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ABSTRACT 

VISWATEJ VEMULAPALLI 

Transdermal Delivery of Small and Large Molecules Using 

Iontophoresis and Microneedles 

(Under the direction of AJAY K. BANGA) 

Skin is normally permeable only to lipophilic drugs but 

various enhancement techniques can enable delivery of 

hydrophilic drugs. The aims of this work were to evaluate 

enhancement techniques like iontophoresis, microneedles and 

their combination on delivering weakly basic (SLV 318), 

weakly acidic (methotrexate) and a peptide (salmon 

calcitonin) drug molecule. In addition, lateral diffusion of 

methotrexate in hairless rat skin was studied using in vitro 

microdialysis model. 

Effect of counter-ions and temperature were 

investigated on the solubility of SLV 318. Anodal 

iontophoresis was used to deliver SLV 318 in vitro and in 

vivo in hairless rats. Pharmacokinetic parameters were 

determined to calculate the total dose delivered. 

Iontophoretic parameters like buffer strength or drug 

concentration were evaluated. A response surface model 

evaluated current density and time of application. Then, 

iontophoresis with optimum formulation parameters was 



further combined with microneedles for delivery of 

methotrexate in vitro and in vivo. 

Lateral diffusion of methotrexate was studied using in 

vitro microdialysis. Cathodal iontophoresis was used to 

deliver methotrexate and samples were collected from 

microdialysis and as well as the receptor. After the study, 

tape stripping was done to measure the drug levels in the 

skin. In vivo delivery of salmon calcitonin was studied 

using iontophoresis, microneedles and their combination 

using soluble maltose or metal microneedles. 

SLV 318 had higher solubility with NaCl as a counter-

ion at 25°C when compared to that with other counter-ions. 

Iontophoresis significantly enhanced the in vitro and in 

vivo delivery of SLV 318. Response surface model using 

factorial design shows an increase in cumulative amount of 

methotrexate delivered with an increase in current density 

and time of application. The optimized iontophoretic 

parameters, when used in combination with maltose 

microneedles significantly, enhanced the delivery of 

methotrexate. 

Methotrexate showed no evidence of lateral diffusion 

over 8 hrs. The combination of iontophoresis and 

microneedles significantly enhanced the transdermal delivery 

of salmon calcitonin when compared to that iontophoresis and 

microneedles alone. 



In summary, iontophoresis in combination with 

microneedles has significantly enhanced the transdermal 

delivery of both small and large molecules. 



CHAPTER 1 

INTRODUCTION 

The aim of any drug delivery system is to achieve 

therapeutic levels of drug at the target site and to 

maintain the desired drug levels. Controlled delivery 

system is one such system which is capable of delivering a 

drug over an extended period of time at known rate to 

target site. Transdermal drug delivery is one convenient 

means of controlled delivery technology that is being 

investigated extensively in recent times. 

Transdermal delivery offers potential advantages of 

non-invasive drug delivery, and avoids hepatic first pass 

metabolism. In addition, skin has large surface area which 

is readily available for drug delivery. Several drugs such 

as clonidine, estradiol, fentanyl, nicotine, nitroglycerin, 

scopolamine, oxybutynin and testosterone are low molecular 

weight lipophilic drugs readily available on the market as 

1 
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transdermal patches. However, these are available as 

passive patches which cannot deliver hydrophilic ionized 

drugs and macromolecules in therapeutic levels. 

The skin consists of epidermis, dermis and hypodermis. 

Stratum corneum is the outermost nonviable layer of the 

epidermis. It is 10-20 um thick and is composed of roughly 

15 to 30 layers of keratin filled cells embedded in a 

matrix of intercellular lipid; this organization is 

referred to as "Brick and Mortar" model. Since the stratum 

corneum is highly lipophilic and well organized, it is 

regarded as the main rate limiting barrier for drug 

delivery through skin. 

The viable epidermis consists of multiple layers of 

keratinocytes at various stages of differentiation. The 

role of viable epidermis in the skin barrier function is 

mainly related to intercellular lipid channels and to 

several partition phenomena. The cells which are scattered 

through the epidermis are melanocytes, langerhans cells, 

dendritic T cells, epidermotropic lymphocytes and merkel 

cells. 

