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ABSTRACT 

A viable in virro excised human skin model was developed to accurately assess 

cutaneous delivery and metabolism of two ester type compounds; tetracaine (TC) and 

methyl salicylate (MS). This model could maintain the viability of fresh skin in diffision 

cells for 24 hours. Skin viability was assessed using two methods; oxygen consumption 

measurement and confocal laser scanning microscopy. Two fluorescent probes, calcein AM 

and ethidium homodimer- I ,  were used as live and dead markers, respectively. General 

morphology and localization of nonspecific esterase activity in the skin samples from 

diffusion cell were checked histologically. Cutaneous delivery and metabolism of MS was 

evaluated with this viable skin model and compared to human skin homogenate model. 

A sensitive reversed phase ion-pairing high performance liquid chromatography 

(HPLC) assay was developedhefined to simultaneously analyze TC and its metabolite (4- 

BABA). Several factors affecting this HPLC system were identified. The limit of detection 

for TC and CBABA was 0.3 ng and 0.5 ng, respectively. The limit of quantitation for TC 

and 4-BABA was 1 0 ng and 5 ng, respectively. Linearity was in the range of 10 - 120 ng 

for TC and 5 - 60 ng for 4-BABA. 

MS was hydrolyzed to salicylic acid (SA) during absorption through full thickness 

human breast skin in diffision cells. The extent of MS hydrolysis was significantly higher 

in viable skin than in non-viable. The extent of absorption of SA through viable and non- 

viable skins was similar. In human skin homogenate, MS was hydrolyzed at the rate of 

72.3 1 nmol/h/pg protein while the hydrolysis in phosphate buffered saline was very low. 

TC hydrolysis in human skin homogenate was not extensive due to substrate inhibition. 



From the kinetic study of TC hydrolysis in human skin hornogenate, K,,, was in the 1 1-28 

pM range and V,, was in the 2.0-2.8 pmoVh/pg protein range. Temperature over 60°C 

substantiaily reduced esterase activity in both modeis therefore caution must be taken 

during preparation and handling of tissue samples to preserve esterase activity. The viable 

in vitro excised skin model will provide more accurate quantitation of skin metabolism and 

absorption of xenobiotics. 
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CHAPTER ONE 

RATIONALE AND OBJECTIVES 

1.1 Rationale 

In the evaluation of topical preparations, the general requirements of appearance, 

stability, microbial specification and bioavailability must be fulfilled. A percutaneous 

absorption study is also an essential criterion to ensure that adequate drug delivery is 

achieved. In addition, cutaneous metabolism during permeation is important. The ability 

of the skin to metabolize xenobiotics has been well demonstrated. This has significance in 

pharmacological and toxicological relevance. Active drugs may become inactivated after 

metabolism, e.g. nitroglycerin (Wester et al., 1983; Higo et al., 1992). This is normally 

considered a drawback, however, it is beneficial for the detoxification of compounds that 

are systemically toxic. On the other hand, inactive substances may be enzymatically 

transformed into the active form after penetration into or through the skin, which is the 

concept of prodrugs. 

Since the drug preparations are developed for human use, the most reliable result 

is, of course, fiom a human in vivo study. However, there are many limitations that make 

this approach impractical, such as ethical and safety considerations, time, cost, etc. 

Although in vitro results may not exactly represent the real situation in vivo, some 

correlations or directions can be obtained. It may provide a predictive appraisal for human 



skin absorption and metabolism, hence the bioavailability of topical xenobiotics. 

Considering that in vivo experiments are more difficult to conduct, time consuming and 

expensive, in vitro skin models are more practical and worth pursuing. Numerous 

experimental approaches have been developed to evaluate skin absorption. But there are 

still no commonly accepted methods that are entirely satisfactory (Kao, 1990). There are 

various important factors to be controlled and experimental designs are still being 

developed according to the modified and redefined rationales for a skin absorption study. 

Intact skin is the most similar in vztro sample to the real situation in living animals or 

human. Excised intact skin fiom humans and animals has been used in diffusion cell studies 

to evaluate penetration, metabolism and toxicity o f  xenobiotics. However, not so many 

studies paid attention to the viability maintenance o f  the skin during the experiment. This 

might lead to questionable values obtained fiom the metabolism studies. Skin homogenates 

are also popular in metabolism studies since this model is simple, not too difficult to 

prepare and can provide useful metabolism information. Skin fiom human source was used 

in both models, hence provided a closer approach to a human in vivo condition than models 

which use animal skins. 

The most important aspect of the excised skin model is to maintain the viability of 

the skin during the experiment in order to validate the usefulness of the model in the study 

of metabolism during permeation. Although there are a number of viability assays available 

including morphological studies, metabolic assays (synthesis of proteins, lipids, nucleic 

acids, metabolites, tetrazoliurn salts reduction, etc.), few methods have been applied to 

evaluate the viability of the skin samples during permeation study. Some of the methods 

used are the detection of radioactive carbon dioxide generated from aerobic glucose 
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utilization and lactate formation from anaerobic glucose utilization (Collier et a!., 1989). 

In this study, alternative non-radioactive approaches were developed using a relatively 

simple oxygen consumption measurement and a new methodology of confocal laser 

scanning microscopy (CLSM). 

Live cells utilize oxygen under aerobic conditions. The extent of oxygen 

consumption depends on the number and activity of living cells. The detection of 

radioactive carbon dioxide generated from aerobic metabolism of glucose (May and 

DeClement, 1980; Collier et al., 1989) requires the use of radioactive material. An 

alternative method is to measure the oxygen concentration in the tissue itself using an 

oxygen electrode. However, this requires a special instrument and electrode. Zeiger et al. 

(1993) developed a simple system using a Clark-type polarographic oxygen electrode 

connected to a pH meter to measure the aerobic activity in small discs of split-thickness 

skin for viability assessment in the allograft skin banking. Their method was adapted and 

applied to assess the viability of fkll-thickness skin on diffusion cells in this study. An 

oxygen electrode was used to measure the oxygen concentration in the buffer above the skin 

surface on diffusion cells. The change in oxygen concentration in the buffer with time 

reflects the oxygen consumption by the skin sample and hence its viability. 

For the viability assessment of skin samples using CLSM, Boderke et al. (1997) 

used propidium iodide to identify cell death in the study of aminopeptidase activity in 

freshly excised human skin. Imbert and Cullander (1 997, 1999) reported the use of calcein 

AM (CAM) and ethidium homodimer- 1 (EthD- 1 ) to determine the viability of cornea and 

buccal mucosa, and compared to standard tetrazolium salt (MTT) assay. In this study, CAM 

and EthD-1 were employed to assess the viability of intact human skin in diffusion cells 
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during the permeation study. CAM which was virtually nonfluorescent, penetrated and was 

well retained within live cells. It was hydrolyzed by intracellular esterases to calcein which 

produced an intense uniform green fluorescence. EthD-1 did not penetrate live cells but 

passed through the membranes of dead cells. Upon binding to nucleic acids, it underwent 

a 40-fold enhancement of fluorescence and gave a bright red fluorescence (Molecular 

Probes, Inc., 1996). Quantitation of the viability of tissue was done by comparing the light 

intensities ofthe probes in the samples to those in the live and dead controls. The result was 

combined with the oxygen consumption result to indicate the viability of the skin on 

di f i s ion  cells. 

After the viability of the skin in diffusion cell was confirmed and maintained, the 

viable skin model was used in the assessment of metabolism and penetration of test 

compounds. Skin homogenate from human source was also used in this study as a parallel 

model to compare the metabolism of the model drugs. 

Esterases are abundant hydrolytic enzymes in mammals and other living organisms 

(Long, 196 1) with a broad range of substrate type, including esters, amides and peptides 

(Walker and Mackness, 1983; Deimling and Bocking, 1976). They play a significant role 

in the deactivation/detoxification of xenobiotics and endogenous compounds as well as the 

activation ofprodrugs. Two ester-type drugs were selected as the model compounds in this 

study, tetracaine (TC) and methyl saiicylate (MS). 

TC, a potent local anesthetic with slow onset and long duration of action, has high 

systemic toxicity. Therefore, its use is limited to surface and spinal anesthesia. TC is an 

ester and is hydrolyzed by esterases in plasma and, to a lesser extent, in the liver (Reynolds, 

1996). The expected enzymes that hydrolyze TC in the skin are esterases, specifically 
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carboxylesterase. However, other esterases in the skin may also contribute to the hydrolysis 

ofTC. Since there are wide overlapping substrate specificity ofthese enzymes, it is difficult 

to specifically classify enzymes in this group. If TC is metabolized in the skin, the duration 

of anaesthesia and the potential systemic toxicity would be affected. It would be interesting 

to know where the drug distributes to, whether the drug is metabolized during percutaneous 

absorption and to what extent, after application to the skin. Hence, TC was chosen as a 

model compound for this investigation. 

The rationale behind the selection of MS as another model compound in this study 

originated fiom the finding of substrate inhibition effect of TC on esterases in human skin 

homogenate model. Since TC had substrate inhibition effect at a clinical dose, another ester 

was needed to test the models. MS was selected because it is an ester drug which has been 

widely used topically. Preliminary experiments with MS, incubated with the skin 

homogenate, showed no substrate inhibition. Information on MS is available and includes 

its clinical uses, pharmacokinetics, metabolism, permeation, and toxicity. The use of MS 

as another model compound provided better characterization ofthe models used, especially 

the excised skin in the diffusion cell model, where the viability of the skin was maintained 

for 24 hours, hence making the model suitable for the investigation of metabolism during 

permeation study. 



1.2 Objectives 

The overall purpose of this study was to develop a viable in vitro skin model for 

evaluating the cutaneous delivery and metabolism of ester-type compounds. The main 

objectives of the study were: 

To develop a viable excised human skin model that can be used in a difhsion cell 

system to simultaneously study drug absorption and cutaneous metabolism. 

To identify and determine skin parameters that can reflect viability during the 

experimental period in diffusion cells. 

To evaluate the viable skin model for metabolic activity using model ester type 

compounds; tetracaine and methyl salicylate. 

To compare the viable excised human skin model with the human skm homogenate 

model regarding metabolism aspect. 

These main objectives were carried out using the following steps: 

The development/improvement of sensitive HPLC methods which can 

simultaneously analyze the model compounds, TC and MS, and their metabolites 

in order to determine the rate and extent of metabolism of the model compounds in 

the in vitro models. 

The evaluation of the viability of the excised skin in diffusion cell model using two 

new alternative non-radioactive approaches, the oxygen consumption measurement 

and the CLSM methods. 

The conductance of permeation and metabolism studies of the model ester 

compounds. 



The comparison of metabolism results fkom the viable excised skin model with 

those born the skin homogenate model. 

The identification of the important factors in the development of each model. 

The localization of esterases in the skin. This was obtained from the morphology 

and the nonspecific esterase histology results. The information was combined with 

the available information in the literature to gain more insight about skin esterases. 



CHAPTER TWO 

LITERATURE REVIEW 

2.1 Skin 

The skin is the most external organ of the body. It forms a vast physical barrier 

between the body and its environment. Average adult human skin exceeds 2 m2 in area and 

is the largest organ, in terns of mass, of the body (Odland, 199 1 ). 

2.1.1 Skin Structure 

The skin is composed of a keratinized squamous stratified epithelium called the 

epidermis and an underlying dense connective tissue layer called the dermis or corium. 

Below the dermis is the subcutaneous tissue or hypodermis which contains variably thick 

layer of fat. Skin appendages such as the eccrine sweat glands, apocrine glands and 

pilosebaceous units (hair follicles and sebaceous glands) are interspersed in the dermis and 

the epidermis. 

The epidermis is conventionally subdivided into five layers (strata) from inside out; 

stratum basale or stratum germinativum, stratum spinosurn, stratum granulosum, stratum 

lucidum and stratum comeurn. The keratinocytes in the stratum basale have a columna 

(elongated) shape in the vertical axis. Replication is restricted to the basal layer. Cells 

leaving the basal layer enter the stratum spinosum. The thickness of this layer depends 

largely on the anatomical site. In the stratum granulosum, cells become more flattened and 



elongated in the direction parallel to the surface. Cells in this layer contain distinctive 

cytoplasmic inclusions called keratohyalin granules. The stratum lucidum is not a well 

defined layer. It is best seen in thick skin and stains poorly. The outer stratum corneum or 

horny layer consists of layers of flattened, fully keratinized dead cells which are eventually 

shed. The thickness of the epidermis varies relatively little over most of the body, between 

75 and 150 pm, except on the palms and soles where the thickness may be between 400 and 

600 prn, resulting fiom the very thick stratum corneum (Odland, 199 1). The thickness of 

the stratum corneum varies regionally within a range of 15 to 20 cell layers over most of 

the body surface (Odland, 1991). The average transit time for stratum comeum cells is 14 

days. If including the time for regeneration of the germinative cells, it may be estimated that 

normal human epidermis completely replaces itself in about 4 5  to 75 days (Odland, 1991). 

In addition to keratinocytes, which are the major cells in the epidermis, there are three 

other distinctive cell types; melanocytes, Langerhans cells and Merkel cells. Melanocytes 

produce melanin and are found in the basal layer. Langerhans cells are assumed to be 

specialized cells derived from the bone marrow and are involved in irnrnunogenesis. Merkel 

cells are much more sparsely distributed than melanocytes and Langerhans cells and are 

believed to be a touch receptors (Leeson, 1985; Murphy, 1997). 

The dermis constitutes the main mass of the skin. It consists mainly of moderately 

dense connective tissue with structural protein fibers; collagen and elastic fibers, embedded 

in an amorphous ground substance. The major cells of the dermis are fibroblasts which 

synthesize the main structural elements aforementioned. Other cells found ubiquitously are 

the perivascular mast cells which produce the ground substances and also linked to allergic 

responses of the skin, and variable numbers of tissue macrophages. The dermis may be 
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arbitrarily divided into two anatomical regions; the papillary dermis and the reticular 

dermis. The papillary dermis is the thin outermost part of the dermal tissue, which is 

molded against the epidermis in an undulated fashion. It encloses the vast microcirculatory 

blood and lymphatic plexuses. The reticular dermis lies beneath the papillary dermis. It is 

thicker, denser and relatively acellular and avascular when contrasted to the papillary 

dermis- The thickness of the dermis ranges fi-om 1 to 5 rnm (Flynn, 1996). The dermis 

supports extensive sensory nerve networks as well as the vasculature and lymphatics. 

Skin appendages are epidermal derivatives but are embedded in the dermis. Eccrine 

sweat glands are present almost all over in the human skin but most abundant on the palms, 

the soles and the axillae. Their function is primarily temperature regulation. Apocrine 

glands represent scent glands and are found in only a few areas; the axillae and anogenital 

region. Sebaceous glands dispersed all over the skin except at the palms and soles. They are 

found together with hair structures on the skin. They produce seburn which moisturizes the 

skin (Murphy, 1997; Constantinides, 1974; Fawcett, 198 1 ; Leeson, 1985; Montagna and 

Parakkal, 1974; Odland, 199 1 ; Porter and Bomeville, 1 972; Rhodin, 1963; Wheater et al., 

1982). 

2.1.2 Skin Functions 

The primary functions of the skin include containment of body fluids and tissues, 

protection-barrier function, sensation of external stimuli, excretory, thennoregulation and 

synthesis and metabolic functions related to endogeneous and exogenous substrates ( F l p  

1996; Wheater et al., 1982). The skin is also an important portal of entry of drugs and 

substances. The stratum comeurn is often the major barrier to percutaneous absorption. Any 

substance that penetrates the stratum comeum is then subjected to metabolism in the viable 
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epidermis which is the major site of metabolism in the skin (Noonan and Wester, 1989). 

2.1 -3 Skin Metabolism 

Skin is not only a barrier but also capable of metabolism. The capability of the skin 

to metabolize xenobiotics has been well documented. Among the different metabolizing 

organs in the body, the liver and the skin are the most important ones. Although the liver 

can still be considered the most important organ for metabolism of drugs in the body, but 

due to the broad surface area and the exposure to environment, the role of the skin cannot 

be overlooked. 

Factors influencing skin metabolism include concentration/amount of substrate, 

level of enzymes-which is affected by age, sex, race, skin condition, enzyme inducers and 

inhibitors and duration of the exposure of substrate to the enzymes. 

2.1.3.1 General Metabolism 

Metabolism in skin includes phase I (oxidative, reductive, hydrolytic) and Phase I1 

(conjugation) biotransformation reactions (Pannatier et al., 1978; Martin et al., 1987; Guy 

et al., 1987; Ademola et al., 1992; Boehnlein et al., 1994; Bickers et al., 1982; Tauber and 

Rost, 1987; Guzek et al., 1989; Potts et al., 1989). 

Oxidation: Oxidation in skin has different forms. A bioactive compound can 

undergo a variety of reactions depending on the functionalities present in the molecule. 

There are alcohol dehydrogenases in the skin that are capable of oxidizing alcohol groups 

(Brimfield et al., 1998). Peroxidation of lipids can occur in the skin. Ascorbic acid and 

retinoids play a role in this reaction via induction or inhibition (Geesin et al., 1990). 

Epoxidation can take place by cytochrome P-450. One example is transformation of 

(7S,BS)-dihydroxy-7,8-dihydrobenzo[a]pyre ((+)-BP-7,B-diol) to (7S,8R)-dihydroxy- 
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(9S, 10R)-epoxy-7,8,9,10-tetrahydrobenzo[alpyrene ((+)-syn-BPDE) via epoxidation by 

cytochrome P-450 isoenzyrnes and to (7S,8R)-dihydroxy-(9R, 10s)-epoxy-7,8.9.10- 

tetrahydrobenzo[a]pyrene investigated in mouse skin (Ji and Marnett, 1 992). There is 

evidence for metabolism via beta-oxidation in the skin (English et al., 1998). Alcohol 

groups can be modified to ketones in the skin. This is exemplified by the transformation of 

hydrocortisone to cortisone (Pannatier et al., 1978). In the pathway ofmelanin biosynthesis, 

oxidation of L-tyrosine by tyrosinase appears to be the rate limiting step. This can show the 

significance of oxidation in the physiology of the skin (Ramaiah, 1996). Another class of 

oxidation is deamination. Oxidation of carbon atom adjacent to the nitrogen can take place. 

Some examples are present in the literature, such as metabolism of norepinephrine by skin 

in rat and human (Hakanson and Moller, 1963). In addition to the enzyme catalyzed 

reactions, UV light from solar or other sources can induce production of free radicals and 

active oxygen species in the skin. This in turn can cause different oxidations to occur in this 

organ (Gonzalez and Pathak, 1996). 

Reduction: Reduction reactions can occur in the skin. The most simple example is 

reduction of inorganic species. One example is reduction of chromate [Cr(VI)] in the skin 

of living rats. AAer application of aqueous solution of Cr(V1) on the skin of rats the 

transient species, Cr(V) was produced. Partial removal of the stratum corneum enhanced 

the rates of formation and disappearance of Cr(V). One of the implications of the reduction 

of Cr(V1) by the skin and subsequent generation of reactive Cr(V) species, could be in the 

mechanism of Cr(V1)-induced skin cancer (Liu et al., 1997). Carbonyl group can be reduced 

in the skin. One of the reported cases in this category is the transformation of various 

steroids. For example, the 20-0x0 group of hydrocortisone can be reduced to alcohol 
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functionality (Hsia and Hao, 1966). In addition to carbonyl reduction, the carbon-carbon 

double bond may also be affected. An example for such a phenomenon is reduction of 

hydrocortisone to allodihydrocortisol (Hsia and Hao, 1966). There are non-enzymatic 

reactions leading to reduction of molecules in the skin. Nitric oxide (NO) is well-known to 

be generated fiom L-arginine by a series of NO synthase enzymes in mammalian cells. It 

is also indicated that NO is produced in human skin and suggest a different mechanism of 

production. Monomethyl L-arginine inhibits enzymatic NO synthesis. This compound has 

little effect on hand skin NO production. It has been proposed that NO generation fiom skin 

originates fiom sweat nitrite due to chemical reduction as a result of acidic nature of sweat 

(Weller et al., 1996). 

Hydrolytic reactions: There are a number of examples indicating the hydrolytic 

reactions in the skin. The type of bonds that might be affected are arnides and esters. Ester- 

type hydrolysis has been discussed in section 2.1.3.2. Amide hydrolysis of indomethacin 

was investigated in rabbit skin using the isolated perfused rabbit ear model. The hydrolytic 

product of indomethacin is N-deschloro-benzoyl-indomethacin (DBI). After 120 minutes 

of indomethacin application, a steady state was reached with both parent compound and 

DBI. In this experiment, formation of DBI was in the range of 0.65-2.01 % (Behrendt and 

Korting, 1990). Although hydrolysis may inactivate the drugs, it has been used for pro-drug 

activation. This process has been studied in skin homogenate models (Lamb et al.. 1994; 

Udata et al., 1999). 



Conjugation reactions: It has been indicated that conjugation reactions happen in 

the skin. Within this group of reactions, glutathione, glucuronide, sulfate and glycine 

conjugations, and methylation can be mentioned. The glutathione S-transferase-dependent 

conjugation of reduced glutathione with leukotriene A4-methyl ester in rodent and human 

skin has been reported (Agarwal et al., 1992). Glucuronide formation has been observed in 

mouse skin. An example for this reaction is conjugation of glucuronic acid with the 

hydroxylation product of benzo[a]pyrene (Harper and Calcutt, 1960). The sulfation 

conjugation has been shown for a number of drugs. For example, cytosolic fraction of rat 

skin and liver is capable of transferring sulfate to minoxidil. The enzymic transfer of 35S 

&om sodium 35sulphate to minoxidil was also shown suggesting that the rat skin is 

potentially able to synthesize 3'-phosphoadenosine-5'-phosphosulphate fiom inorganic 

sulphate and apply it for the biosynthesis of minoxidil sulphate, which is the active 

metabolite. In this context, it is understandable that the pharmacological action of minoxidi 1 

as an inducer of hair growth could be carried out by the cutaneous tissues without the 

contribution of liver or other extrahepatic organs (Wong et al., 1993). Glycine conjugation 

is an important route of metabolism and detoxication of carboxylic acids. Using freshly 

isolated keratinocytes and primary keratinocyte cultures, the in virro cutaneous metabolism 

of [carboxyl-14C]benzoic acid to its glycine conjugate hippuric acid in rat and human skin 

is studied. (Nasseri Sina et al., 1997). Methylation reaction in the skin can be exemplified 

as the formation of 3-0-methylated derivative ofnorepinephrine fiom this parent compound 

(Hakanson and Moller, 1963). 



2.1 J.2 Ester Hydrolysis in the Skin 

Esterases catalyze the hydrolysis of esters to acids and alcohols. They are abundant 

and widely distributed in mammals, insects, plants and h g i  (Long, 1961). They are 

capable of hydrolyzing not only esters but also amides, peptides and halides (Walker and 

Mackness, 1983; Deimling and Bocking, 1976). They play an important role in the 

degradation of both endogenous and exogenous esters including drugs, pesticides and other 

chemicals. Clear classification of esterases is not easy due to the wide and overlapping 

substrate specificity. In the past, esterases were classified based on the substrates 

hydrolyzed, hence the trivial names such as aliesterases which hydrolyze aliphatic 

substrates; arylesterases which hydrolyze aromatic substrates; and cholinesterases which 

hydrolyze choline esters (Augustinsson, 1959, 196 1 ; Walker and Mackness, 1983). 

Esterases were also classified according to the inhibition by organo-phosphorus compounds 

as A-esterases which are unaffected by, and even hydrolyze organophosphates while B- 

esterases are inhibited and C-esterases do not interact with them (Aldrige, 1953; Bergmann 

et al., 1957; Walker and Mackness, 1983). The Nomenclature Committee of the 

International Union of Biochemistry (IUB) classified esterases on the basis of substrate 

characteristics. According to this recommendation, hydrolases which act on ester bonds are 

in the 3. I .x.x group (Enzyme Nomenclature, 1984). 

Serum cholinesterase (EC 3.1.1 -8; acylcholine acyl-hydrolase; also known as 

pseudocholinesterase or butyrylcholinesterase) plays an important role in hydrolyzing 

xenobiotics in the body. There were reports about individual variation in the genotype of 

cholinesterase in the blood; "usual", "atypical" and the rare "silent" types. Patients who 

inherited the "atypical" cholinesterase, which has much lesser affinity for succinylcholine 
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than does the "usual" type, hydrolyzed the drug very slowly. As a consequence, they 

developed respiratory paralysis for several hours after the administration of normal doses 

of succinylcholine (Kalow and Genest, 1957). Atypical cholinesterase was also found to 

have lower binding afinity for heroin than did usual cholinesterase and the silent 

cholinesterase variant did not hydrolyze heroine at all (Lockridge et al., 1980). Kinetic 

parameters were determined for cholinesterase substrates and it was found that positively 

charged substrates (including tetracaine and procaine), as well as aspirin in the presence of 

calcium chloride, demonstrated lower affinity (Y, values) to atypical cholinesterase than 

to usual cholinesterase while neutral esters had similar K, for both usual and atypical 

cholinesterase. The results implied that positively charged substrates and aspirin at 

therapeutic doses would be hydrolyzed at a lower rate in individuals with atypical 

cholinesterase, but neutral substrates would be hydrolyzed at regular rates (Valentino et ai.. 

1981). 

Topically applied ester prodrugs of an antiviral agent, ganciclovir, were developed 

to increase penetration through the stratum comeurn and reduce systemic absorption and 

toxicity. Upon hydrolysis, active ganciclovir was produced in the skin (Powell et al., 199 1 ). 

Various drugs have been investigated using the ester prodrug approach in topical drug 

delivery such as vidarabine (Yu et al., 1979,1980), metronidazole (Bundgaard et al., 1983; 

Johansen et al., 1986), viprostol (prostaglandin E2 analog) (Nicolau and Yacobi, 1989), 

zidovudine (Seki et al., 1990), buprenorphine (Imoto et al., 1996). Topical corticosteroid 

esters are additional examples of both important aspects of hydrolysis in the skin 

(inactivation of xenobiotics and activation of prodrugs). Being highly lipophilic, they 

partition readily into the skin and can be hydrolyzed to either active or inactive 
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corticosteroids. In most cases, the hydrolysis results in the activation because the free 

corticosteroids bind to the receptor stronger than their esters. However, inactivation has also 

been reported (Tauber and Rost, 1987). Stereospecific activity was reported for the 

hydrolysis of propranolol prodrugs in hairless mouse skin (Ahrned et al., 1995, 1997). 

There are species differences in esterase activity. This has been described in detail 

for ethyl nicotinate (EN) in humans and several animal models (IClttirod et al., 1999). 

