products, USA. Isostearic acid (Prisorine 3505), Labrasol and Miglyol 812 N 

were kindly donated from CRODA, Netherland, GATTEFOSSE, France and 

CREMER OLEO, Germany respectively. Teepol solution (Multipurpose 

detergent) was ordered from Scientific Laboratory Supplies, UK. D-Squame 

standard sampling discs (adhesive discs) were ordered from CUDERM 

corporation, USA. Deionised water was obtained from an ELGA reservoir, 

PURELAB
®
 Ultra, ELGA, UK. All reagents were of analytical grade, unless 

otherwise stated.  
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4.3.2 Microemulsions 

4.3.2.1 Determination of imiquimod saturated solubility in different oils, 

surfactants and co-surfactants 

Imiquimod saturated solubility in different oils (oleic acid, isostearic acid, 

triacetin, isopropyl myristate, Miglyol 812 N and limonene), surfactants 

(Tween 80, Tween 85, Tween 20 and Labrasol), co-surfactants (propylene 

glycol, ethanol, butanol, cremophore HS 15 and cremophore RH 40) and 

deionised water was determined by dissolving an excess amount of imiquimod 

in 3 mL of each solvent using a magnetic stirrer (IKA, Germany) with a speed 

of 600 rpm at 25 °C for 72 hours. Following this, the mixtures were 

centrifuged at 10000 rpm for 15 minutes and the supernatant was then filtered 

through a 0.45 µm syringe filter. Thereafter, filtrate was appropriately diluted 

in the same solvent and mixed with the methanol mixture (MeOH 90%:Water 

9%:0.1N HCl 1%) at ratio of 1:3 before injection into the HPLC system. 

Calibration curves of imiquimod in each solvent were also performed by HPLC 

to be used in the determination of the unknown imiquimod concentration 

obtained from the solubility study. Excipients (oils, surfactants and co-

surfactants) that showed the highest imiquimod solubility were used for further 

experiments. 

 

4.3.2.2 Optimisation of HPLC method for imiquimod analysis 

The HPLC analysis method for imiquimod was modified to the following 

chromatographic conditions: column C18 (150 × 4.6 mm) ACE3/ACE-HPLC 

Hichrom Limited, UK. Mobile phase of buffer:acetonitrile (70:30 v/v), the 

buffer is of 0.005 M sodium 1-octanesulfonate in water containing 0.1% 

triethylamine adjusted with dilute perchloric acid to pH of 2.2, flow rate of 0.8 

mL/minute, UV detection at λ max. 226 nm, injection volume of 10 µL and 

column temperature at 25 °C. This method was used to determine imiquimod 

solubility in different oils, surfactants and co-surfactants in addition to the 

determination of the recovered imiquimod amount from the different Franz cell 

elements and it was validated for the accuracy, precision, linearity, LoD and 

LoQ. 
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4.3.2.3 Construction of pseudo-ternary phase diagrams 

The oil, surfactant (S) and co-surfactant (Co-S) that showed the highest 

imiquimod solubility were used in the construction of the pseudo-ternary phase 

diagrams. As discussed in Chapter 1, Section 1.8.1.3, pseudo-ternary phase 

diagrams were constructed using water titration method [237]. The surfactant 

(Tween 80 or Tween 20) was mixed with the co-surfactant (propylene glycol, 

PG) at different ratios of 1:1, 2:1, 3:1, 4:1 and 1:2 to make the S/Co-S mixture. 

The S/Co-S mixture at a particular ratio was then mixed with the oil phase 

(oleic acid) at different ratios from 1:9 to 9:1 in multiple glass vials. Following 

this, the components of each vial (oil and S/Co-S mixture) at each ratio were 

slowly titrated with water. The water amount was added at approximately 5% 

increments using a micropipette for the step by step addition while the mixture 

was being stirred by a magnetic stirrer at a moderate speed of 300 rpm at 25 

°C. The mixtures of oil, S/Co-S and water were prepared at weight basis (w/w 

%). Visual observation was made after each 5% water addition to determine 

the formation of a transparent, easily flowable o/w microemulsion and the end 

point of the titration process was when the solution turned turbid. These 

observations were plotted on a pseudo-three components phase diagram 

consisting of three axes representing the aqueous phase, oil phase and S/Co-S 

mixture. A separate phase diagram was constructed for each S/Co-S mixture 

ratio and the ratio that showed the largest microemulsion region in the pseudo-

ternary phase diagram was used to select the microemulsion formulas. 

CHEMIX School 5 software was used to draw the ternary phase diagrams. 

 

4.3.2.4 Formulation of microemulsions 

Nine microemulsion formulas containing different oil (oleic acid) percentages 

1%, 3% and 5% w/w and different S/Co-S mixture (Tween 20/PG) percentages 

were selected from the microemulsion region in the pseudo-ternary phase 

diagram of Tween 20/PG at ratio of 3:1 as shown in Table 4.1. Microemulsions 

were prepared by mixing the specified amounts of the oleic acid and the Tween 

20/PG mixture on a weight basis in a glass vial using a magnetic stirrer (IKA, 

Germany) for 1 minute at a moderate speed of 300 rpm at 25 °C. The specified 
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water amount was then added gradually to the vial with continuous stirring 

until the formation of a transparent microemulsion. Microemulsions were 

allowed to equilibrate for 1 hour under moderate magnetic stirring. Following 

the preparation of microemulsions, they were then subjected to the 

characterisation tests.  

 

Table 4.1: Formulas of the microemulsions selected from the microemulsion 

region in the pseudo-ternary phase diagram of Tween 20/PG at ratio of 3:1. 

Formula 

No. 
Oil% w/w S/Co-S% w/w Water% w/w 

1 1 10 89 

2 1 12 87 

3 1 14 85 

4 3 28 69 

5 3 30 67 

6 3 32 65 

7 5 43 52 

8 5 45 50 

9 5 47 48 

 

 

4.3.2.5 Characterisation of microemulsions 

4.3.2.5.1  Visual inspection and determination of the microemulsion type 

Formulated microemulsions were inspected visually to examine their 

appearance and clarity versus a black background. In order to determine the 

microemulsion type, three drops from a 1% w/v solution of water soluble dye 

(methyl orange) was added to the microemulsions to verify the microemulsion 

type. 
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4.3.2.5.2 Determination of the isotropic nature of microemulsions 

A polarised light microscope (PriorLux POL, Prior Scientific Instrument Ltd., 

UK) was used to distinguish between the isotropic nature of the 

microemulsions and the anisotropic liquid crystals or lamellar phases. In this 

test, a drop of a particular microemulsion was placed on a clean microscope 

glass slide and tested against the polarised light. An image was captured to 

check if there was any refraction in the polarised light originating from the 

drop. 

 

4.3.2.5.3 Microemulsions stability test 

The microemulsion formulas were subjected to the thermodynamic stability 

test to identify the presence of the metastable formulas prior to performing any 

other characterisations. The stability was studied via the determination of 

clarity and phase separation of the microemulsions. The stability test consist of 

two steps [237], the first step was the centrifugation of the microemulsions at 

high speed of 14000 rpm for 30 minutes (Eppendorf AG, centrifuge 5430, 

Germany). Following this, the microemulsion formulas that did not show any 

phase separation were moved to the second step of cooling and heating cycles. 

In this step, six cycles of cooling at a temperature of 4 °C and heating at 45 °C 

for 48 hours were performed. Formulas that showed appropriate stability at the 

end of this stability test were used for imiquimod loading. The test was 

repeated again for the imiquimod loaded formulas to investigate if the addition 

of imiquimod influenced the stability of microemulsions. Chemical stability of 

imiquimod loaded microemulsions was determined monthly by HPLC, for the 

content of imiquimod, for up to 3 months. 

 

4.3.2.5.4 Imiquimod loading into the microemulsion formulas 

Imiquimod was loaded into the microemulsion formulas that showed 

appropriate stability. Formulas F3, F6 and F9 (Table 4.1) were loaded with 

0.1%, 0.3% and 0.5% w/w of imiquimod respectively according to the 

following procedure: A stock solution of imiquimod in oleic acid was prepared 



131 

 

at a concentration of 10% w/w (100 mg/g) or (0.1 mg/mg) and used to load 

imiquimod into the various microemulsions to prepare a final volume of 10 g 

(10000 mg) as shown in Table 4.2. For loading F3 formula (1% oleic acid, 

14% Tween 20/PG mixture and 85% water) with 0.1% w/w imiquimod, 100 

mg of the stock solution was mixed with 1400 mg of the S/Co-S mixture and 

titrated with 8500 mg of water. F6 formula (3% oleic acid, 32% Tween 20/PG 

mixture and 65% water) was loaded with 0.3% w/w imiquimod using 300 mg 

of the stock solution mixed with 3200 mg of the S/Co-S mixture and titrated 

with 6500 mg of water. For loading F9 formula (5% oleic acid, 47% Tween 

20/PG mixture and 48% water) with 0.5% w/w imiquimod, 500 mg of the 

stock solution was mixed with 4700 mg of the S/Co-S mixture and titrated with 

4800 mg of water. 

 

Table 4.2: Quantities of the stock solution of imiquimod in oleic acid at a 

concentration of 0.1 mg/mg used to load the various microemulsion formulas. 

Formula 

No. 

Stock solution of 

imiquimod in oleic acid 

(0.1 mg/mg) quantity 

Tween 

20/PG 

quantity 

Water 

quantity 

Total 

quantity 

F3  100 mg  1400 mg 8500 mg 10000 mg 

F6 300 mg 3200 mg 6500 mg 10000 mg 

F9 500 mg 4700 mg 4800 mg 10000 mg 

 

 

4.3.2.5.5 Droplet size and charge measurement 

A zetasizer (Nano-Zs, Malvern, UK) was used to determine the size of the 

droplets of the microemulsions by dynamic light scattering (DLS). First, the 

microemulsions were filtered through a 0.2 mm filter. Following this, 100 µL 

of the microemulsion was added to 900 µL of deionised water and mixed 

together for 30 seconds using a vortex mixer (Fisherbrand, Italy). The mixture 

was then pipetted into a clean cuvette previously rinsed with methanol and 

deionised water and placed in the instrument for measurement (n = 3). Light 
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scattering was carried out at 173° angle at 25 °C. For zeta potential 

measurement, dilutions were performed with 10 mM NaCl. A sample was then 

injected into a flow through cell and analysed repeatedly (n = 3) before 

removal. 

 

4.3.2.6 Microemulsions permeation study 

The three microemulsion formulas F3, F6 and F9 loaded with 0.1%, 0.3% and 

0.5% w/w of imiquimod respectively were used in the permeation study.  

 

4.3.2.6.1 Skin preparation 

Skin samples were prepared from the dorsal side of pig ears of six month old 

obtained from a local abattoir prior any steam cleaning process. The skin was 

washed with distilled water and dried using tissue. Hair was carefully cut by 

scissors to avoid any damage to the stratum corneum and the subcutaneous 

fatty layer was removed using a scalpel. After that, the skin samples were 

wrapped in aluminium foil and stored at -20 °C. Skin samples were used within 

six weeks of being frozen. A skin integrity test was performed as detailed in 

Chapter 3, Section 3.3.2.2. 

 

4.3.2.6.2 Assembly of diffusion cells 

Franz diffusion cell experiments conditions were the same as previously 

mentioned in Chapter 3, Section 3.3.2.3. The microemulsion formulas F3, F6 

and F9 were tested in comparison to Aldara
™

 cream in the same run using the 

same piece of skin (n = 6). Microemulsions were dosed on the weight basis of 

1000 mg. The measurement of mass balance was the same as previously 

described in Chapter 3, Section 3.3.2.4. In addition, F9 microemulsion formula 

was tested with an additional 6 Franz cells for ToF-SIMS analysis. 
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4.3.3 Microneedles 

4.3.3.1 Microneedle application device and application conditions 

A derma stamp electric pen (ZJchao, China) as shown in Figure 4.1 was used 

to pierce the skin by vibrational motion prior to the application of 

microemulsions or Aldara
™ 

cream. The stamp pen contains 12 solid (metal) 

micron sized needles of 32 gauge (230 µm diameter). The length of the 

microneedles used was 0.25 mm (minimum length) with a minimum speed of 

vibration of 1000 turn per minute (green colour light). The application time 

was kept to 1 minute with a mild pressure application (thumb pressure). These 

application conditions were used throughout all microneedles experiments. 

This stamp pen is commercially available and mostly used in cosmetics to 

rejuvenate the skin through the stimulation of collagen production. 

 

 

Figure 4.1: Derma stamp electric pen (ZJchao) image showing the 12 solid 

(metal) micro sized needles. 

 

4.3.3.2 Insertion and staining protocol of microneedles 

To demonstrate the penetration efficiency of the stamp pen, an insertion and 

staining protocol with en face imaging by a light microscope was followed. In 

this protocol, the porcine skin was prepared as previously mentioned in Section 

4.3.2.6.1. Thereafter, the skin was pinned onto a flat cork board to stretch the 

skin and the stamp pen was applied vertically on the skin according to the 

application conditions mentioned in Section 4.3.3.1. Several drops of gentian 
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violet 1% or methylene blue 1% w/v dyes were subsequently applied to cover 

the treated area and left for 10 minutes. Afterwards, the excess of the dye was 

removed from the skin surface by a tissue towel and Azo wipes (70% v/v IPA, 

Synergyhealth, UK). The treated skin area was then examined under a light 

microscope (Leica optical microscope model EC3, Leica Microsystems Ltd., 

Switzerland) to capture an en face image of the microneedles treated skin area. 

 

4.3.3.3 Histological examination of microneedle treated skin 

Following the en face imaging of the skin area treated with microneedles by a 

light microscope, a histological examination was carried out to assess the 

penetration depth achieved by microneedles. OCT embedding and cryo-

sectioning of the skin were performed as previously discussed in Chapter 3, 

Section 3.3.2.6 but in this work, the slides containing skin sections were 

stained with haematoxylin and eosin instead of freeze drying and ToF-SIMS 

analysis. Untreated skin samples with microneedles (blank skin) were also 

subjected to cryo-sectioning, staining and examination under light microscope. 

 

4.3.3.3.1 Haematoxylin and Eosin (H&E) staining protocol 

Staining and mounting of the skin sections were performed as follows: First, 

the skin sections were fixed in 4% v/v paraformaldehyde for 2 minutes and 

then rinsed in deionised water for 5 minutes. Thereafter, they were immersed in 

haematoxylin for 2 minutes and washed in tap water for 3 minutes. Following 

this, they were dipped for 15 seconds in 1% industrial methylated spirit and 

10% ammoniated water. The slides were then rinsed in deionised water for 1 

minute and immersed in eosin for 4 minutes and rinsed again in tap water for 5 

minutes and allowed to dry at room temperature. Following the end of the 

staining process, the sections were mounted on the slides. The slides were first 

dehydrated in an increasing gradient of ethanol 50%, 70%, 90% and 100% v/v 

for 5 minutes in each concentration and then cleared in xylene for additional 5 

minutes and mounted using a synthetic resin DPX (slide mounting medium) 

and a glass coverslip. 
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4.3.3.4 Permeation study of microemulsions with microneedle pre-

treatment 

Skin preparation was performed as previously discussed in Section 4.3.2.6.1. 

Skin integrity test and Franz cell experimental conditions were the same as 

previously discussed in Chapter 3, Sections 3.3.2.2 and 3.3.2.3 respectively. 

However, in this experiment following the integrity checking of the skin 

samples, they were placed on a cork support and the stamp pen was applied 

vertically on the skin according to the conditions mentioned in Section 4.3.3.1. 

Thereafter, the skin samples were mounted on Franz cells (n = 6) with the 

stratum corneum facing upwards and dosed with 1000 mg of F3 

microemulsion formula. The measurement of mass balance by HPLC was the 

same as previously discussed in Chapter 3, Section 3.3.2.4.  

 

4.3.3.5 Permeation study of Aldara
™

 cream with microneedle pre-

treatment 

The permeation of Aldara
™ 

cream into the skin following microneedle pre-

treatment of the skin was investigated in a similar manner to the 

microemulsions. The skin samples were first pierced by a stamp pen followed 

by the application of 20 mg of Aldara
™ 

cream. Microneedle treated skin 

samples (n = 12) were analysed by HPLC and ToF-SIMS (6 samples for each 

analysis method) and the data compared to that obtained from skin samples 

without microneedle pre-treatment in the same run from the same piece of 

porcine ear skin.  