Dermis is largely acellular but rich in blood vessels 

and nerve endings. It is composed of collageneous fibers 

and elastic connective tissue in a matrix of 

mucopolysaccharides which contains an extensive vascular 
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network and is responsible for systemic absorption of 

drugs. Hypodermis carries the vascular and neural network 

for skin (Walters, 2002). 

Stratum corneum is the main rate limiting barrier to 

transdermal drug delivery and the drugs that can penetrate 

the stratum corneum are generally lipophilic drugs with low 

molecular weight (Singh, 1995). Being a lipophillic layer, 

it does not support the permeation of charged or ionized 

molecules and drugs with molecular weight higher than 500 

Da(Weaver, 1999). However, these barrier properties have 

been overcome by various enhancement techniques like 

iontophoresis, microneedles, electroporation and 

ultrasound. 

Several chemicals which temporarily reduce the skin 

resistance and allow transport of drug molecules through 

skin have been studied. DMSO (dimethyl sulfoxide) was one 

of the first enhancers that was shown to accelerate the 

permeation of various compounds (Horita and Weber, 1964; 

Coldman et al., 1971; Chandrasekaran et al., 1976). DMSO is 

used as a cosolvent in a vehicle for a commercial 

preparation of idoxuridine, used to treat severe herpetic 

infections of the skin, particularly those caused by herpes 

simplex. DMSO alone has also been applied topically to 

treat systemic inflammation, although currently it is used 
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only to treat animals. Baker et al. (1969) have studied 

dimethyl formamide (DMF) and dimethyl acetamide (DMA) along 

with DMSO as potential penetration enhancers. These 

enhancers have shown to increase the flux of 

hydrocortisones, lidocaine and naloxone. DMF was shown to 

increase the flux of caffeine across the skin by 12 fold 

and it also showed increased bioavailability of 

betamethasone-17-benzoate in vivo. (Southwell and Barry, 

1983 and 1984; S.L.Bennet and Barry, 1984). Apart from 

these azone, surfactants (anionic, cationic and non-ionic), 

polyols, essential oils, terpenes were shown to promote the 

flux a wide variety of hydrophilic and hydrophobic 

molecules across the skin (Barry and Williams, 2004). 

A more recent development that can be used to ablate 

the SC in order to increase skin permeability is 

microneedles. Using microneedle involves creating micron 

sized pores in the SC which would permit transport of even 

macromolecules. Although the concept of microneedle was 

first proposed in 1970, it's use was not demonstrated until 

1990s. The main reason for this was lack of technology to 

make such small structures. In one of the first studies 

with microneedles Henry et.al has shown that use of solid 

microneedle increased the flux of a small molecule calcein 
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across the human cadaver skin. McAllister et al. (2003) 

showed that insulin, bovine serum albumin and latex 

nanoparticles as large as 100 nm were able to permeate 

through human skin following pretreatment with 

microneedles. These promising in vitro studies led to in 

vivo studies, e.g., Lin et al. (2001) demonstrated 

successful delivery of oligodeoxynucleotide upto 700-800 urn 

deep in skin relative to delivery through intact skin. 

Other studies also have demonstrated enhanced delivery of 

desmopressin, human growth hormone (Cormier et al., 2004). 

Martanto et al. (2006) delivered insulin using microneedle 

arrays to a diabetic rat. Mikszta et al. (2002) have 

delivered naked plasmid DNA into skin using microneedles 

which resulted in 2800 fold increase in the luciferase 

reporter gene expression relative to topical application. 

Microneedles have opened a new horizon in the delivery of 

macromolecules such as protein and peptides through skin 

which otherwise are difficult to delivery even with 

existing enhancement techniques. Apart from modifying or 

removing SC temporarily several energy assisted techniques, 

such as electroporation, iontophoresis, sonophoresis are 

used. 

Electroporation involves the creation of new aqueous 

pathways across the lipid bilayers by applying short high-
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voltage pulses (Chang et al., 1992 and Weaver, 1995). 

Increased transdermal delivery by electroporation has been 

shown for small ions, dyes such as- calcein and 

sulforhodamine (Pliquett and Weaver, 1996), small drug 

molecules such as metoprolol and fentanyl (Vanbever et al., 

1996), peptides such as LHRH (Bommannan et al., 1994), and 

macromolecules such as oligonucleotides and heparin (Zewert 

et al., 1995 and Prausnitz et al., 1995). 