Simultaneous skin permeation and metabolism experiment of EN was camed out in vitro 

in side by side diffusion cells at 37* C, followed by an EN hydrolysis experiment was 

carried out using skin homogenate to estimate the kinetic parameters (V,, and K,) by a 

computer program. Both EN and a metabolite, nicotinic acid (NA), were shown to be 

present in all receiver solutions in permeation studies but no significant chemical hydrolysis 

was found. Difference in total (EN + NA) flux, from EN-saturated solution, was found to 

be less than two folds among various species. The ratio of NA flux to total flux was highest 

for rat, followed by hairless rat, mouse, human and hairless mouse; this, therefore, indicated 

a great species difference in skin esterase activity. Total flux increased in a linear manner 

with increase in donor concentration in all species. For hairless rat, mouse and hairless 

mouse, NA fluxes increased with increase in EN donor concentration and reached a plateau, 

indicating that metabolic saturation can occur in skin. Kinetic parameters for EN hydrolysis 

using skin homogenate were significantly higher in rats compared to those in mice. In order 

to predict skin permeability in humans using an animal model, the species difference in skin 

metabolism has to be taken into consideration. 



2.1 -3.3 Distribution of Enzymes in the Skin 

The study of skin metabolism is of great importance not only in the field of drug 

delivery via transdermal routes, but also for the safe and efficient local skin treatment with 

topically applied compounds. Since it has become clear that even peptides may be delivered 

across the permeation barrier of the stratum corneum, e.g. by means of iontophoresis, 

sonophoresis or electroporation, the enzymatic barrier of the epidermis deserves more 

attention as another important limiting factor for the dermal delivery of drugs. Since the 

epidermis is only a thin layer and constitutes only a small percentage of the body weight, 

its activity might be underestimated. 

The viable epidermis is the major site of metabolism in the skin. Examples of 

differences in enzyme activity at various anatomical sites are reported in the literature, but 

the exact localization in the distinct layers of the skin and the anatomical distribution of the 

enzyme system mostly remain uncertain (Steinstrasser and Merkle, 1995). Hydrocortisone 

Sa-reductase activity was detected in the human foreskin, while in the skin preparations 

f?om other body sites activity of this enzyme could not be shown (Hsia and Hao, 1966). The 

anatomical site of skin sampling may have a considerable influence on the enzymatic 

activity measured and therefore, should be chosen carefully. The estimated enzyme 

activities in epidermis and dermis separated by different techniques may vary significantly 

due to the presence or absence of cell layers, like basal keratinocytes (Thompson and Slaga, 

1976). Therefore, studies on the localization of enzyme activities in the skin are only as 

reliable as the separation technique employed (Finnen, 1987). 

In order to study the distribution and localization of enzymes in the tissues, 

histochemical and immunohistochemical techniques can be used. The histochemical 
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procedure involves the incubation of fixed tissue with a compound and a coupling 

substance. After the compound (substrate) is metabolized by the enzyme in the tissue, the 

resulting metabolite reacts with the coupling substance and form a highly colored 

derivative, which is readily detected by a light microscope. Lojda et al. (1976) have 

described the use of histochemical methods in the study of distribution and localization of 

arninopeptidases in various tissues using amino acid naphthylamides as substrates and fast 

blue B as coupling agent. The preparation and fixation of the tissue can considerably 

influence the activity of the enzymes, and the coupling substance may block enzyme 

activity (Lojda et a1.,1976). Accordingly, histochemical methods have to be carefully 

applied to localize specific enzymes in skin tissue. Examples of the immunohistochemical 

detection methods are the irnmunoperoxidase and the indirect immunofluorescence staining 

techniques. The skin is fixed and cut into 4-7 mm thick sections, then incubated with the 

antibody against the enzyme of interest. The antibody can be tagged with fluorescence label 

or another enzyme such as peroxidase which is capable of producing colored product and 

then can be observed at the light microscopic level. Cytochrome P-450 isoenzymes can be 

visualized in cultured human epidermal cells (van Pelt et al., 1990), and in rat skin (Baron 

et al., 1986) by using the immunohistochemical technique. The antibodies against the 

enzymes of interest have to be specifically prepared. Information on the catalytic function 

and the metabolic capacity of the enzymes is not provided by either of these methods. 



2.2 Experimental Models in Dermal Drug Delivery and Metabolism 

Percutaneous absorption of topically applied drugs can significantly be influenced 

by skin metabolism. The advantages of transcutaneous drug delivery are numerous and 

usually include avoidance of biotransformation and metabolism in the gastrointestinal tract 

and liver, better control of absorption, availability of several skin sites to avoid local 

irritation and toxicity, and improved patient compliance. The disadvantages may include 

the potential for localized irritation and allergic cutaneous reactions, systemic toxicity, and 

difficulties associated with the time necessary for a drug to penetrate through the skin (Berti 

and Lipsky, 1995). The extent and kinetics of drug diffbsion and skin metabolism are 

difficult to assess. However, several methods using different techniques have been used, 

and are explained here. 

2.2.1 In  Vivo Models 

Human, animal or skin flap models may be used as in vivo models. An example of 

human in vivo model is cutaneous microdialysis. This method allows continuous 

monitoring of compounds in the interstitial fluid of dermal or subcutaneous tissue. 

Microdialysis probes with a certain molecular weight cut offare introduced through a guide 

into the dermis or subcutaneous tissue at a given depth in an intradermally anesthetized 

area. The probes are fastened then perfused with normal saline. The ends of probes contain 

a small dialysis membrane window where the compounds can exchange from the interstitial 

fluid. After equilibration, topical fomulations are applied to the area over the probe tips but 

not at the insertion points. Dialysate samples are collected at various time intervals and the 

samples assayed (Cross et al., 1997, 1998). This technique was used to study the 

endogenous cutaneous release of antihistamine in reaction to topical stimuli (Anderson et 
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al., 1992) and the penetration of topically applied organic solvents (Anderson et al., 199 1, 

1996). It also had an application in the characterization of transdermal transport (Muller et 

al., 1995; Hegemann et al., 1995). 

An in vivo human model would be the most accurate for the evaluation of dermal 

drug delivery and metabolism. However, in general, it is not easy to design and conduct 

experiments with human beings since the drug level is usually very low and radiotracer 

technique may be required. This imposes ethical considerations. Moreover, the sampling 

may be difficult or impossible in very deep areas. It is expensive as well. 

Animal models are widely used to assess dermal delivery and metabolism due to 

various considerations. Animal models are very useful for toxicological studies. 

Metabolism studies require vital tissue for examination. Readily available laboratory 

animals, such as rats and mice, allow the acquisition of large amounts of tissue. In addition, 

breeding specific laboratory strains can provide genetically uniform subjects that are 

accessible in large numbers (Mershon and Callahan, 1975). Minimizing inter-individual 

variations of the test results can be achieved by the use of genetically uniform skin samples. 

However, the interpretation and extrapolation of the results must be carefully done since 

enzyme activity and enzyme distribution may be completely different from those in human 

skin (Martin et al., 1987). The existing differences in the metabolic properties of the skin 

from different species may contribute to species variations in the absorption and cutaneous 

fate of topically applied substances. 

Human skin sandwich flap model consists of a skin sandwich, which is generated 

as a flap by graAing a split-thickness skin graft from donor source to the subcutaneous 

surface of the abdominal skin of a congenital athymic nude rat. The flap is an "island skin 
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flap" type, i-e. a piece of living skin isolated and maintained by an independent and defined 

vasculature (Petry and Wortham, 1984). So the grafted skin is viable with an isolated and 

functioning, yet accessible, vasculature on the nude rat. The donor skin can be from human, 

pig or rat. The congenital athyrnic nude rats are used because of their depressed immune 

system and partial to complete hairlessness (Pershing and Krueger, 1989). The model was 

used to quantitate absorption, metabolism, and residual compound within and across the 

skin and was reusable (up to 3 to 4 experiments on a single skin flap). However, this model 

requires considerable skill and it is costly. 

For the isolated perfused porcine skin flap model, an island-tubed skin flap was 

created in weanling pigs then transferred 2 or 6 days later to a perfusion chamber for further 

study. The viability was maintained for 10 to 16 hours. The maintenance of the physical 

permeation barrier of the stratum corneum and of the metabolic banier of the viable part 

of the epidermis, together with perfusion of the underlying vascularized tissue simulating 

the natural blood flow are among the advantages of this system. This method has been 

indicated as a humane alternative animal model for investigations in cutaneous toxicology, 

physiology, oncology, percutaneous absorption and drug metabolism (Riviere et al., 1986, 

1987). Similar to the previous model, the drawbacks of this model are the need for 

considerable expertise and the high cost. 

2.2.2 In Vitro Models 

Previous in vitro skin metabolism studies included intact excised skin (Collier et 

al., 1989; Nathan et al., 1990; Guzek et al., 1989; Boehnlein et al., 1994; Higo et al., 1992; 

Tauber and Rost, 1987), skin homogenates (Woolfson et al., 1990; Johansen et al., 1986; 

Powell et al., 1991; Ademola et al., 1992; Bickers et al., 1982; Guzek et al., 1989; Higo et 
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al., 1992; Tauber and Rost, l987), isolated microsomes (Pohl et al., 1 W6), epidermal cells 

in culture (Parkinson and Newbold, 1980; Bickers et al., 1982; Kao et al., l983), isolated 

skin cells (Coomes et al., l983), reconstituted epidermis derived from the outer root sheath 

cells of hair follicles (Pharn et al., 1990) and living skin equivalent (Kubota et al., 1994; 

Roy et al., 1993; Steinstrasser and Merkle, 1995). In the following section, various types 

of in vitro models are discussed. 

Isolated cells: The techniques involving the incubation of trypsin or other enzymes 

with skin were developed for separating epidermis from dermis and splitting cell contacts 

in the epidermis (Laerum, 1969). By applying this method, isolated epidermal cells may be 

obtained for primary cell cultures. Moreover, these isolated cells have been used to study 

skin metabolism (Laerum, L 969; Finnen and Shuster, 1985). To prepare a cell suspension, 

skin samples are cut into pieces and floated in a trypsin solution. It is noted that performing 

the enzymatic treatment under gentle conditions is important in order to obtain a high 

number of viable cells. It was indicated that incubation at 2O-4OC for 18 h resulted in 86% 

viable epidermal cells while trypsinization at 37OC yielded less than 20% viable cells 

(Fimen and Shuster, 1985). Another mild method using pronase in place of trypsin was 

introduced by Pohl et al. (1984). The epidermis is peeled off the dermis after incubation 

with pronase and put in a solution containing DNAse. The separated epidermal cells are 

harvested by centrifugation, then the isolated cells may be subfiactionated into sebaceous 

cells, basal keratinocytes and differentiated keratinocytes by centrifugation in a 

discontinuous metrizamide gradient (Pohl et al., 1984). Coomes et a1. (1 983) demonstrated 

that different cell fractions show differences in their capability to metabolize foreign 

substances and the sebaceous cells being the most active of the three cell types isolated with 
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respect to the enzymes tested. An advantage of the freshly isolated cells is that they can 

reflect the enzymatic activity occurring in cells in vivo (Coomes et al., 1983) without the 

danger of dedifferentiation, which may occur in cell culture. However, the cells stay viable 

for only short periods due to separation from their original tissue organization and. 

therefore, their use is limited to short-term experiments. 

Primary cell cultures of human epidermal cells: After a successfid method to 

establish primary cell cultures of human keratinocytes was introduced by Rheinwald and 

Green (1975), this technique has been widely applied and modified. Epidermal cells are 

separated from the skin samples by overnight incubation with trypsin at 4OC. Trypsin is 

blocked by the addition of the growth medium containing serum. The cell suspension 

obtained, is plated on a feeder layer of lethally irradiated 3T3 cells (Swiss mouse 

fibroblasts). The feeder layer permits attachment and growth of keratinocytes but inhibits 

the growth of fibroblasts. Fibroblasts, which may contaminate keratinocyte cell 

suspensions, would overgrow the slower proliferating keratinocytes, without the feeder 

layer. Under these growth conditions the keratinocytes make large colonies of a basal cell 

layer of multiplying cells and upper layers of differentiating cells. Less complicated and 

more defined systems allowing keratinocyte culture with serum-free media and without the 

need of feeder layers was the result of improvements to this method (Boyce and Ham, 

1985). Pooled keratinocytes from different skin sources for primary cell cultures are 

available commercially. This is to minimize possible dissimilarities in cell growth and 

proliferation between different donors. In a similar fashion, human hair follicle 

keratinocytes can be cultured as described by Weterings et al. (1981). Bovine eye lens 

capsules, act as a natural basement membrane-like matrix, for the cells to grown on. By 
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comparing benzo(a)pyrene metabolism in cultured hair follicle keratinocytes and in fkeshl y 

isolated hair follicles, it was shown that the systems formed the same range of organic 

solvent-soluble metabolites. Hair follicle keratinocytes cultured for 2-3 weeks, therefore, 

maintain the activity and function of benzo(a)pyrene-metabolizing enzymes of freshly 

isolated hair follicles. 

Transformed cell lines: Transformed cell lines have the important advantages of 

unlimited growth and high reproducibility, contrary to primary cell cultures. To gain the 

potential immortality of a cell, different techniques like virus infection or transfection with 

isolated DNA were applied. Only a few transformed epidermal cell lines were described and 

used for skin metabolism studies (Ree et al., 198 1). The advantages of epidermal cell lines 

for metabolism studies are remarkable. They are easily available, simple to culture and 

allow unlimited access to cells by passaging and cryopreservation. In addition, the 

application of cell lines can provide structural and biochemical reproducibility, which is 

usually not available with skin organ cultures or skin homogenates. However, it has to be 

noted that the cells are transformed and the expression of h l l  enzyme patterns has not yet 

been completely proven. Hence, in regard to the metabolic activities and cellular functions, 

cell line models have to be well characterized, before general use as a universal model 

system for metabolism is going to take place. 

Cultured 30 skin: Three-dimensional (3D) cell cultures with significant 

differentiation similar to normal skin were developed with more sophisticated techniques 

using collagen-containing matrices as substrates for keratinocytes, and by lifting the 

cultures to the air-liquid interface (Asselineau et al., 1987; Cumpstone et al., 1989; Pham 

et al., 1990). This cell culture model has been used for metabolism studies by Slivka (1 992) 
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and Slivka et al. (1993). A very similar pattern of testosterone metabolites was found to be 

established in the 3D skin mode1 as compared to neonatal foreskin. Steffens et al. (1992) 

compared metabolism ofglyceryl trinitrate in a commercially available skin model with that 

in normal skin. It became clear that the metabolism in the normal human skin in vitro and 

in the cultured skin corresponded well both in the preference for a specific metabolite and 

in the extent of metabolism. Normal differentiation of human skin can be mimicked to a 

considerable extent in such complex cell cultures. Therefore, similar metabolite patterns and 

similar kinetics of the metabolism of topically applied substances can be expected. 

although. the preparation of the cell sheets is quite complex, costly and time consuming. 

Ful l  thickness skin in organ culture: The penetration of the topically applied 

substances in mouse skin is affected by the viability and the metabolic status of the skin 

(Holland et al., 1 984). Kao et al. (1 984) reported that viability maintenance of the tissue can 

be obtained by hll-thickness mammalian skin in organ culture. Skin disks, freshly excised, 

and supported by sterile filter paper, are placed epidermal side up in an organ culture dish. 

Culture medium that contains foetal calf serum is then added so that the surface of the skin 

stays above the level of the medium. Viability, assessed by glucose utilization, can be 

maintained for about 24 hours. This technique is quite cost effective and economical since 

the size of one sample is small (usually about 5 cm2) and the skin samples may be obtained 

from surgery or from laboratory animals. 

Isolated perfused rabbit ear: A perfused skin organ model, according to what 

described by Behrendt and Karnpffmeyer (1 989), is the isolated perfused rabbit ear. In this 

technique, aAer removal of the ear the visible main artery is cannulated and perfused with 

a buffer solution. The marginal vein, which would be visualized by the effluent, is also 
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cannulated and the ear is transferred to a perfusion apparatus. Ester cleavage of methyl 

salicylate, after dermal application was investigated by applying this technique. It was 

shown that ester cleavage is a main metabolic reaction in the skin. The disadvantage of this 

technique is the requirement of considerable technical expertise for preparation of an also 

costly model (Behrendt and Kampffineyer, 1 989). 

Contraty to the above-mentioned invasive techniques, an easy and simple technique 

to obtain samples from skin has been used by Merk et a1.(1984, 1987). In this method, 

freshly plucked human hair follicles were applied, for example, to investigate the activity 

and inducibility of aryl hydrocarbon hydroxylase (AHH), an enzyme activating particular 

polycyclic hydrocarbons to carcinogenic forms. About twenty hair follicIes were incubated 

at 37OC with the precarcinogenic compound benzo(a)pyrene for 90 minutes. Then the 

metabolites were extracted from the incubation mixture and subjected to analysis. Because 

the hair follicles share their ectodermal origin with the epidermis it was assumed that 

metabolism in hair follicles may imitate that in the epidermis. A useful method of 

examining enzyme activity could be developed, if this could be proven systematically, as 

the hair follicles are readily accessible without significant discomfort. 

2.2.3 Skin Homogenate Metabolism Studies 

Homogenates were used for most of the studies on enzyme activities in the skin. 

Skin preparations or whole skin can be homogenized by different instruments, e-g., a 

Polytron tissue homogenizer or a Dounce homogenizer. Homogenates of whole animal or 

human skin were used for experiments on the proteolytic enzymes present in the skin as 

reported by Seppa et al. (1971) and Hopsu-Havu et al. (1977). Ghosh and Mitra (1990) 

applied homogenates of whole athymic nude mouse skin to examine hydrolase activity. The 
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metabolites of propranolol formed in the skin during percutaneous absorption have been 

studied after homogenizing the skin samples (Ademola et al., 1993). Since the homogenate 

of whole skin is made of  different cell types and extracellular structures, the source of the 

individual enzymes is unknown. Applying the homogenates of more defined skin sections, 

e.g. isolated epidermis or dermis, the site and distribution of enzymatic activity may be 

determined with more accuracy. By using this technique, Bickers et al. (1 985) indicated that 

the conversion of  premutagens into mutagenic metabolites takes place both in the dermis 

and the epidermis. The location of AHH in mouse skin was studied by Wiebel et al. (1975), 

Wiebel(1980), Norred and Akin (1 W6), and Thompson and Slaga (1 976). Highest enzyme 

activities were reported in the epidermis and in the superficial layer of the dermis 

containing the sebaceous glands, based to the applied separation technique. Skin is very 

resistant to homogenization, thus the harsh ~echniques necessary to disrupt the cells often 

result in the destruction of enzyme activities (Norred and Akin, 1976). 

Subcellular fractions: To determine the subcellular localization of  enzymes in the 

skin, cell homogenate fractions have to be prepared. Isolation ofmicrosomal from cytosolic 

hctions is achieved by differential ultracentrifbgation of the homogenate. The supernatant 

contains the soluble enzymes. The pellet, which contains the microsomes, is then 

resuspended in buffer. These fractions, properly diluted, are used to assay the activity of the 

enzymes of interest. By using the subcellular fractions of epidermal homogenates, AHH 

activity was found to be maximum in the microsomal fraction (Finnen and Shuster, 1985; 

Das et al., 1986a,b). In subcellular fiactions of epidermis, both membrane bound and 

soluble amino acid 2-naphthylamidases were identified (Gray et al., 1977; Gray and Dana, 

1979). 



Isolated enzymes andpurzfied enzyme fractions: Purification steps may be carried 

out to obtain enzyme fiactions or isolated enzymes. Katagata and Aso (1986,1988) showed 

that keratin polypeptides interact with a proteolytic enzyme &action made fiom human 

epidermis. This might indicate an important step during differentiation in the human 

epidermis. Different peptidases, which metabolize peptides and peptide derivatives have 

been isolated from rat epidermis, eg., an aminoendopeptidase (Ito et al., 1984) a soluble 

dipeptidyl peptidase IV (Kikuchi et al., 1988) or a dipeptide naphthylarnidase (Hopsu-Havu 

and Tuohimaa, 1970). The above-mentioned peptidases may be involved in postsynthetic 

changes of epidermal proteins although their natural substrates are often unknown. 

Cytochrome P-450 was purified from skin microsomes that was obtained from mouse skin 

after induction of mouse skin with benzo(a)anthracene (Ichikawa et al., 1989a,b). The 

studied enzyme, that is related to cytochrome P-450 isolated fiom rat liver, catalyzes 

benzo(a)pyrene hydroxylation and 7-ethoxycoumarin 0-deethylation and may play a role 

in the metabolic activation of chemical pre-carcinogens like polycyclic aromatic 

hydrocarbons. 

Isolated and purified enzyme fractions and separated enzymes from defined skin 

structures usually have significance in the study of their substrate specificity, inducibility 

or of ways to control their activity. However, often isolated enzymes or enzyme fractions 

are only valuable in vitm models if several activators or coenzymes are added which are 

required for the enzyme to fknction. 



2.2.4 Excised Skin Model 

Excised full-thickness skin and skin preparations such as split-thickness 

(dermatomed) skin or isolated epidermis can be mounted in diffusion cells for permeation 

and metabolism studies. Diffusion cells consist of donor and receiver compartments, 

separated by the skin sample or other membranes. The skin exposes a defined area to both 

compartments. Temperature of the skin can be maintained by a therrnostated water jacket 

at 32 or 37OC. There are two main types of diffusion cells; flow-through and static types. 

In the flow-through type diffusion cells, the dermal side of the skin is exposed to the 

receiver medium which is continuously perfused through the cell at a defined flow rate 

mimicking the blood stream and may support skin viability. The receiver fluid is collected 

for analysis. In static diffusion cells the receiver medium is constantly stirred but it is not 

exchanged during the experiment. After samples are withdrawn from the receiver cell at 

various time intervals, the same volume is replaced by fresh medium. The use of diffusion 

cells for skin metabolism studies provides a defined area of the skin or of a skin preparation 

exposed to the drug preparation. The compartments can be steadily stirred so that best 

mixing conditions are achieved. In addition, the sampling ports allow regular removal of 

samples during the experiment (Collier et al., 1989). The use of full-thickness skin may be 

disadvantageous because the contribution of the relatively thick dermis is inconsistent with 

the skin under natural conditions, where substances are taken up into the capillary system 

shortly below the epidermal-derrnal junction which cannot take place with excised skin 

(Steinstrasser and Merkle, 1995). However, for the evaluation of the permeability or 

partition of lipophilic drugs into the skin, hll-thickness skin provides closer simulation of 

the real situation. 
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2.3 The Model Compounds 

2.3.1 Tetracaine 

2.3.1.1 Physicochernical Properties of Tetracaine 

Tetracaine (TC, or amethocaine) is a p-arninobenzoic acid (PABA) derivative. Its 

molecular weight is 264.4, dissociation constant @Ka) 8.39. TC occurs as a white or light 

yellow waxy solid, melting point 41 " to 46". It is very slightly soluble in water, 1 part is 

soluble in 5 parts of alcohol and 2 parts of chloroform and ether (Windholz et al., 1983). 

Its hydrochloride salt, which is very soluble in water, is generally used in aqueous solutions, 

eye drops, injections and creams while the base is used in ointments and lozenges 

(Reynolds, 1996). It should be stored in air tight container and protected fiom light. 

2-dimethylaminoethyl 4-butylaminobenzoate 

Figure 2.1 Chemical structure of tetracaine 

2.3.1.2 Pharmacological Uses of Tetracaine 

Tetracaine is a potent local anesthetic with slow onset and long duration of action. 

However, its high systemic toxicity limits its use to surface and spinal anesthesia. Its 

absorption fiom mucous membranes is rapid and closely simulates intravenous injection. 

The nonpolar n-butyl group on the aromatic nitrogen atom might account for its higher lipid 

solubility (Darling, 199 1) than procaine (the prototype of the arninobenzoic derivative local 
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anesthetics), hence the greater potency. 

2.3.1.3 Metabolism and Degradation of Tetracaine 

In aqueous solution, TC hydrolyzes to 4-(buty1amino)benzoic acid (4-BABA) and 

dimethylaminoethanol (Figure 2.2). CBABA undergoes decarboxylation to butylaniline 

which oxidizes to form various purplecolored products. TC hydrolysis is catalyzed by both 

hydrogen and hydroxyl ions but it is more sensitive to base catalysis (Chalardsunthornvatee 

and Thomas, 1961). Aqueous solutions of TC are most stable at about pH 3.5 at 25 "C (The 

Pharmaceutical Codex, 1979). In the body, TC is hydrolyzed by both plasma esterases and 

liver esterases (Swinyard, 1990; Reynolds, 1996). In man, plasma hydrolysis is the highly 

Tetracaine 

enzymatic I non-enzymat ic 

4-(buty1amino)benzoic acid 

Water 

dimethylaminoethanol 

Figure 2.2 Metabolism of tetracaine 



important metabolism route for ester-type local anesthetics. The hydrolysis rate in plasma 

is 4-20 times faster in human than in various animals. Thus, very little amount of the drug 

is available to be hydrolyzed by liver esterases. Spinal fluid has little or no esterases, 

accordingly, anesthesia caused by intrathecal injection of TC will persist until the drug is 

absorbed into the blood circulation. In contrast to the arnide type local anesthetics, there is 

less pharmacokinetic data available on the ester type local anesthetics. Due to rapid 

metabolism, determination of drug concentrations in the blood is not easy (Swinyard, 

1990). 

The produced metabolites ofTC are mainly excreted by the kidney, however, biliary 

excretion of TC also occurs in animals @rug Information, 1988). Oxidation of TC in rats, 

mice, rabbits and horses after subcutaneous injection was reported and the urinary 

metabolite was identified as tetracaine N-oxide (Momose and Fukuda, 1976). 

4-BABA has weaker pharmacological effect due to lower partition coefficient (2.6 1 

as compared to 4.32 for TC, n-octanol and water system). It has a pKa of 2.52 and water 

solubility of approximately 140 mg/L (Grouls et al., 1997). 

2.3.1.4 Analysis of Tetracaiae 

TC assays may be performed using the following methods; ultraviolet 

spectrophotometry (CTV), gas chromatography (GC), high pressure liquid chromatography 

(HPLC), mass spectrometry and capillary electrophoresis (CE). Some methods are used for 

the analysis of TC, others for mixture of TC and other drugs or metabolites/degradation 

compounds in preparations (Venkateshwaran and Stewart, 1995; Wang et al., 1988; Larson 

et al., 1996; Bauer et al., 1984). Assays in blood samples have been conducted as well and 

no (Temdrup et al., 1992) or very little amount of TC was found after topical application 
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(Mazumdar et a]., 1991) or intravenous or transtracheal administration (Porush eta]., 1965). 