 

Tape stripping, skin cryo-sectioning, HPLC and ToF-SIMS analysis were 

performed as previously discussed in Chapter 3, Sections 3.3.2.5, 3.3.2.6, 

3.3.2.7 and 3.3.2.8 respectively except that the HPLC analysis here was carried 

out by applying the chromatographic conditions of the modified HPLC method 

(Section 4.3.2.2). In ToF-SIMS analysis, all peak intensities were normalised 

to the total ion count of the spectra.  
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4.3.4 Statistical analysis of the data 

The statistical tests used to compare ion intensities were one way ANOVA 

with Tukey’s multiple comparisons test or t-test. All data is presented as the 

mean ± SD of (n = 4 or 6) with P values of ≤ 0.05 being regarded as significant 

using GraphPad Prism 7 software (USA). Prior to statistical analysis all data 

was tested for normality using Shapiro-wilk normality test. 
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4.4 Results and Discussion 

4.4.1 Optimisation of HPLC method for imiquimod analysis 

The HPLC method that was previously used in the determination of imiquimod 

recovered from the Aldara
™

 cream permeation study (Chapter 3, Section 

3.3.2.7) was unable to obtain a sharp and symmetrical peak for imiquimod 

(Fig. 4.2) when analysed from the different oils used in the solubility study of 

imiquimod. Therefore, a modified HPLC method was optimised and used 

instead to achieve more accurate determination of imiquimod in these solvents. 

This method was modified from the USP’s pending monographs guideline, 

version 1, 2011 used for the analysis of imiquimod powder (raw material) 

[331].  

 

 

Figure 4.2: HPLC chromatogram of imiquimod in oleic acid showing 

imiquimod peak at tR 5 minutes when analysed by the previous HPLC method 

with a mobile phase (acetate buffer:ACN) ratio of 80:20 v/v. 

 

As shown in Figure 4.2, the imiquimod peak is very broad with an 

asymmetrical shape. The tailing factor (T) which is a measure of peak 

symmetry is 2.75 (recommended value ≤ 2) and the theoretical plate number 

(N) which represents the column efficiency for peak separation is 71 

(recommended value  > 2000, the larger the number the sharper the peak) 

[332]. This peak tailing affects the reliability of quantification, makes peak 

integration very difficult and interferes with accuracy and precision [333]. It is 

thought that the incompatibility between oleic acid (imiquimod’s solvent) and 
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the mobile phase influences the partitioning of imiquimod between the mobile 

phase and the stationary phase leading to poor peak separation and peak tailing 

(i.e. the presence of oleic acid prevents the proper elution of imiquimod from 

the stationary phase). A study of the effect of sample solvent on the peak 

tailing showed that during the HPLC analysis of fat soluble vitamins (vitamins 

A, D3 and E) peak tailing was observed when the samples were dissolved in 

methanol rather than the mobile phase [334]. Hence, a modification of the 

current chromatographic conditions is required to produce a more powerful 

method capable of an efficient separation of imiquimod in the presence of oleic 

acid. Therefore, a new HPLC method was developed with multiple 

modifications to improve the elution of imiquimod from these oily solvents. In 

this modified method, the concept of ion-pairing chromatography was 

exploited to achieve an efficient separation of imiquimod. The sodium 1-

octanesulfonate present in the mobile phase was used as an ion-pairing agent 

[335]. This ion pairing agent consists of two parts, a hydrophobic tail attached 

to the non-polar surface of the stationary phase of the column and a polar 

negatively charged head binds to the positively charged amine group of 

imiquimod, thereby improving the retention and separation of imiquimod. 

Moreover, the pH of the mobile phase was further reduced to 2.2 to ensure that 

the majority of the silanol groups (Si-OH) present on the surface of the 

stationary phase of the C18 column are unionized and less available for the 

interaction with the positively charged amine group of imiquimod, thereby 

reducing the likelihood of tailing. In addition, the presence of triethylamine 

(TEA) in the mobile phase help to reduce peak tailing by acting as a competing 

base [336] reducing the silanol groups availability to interact with imiquimod 

(i.e. saturates the available silanol groups).  

 

In addition, the efficiency of separation of the imiquimod peak is increased by 

using a longer C18 column of 150 mm length packed with 3 µm particles 

instead of 75 mm length column packed with 5 µm particles as used in the 

previous HPLC method (Chapter 3, Section 3.3.2.7). Increasing column length 

and decreasing particle size of the packed material can result in more efficient 

separation and resolution of the analyte but with a longer retention time and an 
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increased pressure within the column [337]. The combination of these 

modifications in the mobile and stationary phases result in a sharp and 

symmetrical peak of imiquimod as shown in Figure 4.3b with a tailing factor of 

1.1 and theoretical plate number of 17448. The retention time (tR) is 

approximately at 12 minutes accompanied by a pressure of 220 bar at flow rate 

of 0.8 mL/min to keep the pressure within the column below the maximum 

allowable value of 275 bar. This moderate retention time of 12 minutes is a 

trade-off to obtain a sharp and symmetrical peak of imiquimod required for the 

quantification process. 

 

 

Figure 4.3: HPLC chromatograms of imiquimod in oleic acid showing (a) 

blank chromatogram and (b) imiquimod chromatogram highlighting the 

imiquimod peak at tR 12 minutes when analysed by the modified HPLC method. 

 

Paula et al. have demonstrated the development of a HPLC method for the 

determination of imiquimod from skin permeation studies using C18 column of 

125 mm length packed with 5 µm particles and mobile phase of  acetonitrile : 

acetate buffer pH 4:diethylamine at ratio 30:69.85:0.15 respectively. They 
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found that the use of these chromatographic conditions yielded a well separated 

peak of imiquimod (tR of 4 minutes) without peak tailing when imiquimod was 

dosed from mixtures of propylene glycol and water at 1:1 ratio [139]. 

However, the use of these chromatographic conditions for solutions of 

imiquimod in oleic acid were insufficient to produce a sharp and symmetrical 

peak for imiquimod (tested experimentally). It is thought, that the lower pH 

value of 2.2 with the presence of the ion-pairing agent sodium 1-

octanesulfonate in the mobile phase of the modified method provides 

additional advantages over the method applied by Paula et al. in obtaining a 

higher retention and more efficient separation for imiquimod peak with 

symmetrical shape.  

 

4.4.2 Microemulsions 

4.4.2.1 Determination of imiquimod saturated solubility in different oils, 

surfactants and co-surfactants 

Since only the dissolved drug can permeate into the skin [338], it is important 

to discover the most appropriate solvents for imiquimod to be used in the 

microemulsion formulation. Imiquimod’s saturated solubility in different oils, 

surfactants, co-surfactant and water (components of microemulsion) are 

reported in Table 4.3.  

 

As shown in Table 4.3, imiquimod possesses the highest solubility for oils in 

oleic acid, for surfactants in Tween 80 and for co-surfactants in propylene 

glycol. Therefore, oleic acid, Tween 80 and propylene glycol were used to 

construct the pseudo-ternary phase diagrams to define the microemulsion 

region. In addition to the ability of these solvents to solubilise the highest 

amount of imiquimod, they have skin penetration enhancing properties with 

minimum irritation side effects reported [4, 236, 327, 328]. Oleic acid and 

propylene glycol showed synergistic effects in enhancing permeation of 

hydrophilic and lipophilic drugs [235, 339-341]. Tween 80 is a non-ionic 

surfactant with a minor enhancement effect reported to cause minimum skin 

irritation [4, 327]. 
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Table 4.3: Saturated solubility of imiquimod in different oils, surfactants, co-

surfactants and water. Solubility is expressed as the mean ± SD (n = 3). 

microemulsion components Solubility (mg/mL) ± SD 

Oleic acid 170 ± 8.38 

Prisorine 3505 84 ± 5.31 

Triacetin 0.096 ± 0.01 

Miglyol 812 N 0.027 ± 0.01 

IPM 0.0086 ± 0.002 

Limonene 0.0035 ± 0.001 

Tween 80 0.618 ± 0.09 

Tween 20 0.416 ± 0.06 

Labrasol 0.373 ± 0.07 

Tween 85 0.180 ± 0.02 

PG 0.490 ± 0.08 

Butanol 0.448 ± 0.09 

Cremophore HS 15 0.339 ± 0.07 

Ethanol 0.328 ± 0.02 

Cremophore RH 40 0.288 ± 0.05 

Water 0.0008 ± 0.0001 

 

 

4.4.2.2 Construction of pseudo-ternary phase diagrams 

As discussed in Chapter 1, Section 1.9.3, the construction of phase diagrams 

aid to delineate the boundaries of the microemulsion region. Therefore, a 

separate phase diagram was constructed for each S/Co-S mixture ratio 

according to the method discussed in Section 4.3.2.3. These will be used to 

determine the concentration range of the components of each microemulsion 

and the ratio that shows the largest microemulsion region in the pseudo-ternary 

phase diagram will be used for the microemulsion formula selection. Pseudo-

ternary phase diagrams of Tween 80/PG at ratios of 1:1 and 2:1 are shown in 

Figure 4.4a and b respectively. 
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Figure 4.4: Pseudo-ternary phase diagrams of the S/Co-S mixture (Tween 

80/PG) at ratios of (a) 1:1 and (b) 2:1. The shaded area represents the 

microemulsion region. 

 

As illustrated in Figure 4.4a and b, the microemulsion region in the pseudo-

ternary phase diagrams is relatively small and limited to the upper part of the 

diagram close to the S/Co-S apex where the concentration of S/Co-S mixture is 

high. This means the preparation of microemulsions from this region requires a 

high concentration of S/Co-S mixture (approximately minimum concentration 

of 60% w/w) which offers a greater potential for skin irritation. Therefore, in 

an attempt to enlarge the boundaries of the microemulsion region, the 

surfactant (Tween 80) with a hydrophilic-lipophilic balance (HLB) value of 15 

[342] was replaced with Tween 20 (with HLB value of 16.7) [342] regardless 

the fact that imiquimod has higher solubility in Tween 80 than Tween 20 

(Table 4.3). This replacement was carried out in order to make the HLB value 

of the surfactant closer to the required HLB value of the oleic acid of 17 [343] 

and thus being more compatible with the oil to produce a larger microemulsion 

region within the phase diagram. The pseudo-ternary phase diagrams of Tween 

20/PG at ratios of 1:1, 2:1, 3:1, 4:1 and 1:2 are shown in Figure 4.5a, b, c, d 

and e respectively.  
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Figure 4.5: Pseudo-ternary phase diagrams of the S/Co-S mixture (Tween 20/PG) at 

ratios of (a) 1:1, (b) 2:1, (c) 3:1, (d) 4:1 and (e) 1:2. The shaded area represents the 

microemulsion region. 
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An examination of the pseudo-ternary phase diagrams shown in Figure 4.5a, b, 

c and d reveals that Tween 20 produces a larger microemulsion region than 

Tween 80 due to the higher proximity of its HLB (16.7) to the required HLB 

value of oleic acid (17) which results in higher compatibility between them. It 

was previously reported that the highest emulsification effect is obtained when 

the HLB value of a surfactant is equal to the required HLB value of an oil 

[338]. From the different Tween 20/PG ratios tested, it was observed that a 3:1 

ratio (Fig. 4.5c) shows the largest microemulsion region within the phase 

diagrams and therefore it was used for the microemulsion formula selection. It 

is thought at this S/Co-S ratio the interaction between the surfactant (Tween 

20) and the co-surfactant (PG) is higher than other ratios leading to an increase 

in the solubilisation capacity of the microemulsion and the formation of a 

larger single phase microemulsion region. It was reported that the formation of 

a microemulsion with maximum solubilisation capacity can be achieved by 

selecting the optimum S/Co-S ratio at which the co-surfactant is inserted 

properly into the cavities of the surfactant molecules at the oil/water interface 

[338, 344]. Additionally, it was observed that the increase in the co-surfactant 

concentration in relation to the surfactant concentration such as in the ratio of 

1:2 of Tween 20/PG (Fig. 5.4e) resulted in a decrease in the microemulsion 

region. This can be due to reduction in the surfactant concentration which 

consequently reduces the solubilisation capacity of the microemulsion. Thus, 

this approach was omitted from further investigation. 

 

4.4.2.3 Microemulsion formulas 

The microemulsion formulas were selected from the microemulsion region in 

the pseudo-ternary phase diagram of Tween 20/PG at a 3:1 ratio to contain 3 

different oleic acid percentages of 1%, 3% and 5% w/w as shown in Table 4.1. 

This selection was based on the fact that oleic acid is mostly effective as a 

penetration enhancer at low concentrations of less than 10% [4]. Rhee et al. 

reported that the permeation rates of ketoprofen into the skin from 

microemulsions containing different concentrations of oleic acid (3%, 6% and 

12% w/w) were significantly different reaching a maximum at 6% [218]. 

Similarly, Nomura et al. found that the maximum enhancement of 
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indomethacin skin permeation was achieved at a concentration of 5% w/w, 

when oleic acid added to mixtures of fatty alcohol and propylene glycol bases 

at concentrations from 5%-30% [345]. In addition, it was reported that oleic 

acid in ethanol at a concentration of 10% can cause changes in the morphology 

with a decrease in density and dendricity of Langerhans cells located in the 

basal layer of the epidermis. [346]. Moreover, it was observed that the increase 

in oleic acid concentration is associated with an increase in S/Co-S mixture 

percentage required to solubilise the oil. This higher percentage of surfactants 

provides a greater opportunity for skin irritation [338]. Therefore, the 

maximum concentration of oleic acid in the selected formulas was fixed at 5% 

w/w to reduce the required percentage of the S/Co-S mixture. A microemulsion 

preparation depends on the relative quantities of the oil and surfactant mixture 

where the oil molecules are incorporated within the surfactant micelles until 

the saturation limit of the micelles. Following this, any further quantity of the 

oil added remains intact without incorporation and can result in separation of 

the oil phase [220]. As shown in Table 4.1, at each oil percentage (1%, 3% and 

5%) three formulas of the microemulsions were prepared to contain different 

percentages of the S/Co-S mixture. 

 

4.4.2.4 Characterisation of microemulsions 

4.4.2.4.1 Visual inspection and dye test 

The inspected microemulsion formulas showed a clear and transparent liquid 

with low viscosity which is characteristic of single phase system of a 

microemulsion. The water soluble dye (methyl orange) is distributed uniformly 

throughout the microemulsions which verify the o/w nature of the selected 

microemulsion formulas. It is proposed that the formulation o/w 

microemulsion of imiquimod is preferred over w/o type. In o/w microemulsion, 

the external phase is water which can pass more easily through the aqueous 

microchannels formed by microneedle pre-treatment than the less flowable 

external oil phase of w/o microemulsion. Additionally, dissolving imiquimod 

in the external oil phase of w/o microemulsion which is in a direct contact with 
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the skin can cause more irritation and it is not appropriate for the long term use 

from a safety perspective. 

 

4.4.2.4.2 Determination of the isotropic nature of microemulsions 

The images obtained from polarised light microscopy illustrate the isotropic 

nature of the selected microemulsion formulas since there is no refraction in 

the polarised light originated from the examined microemulsions drops as 

shown in Figure 4.6. In addition, the low viscosity of the microemulsion 

formulas further confirms their isotropic nature. It has been reported that the 

anisotropic crystalline cubic or lamellar structures have solutions of high 

viscosity [207].  

 

 

 

 

 

 

Figure 4.6: Polarised light microscope image of a microemulsion drop 

showing the isotropic nature of the microemulsions. 

 

4.4.2.4.3 Microemulsions stability test 

Microemulsion formulas F3, F6 and F9 (Table 4.1) show appropriate 

thermodynamic stability prior to and following loading with imiquimod when 

tested using the stability test described in Section 4.3.2.5.3. These 

microemulsion formulas successfully passed the centrifugation test and the 

heating cooling cycles and therefore they were subjected to further 

characterisation of droplet size determination as well as assessing their 

permeation into porcine skin. It is thought that F3, F6 and F9 microemulsion 

formulas remain stable at the end of the stability test because they contain 

higher amounts of the S/Co-S mixture than other microemulsion formulas. This 

1 mm 
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higher amount of the surfactant and co-surfactant is required to prevent phase 

separation of the microemulsion under different stress conditions. Degradation 

of imiquimod in microemulsion formulas is not observed since the 

concentration of imiquimod in microemulsions remains almost constant when 

analysed by HPLC during the 3 month period.  

 

4.4.2.4.4 Imiquimod loading into the microemulsion formulas 

Microemulsion formulas F3, F6 and F9 were loaded with imiquimod at lower 

concentrations of 0.1%, 0.3% and 0.5% w/w respectively (Table 4.2) in 

comparison with 5% w/w of imiquimod in Aldara
™

 cream. This is due to the 

solubility limit of imiquimod in the microemulsion components of each 

formula, specifically oleic acid percentage (i.e. imiquimod cannot be loaded at 

a higher concentration since low percentages of oleic acid were used in the 

formulation of microemulsions). These concentrations of imiquimod represent 

the maximum possible concentrations close to the saturated concentration of 

imiquimod in oleic acid which can be used to provide the highest 

thermodynamic activity but simultaneously maintaining appropriate stability of 

microemulsion formulas. It is well established that the thermodynamic activity 

of a drug in formulation is the driving force for permeation [234, 347] and it is 

regarded as the ‘escaping tendency’ for a drug from its vehicle [1]. Therefore, 

to achieve a strong thermodynamic drive for a drug to leave its formulation and 

ingress into the skin, the drug should be prepared at the saturation limit. 

However, saturated systems tend to be unstable and thus loading the drug at a 

concentration near saturation is considered as a successful compromise [1, 4].  