Ultrasound originally used in physiotherapy was shown 

to enhance transdermal delivery of various molecules. 

Ultrasound waves in the range of 20 kHz-16 MHz frequency 

have been used to enhance skin permeability. However, low-

frequency ultrasound (f <100 kHz) has been found to have 

significant enhancement in transdermal delivery compared to 

high frequency ultrasound (Mitragotri et al. , 1995; Tezel et 

al. 2001; Boucaud et al.,2002). Successful use of 

sonophoresis for hydrocortisone ointment in the treatment 

of polyarthritis of the hand's digital joints was reported. 

In addition to this, sonophoresis was also tested for its 

ability to aid the penetration of a variety of drugs, for 

local conditions. Improved dermal penetration of local 

anesthetics using ultrasound was also reported in the 

literature (Benson et al., 1985; McElnay et al., 1985). 

Levy et al. (1989) showed 15 fold increase in vivo in the 
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permeation of mannitol and physostigmine across hairless 

rat skin with 3-5 min ultrasound exposure (1 MHz, 1.5 

W/cm2) . Mitragotri et al. (2001) demonstrated that 

application of low-frequency ultrasound (20 kHz, 125 mW/cm2, 

100 ms pulses applied every second) enhanced transdermal 

transport of proteins including insulin, y-interferon and 

erythropoietin across human cadaver skin in vitro. In the 

same study, they have shown that ultrasound was able to 

deliver insulin in therapeutic doses across hairless rat 

skin in vivo. 

Iontophoresis is another technique which has been 

effectively used to enhance transdermal delivery of 

hydrophilic and ionized molecules. It uses small electric 

currents to drive ions across the membrane. The main 

advantage of iontophoresis is its ability to control the 

delivery kinetics and allows customized and optimized 

delivery to individual to given patient. Iontophoresis was 

able to successfully enhance the delivery of range of 

opioids such as fentanyl (Thysman et al., 1993 and 1994; 

Ashburn et al., 1995; Gupta et al., 1998 and 1999), 

sufentanyl, hydromorphone hydrochloride (Padmanaban et al., 

1990), buprenorphine (Fang et al., 2002) diclofenac and its 

salts (Fang et al., 1999 and 2001), Piroxicam (Curdy et 

al., 2001) and ketoprofen (Panus et al., 1997). Apart from 
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these drugs, iontophoresis was used to enhance delivery of 

various antiviral agents (Oh et al., 1998; Wearley et al., 

1990; Volpato et al., 1995 and 1998), antiemetic agents 

(Jadoul et al., 1997), cardiovascular agents (Tashiro et 

al., 2001; Wearly et al., 1989), steroids (James et al., 

1986; Glass et al., 1980; Petelenz et al., 1992) and local 

anesthetics (Ashburn et al.,1997; Galinkin et al., 2002; 

Greenbaum et al., 1994). Iontophoresis was also 

investigated for the delivery of some proteins and peptides 

such as insulin (Siddique et al., 1987; Liu et al., 1988; 

Kannikannan et al., 1999), calcitonin (Burke et al., 1997, 

and Chang et al., 2000), human thyroid hormone Luteinising 

hormone-releasing hormone (LHRH) (Heit et al., 1994; Chen 

et al., 1996), and vasopressin (Banga et al., 1995). The 

success of iontophoresis in transdermal delivery is 

reflected in the recent FDA approvals for lidocaine 

iontophoretic patch (Vyteris) and E-trans® iontophoretic 

fentanyl patch (Alza) for pain management. 

The enhancement techniques were also used in 

combination to enhance transdermal delivery. Mitragotri et 

al. have reported 200 fold increase in mannitol flux across 

skin when ultrasound was used in combination with 1% SLS 

solution (Sodium lauryl sulphate) a chemical enhancer. Le 

et al.2000) investigated the synergistic effect of 
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ultrasound and iontophoresis on transdermal transport of 

heparin and showed 56 fold increases in heparin flux. This 

was 3 fold greater than ultrasound alone and 15 fold 

greater than iontophoresis alone. Lin et al. (2001) showed 

100 fold increases in 20-merphosphorothioated 

oligonucleotides with combination of microneedles and 

iontophoresis as opposed to iontophoresis alone. 