Simultaneous determination of tetracaine HCl and its degradation product (4- 

BABA) in tetracaine HCl injection using a simple ion pair HPLC method was described by 

Menon and Norris (1981). The linear range was 0.4-2.0 mg/mL for tetracaine HCl and 

0.003-0.02 mg/mL for 4-BABA at the W response of 305 nrn. The lowest amount 

measured by HPLC analysis was 2 pg for TC and 150 ng for 4-BABA. Woolfson et al. 

(1990) reported simultaneous analysis of TC and 4-BABA in skin homogenate samples 

fiom human and porcine sources using ion pair HPLC analysis. The linear range was 5.14- 

46.30 pg/mL for TC and 2.62-1 3.05 p g h L  for 4-BABA. From the calculation inferring to 

the lowest amounts measured, 128 ng was found for TC and 65 ng was found for 4-BABA. 

2.3.2 Methyl Salicylate 

Methyl salicylate (MS) is a topical analgesic and anti-inflammatory agent which is 

widely used in liniments, creams or ointments. Its molecular weight is 152.14, pKa 9.9. M S  

occurs as colorless, yellowish or reddish, oily liquid, with an odor and taste of gualtheria, 

melting point -8.6 ", boiling point 220-224 ". It is slightly soluble in water ( 1  g in about 

1500 mL water), soluble in chloroform and ether, miscible with alcohol and glacial acetic 

acid (Windholz et al., 1983). 

MS, an ester, is hydrolyzed in blood, liver and skin to salicylic acid (SA) which also 

has the analgesic and anti-inflammatory effect. SA is metabolized in the body by 

conjugation with glycine to produce salicyluric acid (SUA, major metabolite, 75%), or with 

glucuronic acid to form glucuronide ether and ester (15%). A small fraction of SA is 

oxidized to gentisic acid (2,s-dihydroxybenzoic acid) and to 2,3-dihydroxybenzoic acid and 

2,3,5-hihydroxybenzoic acid. The rest of SA (10%) is excreted unchanged in the urine 
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(Foye et al., 1995; Hardman and Limbird, 1996). Metabolism of MS and SA are shown in 

Figures 2.3 and 2.4 respectively. 

Methyl salicylate Water Salicylic acid 

Figure 2.3 Metabolism of methyl salicylate 

HO a"" OH 

Gentisic acid 

+ MeOH 

Methanol 

Salicylic acid 

Figure 2.4 Metabolism of salicylic acid 



SA has a molecular weight of 138.12, pKa 2.5 (Wilson and Gisvold, 1990). It 

appears as acicular crystals or crystalline powder, melting point 157- 159 ", boiling point 

21 1 ". One gram dissolves in 460 mL water, 15 mL boiling water, 2.7 mL alcohol. It is also 

soluble in acetone, chloroform and ether. It should be stored protected fiom light (Windholz 

et al., 1983). SA is used topically as keratolytic agent in form of ointments and solutions. 

MS metabolism in skin homogenate was studied with hairless mouse skin by Yano 

et al. (1 99 1). They showed that MS was hydrolyzed by hairless mice skin as well as by liver 

and blood. The hydrolytic activity of the skin homogenate was found similar to that of the 

serum but much lower than that of the liver. Moreover, it was found that I-menthol and dl- 

camphor inhibited MS hydrolysis. 

MS metabolism during permeation study was examined with hairless guinea pig 

skin and was dependent on skin viability and the sex of the animal (Boehnlein et al., 1994). 

In their study MS, SA and SUA were found in the receptor fluid fiom viable skin while 

only SA and MS were found in non-viable skin. MS was hydrolyzed to a greater extent in 

viable skin than in non-viable skin. MS hydrolysis was greater in male than in female 

hairless guinea pig skin. However, percutaneous absorption values for MS through viable 

and non-viable skin were not significantly different. 

In vitro percutaneous penetration and metabolism of MS and other SA derivatives 

across hairless mouse skin in a flow-through type diffusion cells was investigated (Higo et 

al., 1995). The percutaneous absorption of salicylates displayed a parabolic dependence on 

their n-octanoWwater partition coefficient. Application of MS at lower concentration 

resulted in lower flux through the skin, and therefore a higher percentage of hydrolysis. 

Treatment of the skin with 1-menthol prior to the application of salicylates inhibited 
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cutaneous hydrolysis of these compounds. However, in this investigation, the receptor 

chamber was perfused with phosphate buffered saline (PBS) pH 7.4 which would not 

maintain the skin viability during the 10 hours experimental period as demonstrated by 

Collier et al. (1989). 

For in vivo studies, Ovennan and White (1 983) demonstrated that MS was absorbed 

through skin of hamsters in teratogenic amounts. Roberts et al. (1982) calculated skin 

permeability coefficients, fraction of salicylate absorbed, and steady-state salicylate 

concentration for MS fiom urinary data after continuous topical absorption from a single 

application of commercial MS products to human. It was found that only 12 to 20% of the 

applied amount was absorbed into systemic circulation after 10 hours of application. Good 

agreement in urinary salicylate recovery in the first 24 hours fiom MS ointment application 

in healthy human volunteers was reported (Morra et al., 1996). This group also investigated 

the rate and extent of systemic salicylate absorption after single and multiple applications 

of MS ointment and pharmacokinetic parameters were calculated from serum and urine 

data. Using cutaneous microdialysis technique, Cross et al. (1 997) demonstrated that MS 

was extensively metabolized to SA in the dermal and subcutaneous tissue of human 

volunteers after topical application. It was shown that commercial formulations containing 

MS allowed direct penetration, not recirculation in the blood, of salicylate into the 

underlying dermal and subcutaneous tissues. Subsequently, the same group also used 

cutaneous microdialysis technique to determine the difference in the extent of direct 

penetration of salicylates fiom commercial ester and salt formulations into dermal and 

subcutaneous tissue of human volunteers. They also compared the extent of MS hydrolysis 

in vivo to in vitro skin diffusion cells. However, non-viable skin (previously stored at 
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-20°C) was used in their experiment and the receptor fluid was 20% ethanol and 80% 

distilled water which would not maintain the viability of fresh skin during the permeation 

study (Cross et al., 1998). 

2.4 Enzyme Kinetic Study 

Enzyme kinetics is saturation kinetics because the enzyme concentration is limited 

in the reaction. Study of  enzyme kinetics is useful in understanding the mechanism of 

action and control of isolated enzymes. It also helps us to appreciate the role of enzymes 

under the conditions which exist in the cell as well as the response of an enzyme to changes 

in the concentration of  the substrate and metabolites. It may help to demonstrate how the 

activity of an enzyme can be controlled which may provide a valuable pointer to the 

mechanisms of regulation under physiological conditions (Price and Steven, 1993). 

Enzyme kinetic data can be obtained by varying substrate concentrations ([S]) and 

determining the initial rate of the reaction (V,) by either measuring the rate of product 

formation or the rate o f  substrate disappearance. Plot of [S] and V,, obeys the Michaelis- 

Menten equation (Eq. 2.1) 

Vo = vm, IS1 

K, + [Sl 

where vo - initial velocity of the reaction - 

- 
Vmax - maximum attainable velocity of the reaction 

[sl = substrate concentration 

&I, = substrate concentration at half Vm, 

The initial velocity of the reaction is the velocity at a time where [S] does not 
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change and no product is produced yet hence there is no influence from reverse reaction, 

substrate depletion or product inhibition. &, also known as Michaelis constant, describes 

the affinity of the enzyme for the substrate. A low K,,, indicates strong interaction between 

the substrate and the enzyme. [S] used in the experiment is normally in the range of 4-5 K, 

to ensure that the reaction is not limited by [S]. For enzyme kinetic studies, however, [S] 

range should lie inside the &,. 

2.4.1 Calculation of Enzyme Kinetic Parameters 

Plot of [S] and V, results in a nonlinear graph due to the saturation kinetics (Fig 

2.5). It is not easy to calculate the V,, and subsequently the &,, because very high [S] is 

needed to reach the steady state and practically it may not be possible due to solubility 

problem and the high cost. The Michaelis-Menten equation was derived in 4 ways in order 

to better calculate the V,, and &. The plots from the derivatives of Michaelis-Menten 

equation are Lineweaver-Burk plot, Eadie-Hofstee plot, Hanes plot and direct linear plot 

(Cornish-Bowden, A., 1995; Price and Steven, 1993). 

Figure 2.5 Plot of [S] and V, 



The Lineweaver-Burk plot or double reciprocal plot (Fig. 2.6) is the plot between 

l N o  and l/[S]. The equation (Eq. 2.2) is obtained by inversing the Michaelis-Menten 

equation; 

V,, and Q can be calculated fiom the y-intercept and the x-intercept respectively. This 

method is the most commonly used because of its simplicity. However, there is a non- 

uniform distribution of error in the values of l / [ S ]  and IN, especially at very low [S]. 

Figure 2.6 Lineweaver-Burk plot 

The Eadie-Hofstee plot (Fig. 2.7) is the plot between V, and Vd[S]. The equation 

(Eq. 2.3) is as follows; 



vo 
V m a x  A Slope = -K, 

Figure 2.7 Eadie-Hcjfstee plot 

V,, can be obtained directly fiom the y-intercept and K, can be calculated from the slope. 

Although more manipulation of the data is required, this method provides much more 

uniform distribution of the [S] and V, as compared to the Lineweaver-Burk plot, hence 

more accurate values of K, and V,,. 

The Hanes plot (Fig. 2.8) is the plot between [SIN, and [S]. The equation (Eq. 2.4) 

is as follows; 

[SI 

OK, 

Figure 2.8 Hanes plot 



& can be obtained directly fkoon the x-intercept and V, can be calculated fkom the slope. 

Similar to the Eadie-Hofstee plot, this method requires more manipulation of the data but 

it provides more uniform distribution of the [S ]  and V, as compared to the Lineweaver- 

Burk plot, hence more accurate values of K,,, and V,,. 

The direct linear plot (Fig. 2.9) is the plot between V,,, and K,,,. The equation (Eq. 

2.5) is as follows; 

Figure 2.9 Direct linear plot 

At each [S], V, is measured, namely V,, V,, V,, etc. Then each Vo is plotted against each 

-[S] and a line is drawn. If there is no error at all, the lines will intersect at one point. The 

extrapolation to the y-axis is the V, and the extrapolation to the x-axis is the &,. In real 

situations, however, there will be some errors and there will be several intersection points. 

In this case, the V, and K,,, are determined from the median values. 



Inhibition of enzyme activity might be irreversible or reversible. Inhibitors can be 

classified as competitive, noncompetitive, uncompeiitive and mixed type. Substrate 

inhibition and product inhibition occur as well. 

2.5 Viability Assessment of Skin in in VitrD Models 

2.5.1 General 

Methods to assess viability include determination of protein synthesis, histological 

appearance and morphological changes, physiological indicators such as perfusate flow and 

pH, pressure and vascular resistance (in isolated perfbsed skin flap models), biochemical 

indicators which can be dye exclusion (trypan blue), skin surface fluorescence, glucose 

utilization (aerobic and anaerobic) or enzyme function. 

Viability assessment was extensively evaluated in cryopreservation of tissues. There 

were only few evaluations of skin viability during permeation studies. Some of which were 

the measurement of anaerobic glucose utilization by determining lactate formation (Collier 

et al., 1989) and aerobic glucose utilization by measuring 14C02 formation.(May and 

DeClement, 1980; Collier et al., 1989). 

The viability of fresh native human skin and cryopreserved human skin was 

evaluated using the tetrazolium salt, MTT (3 -[4,5-dimethylthiazol-2-yl]-2,5- 

diphenyltetrazolium bromide), under a wide variety of conditions (Klein et al., 1996). The 

MTT assay has been claimed to provide a precise and reproducible index of viability for 

both fkesh and cryopreserved skin. The simplicity, precision, and cost effectiveness of the 

M'IT assay are among the advantages of this method that makes it a candidate for routine 

assessment of skin viability in skin banks, bum centers, and skin biology research units. 



A rather complex method for skin viability estimation is using skin 

microcirculation. Nutritional circulation is the factor that skin viability depends upon. The 

conventional macrocirculatory methods that evaluate total blood supply cannot assess 

nutritional circulation. The major advantage of the microcirculatory methods is to provide 

information directly in the affected and diseased skin areas and assess the effectiveness of 

vasoactive agents where they are supposed to act. Among the techniques that are available 

today to evaluate the skin microcirculation, are capillaroscopy and transcutaneous 

measurement of the partial oxygen pressure. These methods are of special interest because 

they provide information that is directly useful in clinical practice (Bongard and 

Bounameaux, 1993). 

2.5.2 Oxygen Consumption Assessment 

Transcutaneous oxygen tension (PO,-TC) measurement was extensively used to 

monitor blood oxygen tension in newborn and penoperative patient management, 

evaluation of lower limb ischemia, and also in viability assessments of skin flaps. This 

technique was developed in the early 1970s. Oxygen was measured with polarographic 

electrode which has a special sensor attached tightly to the skin. It is a noninvasive method. 

PO,-TC depends on systemic oxygen tension in the arterial blood, the local perfusion 

pressure, the capillary density and local metabolic rate. Therefore, the information provided 

needs to be carefully interpreted (Fuch and Thiele, 1998). Invasive techniques such as 

insertion of needle electrodes and a microelectrode into the skin to measure intracutaneous 

oxygen pressure were used as well. These methods introduced bleeding, edema and 

vasoconstriction which might alter the level of oxygen in the skin as well as caused 

discomfort and damage to the skin. 
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Although transcutaneous oxygen monitoring has been commonly used in humans 

to assess the skin viability, few studies paid attention to the use of transcutaneous carbon 

dioxide (PC0,-TC) monitoring for the same purpose. The application of PCOZ-TC 

monitoring for evaluating skin viability in dogs, for example, has been investigated (Rochat 

et al., 1993). Transcutaneous PCOz and local power reference (LPR) values were recorded 

for skin flap. Analysis of the arterial blood gas was taken to compare central partial pressure 

of carbon dioxide (PCO*) values with peripheral skin P C 4  values. Significant differences 

were detected between the PC02-TC values for apices and bases of the flaps, while a 

significant difference was not found between the LPR values for bases and apices. 

Detection of radioactive carbon dioxide generated fiom aerobic metabolism of 

glucose was used by Collier et al. (1989) and Cornwell et al. (1997) to assess viabiIity of 

skin in diffusion cells during permeation studies. 

Zeiger et al. (1993) developed a simple system to measure the aerobic activity in 

small discs of split-thickness skin for viability assessment in the allograft skin banking 

using a Clark-type polarographic oxygen electrode connecting to a pH meter. 

2.5.3 Confocal Laser Scanning Microscopic Method 

Confocal laser scanning microscopy (CLSM) was first commercialized in 1988. It 

offers advantages over conventional optical microscopy as a non-destructive and rapid 

method for imaging complex structure matrices. It is capable of optically sectioning the 

specimens without the need of fixing and embedding (although many studies on fixed 

tissues were also applied), hence it requires little or no pretreatment of tissue before 

imaging. The images have better contrast and resolution due to the elimination of the 

scattered, reflected or fluorescent light £kom out-of-focus planes, especially in thick 
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samples. Figure 2.10 shows the diagram of the principle of CLSM. 

condenser objective 

Figure 2.10 Principle of CLSM. Solid lines are illumination light while dotted lines 

display the directions of scattered light which form defocused spot and are 

mostly excluded fiom the detector by the second aperture. (Modified fiom 

Cullander, 1996.) 

Three-dimensional (3D) images can be reconstructed fiom 2D optical sections. 

Video-rate confocal microscopy allows successful in viva confocal imaging (reflected-light 

mode). In fluorescent mode, samples, which are auto-fluorescent or stained with fluorescent 

probes can be detected with an epi-fluorescent microscope. Simultaneous quantitation of 

up to 3-4 fluorescent markers at different wavelengths is possible. The applications to skin 

include morphology studies of human and animal skins (de Carvalho and Taboga, 1996; 

Vardaxis et al., 1 997; Veiro and Cumrnins, 1 994), keratinocyte culture (Hanthamrongwi t 

et al., 1996), fibroblast culture (Braber et al., 1996) and reconstructed epidermis (Sirnonetti 

et al., 1995), in situ hybridization on fixed and embedded skin specimens (Mahoney et al., 

1994; Thompson et al., 1994; Yokota et al., 19961, quantitative and morphological studies 
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of langerhans' cells (Scheynius and Lundahi, 1990; Emilson et al., 1993, 1998; Yu et al., 

1994; Emilson and Scheynius, 1995), enzyme aminopeptidase activity study (Boderke et 

al., 1997), and video-rate CLSM morphology studies of human skin in vivo (Corcuff and 

Leveque, 1993; Rajadhyaksha et al., 1995; Corcuff and Pierard, 1998). Additional 

applications in pathology and dermatology were reviewed by Fink-Puches et al. (1995). 

Fluorescence probes used were acridine orange for the study of nuclei and nucleoli (Veiro 

and Cummins, 1994), nile red for lipid material of epidermis (Veiro and Cumrnins, 1994; 

Sirnonetti et al., 1995), acriflavin and ethidium bromide (Hanthamrongwit et al., 1996), 

Pontamine Sky Blueleosin (Vardaxis et al., 1997) and many imrnunostains (Scheynius and 

LundahI, 1990; Emilson et al., 1993; Yu et al., 1994; Emilson and Scheynius, 1995; 

Vardaxis et al., 1997). 

The interaction of phospholipid liposomes with skin and stratum corneum lipid 

liposomes and the influence of phospholipid liposomes on the skin permeability of model 

drugs have been evaluated using confocal microscopy (Ki javainen et al., 1999). Confocal 

microscopy studies showed that egg phosphatidyl cholesterol (EPC) (egg yolk lecithin), did 

not penetrate into the skin fiom water solutions, while from ethanol solutions, EPC 

penetrated deeply into the stratum comeum. 

Computers can bring powerful applications to confocal techniques. Among these 

benefits are the use of segmentation of confocal microscope images of cell nuclei in thick 

tissue sections (Ortiz de Solorzano et al., 1999). Segmentation of intact cell nuclei from 3D 

images of thick tissue sections is a major basic capability necessary for many biological 

research studies. 



Regarding viability assessment, Jones and Senft (1 985) used fluorescein diacetate 

and propidium iodide double-staining procedure to determine cell viability in cell 

suspensions from mice spleen and compared this method to trypan blue dye exclusion. For 

skin samples, propidium iodide was used to identie cell death in the study of 

arninopeptidase activity in fieshly excised human skin (Boderke et al., 1997). Calcein AM 

(CAM) and ethidium homodimer-1 (EthD-1) were used to determine the relative viability 

of the cornea and buccal mucosa (Imbert and Cullander, 1997, 1999). 



CHAPTER THREE 

EXPERIMENTAL 

3.1 HPLC Analytical Methods 

Reagents and Chemicals. Tetracaine, 4-BABA and 1 -hexanesulfonic acid, sodium 

salt were purchased fiom Aldrich Chemical Company, Inc. (Milwaukee, WI, USA). 

Procaine HCl and salicyluric acid were fiom Sigma Chemical Company (St. Louis, MO, 

USA). All the solvents were of HPLC or ACS grade; acetonitrile, methanol and 

dimethylsulfoxide were obtained from EM Science (Gibbstown, NJ, USA). Salicylic acid, 

methyl salicylate (NF grade), propyl paraben (BP grade) and glacial acetic acid (ACS 

grade) were fiom BDH Inc. (Toronto, ON, Canada). 

3.1.1 HPLC Methods for Tetracaine and its Metabolite 

3.1.1.1 HPLC Method 1 

From a previous metabolism study of topical TC preparations in rabbits in our lab, 

an unknown peak was found in rabbit blood samples stored at -20°C. The same peak was 

found in solutions of TC and 4-BABA in methanol after storage or after incubation in PBS 

at 37°C for 4 hours. This unknown peak was neither 4-BABA nor PABA. In order to 

analyze TC and 4-BAB A and to identify the unknown peak, the HPLC method was further 

modified systemically £iom that described by Wootfson et al. (1 WO), using procaine HCl 

(PC) as the internal standard. The analysis conditions started from the following: 



The HPLC system consisted of a Beckman System Gold programable solvent 

module 126, a Rheodyne injector, a Beckman System Gold diode array detector module 

168 (Beckman Instruments Inc.) and a Dell Ultrascan 486P microcomputer to control the 

conditions and manipulate the data. The column was the UltrasphereM 4.6 x 150 mm, 5 pm 

ODs column with a 45 mm guard column (Beckrnan Instruments Inc., Fullerton, CA, 

USA). The mobile phase was acetonitrile (ACN): 5 m M  hexanesulfonic acid (HSA) in 

water (75:Z)  at the flow rate of 1 mllmin. The peaks were detected as the W absorbance 

at wavelength 3 10 nm. 

The following manipulations were used to optimize the HPLC procedure: 

I .  Changing the composition of the mobile phase and using a premixed mobile 

phase instead of using 2 pumps to mix the mobile phase. The composition of the mobile 

phase were ACN: 5 rnM HSA = 75:25,80:20, 85: 15 and 90: 10. 

2. Adjusting the pH of the mobile phase; 0.1 M acetic acid was used to adjust the 

pH of the mobile phase. The pH was varied from about 5.50 to 6.50 with 0.25 unit 

increments. The optimum pH was 6.00 where the 4 major peaks were separated, although 

not completely for 4-BABA, PC and the unknown. The mobile phase pH fiom then was 

adjusted to about 6.00. 

3. Using a new guard column. 

4. Changing the injection volume; injection volumes of 15 and 25 pL were used. 

5. Changing the flow rate; the flow rate was reduced fiom 1 to 0.75 U r n i n ,  and 

later, the flow rate was varied fiom 1 to 1.5 and 2 mL/min. 

6. Modifying the concentration of the ion-pairing reagent; various concentrations 

of HSA were used: 0, 1.25,2.5, 5,7.5 and 10 mM, in the ratio of ACN:HSA = 75:25, pH 
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about 6.00. 

7. Changing the composition of the mobile phase; the percentage of ACN was 

varied fiom ACN:2.5 mM HSA = 7525 to 80:20 and 70:30. Subsequently, methanol 

(MeOH) was added in the mobile phase. The percentage of MeOH was varied fiom 4 to 40, 

by substituting ACN percentage and keeping the 2.5 m M  HSA constant at 25%. 

8. Using buffer; phosphate buffer was used at various concentrations. The 

concentration of the buffer was limited to 1-10 rnM range due to the limited solubility of 

the buffer components in the mobile phase. 

9. Temperature control; in one experiment the temperature of the column was varied 

fiom 25 to 75°C. 

3.1.1.2 HPLC Method 2 

This method was developed for the enzyme kinetic study of TC in human skin 

homogenate as HPLC method 1 could not be further modified to achieve better sensitivity. 

The HPLC system used was Waters 2690 Separations Module, with 996 diode array 

detector module and MillenniumQ system control and data acquisition software (Waters 

Corporation). The following approaches were used to optimize the HPLC procedure: 

1 .  Changing the column; the columns used were LunaTM 4.6 x 150 mm, 5 pm ODs 

column with a 4.6 x 30 rnrn, 5 pm guard column (Phenomenex, Torrance, CA, USA) or 

SymmetryShieldTM RP18, 3.9 x 150 mm, 5 pm with a 3.9 x 20 mrn, 5 pm guard column 

(Waters Corporation) or Symmetrym RP8, 3.9 x 250 rnm, 5 prn (Waters Corporation). 

2. Changing the composition and the pH of the mobile phase; gradient and isocratic 

runs of ACN and LO mM phosphate buffer were performed. The pH of phosphate buffer 

were 3,5,7 and 10. 
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3. Changing the type and concentration of the buffer used in mobile phase; 

phosphate buffer concentrations of 10 and 25 mM were tried as well as 0.1 % trifluoroacetic 

acid (TFA) or triethyl ammonium acetate as a composition in the mobile phase with ACN 

or ACN and MeOH mixture. 

4. Varying the concentration of the ion-pairing agent; 1.25 and 2.5 mM HSA were 

used. 

The flow rate was 1 mL/min. 

3.1.1.3 Method Validation 

Limit of  detection (LOD) was determined by comparing the absorbance of known 

concentrations o f  the analyte with that of the baseline (the signal-to-noise ratio). The 

minimum concentration which resulted in a signal-to-noise ratio of 2:l or 3:l was 

considered as the LOD. Validation of the LOD was done by analysis of 6 samples prepared 

at the LOD. Limit of  quantitation (LOQ) was assessed by analyzing the progressively lower 

concentrations o f  the standard solutions of the analyte. The best estimate of the lowest 

concentration that gives a coefficient of variation (CV) o f  approximately 10% on six 

injections was accepted as the LOQ. For accuracy determination, six assays of the analyte 

were performed. For the determination of intra-day precision, six assays of the analyte 

mixture were performed on a single day and for the determination of inter-day precision, 

six assays of the analyte were performed on three different days. For the linearity, 

calibration curves were determined fiom 6 concentrations of TC and 4-BABA (fiom 50 to 

750 ng), excluding blank values. The range was estimated fiom the linearity and was 

verified by confirming that the method provides acceptable precision and accuracy when 

applied to samples containing analyte at the extremes of the range as well as within the 
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range. 

3.1.1-4 Selection of Appropriate Solvents for Metabolism Study 

Several solvents beside methanol and ethanol were tried for TC and 4-BABA; 

glycerol, propylene glycol, polyethylene glycol 300, ACN, dimethylsulfoxide (DMSO), 

mobile phase without methanol (ACN2.5 mM HSA = 75:25), phosphate buffer saline 

(PBS) pH 7.2, and water. The parameters to be considered were the solubility, suitability 

as the solvent for analysis, and suitability as vehicle for the drug preparation. 

3.1 J.5 Sample Preparation 

For stock solutions; accurately weighed 20 mg of TC base was dissolved in DMSO 

and adjusted to 1 mL in a volumetric tube. The solution was then diluted with ACN to the 

required concentration. 4-BABA stock solutions were prepared the same way as TC 

solutions. PC was dissolved in water. All stock solutions were stored at -20°C. 

For solutions; mixture of TC, 4-BABA and PC solutions were made at required 

concentrations tiom each stock solution using ACN as the solvent. 