 

4.4.2.4.5 Droplet size and charge measurement 

The imiquimod loaded microemulsion formulas F3, F6 and F9 show an 

average droplet size of 10, 12 and 15 nm respectively when measured by DLS 

as illustrated in Figure 4.7. It was observed that the increase in oleic acid 

concentration in microemulsion formulas is associated with a minor increase in 

the average droplet size due to the expansion of the oil droplets by the further 

addition of oil. Other studies have also reported increases in droplet size of 
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microemulsions with increase of oil content [234, 338]. The polydispersity 

index (PDI) which describes the droplets size homogeneity exhibited values 

between 0.10 and 0.23. This result indicates the homogeneity of the droplets 

size since the PDI values are less than 0.5 [348].  

 

 

 

 

Figure 4.7: Measurement of the average droplet size of imiquimod’s 

microemulsion formulas by DLS, showing (a) F3 formula (b) F6 formula and 

(c) F9 formula. 

 

(a)  

10 nm 

PDI = 0.10 

(b) 

12 nm 

PDI = 0.20 

(c) 
15 nm 

PDI = 0.23 
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The measured zeta potential from microemulsion formulas is -20 mV (Fig. 

4.8). This indicates that there is little chance for microemulsion droplets to 

form colloidal aggregates or interact with skin components as the skin also has 

a negative charge. 

 

 

Figure 4.8: Measurement of the average zeta potential of imiquimod’s 

microemulsion droplets. 

 

4.4.2.5 Microemulsions permeation study 

4.4.2.5.1 Calibration curves of imiquimod using the modified HPLC 

method 

The calibration curves of imiquimod in MeOH mixture (extraction solvent) and 

in 0.1N HCl (receptor fluid) generated using the modified and previous HPLC 

methods are shown in Figure 4.9a and b respectively. The calibration curves 

show linearity at range of concentration used with R-squared values of 0.999 in 

both media. Therefore, a reliable measurement for the area under the curve 

(AUC) can be obtained within this range of concentrations. Furthermore, the 

comparison of the modified and previous HPLC methods (Fig. 4.9a and b) 

illustrates the higher sensitivity of the modified method. The slope of the 

regression line equations for the modified method is approximately double the 

slope value of the previous calibration curves (65 versus 32 and 34). A more 

sensitive measurement is obtained from a steeper line [349]. In addition, an 

assessment of the accuracy and precision measurement for the tested 

concentrations of imiquimod in both methanol mixture and in 0.1N HCl using 

the modified method shows values for the relative error of measurement (RE) 

-20 mV 



150 

 

of less than ± 15% and RSD values of ≤ 15% which indicate excellent 

accuracy and precision [350]. The limit of detection (LoD) and limit of 

quantitation (LoQ) are determined experimentally according to the signal/noise 

ratio and CV% methods [304]. For imiquimod in a methanol mixture, the LoD 

and LoQ are found to be at a concentration of 0.086 µg/mL. For 0.1N HCl, the 

LoD and LoQ are found to be at 0.075 µg/mL and 0.151 µg/mL respectively. 

The lower values of the LoD and LoQ in comparison with the limits of the 

previous HPLC method (Chapter 3, Section 3.4.1.1) verifies the higher 

sensitivity of the modified method to detect a lower concentration of 

imiquimod in both media.  

 

 

 

 

Figure 4.9: Comparison of the calibration curves of imiquimod in (a) MeOH 

mixture (extraction solvent) and (b) in 0.1N HCl (receptor fluid) generated 

using the modified HPLC method (red colour line) and the previous HPLC 

method (black colour line). Data is presented as the mean ± SD (n = 5). 
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4.4.2.5.2 Determination of the percentage of imiquimod recovered from 

microemulsions permeation study by HPLC 

Imiquimod loaded microemulsion formulas F3, F6 and F9 which showed 

appropriate stability were used to assess the permeation of imiquimod from 

microemulsions into porcine skin in comparison with Aldara
™

 cream. The 

mean recovery percentage of imiquimod from the different Franz cell elements 

(donor solution, donor chamber wash, skin wash, tape strips, remaining skin 

and receptor fluid) of the permeation study of the microemulsions and Aldara
™

 

cream are reported in Table 4.4. It is apparent from the data presented in Table 

4.4, that the recovery percentage of imiquimod from microemulsion formulas 

is highest in the donor solution (the dosed microemulsion solution into the 

donor chamber recovered following completion of Franz cell run) as compared 

to other elements. In addition, very minor percentages are recovered from the 

tape strips, remaining skin and receptor fluid which are even less than the 

recovery percentages obtained from Aldara
™

 cream. This indicates the very 

limited permeation of imiquimod from these microemulsion formulas and 

suggests the inability of these microemulsion formulas to deliver more 

imiquimod into the skin compared to Aldara
™

 cream although they are 

formulated at a high thermodynamic activity of imiquimod and contain 

multiple ingredients regarded as penetration enhancers such as oleic acid, 

Tween 20 and propylene glycol. 

 

The sum of the mean recovery percentage of imiquimod from the different 

Franz cell elements is not 100%. This is due to the loss of formulations that 

occurred during the removal of donor solution from the donor chamber 

following completion of the Franz cell run in addition to the formulations loss 

during the extraction process prior to HPLC analysis.  
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Table 4.4: Mean recovery percentage of imiquimod from the different Franz cell 

elements of the permeation study of microemulsions in comparison with Aldara
™

 

cream when analysed by HPLC. Data is presented as the mean % ± SD (n = 6). 

The donor solution represents the dosed microemulsion solution into the donor 

chamber recovered following completion of Franz cell run. 

Analysed 

Element 

F3 

microemulsion 

Formula 

F6 

microemulsion 

Formula 

F9 

microemulsion 

Formula 

Aldara
™ 

Cream 

Donor 

solution 
84.10 ± 3.42 88.17 ± 6.40 81.73 ± 5.40  

Donor wash 1.22 ± 0.53 2.76 ± 0.65 3.82 ± 0.90 6.41 ± 2.01 

Skin wash 6.19 ± 0.58 4.27 ± 0.53 9.82 ± 0.30 87.48 ± 8.64 

Tape strips 0.10 ± 0.07 0.08 ± 0.05 0.11 ± 0.09 0.95 ± 0.56 

Remaining 

skin 
  0.15 ± 0.08   0.18 ± 0.07 0.33 ± 0.08 0.99 ± 0.18 

Receptor 

fluid 
0.14 ± 0.05 0.17 ± 0.04 0.28 ± 0.03 0.47 ± 0.29 

 

An assessment of the mean recovery percentage of imiquimod in the remaining 

skin element from the different microemulsion formulas shows that the 

recovery percentage from the microemulsion formulas F3, F6 and F9 is 

significantly less than that of Aldara
™

 cream as illustrated in Figure 4.10. 

Moreover, the comparison among the different microemulsion formulas 

demonstrates that the recovery percentage of imiquimod from F9 formula 

(0.33% ± 0.08) is higher than F3 (0.15% ± 0.08) and F6 (0.18 ± 0.07) formulas. 

F6 formula, in turn yields a slightly higher recovery percentage than F3 

formula. This can be attributed to the increase in oleic acid and Tween 20/PG 

mixture content from F3 to F9 formulas. However, these differences in the 

recovery percentage among the different microemulsion formulas are found to 

be non-significant as shown in Figure 4.10. It is apparent from the HPLC 

results, that microemulsion formulas F3, F6 and F9 do not have the capability 

to improve the delivery of imiquimod into the skin over Aldara
™

 cream. 
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Figure 4.10: Mean recovery percentage of imiquimod in the remaining skin 

obtained from the permeation study of microemulsion formulas F3, F6 and F9 

in comparison with Aldara
™

 cream when analysed by HPLC. Data is presented 

as the mean ± SD (n = 6). 

 

4.4.2.5.3 ToF-SIMS analysis of microemulsion tape strips 

The ToF-SIMS spectra that highlight the [M+H]
+
 of imiquimod in tape strips 2 

and 10 obtained from the permeation study of F9 microemulsion formula are 

shown in Figure 4.11. The [M+H]
+
 of imiquimod is detected with a moderate 

intensity at TS 2 but with a very low ion intensity at TS 10. In addition, an 

examination of the ToF-SIMS ion image of the [M+H]
+
 of imiquimod in TS 10 

(Fig. 4.12c) which represents a reflection of the imiquimod spectra shows the 

presence of imiquimod at a very low intensity. These results indicate the very 

limited permeation of imiquimod into the stratum corneum from the F9 

microemulsion formula which are in close agreement with the HPLC results. 
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Figure 4.11: Stacked ToF-SIMS spectra of the [M+H]
+
 of imiquimod in tape 

strips 2 and 10 of F9 microemulsion formula, showing the peak of the [M+H]
+
 

of imiquimod (C14H17N4
+
)
 
at m/z = 241. 

 

 

Figure 4.12: ToF-SIMS ion images of tape strips 2 and 10 of F9 

microemulsion formula, showing: (a) the total ion
+
, (b) the skin marker 

(CH4N
+
) and (c) the imiquimod marker (C14H17N4

+
). 

 

 

 

Mass (u)

239.0 239.5 240.0 240.5 241.0 241.5 242.0 242.5 243.0 243.5

-5
x10

0.5

1.0

1.5

-5
x10

0.5

1.0

1.5
S

c
a

le
d

 I
n

te
n

s
it
y

Mass (u)

239.0 239.5 240.0 240.5 241.0 241.5 242.0 242.5 243.0 243.5

-5
x10

0.5

1.0

1.5

N
o
rm

al
is

ed
 i

n
te

n
si

ty
 C14H17N4

+
 

C14H17N4
+
 

m/z 

TS 2 

TS 10 

1.00 mm

total

MC:   281; TC: 2.525e+007

2
∙10

2.50

2.00

1.50

1.00

0.50

0.00

1.00 mm

total

MC:   281; TC: 2.348e+007

2
∙10

2.50

2.00

1.50

1.00

0.50

0.00

1.00 mm

CH4N+

MC:     8; TC: 1.768e+005

8.0

6.0

4.0

2.0

0.0

1.00 mm

CH4N+

MC:     8; TC: 1.008e+005

8.0

6.0

4.0

2.0

0.0

1.00 mm

C14H17N4

MC:     5; TC: 3.152e+004

5.0

4.0

3.0

2.0

1.0

0.0

1.00 mm

C14H17N4

MC:     5; TC: 3.803e+003

5.0

4.0

3.0

2.0

1.0

0.0

Total ion
+
 

CH4N
+
 ion  

(Skin marker) 

C14H17N4
+ 

ion 

 (Imiquimod marker) 

TS 2 

TS 10 

(a) (b) (c) 



155 

 

4.4.2.5.4 ToF-SIMS analysis of microemulsion cryo-sectioned samples 

The ToF-SIMS spectrum of the cryo-sectioned skin samples of F9 

microemulsion formula is shown in Figure 4.13b, in which the normalised ion 

intensity of the [M+H]
+
 of imiquimod is detected with a very low intensity 

close to the ion intensity of the skin control sample (Fig. 4.13a). This very low 

ion intensity is also observed in ToF-SIMS ion image of the [M+H]
+
 of 

imiquimod (Fig. 4.14c) which illustrates the absence of imiquimod from the 

cross-sectioned samples.  

 

The HPLC and ToF-SIMS results confirm the very limited permeation of 

imiquimod from microemulsions and suggest the requirement of an active 

device that has the ability to bypass the stratum corneum barrier to deliver 

microemulsions directly into the viable epidermis layer of the skin (e.g. 

microneedles).   

 

 

Figure 4.13: stacked ToF-SIMS spectra of the cryo-sectioned samples for (a) 

skin control and (b) F9 microemulsion formula, showing the peak of the 

[M+H]
+
 of imiquimod (C14H17N4

+
)
 
at m/z = 241. 
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Figure 4.14: ToF-SIMS ion images of the F9 microemulsion formula cryo-

sectioned samples showing (a) the total ion
+
, (b) the skin marker (CH4N

+
) and 

(c) the imiquimod marker (C14H17N4
+
). 

 

4.4.3 Microneedles 

4.4.3.1 Histological examination of porcine skin samples  

In order to deliver therapeutic agents into the epidermal layers using 

microneedles, it is essential first to determine the relative thickness of the skin 

layers. Therefore, porcine skin samples were examined by a light microscope 

following the cryo-sectioning and staining processes to highlight the different 

skin layers and measure their thickness. Light microscope images of porcine 

skin cross-sectioned samples (blank skin) stained with H&E showing the 

different skin layers at low and high magnifications are illustrated in Figure 

4.15a and b respectively. The stratum corneum layer is the uppermost non-

nucleated layer stained with a pink colour with a measured thickness of 14-32 

µm. The next layer is the nucleated viable epidermis stained with a purple 

colour. This layer shows a great variability in thickness even within the same 

section as indicated by the white arrows (Fig. 4.15a) where the measured 

thickness varies from 33 to 139 µm. It was reported by Jenning et al. that the 
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the upper layers of the viable epidermis, the second section which is between 

100 and 200 µm basically represents the viable epidermis layer [351].  

 

This variability in the thickness of the epidermal layer imposes a practical 

difficulty in delivering drugs to specifically target the viable epidermal layer 

and it should be considered during the design and use of microneedles for the 

localised delivery of drugs to this layer. Although, this measurement of the 

epidermal layer thickness is performed on pig’s ear skin, it can be used as a 

prediction for the human skin due to the close structural similarity of porcine 

skin to human skin [132, 133, 318]. Additionally, it was reported that the 

thickness of the human skin epidermis varies in a similar range from 75 to 150 

µm [325]. However, in BCC the stratum corneum becomes thicker because of 

the hyperkeratinisation associated with the tumour lesions [45]. Therefore, it is 

thought that the use of derma stamp electric pen microneedles at a length of 

250-300 µm may be appropriate to deliver imiquimod into the basal layer of 

the epidermis to treat BCC lesions. The appropriate length of the microneedles 

used depends on the skin elasticity and the method of application [352].  

 

 

Figure 4.15: Light microscope images of porcine skin cross-sections stained 

with H&E highlighting the skin layers at (a) low magnification (scale bar 200 

µm) showing SC, VE, PD and D layers, the white arrows highlight the 

variability in the viable epidermis thickness and (b) high magnification (scale 

bar 50 µm) showing the multiple epidermal layers: SB, SP, SG and SC. 

SB 

SP 

SG 

SC 

(b) (a) 

SC 
VE 

PD 

D 



158 

 

4.4.3.2 En face light microscope imaging of porcine skin samples 

following microneedles application 

The image of the 12 metal microneedles cartridge that is fixed in the derma 

stamp electric pen used to pierce the skin is shown in Figure 4.16a. The 

diameter of the base (circular shape) containing the 12 microneedles is 5 mm 

and the distance between each microneedle pin is approximately 1.5 mm. 

Figure 4.16b shows a microscopic lateral view of the microneedles 

highlighting the diameter of the microneedle pin of approximately 113 µm at 

the length of 250 µm used to pierce the skin. The base diameter of the needle is 

258 µm, while the tip diameter is 12 µm.  

 

To demonstrate the efficiency of the stamp pen to penetrate the uppermost 

layer of the skin, en face imaging by light microscopy was performed for the 

skin samples treated with the microneedles and stained with gentian violet and 

methylene blue dyes as illustrated in Figure 4.16c and d respectively. These 

images show that the dyes are appropriately retained in the microchannels 

formed by the microneedles. This indicates the capability of the microneedles 

to successfully pierce the skin. The stamp pen penetration efficiency is 

observed to occur in a reproducible manner throughout the tested skin samples 

which can be attributed to the fixed velocity used in the microneedle insertion 

provided by the electrical stamp pen applicator. Verbaan et al. demonstrated 

that the use of an electrical applicator for microneedles with 300 µm length at a 

certain velocity facilitates the insertion of the microneedles into the skin in a 

reproducible manner compared to manual application [353]. In another study, 

they found that piercing skin by slow manual application of short length 

microneedles of 300 µm was unsuccessful due to the elasticity of the skin that 

counteracted the penetration of the microneedles into the skin and makes the 

piercing unreproducible [354]. Therefore, the use of an impact electrical 

insertion device can circumvent the skin elasticity challenge [353].  

 

Furthermore, it can be observed in Figure 4.16c and d that the measured 

diameter of the pores ranges from 300 to 500 µm. However, these values are in 
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contrast to the measured values from the cryo-sectioned samples (Fig. 4.17a) 

that showed the diameter of the pores between 40 and 95 µm. This 

overestimation of the pore size is thought to be due to the lateral diffusion of 

the dyes within tissue. An apparent limitation of the en face imaging method of 

visualising microneedles treated skin is the overestimation of the pore diameter 

because of the lateral diffusion of the dyes [268, 278]. A noteworthy point is 

that the microneedles cartridge fixed to stamp pen applicator is disposable and 

can be used just for one application and then has to be replaced with a new one 

for the next sample. From the clinical perspective, this eliminates any safety 

issue generated from the bending or breaking of the microneedles within skin 

from the repeated use of the microneedles. 