Iontophoresis and microneedle were used in combination to 

deliver methotrexate in vivo in hairless rats (Vemulapalli 

et al., 2008). 

SLV 318 mesylate is a new synthetic compound. The 

chemical nomenclature of SLV 318 mesylate is (7- (4-benzyl-

1-piperazinyl)-2(3H)-benzoxazolone methanesulfonate, 

mesylate). SLV 318 is a potent agonist of the dopamine D2 

receptor and is predicted to show clear and potent anti

parkinsonian activity in humans combined with potential 

anti-depressant efficacy (Teunissen et al., 2002). From the 

cardiovascular evaluation it showed that SLV 318 has the 

potential to induce orthostatic hypotension in humans via a 

dopamine D2 receptor mediated mechanism. Following 

intraperitoneal administration, SLV 318 showed an 

especially large dose range activity, i.e. 300 fold with no 

adverse activity displayed across vast dose (Teunissen et 

al., 2002). This could indicate that a non-oral route might 
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be the preferred route of administration for SLV 318. The 

SLV 318 is a mesylate salt form with two pKa's (pKai 7.0; 

pKa2 8.6). The Molecular weight is 405.48 Da. Solubility of 

SLV 318 in water is 38 mg/ml and logP (octanol/water) is 

3.2. 

Methotrexate (4-Amino-N10-Methyl Pteroyl-L- Glutamic 

acid; MTX) is a folic acid antagonist with anti-neoplastic 

activity that is used in the treatment of psoriasis and 

rheumatoid arthritis. Methotrexate acts by competitively 

inhibiting the enzyme dihydrofolate reductase, resulting in 

the inhibition of DNA synthesis. Psoriasis is a common 

chronic disorder characterized by hyper-proliferation of 

epidermal cells leading to erythematous papules and 

plaques. Since MTX inhibits mitotic activity, it is used in 

the treatment of psoriasis. MTX is generally administered 

either by the parenteral or oral route for the treatment of 

psoriasis. The general dose range of MTX for psoriasis and 

rheumatoid arthritis is between 7.5 to 25 mg per week. The 

systemic use of methotrexate is known to induce 

hepatotoxicity, suppress bone marrow function, and cause 

other adverse effects such as nausea, vomiting, anemia, 

fatigue, headache and thrombocytopenia when used over a 

prolonged period of time. 
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Topical delivery of MTX at the psoriatic site has the 

potential to reduce the side effects associated with this 

drug and avoids first-pass elimination. Efforts have been 

made to enhance the delivery of MTX across the skin by 

formulating the drug in gels and creams and using 

enhancement methods. However, MTX (MW 454.44 g/mol), being 

hydrophilic, is ionized at physiological pH which limits 

passive permeation across the skin. 

Salmon calcitonin (SCT) is a polypeptide hormone 

secreted by thyroid gland consists of 32 amino acids and 

was used as a model drug. SCT is used clinically for the 

treatment of hypercalcemia, Paget's disease and 

postmenopausal osteoporosis and is administered by means 

parenteral or nasal routes. The major physiological role of 

SCT is control of calcium concentration and metabolism in 

the body in coordination with parathyroid hormone. SCT acts 

by inhibiting osteoclastic bone resorption and by 

stimulating osteoclastic bone formation. SCT is 

characterized by a disulfide bridge between the cysteine 

residues at positions 1 and 7 and a praline moiety at the 

C-terminus (Torres-Lugo and Peppas, 2000; Zaidi et al., 

2002). SCT has a molecular weight of 3431.85 Da and 

isoelectric point (pi) of 10.4. In literature, various drug 

delivery techniques like hydrogels, nanocapsules and 
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proliposomes has been reported to deliver SCT (Basan et 

al., 2007; Pergo et al., 2006; Song et al., 2005). The 

different types of drug delivery systems are 

being developed as an alternate means, as orally 

administered SCT suffers disadvantages such as low 

bioavailability due to extensive proteolytic degradation. 

Nasal delivery of salmon calcitonin is commercially viable 

and available but suffers from disadvantages such as 

variable absorption in the case of diseased conditions and 

irritation of nasal mucosa during delivery (Hee et al., 

2000; Torres-Lugo and Peppas, 2000). 