For human skin homogenate samples; human skin homogenate was incubated with 

TC solution in DMSO. At time intervals, an aliquot was taken and placed in ice-cold ACN, 

and mixed. Internal standard solution (if used) was added at this time and mixed. The 

solution was centrihged at 16,000 x g, 4°C for 10 minutes or passed through 0.45 pm 

Millipore membrane filter before being analyzed by HPLC. 

3.1.2 HPLC Method for the Analysis of Methyl Salicylate and its Metabolites 

An HPLC assay method was used for the analysis of methyl salicylate (MS) and its 

metabolites, salicylic acid (SA) and salicyluric acid (SUA). The method was modified from 

that of Cham et al. (1979). The assay condition is as follows: 
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The WPLC system consisted of a Waters 2690 Separations Module, with a 996 

diode array detector module and a Millennium@ system control and data acquisition 

software (Waters Corporation). The column was the UltrasphereTM 4.6 x 250 mm, 5 pm 

ODs column (Beckman Instruments Inc., Fullerton, CA, USA). The mobile phase was 

ACN : MeOH: 5% acetic acid in water (30:25:45) with the flow rate of 1 mL/min. 

Detection was by W absorbance at wavelength 240 nm. Propylparaben was used as the 

internal standard. 

3.2 Human Skin Homogenate Model 

3.2.1 Preparation of Skin Homogenate 

Technique for the preparation of the skin homogenate was developed by modifying 

the technique described by Woolfson et al. (1 990). 

Protocol for the preparation of skin homogenate. 

Flow diagram 

skin trim, wash -D weigh 4 mince 4 fieeze in liquid nitrogen + grind @ weigh 

+ add PBS + homogenize + centrifuge - separate supernatant fieeze at -70°C 

Fresh skin from breast reduction surgery was placed in sterile PBS and kept in an 

ice box during transportation to the laboratory. The following steps were performed under 

sterile conditions in a biological safety cabinet (Forma Scientific, Ohio, USA). 

1) Fat and dead tissue were trimmed off under sterile PBS, on ice. The skin was cut 

into small pieces and washed with sterile PBS. 

2) The skin was weighed then minced with scissors and frozen in liquid nitrogen. 

3) The Analytical Mill" (MA-Labortechnik, Germany) was cooled with liquid 

nitrogen. The frozen skin chunks were placed in the mill, then ground until being 
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powder. Liquid nitrogen was added from time to time to keep the fiozen status. 

4) The skin powder was transferred into a sterile, pre-weighed centrifuge tube. Sterile 

PBS was added in the ratio of skin weight:PBS volume = 1 :5 

5 )  The skin suspension was homogenized with Polytronm homogenizer (Brinkmm 

Instruments Inc., Rexdale, ON, Canada) at speed setting of 5 for 30 seconds, 4 times 

with 5 minute interval. During the interval, the chunks formed from collagen and 

elastic fibers were cut with scissors into small pieces. The temperature was kept 

cool at all times by surrounding the skin suspension with ice and by cooling the 

homogenizer head with liquid nitrogen before each homogenization. 

6 )  The skin homogenate was centrifuged at 2300 x g, 4 " C for 20 minutes (Accuspin 

FR Centrifuge, Beckman Instruments, Inc.). The supernatant was separated, pooled 

and divided into small portions, then kept at -70°C until required. 

7) One-half of the supernatant was heated in boiling water for 2 hours and cooled 

before being divided into small portions and kept at -70°C. This was used as 

negative control in the metabolism study. 

3.2.2 Protein Determinations 

The protein content in the skin homogenates was determined by a modified micro- 

Lowry method (Lowry et al. 195 1). Lowry reagent was prepared by mixing 1 mL of 1% 

W/V copper sulfate (Wiler Fine Chemicals Ltd., London, ON) and 1 mL of 2% wlv sodium 

potassium tartrate (BDH) and then adding 100 mL of 2% wlv sodium carbonate (Sigma) 

in 0.1 N sodium hydroxide (BDH). For each assay, 1 mL of diluted skin homogenate 

sample or working protein standard solution of bovine serum albumin (BSA, Sigma 

Diagnostics) was mixed with 1 mL Lowry reagent. After 10 minutes 0.1 mL of Folin & 
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Ciocalteu's Phenol reagent (BDH) was added and mixed. The solutions were left to allow 

color development for 1 hour then the absorbance was read at 750 nm (Novaspec 11, 

Pharmacia LKB, ). The protein concentration was determined from a calibration curve with 

the concentration range of 30 to 150 pg protein. The protein contents determined were used 

in the expression of the enzyme activity. 

3.2.3 Metabolism Experiments 

3.2-3.1 Tetracaine as Substrate 

3.2.3.1.1 Pilot Study 

Skin homogenate 960 pL was warmed at 37°C in a gently shaking water bath for 

1 0 minutes (Gyrotory water bath shaker model G76, New Brunswick Scientific Co.. Inc., 

New Brunswick, NJ, USA). At time 0,40 pL of TC solution in DMSO (2% w/v) was added 

to the skin homogenate yielding the initial Tt' concentration of 303 p M  in the incubation 

mixture. The mixture was mixed, then 25 pL aliquot was immediately taken. The aliquot 

was placed in 975 pL of ice-cold ACN and mixed in order to precipitate proteins hence 

stop the reaction. Internal standard solution (PC) was added and mixed. The solution was 

filtered through 0.45-pm Millipore membrane filter or centrifbged at 16,000 x g, 4°C for 

1 0 minutes (Eppendorf Micro Centrifuge 54 1 5C, Brinkmann Instruments. Inc.. Rexdale. 

ON, Canada) then 25 pL of the filtrate or the supernatant was analyzed for TC and 4-BABA 

amounts by HPLC method 1. Additional aliquots are taken at time intervals up to 72 hours 

and analyzed in the same way. All samples were stored at -20°C if not immediately 

analyzed. 

Negative controls (the same skin homogenate which was heated in boiling water for 

2 hours and cooled) were incubated at the same time as the skin homogenates and were 
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processed in the same way as the skin homogenates. 

33.3.1.2 Enzyme Kinetic Study of Tetracaine 

Since it was found in the pilot study that TC had substrate inhibition at the initial 

TC concentrations used (303 pM) and there was no report about kinetic parameters of TC 

hydrolysis in human skin homogenate, enzyme kinetic study of TC in human skin 

homogenate was conducted. 

3.2.3.1.2.1 Experimental Design 

The experiment was conducted by varying TC concentration ([TC]), starting from 

a very broad range of initial [TC]. Series of TC solutions in DMSO were prepared so that 

the same volume was added to each skin homogenate, thus keeping the amount of added 

DMSO constant. TC solutions at specified concentrations were added to skin homogenates 

and the experiments were carried out following the protocol in section 3 -2.3.1 - 1  . The 

original incubation volume was 1 mL. Except for the first experiment, an appropriate 

standard curve was made according to the concentration range analyzed in each experiment. 

1 ) Initial [TC] were 1, 1 0, 1 00, L 000, and 75 00 pM; analyzed at time 0 and 1 hour. 

2) Initial [TC] were 10, 50, 100, and 500 p M ;  analyzed at time 0 to 20 hours. 

Double sampling volume was performed at initial [TC] of 10 and 50 pM to enable the 

analysis at these low concentrations. 

3) Initial [TC] were 50,100,250,500,750 and 1000 pM, analyzed at time 0 to 24 

hours (6 time points). 

4) Initial [TC] at 50,75,100,150,200,250,300,400, and 500 pM, analyzed at time 

0 to 24 hours (9 time points). Since the LOQ of TC was 5 ng, the lowest initial [TC] which 

still be accurately analyzed at time 0 would be 25 pM. However, once incubated, TC 
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amount will be depleted and the assay would not be accurate anymore. So the lowest [TC] 

was kept at 50 p M  but [TC] were gradually increased to 500 pM. 

5) Initial [TC] at 20,40,60,80, 100, 120, 140, 160, 180 and 200 HM, analyzed at 

time 0 to 6 hours (7 time points). Human skin homogenate from full thickness skin of 3 

sources were used. However, due to the limited amount of the skin source, the experiment 

with the third skin homogenate was conducted at initial [TC] of 4O,6O, 80, 100, 120. and 

140 pM. The skin homogenate was prepared by using the skin to PBS ratio of 1 :2 which 

was 2 times more concentrated than previous skin hornogenates. The incubation protocol 

was adjusted to be as follows: 

Human skin homogenate 950 pL was warmed at 37°C in a gently shaking water 

bath for 10 minutes (Gyrotory water bath shaker model G76, New Brunswick Scientific 

Co., Inc., New Brunswick, NJ, USA). At time 0,50 pL of TC solution in DMSO was added 

and mixed. A 100-pL aliquot was taken at time intervals (0, 1,2,3,4,5 and 6 hours). The 

aliquot was placed in 900 pL of ice-cold ACN, mixed to stop the reaction and precipitate 

the proteins, then centrifuged at 16,000 x g, 4°C for 10 minutes (Eppendorf Micro 

Centrihge 541 5C, Brinkmann Instruments, Inc., Rexdale, ON, Canada). The supernatant 

was analyzed by HPLC method 2. Negative controls were incubated at the same time as the 

skin homogenates and were processed in the same way as the skin homogenates. Positive 

control was Pseudocholinesterase enzyme (13 units). All samples were stored at -20°C if 

not immediately analyzed. 

3.2.3.1.2.2 Determination of En y m e  Kinetic Parameters 

The rate of 4-BABA formation was determined fiom the slope of the plot of 4- 

BABA concentration versus time at each initial [TC]. Then the rate of the reaction was 
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plotted with the initial [TC]. The slope of the linear regression at the initial part of the curve 

was calculated. The Lineweaver-Burk plot, the Eadie-Hofstee plot and the Hanes plot were 

drawn then the K, and V,, values were determined from each method. The values fkom 

each method were compared. 

3.2.3.2 Methyl Salicylate as Substrate 

Human skin homogenate from full thickness skin of 3 subjects were used. Each 

experiment was run with 3 replicates for each sample. Positive control was 

Pseudocholinesterase enzyme (13 units) and negative controls were PBS and the skin 

homogenate from the same source which was heated in boiling water for 2 hours and then 

cooled. The incubation protocol was as follows: 

Human skin homogenate 950 pL was warmed at 37°C in a gently shaking water 

bath for 10 minutes (Gyrotory water bath shaker model G76, New Brunswick Scientific 

Co., Inc., New Brunswick, NJ, USA). At time 0,50 pL ofMS solution in DMSO (1 00 mM) 

was added and mixed to make a total concentration of 5 m M  MS in the incubation mixture. 

A 20-pL aliquot was taken at time intervals (0, 1,2,3,4 hours). The aliquot was placed in 

980 pL of ice-cold methanol, mixed to stop the reaction and precipitate the proteins, then 

centrifuged at 16,000 x g, 4°C for 10 minutes (Eppendorf Micro Centrifbge 5415C, 

Brinkrnann Instruments, Inc., Rexdale, ON, Canada). The supernatant was analyzed by 

HPLC. All samples were stored at -20°C or 4 "C if not immediately analyzed. 

3.2.3.3 Effect of Heat on Esterase Activity in Human Skin Homogenate. 

Skin homogenates were exposed to 60 OC temperature (water bath) for 2 minutes or 

2 hours prior to the incubation with MS solution. The experiment was then canied out in 

the same way as that described in section 3.2.3.2. 
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3.3 Excised Human Skin Model (In Vitro Flow-Through Diffusion Cell Study) 

3.3.1 Viability Assessment of the Skin During Diffusion Cell Study 

3.3.1.1 Diffusion Cell Setup 

Fresh skin fiom breast reduction surgery was placed in sterile Hepes-buffered 

Hank's balanced salt solution (HHBSS), pH 7.4, and kept in an ice box during 

transportation to the laboratory. The full-thickness skin was cleaned, trimmed off the fat, 

cut into pieces then mounted, epidermis side up, on Flow-Thru-type diffusion cells (Arnie 

System, USA) with a receptor volume of 400 pL and exposed surface area of 0.32 cm' 

(Figure 3.1). The bore of the top of the diffusion cell was enlarged to accommodate the 

oxygen probe. The diffusion cells were placed on a Posiblock heater which was maintained 

at 37°C by circulating water bath, yielding a skin surface temperature of 32°C. Sterile 

HHBSS which was proven to maintain the viability of the skin for 24 hours during 

permeation study (Collier et al., 1989) was gassed with oxygen and maintained at 37°C. It 

was perhsed through the receiver chambers of the diffision cells at 3.5 mL/hour by a 

peristaltic pump (Sarah standard cassette pump, Manostat Corporation, New York, NY, 

USA). Fresh skin samples from surgery were used as live tissue and skin samples which 

were stored at -20°C for 5-16 months were used as dead controls (shams). 

The experiment was run for 24 hours. Oxygen consumption measurement was 

performed at times 0,4,10 and 22 hours. At 24 hours, the skin samples were taken out from 

the diffision cells and processed for the confocal laser scanning microscopic study. 
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Figure 3.1 Diagram o f  the Flow-Thru-type diffision cell used in the permeation study. 



3.3.1.2 Oxygen Consumption Measurement 

An oxygen electrode was used to measure the oxygen concentration in the buffer 

above the skin suflace on diffbsion cells. The change in oxygen concentration in the buffer 

with time reflects the oxygen consumption by the skin sample and hence its viability. 

At time of measurement, 300 - 400 pL of HIlBSS was pipetted into the bore on top 

of the difhsion cell, covered with parafilm and was equilibrated for 5 minutes. An oxygen 

electrode (Orion Research, USA) connected to a pWion meter (Accumet 25, Fisher 

Scientific, USA) was calibrated in the water-saturated air and then was used to measure the 

oxygen concentration in the buffer continuously for 10 minutes then the buffer was pipetted 

out. The pH meter was linked to a computer to collect data on file. The collected data were 

processed in a spreadsheet program (Microsoft Excel 97, Microsoft Corporation, USA). 

Figure 3.2 depicts the oxygen concentration measurement in the diffusion cell and how the 

system was set up. Two parameters were derived; the slope of the linear regression using 

data from 100 to 600 seconds @recess 1) and the difference between the oxygen 

concentrations at peak of the graph and at the 600th second (process 2). These parameters 

for live and sham samples were compared. Statistical significance was determined using 

ANOVA and means comparisons (SuperANOVA, Abacus Concepts, Inc., CA, USA). 

3.3.1.3 Confocal Laser Scanning Microscopy Study 

This part was conducted in collaboration with Dr. Radha Naik, Department of 

Pharmacology. 

3.3.1.3.1 Sample Preparation 

Thicksamples: The skin sample ffrom the diffusion area or control was mechanically 

cut in the cross-section plane into pieces of approximately 1 mrn x 1 mm and 200 - 400 pm 
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Receptor 

Figure 3.2 Oxygen concentration measurement in diffusion cell. The oxygen electrode 

was inserted into the bore in the top part of the diffbsion cell. It measured 

oxygen concentration in the buffer above the epidermis side of skin in the 

diffision cell. The electrode was c o ~ e c t e d  to a pH meter which was linked 

to a computer to collect data during measurements. 



thickness with a razor blade then stained with solutions of EthD- 1 and CAM according to 

the proper staining protocol before examining with CLSM. 

Samples of 100 pm thickness: The skin sample from the diffusion area or control 

was cut (cross-sectioned) into pieces of approximately 2 mm x 3 mm, then encased between 

thin sheets of dental wax and mounted on a glass slide with an aid of low heat from a hot 

plate. The slide was cooled in refrigerator for at least 10 minutes to harden the wax then it 

was mounted on the specimen holder of the VibrosliceTM microtome (Carnpden 

Instruments, UK). The encased skin sample was cross-sectioned in the cool buffer bath into 

100 prn thickness sections. The skin slices were taken off the wax and stained with 

solutions of EthD-1 and CAM according to the proper staining protocol then hydrolyzed 

in normal saline solution before examined with CLSM. 

3.3.1 -3.2 Staining Protocols 

Fluorescent probes (CAM and EthD-1) were purchased as the ~ ive /Dead '~  

Viability/Cytotoxicity Kit for animal cells (Molecular Probes, Eugene, OR, USA) and were 

stored at -20°C. Working solutions were prepared fresh and used within the same day. The 

concentration of the probes and the staining time and temperature were varied to obtain an 

optimal condition: 

ntick samples: The concentration of CAM and EthD-I were 4 p M  and 10 pM 

respectively. The staining time of CAM was varied from 45 to 90 minutes while that of 

EthD-1 was varied from 10 to 20 minutes. The staining temperatures were 4°C and 37 "C.  

Samples of 100 ,urn thickness: The concentration of CAM was 4 pM, EthD-1 

concentration was varied from 4 to 15 pM. The staining time of CAM and EthD- 1 was 

varied fiom 30 to 45 minutes and fiom 10 to 90 minutes respectively. The staining 
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temperatures were 4 " C, room temperature and 3 7 " C. 

3.3.1.3.3 Effect of Scan Depth and Tissue Thickness on the Light Intensities of Probes 

In the Skin Samples 

In order to know whether tissue thickness and scan depth would give any difference 

in the light intensities of probes in the skin samples, both thick (200- to 400-pm) and the 

100-pm skin slices were scanned at the depth of 5, 10,20,40, 80, and 100 prn from the 

cutting surface using 2 . 5 ~  objective. The relative intensities for both probes were analyzed 

as described in the CLSM observation section (3.3.1.3.4). 

3.3.1.3.4 Confocal Laser Scanning Microscopy Observation 

Skin samples were placed, with a small amount of normal saline solution to prevent 

drying out, in a glass chamber containing a #O coverslip (Carolina Biological Supply 

Company, Burlington, NC, USA) and scanned with a Multiprobe ZOO1 (Molecular 

Dynamics, USA) argonkrypton CLSM, equipped with a Nikon Diaphot epifluorescence 

inverted microscope. Figure 3.3 shows how the skin sample was cut and the orientation of 

the skin in the glass chamber during the observation with the CLSM. A 488 nrn argon laser 

line (30 mV) directed through a 5 10 primary dichroic filter and attenuated with a 10% 

neutral density filter was used. The pinhole size was set at 100 pm. The primary and 

secondary beam splitters were set at 5 10 and 565 respectively. Detector filters of 640 df 20 

and 5 10 were used. The image size was 5 12 x 5 12 pixels with a pixel size of 20.3 1 pm and 

1.27 Frn for the 2 . 5 ~  and 20x objectives respectively. All settings, including the 

photomultiplier tube and photometric gain were kept constant once the appropriate settings 

were determined. 
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Figure 3.3 The cutting plane of the skin for the CLSM experiment. The skin sample was 

cut with a razor blade in the cross-section plane. During the observation with 

the CLSM, the skin section was placed on its side in a glass chamber so that 

both the epidermis and the dermis could be scanned at the same depth. 



3.3.1.3.5 Data Analysis 

Analysis of relative intensities for both probes were performed on a Silicon 

Graphics hdy computer with the Image Space software. This software was used both for 

data acquistion and analysis. Background fluoresence was determined to be below 15, so 

a cut off for intensities below 15 was used. The results are expressed as a ratio of the 

intensity value obtained in channel two (calceine) over that in channel one (EthD-1). 

Statistical significance of the ratios was determined using ANOVA and means comparisons 

where appropriate (SuperANOVA, Abacus Concepts, Inc., CA, USA). 

3.3.2 Metabolism of Methyl Saiicylate During Permeation Study in Diffusion Cells 

Absorption and metabolism experiments were conducted using flow-through 

diffusion cells (Crown Glass Corporation, USA). Fresh human breast skin was obtained 

immediately after plastic surgery. The skin sample was cleaned, subcutaneous fat trimmed 

off, cut into pieces then mounted, epidermis side up, in the diffusion cell. The skin viability 

was maintained during handling, transportation and in the diffusion cells by using HHBSS 

as medium and the receptor fluid. The receptor fluid was gassed with oxygen during the 

experiment. The flow rate was 1 mlhour. 

One hundred mg of 20% w/w MS cream in Glaxal base (Glaxo Canada) was applied 

on the skin, then the opening of the top part of the diffusion cell was covered with Parafilm 

to prevent the evaporation of MS. The eluates were collected at 2, 4, 6, 12, 18, and 24 

hours. After 24 hours, the cells were dismantled, MS cream recovered and the surface of 

the skin was washed with copious amount of sterile deionized distilled water. The wash was 

collected, combined with the recovered cream, sonicated, filtered through 0.45 pn 

membrane then analyzed by HPLC. The diffusion area of the skin was cut out, stripped 
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once with Scotch tapeTM (3M, St. Paul, MN, USA), weighed then homogenized in methanol 

by a tissue homogenizer (Cyclone Virtishear, Canberra Packard Canada). The tissue 

homogenate was centrifuged at 2300 x g, 4°C for 10 minutes (Accuspin FR Centrifuge, 

Beckman Instruments, Inc.). The supernatant was further centrifuged at 16,000 xg, 4°C for 

10 minutes (Eppendorf Micro Centrifuge 5415C, Brinkmann Instnlments, Inc., Rexdale, 

ON, Canada) and the supernatant was analyzed by HPLC. Aliquot of all receptor fractions 

were diluted with methanol at a ratio of hction:methanol = 1 2, then centrifuged at 16,000 

x g, 4°C for 10 minutes and the supernatant was analyzed by HPLC. All samples were 

stored at -20°C or 4 "C if not immediately analyzed. 

The skin was obtained fiom 3 different subjects. aged 30-35 years. Each experiment 

was run with 4 replicates. Negative control was the skin fiom the same source, stored at 

-20°C and heated in deionized distilled water at 60°C for 2 hours, then cooled in HHBSS 

on ice prior to being mounted in the diffusion cells. Two tailed, paired t-test was used as 

the statistical tool (Microsoft Excel 97, Microsoft Corporation, USA). 

3.4 Localization of Esterases in the Skin 

Skin samples, fixed in formalin solution, from the viability studies on diffusion cells 

were submitted to the Department of Pathology for morphology and staining for esterases. 

The skin samples were processed for morphology study using paraffin sections stained with 

hematoxylin and eosin (H&E). 

a-Naphthyl acetate esterase assay kit (procedure no. 90, Sigma Diagnostics) was 

used to demonstrate nonspecific esterase (NSE) activity. Paraffin sections of the skin 

sample (cross-sections) were serippped off the wax and incubated with a-naphthyl acetate 

in the presence of a stable diazoniurn salt. Enzymatic hydrolysis of the ester linkages 
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liberates free naphthol compounds which couple with the diazonium salt, form black 

deposits at the sites of enzyme activity. 



CHAPTER FOUR 

RESULTS AND DISCUSSION 

4.1 HPLC Analytical Methods 

4.1.1 Optimal HPLC Analytical Method for Tetracaine and its Metabolite 

4.1.1.1 HPLC Metbod 1 

Several approaches were used to optimize the HPLC method 1. 

By changing the composition of the mobile phase and using a premixed mobile 

phase instead of using 2 pumps to mix the mobile phase (the composition of the mobile 

phase were ACN: 5 mM HSA = 75:25, 80:20, 85: 15 and 90: 10); none of these systems 

could resolve all the analyte peaks. 

The mechanism of separation in this system is reverse-phase ion-pair 

chromatography, using HSA as the ion-pairing reagent. pH plays a significant role in the 

ionization of the analytes, hence the separation. The pH of the mobile phase was varied 

fkom about 5.50 to 6.50 with 0.25 unit increments. TC, PC and 4-BABA were all sensitive 

to pH change and the retention times of these compounds changed with the changing pH. 

The unknown peak was relatively stable to pH change and the retention time was 3.5 

minutes. The optimum pH was 6.00 where the 4 major peaks were separated, although not 

completely for CBABA, PC and the unknown (Figure 4.1 ). The mobile phase pH 6om then 

was adjusted to about 6.00. 



Figure 4.1 HPLC chromatogram of 4-BABA (B), procaine (P), the unknown (U) and 

tetracaine (T). The column was UltrasphereTM 4.6 x 150 mm with 45 mm 

guard column, the mobile phase was ACN : 5 m M  HSA = 7525, pH 5.98, 

flow rate 1 mL/min. 

After changing to a new guard column, TC peak shifted to longer retention time 

than with the old guard column. However, the separation of the other 3 peaks was not 

improved. 

Because there was tailing of TC and 4-BAB A peaks, injection volume was reduced 

from 25 pL to 15 pL. However, this neither overcame the tailing problem nor helped the 

separation. Moreover, other peaks looked broader and had more tailing. So the injection 

volume was kept at 25 pL. 
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The flow rate was reduced fiom 1 to 0.75 mL/min in an attempt to separate the 3 

overlapping peaks. But the peaks were still overlapped and looked broader. Thus the flow 

rate of 1 mL/min was used for the analysis. However, after several months the retention 

times of the analytes shifted fiom 3.6 to 4.4 min for PC and 6.3 to 7.4 min for TC. Although 

all peaks were still resolved, there was a concern about analysis time, especially when high 

concentration of TC was analyzed. Since TC peak had a long tail, a longer analysis time 

was needed (e.g. fkom 10 to 15 min) in order to correctly integrate the peak area and let the 

system return to the baseline before introducing the next sample. Flow rate was adjusted 

fiom 1 to 2 ml/min (Fig. 4.2), the retention times decreased fiom 2.89 to 1.45 rnin for 4- 

BABA, fiom 4.36 to 2.19 min for PC and fiom 7.49 to 3 -70 min for TC. Although the peak 

areas decreased, the peak shape ofTC was improved and the analysis time could be reduced 

to 7 minutes per assay. 

Figure 4.2 Effect of flow rate on the retention times and peak shapes of 4-BABA (B), 

procaine (P) and tetracaine (T). The column was UltrasphereTM 4.6 x 150 

rnm with 45 mm guard column, the mobile phase was MeOH:ACN:2.5 mM 

HSA = 40:35:25, pH 6.00. Flow rates ; (A) 1 mL/min, (B) 1.5 mL/min, (C) 

2 mL/min. 
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Since the organic phase constitutes at least 70% of the mobile phase, concentration 

of the ion-pairing reagent might be an important factor in the separation of the analytes. 

Various concentrations of HSA were used: 0, l.25,2.S, 5 7 . 5  and 10 mM, in the ratio of 

ACN:HSA = 7525, pH - 6.00. At 0% HSA, PC and TC peaks had very short retention 

times, about 1.4 min, and could not be separated. With samples which were kept for 2 

months, the PC and TC peaks were hardly detectable. At higher than 5mM HSA, the peaks 

were overlapped. The best available results were fiom 2.5 and 1.25 mM HSA where there 

was slightly overlapping of4-BABA and the unknown peaks. The concentration of 2.5 rnM 

HSA was selected for fiuther experiments because it provided better peak shapes and peak 

areas of the analytes and all peaks could be analysed within 10 minutes as compared to I5 

minutes for the 1.25 mM concentration (Figure 4.3). 