 

 

Figure 4.16: En face images of (a) the microneedles cartridge fixed in the 

stamp pen used to pierce the skin, (b) the microscopic lateral view of the 

microneedles highlighting the diameter of the microneedle pin at the base, at 

the length of 250 µm and at the tip, (c) and (d) porcine skin following stamp 

pen treatment and staining with gentian violet and methylene blue respectively. 
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258 
12 
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4.4.3.3 Histological examination of porcine skin samples following 

microneedles application  

Light microscope images of unstained and stained cross-sections of porcine 

skin following the treatment with microneedles are illustrated in Figure 4.17. 

The images of the unstained cryo-sections (Fig. 4.17a) show the penetration of 

gentian violet dye through the microchannels formed by the application of 

stamp pen which verifies the penetration efficiency of the microneedles. The 

measured depth and diameter of the microconduits are approximately 88-100 

and 40-95 µm respectively. The stained cross-sections with H&E (Fig. 4.17b 

and c) identify the location of the microchannels within skin tissue and it can 

be observed that the microneedles penetrate the stratum corneum and viable 

epidermis to reach the papillary dermis (PD) layer (the layer located directly 

beneath the viable epidermis). However, a recent study conducted by Coulman 

et al. highlighted that the histological preparation of the skin can result in an 

overestimation of the dimensions of the microchannels [278]. This was 

observed when they compare histological images with the in vivo optical 

coherence tomography images. This overestimation can be due to the tissue 

processing through different steps of fixation, sectioning and staining which 

influence tissue hydration and elasticity in addition to the biomechanical 

(elastic) properties of the skin and its ability to constrict in vivo following the 

removal of microneedles [278]. 
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Figure 4.17: Light microscope images of the microchannels created in porcine 

skin following stamp pen application showing (a) the unstained cross-sections 

highlighting the penetration of gentian violet dye through the microchannels 

created by microneedles, (b) H&E stained cross-sections identifying the location 

of the microchannels within skin tissue, and (c) H&E stained cross-sections but at 

a higher magnification. 

 

4.4.3.4 Permeation study of microemulsions with microneedle pre-

treatment 

The results obtained from the previous permeation study of the different 

microemulsion formulas (Section 4.4.2.5) showed the inability of these 

microemulsions to enhance permeation of imiquimod into the skin. Therefore, 

the strategy of using microneedle pre-treatment followed by application of 

microemulsions was investigated to improve the delivery of imiquimod into the 

epidermal layers. In this way, the microemulsions loaded with imiquimod can 
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pass through the microchannels created by microneedles to reach the epidermal 

layers. F3 microemulsion formula loaded with 0.1% w/w of imiquimod was 

selected to be applied on the skin following microneedle pre-treatment because 

it contains the highest water content of 84% w/w and the lowest S/Co-S 

concentration of 14% w/w. In addition, it was not significantly different from 

the other microemulsion formulas in terms of imiquimod skin permeation as 

shown previously in Figure 4.9. 

 

4.4.3.4.1 Determination of the percentage of imiquimod recovered by 

HPLC 

The mean recovery percentage of imiquimod from the different Franz cell 

elements of the permeation study of F3 microemulsion formula with and 

without microneedle pre-treatment are reported in Table 4.5. The reported data 

for F3 formula without microneedle pre-treatment in Table 4.5 is the same data 

obtained from the previous microemulsions permeation study (Table 4.4) and 

used here for the comparison with microneedle pre-treatment data. 

 

Table 4.5: Mean recovery percentage of imiquimod from the different Franz 

cell elements of the permeation study of F3 microemulsion formula with and 

without microneedle pre-treatment when analysed by HPLC. Data is presented 

as the mean % ± SD (n = 6). 

Analysed Element 

F3 formula (alone) without 

microneedle pre-treatment 

(mean % recovery ± SD) 

F3 formula with 

microneedle pre-treatment 

(mean % recovery ± SD) 

Donor solution 84.10 ± 3.42 79.85 ± 5.61 

Donor wash 1.22 ± 0.53 2.35 ± 1.33 

Skin wash 6.19 ± 0.58 4.71 ± 1.67 

Tape strips 0.10 ± 0.07 0.11 ± 0.09 

Remaining skin 0.15 ± 0.08 0.18 ± 0.13 

Receptor fluid 0.14 ± 0.05 0.16 ± 0.10 
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The data presented in Table 4.5, surprisingly shows that the mean recovery 

percentage of imiquimod in tape strips, remaining skin and receptor fluid for 

F3 microemulsion formula with microneedle pre-treatment are very low and 

similar to percentages recovered without microneedles application. The sum of 

the mean recovery percentage of imiquimod from the different Franz cell 

elements is not 100%. This is due to the loss of formulations that occurred 

during the removal of donor solution from the donor chamber following 

completion of the Franz cell run in addition to the formulations loss during the 

extraction process prior to HPLC analysis. In addition, Figure 4.18 statistically 

compares the mean recovery percentage of imiquimod in the remaining skin of 

F3 microemulsion formula with and without microneedle pre-treatment and 

shows that there is a non-significant difference between the two application 

conditions. This data suggests that there is an issue with the release of 

imiquimod from the microemulsion formula since with microneedle pre-

treatment, the skin barrier integrity is reduced by the formation of 

microchannels through which the applied formulation can pass in a significant 

amount into the skin and receptor fluid compartment.  

 

 

Figure 4.18: Mean recovery percentage of imiquimod in the remaining skin of 

the permeation study of F3 microemulsion formula with and without 

microneedle pre-treatment when analysed by HPLC. Data is presented as the 

mean ± SD (n = 6). 
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The drug release from the formulation should be at an optimum rate and 

encourage partitioning into the skin. This can be achieved by using a solvent in 

which the drug is only moderately soluble (the vehicle should allow some 

solubility of the drug but should not retain the drug) [1]. In the case of 

imiquimod’s microemulsions, imiquimod is a lipophilic drug with a partition 

coefficient of 2.7 [60] which showed the highest solubility of 170 mg/mL in 

oleic acid. Therefore, it is proposed that the high solubility of imiquimod in 

oleic acid significantly decreases the release of imiquimod from the 

microemulsion formulations (i.e. oleic acid retains imiquimod and reduces its 

partition out to the skin). It was reported that the high affinity of a drug to its 

vehicle can inhibit skin permeation due to the slow release and transfer of the 

drug from the vehicle to the skin [355].  

 

Takahashi et al. compared the skin permeation of diclofenac sodium delivered 

from different oils following the addition of 10% ethanol and 5% n-octanol to 

them to increase the solubility of diclofenac sodium in these oils and they 

found that the flux (J) from squalane vehicle and castor oil was 112.6 ± 14.7 

and 1.3 ± 0.3 nmol/cm
2
/h respectively. Similarly, they studied the release of 

diclofenac sodium from these vehicles using a cellophane membrane and they 

found that the release control factor (k) was 252.8 ± 10.9 and 66.3 ± 10 

respectively. They revealed that these differences in the permeation and release 

profile can be attributed to the higher solubility of diclofenac sodium 38.8 mM 

in castor oil compared to 10.1 mM in squalane which resulted in a slower 

release and lower flux of diclofenac sodium from castor oil. They concluded 

that the higher affinity of a drug to the vehicle reduces the skin permeation 

because of the slow release and poor transfer of the drug from the vehicle to 

the skin [355]. Similar observations were also reported from the skin 

permeation of ketoprofen microemulsions, in which ketoprofen showed 

solubilities of 81 and 20 mg/mL in triacetin and oleic acid respectively. 

However, the highest permeation was in oleic acid 8.44 ± 0.86 µg/cm
2
/h 

compared to 1.22 ± 0.29 µg/cm
2
/h in triacetin [218].  
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Although, the high solubility of imiquimod in oleic acid can reduce the release 

and skin permeation of imiquimod from the microemulsion formulas, it is 

proposed that this is not the only factor which influences the poor release of 

imiquimod from the microemulsions. Imiquimod was previously detected in 

the tape strips and cryo-sectioned skin samples of oleic acid solution (Chapter 

3, Sections 3.4.2.4 and 3.4.2.5) at a higher intensity compared to the tape strips 

and cryo-sectioned samples of imiquimod’s microemulsions. Therefore, it is 

thought that the microstructure of the microemulsion and more specifically the 

presence of S/Co-S mixture surrounding or encapsulating oleic acid droplets 

may additionally impart a negative influence on the release of imiquimod from 

the microemulsions (i.e. make it more difficult for imiquimod to be released 

from the microemulsions). It was reported that in some cases that the drug may 

be held within microemulsion droplets leading to a reduction in  its permeation 

into the skin [217]. Chen et al. studied the skin permeation of triptolide 

microemulsions using oleic acid as an oil phase, they found that the 

encapsulation of oleic acid by the S/Co-S mixture (Tween 80/PG) reduced the 

penetration of oleic acid into the stratum corneum [234]. In another study 

conducted by Paolino et al. they observed that there was no significant 

enhancing effect obtained by the addition of oleic acid to ketoprofen lecithin 

microemulsions due to the strong binding of oleic acid to the microemulsion 

structure [356].  

 

It is possible that the high affinity of imiquimod for oleic acid and the 

encapsulation of oleic acid droplets by S/Co-S mixture results in retaining 

imiquimod within oleic acid droplets with a reduced ability to partition out that 

leads to the poor release and transfer of imiquimod from microemulsions to the 

skin. An optimisation of the microemulsions formulation is required as future 

work, perhaps focusing on areas such as changing the type of oil used to one in 

which imiquimod is just only moderately soluble to facilitate its release to the 

skin. 
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4.4.3.5 Permeation study of Aldara
™

 cream with microneedle pre-

treatment 

Application of Aldara
™

 cream following pre-treatment of porcine skin with the 

stamp pen microneedles was carried out to investigate if this approach can 

enhance permeation of imiquimod into the skin in comparison with the 

conventional application of Aldara
™

 cream alone. It has been proven that 

Aldara
™

 cream releases imiquimod in sufficient amounts to induce an 

immunological response [59] and the previous HPLC and ToF-SIMS results 

showed that the cream has limited permeation into the deeper skin layers and it 

mostly located at the stratum corneum layer (Chapter 3, Section 3.4.1). 

Therefore, the availability of microchannels created by microneedles provides 

an opportunity for the cream to pass through them to reach the deeper 

epidermal skin layers.  

 

4.4.3.5.1 Determination of the percentage of imiquimod recovered by 

HPLC 

The mean recovery percentage of imiquimod from the different Franz cell 

elements of the permeation study of Aldara
™

 cream with and without 

microneedle pre-treatment are reported in Table 4.6. 

 

Table 4.6 shows that the mean recovery percentage of imiquimod from tape 

strips and remaining skin elements of Aldara
™

 cream with microneedle pre-

treatment is approximately three times higher than the Aldara
™

 cream alone. 

This provides an increase opportunity for the cream to more effectively treat 

the whole superficial or nodular BCC lesions. In addition, the statistical 

comparison between the mean recovery percentages of imiquimod in the 

remaining skin shows that the recovery percentage of imiquimod with 

microneedle pre-treatment is significantly higher than the Aldara
™

 cream alone 

as illustrated in Figure 4.19.  
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Table 4.6: Mean recovery percentage of imiquimod from the different Franz 

cell elements of the permeation study of Aldara
™

 cream with and without 

microneedle pre-treatment when analysed by HPLC. Data is presented as the 

mean % ± SD (n = 6). 

Analysed 

Element 

Aldara
™ 

cream (alone) 

without microneedle      

pre-treatment (mean  

recovery % ± SD) 

Aldara
™ 

cream 

with microneedle              

pre-treatment  (mean  

recovery % ± SD) 

Donor wash 7.11 ± 3.27 9.38 ± 4.59 

Skin wash 81.72 ± 8.14 75.39 ± 12.02 

Tape strips 0.67 ± 0.13 2.38 ± 1.40 

Remaining skin 0.81 ± 0.26 2.27 ± 0.39 

Receptor fluid 0.17 ± 0.08 1.89 ± 0.47 

 

 

 

Figure 4.19: Mean recovery percentage of imiquimod in the remaining skin of 

the permeation study of Aldara
™

 cream with and without microneedle pre-

treatment when analysed by HPLC. Data is presented as the mean ± SD (n = 

6). 
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Furthermore, it is observed that with microneedle pre-treatment the mean 

recovery percentage of imiquimod in the receptor fluid is approximately ten 

times higher than the Aldara
™

 cream alone (Table 4.6). This increase in the 

recovery percentage of imiquimod in the receptor fluid is perhaps anticipated 

since the microchannels created by microneedles can reach the depth of 

papillary dermis layer as previously shown in Figure 4.17 and thus higher 

amounts of imiquimod bypass the skin barriers and presented in the receptor 

fluid. For in vivo conditions, this means higher percentage of imiquimod would 

be available for systemic circulation which may increase imiquimod’s systemic 

adverse effects. However, in BCC patients the stratum corneum becomes 

thicker because of the hyperkeratinisation associated with the tumour lesions 

[45]. Therefore, the microchannels created by the stamp pen may not reach the 

depth of papillary dermis and hence less percentage of imiquimod would be 

available for systemic absorption. However, the control of microneedle 

penetration to target a specific skin layer such as basal layer in a consistent way 

is very difficult to achieve due to intra and inter-individual variability of the 

thickness of epidermal layer.  

 

4.4.3.5.2 ToF-SIMS analysis of the tape strips of Aldara
™

 cream with 

microneedles  

ToF-SIMS analysis of the tape strips of Aldara
™

 cream with and without 

microneedles highlights the significant increase in the ion intensity of the 

[M+H]
+
 of imiquimod in tape strips 2, 5 and 10 of the Aldara

™
 cream with 

microneedle pre-treatment compared to Aldara
™

 cream alone as shown in 

Figure 4.20. This indicates that a higher amount of imiquimod is permeated 

into the stratum corneum following microneedles application which is in 

accordance with the HPLC results (Table 4.6). This comparison between the 

tape strips of Aldara
™

 cream with and without microneedles was performed 

using the same section of porcine ear skin and it is unrelated to the previous 

analysis of the tape strips of Aldara
™

 cream discussed in Chapter 3, Section 

3.4.1.3.3 which was carried out using dermatomed pig’s flank skin. 
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Figure 4.20: Ion intensity values of the [M+H]
+
 of imiquimod (C14H17N4

+
) in 

Aldara
™

 cream tape strips (2, 5 and 10) with and without microneedle pre-

treatment normalised by total ion intensity. Data is presented at the mean ± SD 

(n = 4). 

 

ToF-SIMS ion images of tape strip two of Aldara
™

 cream with microneedle 

pre-treatment are shown in Figure 4.21. Figure 4.21b illustrates the [M+H]
+
 of 

imiquimod (C14H17N4
+
)
 
image which highlights the pattern of imiquimod 

distribution following stamp pen application. It was observed that imiquimod is 

mostly localised in the area disrupted by the application of the stamp pen (i.e. 

at a circular region in the middle of the tape strip which corresponds to the 

shape of the stamp pen cartridge). Additionally, Figure 4.21c which is the 

overlaid image of imiquimod and the skin where imiquimod is highlighted in a 

green colour and the skin in a brown colour, shows that imiquimod radiates out 

of the microchannels and distributes within skin tissue. 
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Figure 4.21: ToF-SIMS ion images of tape strip two of Aldara
™

 cream with 

microneedle pre-treatment showing: (a) the skin marker (CH4N
+
), (b) the 

imiquimod marker (C14H17N4
+
), and (c) the overlaid image of imiquimod 

(green colour) and the skin (brown colour). The scanned tape strip area is of 

12 × 12 mm
2
. 

 

 

4.4.3.5.3 ToF-SIMS analysis of the cryo-sectioned skin samples of 

Aldara
™

 cream with microneedles  

ToF-SIMS analysis of the cryo-sectioned skin samples shows that the ion 

intensity of the [M+H]
+
 imiquimod from Aldara

™
 cream with microneedle pre-

treatment is significantly higher than the ion intensity obtained from the 

samples without microneedle pre-treatment as shown from their overlaid 

spectra (Fig. 4.22). This higher ion intensity is also reflected in the ToF-SIMS 

ion images of the [M+H]
+
 imiquimod from Aldara

™
 cream with microneedle 

pre-treatment as illustrated in Figure 4.23. It is proposed that the presence of 

the microchannels created by microneedle application, imiquimod penetration 

is not only restricted to the microchannel site but it radiates to the adjacent 

tissue (lateral distribution) which results in almost higher intensity of 

imiquimod localised at the upper part of the sections (Fig. 4.23).  
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Figure 4.22: Stacked ToF-SIMS spectra of the cryo-sectioned samples for (a) 

Aldara
™

 cream alone and (b) Aldara
™

 cream with microneedle pre-treatment, 

showing the peak of the [M+H]
+
 of imiquimod (C14H17N4

+
)
 
at m/z = 241. 

 

 

Figure 4.23: ToF-SIMS ion images of the [M+H]
+
 of imiquimod (C14H17N4

+
) 

from the cryo-sectioned skin samples for (a) Aldara
™

 cream alone without 

microneedle pre-treatment and (b) Aldara
™

 cream with microneedle pre-

treatment.  