Specific Aims 

The overall objective of this dissertation is to 

deliver two conventional molecules (weakly basic and weakly 

acidic) and one polypeptide drug molecules by means of 

enhancement techniques iontophoresis, microneedles and 

their combination. The goals of this dissertation will be 

accomplished by following specific aims: 
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1. To study the feasibility of iontophoresis to 

deliver SLV 318 mesylate across hairless rat skin 

in vitro and in vivo. 

2. To optimize various in vitro parameters for 

iontophoretic delivery of methotrexate using 

response surface modeling. 

3. To determine the effect of microneedles alone, 

iontophoresis alone, or their combination on the 

in vivo delivery of methotrexate using 

intracutaneous microdialysis. 

4. To determine the lateral diffusion of 

methotrexate during iontophoresis using in vitro 

microdialysis. 

5. To determine the effect of iontophoresis and its 

combination with microneedles (maltose and metal) 

on the in vivo delivery of salmon calcitonin 

(SCT) as a model peptide. 



CHAPTER 2 

LITERATURE REVIEW 

Transdermal Drug Delivery 

The primary function of skin, the largest organ of the 

human body, is to prevent the entry of toxins and 

chemicals, and to maintain homeostasis. Drug delivery 

through skin has been considered for decades; however it 

remains a challenge even today. To have a better 

understanding about the percutaneous absorption, detailed 

knowledge of the skin and its components is essential. Skin 

is composed of epidermis, dermis and underlying 

subcutaneous tissue. Epidermis is again divided into strata 

or layers. It is made up of stratum corneum, stratum 

lucidum, and stratum germinativum (growing layers). The 

lower layer is the only living layer for which nourishment 

is provided by the capillaries in the underlying dermis. As 

the cells divide and are pushed up to the surface, they 

undergo gradual changes due to lack of nourishment. By the 

time they reach the top surface they become flat and horny 

forming the outermost layer of epidermis, the stratum 

14 
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corneum (Memmler et al., 2000). Stratum corneum is mainly 

made up of these horny dead cells embedded in a lipid 

matrix and are described as "Brick and Mortar" model. 

Dermis is highly perfused layer made of connective tissue 

which contains nerve endings. The subcutaneous tissue 

consists of elastic and fibrous tissue along with adipose 

tissue. Apart from these layers, skin also has appendages 

such as follicles, nails, sweat glands and sebaceous glands 

which originate at dermis and can extend upto subcutaneous 

tissue. Skin also contains enzymes including cytochrome 

P450 isoenzymes located in specific cell types. 

The main barrier for topically applied substances is 

stratum corneum. Detailed studies in literature have shown 

that the corneocytes in stratum corneum are compactly 

arranged by a-keratin filaments distributed in amorphous 

matrix. The intercellular spaces in the stratum corneum 

constitutes of lipid lamellae containing ceramides, 

cholesterol and free fatty acids. The morphology of these 

lipids plays a major role in the barrier function of the 

stratum corneum. The main routes through which the 

molecules can penetrate the layers of skin are the (i) 

intercellular and transcellular route in the stratum 

corneum and (ii) appendageal or shunt pathways such as 

sweat glands and hair follicles. Transcellular pathway and 
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shunt pathways are useful for the penetration of 

hydrophilic compounds while intercellular route is taken by 

hydrophobic compounds. However, the contribution of shunt 

pathway is very little owing to the low fraction of the 

appendageal area relative to the area of skin. 

The properties of stratum corneum make it an effective 

barrier. As it is dry and lipophillic in nature moderately 

lipophillic molecules are ideal for passive transdermal 

delivery. To increase the range of drugs that can be 

delivered through skin, several chemical and physical 

enhancement techniques have been investigated over the 

years. 

Iontophoresis 

Iontophoresis is an electrically assisted enhancement 

technique which facilitates transport of ions across the 

membrane under an externally applied electrical potential 

difference. It essentially uses small electric currents to 

drive ionized molecule into and across the skin based on 

the principle "like repels like". Iontophoresis is a non

invasive technique which overcomes the disadvantages 

associated with conventional drug delivery systems. Since 

the rate of drug delivery can be programmed, iontophoresis 

can be tailored for individual patients. 
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Theory of Iontophoresis 