By changing the ratio of ACN to 2.SmM HSA fkom 7525 to 80:20 and 70:30, all 

analytes still could not be resolved. MeOH was added to the mobile phase and it improved 

the peak shapes of TC, PC, and especially, 4-BABA. Percentage of MeOH was varied fkom 

4 to 40, by substituting ACN percentage and keeping the 2.5 mM HSA constant at 25%. 

The compositions which all major analytes could be resolved were at the ratio of 

MeOH:ACN:2SmM HSA of 4:7l:25, 5:70:25, 30:45:25 and 40:35:25 (Figure 4.4). The 

40:35:25 composition was chosen to be the optimum mobile phase because it provided 

better peak shape for 4-BABA while TC and PC peaks in other systems with low 

percentage of MeOH were quite similar. The 40:35:25 ratio provided better peak positions 

of the analytes than the 30:45:25 system. 



Figure 4.3 Effect of the concentration of the ion-pairing reagent on HPLC 

chromatogram of 4-BABA (B), procaine (P), the unknown (LJ) and 

tetracaine (T). The column was ultrasphereTM 4.6 x 150 rnm with 45 mm 

guard column, the mobile phase (pH 6) were (A) ACN : 5 mM HSA = 

75:25, (B) ACN : 2.5 rnM HSA = 75:25, (C) ACN : 1.25 m M  HSA = 

7525, flow rate 1 mllmin. 



Figure 4.4 Effect o f  MeOH percentage on HPLC chromatogram o f  4-BABA (B), 

procaine (P), the unknown (U) and tetracaine (T). The column was 

UltrasphereTM 4.6 x 150 mm with 45 mrn guard column, the mobile phase 

(pH 6) was MeOH:ACN:2.5mM HSA in the ratio of (A) 4:71:25, (B) 

5:70:25, (C) 30:45:25, @) 40:35:25, flow rate 1 Wmin.  



Because the pH of the mobile phase changed after sitting in the reservoir, buffer was 

tried. Phosphate buffer was used at various concentrations. The concentration of the buffer 

was limited to 1-1 0 mM range due to the limited solubility of the buffer components in the 

mobile phase. Peak shapes of  4-BABA and PC were improved but not all peaks were 

resolved. With this concentration range, the buffer capacity of the system was very low. In 

addition, more time would be needed to optimize the buffer concentration and composition 

of the mobile phase. Considering these reasons and the fact that there were some other 

acceptable systems available, the buffer approach was not hrther developed. 

in one experiment the temperature of the c o l m  was varied from 25 to 75 "C. The 

result (Figure 4.5) showed that temperature change affected the retention times of all 

analytes: the higher the temperature, the shorter the retention time. However, there was no 

significant change in the peak area and peak height. Since it was not practical to apply high 

temperature to the column and a few degree change in temperature would not affect the 

retention times too much, the temperature was controlled at the ambient temperature (22- 

25°C) by wrapping a silicone tubing around the column and connecting the tubing to a 

circulating water bath (HPLC method 1) or by housing the columns in a column chamber 

(HPLC method 2). 



Figure 4.5 Effect of temperature on HPLC chromatogram of4-BABA (B), procaine (P) 

and tetracaine (T); (A) 2S°C, (B) 37"C, (C) 50°C, (D) 75°C. The column 

was UltrasphereTM 4.6 x 150 mrn with 45 mm guard column, the mobile 

phase was MeOH : ACN : 2.5mM HSA = 40:35:25, pH 6, flow rate 2 

ml/min. 



In conclusion, the optimal HPLC method 1 for the analysis of TC and its 

degradation products was as follows: 

HPLC system: Beckman System Gold programable solvent module 126, Rheodyne injector, 

Beckman System Gold diode array detector module 168 and a Dell Ultrascan 486P 

microcomputer to control the conditions and manipulate the data. 

Column : Beckman UltrasphereTM 4.6 x 150 mm, 5 pm ODs column with a 45 rnm guard 

column. 

Column temperature : controlled at the ambient temperature. 

Mobile phase : MeOH :ACN: 2.5 mM HSA in water = 40:35:25, pH 6. 

Flow rate : 2 mL/rnin. 

Detection : W absorbance at wavelength 3 10 nrn. 

Internal standard : procaine HCI solution in water. 

The mechanism of the separation might be explained as reversed phase ion pair 

HPLC. Anionic counter ions (Y-) react with organic bases (X') to form non-dissociated ion 

pairs (X'Y). HSA (Figure 6) in the mobile phase was a strong ion pairing reagent bearing 

a negative charge. At pH 6, TC which had a pKa of 8.39 was ionized with positive charge 

on the amine group. This functional group interacted with the negatively charged SO3 of 

HSA and form ion pair. The C6 chain of HSA interacted with the C18 part of the column 

via hydrophobic bond, thus TC ion pair was retained longer in the column (retention time 

about 5-6 minutes at the flow rate of 2 mL/min). 4-BABA, which had a pKa about 2.5, was 

also ionized at pH 6, bearing a negative charge at the carboxylic group. This functional 

group repelled by the negatively charged SO, hence shortly retained in the column 
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Figure 4.6 Chemical structures of hexanesulfonate, tetracaine, 4-BABA and procaine. 



(retention time about 1.5 minutes at the flow rate of 2 mLlmin). PC had a pKa of 8.9 but 

had a retention time of about 4 minutes at the flow rate of 2 mL/min instead of longer 

retention time than that of TC. This might be from the steric hindrance effect of the butyl 

group on TC molecule as compared to the hydrogen group on PC molecule. The butyl 

group made TC more hydrophobic and interacted with the hydrophobic part of the 

stationary phase, hence retained longer than PC. 

There were many factors affecting HPLC analysis in this system. The pH of the 

mobile phase affected the ionization of all species in the system, hence the interaction 

between the species and the separation. The composition of the mobile phase and the 

concentration of the ion-pairing reagent had to be optimized. Salts/buffer components were 

important as both positively and negatively charged groups interfered with the interaction 

between the ion-pairing reagent and the analytes. Basic compounds (TC and PC) were more 

sensitive to temperature change than the acidic compound (CBABA). The temperature 

should be controlled in this system in order to achieve less variation in the retention time 

of the basic compounds. Flow rate affected the peak shape of the analytes, especially TC 

peak which had long tailing. The tailing was the result of the interaction of basic compound 

with the fiee hydroxyl group of the silica which was the base of the column packing. 

Incomplete interaction of C 1 8 with the silica due to steric hindrance caused exposure of fiee 

hydroxyl groups. This problem occurred with older generation of HPLC columns such as 

the UltrasphereTM column used in this system. 

Method validation parameters for the HPLC method 1 is summarized in Table 4.1. 



Table 4.1 Method validation parameters for the HPLC analysis, method 1. 

Parameter I Tetracaine I 4-BABA 

Selectivity I Yes I Yes 

Limit of detection I 0.8 ng I 0.2 ng 

Limit of quantitation 1 5 ng I 5 ng 

Linear regression equation' 

Range I 5 - 100 ng I 5 - 100 ng 

Accuracy, 

RSD 

Precision 

Intra-day, RSD 

Inter-day, RSD 

X = amount of the analyte, Y = detector response 

Note: the RSD of the internal standard recovery was 1.37%- n = 30. 

This method was used in the study of TC metabolism in human skin homogenate. 

However, it was not sensitive enough for the kinetic study which required analysis at very 

Iow concentrations of 4-BABA and TC. Several approaches were tried to improve the 

sensitivity of the analysis. 

By increasing the sampling volume from the incubation mixture from 25 pL up to 

50 pL, PC (intemal standard) peak was affected, e.g. flattened or had shoulder. The cause 

might be from the salt component in the skin homogenate. With the effect on the intemal 

standard peak, accurate concentrations of CBABA and TC might not be achieved. The 

maximum sampling volume was 35 pL. 



By increasing the HPLC injection volume fkom 25 pL up to 100 pL, 4-BABA peak 

was affected. Originally, CBABA peak was very close to the solvent peak. When 

increasing the injection volume, the solvent peak and the 4-BABA peak itselfbecame larger 

and interfered with each other. The maximum injection volume was 30 pL. 

Combination of both previous approaches was tried using an injection volume of 

30 pL and varying the sampling volume from 25 pL to 50 pL. But 4-BABA peak was still 

affected. So the sampling volume should be kept at 25 pL at this injection volume. 

New internal standards (benzocaine and dibucaine) were tested. Benzocaine eluted 

with the solvent fiont. The dibucaine peak partially overlapped with TC peak. More 

adjustment with the analytical condition would be needed if either of these substances 

would be used as the internal standard. 

Capillary Electrophoresis (CE) assay was also used for the analysis of TC and 4- 

BABA. This part was done in collaboration with Dr. Jiaping Hu. The CE system consisted 

of a Beckman P/ACE system 5500 filly automated capillary electropherograph with a 

P/ACE diode Array detector, P/ACE Station system control and data acquisition software. 

The capillary was the eCAP capillary 100-pm I.D., 375-pm O.D., 37-cm total length, 7-cm 

detection length. The system was conditioned for 2 minutes with the running buffer (25 mM 

H3P04) at the capillary temperature of 23 "C. Injection was done by pressure injection for 

10 seconds. The separation voltage was 10 kV, detection by W at 227 nm. The capillary 

was washed for 1 minute with 0.1 M HCl after each run. TC and 4-BABA solutions were 

prepared from stock solutions but further diluted with deionized distilled water to the 

required concentration. Procaine HCI aqueous solution was used as the internal standard. 

Although the minimum amount per sample vial required for CE analysis was smaller than 
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that of HPLC, the sensitivity of CE was not necessarily better than that of HPLC. At the 

same concentrations as the LOQs of  TC and CBABA from HPLC method, the present CE 

system did not give a better sensitivity (RSD= 13.7 1 % and 15 34% for TC and 4-BABA 

respectively). Moreover, CE took longer time for the simultaneous analysis of the analytes. 

It was not easy to find a suitable sample preparation method for simultaneous analysis of 

TC and 4-BABA due to the very different pKa of the analytes. Skin homogenate samples 

require more steps for sample preparation for CE ana1ysis;i.e. after stopping the reaction 

with ACN (which also extracted TC and 4-BABA), water must be added to make an 

aqueous solution for anatysis in CE, hence diluting the sample. Therefore, the CE system 

used was not suitable for simultaneous analysis of TC and 4-BABA for the enzyme kinetics 

study in the skin homogenate model. 

Two other HPLC systems; the HP1100 ChemStation (Hewlett Packard) and the 

Waters 2690 (Waters Corporation) systems, were tried. The LOD for 4-BABA and TC were 

0.2 ng from both HPLC systems. The LOD of 4-BABA was the same as that from the 

previous HPLC system. The LOD of TC was slightly better as compared to 0.8 ng in the 

previous system. However, the LOQs were about the same as those fiom the previous 

system. 

4.1.1.2 HPLC Method 2 

A more sensitive HPLC method was required for the enzyme kinetic study of TC 

in human skin homogenate as HPLC method 1 could not be further modified to achieve 

better sensitivity for the application. The Waters 2690 Separations Module, with 996 diode 

array detector module and Millenniumm system control and data acquisition software HPLC 

system(Waters Corporation) was employed for the new method analysis. Three new HPLC 
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columns were tried; the first, a SymmetryTM C8,S pm, 4.6 x 250 mm (Waters Corporation), 

the second, a SymrnetryShieldTM RP18, 5 pm, 3.9 x 150 mm with a 3.9 x 20 mm guard 

column (Waters Corporation) and thirdly, a LunaTM C l8(2), 5 pm, 4.6 x 1 50 mm column 

with a 4.6 x 30 mrn guard column (Phenomenex, Torrance, CA, USA). These columns 

were all reversed phase but the silica based bonded phase packing material was smoother. 

more uniform, higher in purity, low metal content and complete endcapping (coverage of 

the unbonded silica with small molecules) compared to the previous column used in HPLC 

method 1. Therefore, the tailing problem of basic analyte (TC) was eliminated. 

The composition and the pH of the mobile phase were varied; gradient and isocratic 

runs of ACN and 10 rnM phosphate buffer were performed. The pH of phosphate buffers 

were 3,5,7 and 10, respectively. The type and concentration of the buffer used in mobile 

phase were also varied; phosphate buffer concentrations of 10 and 25 mM were tried as 

well as 0.1 % trifluoroacetic acid (TFA) or triethyl ammonium acetate as a composition in 

the mobile phase with ACN or ACN and MeOH mixture. However, none of these systems 

could simultaneously analyze TC and 4-BABA with a better sensitivity than the HPLC 

method 1. 

When using ion pairing reagent, HSA in the mobile phase, simultaneous analysis 

of TC and 4-BABA was achieved. The pH of the mobile phase in this system was not 

adjusted. However, the pH of the mobile phase was found to be between 6 and 7 as 

compared to pH 6 in method 1. The concentration of the ion pairing reagent was varied as 

well. HSA 1.25 and 2.5 mM were used and it was found that the 2.5 rnM concentration 

provided better peak shape of the analytes. The composition of the mobile phase was further 

varied to achieve the best separation of the analytes. 
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The optimal assay condition for HPLC method 2 was achieved as follows: 

HPLC system : Waters 2690 Separations Module, with 996 diode array detector module and 

Millennium@ system control and data acquisition software. 

Column : LunaTM 4.6 x 150 mm, 5 pm ODs column with a 4.6 x 30 mrn guard column 

(Phenomenex, Torrance, CA, USA) or SymmetryShieldTM RP 18,3 -9 x 1 50 mm, 5 pm with 

a 3.9 x 20 mm, 5 p m  guard column (Waters Corporation). 

Column temperature : controlled at the ambient temperature 

Mobile phase : ACN : MeOH : 2.5 mM HSA in water (20:55:25) 

Flow rate : 1 rnL/min 

Detection : UV absorbance at wavelength 3 10 nm 

Retention times: 2.6 min for TC, 3.05 min for 4-BABA (LunaT" column with guard) 

1.8 min for TC, 2.34 min for 4-BABA (SymmetryShieldTM RP18 

column with guard) 

In the HPLC method 1, 4-BABA peak was very close to the solvent front and 

overlapping occurred with increasing sample volume or injection volume. In the HPLC 

method 2, 4-BABA peak moved away fiom the solvent front hence made it possible to 

increase aliquot sampling volume fiom 25 to 100 pL without interference to the 4-BABA 

peak from the solvent front and the homogenate matrix. Method validation parameters for 

these systems are shown in Table 4.2 and 4.3. An example of HPLC chromatograms from 

skin homogenate and heated skin homogenate (negative control) samples is shown in Figure 

4.6. The sensitivity of this analytical method was better than the LOQs of 128 ng and 65 

ng for TC and CBABA, respectively from previous method (Woolfson et al., 1990). 



Table 4.2 Method validation parameters for the HPLC analysis, method 2; LunaTM 

C18(2), 5 pm, 4.6 x 150 mm column with a 30 mrn guard column. 

I Parameter I Tetracaine I 4-BABA 

I Selectivity I Yes I Yes 

I Limit of quantitation I 10 ng I 5 ng 

Linear regression equation* 

Accuracy at LOQ, I RID 

- -- -- - 

X = amount of the analyte, Y = detector response 

Precision at LOQ 

Intra-day, RSD 

Inter-day, RSD 

Table 4.3 Method validation parameters for the HPLC analysis, method 2; 

SymmetryShieldTM RP18,5 pm, 3.9 x 150 rnm with a 20 rnm guard column. 

1.1 % (n = 6) 

2.88 % (n = 20) 

1.1 O h  ( n  = 6 )  

3.45 % (n = 20) 

Parameter 

Selectivity 

Limit of detection 

Limit of quantitation 

Linear regression equation* 

RSD I 3.3 % (n = 6) 1 8.8 % (n = 6 )  I 

Tetracaine 

Yes 

Range 

Accuracy at LOQ, 

pp 

Precision at LOQ 

1 

4-BABA 

Yes 

0.3 ng 

10 ng 

Y = 5887.998 X - 1456.61 

Intra-day, RSD I 3.9 % (n = 6) I 5.6 % (n = 6) I 

0.5 ng 

5 ng 

Y = 6442.28 X - 2750.10 

10 - 120 ng 

104.21%, 

Inter-day, RSD I 5.33 % (n = 18) I 7.63 % (n = 18) I 

5 - 60 ng 

103.60%. 

- - - - -- - . 

X = amount of the analyte, Y = detector response 



Time (min) 

Figure 4.7 Example of HPLC chromatograms from (A) skin homogenate and (B) 

heated skin homogenate (negative control) samples. Initial tetracaine 

concentration was 40 pM, samples were analyzed after 2 hours incubation. 

(1) skin homogenate component, (2) tetracaine peak, (3) 4-BABA peak. 

The column was LunaTM C18(2), 5 pm, 4.6 x 150 mm column with a 30 

mm guard column, the mobile phase was ACN : MeOH : 2.5 mM HSA = 

55:20:25, flow rate 1 mL/min. 



4-1.2 Identification of the Unknown Peak: Methyl Ester of Tetracaine 

An attempt to identify the unknown peak firom the previous results was done with 

the following approaches: 

1. Comparing the retention time of the unknown with those of known substances. 

Despite CBABA, other potential degradation products of TC were PABA and N- 

butyl aniline (The Pharmaceutical Codex, 1988). However, the comparison of the retention 

times with PABA and N-butyl aniline showed that the unknown was neither one of these 

compounds (Figure 4.8). 

0.00 10:oo 

Figure 4.8 HPLC chromatogram of PABA, 4-BABA (B), procaine (P), the unknown 

0, N-butyl aniline (A) and tetracaine (T). The column was UltrasphereTM, 

4.6 x 150 mrn with 45 mm guard column, the mobile phase was 

MeOH:ACN:5 m M  HSA = 40:35:25, pH 6, flow rate 1 mL/min. 
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2. Reaction with strong reducing agent. 

With suspicion that the unknown might be N-oxide of TC as reported by Momose 

and Fukuda (1976), the solution of TC containing the degradation product was reacted with 

TiCl, powder which was a very strong reducing agent (method adapted from Brooks and 

Stemglanz, 1959). Comparison of the HPLC chromatogram before and after the reaction 

showed that the unknown was not the N-oxide of TC (Figure 4.9) since the unknown peak 

did not disappear after the reaction took place. 

Figure 4.9 Reaction of TiCl, and tetracaine solution with the unknown; (A) blank, (B) 

pre-reaction, (C) post-reaction. The column was UltrasphereTM 4.6 x 150 

mrn with 45 mrn pard column, the mobile phase was MeOH:ACN:2SmM 

HSA = 40:35:25, pH 6, flow rate 1 Wmin.  
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3. Mass spectrometry. 

The unknown solution was collected fiom HPLC afier separation fiom TC and the 

sample was submitted for mass spectrometry analysis. The electrospray mass spectrometry 

result had strong signals of a number of peaks but none of the peaks could be identified. It 

was possible that the unknown concentration was still too low compared to the background 

(such as substances from the solvents or glassware). The HPLC-electrospray mass 

spectrometry result of TC powder showed a large peak with the masses of 264 and 175. 

However, there was a small peak of about 3% of the total area. This peak had a mass of 207 

which could be the methyl ester of TC since TC powder was dissolved in MeOH and left 

overnight before being introduced into the HPLC-Mass Spectrometer. Further experiment 

was done to verifL this as described in the next approach. 

4. Changing the solvent for tetracaine. 

ACN and DMSO were used to dissolve TC, i.e. to make stock solutions. In order 

to make the injecting solutions for the HPLC analysis, two mobile phases were used to 

dilute the stock solutions; one with MeOH, another without MeOH. The unknown peak 

occurred in the solutions with MeOH and the amount increased with time. However, in the 

system without MeOH, there was no peak at the same retention time as the unknown peak. 

This strongly suggested that there were trans-esterification reactions in the systems which 

contained MeOH. In the preliminary experiment, 95% ethanol was used as one of the 

solvents for TC and an unknown peak occumd as well. That might be the ethyl ester 

product of the trans-esterification. 



Figure 4.10 Effect of solvent on trans-esterification of tetracaine; (A) diluting solution 

contained MeOH; (A1 ) tetracaine in ACN, (A2) tetracaine in DMSO; (B) 

diluting solution did not contain MeOH; (Bl)  tetracaine in ACN, (B2) 

tetracaine in DMSO. Samples were analyzed 20 days afier preparation. The 

column was UltrasphereTM 4.6 x 150 mm with 45 mm guard column, the 

mobile phase was MeOH:ACN:2.5mM HSA = 40:35:25, pH 6, flow rate 

1 mllmin. 

4.1.3 Appropriate Solvent for Tetmcaine. 

Due to the potential for transesterifcation, methanol and ethanol must not be present 

in the solvent for TC. In glycerol, propyiene glycol or polyethylene glycol 300 containing 
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systems, as expected, there were transesterification reactions due to the presence of many 

hydmxyl groups in their molecules. Several other solvents were also tried for TC and 4- 

BABA; ACN, DMSO, mobile phase without methanol (ACN:2.5mM HSA = 75:25), 

phosphate buffered saline (PBS) pH 7.2, and water. The parameters to be considered were 

the solubility, suitability as the solvent for analysis, and suitability as vehicle for the drug 

preparation. 

For analytical purposes, both ACN and DMSO were suitable solvents. All analytes 

were very soluble in these solvents. DMSO had a solvent peak around 1.0 min (HPLC 

method 1, flow rate 2 mL/min) which could interfere with the 4-BABA peak if used in high 

concentration. ACN also had solvent peak around 1.0 min but it had less interference to 4- 

BABA peak. Mobile phase without methanol consisted of 75% ACN, hence it was a good 

solvent for all analytes. Since its composition was very similar to the mobile phase, the 

solvent peak was very small. TC and 4-BABA are almost insoluble in water and PBS. 

However, considering the toxicity to cells, ACN should not be used as the vehicle for the 

preparation (formulation) of the drug. DMSO, although causes irritation, is not toxic to 

cells. It is widely used in cryopreservation of tissue cultures. In order to reduce the imtation 

effect and the interference in the analysis, DMSO was used as a solvent to prepare stock 

solutions of TC and 4-BABA. Further dilution for analysis was done with water, ACN or 

mobile phase without methanol. 

PBS was found to interfere with TC, 4-BABA and PC peaks (Fig. 4.1 1 ). This was 

evident in several experiments such as the metabolism in skin homogenate experiment 

where TC was dissolved in DMSO then diluted with PBS and used as solution dosage form; 

in the analysis of the wash from excised skin (permeation study) if PBS was used as the 
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washing solvent; and in experiments to see the effect of PBS on analysis of TC and 4- 

BABA. In order to avoid interference fiom PBS, its concentration must not exceed 0.5 mM 

in the injected samples. 

Figure4.11 Effect of PBS on HPLC analysis of 4-BABA (B), procaine (P) and 

tetracaine (T). Standard solutions prepared with diluting solvents; (A) PBS, 

(B) Water (C) Mobile phase without methanol. The column was 

UltraspherrTM 4.6 x 150 mm with 45 mrn guard column, the mobile phase 

was MeOH:ACN:2SmM HSA = 40:35:25, pH 6, flow rate 1 mWmin. 



In conclusion, for the preparation of solution dosage form, DMSO was selected as 

the solvent for TC. For the analysis, DMSO was selected as the solvent for TC and 4- 

BABA stock solutions and water was the solvent for PC stock solutions. ACN was selected 

for diluting the solutions for the analysis in general while water was used for the analysis 

in the wash fiom excised skin. 

4.1.4 Optimal HPLC Analytical Method for Methyl Salicylate and its Metabolites 

An HPLC assay method was used for the analysis of MS and its metabolites (SA 

and SUA). The method was modified from that of Cham et al. (1979). The assay condition 

was as follows: 

The HPLC system consisted of Waters 2690 Separations Module, with 996 diode 

array detector module and Millenniumm system control and data acquisition software. The 

column was Beckrnan UltrasphereTM 4.6 x 250 rnrn, 5 pm ODs column. The mobile phase 

was ACN : MeOH: 5% acetic acid in water (30:25:45) with the flow rate of 1 mL/min. 

Detection was by UV absorbance at wavelength 240 nm. Propyl paraben (PP) solution in 

MeOH was used as the internal standard. The retention times of SUA, SA, PP and MS were 

3.2,4.5, 7.4 and 9.4 minutes, respectively. 

Validation parameters are shown in Table 4.4. Examples of HPLC chromatograms 

fiom samples of standard solution, skin homogenate and diffusion cell samples are shown 

in Figures 4.12 - 4.14. 



Table 4.4 Method validation parameters for the assay of methyl salicylate 

X = amount of the analyte, Y = detector response 

MS 

Yes 

15 ng 

Selectivity 

Limit of quantitation 

Figured12 HPLC chromatogram from a standard solution which consistedof 

salicyluric acid (SUA), salicylic acid (SA), propyl paraben (PP, the internal 

standard) and methyl salicylate (MS). The column was ~ l t r a s p h e f l 4 . 6  x 

250 mm, the mobile phase was ACN: MeOH:5% acetic acid in water 

(30:25:45), flow rate 1 Wmin.  

I 

SUA 

Yes 

7 ng 

Y=O.O0972X-0.0144 

(n = 3) 

0.9984 

15400 ng 

Linear regression 

equation' 

r? 

Range 

SA 

Yes 

15 ng 

Y=O.O0896X-0.0172 

(n = 3) 

0.9975 

15-600 ng 

Y=O.Ol lox-0.01 59 

(n = 3) 

0.9747 

7-20 ng 



Figure 4.1 3 KPLC chromatograms 

. I .  I . .  . . .  
iiro 4m 8 h  100 tom 

B - 

from methyl salicylate metabolism in different 

matrixes fiom skin homogenate experiment at 4 hours. 

(A) Phosphate buffered saline (B) Untreated skin homogenate 

(C) Pseudocholinesterase enzyme (13U) @) Skin homogenate, heated at 60QC, 2 min 

(E) Skin homogenate, heated at 100°C, 2 h (F) Skin homogenate, heated at 60°C, 2 h 
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Figure 4.14 HPLC chromatograms from methyl salicylate metabolism in diffision cell 

experiments. 

(A) 24h fraction fiom viable skin (B) 24h fraction from 60°C treated skin 

(C) Wash from viable skin @) Wash from 60°C treated skin 

(E) Skin extract from viable skin (F) Skin extract fiom 60°C treated skin 



4.2 Human Skin Homogenate Model 

Although the concept of making skin homogenate was simple, it was very difficult 

in practice, especially if the activity of the enzymes in the homogenate must be preserved. 