 

The whole ToF-SIMS ion images of the cryo-sectioned skin samples of 

Aldara
™

 cream with microneedle pre-treatment are illustrated in Figure 4.24 

which show the total ion image (Fig. 4.24a), the skin marker (CH4N
+
) image 

(Fig. 4.24b) and the [M+H]
+
 of imiquimod image (Fig. 4.24c). An examination 

of the total ion image (Fig. 4.24a) and the skin marker image (Fig. 4.24b) 

indicate the location of the microchannels within skin sections (white arrows) 

created by the application of microneedles. The image of the [M+H]
+
 of 

imiquimod (Fig. 4.24c) highlights the distribution of imiquimod at the upper 

Mass (u)

239.5 240.0 240.5 241.0 241.5 242.0 242.5

-6

x10

1.0

2.0

3.0

4.0

-6

x10

1.0

2.0

3.0

4.0

S
ca

le
d 

In
te

ns
ity

Mass (u)

239.5 240.0 240.5 241.0 241.5 242.0 242.5

-6

x10

1.0

2.0

3.0

4.0

Mass (u)

239.5 240.0 240.5 241.0 241.5 242.0 242.5

-6

x10

1.0

2.0

3.0

4.0

-6

x10

1.0

2.0

3.0

4.0

S
ca

le
d 

In
te

ns
ity

Mass (u)

239.5 240.0 240.5 241.0 241.5 242.0 242.5

-6

x10

1.0

2.0

3.0

4.0

Aldara
™

 cream 

with microneedles 

m/z 

C
14

H
17

N
4

+
 

 

Mass (u)

239.5 240.0 240.5 241.0 241.5 242.0 242.5

-6

x10

1.0

2.0

3.0

4.0

-6

x10

1.0

2.0

3.0

4.0

S
ca

le
d 

In
te

ns
ity

Mass (u)

239.5 240.0 240.5 241.0 241.5 242.0 242.5

-6

x10

1.0

2.0

3.0

4.0

Aldara
™

 cream alone 

C
14

H
17

N
4

+
 

 

(a) 

(b) N
o
rm

al
is

ed
 i

n
te

n
si

ty
 

× 

× 

Aldara
™

 cream alone  

  

(a) Aldara
™

 cream with microneedles 

  

(b) 

2.00 mm

C14H17N4+

MC:     5; TC: 2.469e+004

4.0

2.0

0.0

2.00 mm

C14H17N4+

MC:     5; TC: 8.179e+003

5.0

2.5

0.0

Section top  

2.00 mm

C14H17N4+

MC:     5; TC: 8.179e+003

5.0

2.5

0.0

Section top  

2.00 mm

C14H17N4+

MC:     5; TC: 1.877e+004

4.0

2.0

0.0

2.00 mm

C14H17N4+

MC:     5; TC: 8.179e+003

5.0

2.5

0.0

Section top  

2.00 mm

C14H17N4+

MC:     5; TC: 9.604e+003

4.0

2.0

0.0

Section top 



172 

 

layer of the skin sections in addition to its localisation in the microchannels. 

However, with ToF-SIMS ion images it is difficult to specify exactly the 

boundaries of the skin layers and therefore in order to obtain a clearer 

visualisation of imiquimod localisation within the different skin layers, the 

ToF-SIMS ion images are matched with their counterparts light microscopy 

images stained with H&E (Fig. 4.24d and e). It was observed that imiquimod is 

mostly located in the epidermal layer (stratum corneum and viable epidermis) 

and within the microchannels which penetrate down to the papillary dermis 

which make imiquimod available in this layer. This is believed to be the first 

time that ToF-SIMS has been used to detect and visualise drug penetration into 

the skin following microneedle pre-treatment and suggests its successful 

application in microneedle field especially in microneedles used for intra-

dermal drug delivery to treat skin disorders or in vaccination therapy. In these 

cases, ToF-SIMS can be helpful to map the permeation and visulaise 

distribution of a drug within skin by analysis of a biopsy of treated skin. 

 

The HPLC and ToF-SIMS results of Aldara
™

 cream with microneedle pre-

treatment showed the capability of this approach to improve delivery of 

imiquimod into the epidermal skin layers and suggest its potential usefulness 

for more efficient treatment of both superficial and nodular BCC lesions. In 

addition, both the Aldara
™

 cream and the stamp pen are commercially 

available making them easily accessible. The use of commercial product 

Aldara
™

 cream in the permeation experiments is quite relevant to the real 

situation, since it is an approved product currently used in clinical setting to 

treat superficial BCC lesions. In addition, stamp pen is widely used in cosmetic 

therapy and can be easily obtained by patients. However, this study is 

preliminary and provides an early insight into the potential use of microneedles 

for improving imiquimod’s skin penetration and further ex vivo and in vivo 

investigation on human skin with BCC lesions are required to optimise the 

final application conditions.  
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Figure 4.24: ToF-SIMS ion images and light microscope images of Aldara
™

 

cream with microneedles cryo-sectioned skin samples showing (a) the total 

ion
+
, (b) the skin marker (CH4N

+
), (c) the imiquimod marker (C14H17N4

+
), (d) 

light microscope image stained with H&E and (e) light microscope image 

stained with H&E at higher magnification (HM) highlights the microchannels 

within skin cross-sections.  
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4.5 Conclusions 

The work in this chapter investigates the potential advantages of 

microemulsions and microneedles strategies to enhance delivery of imiquimod 

into the epidermal layers of the skin. A new HPLC method with higher 

accuracy and sensitivity than previously used HPLC method was successfully 

modified and used to determine the imiquimod solubility in different 

microemulsion components as well as to calculate the recovery percentage of 

imiquimod from the different Franz cell elements. The en face light microscope 

images of the microneedle treated skin samples demonstrated the penetration 

efficiency and reproducibility of the stamp pen to disrupt the skin barrier by 

forming pores through which the penetration of the dyes (gentian violet and 

methylene blue) was facilitated. In addition, the histological examination of the 

microneedle treated skin samples (unstained and stained samples) proved the 

ability of the stamp pen to create microchannels through the skin reach the 

depth of papillary dermis layer. The assessment of imiquimod permeation from 

the formulated microemulsion formulas alone and with microneedle pre-

treatment using HPLC and ToF-SIMS showed the limited ability of the 

microemulsions to improve delivery of imiquimod over Aldara
™

 cream. This 

was attributed to the poor release of imiquimod from the microemulsion 

formulas due to the high affinity of imiquimod for the oil phase and the 

encapsulation of the oil droplets by the S/Co-S mixture. In contrast, Aldara
™

 

cream with microneedle pre-treatment showed improved delivery of 

imiquimod into the skin. The recovery percentage of imiquimod in the tape 

strips and the remaining skin determined by HPLC is approximately three 

times higher than samples without microneedle pre-treatment. The ToF-SIMS 

ion images of the cryo-sectioned skin samples illustrated the existence of 

imiquimod in the microchannels and in the epidermal layer at higher ion 

intensity compared to Aldara
™

 cream alone.  This work is the first known 

instance that demonstrates the enhancement of imiquimod delivery using 

microemulsions and microneedles and it may pave the way for future 

optimisation to develop more effective and safer treatments for BCC lesions. In 

addition, the high sensitivity and imaging capability offered by ToF-SIMS in 

producing chemical images for imiquimod distribution and localisation within 
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skin tissue following microneedle pre-treatment has not been previously 

observed and indicate the potential role of this instrument that may participate 

in microneedles field. 
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5 Chapter Five: In vivo and ex vivo Assessment of 

Chlorhexidine Permeation into the Skin from Commercial 

Products Using ToF-SIMS  

5.1 Introduction 

To prevent surgical site infections associated with the invasive procedures such 

as catheter insertion or surgery, efficient skin antisepsis is necessary. Skin is 

colonised by various microorganisms which are not only located on the skin 

surface but also inhabit the lower layers of the skin and hair follicles [63, 64] 

(detailed in Chapter 1, Section 1.4.2). These resident microorganisms may 

remain at the incision site following skin antisepsis and can cause infections 

when the skin barrier is ruptured during surgery. Thus, rapid and efficient 

permeation of the topically applied antiseptic into the deeper skin layers is 

required to prevent infections associated with the surgical procedures [77].  

 

The antiseptic drug chlorhexidine gluconate (CHG) is widely used clinically 

for skin antisepsis prior to surgical incision or insertion of catheters [78, 85]. 

However, its permeation into the deeper skin layers is limited [77, 83-85]. This 

poor permeability of CHG can be attributed to the sub-optimal 

physicochemical properties of CHG for the skin delivery as it is an ionised 

compound  [357] with high molecular weight (897.8 g/mol) [37] and low lipid 

solubility (log P = 0.037) [358]. As discussed in Chapter 1, Section 1.4.3, 

several researchers have studied the permeation of CHG into ex vivo human, 

rat or porcine skin either from aqueous or alcoholic solutions of CHG [83-85] 

but to date there is no published in vivo data investigating CHG permeation on 

human volunteers using commercial products. Therefore, the work in this 

chapter involves investigating the in vivo skin permeation of CHG on human 

volunteers using in vivo tape stripping with subsequent analysis by ToF-SIMS 

following the application of commercial CHG products currently used in 

hospitals within the UK. Additionally, these products have also been tested on 

ex vivo porcine skin in an attempt to compare with the in vivo data and see if 

there is a correlation between them. ToF-SIMS is a highly sensitive instrument 
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and offers the opportunity to analyse an individual tape strip (layer by layer 

analysis). Therefore, it was exploited here to follow CHG permeation as a 

function of the stratum corneum depth. 

 

5.2 Chapter Aims 

The aim of this chapter is to compare the in vivo skin permeation of CHG from 

commercial products of chlorhexidine (HiBiSCRUB
®
 4% w/v, CHG in 

aqueous vehicle) and (ChloraPrep
®
 2% w/v, CHG in IPA vehicle) using human 

volunteers and ex vivo porcine skin. The parameters investigated in this 

comparison are the effect of concentration (2% and 4%), the vehicle effect 

(water and IPA) and the application time effect (specifically 2, 5, 10, 15, 30 

and 60 minutes). A comparison was carried out using the tape stripping 

technique with subsequent analysis of an individual tape strip by ToF-SIMS. 

This provides the ability to map the permeation and visualise the localisation of 

CHG within skin. This work demonstrates the first use of ToF-SIMS to 

compare the in vivo skin permeation of commercially available CHG products.  

 

5.3 Materials and Methods 

5.3.1 Materials 

HiBiSCRUB
®

 4% w/v chlorhexidine gluconate, 500 mL solution, Molnlycke 

Health Care Ltd. UK and ChloraPrep
®
 2% w/v chlorhexidine gluconate in 70% 

IPA, 3 mL clear applicator, BD CareFusion, USA were purchased from 

www.amazon.co.uk. D-Squame standard sampling discs (adhesive discs) were 

ordered from CUDERM corporation, USA. Deionised water was obtained from 

an ELGA reservoir, PURELAB
®
 Ultra, ELGA, UK. 

 

5.3.2 In vivo study 

Tape strips were collected from human volunteers following the application of 

CHG products in addition to a control skin site. Ethical approval for this study 

http://www.amazon.co.uk/
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was obtained from the University of Nottingham Research Ethics Committee 

(reference no. 003-2016). 

 

5.3.2.1 Volunteer population 

Six volunteers (3 male and 3 female) aged between 23-52 years from different 

ethnic groups participated in this study after providing their consent indicating 

that they did not possess any skin disorders or hypersensitivity towards 

adhesive tapes or chlorhexidine containing products. The volar forearm of each 

volunteer was selected as an application area which was first wiped with tissue 

to remove any dirt or sweat before products application. The application area 

was marked with a permanent pen and it was 4 cm away from either the wrist 

or the bend of the elbow. 

 

5.3.2.2 Tested CHG products 

Three products were used in this in vivo skin permeation comparison 

experiments, specifically HiBiSCRUB
®
 4% w/v (HS 4%) CHG in aqueous 

vehicle, HiBiSCRUB 2% w/v (HS 2%) CHG in aqueous vehicle (obtained by 

dilution of HS 4%) and ChloraPrep
®
 2% w/v (CP 2%) CHG in 70% IPA. This 

in vivo permeation comparison study consist of two steps as shown in Table 

5.1. Step one is to investigate the concentration effect (2% and 4%) and the 

vehicle effect (water and IPA) on skin permeation of CHG. Therefore, 200 µL 

from each product was applied to a defined skin area of approximately 3 × 3 

cm
2
 of the volunteers’ volar forearm for a 2 minute to mimic the clinical 

situation used prior to surgery [81, 359, 360]. Following this, the excess 

formulation was carefully wiped from the skin surface with a soft tissue ready 

for tape stripping. Step two is to study the application time effect on CHG skin 

permeation. Thus, the product which showed the highest permeation at the 2 

minute time interval from step one was applied again at longer intervals of 5, 

10, 15, 30 and 60 minutes. Tape strips were removed at each time interval for 

ToF-SIMS analysis. 

 



179 

 

Table 5.1: Protocol for the in vivo skin permeation comparison experiments of 

CHG products: HS 4%, HS 2% and CP 2%. S 1 and S 2 represent step one and 

step two of the experiments.  

 

 

Investigated 

parameter 

Products Application time (minute) 

HS 

4% 

HS 

2% 

CP 

2% 
2  5  10  15  30  60  

S1 

Conc. effect             

Vehicle effect             

S 2 
Application 

time effect 
               

 

 

5.3.2.3 In vivo tape stripping 

In vivo tape stripping was carried out using adhesive tape discs (D-Squame, 

standard sampling discs, USA) with a diameter of 22 mm. The tape strips were 

allowed to equilibrate in the laboratory overnight. Following removal of the 

test product from the skin surface, a template was applied over the product 

application site to ensure that all tape strips were removed from the same area. 

Tape strips were applied to the template, pressed down with the aid of a roller 

10 times to stretch the skin surface to avoid the effects of furrows and wrinkles 

on the tape stripping procedure [105] and then removed in one quick 

movement (constant velocity) by tweezers for up to 20 strips. Samples were 

stored at -20 °C until required for analysis. Prior to ToF-SIMS analysis the tape 

strips were attached to glass slides with double sided adhesive tape with the 

removed stratum corneum facing upwards. Following this, the slides were 

placed in plastic petri dishes and liquid nitrogen was carefully poured into the 

petri dishes to freeze the tape strips with subsequent freeze drying for 1 hour 

prior to ToF-SIMS analysis. In addition to the collection of the tape strips from 

the 3 product application sites, tape strips were also collected from the control 

skin site. 
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5.3.3 Ex vivo study 

5.3.3.1 Assembly of diffusion cells 

Skin preparation was performed as previously discussed in Chapter 4, Section 

4.3.2.6.1. The method of Franz diffusion cell experiments was carried out as 

previously detailed in Chapter 3, Section 3.3.2.3 with the exception of the 

receptor fluid used here which is PBS pH 7.4. The skin was dosed with 200 µL 

from each CHG product (HS 4%, HS 2% and CP 2%) and left for a 2 minute 

exposure time as with the in vivo experiments before wiping the skin surface 

with a soft tissue. Each product was tested on six Franz cells with additional 

skin control samples. 

 

5.3.3.2 Ex vivo tape stripping 

Skin tape stripping process was carried out as discussed previously in Chapter 

3, Section 3.3.2.5. Tape strips were collected from six Franz cells for each 

CHG product in addition to the skin control sample where analysed 

individually by ToF-SIMS.  

 

5.3.4 ToF-SIMS analysis 

ToF-SIMS was used to analyse single tape stripped samples obtained from 

both in vivo and ex vivo studies. ToF-SIMS analysis was done using the same 

instrument and analysis conditions detailed in Chapter 2, Section 2.3.7 except 

that the data was acquired from negative polarity which was established as 

being more informative than the positive polarity data. The analysed area of the 

tape strips samples was (4 mm × 4 mm) acquired at a resolution of 100 

pixels/mm. An ion representing the biological material and therefore indicative 

of skin (skin marker) in negative polarity was identified as (CNO
-
) and it was 

used to threshold the data sets. Data was reconstructed using regions of interest 

to remove the data from the adhesive tape material found between the fissures 

in the stripped skin and hence the data was only analysed from the skin 

material. Following this, each image of the individual tape strip (4 mm × 4 

mm) was divided into four smaller data sets of (2 mm × 2 mm) which resulted 
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in four repeats (n = 4) for each sample and their intensities were normalised to 

the total ion intensity. 