Any iontophoretic device will essentially have a power 

source and two electrode compartments to complete the 

circuit. The drug ion that is being delivered is placed 

under the electrode with same polarity. For example, a 

positively charged ion placed under anode is repelled and 

attracted to the negatively charged cathode. There are 

different types of electrodes that can be used but the most 

extensively used electrodes are Ag/AgCl (Cullander et al., 

1993; Sage et al., 1992). The advantage of using these 

electrodes is that the electrochemistry to drive the ions 

can be achieved at low voltages. They also avoid sharp 

changes in the pH which can be seen with use of platinum 

electrodes as a result of hydrolysis of water. Also, 

hydrolysis of water is undesirable as (i) the protons 

created at the anode act as competitive ions and reduce the 

amount of drug delivered (ii) the low pH can cause skin 

burns and may also have an effect on drug stability. To 

drive the electrochemistry the presence of CI" ions is 

essential in the anode compartment. Sodium chloride is 

commonly used to provide CI" ions. When Cl~ ion reaches the 

electrode interface it reacts with the silver ions 

releasing electrons and is deposited on the electrode 
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surface. In absence of chloride ions the silver ions would 

precipitate due to its low solubility and deposit on the 

skin hindering the transport of ions. However, use of 

excessive NaCl will result in large number of Na+ ions 

which competes with the drug ions. In order to maintain 

electroneutrality, either a cation must move out of the 

anodal compartment and into the skin or an anion must leave 

the skin and move into the anodal chamber. In the cathodal 

compartment, the AgCl is to reduced metallic silver 

together with a CI" ion, which passes into the solution. 

Again, for electroneutrality, it should be maintained by a 

cation moving from within the skin into the cathodal 

chamber or by the loss of an anion. Since the Na+ and Cl~ 

ions are required to complete the circuit along with the 

exogenous ions, the drug transport is affected by their 

presence. 

Mechanisms Involved in Iontophoretic Transport 

There are many studies in literature to understand the 

mechanistic aspects of iontophoresis (Kasting et al., 1992; 

Pikal et al., 1992). The iontophoretic flux (JT) is 

considered or mobility of ions is considered to be sum of 

two mechanisms electrorepulsion (JR) and electroosmosis (J0) 
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at steady state. Assuming passive delivery is negligible 

iontophoretic flux can be written as 

J T — J R +J0 

The iontophoretic flux has been widely described in 

literature using Nerst - Planck equation (Pikal and shah, 

1990) which can be written as: 

J = -D 
V dx ; 

(DzeEC 

\ kT 

Where J is the iontophoretic flux of ions across the 

membrane, D is diffusion coefficient, C is the 

concentration of ions with valence z and charge e, E is the 

electric field, k is Boltzmann's constant and T is the 

absolute temperature. From this equation it can be 

interpreted that the ionic flux is a linear sum of the 

fluxes generated by each component alone in presence of 

both concentration gradient and electric field. The 

simplified form is given in equation 1. 

Delivery Mechanisms 

Electrorepulsion 

Electrorepulsion or electromigration is an ordered 

movement of ions across the membrane in presence of an 
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applied external electric field. It is the main factor 

which contributes to the flux of ions across the membrane 

(Green, 1996; Hoogstraate, 1994; and Stralka, 1996). This 

is based on a general principle "like charges repel like 

charges". Thus when drug ion is placed under the electrode 

of same polarity it is repelled into or across the skin for 

topical or systemic effect respectively. The flux due to 

electromigration of an ion X is related to the applied 

current ix due to its transport by Faradays constant F. 

Therefore the electro migratory flux can be written as: 

Jx zxAF x 

Where J is the flux due to electrorepulsion, z is the 

charge on the ion x and A is the cross sectional area of 

the membrane. The current flow due to ionic transport can 

be related to the applied electric current using a 

proportionality constant, transport number as following, 

f = -^—txI (4) 
zxAF 

Where tx is the transport which is the fraction of total 

charge carried by ion X. Transport number of an ion depends 

on the physicochemical properties of an ion 
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and how they compare to the properties of extraneous ions 

present in the system. 