The most difficult part was to pulverize the skin before homogenization. The skin was very 

resilient due to the massive dense fibroelastic connective tissue composed of collagen 

fibers, elastic fibers, proteoglycans and glycosaminoglycans. Therefore, very high shear 

was needed to break down the links between these components. However, the temperature 

had to be controlled so that the enzymes in the skin were not denatured. Mortar and pestle 

might work for pulverizing very small amount of liquid-nitrogen-frozen skin pieces but not 

with more than 0.5 g. The Biopulverizer@ (Biospec Products Inc., Bartlesville, OK, USA) 

worked, provided only a small amount of skin was used (less than 1 g). The A10 LKA- 

Analytical Milla (IKA Werke, Germany) could grind 5-8 g of frozen skin into powder in 

less than 10 minutes, therefore, it was used in the preparation of human skin homogenates. 

4.2.1 Protein Determinations 

The results of protein determinations of skin homogenates from human breast skin 

of different sources are shown in Table 4.5. These numbers were used in the calculation of 

specific enzyme activities. 



Table 4.5 Protein concentration in skin homogenates from different sources as 

determined by modified Lowry method using BSA protein standard and 

absorbance measurement at 750 nm. 

( Skin source I Protein concentration (mg/mL) I 
I skin la 1 8.66 (8.78,8.53) 1 
I skin za 1 7.78 (7.55, 8.01) I 

I skin Sb I 4.12 (3.89,4.35) 7 
I skin 6b I 3.21 (3.14, 3.28) I 

I skin gb I 2.62 (2.45,2.79) I 
I skin gb 1 2.95 (2.86,3.04) 1 

The data are reported as means, ~ 2 ,  with ranges shown in parentheses. 

a prepared with the ratio of skin to PBS of 1 :2 

prepared with the ratio of skin to PBS of 1 :5 

4.2.2 Hydrolysis of Tetracaine in Human Skin Homogenate 

From preliminary results, TC degraded in the incubation condition yielding 4- 

BABA. The rate of TC hydrolysis in human skin homogenate was higher than that in the 

negative control (Fig. 4.1 S), suggesting that the activity of esterases was preserved by the 

preparation method discussed. However, the hydrolysis rate was very slow compared to that 

of the purified enzyme Pseudocholinesterase (Fig. 4.16). As shown in Fig. 4.16, it took only 

13 hours for the purified enzyme to hydrolyze 80% of TC while it took over 60 hours for 

the skin homogenate to hydrolyze 30% of TC (Fig. 4.1 5). 
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Time (h) 

Figure 4.15 Tetracaine hydrolysis in human skin homogenate and its negative control 

(same skin homogenate which was heated in boiling water for 2 hours and 

cooled), n = 1 .  The initial tetracaine concentration was 303 pM. 

t400 - 

0 2 4 6 8 10 12 

Time (h) 

Figure 4.16 Tetracaine hydrolysis in heated human skin homogenate, PBS and purified 

enzyme pseudocholinesterase, n = 1.  The initial tetracaine concentration was 



Heating the skin homogenate in boiling water for 2 hours diminished the esterase 

activity in the skin homogenate. The hydrolysis rate in this system was less than that in PBS 

(Fig. 4.16). 

PBS which was used as the vehicle for the skin homogenate and the purified 

enzyme, interfered with the analysis (specifically the PC peak, Fig. 4.1 1) so the aliquot 

volume must be small but contain enough amount of analytes. This implies the importance 

of the initial substrate concentration and the sensitivity of the analysis method. 

The initial concentration of TC used in the preliminary experiment (303 p M )  gave 

a linear hydrolysis pattern. Compared to the K, values of SO p M  for human plasma and 2.8 

pM for cholase (purified human cholinesterase concentrate) (Foldes et al., 1955), this 

concentration was much higher therefore assured that the enzyme activity would not be 

limited by the substrate concentration. It was interesting to conduct an enzyme kinetic study 

of TC hydrolysis because there was very little information available about the kinetic data 

for the hydrolysis of TC by esterases, highly purified enzyme became available and the 

analytical techniques had been improved. This could be done by determining the rate of the 

reaction while varying the concentration of substrate. The substrate concentration that gives 

half the maximum rate is the &. The substrate concentration used in the experiment must 

be at least 4-5 &. 

In order to find where the hydrolytic activity was in the skin layers, the skin sample 

was separated into the epidermis and the dermis using -sin or dispase enzyme (Gibco 

BRL) then homogenate from each layer was made and incubated with TC solution. 

Comparative hydrolysis rate of TC from different skin layers using different conditions of 

separating the skin layers is shown in Table 4.6. 
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Table 4.6 Tetracaine hydrolysis rate per mg skin between 0 and 24 houn in 

homogenates fkom different skin layers using different condition of 

separating the skin layers. Initial tetracaine concentration was 303 pM. 

in homogenate (n = 1) from I 
heated epidermis 

dmnis 

heated 

epidcnnis 

Average SEM (n = 3) 

Method of separating 

skin layers 

1.25% trypsin, 37°C. 

8 hours, soaked filter 

paper method 

1.74 U/mL dispase, 

3 7 ' C 9 2 . 5 h o ~ ~ o o k e d  

filter paper method 

2.37 UImL dispasc, 4"C, 

15 houn, submerged in 

enzyme solution method 

As seen fiom Table 4.6, homogenates fiom the dermis and the epidermis were 

inactive. The hydrolysis rate between 0 and 24 hours were about the same as their negative 

controls. Even with the gentlest method of separating skin layers, i.e. using enzymes, it 

seemed to inactivate esterase activity. Other methods of separating skin layers such as 

chemical and heat separation were not suitable for the separation of skin layers in this 

experiment because the enzyme activity might not be presewed. However, homogenate 

4 

Hydrolysis rate (pM/h/mg skin) between 0 and 24 hours 

den* 

0.06 

0.06 

0.07 



from whole skin, which was not treated by enzyme, showed only slightly more hydrolytic 

activity than its negative control. Longer than 24 hour incubation time was needed to 

demonstrate more activity fkom the whole skin and the dermis homogenates than from their 

respective negative controls (Figure 4.17). Valentino et al. (1981) reported substrate 

inhibition of enzyme cholinesterase in human sera by TC and some other substrates. They 

also determined the kinetic parameters for TC. The Michaelis constant &) values for TC 

for usual and atypical cholinesterase were 0.14 and 8 pM respectively (the buffer was 0.1 

M Tris-CI, pH 7.4,2S°C). Thus the initial TC concentration of 303 pM was too high and 

substrate inhibition had occurred. There was no report on the kinetic parameters for TC 

3.5 1 

0 6 12 18 24 30 36 

Time (h) 

+whole --t- dermis +epidermis 
-9-- heated whob -&-heated dermis +heated epidermis 

Figure 4.17 4-BABA concentration h m  tetracaine hydrolysis in homogenates from 

different layers of human skin up to 36 hours, n = 1. Skin layers were 

separated by incubation with 2.37 U/mL dispase at 4'C for 15 hours. Initial 

tetracaine concentration was 303 pM. 



hydrolysis in human skin but it was assumed that its esterase activity would be lower than 

that in serum. The next step would be to test whether the prepared skin homogenates were 

active or not, using another substrate. If the homogenates were active, kinetic parameters 

for hydrolysis of TC in the skin should be determined. 

A few experiments were done using methylsalicylate (MS) as substrate to prove 

whether the skin homogenates were really active. MS was hydrolyzed to SA and methanol. 

In the preliminary analytical procedure for MS, the HPLC system consisted of the Beckman 

System Gold programable solvent module 126, Rheodyne injector, Beckman System Gold 

diode array detector module 168 and a Dell Ultrascan 486P microcomputer to control the 

conditions and manipulate the data. The column was Beckman UltrasphereTM 4.6 x 150 

rnm, 5 pm ODs column with a 45 mrn guard column. The mobile phase was water : ACN 

: trifluoroacetic acid in water (50:50:0.01) at the flow rate of 1 W m i n .  Detection was by 

W absorbance at wavelength 205 nm. Skin homogenates were incubated with 2% MS in 

methanol. Aliquots were taken at 0 and 17 hours and analyzed for MS and SA peak areas. 

The result is shown in Table 4.7. Heating the homogenates in boiling water for 2 hours 

destroyed the esterase activity. All the negative controls had similar percentage of MS left 

at 17 hours, about 16%, the same as PBS, except for the epidermis homogenates. The other 

homogenates had more SA and less MS remained. Even skin homogenates which were 

thawed and kept at 4°C for 1 month showed more activity than their negative controls, but 

less activity than the fieshly thawed homogenates. Homogenate which was made fiom 

h z e n  whole skin also showed good activity. 



Table 4.7 Salicylic acid increase and methyl salicylate remaining from hydrolysis of 

methyl salicylate in different skin homogenates after 1 7 hours at 37 "C, n=l . 

PBS or skin homogenates from I Salicylic acid 

lwhole skin I 23 1 I 8.15% I 

% Methyl salicytate 

PBS 

I 

twhole from fiozcn skin I 326 I 6.82% I 

fold increase fiom 0 hour 
12 

whole skin, thawed for lmonth 
whole skin, boiled for 2 hrs 

remaining after 17 hours 
16.43% 

209 
0 

whole from fiozcn skin, boiled for 2 hrs 
dermis 
dermis, thawed for 1 month 
dermis, boiled for 2 hrs 
I 

epidermis 

Since the esterase activity in the epidermis homogenate was very low, it was 

speculated that the enzyme activity was destroyed during the separation of the epidermis 

fiom the dermis. Other methods of separation, for example, heating the skin to 60°C for 2-3 

minutes and peeling the epidermis off, may also be used. This method was tested with a 

small piece of skin first. Since heating time and temperature used to separate the epidermis 

fiom the dermis was a concern, a quick experiment was done to test the effect of heat on 

esterase activity. Freshly thawed whole skin homogenate was immersed in 60°C water bath 

for 5, 10 and 30 minutes before incubation with MS solution along with unheated whole 

skin homogenate (positive control) and the whole skin homogenate which was heated in 

boiling water for 2 hours (negative control). Aliquots were taken at 0 and 20 hours and 

analyzed for MS and SA peak areas. The results are shown in Table 4.8. Exposing 

10.57% 
16.13% 

epidermis, thawed for 1 month 
epidermis, boiled for 2 hrs 

1 
232 
138 
4 

71 

15.85% 
8.72% 
12.38% 
15.37% 
17.32% 

1 

2 
0 

18.21% 
26.53% 



homogenates to 60°C reduced the activity of the enzymes and the longer the exposing time, 

the less the activity remained. Similar result with the hydrolysis of procaine by human 

serum was reported by Kisch et al. ( 1 943). According to this study, "the % of total procaine 

hydrolyzed increased considerably with the temperature increases up to 45 or 50°C and 

then diminished". Therefore, the separation ofthe epidermis by heat was not used. Recently 

Wester et al. (1998) also reported viability lost due to heat separation of the skin layers. 

Table 4.8 Effect of exposing time to heat on the hydrolysis of methyl salicylate before 

incubation with whole skin homogenate, n = 1. 

I I incubation at 37°C for 20 hours I 
Whole skin homogenate 

I not heated I 1 00 I 

% Methyl salicylate remaining after 

1 exposed to 60°C for 5 minutes 1 14.82 I 

I exposed to 60 'C for 30 minutes I 7.38 I 
I exposed to 100 "C for 2 hours I 6.09 I 

4.2.3 Enzyme Kinetic Study of Tetracaine Hydrolysis in Human Skin Homogenate 

As it was found that TC had substrate inhibition at 303 pM, which was in the range 

of a clinical dose, and there was no report about substrate inhibition by TC in skin, enzyme 

kinetic study of TC hydrolysis in human whole skin homogenate was conducted by varying 

the initial TC concentration and then determining the rate of TC hydrolysis. All 

experiments were canied out with 1 replicate unless stated diffmntly, due to the limited 

availability of human skin homogenate as well as the nature of experiments which required 

aliquots to be taken at certain time intervals in series. 

106 



1) Initial [TC] were 1,10,100,1000, and 7500 pM; analyzed at time 0 and 1 hour 

using HPLC method 1. The result is shown in Table 4.9. It was concluded that the assay 

was not sensitive enough to analyze TC concentrations below 100 pM. 

Table 4.9 Hydrolysis of tetracaine in whole skin homogenate : Initial tetracaine 

concentrations from 1 to 7500 pM, n = 1, analysis by HPLC method 1. 

4-BABA concenodrion assayed (pM) I Tctracaine concentration assayed (pM) and 

Note 0 = not detected. - = not analyzed. - 

2) Initial [TC] were 10,50, 100, and 500 pM; analyzed at time 0 to 20 hours using 

HPLC method 1. Double sampling volume was performed at initial [TC] of 10 and 50 p M  

to enable the analysis at these low concentrations. The results are shown in Figures 4.18 and 

4.19. The initial [TC] of 10 p M  was below the analytical capability of the assay either for 
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homogenate 

skin 
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heated skin 
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heated 

skin homogcnate 



4-BABA or TC. 4-BABA and TC could be analyzed from the initial [TC] of 50 p M  or 

higher. Whole skin homogenate showed higher activity than its negative control. There was 

no TC present by 12 hours of incubation for the initial [TC] of 50 and 100 pM and the 

corresponding 4-BABA concentrations were steady as well. TC concentrations in heated 

skin homogenates remained constant through the incubation period. For the "active" skin 

homogenates, only the initial [TC] of 500 pM showed enough substrate throughout the 

experiment. Substrate inhibition might have occurred at this initial concentration since TC 

remaining was not very different from its negative control although CBABA concentration 

increased and [TC] decreased with time. 

Figure 4.18 Tetracaine concentration in skin homogenate (close symbols) and heated 

skin homogenates (opm symbols) over 20 hours. Initial tetracaine 

= 1, analysis by HPLC method 1. 



Figure 4.19 4-BABA concentration as the product from tetracaine hydrolysis in skin 

homogenate (close symbols) and heated skin homogenates (open symbols) 

over 20 hours. Initial tetracaine concentrations were (A) 10 pM, (B) 50 pM, 

(C) 100 pM, @) 500 pM, n = 1, analysis by HPLC method 1. 

3) Initial [TC] were 50, 100,250,500,750 and 1000 pM, analyzed at time 0 to 24 

hours (6 time points) using HPLC method 1. The results are shown in Table 4.10 and 

Figures 4.20 to 4.24. From Table 4.10, slopes of plots between corrected concentrations of 

4-BABA (concentration in skin homogenate - concentration in heated skin homogenate) 

and incubation time were determined, then plotted against initial [TC] as in Figure 4.2 1. 

Saturation of enzyme occurred at about initial [TC] of 100 @I. Substrate inhibition 

characteristics was obvious as the rate of the reaction decreased as [TC] increased. This 
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Table 4.10 Hydrolysis of tetracaine in human skin homogenate : Initial tetracaine 

concentrations fiom 50 to 1000 pM, n = 1, analysis by HPLC method 1. 

I Time I I Initial tetracaine concentration 

SOpM 1 100pM 1 250pM 1 500pM 1 750pM I 1OOOpM 
4-BABA concentration (pM) in skin homogenate 

0 0 0 0 0 0 

0 0 6.1317 16.349 , 19.70 1 26.452 
18.435 18.078 22.324 30.826 33.97 1 45.53 1 
25.987 30.956 3 1.63 45.532 52.397 59.987 
51.651 55.505 63 -93 3 84.72 103.61 1 18.56 
55.937 104.18 1 15.53 168.5 1 196.05 235.6 

4-BABA concentration (pM) in heated skin homogenate 

% Tetracaine remaining in skin homogenate 
100 1 100 I 100 1 100 I 100 1 100 

% Tetracaine remaining in heated skin homogenate 
100 1 100 I 100 1 100 I 100 I 100 

Note 0 = not detected 



Figure 4.2 0 4-BABA concentration fiom tetracaine hydrolysis in skin homogenate in 24 

hours. Initial tetracaine concentrations were from 50 to 1000 p M  (6 

concentrations), n = 1, analysis by HPLC method 1 .  

Figure 4 2 1  Tetracaine hydrolysis rate as a function of initial tetmcaine concentrations 

which were fkom 50 to 1000 p M  (6 concentrations). 



Figure 4.22 Lineweaver-Burk plot fiom 0-6 hours. Initial tetracaine concentrations were 

fkom 50 to 1000 pM (6 concentrations). From the extrapolation o f  the plot 

using [TC] of SO -250 pM; K,,, = l/x-intercept = 12.66 pM, V, = lly- 

intercept = 1.44 pmoVh/pg protein. 

Figure 4.23 Eadie-Hofstee plot fiom 0-6 hours. Initial tetracaine concentrations were 

fkom 50 to 1 000 pM (6 concentrations). From the extrapolation of the plot 

using [TC] of 50 -250 pM; Y. = -slope = 10.20 pM, V, = y-intercept = 

1.43 pmoWpg protein. 



Figure 4.24 Hanes plot fiom 0-6 hours. Initial tetracaine concentrations were fiom 50 to 

1000 p M  (6 concentrations). From the extrapolation of the plot using [TC] 

of 50 -250 pM; K,,,= -x-intercept = 6.58 pM, V,,= l/slope = 1.39 

pmoVh/pg protein. 

characteristics was also demonstrated in the Lineweaver-Burk plot , Eadie-Hoffstee plot, 

and Hanes plot fiom 0 to 6 hours (Figures 4.22-4.24). Extrapolation of the first three [TC] 

(50-250 pM) provided rough estimations of kinetic data. More data are needed at lower 

[TCI. 

4) Initial [TC] at 50,75,100,150,200,250,300,400, and 500 pM, analyzed at time 

0 to 24 hours (9 time points) using HPLC method 1. Since the limit of quantitation (LOQ) 

of TC was 5 ng, the lowest initial [TC] which still be accurately analyzed at time 0 would 

be 25 pM. However, once incubated, TC amount will be depleted and the assay would not 

be accurate anymore. So the lowest [TC] was kept at 50 p M  but [TC] were gradually 

increased to 500 pM. The results are shown in Table 4.11 and Figures 4.25 to 4.29. TC 

recovery was between 7 1 % and 94% but the data analysis was based on 4-B AB A 



Table 4.1 1 Hydrolysis of tetracaine in human skin homogenate : Initial tetracaine 

concentrations from 50 to 500 pM, n = 1, analysis by HPLC method 1. 

Time 

(h) 

0 
1 
2 
3 

1. 

4 

5 
6 

12 . 
24 

I 

Note 0 = not detected - 

Initial teuacminc concentrotion 

0 
1 

2 

3 
4 

5 
6 

It 
24 

4-BABA concenation (pM) in heated skin homogenatc 

200pM 

in PBS 

5OpM 

% Tc~lcrine remining in hated skin homogcnrte 

4-BABA concmmtion (pM) in skin homgenate 

0 

0 

0 
0 

0 
0 
0 

7.37025 
13.422 

% Tctncaine m i n i n g  in skin homogmate 

0 

0 

0 
0 
0 

- 

0 
0 
0 

0 

100 
97.58 

100.98 
102 1 

97.8 
99.85 
99.91 

95.16 
96-91 

75pM 

0 
0 

0 
0 
0 
0 
0 
0 

7.3821 

0 

0 

0 

0 
0 

0 
0 

0 
5.5389 

100pM 1 5 0 ~ M  

100 
98.77 

104.95 
100.35 
99.19 

95.65 
%.85 
97.17 

100.14 

100 
104.06 
107.46 
100.19 

100.01 
101.78 
92.06 

99.13 
%.63 

0 
0 
0 
0 
0 
0 
0 

6.27426 

11.1405 

100 
105.75 
104.75 
99.31 
98.22 

101.79 
99.2 
99.4 

93.18 

100 
11 1.57 
101.84 

97.75 
101.64 

101.6 
101.14 
98.76 
92.68 

2WpM 

100 
104.17 
102.24 
102.35 
99.16 
97.48 

94.15 
96-63 
86.71 

100 
102.96 
103.64 
112.61 
97.84 
99.95 

99.24 
97.22 
90.86 

25OpM 

0 
0 
0 
0 
0 

0 

3.52083 
7.78732 
12.3902 

100 
101.84 

104.39 
103.32 
99.27 

99.02 
96-03 
95.98 
86.95 

100 ---------- 
98.86 
98.82 
98.59 
99.26 
95.14 

93.5 
92.% 
90.7 

0 

0 

0 

0 

5.43338 
6.85175 
7.4577 

13.3692 
23.9245 

100 

98.5 
100.8 

100.62 
101.7 

95.21 
99.41 

99.23 
90.28 

300pM 

0 
0 
0 
0 
0 

0 
3.89651 
8.1956 

16.0549 

0 

0 
0 

5.29521 
6.50401 
8.06675 
9.45408 

18.1821 
3 1  .I 721 

0 
0 
0 
0 
0 

4.30168 
6.41552 
10.0166 
18.2918 

400pM 500pM 
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Figure 4.25 CBABA concentration fiom tetracaine hydrolysis in skin homogenate in 24 

hours. Initial tetracaine concentrations were from 5 0  to 500 p M  (9 

concentrations), n = 1,  analysis by HPLC method 1 .  

Figure 4.26 Tetracaine hydrolysis rate as a ftnction of initial tetracaine concentrations 

which were h m  50 to 500 p M  (9 concentrations). 



Figure 4.27 Lineweaver-Burk piot fiom 0-4 hours. Initial tetracaine concentrations were 

fiom SO to 500 p M  (9 concentrations). From the extrapolation of the plot 

using [TC] of 50 -100 pM; K, = l/x-intercept = 9.45 pM, V,, = l/y- 

intercept = 1.72 pmoWpg protein. 

Figure 4.28 Eadie-Hofstee plot h m  0-4 hours. Initial tetracaine concentrations were 

from 50 to 500 pM (9 concentrations). From the extrapolation of the plot 

using [TC] of 50 -100 pM; X&,, = -slope = 9.15 pM, V,. = y-intercept = 

1.84 pmoVh/)rg protein. 



Figure 4.29 Hanes plot fiom 0-4 hours. Initial tetracaine concentrations were fkom 50 to 

500 p M  (9 concentrations). From the extrapolation of the plot using [TC] 

of SO -100 pM; K,,,= -x-intercept = 8.57 pM, V,= l/slope = 1.83 

pmoVh/pg protein. 

concentration assayed. From the plot between the rate of the reaction and [TC] (Figure 

4.26), saturation of enzyme was obvious as steady state was already reached at initial [TC] 

50 pM. All the secondary plots (Lineweaver-Burk plot, Eadie-Hoffstee plot, and Hanes 

plot) showed substrate inhibition characteristics. Y. and V,, could be determined using 

the first three initial [TC] (50-100 pM). K,,, was in the 9 p M  range and V, was about 7.6 

pMh. Again, more data are needed at much lower [TC] to obtain meaningful kinetic data 

5. Initial (TC] at 20, 30, 40, 50, 60, 80, 100, 120, 140, 160, 180 and 200 pM, 

analyzed at time 0 to 6 hours (7 time points) using HPLC method 2. The skin homogenate 

was two times more concentrated than previous experiments (prepared by increasing the 

ratio of skin to PBS &om 1 :5 to 1 :2). Data analysis was based on 4-BABA concentration 

117 



assayed. Substrate inhibition was observed at initial [TC] above 100 p M  as shown in Figure 

4.30. Lineweaver-Burk plot, Eadie-Ho ffstee plot and Hanes plot (Figures 4.3 1 -4.3 3) 

showed substrate inhibition characteristic as well. The K, and the V,, of TC were 

calculated fkom the Lineweaver-Burk, Eadie-Hofstee and Hanes plots. These kinetic 

parameters were calculated separately fiom data which were obtained fkom three skin 

sources. Due to limited availability of the skin homogenate, the experiment with the third 

set of replicate samples was conducted at initial [TC] of 4O,6O, 80, 100, 120 and 140 pM. 

As the result, the number of data point in this sample set was not sufficient to impiy 

meaningfbl K,,, and V, values. However, this third set of data revealed similar trend of the 

kinetics of TC hydrolysis in human skin homogenate to the other 2 replicates. The K,,, of 

TC was in the range of 11-28 p M  and the V, was in the range of 2.0-2.8 prnompg 

protein. Previous I&, reported for Tet were SO p M  for human plasma and 2.8 pM for 

Figure430 Tetracaine hydrolysis rate (V) as a function of initial tetracaine 

concentrations fiom 20 to 200 pM (12 or 6 concentrations). 
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Figure 4.31 Lineweaver-Burk plot fiom 0-2 hours. Initial tetracaine concentrations were 

fiom 20 to 200 p M  (1 2 or 6 concentrations). From the extrapolation of the 

plot using [TC] of 20-80 pM; K,,, = l/x-intercept = 20.22,28.27, 11.97 p M  

for skin 1, 2 and 3, respectively, V, = lly-intercept = 2.20, 2.76, 1.91 

pmoYh/pg protein for skin 1,2 and 3, respectively. 

Figure 4.32 Eadie-Hofstee plot from 0-2 hours. Initial tetracaine concentrations were 

from 20 to 200 p M  (12 or 6 concentrations). From the extrapolation of the 

plot using [TC] of 20-80 pM; K,,, = -slope = 12.16,11.99,1.4 1 pM for skin 

1, 2 and 3, respectively, V, = y-intercept = 2.07, 2.46, 1.90 pmol/h/pg 

protein for skin 1,2 and 3, respectively. 



Figure 4.33 Hanes plot fiom 0-2 hours. Initial tetracaine concentrations were fiom 20 to 

200 p M  (12 or 6 concentrations). From the extrapolation of the plot using 

[TC] of 20-80 pM; K,,,= ox-intercept = 1 1 .O3, l3.SO,O.20 pM for skin 1,2 

and 3, respectively, V-= llslope = 2.06,2.63, 1.86 pmoVh/pg protein for 

skin 1,2 and 3, respectively. 

cholase (purified human cholinesterase concentrate) (Foldes et al., 1955),0.14 and 8 pM 

for usual and atypical cholinesterase in human sera respectively (the buffer was 0.1 M Tris- 

C1, pH 7.4,25 "C)(Valentino et al., 198 1). 

The initial [TC] used in the preliminary experiments (303 pM) gave a linear 

hydrolysis pattern in human whole skin homogenate with the rate constant of 21.7 x 1 0-9 

moVmL/h. This is about 5 times higher than the rate constant of 3.4 x lQ9 to 4.6 x 

moVmUh reported by Wwlfson et al. (1990). The numbers are quite comparable because 

the initial [TC] in their experiment was 332 pM and the concentration of the skin 

homogenate was about 8 times lower than that used in this study. At this range of initial 



[TC], substrate inhibition had occurred and TC hydrolysis still happened but at a lower rate 

than it would have been if there were not any substrate inhibition. 