 

5.3.5 Statistical analysis of the data 

The statistical tests used to compare ion intensities were one way ANOVA 

with Tukey’s multiple comparisons test or paired t-test. All data is presented as 

the mean ± SD of n = 4 with P values of ≤ 0.05 being regarded as significant 

using GraphPad Prism 7 software (USA). Prior to statistical analysis all data 

was tested for normality using Shapiro-wilk normality test. 
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5.4 Results and Discussion 

5.4.1 Identification of the ions characteristics of chlorhexidine by 

ToF-SIMS 

Ions which are distinctive of chlorhexidine have been previously demonstrated 

by Judd et al. during their ToF-SIMS analysis of porcine skin samples dosed 

with 2% w/v CHG aqueous solution [83, 361]. These ions are the chlorine ion 

(Cl
-
)
 
at m/z = 35 and 37, the fragment ion (C7H4N2Cl

-
) at m/z = 151 and the 

molecular ion [M-H]
- 
(C22H30N10Cl2

-
)
 
at m/z = 505. The work in this chapter 

also uses these ions to detect chlorhexidine in the tape strips obtained from in 

vivo and ex vivo studies. Chlorine ion (Cl
-
)
 
might be anticipated as an ideal 

marker for chlorhexidine since its chemical structure contains two chlorinated 

aromatics. However, this is not the case because it was found that (Cl
-
)
 
is also 

abundant within skin tissue and it is not a unique marker for chlorhexidine 

(Fig. 5.1a). The [M-H]
-
 of chlorhexidine at m/z = 505 (Fig. 5.1b) shows 

excellent chemical specificity, however with a very low intensity (around that 

of noise) in the CHG treated skin samples, it cannot be used as a reliable 

marker for chlorhexidine. Instead, the fragment ion, (C7H4N2Cl
-
) at m/z = 151 

(Fig. 5.1c) exhibits chemical specificity whilst also demonstrating a relatively 

high ion intensity in the CHG treated skin samples and as such is regarded as a 

reliable marker for the presence of chlorhexidine. In addition, the (CNO
-
) peak 

at m/z = 42 which is generally considered as a generic marker for organic material in 

negative polarity, was used in this work as a skin marker to indicate the regions on the 

sample containing skin tissue (i.e. represents the skin pattern). The (CNO
-
) peak 

shows a higher normalised ion intensity in skin control samples than in the CHG 

reference material (Fig. 5.1d). This verifies the appropriate use of (CNO
-
) peak as a 

skin marker.   

 



183 

 

 

Figure 5.1 (a): Stacked ToF-SIMS spectra of skin control and CHG treated 

skin showing the chlorine ion (Cl
-
) peak at m/z = 35 and 37. 

 

 

Figure 5.1 (b): Stacked ToF-SIMS spectra of skin control and CHG treated 

skin showing the molecular ion (C22H30N10Cl2
-
) peak at m/z = 505. 

 

 

Figure 5.1 (c): Stacked ToF-SIMS spectra of skin control and CHG treated 

skin showing the fragment ion (C7H4N2Cl
-
) peak at m/z = 151. 
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Figure 5.1 (d): Stacked ToF-SIMS spectra of CHG reference material and 

skin control sample showing the peak of skin marker ion (CNO
-
) at m/z = 42. 

 

5.4.2 In vivo study 

5.4.2.1 Investigation of the effect of CHG concentration 

The concentration effect on the skin permeation of CHG was investigated by 

comparing the in vivo skin permeation of three CHG products (HS 4%, HS 2% 

and CP 2%) in six human volunteers using in vivo tape stripping with 

subsequent ToF-SIMS analysis. 

 

5.4.2.1.1 ToF-SIMS data from the 1
st
 volunteer 

ToF-SIMS spectra of CHG marker ion (C7H4N2Cl
-
)
 
from the three CHG 

products in the tape strips removed from the 1
st
 volunteer are shown in Figure 

5.2, in which the marker ion is detected throughout the full series of tape strips, 

i.e. 2-20. There is, a decreasing ion intensity from the upper layer of the 

stratum corneum (TS 2) to the deeper layer (TS 20).  
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Figure 5.2: Stacked ToF-SIMS spectra of CHG marker ion (C7H4N2Cl
-
) at m/z 

= 151 in the tape strips removed from the 1
st
 volunteer after a 2 minute 

application time of three CHG products:(a) HS 4%, (b) HS 2% and (c) CP 2%. 

 

Comparison of the normalised ion intensities of CHG marker ion obtained 

from the skin control and the different CHG products is shown in Figure 5.3. In 

this 1
st
 volunteer CP 2% shows a higher intensity than HS 2% and therefore it 

is used for the comparison purposes. Figure 5.3 shows that the ion intensity of 

the CHG marker ion is more intense from HS 4% than from the skin control or 

the CP
 
2% with a significant increase at TS 2 and 5. However, CP 2% is still 

showing a significant increase from the skin control at these tape strips. At TS 

10, the ion intensity obtained from HS 4% is significantly higher from the skin 

control but it is not from CP 2%. Furthermore, at TS 15 and 20 there is no 

significant difference between the ion intensity from HS 4% and skin control.  
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Figure 5.3: Normalised ion intensity values of CHG marker ion in the 1
st
 

volunteer tape strips after a 2 minute application time of the three CHG 

products (HS 4%, HS 2% and CP 2%). Skin Ctrl represents the ion intensity 

obtained from the skin without any CHG products application. Data is 

presented as mean ± SD of n = 4 with p ≤ 0.05. 

 

This data indicates that more chlorhexidine has permeated into the stratum 

corneum from HS 4% than from CP 2% at TS 2 and 5 which may provide a 

better opportunity to eradicate more bacteria at this depth but at TS 10 there is 

no significant difference. In addition, there is a very limited amount (almost 

negligible) of CHG permeated from HS 4% at TS 15 and 20.  

 

The determination of CHG concentration in the tape strips can be carried out 

by employing the calibration curve of CHG with skin homogenate (Chapter 2, 

Section 2.4.10), the calculated concentrations of CHG in HS 4% and CP 2% 

tape strips are reported in Table 5.2. This determination of CHG concentration 

at different tape strips is useful to compare with the minimum bactericidal 

concentration (MBC) of CHG required to eradicate the bacteria. This point will 

be discussed later after showing the data from all volunteers.  
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Table 5.2: Determination of CHG concentration in HS 4% and CP 2% tape 

strips. 

Tape 

strip No. 

Conc. of CHG (µg/mg) in  

HS 4% tape strips 

Conc. of CHG (µg/mg) in       

CP 2% tape strips 

TS 2 4.63 1.62 

TS 5 0.95 0.34 

TS 10 0.18 0.13 

 

In addition to ion intensity data, ToF-SIMS secondary ion images can provide 

a detailed information regarding the spatial distribution of specified ions within 

skin by rastering the analysed area of the tape strip with an ion beam. ToF-

SIMS secondary ion images of the tape strips removed from the 1
st
 volunteer 

after the application of HS 4%, HS 2% and CP 2% products for 2 minutes are 

illustrated in Figures 5.4., 5.5 and 5.6 respectively. 

 

 

Figure 5.4: ToF-SIMS ion images of tape strips removed from the 1
st
 volunteer 

after a 2 minute application of HS 4% highlighting: (a) the total ion
- 
,(b) the 

skin marker (CNO
-
), and (c) the CHG marker (C7H4N2Cl

-
). 
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Figure 5.5: : ToF-SIMS ion images of tape strips removed from the 1
st
 

volunteer after a 2 minute application of HS 2% highlighting: (a) the total ion
-
 

(b) the skin marker (CNO
-
), and (c) the CHG marker (C7H4N2Cl

-
). 

 

 

Figure 5.6: ToF-SIMS ion images of tape strips removed from the 1
st
 volunteer 

after 2 a minute application of CP 2% highlighting: (a) the total ion
- 
,(b) the 

skin marker (CNO
-
), and (c) the CHG marker (C7H4N2Cl

-
). 
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An examination of the skin marker (CNO
-
) ion images from the different CHG 

products (Fig. 5.4b, Fig. 5.5b and Fig. 5.6b) demonstrates that the skin is 

adequately removed by the tape strips with a homogeneous distribution of the 

corneocytes throughout the tape stripped area. However, there is a reduction in 

the amount of skin attached per tape strip moving towards the deeper layers of 

the stratum corneum. This is as discussed earlier in Chapter 3, Section 3.4.1.3.3 

due to the increased cohesion between the cells at the deeper stratum corneum 

layers compared to the outer layers [106, 116, 321]. Nonetheless, even at TS 20 

there is still a relatively large amount of skin removed per strip. 

 

An assessment of the CHG marker ion (C7H4N2Cl
-
) images (Fig. 5.4c, Fig. 5.5c 

and Fig. 5.6c) shows that the permeated CHG is decreased from the upper layer 

TS 2 towards the deeper layer of the stratum corneum TS 20. This reduction in 

the permeated amount of CHG represents the actual trend of the distribution 

profile of CHG within skin and not due to the reduction in skin amount per 

tape strip as the tape stripping process progresses deeper into the stratum 

corneum layers because the skin is still homogeneously covering the whole 

tape strips area (there are no large empty spaces within the tape strip area). In 

addition, the intensity of the fragment ion is normalised to the total ion 

intensity within the ROI (just the skin material within the tape strip) which 

accounts for the reduction of skin amount with increasing tape strip number. 

Regarding the homogeneity of the distribution of CHG within skin, the images 

of CHG marker ion (Fig. 5.4c, Fig. 5.5c and Fig. 5.6c) illustrate that CHG is 

distributed and localised non-uniformly within skin beyond TS 2 (patchy areas 

of CHG is recognised at TS 5, 10, 15 and 20). This may influence the ability of 

CHG to uniformly eradicate all the bacteria located beneath the skin surface.  

 

The spatial distribution of CHG marker ion (C7H4N2Cl
-
) in the 1

st
 volunteer 

tape strips from the three CHG products is illustrated in Figure 5.7. As shown 

previously in the data extracted from the ToF-SIMS spectra (Fig. 5.3), the 

examination of these ToF-SIMS ion images also clearly demonstrates that HS 

4% shows higher ion intensity of CHG marker ion than either HS 2% or CP 
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2% at TS 2 and 5. The ion intensity at the deeper stratum corneum layers (TS 

10, 15 and 20) is approximately similar from all products. In terms of the 

homogeneity of distribution, it is observed that CHG only shows a uniform 

distribution at TS 2 with a non-uniform distribution at the other tape strips. 

 

 

Figure 5.7: ToF-SIMS ion images of the tape strips removed from the 1
st
 

volunteer highlighting the spatial distribution of CHG marker ion (C7H4N2Cl
-
) 

from (a) Skin Ctrl, (b) HS 4%, (c) HS 2%, and (d) CP 2%. 

 

These findings regarding the spatial distribution of the skin and CHG marker 

ions obtained from the tape strips of the 1
st
 volunteer are also representative for 

the rest of volunteers. Therefore, only the data of the ion intensity of CHG 

marker ion from the different products will be presented here for the rest of 

volunteers. The ion intensity data for the full series of six in vivo analyses for 

CHG products treated volunteers is shown in Figure 5.8.  
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Figure 5.8: A summary of the figures that show the comparison of the ion 

intensity of CHG marker ion (C7H4N2Cl
-
) in the six volunteers after a 2 minute 

application time of the three CHG products (HS 4%, HS 2% and CP 2%). 
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As demonstrated in Figure 5.8, the overall results generally indicate that HS 

4% delivers a greater amount of CHG into the stratum corneum layers than 

does either CP 2% or HS 2%. It is apparent that HS 4% at TS 2 shows a higher 

ion intensity of CHG marker ion (C7H4N2Cl
-
) with a significant increase from 

the skin control and CP 2% in four volunteers (1
st
, 2

nd
, 3

rd
 and 4

th
). In the other 

two volunteers (5
th

 and 6
th

) there is a non-significant difference between HS 

4% and CP 2%. At TS 5, HS 4% shows a higher ion intensity with a significant 

increase from the skin control and the 2% CHG products (either HS 2% or CP 

2%) in all volunteers. This higher ion intensity indicates that a greater 

concentration of CHG is available at a particular tape strip which is thought to 

be important to ensure that the CHG concentration exceeds the minimum 

bactericidal concentration (MBC) required to eradicate the bacteria. In 

addition, in the 4
th

 and 6
th 

volunteers, HS 4% shows to deliver CHG deeper at 

TS 5 than does CP 2% which in turn does not significantly differ from the skin 

control. This may provide an opportunity to efficiently kill more bacteria at the 

deeper stratum corneum layers.  

 

It was found by previous studies that the minimum bactericidal concentration 

(MBC) of CHG required to eradicate the various types of bacteria commonly 

present in the skin is between 4 and 32 µg/mL under in vitro conditions [362-

364]. According to the calibration curve of CHG generated by the microarray 

printing of CHG solutions with the skin homogenate (Chapter 2, Section 

2.4.10), this MBC of CHG can approximately produce an ion intensity of 0.001 

which is at or below the skin control ion intensity. Since both products HS 4% 

and CP 2% generally show an ion intensity that is significantly higher from the 

skin control which is in turn significantly higher from the MBC, it is thought 

that a microbiological experiment is required as a future work to substantiate if 

the more permeated concentration of CHG from HS 4% has the ability to kill 

more bacteria than CP 2% at a particular tape strip. At TS 10, the ion intensity 

obtained from HS 4% in most volunteers (1
st
, 2

nd
, 4

th
, 5

th
 and 6

th
) is either non-

significantly different from the skin control or CP 2% ion intensities. At the 

deeper stratum corneum layers TS 15 and 20, HS 4% mostly shows a non-

significant difference from the skin control. This indicates the limited 
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permeability of CHG into the deeper layers of the stratum corneum. This 

limited permeation may allow for the bacteria located at the deeper skin layers 

to survive and to cause local or systemic infections when the skin barrier is 

breached during surgery [77, 85].  

 

5.4.2.2 Investigation of the vehicle effect 

The vehicle effect on the skin permeation of CHG was investigated by 

comparing the in vivo skin permeation of HS 2% (a water based CHG 

treatment) and CP 2% (an IPA based CHG treatment) products in the six 

human volunteers using the same ToF-SIMS data obtained from the 

investigation of the concentration effect (Section 5.4.2.1). A summary of the 

data is shown in Figure 5.9 detailing the ion intensity of CHG marker ion in the 

six volunteers tape strips after a 2 minute application of both products. The 

statistical comparison is first carried out by comparing the ion intensity from 

either HS 2% or CP 2% (depending which one is showing higher ion intensity) 

to the ion intensity of the skin control and if it is significantly higher from it, 

the comparison is then accomplished between the two products.  

 

In general, the results illustrated in Figure 5.9 show no superiority of one 

product over the other. In the 1
st
 volunteer, there is a non-significant difference 

between the two products at TS 2 and 5. At TS 10, 15 and 20, the ion intensity 

from CP 2% and HS 2% is either equal or less than that of the skin control. The 

2
nd

 and 3
rd

 volunteers show a non-significant difference between the two 

products at TS 2 but at TS 5, HS 2% demonstrates a higher ion intensity with a 

significant increase than CP 2%. The 4
th

 volunteer shows a non-significant 

difference at the all tape strips. However, in the 5
th

 and 6
th

 volunteers CP 2% 

demonstrates a higher ion intensity with a significant increase than HS 2% at 

TS 2 and 5 (5
th

 volunteer) and at TS 2 (6
th

 volunteer). Therefore, the data 

obtained from the six volunteers does not clearly highlight the superiority of 

either HS 2% or CP 2% and generally it can be assumed that the type of the 

vehicle (water or IPA) which is used in the product formulation of HS 2% and 
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CP 2% respectively does not show a significant difference in the skin 

permeation of CHG.  

 

 

Figure 5.9: A summary of the figures that show the comparison of the ion 

intensity of CHG marker ion (C7H4N2Cl
-
) in the six volunteers after a 2 minute 

application time of two CHG products HS 2% and CP 2%. 
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Although, the Evidence-Based Practice in Infection Control (EPIC) guidelines 

recommends the use of 2% CHG in 70% IPA for skin antisepsis [78]. The data 

demonstrated in other studies show some contradiction regarding the 

superiority of aqueous or alcoholic CHG solutions. However, these studies are 

not comparative since they were performed using different approaches such as 

in vitro time-kill test, ex vivo permeation experiment or in vivo clinical study. 

Adams et al. showed that CP 2% has a greater efficacy than the 2% aqueous 

CHG solution when tested in vitro against Staphylococcus epidermidis using 

quantitative time-kill suspension and carrier tests [365]. This higher efficacy of 

CP 2% may be related to the rapid antimicrobial activity offered by the IPA as 

well [85].  

 

In another study, Karpanen et al. compared the skin permeation of CHG from 

the 2% w/v aqueous and alcoholic CHG solutions using human skin mounted 

in Franz cells. They concluded that the concentration of the 2% CHG alcoholic 

solution recovered from the top 100 µm skin sections following a 2 minute 

application time was significantly less than that of the 2% CHG aqueous 

solution. Following 30 minutes application time, there was a non-significant 

difference between them [85]. Furthermore, one clinical study compared CP 

antimicrobial activity with 2% CHG aqueous solution in 106 healthy subjects 

using microbial counts of colony-forming units per square centimetre 

(CFU/cm
2
) and it found that both products have demonstrated an equivalent 

immediate antimicrobial activity following 10 minute exposure [68]. 