Electroosmosis 

There is a convective bulk flow of water under the 

influence of applied electric field which allows the 

transport of unionized molecules across the membrane during 

iontophoresis. This bulk flow termed as electroosmotic flow 

occurs in the direction of the counter ion migration. The 

volume flow is due to the electrical volume forces on the 

ion atmosphere (the region in pore fluid where the charge 

density is zero due to the mobile ions) and induced osmotic 

pressure (since the counter ion transfer number are 

different in solution and skin, which causes concentration 

polarization leading to an induced osmotic pressure). As 

skin is negatively charged above pH 4 and the fluid flow is 

in the direction of cation flux, it may enhance the 

transport of cation or hinder the transport of anions. 

Pikal et al. have shown in their results that the 

contribution of electroosmotic flow is extremely small 

(about 5% of the total volume flow) in transdermal delivery 

(Pikal et a.,1990). 

Factors Affecting Iontophoretic Drug Delivery 

Drug concentration 
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The impact of drug concentration on iontophoretic flux 

is one of the most commonly studied experimental 

parameters. The flux of number of solutes across the 

membrane has been shown to increase with increase in the 

solute concentration in the donor. Increasing the amount of 

drug in the formulation resulted in increase in the 

iontophoretic transport of molecules like acetate or 

metoprolol (Banga, 1998). Even though there is a direct 

correlation between the amount of drug in the formulation 

and the observed flux, some experimental results 

demonstrate that it is not true in all cases. However, the 

transport would generally increase to a certain point and 

will then become independent of the concentration. This 

could be due to transport number, which becomes independent 

of the concentration possibly due to the saturation of the 

boundary layer relative to bulk donor volume. This suggests 

that the concentration within the membrane does not 

increase on addition of more drugs to the donor. Kasting 

and Keister (198 9) have described the variation of 

transport number during iontophoresis by applying 

electrodiffusion theory to iontophoretic transport. It has 

been observed for certain lipophilic cations, e.g. 

nafarelin and leuprolide, that increasing concentration in 

the formulation resulted in reduced delivery (iontophoretic 
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flux) (Delagado-Charro et al., 1995; Hirvonen et al., 

1997). It was shown that hydrophobic core of nafarelin had 

significant effect on the inhibition of the electroosmotic 

flow. While a moderately lipophilic D-Nal-Gly-Arg 

tripeptide had an intermediate effect, LHRH and Ala-Leu-Arg 

a tripeptide which are relatively less hydrophobic had no 

effect on electroosmosis (Hirvonen et al., 1996). 

Current density 

From Eq. (4), it is clear that the flux of the solute 

is directly proportional to the applied current assuming 

constant transport number. In general, this holds true both 

for small molecules and peptides. Similar to the effect of 

concentration, increasing flux with increasing current can 

start to plateau at higher current levels, again suggesting 

the presence of a saturation phenomenon (Kasting et al., 

1989). The effect of applied current density was shown for 

low molecular weight cationic molecule apomorphine (15 mM) 

(Van der Geest et al., 1997). A linear increase in the flux 

was also seen with certain alkanols and alkonic acids, 

verapamil, mannitol and amphotericin (Thysman et al., 1993; 

Ashburn et al., 1995). This phenomenon was also seen with 

proteins, thyrotropin releasing hormone, gonadotropin 

releasing hormone (Thysman et al., 1994). However, the 
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maximum tolerable strength of current by the patient has 

been suggested to be 0.5 mA/cm2. 

pH 

Since iontophoresis is transport of ions in presence 

of applied electric current, the optimal pH is at which the 

drug molecule is predominantly ionized. The effect of pH is 

obvious on the degree of ionization is important, e.g., for 

weak bases increasing pH will reduce the ionized fraction 

and as a result electromigratory contribution to 

iontophoretic transport is reduced. Also, since the pi of 

skin is 4-4.5, at higher pH it is permselective to cations 

which in turn gives rise to the electroosmotic solvent 

flow. Therefore, increasing the pH can affect iontophoretic 

delivery of a weakly basic molecule in two opposing ways; 

as the pKa of the drug is approached, the contribution of 

electromigration to transport will be reduced; while at 

higher pH (>6.5-7) electroosmosis will begin to contribute 

as the membrane becomes completely ionized. Studies done by 

Green et al.{1991) have shown that with lysine(pKa 10.8) 

increased delivery was seen at pH 7.4 as compared to pH 4 

while histidine showed higher transport at pH 4 compared to 

pH 7.4. In case of lysine at pH 7.4 electroosmotic flow 

also contributed to the transport which was in contrast to 

histidine at pH 7.4 (> 90% is unionized) where 
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electromigration had no contribution towards its transport 

(Green et al., 1991). In contrast, an approximate two fold 

increase in iontophoretic transport of TRH was observed at 

pH 8 than pH 4 even though it has a pKa of 6.2 and more 

than 90% is in unionized form at pH 8 (Burnette et al., 

1986). This suggests that in case of TRH, the loss of the 

contribution of electromigration at the higher pH is more 

than compensated by the increased electroosmotic flux. 