Regarding the substrate inhibition effect of TC, the amount of TC used in topical 

application should be high enough to inhibit hydrolysis (hence deactivation) of TC in the 

skin so toxicity would be a concern, especially for people with atypical or silent genotype 

of pseudocholinesterase enzyme. Beside the rare allergic reaction, systemic toxicity to 

central nervous and cardiovascular systems is more common. Formulation aspects should 

concentrate on preparations that deliver TC into the skin, not through the skin. 

4.2.4 Hydrolysis of Methyl salicylate in Human Skin Homogenate 

Hydrolysis of methyl salicylate in skin homogenates and controls are shown in 

Figure 4.34 and Table 4.12. There was no substrate inhibition at the MS concentx-at ion used 

time (h) 
-skin homogenate -6OC 2min skin homogenate 

60C 2hr skin homogenate -1 WC 2hr skin homogenate 
*PBS - E m  13 Units I 

Figure 4.34 Hydrolysis of methyl salicylate in human skin homogenate (n = 3, with 3 

replicates each) and controls (n = 3). 

121 



Table 4.12 Effect of heat on hydrolysis rate of methyl salicylate in human skin 

homogenate. The hydrolysis rates were calculated fkom the slope of the 

plots between salicylic acid concentration and time (0-4 hours). 

Hydrolysis 

rate 

(Porn 

Percent of 

untreated 

skin 

homogenate 

Hydrolysis 

rate 

(nmol/h/crg 

protein) 

Percent of 

untreated 

skin 

homogenate 

Treatment 

I Untreated skin homogenatea 

I Heat 60 "C for 2 minutesa 

I Heat 60 " C for 2 hoursa 

I Heat 1 00" C for 2 hoursa 

/ Phosphate buffered salineb 

I Pseudocholinesterase (1 3Ub 

(5 mM in the incubation mixture). Untreated skin homogenate showed much higher esterase 

activity than its negative control and PBS. Pseudocholinesterase enzyme (1 3 U) hydrolyzed 

MS at very slow rate while its activity was much higher for the hydrolysis of TC. When the 

skin homogenate was subjected to 60°C temperature, esterase activity decreased 

substantially to 17.5% and 0% of untreated homogenate after exposure for 2 minutes and 

2 hours respectively. SUA was not detected most likely due to the absence of added 

cofactor for conjugation in the skin homogenate. 

Yano et al. (1991) reported hydrolysis rate of MS in hairless mouse skin 

homogenate, serum and liver to be 0.031, 0.040 and 1.335 n d m g  pmteidmin, 



respectively. These numbers are equivalent to 0.5 17,0.667 and 22.25 nmol /~g proteidh, 

respectively. The skin homogenate was prepared with skin to phosphate buffer ratio of 1 :9 

as compared to 1 :5 in this study and the initial MS concentration in the incubation mixture 

was 2 mM as compared to 5 m M  in this study. Therefore, MS was hydrolyzed at higher rate 

in homogenate &om human skin than that from hairless mouse skin. The same authors also 

mentioned that the hydrolytic activity reduced substantially after exposure to i 00°C for 15 

minutes. Effect of heat on esterase activity was reported with other drugs and skin 

preparations fiom different species as well. For example, the percentage of procaine 

hydrolyzed by human serum esterase considerably increased with the increase in 

temperature up to 45 or 50°C, and then diminished (Kisch et al., 1943). Heating at 329°K 

(56"C)for 30 minutes caused about 60% inhibition of benoxinate and benzoylcholine 

hydrolysis by human plasma (Dubbels and Schloot, 1983). Pannatier et al. (1 98 1 ) reported 

that pretreatment of the 10,000 x g skin preparation from mice at 50°C for 10 minutes 

resulted in only 6% loss of hydrolytic activity for p-nitrobenzoate esters. However, 

treatment at 60°C and higher temperature resulted in 80% and total activity loss. 

respectively. Similar results fiom the heat treatment at 50 and 60°C were also mentioned 

by Ahmed et al. (1 995) with the hydrolysis of propranolol prodrugs in the cutaneous 10,000 

x g preparations h m  hairless mouse. The relative heat stability of esterase suggested that 

the enzymes are soluble (Pannatier et al., 1981). In the article about carboxylic ester 

hydrolase activity in hairless and athymic nude mouse skin, Ghosh and Mitra (1990) 

described that 3540% of the total ester hydrolase activity was lost with pretreatment of skin 

homogenate fiom athymic nude mouse at 50°C for 15 minutes. More than 80% of esterase 

activity in skin homogenates fiom both species was lost at 55 'C. 
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4.3 Excised Human Skin Model 

4.3.1 Viability Assessment of the Skin During Diffusion Study 

4.3.1.1 Oxygen Consumption Measurement 

Aerobic oxygen consumption of the skin samples on diffusion cells was determined. 

Figure 4.35 displays typical curves obtained fiom oxygen concentration measurement at 

time intervals fiom live and sham samples. As shown in Table 4.13, the slopes of the linear 

regression curves using data from 100 to 600 seconds (process 1 ) demonstrate significant 

difference between live and dead skin @=0.0001). The same highly significant difference 

is observed using the difference between oxygen concentration at peak and at the 600th 

second (process 2) as demonstrated in Table 4.14. Although the same conclusion was 

obtained from 4 experiments conducted on different days, there was some variation in the 

values of these parameters. 

The validity of the oxygen consumption measurement was assessed. Control 

experiments were conducted in order to compare the two parameters between sham samples 

(previously frozen skin subjected to the experiment on diffusion cells) and blanks (Parafilm 

in place of skin). The results are shown in Tables 4.15 and 4.16. Both parameters fiom the 

blank and sham samples from three different days were compared. Although there were 

some differences between each parameters from the blank and sham samples, the extent of 

the difference was not as high as those between the live and sham samples. These were 

demonstrated in Figures 4.36 - 4.39 as scatter plots of the differences in the parameters 

between live vs sham and blank vs sham samples. 



Figure 4.35 Typical profiles of oxygen concentration in the bufkr above the skin in 

the difision cell as a hnction of time: (A) live sample, (B) sham sample. 

Time (sec) 

7+ -- 
0 100 200 300 400 500 600 

Time (aec) 



Table 4.13 Slope of the linear regression between oxygen concentration and time using 

data from 100 to 600 seconds (process 1) : live vs sham samples. 

Values represent mean * SEM, n = 3. The experiments were conducted on 

4 different days with different skin sources. 

" p=0.0001 compared to sham sample 

pcO.05 compared to sham sample 

A Live vs Sham Day 1 

Slope x lo3 1 Slope difference 

Live-Sham I Time 

I Average 

Live I Sham 

B Live vs Sham Day 2 

Slope x 10) 
-- I Slope difference 

Time I Live I Sham I Live-Sham 

Average 

(n= 1 2) 



Table 4.13 (continued) 

C Live us Sham Day 3 

Slope x lo3 Slope difference 

Time Live Sham Live-Sham 

Average 

D Live vs Sham Day 4 

I Slope x 1 O3 I Slope difference 

Time I Live I Sham I Live-Sham 

Average 



Table 4.14 Difference between oxygen concentration at peak and at the 600" second 

(process 2) : live vs sham samples. 

Values represent mean SEM, n = 3. The experiments were conducted on 

4 different days with different skin sources. 

" p=0.0001 compared to sham sample 
' pc0.05 compared to sham sample 

Live vs Sham Day 1 

I I %LO, ] difference 

Time 

0. h 

4 h 

B Live vs Sham Day 2 

22 h 

Average 

(n= 12) 

%[0J difference 

Live 

13.79 0.28 

16.49 * 0.61' 

Time I I 

Sham 

12.08 1.10 

9.75 * 0.83 

23.17 + 2.07" 

16.83 * 1.25" 

Live Sham 

- -- -- - - 

8.50 1.31 

9.71 0.62 

Average 1 34.85 * 2.60.' 1 19.91 + 0.78 

Difference of 

%[0, ] difference 

Live-Sham 

DifTerence of 

%LO2 J difference 

Live-Sham 



Table 4.14 (continued) 

C Live vs Sham Day 3 

%[OJ difference Difference of 

Time 

Average 

(n= 1 2) 

D Live vs Sham Day 4 

%[0J difference 

Live-Sham 
Live 

%[0,] difference 

Sham 

Difference of 

%[0,] difference 

Live-Sham 

Time 
Live Sham 

Average 24.61 * 3.20' 16.67 * 2.12 



Table 4.15 Slope of the linear regression between oxygen concentration and time using 

data fiom 100 to 600 seconds (process I)  : blank vs sham samples. 

Values represent mean SEM, n = 3. The experiments were conducted on 

3 different days with different sources of frozen skin samples. 

" p=O.OOO 1 compared to sham sample 

pcO.05 compared to sham sample 

I I Slope x 1 O3 I Slope difference I 

Time 

Time 

0 h 

4 h 

10 h 

22 h 

Average 

I Slope x 1 0) I Slope difference 

Sham 

I (n= 1 2) I I I I 

I Blank-Sham 

Blank-Sham 

0.52 

0.59 

0.27 

0.14 

0.24 

Blank 

-0.39 * 0.10' 

-0.54 * 0.03' 

- 1.45 0.06 

-1.57 0.26 

-0.99 k 0.17' 

- - -  -- 

Average -0.95 0.07" - 1.40 * 0.04 0.45 

(n= 12) 

Sham 

-0.91 0.04 

-1.13 0.25 

-1.18 * 0.09 

-1.71 * 0.19 

-1.23 * 0.1 1 



Table 4.15 (continued) 

C Blank vs Sham Day 7 

Time 
I 

Sham I Blank-Sham 

Slope x lo3 Slope difference 

Table 4.1 6 Difference between oxygen concentration at peak and at the 600th second 

(process 2) : blank vs sham samples. 

Values represent mean * SEM, n = 3. The experiments were conducted on 

22 h 

Average 

(n= 1 2) 

3 different days with different sources of fiozen skin samples. 

" p=0.0001 compared to sham sample 
' p<0.05 compared to sham sample 

A Blank vs Sham Day 5 

-0.50 * 0.42' 

-0.78 * 0.12' 

%[02] difference Difference of 

%[0J difference 
Blank Sham 

Blank-Sham 

-1.61 0.19 

-1.35 * 0.10 

1 . 1 1  

0.57 

22 h 

Average 

(n= 1 2) 

8.45 * 1.27 

5.32 * 0.85' 

10.94 * 1.23 

7.76 * 0.75 

2.49 

2.44 



Table 4.16 (continued) 

B Blank vs Sham Day 6 

-- -- 

%[02] difference Difference of 

%[0J difference 

Blank-Sham 

Time 
Blank I Sham 

Average 6.81 * 0.55' 

(n= 1 2) 

C Blank vs Sham Day 7 

- -- -- 

%[O, ] difference Difference of 

Time IT %[OJ difference 

Blank-Sham 
Sham 

Average 

(n=12) 



Live Sturn 

Figure 4.36 Scatter plot of the average values of the slopes (process 1 ) from (A) live and 

sham samples, (B) sham and blank samples fiom different experimental 

days. Lines co-ordinate values fiom the same day. 

Figure 4.37 Summary of the difference between slopes of live vs sham and sham vs 

blank samples fiom all experiments. 



Sham Blank 

Figure 4.38 Scatter plot of the average % [02] difference (process 2) fiom (A) live and 

sham samples, (B) sham and blank samples fiom different experimental 

days. Lines co-ordinate values from the same day. 

Figure 4.39 Summary of the difference between % [OJ difference of live vs sham and 

sham vs blank samples fiom all experiments. 



At this point, it might be inferred that there is a certain range of the numbers in the 

parameters to be considered live or dead. Within these ranges, there is some variation which 

is acceptable since the difference of the parameters between live and sham samples was 

high compared to that of the sham and blank samples. These variations might come from 

some uncontrolled factors such as the change in the ambient temperature over 24 hours, the 

change in barometric pressure (even within the time of calibration of the oxygen probe and 

measurement, approximately 20 minutes/measurement/sarnple). 

The oxygen electrode was calibrated in water-saturated air before measuring the 

oxygen concentration in the buffer above the skin in diffusion cell. Normally, the response 

time of the oxygen electrode is less than 30 seconds when going from oxygen free to air- 

saturated water but a response time of up to 90 seconds may occur if the temperature of the 

sample is 5 to 1 0 "C different fiom the air temperature (from the instruction manual of the 

oxygen electrode). In this experiment, the electrode was calibrated at ambient temperature 

but measured at about 28°C (within 10°C difference) hence the data from 100 to 600 

seconds was selected to use for the determination of the slope of the linear regression. 

Typical curve characteristic is shown in Figure 4.35. The sharp decline in the 

oxygen concentration at the beginning of the measurement was the equilibration of the 

electrode once it was placed in the bore of the top part of the diffision cell. Then the 

oxygen concentration increased to a "flat" peak and started to decline again in the linear 

manner. The difference of the oxygen concentration betwem this "peak" and at the 600h 

seconds was used as a parameter to compare the viability of the samples. The oxygen 

concentration in the medium was always declining which means that the back diffision of 

oxygen into the system is negligible, similar to the results from the system of Zieger et al. 
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(1 993). 

The diffision cell experiment was conducted under a semi-sterile environment. The 

fkesh skin samples were obtained under sterile conditions (in the operating room) and were 

collected in a sterile buffer. The frozen skin was thawed and washed in sterile buffer just 

before placing in the diffusion cells. The skins were handled in a sterile environment until 

the start of the permeation study. The buffer was sterile and the diffision cell and the tubing 

were continuously washed with sterile water at least for 10 hours before starting the 

experiment. The buffer, in which the measurement was done, was pipetted out after each 

measurement. With these precautions in sample handling, microbial contamination is 

considered minimal and should not contribute to any significant difference of the results. 

The oxygen concentration-time curves in the experiment of Zeiger et al. (1 993) were 

exponential between the 100"' and 6006 seconds but those in this experiment were straight 

lines. This might be due to the difference in designing o f  the small environment where the 

oxygen probe was during the measurement. The size and thickness of skin samples in their 

experiment was much smaller than those used in this experiment. Therefore the buffer 

completely covered the whole skin sample in their experiment while only a portion of the 

skin sample was covered by the HHBSS in this study. Full thickness skin was used in this 

experiment and the oxygen concentration was measured in the buffer on top of the skin on 

diffusion cell. Skin oxygen consumption rate is the function of all cells and cell types 

within the tissue. It depends on the number of respiring cells and the level of the respiration 

of all cells in the tissue, or  the combination of both. The quantity of the skin and the volume 

of the medium must be optimized to achieve appropriate range of values which can 

distinguish the live and dead samples without stirring the medium during the measurement. 
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With the nature of the experiment, measurement of skin oxygen consumption during 

permeation study, larger piece of skin is required. As a result, higher variation occurred 

&om biological variation of the skin itself (even from the same source and anatomical site) 

and f?om the variation of the number of cells in each piece. The latter could be controlled 

by the uniformity of the exposed surface area of the top part of the diffusion cells to the skin 

sample and the medium. 

Although noninvasive, the measurement with a transcutaneous oxygen electrode 

requires steady contact with the skin during measurement (after the first calibration) which 

makes it unsuitable to measure the oxygen concentration of skin samples in 6 diffusion cells 

in a timely manner. Moreover, measurement with transcutaneous oxygen electrode must be 

done at 44°C which is quite higher than 32°C (normal skin surface temperature) and it 

might damage the skin samples if the measurement is to be conducted for 24 hours. 

Intracutaneous measurement of oxygen with a fine needle electrode is invasive and not 

suitable for repeated measurements over time. 

This method measures oxygen consumption of skin samples which reflects aerobic 

respiration hence viability of the skin. It is nondestructive, easy to perform, fairly 

reproducible and requires only simple instruments. No complex processing or radioactive 

compounds are required. Data analysis is also simple. 

4.3.1.2 Confocal Laser Scanning Microscopy Study 

In this study, two fluorescent probes; CAM and Em-1,  were used to evaluate the 

viability of intact human skin in diffision cells. CAM, which is virtually nonfluorescent, 

permeated and was well retained within live cells. It was hydrolyzed by ubiquitous 

intracellular esterases to calcein which produced an intense uniform prn fluorescence. 
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EthD-1 could not enter live cells but passed through the damaged membranes of dead cells. 

Upon binding to nucleic acids, it underwent a 40-fold enhancement of fluorescence and 

produced a bright red fluorescence. The viability of tissue was quantified by comparing the 

light intensities of both probes in the samples to those in the live and dead controls. 

4.3.1.2.1 Optimal Staining Protocols 

The optimum staining protocol for thick sections is as follows: 

Skin samples were washed in 3% BSA solution in normal saline 3 times. They were 

incubated in 10 p M  EthD-1 in 1% PBS at 37°C for 20 minutes then in the mixture of 10 

p M  E m - I  and 4 pM CAM in 1% PBS at 4°C for 90 minutes. The samples were washed 

in nonnal saline 3 times then hydrolyzed in normal saline for at least 10 minutes before 

being examined with CLSM. 

The optimum staining protocol for 100-pm sections is as follows: 

Skin sections were washed in 3% BSA solution in normal saline 3 times. The 

sections were incubated in 10 pM EthD- 1 in 1% PBS at 37°C for 10 minutes then in the 

mixture of 10 p M  EthD- 1 and 4 p M  CAM in 1 % PBS at 4°C or room temperature for 45 

minutes. The samples were washed in normal saline 3 times then hydrolyzed in normal 

saline for at least 10 minutes before being examined with CLSM. 

A lot of non-specific staining of calcein was found which could come from the 

hydrolysis of CAM by leached esterases fiom damaged cutting surface of the skin samples. 

However, this could be reduced by washing the sample in 3% BSA before staining with the 

fluorescent probes. Moreover, the background fluorescence was deducted fiom the 

calculation of the intensity values of the probes. Example of two dimensional confocal 

images of live control, dead control, and skin sample from diffusion cell are presented in 
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Figure 4.40. 

Figure 4.40 Two dimensional codocal images of tissue samples 

Dead control biopsy showing part of the epidermis (white arrow) and the dermis. 

The intense red stain is produced by ethidiurn homodimer-1 . 

Magnified image of the boxed region shown in panel A. The structure of the dermis 

appears less dense than in nonnal tissue. 

Live control biopsy showing intense green staining due to calceine. The epidermis 

appears as a wavy line (white mow). The rest of the stained region is the dermis. 

Enlargement of boxed area in panel C shows areas of overlap with the two dyes 

(yellowish appearing cells). 

Example of a skin sample fiom a diffision cell after a 24-hour experiment. The 

yellowish-orange areas are regions of averiap between the dyes. 

Magnified image of the boxed region in panel E showing regions of overlap as well 

as healthy @ale green) and necrotic @ale red) foci (see arrows). The structure of the 

tissue appears quite fibrous. 

Scale bars for panels A, C, E are 200 pm 

Scale bars for panels B, D, F are 50 pm. 





4.3.1.2.2 EfKcet of Scan Depth and Tissue Thickness on the Light Intensities of 

Probes in tbe Skin Samples 

This experiment utilized the ability of CLSM to obtain dual-channel optical section 

inside the skin (avoiding the damaged cut surface), combined with the mechanical cross- 

sectioning of the skin sample to expose different layers of the skin for scanning by the 

CLSM at the same depth, hence providing better assessment of the results. Sample 

thickness is an important factor because the tissue must be sufficiently thin to permit 

penetration of the laser light. How deep one can scan and still obtain useful information 

depends on the instrument used, the quality of the objective lens of the microscope, the 

working distance of the lens used and the absorbance of the light in the tissue sample. 

From the scan depth and tissue thickness results in Figure 4.41 and Tables 4.17 and 

4.18, CLSM could distinguish live samples fiom dead samples regardless of the thickness 

of tissue or the scan depth used in this experiment. Scan depth fkom 5 to 100 pm had no 

significant effect on the CLSM results except for the epidermis of thick samples where it 

could distinguish between live and dead samples at the same scan depth. 

Thick samples were suficient for viability evaluation and the sample preparation 

time was much shorter compared to the 100-pm samples. However, the 100-pm sections 

provided better detailed image because they were more transparent and more uniform in 

thickness. Thickness uniformity is important in order to be less subjective during the 

analysis of the fluorescent intensities of the probes. 



Figure 4.41 Two dimensional confocal images of live and dead skin samples: scan depth 

and tissue thickness effect. 

Panel 1 - Live, thick (200-400 pm) sample; Panel 2 - Dead, thick (200-400 pm) sample; 

Panel 3 - Live, 100-pm sample; Panel 4 - Dead, 100-pm sample. 

Each sample was scanned at the following depths: 

A - 5  pm; B - 10 pm; C -20 pm, D -40 pm; E- 80pm; F - 100 pm. 

Scale bars are 500 pm. 





Table 4.17 Livddead differential staining of the epidermis : Scan depth and thickness 

1 Scan depth I Thick (200- to 400-pm) section I 1 00- pm section 
I 

Live" Dead Live' Dead 

a Values represent mean * SEM, n = 3 (one reading from 3 different sources). 
0. p=0.0001 when compared to respective dead sample. 

l pc0.05 when compared to respective dead sample. 

Table 4.18 Live/dead differential staining of the dermis : Scan depth and thickness of 

I Scan depth I Thick (200- to 400-pm) section I 1 00-pm section 

Values represent mean t SEM, n = 3 (one reading from 3 different sources). 

" p<0.0002 when compared to respective dead sample. 

none were significantly different regarding the scan depth or thickness of section. 

(am) Live" Dead Live" Dead 



4.3.1.2.3 Viability Results 

Comparison of the live/dead differential staining of different skin samples is shown 

in Tables 4.17 to 4.19. CLSM can differentiate live and dead skin samples and the 

difference can be seen in both the epidermis and the dermis. As shown in Table 4.18, live 

skin samples survived on diffision cells for 24 hours. Some viability loss could be 

interpreted in the dermis for the diffision cell sample and the skin which was stored at 4°C 

in HHBSS for 24 hours. However, the differential staining of the diffusion cell sample was 

still significantly different from the dead control. The skin which was stored at 4°C in 

HHBSS for 24 hours did not show significant difference fiom the dead control or sham 

although the intensity ratios were similar to those of live control and difhsion cell samples. 

Table 4.19 Livemead differential staining of 100-pm skin sample from diffbsion cell 

after 24-hour experiment as compared to controlsa. 

' values represent mean SEM. The scan depth was 5 pm fiom the cutting surface. 

fiesh skin sample on diffusion cell for 24 hours. 

' fiesh skin, processed within 7 hours h m  surgery. 

live control sample which was stored in HHBSS at 4OC for 24 hours. 

5- to 16-month old skin, stored at -20°C until used. 

dead control sample subjected to 24-hour experiment on diffusion cell. 

' pe0.05 when compared to respective dead control. 

+ pc0.05 when compared to respective dead sham. 

Epidennis 

n 

Dermis 

n 

Diffusion cell 

sample 

1.1 O%tO.O77'+ 

11 

0.933*0.046' 

15 

Live 

control 

1.1 O7iO. 1 19" 

4 

1.02e0.079'* 

5 

Dead 

control ' 

0.783*0.068 

7 

0.777*0.061 

9 

Live 

24h control 

1.020-+0.060 

4 

0.9420.056 

5 

Dead 

sham ' 
0.79w0.064 

11 

0.80%0.039 

14 



The use of fluorescent probes with CLSM for the evaluation of cell viability has 

been described, for example, simultaneous staining with fluorescein diacetate and 

propidium iodide to assess viability of mice spleen cell suspensions (Jones and Senft, 

1985). Boderke et al. (1997) used propidium iodide to check the dead or dying cells 

(viability control) in the experiment to localize enzyme aminopeptidase activity in freshly 

excised human skin. However, there was no live probe control in this experiment and the 

aminopeptidase activity was used to imply the activity of the live cells instead. CAM and 

EthD-1 combination was developed for use with eukaryotic cell types, including adherent 

cells and certain tissues. The applications include measurement of cytotoxic effects of 

compounds, proteins, etc., quantitation of apoptotic cell death and cell-mediated 

cytotoxicity (Molecular Probes, Inc., 1996; Moore et al., 1990). Applications to animal and 

human tissues include the investigation of viability, morphology and organization of 

keratocytes in intact living cornea (Poole et al., 1993), viability assessment of excised rabbit 

corneas (Imbert and Cullander, 1997) and porcine buccal mucosa (Imbert and Cullander, 

1999). In this study, CAM and EthD- l were successfully applied in the viability evaluation 

of intact excised human skin in difision cells. 

Oxygen consumption measurement and CLSM methods described in this 

experiment can distinguish live and dead samples. Combination of the results from both 

methods provides another means of evaluating the viability of skin samples on diffusion 

cells during permeation study. This is particularly important for compounds which are 

highly metabolized in the skin. 



4.3.2 Metabolism of Methyl Salicylate During Permeation Study in Diffusion Cells 

Results fkom the percutaneous absorption of MS through human breast skin in 

diffusion cells are shown in Table 4.20 and Figure 4.42. Most of MS was recovered in the 

wash (96.98% of the applied amount). Absorbed MS was found mainly in the skin and was 

found slightly more in viable skin than in the 60°C treated skin but it was not statistically 

significant @>0.05). Only 12% of the absorbed amount was recovered in the percutaneous 

fractions fiom viable skin while 27% was found in the fiactions fiom the 60°C treated skin. 

This is because MS was hydrolyzed to SA in viable skin at higher extent than in the 60°C 

treated skin. 

Results fiom the metabolism studies of MS to SA in human breast skin in diffision 

cells are shown in Figure 4.43 and Table 4.21. From Table 4.2 1, SA amount recovered in 

the percutaneous fractions and skin was significantly higher in viable skin than in the 60 "C 

treated skin (pc0.0001). However, when calculated as the percentage of SA recovered 

amount in the skin and in the percutaneous fractions, there was no significant difference 

between the viable and the 60°C treated skin. This can be explained that the permeation of 

SA is determined by a diffision process, i.e. the diffision rate of SA is the same in both 

viable and 60°C treated skins. The only difference is the metabolism rate and extent of MS 

which generates SA. 