Additionally, Valles et al. conducted a clinical study to compare the 

effectiveness of 2% aqueous CHG and 0.5% alcoholic solution for the 

prevention of catheter colonisation and they found that their activity is 

comparable [366]. The overall findings presented here in this section also 

highlight the no superiority of either HS 2% or CP 2% regarding CHG skin 

permeation.  
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5.4.2.3 Investigation of the application time effect 

The influence of the product application time (2, 5, 10, 15, 30 and 60 minute) 

on the skin permeation of CHG in the six volunteers was also investigated. The 

rationale behind this investigation is to establish if the standard 2 minute 

application time of CHG products is optimal to allow an effective permeation 

of CHG into the deeper layers of the stratum corneum. Thus, longer application 

times are studied. In order to ensure the highest possibility of success the HS 

4% which demonstrated the highest ion intensity (greater CHG permeation) in 

the study of the concentration effect (Section 5.4.2.1) was used in this study.  

 

A summary of the data shows the comparison of the ion intensity of CHG 

marker ion at the different application times of HS 4% in the six volunteers, 

illustrated in Figure 5.10. In this study, the highest ion intensity value of CHG 

marker ion from the longer application times (in this case 5 and 10 minute) is 

compared to the 2 minute time ion intensity to determine if there is a 

significant difference between them. Since it is observed in the first three 

volunteers that there is a non-significant difference between the 2, 5 and 10 

minutes ion intensities at TS 20 in addition to the very low ion intensity 

obtained at 60 minutes time interval, the tape stripping procedure is limited to 

15 tape strips and an application time of 30 minutes in the remaining three 

volunteers.  

 

As illustrated in Figure 5.10, the results for volunteers 1-4 generally show a 

non-significant difference in the ion intensity between the longer application 

times and 2 minutes and suggest no benefit of applying HS 4% for a longer 

period. However, volunteers 5 and 6 exhibit a different trend in that the ion 

intensity obtained from the 5 and 10 minute application time is higher than the 

2 minute ion intensity with a significant difference at approximately all tape 

strips. The different results between the volunteers can be attributed to the 

inter-individual and inter-seasonal variations which can influence the 

permeation of CHG into the skin and the amount of the stratum corneum 

removed by the tape strips.  
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Figure 5.10: A summary of the figures that show the comparison of the ion 

intensity of CHG marker ion (C7H4N2Cl
-
) at the different application times of 

HS 4% in the six volunteers. 
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Furthermore, it is observed that at longer exposure times (15, 30 and 60 

minutes), the ion intensity and hence the permeated CHG concentration is 

decreased with increasing application time throughout the different tape strips. 

This may be due to the evaporation and drying of the HS 4% solution over 

time, compromising the permeation of CHG into the skin. Karpanen et al. have 

demonstrated that the CHG concentration achieved within 100 µm skin 

sections following 30 minute application time is less than that following 2 

minute (0.077 ± 0.015 µg/mg and 0.157 ± 0.047 µg/mg respectively) when 

they studied the permeation of CHG into ex vivo human skin using Franz cells 

[77]. The overall results indicate that there may be no advantage of increasing 

the application time of HS 4% to improve permeation of CHG into the stratum 

corneum. 

 

The results presented here for the investigation of the concentration, vehicle 

and the application time effects on the skin permeation of CHG from different 

CHG products are preliminary and lay the foundation for further research in 

this area. A larger number of volunteers are required to be recruited to reduce 

the variability of the data and obtain more reliable results. In addition, to 

overcome the issue associated with the removal of variant amounts of the skin 

by the tape strips, it is more accurate to depend on the fraction of the stratum 

corneum removed by a tape strip rather than the tape strip number as discussed 

in Chapter 1, Section 1.5.1.2. 

 

5.4.3 Ex vivo study 

5.4.3.1 Investigation of the effect of CHG concentration 

As in the in vivo study, the concentration effect on the skin permeation of CHG 

was investigated from the three CHG products (HS 4%, HS 2% and CP 2%) 

but in this case using ex vivo porcine skin mounted in Franz cells instead of the 

in vivo human volunteers. Comparison was carried out using the same 

technique of skin tape stripping with ToF-SIMS analysis. The ion intensity data 

of CHG marker ion (C7H4N2Cl
-
) in the 6 Franz cells after a 2 minute 
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application of the three CHG products (HS 4%, HS 2% and CP 2%) are 

illustrated in Figure 5.11. 

 

 

Figure 5.11: A summary of the figures that show the comparison of the ion 

intensity of CHG marker ion in six Franz cells after a 2 minute application of 

the three CHG products (HS 4%, HS 2% and CP 2%) on porcine skin. 
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As shown in Figure 5.11, CP 2% generally demonstrates a higher ion intensity 

than the skin control and HS 4% with a significant increase at TS 2 in all Franz 

cells. At the other tape strips there is mostly a non-significant difference 

between the two products. These results are in contrast to the in vivo results 

(Section 5.3.3.1) that showed the superiority of HS 4% over CP 2% in terms of 

CHG permeation. In addition, it is observed that the ion intensity of CHG 

marker ion obtained from the ex vivo data (maximum value 0.002) is less than 

that of the in vivo results.  

 

The differences between the ex vivo and in vivo results (lack of correlation) can 

be attributed to the variation in the type of the skin used in the testing (excised 

pig ear skin versus viable in vivo human volar arm skin). Excretion of sweat, 

sebum and moisture on the skin surface represent in vivo physiological 

functions of the viable skin which is difficult to mimic in in vitro testing. It has 

been reported that the poor correlation in percutaneous permeation of 

compounds across species is because of the variations in skin thickness, in the 

composition of the stratum corneum lipids and in the number of hair follicles 

[367]. Netzlaff et al, have demonstrated that variations in the skin amount of 

free fatty acids and triglycerides as well as the number of hair shafts can cause 

differences in the skin barrier among species [368].   

 

Although, porcine skin is quite similar to human skin [369, 370] and many 

compounds have shown a similar permeability in both with a correlation 

coefficient of 0.88, some dissimilarities are also exist between them [134]. 

Jung et al. demonstrated that for 25 compounds in 15 studies, there was a 

difference in the percutaneous permeability between pig and human skin. The 

degree of similarity varies with the compound chemical properties [134] i.e. 

permeant specific. The lack of correlation between in vitro and in vivo data for 

the skin permeation experiments of CHG products means that the in vitro data 

which is performed using porcine skin is not relevant or representative to 

reflect the actual permeation profile of CHG products on human volunteers. 

Extension of this finding of poor IVIV correlation of CHG to include 
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imiquimod’s skin permeation data which was tested using porcine skin leads to 

the conclusion that imiquimod results will be poorly correlated to in vivo data. 

However, this may not be case for imiquimod because the IVIV correlation is 

greatly dependent on the chemical properties of the permeant; especially 

imiquimod has different chemical properties from CHG. The difference in skin 

permeability is compound specific and may vary from chemical to chemical 

[371]. Other factors that may lead to variation between in vitro and in vivo data 

are the daily application of multiple products on human skin including soaps, 

shower gels and hand creams in addition to the environmental conditions such 

as temperature and humidity that influence the permeability properties of the 

skin and may result in such differences. 

It is believed that in order to achieve a reliable in vitro in vivo (IVIV) 

correlation for CHG, a new investigation using ex vivo human skin should be 

performed since it is considered the most reliable model for the in vivo human 

skin [129]. 

 

5.4.3.2 Investigation of the vehicle effect 

The vehicle effect on the permeation of CHG into the porcine skin from HS 2% 

and CP 2% products was investigated using the same ToF-SIMS data obtained 

from the investigation of the concentration effect (Section 5.4.3.1). A summary 

of the data is shown in Figure 5.12 highlighting the ion intensity of CHG 

marker ion in the six Franz cells after a 2 minute application of HS 2% and CP 

2%. CP 2% generally shows a higher ion intensity than the skin control and HS 

2% with a significant increase at the most tape strips in the six Franz cells as 

illustrated in Figure 5.12. This means that CP 2% product and subsequently the 

vehicle IPA can deliver greater amount of CHG into the porcine skin. Again 

this result is dissimilar to the in vivo results (Section 5.4.2.2) that showed no 

superiority of one product over the other in terms of CHG permeation into the 

skin of human volunteers. The difference between the two results is probably 

related to the skin type used in the comparison study as previously discussed in 

the ex vivo investigation of the concentration effect (Section 5.4.3.1). The 

investigation of the application time effect in ex vivo porcine skin was omitted 
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because of the poor IVIV correlation obtained from the concentration and 

vehicle effects. 

 

 

Figure 5.12: A summary of the figures that show the comparison of the ion 

intensity of CHG marker ion (C7H4N2Cl
-
) in six Franz cells after a 2 minute 

application of HS 2% and CP 2% on porcine skin. 

 

 

T
S

 2

T
S

 5

T
S

 1
0

T
S

 1
5

0 .0 0 0 0

0 .0 0 0 5

0 .0 0 1 0

0 .0 0 1 5

0 .0 0 2 0

0 .0 0 2 5

T a p e  S t r ip  N o .

In
te

n
s

it
y

 o
f 

C
7
H

4
N

2
C

l-
io

n
 n

o
r
m

a
li

s
e

d
 b

y

to
ta

l 
io

n
 i

n
te

n
s

it
y

S k in  C tr l

H ib iS c ru b  2 %

C h lo ra P re p  2 %
* *

n s
n s

n s

Cell 1 

 

T
S

 2

T
S

 5

T
S

 1
0

T
S

 1
5

0 .0 0 0 0

0 .0 0 0 5

0 .0 0 1 0

0 .0 0 1 5

0 .0 0 2 0

0 .0 0 2 5

T a p e  S t r ip  N o .

In
te

n
s

it
y

 o
f 

C
7
H

4
N

2
C

l-
io

n
 n

o
r
m

a
li

s
e

d
 b

y

to
ta

l 
io

n
 i

n
te

n
s

it
y

S k in  C tr l

H ib iS c ru b  2 %

C h lo ra P re p  2 %

* * *

* *
*

Cell 3  

T
S

 2

T
S

 5

T
S

 1
0

T
S

 1
5

0 .0 0 0 0

0 .0 0 0 5

0 .0 0 1 0

0 .0 0 1 5

0 .0 0 2 0

0 .0 0 2 5

T a p e  S t r ip  N o .

In
te

n
s

it
y

 o
f 

C
7
H

4
N

2
C

l-
io

n
 n

o
r
m

a
li

s
e

d
 b

y

to
ta

l 
io

n
 i

n
te

n
s

it
y

S k in  C tr l

H ib iS c ru b  2 %

C h lo ra P re p  2 %

*
n s

* *

*

Cell 4 

 

T
S

 2

T
S

 5

T
S

 1
0

T
S

 1
5

0 .0 0 0 0

0 .0 0 0 5

0 .0 0 1 0

0 .0 0 1 5

0 .0 0 2 0

0 .0 0 2 5

T a p e  S t r ip  N o .

In
te

n
s

it
y

 o
f 

C
7
H

4
N

2
C

l-
io

n
 n

o
r
m

a
li

s
e

d
 b

y

to
ta

l 
io

n
 i

n
te

n
s

it
y

S k in  C tr l

H ib iS c ru b  2 %

C h lo ra P re p  2 %
*

n s
*

*

Cell 5  

T
S

 2

T
S

 5

T
S

 1
0

T
S

 1
5

0 .0 0 0 0

0 .0 0 0 5

0 .0 0 1 0

0 .0 0 1 5

0 .0 0 2 0

0 .0 0 2 5

T a p e  S t r ip  N o .

In
te

n
s

it
y

 o
f 

C
7
H

4
N

2
C

l-
io

n
 n

o
r
m

a
li

s
e

d
 b

y

to
ta

l 
io

n
 i

n
te

n
s

it
y

S k in  C tr l

H ib iS c ru b  2 %

C h lo ra P re p  2 %

* * *

*
*

*

Cell 6 

Cell 2 

T
S

 2

T
S

 5

T
S

 1
0

T
S

 1
5

0 .0 0 0 0

0 .0 0 0 5

0 .0 0 1 0

0 .0 0 1 5

0 .0 0 2 0

0 .0 0 2 5

T a p e  S t r ip  N o .

In
te

n
s

it
y

 o
f 

C
7
H

4
N

2
C

l-
io

n
 n

o
r
m

a
li

s
e

d
 b

y

to
ta

l 
io

n
 i

n
te

n
s

it
y

S k in  C tr l

H ib iS c ru b  2 %

C h lo ra P re p  2 %

* *

n s n s

*



203 

 

5.5 Conclusions 

The work in this chapter has exploited the high sensitivity of the ToF-SIMS to 

analyse individual tape strips removed from human volunteers to compare the 

skin permeation of CHG from commercial products currently used in hospitals 

within the UK for skin antisepsis before performing a surgery or catheter 

insertion. The comparison between the different products was carried out to 

investigate the influence of concentration, vehicle, and the application time on 

the skin permeation of CHG. An investigation of the concentration effect (2% 

and 4% w/v) in human volunteers after a 2 minute application of different 

products has shown that HS 4% produces a higher concentration of CHG in the 

upper stratum corneum (TS 2 and 5). However, at the deeper stratum corneum 

layers (TS 15 and 20) a very limited amount of CHG has been permeated. This 

finding of the limited permeation of CHG into the deeper stratum corneum 

layers achieved by the layer by layer analysis of the stratum corneum using 

ToF-SIMS confirms the already established knowledge of the limited 

permeation of CHG into the skin. Moreover, the ToF-SIMS secondary ion 

images have shown that CHG was distributed and localised non-uniformly 

within the skin beyond TS 2. This may affect the antiseptic activity of CHG to 

uniformly eradicate the bacteria located beneath the skin surface. The results 

from the investigation of the vehicle effect (water and IPA) on the skin 

permeation of CHG after a 2 minute application of HS
 
2% and CP 2% on the 

skin of human volunteers have not clearly shown the superiority of one product 

over the other in terms of the effect on CHG permeation. Additionally, 

investigating the effect of the different application times on the skin 

permeation of CHG from HS 4% in the human volunteers has demonstrated 

that no benefit of increasing the application time to achieve a greater 

permeation of CHG into the deeper stratum corneum layers. It is thought that 

an investigation on a larger number of volunteers is required to reduce the 

inter-individual variability and obtain more reliable data. In contrast to the in 

vivo results, ex vivo study using porcine skin has shown that a higher ion 

intensity of CHG is obtained from CP 2% rather than HS 4% at the upper 

stratum corneum layers (TS 2) with mostly a non-significant difference 

between the two products at the other tape strips. In addition, the investigation 
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of the vehicle effect, CP 2% has shown superiority over HS
 
2% in delivering 

CHG into the porcine skin stratum corneum. These differences between the in 

vivo and ex vivo results can be attributed to the difference in the skin type used 

in both studies. Therefore, it is believed that the use of ex vivo human skin may 

lead to an improvement in the IVIV correlation. 
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6 Chapter Six: General Conclusions and Future Work  

6.1 General Conclusions 

The assessment of drug permeation into/across the skin is traditionally 

performed using Franz diffusion cells with subsequent analysis of the different 

Franz cell elements by HPLC. Although, HPLC represents a quick, quantitative 

and versatile analysis method, it suffers from issues of low sensitivity and the 

requirement of an efficient sample extraction step with solvents prior to 

injection into the HPLC system. This increases the complexity of the method 

and the time needed for the analysis. Additionally, as the HPLC does not have 

any imaging capability, it is unable to identify the exact depth of permeation or 

provide information about the spatial distribution of a permeant within skin for 

the topically applied formulations. 

 

ToF-SIMS offers numerous advantages of high sensitivity and chemical 

specificity that can be exploited for the analysis of biological samples without 

the need for fluorescent tags or radiolabels. However, to date there are only a 

small number of studies that utilise ToF-SIMS to explore drug permeation into 

the skin. Therefore, the 1
st
 aim of this thesis was to investigate the potential 

complementary role of ToF-SIMS to map the permeation and visualise spatial 

distribution of imiquimod and chlorhexidine within skin with a quantification 

aspect.  

 

ToF-SIMS is generally considered to provide semi-quantitative results due to 

matrix effects that influence the ionisation and secondary ion yield. The work 

in chapter 2 demonstrated the ability to manage the matrix effects and to 

quantify ToF-SIMS data using calibration curves generated by microarray 

printing of skin homogenate with drug solutions at different concentrations. 

 

 



206 

 

Skin homogenate represents the ideal matrix for this purpose due to its identity 

and relevance to real skin tissue. Therefore, a multi-step mechanical method 

was developed that is efficient in producing skin homogenate in an acceptable 

time limit and without introducing any chemicals that may interfere with the 

signal obtained from an analyte within skin when analysed by ToF-SIMS. In 

addition, the microarray printing approach provides a high throughput 

technique to generate and analyse many samples simultaneously. The 

homogeneity of the mixture of drug solutions with skin homogenate, the type 

of pin used and pin washing method have a great impact on the quality of the 

printed microarray and consequently on the generated calibration curve. 

Calibration curves of imiquimod and chlorhexidine were successfully 

generated with appropriate linearity, accuracy and precision and used in the 

subsequent chapters to determine their concentration in the test samples for 

example in the tape strips. Nevertheless, the quantification of ToF-SIMS data 

for imiquimod from the cross-sectioned skin samples was inapplicable as the 

ion intensity of imiquimod obtained from these samples was below the 

quantification limit of the calibration curve of imiquimod.  