In the study conducted by Boehnlein et at. (1994), radioactivity assay was used to 

quantitate the analytes and SUA was found only in viable skin. In this study SUA was not 

found. This might be due to the lower sensitivity of the assay. However, the difference in 

the amount of SA recovered between the viable and the 60°C treated skin was significantly 

high enough to tell the difference between both skins. 
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Table 4.20 Percutaneous absorption of methyl sal icy late (MS) in human breast skin in diffusion cells' 

I I MS amount recovered (pg) I % of recovered amount 

60°Ctreated I skin I Viable skin I 60°C treated I skin 
skin stored at skin stored at 

-20°Cb -20°Cb 

Values are mean SEM, n = 3 with 4 replicates each 

n = l  

' 0-24 h fractions were combined 

* wash combined with recovered cream after 24 h experiment 

significantly different horn the paired viable skin at p<O.OS using 2 tailed, paired t-test 

- - -- 

% of absorbed amount 

Viable 60°C 
skin treat td 

skin 

NIA I NIA 

skin 
stored at 
-20°Cb 

NIA 



Figure 4.42 Methyl salicylate recovery in the percutaneous hctions through excised 

human breast skin in diffusion cells (n = 3, with 4 replicates each). 

Rash skin 
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Figure 4.43 Salicylic acid recovery in the percutaneous haions through excised 

E 

do. 
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human breast skin in diffusion cells (n = 3, with 4 replicates each). 
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Table 4.21 Metabolism of methyl salicylate in human breast skin in diffusion cells' 

I 1 Salicylic acid amount recovered (pg) I % of  recovered amount I 

. - -- 

' Values are mean * SEM, n = 3 with 4 replicates each 

n = l  

0-24 h fractions were combined 

* wash combined with recovered cream after 24 h experiment 

' significantly different from the paired viable skin at p<O.OS using 2 tailed, paired t-test 

Fractionsc 

Skin 

washd 

Viable skin 

235.4 * 26.4 

134.9 * 19.0 

O*O 

Viable skin 

63.3 * 5.1 

36.7 * 5.1 

N/ A 

60°C treated 
skin 

15.4 + 4.5' 

9.4 * 1.4' 

O f 0  

skin stored at 
-20°Cb 

393.8 

148.9 

0 

60°C treated 
skin 

51.9 * 8.8 

48.1 * 8.8 

NIA 

skin stored at 
-20"Cb 

72.6 
I 

27.4 

N/A 



Total recovery of MS was about 50% of the amount applied. Evaporation of MS 

was the main reason despite the fact that the difision cells were well covered with Parafilm 

during the experiment. However, with the amount of MS applied (100 mg of 20% wlw MS 

in Glaxal base), infinite dose was maintained. This could be seen from the amount of MS 

recovered in the wash (which includes recovered cream after 24 h experiment). 

Regarding the effect of temperature on esterase activity, considerable reduction in 

esterase activity fiom the exposure to 60°C heat was again demonstrated. According to 

Wester et al. (1998), exposure to 60°C temperature resulted in skin viability loss. This 

occurred during the process of heat separation of the skin layers. On the other hand, esterase 

activity appeared to be preserved at low storage temperatures. In an MS diffusion cell 

experiment, the skin which was stored at -20°C for 17 days exhibited high esterase activity. 

As shown in Table 4.22, only 5.6% of MS absorbed was recovered in the percutaneous 

fiactions !?om the skin which was stored at -20°C while 12% and 27% were recovered fiom 

viable skin and the 60°C treated skin, respectively. From Table 4.23, SA amount recovered 

in the percutaneous fiactions from the skin which was stored at -20°C was comparable to 

(or even higher than) those recovered fiom the viable skin. This suggests that esterase 

activity was preserved in frozen skin. MS might even be metabolized at a higher extent in 

previously fiozen skin than in the viable skin because fieeze-thaw process might damage 

the skin cells and exposed esterases inside the cells. In a pilot study, MS metabolism in 

human skin homogenate which was made from frozen skin (stored at -20°C) also 

demonstrated high esterase activity (Table 4.7). Skin homogenate which was thawed and 

stored at 4OC for 1 month still showed good esterase activity although not as much as 

freshly thawed skin homogenate. 
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Among many percutaneous absorption and metabolism studies of ester-type drugs 

and prodrugs using excised skin fiom animals and humans, only a few used the 

experimental conditions which maintained the skin viability during permeation and found 

the diffference in the metabolism between viable and non-viable skins. For example, MS 

absorption and metabolism in hairless guinea pig skin (Boehnlein et al., 1994). In most 

investigations the skin viability was not maintained because improper receptor fluid was 

employed (such as nonnai or physiological saline, phosphate or acetate buffers, 20% 

ethanol in water), sometimes in combination with the use of non-viable skin (previously 

frozen or rehydrated fiozen skins). However, hydrolysis still occurred. The length of the 

experiments ranged fkom 6-1 0 hours (Liu et al., 1990; Nacht et a]., 198 1 ; Ahmed et al., 

1 996), 24 hours (Seki et al., 1990; Sato and Mine, 1996; Cross et al., 1998), 40 hours (Potts 

et al., 1989), 60 hours (Stinchcomb et al., 1996) to 90 hours (Johansen et al., 1986). When 

PBS with 0.1% (w/v) glucose was used as the receptor fluid, rat skin viability decreased 

steadily from the beginning of the experiment and was diminished after 12- 15 hours as per 

I4CO2 detection and lactate formation results (Collier et al., 1989). If distilled water was 

used as the receptor fluid, human scalp skin was essentially non-viable after 5 hours 

(Comwell et al., 1997) and hairless guinea pig skin viability was abolished within 1 hour 

(Nathan et al., 1990) as detected by lactate formation. Therefore, it is assumed that skin 

viability was not maintained in those experiments. Still, hydrolysis took place. Esterases 

are relatively stable enzyme and can function in nonliving cells such as the cells in the 

stratum corneum. Moreover, degradation occurred in non-viable skin and this process might 

cause different localization of enzymes in the skin (Nathan et al., 1990). Bundgaard et al. 

(1 983) found that, during a permeation experiment, the hydrolytic enzyme activity in the 
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receptor phase remained constant for at least an additional 70 hours after completion of 

leaching fiom the excised skin into the receptor fluid (which took about 20 hours). 

Therefore, results fiom ester hydrolysis in the skin during permeation study must be 

interpreted cautiously. While ester hydrolysis in skin may be valid qualitatively, 

quantitation of the rate and extent of the bioconversion must be carefully interpreted. 

The importance of skin viability maintenance during percutaneous absorption study 

was more pronounced in other enzyme systems such as the oxidation of estradiol and 

testosterone in female f k q  and Osborne-Mendel rat skins (Collier et af., 1989), the N- 

acetylation of benzocaine in hairless guinea pig skin (Nathan et al., 1990). Even in human 

skin homogenates, glucose-6-phosphate dehydrogenase activities reduced by half when the 

experiment was carried out with human skin homogenates which were stored at -30°C 

overnight (Raab and Gmeiner, 1 976). 

4.4 Localization of Esterases in Human Skin 

Skin samples, fixed in fonnalin solution, fiom the viability studies on diffision cells 

were submitted to the Department of Pathology for morphology and staining for esterases. 

The morphology results fiom paraffin sections stained with hematoxylin and eosin 

(H&E) in Figure 4.44 revealed subtle difference between fresh skin, skin which was kept 

in HHBSS at 4°C for 24 hours, and skin samples on diffusion cells with the tiesh skin 

being in the best condition, followed by the 4°C skin and the skin on diffusion cells. Frozen 

skin showed some deterioration but still stayed intact, while shams showed edematous and 

autolyzed cells and separation between the epidermis and the dermis. This might result from 

the fieezing process and aggravated by treatment on the diffision cell for 24 hours. 

Although the morphology result using H&E staining showed some difference between the 
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Figure 4.44 H&E staining results from diffusion cell experiment; (A) fresh skin, (B) 

h s h  skin after 24 h on diffision cell, (C) fiesh skin kept at 4" C for 24 h, 
(D) previously fiozcn skin, (E) sham (prwiously frozen skin after 24 h on 
diffusion cell). Magnification x 100. 



live and previousiy h z e n  skins in this experiment, it is not conclusive since the freezing 

process might introduce an artifact. 

Figures 4.45 and 4.46 show the NSE staining results of fiesh skin sample, live skin 

on diffision cell, skin which was kept in HHBSS at 4°C for 24 hours, sham and frozen skin 

sample. Weak to moderate positive NSE activity was found as a band between the stratum 

granolosum and the stratum corneurn in the epidermis of fiesh skin sample, live skin on 

diffision cell and 24 hours skin kept at 4°C in HHBSS. Moderate to strong positive NSE 

activity was found staining the fibroblasts in the dermis. Frozen skin sample also showed 

strong positive NSE staining in the fibroblasts in the dermis but weak and patching positive 

staining in the epidermis. Shams showed weak positive and difhsed pattern in the 

epidermis and also weak positive staining in the fibroblasts in the dermis. Pearse et al. 

(1986) showed that NSE activity in normal human subjects was found exclusiveiy in the 

stratum granulosum and the enzyme density decreased towards the basal layer. Treatment 

with etretinate (an aromatic retinoid) significantly increased the NSE activity. Betz (1 994) 

reported that NSE activity in normal human skin was found as a band-shape but weak 

positive staining between the stratum granulosum and stratum comeum while strong 

reactions were shown in skin appendages such as the sheath of hair roots, hair follicles, 

sweat glands as well as the musculi arrectores pilorum and dermal fibroblasts. A clear 

increase in NSE activity of dermal fibroblasts was first detectable in a vital skin wound 

aged 1 hour and positive results were found in 40% of the cases with a post infliction 

interval between 1 hour and 5 days. However, postmortem induced injuries showed no 

increased activities. Contrarily, there were reports of possible postmortem increase in the 

activity of NSE (Dachun and Jiazhm, 1992; Pioch, 1 969). Yoshimura and Mori (1 970) 
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Figure 4.45 NSE taining results h m  ditrusion cell experiment; (A) fiesh skin (x 1 OO), 

(B) h s h  skin after 24 h on d i h i o n  cell (x 100), (C) k h  skin kept at 4 "C 

for 24 h (x200), (D) previously frozen skin (x 1 OO), (E) sham (previously 

fiozen skin after 24 h on diffision cell) (~200). 



Fig u NSE staining results from diffusion cell experiment (x 400); (A) fiesh skin, 

(B) fksh skin after 24 h on diffusion cell, (C) hesh skin kept at 4°C for 24 

h, @) pmviously frozen skin, Q sham (pdously fiozen skin after 24 h on 

difbion cell). 



described a strong NSE activity in the basal cell and granular cell layers but no activity in 

the cornified layer of normal mouse skin. NSE activity was also found in the epithelial 

appendages and subepithelial connective tissue fibres. 



CHAPTER FIVE 

CONCLUSIONS 

The goal of this study is to develop a viable in vitro skin model for the assessment 

of cutaneous delivery and metabolism of ester type compounds. Several steps were taken 

to characterize the model. 

A sensitive reversed phase ion-pairing HPLC assay was developed to 

simultaneously analyze tetracaine (TC) and its metabolite (4-BABA). Several factors were 

varied during the method development to achieve optimal analysis conditions. Factors 

affecting HPLC analysis in this system were the type of the HPLC column, pH of the 

mobile phase, the composition of the mobile phase, the concentration of the ion-pairing 

reagent, saltdbuffer components, temperature and flow rate. The need for sensitive 

analytical method arose fiom kinetic study of TC hydrolysis in human skin homogenate. 

Since TC had a very low Y, (1 1-28 JAM range, from this study) and also showed substrate 

inhibition, the kinetic study had to be camed out from very low initial substrate 

concentrations and cover appropriate range of initial substrate concentrations. Therefore, 

a very sensitive analytical method had to be used to analyze the samples from these 

experiments. The optimal condition of the HPLC method 2 in this study used the Waters 

2690 Separations Module, with 996 diode array detector module and ~ i l l e n n i u m ~  system 

control and data acquisition software (Waters Corporation) HPLC system. The column used 

was a Lunam 4.6 x 150 mm, 5 p m  ODs column with a 4.6 x 30 mm guard column 
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was a LunaTM 4.6 x 150 rnm, 5 p m  ODs column with a 4.6 x 30 mm guard column 

(Phenomenex, Torrance, CA, USA) or a SymrnetryShieldm RP18,3.9 x 150 mm, 5 p m  

column with a 3.9 x 20 mrn, 5 p m  guard column (Waters Corporation). The column 

temperature was controlled at the ambient temperature. The mobile phase was ACN : 

MeOH : 2.5 rnM HSA in water (20:55:25), flow rate 1 mllmin and detection by W 

absorbance at wavelength 3 10 nm. This method provided LODs of 0.3 ng and 0.5 ng for 

TC and CBABA, respectively. The LOQs for TC and 4-BABA were 10 ng and 5 ng, 

respectively. The linear regression was obtained in the range of 10 - 120 ng for TC and 5 - 

60 ng for 4-BABA with good accuracy and precision. The sample preparation method for 

the analysis was simple. ACN was mixed with an aliquot of skin homogenate in order to 

simultaneously precipitate proteins and extract the compounds in the skin homogenate, 

followed by centrifugation. The supernatant was then directly injected to the HPLC. This 

method is sensitive enough for a kinetic study of TC in human skin homogenate. More 

sensitive assay may be achieved with more sensitive methods such as gas chromatography, 

mass spectrometry, and radioactivity assays provided the instruments and/or resources are 

available. 

Excised intact human skin in diffbsion cells was used to evaluate cutaneous delivery 

and metabolism of methyl salicylate (MS). The viability of the skin must be maintained in 

order to correctly determine the metabolism of compounds in the skin during percutaneous 

absorption. Two methods to assess viability during diffusion cell study were developed; 

oxygm consumption measurement and confocal laser scanning microscopic (CLSM) 

methods. Both could distinguish between live and dead skin samples. In this investigation, 

the procedure used to conduct metabolism and permeation study in diffusion cells could 
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maintain the viability of h s h  skin for 24 hours. The features of this viable in vitro excised 

skin model as well as the instrumental setup and the factors to be controlled are summarized 

as follows: 

The diffhsion cell system was the flow-through type. The receptor fluid was sterile 

HHBSS, pH 7.4, gassed with oxygen and maintained at 37°C. The perfusion rate was 3.5 

mLh. Fresh skin from surgery must be stored in sterile HHBSS, on ice, during the 

transportation and handling of the skin and to be processed as soon as possible (within 7 

hours &om surgery in this study). The excised and cleaned skin was cut to appropriate size 

and mounted, epidermis side up, in the diffusion cells with were maintained at 37°C but 

yielding the skin surface temperature of about 32°C. The preparation of the model 

compound was applied and the receptor fluid was collected at time intervals and analyzed. 

At the end of the experiment, the skins in the diffusion cells were retrieved. washed and 

analyzed. The viability assessment could be done along side the permeation and metabolism 

study using oxygen consumption measurement. Two more diffusion cells with the top part 

which accommodates the oxygen probe could be set up with fiesh skin as the live control 

and fiozen skin as the sham. At any time during the experiment, sterile HHBSS 300-400 

pL could be pipetted into the bore of the top part of the diffusion cell and let equilibrated 

for 5 minutes. The calibrated oxygen probe, which is connected to a pWion meter, could 

then be inserted into the bore and the oxygen concentration in the HHBSS above the-skin 

could be measured. The pH meter is linked to a computer to collect data on file. The 

collected data could be processed in a spreadsheet program. The two parameters, the slope 

of the linear regression using data from 100 to 600 seconds (process 1 )  and the difference 

between the oxygen concentrations at peak of the graph and at the 600'" second (process 2), 
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could be derived and compared to those of the live and sham samples (Tables 4.13 and 

4.14). It is better to have both live and sham controls in this case as there is some variation 

in the absolute values of the oxygen concentration in each day. However, the difference in 

the oxygen concentration values between live and sham samples in the same day was 

normally very high. At the end of the experiment both control skin samples could be 

processed for the CLSM. Then the intensity ratio of  calcein to EthD- 1 could be compared 

to those of the live and sham samples (Table 4.19). If the intensity ratio is in the 1.0 range 

for the dermis and 1.1 range for the epidermis, then it could be assumed that the skin is 

viable up to that time of the experiment. Should the intensity ratio falls below 0.8, it could 

be assumed that the skin is non-viable. 

The oxygen consumption measurement method was simple, nondestructive, 

economical and fairly reproducible. No complex instrument, processing method or 

radioactive compounds were required. The measurement can be done over and over at any 

time during the experiment. However, the experimental conditions must be optimized prior 

to being utilized in the viability assessment experiments. Once optimized, the experimental 

procedure and data analysis were simple. 

CLSM is a new alternative for skin viability assessment. Its optical sectioning 

ability enables visualization of deeper layers in the skin without mechanical damage to the 

sample. Fresh skin can be examined without pre- freezing or embedding which could alter 

the viability status o f  the sample. Two fluorescent probes (live and dead) were required as 

well as the confocal laser scanning microscope. The viability of a skin sample can be 

assessed only once by this method. 



The morphology results from hernatoxylin and eosin (H&E)staining revealed subtle 

difference between fiesh skin, skin which was kept in H t f B S S  at 4 "C for 24 hours, and skin 

samples on diffision cells with the fiesh skin being in the best condition, followed by the 

4°C skin and the skin on diffision cells. Frozen skin showed some degradation but still 

stayed intact while shams showed edematous and autolyzed cells and separation between 

the epidermis and the dermis. From the enzyme histochemical study, weak to moderate 

nonspecific esterase (NSE) activity was found as a band between the stratum granulosum 

and stratum comeum in the epidermis of fiesh skin sample while moderate to strong NSE 

activity was found in the dermis. Shams showed weak positive and diffused pattern in the 

epidermis and also weak positive staining in the fibroblasts in the dermis. 

MS was hydrolyzed to salicylic acid (SA) during absorption through human excised 

skin in diffision cells. The extent of MS hydrolysis was significantly higher in viable skin 

than non-viable skin (the same skin was exposed to 60°C temperature for 2 hours prior to 

the experiment). This also demonstrated that temperature was an important factor in the 

investigation of esterase activity. The extent of absorption of MS through full thickness 

human breast skin into the receptor fluid was 12% and 27% of the total MS amount 

absorbed for the viable skin and the 60°C treated skin, respectively. The extent of 

absorption of SA was 64% and 52% of the total SA amount absorbed in the viable skin and 

the 60°C treated skin, respectively (the difference was not statistically significant). This 

suggests that the permeation of SA through human skin was governed by a diffusion 

process and the diffusion rate of SA was the same in both viable and 60°C treated skins. 

Hman skin homogenate was selected as a comparative in vitro model to the excised 

skin model. Metabolism of two compounds were evaluated with this model; MS and TC. 
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At the initial concentration of 5 mM, MS did not have a substrate inhibition effect on 

esterases in human skin homogenate. The hydrolysis rate of MS in human skin homogenate 

was 72.3 1 nmoVh/pg protein. MS hydrolysis in phosphate buffered saline was very low. 

TC hydrolysis in human skin homogenate was not extensive due to substrate inhibition 

especially at clinical doses used for topical application. From the kinetic study of TC 

hydrolysis in human skin homogenate, K, was in the 1 1-28 pM range and V, was in the 

2.0-2.8 pmoVh/pg protein range. Exposure to heat (60°C and higher) substantially reduced 

esterase activity in the skin homogenate even when the exposure time was as short as 2 

minutes. Therefore caution must be taken in the preparation and handling of tissue samples 

during investigation involving esterases to make sure that esterase activity is preserved. 

The human skin homogenate model is simpler than the viable excised skin model. 

The hornogenate can be prepared once the fresh human skin sample is available then kept 

at -70°C until needed for the experiment without activity loss. However, harsh method is 

needed to homogenize the skin. Consequently, intact cells might be damaged and 

intracellular contents including esterases might be exposed. This might cause the over- 

estimation of skin hydrolytic activity. The selection of supernatant or certain portion of the 

skin homogenate after centrifugation at certain force can result in over- or under-estimation 

of the enzyme activity, depending on the portion which is selected. The skin structure is 

maintained in the viable excised skin model thus make it closer resemblance to the real 

situation than skin homogenate model. 

The limitation of the viable in vitro model in this study is that the viability of the 

skin was maintained under the described conditions and was tested for 24 hours only. After 

being exciscd &om the body, skin starts to degenerate. The rate and extent of the 
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deterioration depends on the treatment of the skin after the removal fiom the live body in 

order to maintain the skin viability. Any changes in the experimental conditions have to be 

justified and tested if necessary, to ensure that the skin viability is properly maintained. 



CHAPTER SIX 

SIGNIFICANCE OF FINDINGS 

Although numerous percutaneous absorption studies have been conducted with 

many substances to understand the absorption of the compounds into and through the skin, 

only some of the studies emphasized metabolism in the skin. Among those studies, few paid 

anention to the viability of the skin during the experiment. In order to correctly determine 

the metabolism of compounds in the skin during percutaneous absorption study, viability 

of the skin must be maintained. In this study, the importance of skin viability in the in vztro 

excised skin model was demonstrated. Two new methods to assess viability during 

diffusion cell study were developed; oxygen consumption measurement and confocal laser 

scanning microscopic methods. Both were able to distinguish between the viable and non- 

viable skin samples in difision cells. This in vitro viable excised skin model is useful in 

the characterization of metabolism of compounds in the skin as one of the aspects to be 

considered in topical and transdermal drug development. 

The HPLC method 2, which was developed in this study, enabled simultaneous 

determination of low amounts of TC and its metabolite in skin homogenates. Subsequently, 

enzyme kinetic parameters of TC hydrolysis in human skin hornogenate were determined. 

Although the V,, and Y, of TC were reported in serum of human and animals and in 

purified pseudocholinesterase, these parameters in human skin homogenate were not 



available before. Substrate inhibition of TC could be explained by the low I&,, hence high 

affinity of the substrate to the enzyme. This could be another reason for the long duration 

of action of topically applied TC. More important aspect would be the awareness of 

possible toxicity in persons with atypical or silent type of pseudocholinesterase should local 

anesthesia be needed. 



CHAPTER SEVEN 

RESEARCH PERSPECTIVE 

Metabolism in the skin, although a slow process, does occur. This cannot be 

overlooked as it involves detoxification of compounds (typical and soft drugs), activation 

of some prodrugs and may generate toxic metabolites. Substrate inhibition can compromise 

the ability of the body to detoxify and eliminate toxic substances. In the worst situation, 

toxicity can occur with normally safe drugs if the person has enzyme deficiency, either 

inherited as the atypical and silent genotypes of cholinesterase enzyme or aquired by 

organophosphate poisoning, liver disease, or if the enzyme system is not hlly developed. 

In case of local anesthetics of  arninobenzoic derivatives, allergic sensitivity reactions were 

reported. O n  the other hand, compounds which are expected to show their effect after 

undergoing metabolism (such as hydrolysis) may not be activated to the extent needed for 

its therapeutic activity. This aspect should be taken into consideration in the development 

of new drug and drug delivery systems. 

In vitro models have the advantages of simplicity, economy and speed over in v i w  

models. However, care must be taken in the interpretation of the data. A skin homogenate 

model can either over- or under-estimate the maximum metabolic rates as the structure of 

the skin is disrupted and the preparation process may lead to selection andlor exclusion of 

some cell components. Caution must be taken as well in the preparation of the skin 

homogenate, especially the temperature control and the pulverization of the skin prior to 
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homogenization. Excised skin model is one step closer to the real situation. The skin 

structure is maintained. Simultaneous permeation and metabolism can be investigated 

provided the viability of the skin is maintained during the study. This is particularly 

important for compounds which are highly metabolized in the skin. Although viability 

maintenance of the skin during percutaneous absorption study may seemed not so critical 

for esterase activity qualitatively, there is a need to verifi. whether this is the case for the 

quantitation of ester metabolism in the skin, especially when adequate activation of 

prodrugs is essential for the activity of the drugs. For the excised skin in diffusion cells 

model, a sensitive assay is normally required to quantitate the analytes in the receptor fluid. 

Both the viable excised human skin in diffision cell and the human skin homogenate 

models provide information about metabolism by esterases in the skin and will be useful 

in the development of dermal and transdermal preparations. 

Future investigation could be done to further characterize the models; for example, 

regarding the viability assessment of the skin in diffusion cells, further validation may be 

conducted by comparing the newly developed methods in this study with standard viability 

test for skin such as the MTT assay. For the skin homogenate model, activity of the 

enzymes fiom different skin layers may be examined, provided a suitable method for the 

separation of skin layers is used. Temperature was found to be an important factor in the 

assessment of esterase activity, i.e. temperature higher than 60°C substantially reduced 

esterase activity while (from pilot studies) low temperatures presemed the activity. 

Therefore, it should be examined whether these enzymes will still be active at low 

temperatures generally used in the storage of skin samples such as 4 " , -20 ' or -70 " C; and 

if the enzyme activity is preserved at low temperature, how long in the storage would still 



be usefbl in the evaluation of skin metabolism. The viable excised skin model can be used 

to better evaluate the penneation and metabolism of other ester compounds, especially 

prodrugs to see if the activity of the drugs can be activated. Peptide delivery and 

metabolism may be tested since peptidases which cleave peptides are also hydrolytic 

enzymes. Different dosage forms may be compared as well. The in viho models may be 

applied to other metabolizing enzyme systems either phase I or phase I1 reactions. However, 

some cofactors, such as NAD' or some metal ions, in an appropriate concentrations may be 

required (in the receptor fluid of the diffusion cell system or in the skin homogenate) for 

systems using oxidation-reduction reaction or conjugation pathway. 
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APPENDIX A 

STRUCTURE OF HUMAN SKIN 

Hair shaft Stratum comeurn 

Cross-sectional stnrcture of human skin; (A) full-thickness skin, (B) enlargement of the epidermis including 
the upper part of the dermis. The full-thickness skin consists of the epidermis, the dcrmis and skin 
appmdagcs such as the eccrine sweat glands, apocrine glands and pilosebaceous units *air follicles and 
sebaceous glands). The dermis supports extensive sensory nerve networks as well as the vasculature and 
lymphatics. (Modified from Flynn, 1996.) 



APPENDIX B 

COMPOSITION OF HEPES-BUFFERED BANK'S BALANCED SALT SOLUTION 

NaCl 

KC1 

CaC1, - 2H20 

MgS04 - 7H20 

Dextrose 

NaHC03 

Na,HP04 

m2m 

Hepes 

The buffer was adjusted to pH 7.4 with 10% w/v NaOH solution and filter sterilized. 

The osmolality was between 282 and 288 mOsrn/kg H20. The buffer was stored at 4°C. 

Antibiotic antimycotic solution (100x) for tissue culture (product number A 9909, Sigma) 

was added in the ratio of 1 mL solution to 100 mL buffer before being used. 