 

The novel approach of combining conventional and advanced analysis 

techniques to assess drug permeation into the skin was successfully shown in 

chapter 3. The work in this chapter provided complementary and detailed 

information regarding the permeated amounts of imiquimod, the permeation 

depth and the spatial distribution of imiquimod within skin. The HPLC and 

ToF-SIMS results highlighted the most detailed assessment yet of the 

permeation of imiquimod from Aldara
™

 cream. The results showed that 

imiquimod permeates into the stratum corneum but has limited permeation into 

the viable epidermis and dermis layers. These results are consistent with the 

FDA approval and clinical trials for the treatment of superficial BCC lesions. 

The imaging capabilities offered by ToF-SIMS provided a significant 

advantage over HPLC for visualising the spatial distribution of imiquimod in 

tape strips and cross-sectioned skin samples. The ToF-SIMS ion images of 

Aldara
™

 cream tape strips illustrated a non-uniform distribution of imiquimod 

within skin which may result in decreasing the efficacy of the cream to 
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uniformly treat whole BCC lesions giving rise to the likelihood of tumour 

recurrence. ToF-SIMS analysis of cross-sections obtained from the permeation 

study of penetration enhancers DMSO and oleic acid showed that the existence 

of imiquimod is primarily at the stratum corneum layer. Indeed, penetration 

enhancers (DMSO and oleic acid) have not improved the permeation of 

imiquimod into the deeper skin layers and other strategies are needed to 

enhance delivery of imiquimod. The complementary approach of analysis 

using conventional and advanced techniques may assist to improve the design 

of more effective formulations of imiquimod in the future to treat BCC lesions. 

Additionally, this approach was successfully utilised in chapter 4 to 

demonstrate if there was an enhancement of imiquimod permeation into the 

skin following microemulsions and microneedles application.  

 

Furthermore, the high sensitivity offered by ToF-SIMS elucidated in 

unprecedented way the in vivo and ex vivo comparison of chlorhexidine 

permeation into the stratum corneum from commercial products (HS 4%, HS 

2% and CP 2% w/v) by the analysis of individual tape strips removed from 

human volunteers or porcine skin. This work demonstrated the successful 

application of ToF-SIMS to monitor drug permeation into the stratum corneum 

and highlighted the potential of providing detailed information that cannot be 

obtained by conventional analysis methods. The comparison between the 

different products was carried out to investigate the influence of concentration, 

vehicle, and the application time on the skin permeation of CHG. An 

investigation of the concentration effect (2% and 4% w/v) in human volunteers 

after a 2 minute application has shown that HS 4% produces a higher 

concentration of CHG in the upper stratum corneum (TS 2 and 5). However, at 

the deeper stratum corneum layers (TS 15 and 20) a very limited amount of 

CHG has been permeated. Moreover, the ToF-SIMS secondary ion images 

have shown that CHG was distributed and localised non-uniformly within the 

skin beyond TS 2. This may influence the antiseptic activity of CHG to 

uniformly eradicate the bacteria located beneath the skin surface. The results 

from the investigation of the vehicle effect (water and IPA) on the skin 

permeation of CHG after a 2 minute application on the skin of human 
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volunteers have not clearly shown the superiority of one product over the other 

in terms of the effect on CHG permeation. Additionally, investigating the 

effect of the different application times on the skin permeation of CHG from 

HS 4% in the human volunteers has demonstrated that no benefit of increasing 

the application time to achieve a greater permeation of CHG into the deeper 

stratum corneum layers. In contrast to the in vivo results, ex vivo study using 

porcine skin has shown that a higher ion intensity of CHG is obtained from CP 

2% than other products. These differences between the in vivo and ex vivo 

results can be attributed to the difference in the skin type used in both studies. 

Therefore, it is believed that the use of ex vivo human skin may lead to an 

improvement in the IVIV correlation. 

 

As other studies have reported that Aldara
™

 cream has some limitations in the 

treatment of nodular BCC lesions due to the cream’s inability to deliver 

imiquimod into the deeper more invasive nodular lesions, the 2
nd

 aim of this 

thesis was to enhance imiquimod permeation into the skin to overcome these 

limitations. Therefore, an attempt to improve delivery of imiquimod into the 

viable epidermis layers of porcine skin using microemulsions and microneedles 

was investigated. Imiquimod microemulsions were formulated, characterised 

and then tested for skin permeation enhancement. However, the assessment of 

imiquimod permeation from the formulated microemulsions alone and with 

microneedle pre-treatment using HPLC and ToF-SIMS demonstrated a limited 

ability of the microemulsions to improve delivery of imiquimod over Aldara
™

 

cream. This was attributed to the poor release of imiquimod from the 

microemulsion formulas due to the high affinity of imiquimod for the oil phase 

and the encapsulation of the oil droplets by the S/Co-S mixture. The en face 

light microscope images of the microneedle treated skin samples demonstrated 

the penetration efficiency and reproducibility of the stamp pen to disrupt the 

skin barrier by forming pores through which the penetration of the dyes 

(gentian violet and methylene blue) was facilitated. In addition, the histological 

examination of the microneedle treated skin samples (unstained and stained 

samples) proved the ability of the stamp pen to create microchannels through 

the skin reach the depth of papillary dermis layer. In contrast to 
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microemulsions, Aldara
™

 cream with microneedle pre-treatment using derma 

stamp electric pen showed improved delivery of imiquimod into the skin. The 

recovery percentage of imiquimod in tape strips and remaining skin determined 

by HPLC was approximately three times higher than samples without 

microneedle pre-treatment. In addition, the ToF-SIMS ion images of the cross-

sectioned skin samples illustrated the existence of imiquimod in the 

microchannels and in the epidermal layer at a higher ion intensity compared to 

Aldara
™

 cream alone. This greater permeation of imiquimod into the epidermal 

layer may provide the opportunity for more efficient treatment of BCC lesions.   

 

6.2 Future Work and Recommendations 

The majority of the work in this study is the first of its kind and lays the 

foundation for further application of these approaches to assess the permeation 

into and across the skin following the administration of topical or transdermal 

formulations. However, there are some amendments and recommendations that 

can be carried out to further improve the quality of data and expand the scope 

of information gained.  

 

For the quantification of ToF-SIMS data, this work demonstrated the ability to 

manage the matrix effects and to quantify ToF-SIMS data by generation of a 

calibration curve of a drug in skin homogenate using a high throughput method 

of microarray printing. Skin homogenate represents a similar chemical 

environment for the tested samples and therefore it can be used to assess the 

ionisation efficiency of drug molecules permeated into the skin. However, this 

skin homogenate consists of the different skin layers (stratum corneum, viable 

epidermis and dermis) which vary in the composition of their constituents such 

as the difference in the type of lipids in each layer. For example, phospholipids 

are absent in the stratum corneum layer but present in the viable epidermis. 

Thus, the presence of phospholipids may influence the ionisation of drugs to 

some extent and subsequently affect the calibration curve used in the 

quantification of a drug concentration in the tape strips containing only the 

removed stratum corneum layer. Therefore, it is thought that the extraction of 
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the stratum corneum layer from the other skin layers and its use as skin matrix 

to generate a calibration curve may be more relevant to the tested tape strips 

samples and can results in more accurate determination of a drug 

concentration. In addition, it is more relevant to make the correlation between 

the calibration curve and the tested samples using the same type of skin. For 

example, in the determination of CHG concentration in the tape strips removed 

from human volunteers, the comparison was made with a calibration curve 

using skin homogenate of porcine skin. Therefore, it is believed that the use of 

human skin to make the skin homogenate to generate the calibration curve will 

be more pertinent to the tested samples. Another point is to investigate the 

physical and chemical uniformity of the printed microarray spots using optical 

profilometry and ToF-SIMS depth profiling through the spots. Another 

recommendation regarding the microarray printing process is to use a solid pin 

manufactured by a specialised company and not by a small workshop to ensure 

the appropriate design of the pin tip which has a great influence on the quality 

and consistency of printing. This may further improve the printing outcome.   

 

The assessment of imiquimod permeation into porcine skin from Aldara
™

 

cream has provided previously unobserved insights into the permeation depth 

and the spatial distribution of imiquimod within skin. However, this assessment 

was carried out using porcine skin. This can only provide an initial idea or 

prediction about the delivery in living humans. Therefore, to obtain more 

relevant information it is recommended to assess the permeation of imiquimod 

using ex vivo human skin followed by in vivo experiments. In addition, 

imiquimod has demonstrated a non-uniform distribution within skin which may 

decrease the efficiency of Aldara
™

 cream to uniformly treat whole BCC 

lesions. Therefore, an investigation is required to explore the reason behind this 

non-uniform distribution which may be related to the existence of a particular 

constituent such as fatty acids that facilitated the permeation of imiquimod into 

the skin. i.e. further investigation is needed to elucidate the mechanism or the 

pathway of imiquimod skin permeation. One area for future work would be to 

develop a method to conduct the depth profiling through skin tissue using 

dynamic SIMS to investigate the permeation depth of imiquimod. This 
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provides an opportunity to map imiquimod permeation into skin without the 

need to perform a skin cross-sectioning. However, this requires the 

development of a method to monitor the sputter rate. In addition, the analysis 

area in this case is limited only to a small area of 200 µm.  

 

The enhancement of imiquimod permeation into the skin using microemulsions 

and microneedles is thought to be useful to overcome some of the limitations 

associated with the topical treatment of BCC lesions by Aldara
™

 cream. 

However, the formulation of o/w microemulsions of imiquimod was unable to 

improve the delivery of imiquimod either alone or with microneedle pre-

treatment. It is possible that the high affinity of imiquimod for oleic acid and 

the encapsulation of oleic acid droplets by S/Co-S mixture result in retaining 

imiquimod within oleic acid droplets. This reduced the ability to partition out 

that leads to the poor release and transfer of imiquimod from microemulsions 

to the skin. It is believed that an optimisation of the microemulsions 

formulation is required as a future work, perhaps focusing on areas such as 

changing the type of oil used to one in which imiquimod is only moderately 

soluble to facilitate its release to the skin. e.g. isostearic acid. On the other 

hand, the application of the stamp pen in conjugation with Aldara
™

 cream has 

shown promising results regarding the enhancement of imiquimod permeation 

into porcine skin. Therefore, it is recommended that the next step would be to 

repeat these series of experiments using ex vivo human skin. Further to this, 

clinical trials could be carried out to test this treatment method on patients 

suffering from BCC lesions to optimise the final application conditions. The 

‘poke and patch’ concept (i.e. two-step process) used in the application of the 

solid microneedles may decrease patient compliance and the adherence to the 

treatment. Thus, the use of coated or dissolving microneedles with imiquimod 

at the tip of the needles or within the dissolved needles can address the issue of 

the two-step application and consequently increase patient compliance.  

 

The in vivo comparison between the different commercial products of CHG 

used in skin antisepsis showed new insights into the depth and the spatial 
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distribution of CHG within skin as well as providing the foundation for the 

potential application of ToF-SIMS to assess the bioequivalence of topical 

products. However, this study has investigated the permeation of CHG from 

these products on only 6 volunteers and analysed 4-5 strips from each product. 

Therefore, a larger number of volunteers can be recruited in this study with the 

analysis of the whole set of the removed strips to reduce the variability of the 

results and obtain more detailed information regarding the permeation 

behaviour. The results demonstrated that CHG permeates at higher 

concentration from HS 4% than CP 2% at TS 2 and 5. However, the permeated 

concentration from both products HS 4% and CP 2% is significantly higher 

from the minimum bactericidal concentration (MBC) of CHG. Therefore, it is 

thought that a microbiological experiment is required to substantiate if the 

more permeated concentration of CHG from HS 4% has the ability to kill more 

bacteria than CP 2% at a particular tape strip. Additionally, it is more accurate 

to depend on the fraction of the stratum corneum removed by a tape strip rather 

than the tape strip number to overcome the issue associated with the removal of 

variant amounts of the skin by the tape strips. The ex vivo permeation 

comparison between the different CHG products has shown a poor correlation 

with the in vivo study. Therefore, it is recommended that the use human skin 

instead of porcine skin may have a tendency to improve the IVIV correlation. 
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Appendix: Ethical Approval Information of In Vivo 

Chlorhexidine Skin Permeation Study  

 

[In vivo Assessment of Chlorhexidine Permeation into the Skin] 

 

Aims:  

In vivo skin permeation assessment of chlorhexidine (CHG) from 

commercial (over the counter) products to study the effects of 

concentration, vehicle type and application time on the skin permeation of 

CHG in addition to visualise the spatial distribution of CHG within skin 

following the application of these products. 

 

Methods: 

 CHG products (HiBiSCRUB 4% w/ CHG aqueous solution, 

HiBiSCRUB 2% w/v CHG aqueous solution and ChloraPrep 2% w/v 

CHG in 70% IPA solution) will be tested.   

 Six healthy human volunteers with age between 20-55 years will 

participate in this study.  

 To study the effect of concentration and vehicle type, the products will 

be applied on the skin of the volar forearm for 2 minutes followed by 

tape stripping of the application site using adhesive tape strips (D-

Squame, USA) for up to 20 strips.  

 To investigate the application time effect, the experiment will be 

repeated but at longer application times such as 5, 10, 15, 30 and 60 

minutes. 

 The collected tape strips will be analysed within 24 hours using ToF-

SIMS analysis and disposed of using the hazardous waste laboratory 

disposal.  
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A representation of the procedure to be carried out is shown in Figure 1. 

 

 

Figure 1. Method of tape stripping (a) application of the formulation on a 

marked skin area; (b) homogeneous distribution; (c) the adhesive tape is 

pressed with a roller on the skin, an empty sheet of paper avoids the transfer of 

the formulation onto the back side of the tape; (d) removal of the tape
 
. 

 

Recruitment of research participants: 

For the initial experiment we will use ourselves (myself and my supervisors) 

and later on we will recruit additional 3 volunteers (PhD students) from the 

school of pharmacy to get a total number of 6 volunteers. We will try to 

balance between the gender type recruiting 3 males and 3 females. The age 

group will be between 20-55 years old.  
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Participant information leaflet 

Thank you for volunteering to help us with our final year project.  This 

information sheet explains the aims of our study and what the study 

involves.  Please take the time to read it. 

 

Aims: 

To compare between the skin permeability of chlorhexidine (antiseptic drug) 

from commercial products regarding the effects of concentration, vehicle type 

and application time. 

 

Method: 

The antiseptic products (HiBiSCRUB and ChloraPrep) will be applied on the 

marked skin area of the volar forearm for different time intervals such as 2, 5, 

10, 15, 30 and 60 minutes followed by sequential application and removal of 

an adhesive tape at the product application site for up to 20 strips in order to 

remove the stratum corneum layer of the skin. 

 

What is required of participants? 

If you decide to participate in this study, we will need you to tell us if you have 

any systemic allergic diseases such as asthma or hay fever, skin allergy such as 

contact dermatitis or eczema. Also let us know if you have allergy to medicines 

especially antiseptics containing chlorhexidine in their formulation or 

hypersensitivity towards the adhesive tapes. The study should take 

approximately 90 minutes and will be carried out at Boots Science Building.   

We will need your contact details in order to arrange a study time.   
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Confidentiality and security of information 

All information will be confidential and kept in a secure place. Information 

will only be accessible to the students conducting the study and the project 

supervisors.   

Participation in this study is voluntary and if you do not wish to participate we 

will not apply the data collected from you in our report.  If you wish to 

withdraw consent of participation at any time during the study, you may do so.  

A consent form will be provided to participants prior to the scheduled meeting 

time.  If you are willing to take part in the study, a consent form will be given 

to you for you to sign.  Please feel free to ask any questions about our study. 

 

Consent form:  

I....................................................confirm the following: 

I have been informed of and understand the purpose of this study. 

I have been given the opportunity to ask questions about the study. 

I understand that I can withdraw consent of participation at any time during the 

study without prejudice. 

Any information which might potentially identify me will not be used in any 

published material. 

I agree to participate in the study as outlined to me. 

 Signature:...................................                Date:...................... 
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Contacts:                                                                                                                                                               

Study Leader:                                                                                                                                                                      

Mohammed AL-Mayahy 

PhD Student  School of Pharmacy 

Room C15 Boots Science Building 

   University Park  

   NG7 2RD 

   United Kingdom 

 

Telephone: 07721646120 

E-mail: paxmhal@nottingham.ac.uk  

 
Supervisor: Dr David J. Scurr 

   Division of Laboratory of Biophysics and Surface 

Analysis 

   School of Pharmacy 

   Room C28 Boots Science Building 

   University Park 

   Nottingham 

   NG7 2RD 

   UK 

Telephone:  0115 846 6276 

Email:  david.scurr@nottingham.ac.uk  

 

Supervisor: Dr Maria Marlow 

   Division of Drug Delivery & Tissue Engineering 

School of Pharmacy 

Room D05 Boots Science Building 

University Park 
Nottingham 

   NG7 2RD 

   UK 

Telephone: 0115 846 7045 

Email:  maria.marlow@nottingham.ac.uk     
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