Changes in pH are of particular significance in the 

transport of the peptides and proteins as the pH of the 

solution determines the charge on these molecules. Insulin 

has been shown to have a greater transport at pH below its 

pi when compared to pH above its pi. 

The formulation pH can also have an impact on the drug 

transport number. The extremes pH values will lead to 

substantial concentrations of hydroxonium and hydroxide 

ions which have high electrical mobility compared to drug 

molecules. 

Buffer strength 

The most commonly used electrodes in iontophoretic 

transport are silver-silver chloride which necessitates .the 

addition of sodium chloride to drive the electrochemistry. 

The highly mobile sodium ions compete with the drug ions, 



reducing the efficiency of drug transport across the skin. 

On the other hand, as the concentration of the positively 

charged ions increase, so do the convective forces and the 

electroosmotic contribution to transport (Wearley et al., 

1989). To maintain the pH of donor, buffering agents are 

added which introduce more counter ions and thus reduce the 

fraction of charge carried by the drug ion and subsequently 

its transport across the membrane. Bellantone et al. (1986) 

have demonstrated the effect of competitive ions where the 

flux of benzoate was reduced to more than half when an 

equimolar sodium chloride was added to the donor. The ionic 

strength is of significant importance in the case of 

proteins and peptides. Macromolecules have low mobility to 

.start with and addition of competing ion would further 

reduce the charge carried by the drug ion (Banga, 1998). 

Also, the type of electrode is very important e.g., in case 

of platinum electrodes, extraneous ions can be introduced 

by the hydrolysis of water resulting in generation of 

hydronium and hydroxide ions. This will also cause a drift 

in pH in the donor which can have negative effect as 

described in previous section. 

Microneedles 



Microneedles is an alternative approach for creating 

larger transport pathways of micron sized dimensions by 

using microscopic needles and are minimally invasive. The 

pathways created by microneedles are orders of magnitude 

bigger than molecular dimensions and therefore permit 

transport of molecules in all ranges. Micron-scale holes in 

the skin are safe, being much smaller when compared with 

the holes made by hypodermic needles. 

Types of Microneedles 

Microneedles provide a minimally invasive means to 

transport molecules into the skin. Microscopic holes in the 

skin are created by inserting solid microneedles made of 

silicon or metal. The **poke with patch'' approach uses 

microneedles to make holes and then apply a transdermal 

patch to the surface of the skin. Another approach is 

* xcoat and poke'' during which microneedles are first 

coated with drug and then inserted into the skin. During 

this there is no drug reservoir on the skin surface, and 

all the drug is delivered by needle itself. During *ydip 

and scrape" microneedles are first dipped into the drug 

solution and then scraped across the skin surface to leave 

behind drug within the microporated skin (Prausnitz., 

2004) . 
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Hollow microneedle designs and methods have also been 

studied both in vitro and in vivo. Compared to solid 

microneedles, hollow microneedles are much harder to make 

and use. Hollow needles can be used to facilitate active 

fluid flow through the needle bores and into the skin, 

which can used to achieve much faster rates of delivery. 

Solid Microneedles 

Solid microneedles are used to create micron sized 

holes in the skin through which drug molecules can easily 

be transported and delivered. The first microneedles were 

etched from silicon wafer and developed for intracellular 

delivery in vitro (Hashmi et al., 1995). Microneedles are 

also used for transdermal delivery applications and when 

inserted into the skin they increase the delivery of 

various compounds both in vitro and in vivo. 

An array of solid microneedles is embedded into human 

cadaver skin, which caused increase in skin permeability of 

a small molecule calcein by three orders of magnitude. Even 

after removing the needles the holes the created in the 

skin has increased permeability by another order of 

magnitude (Henry et al., 1998). 

McAllister et al. studied the permeability of human 

cadaver skin for different compounds and found insulin, 

bovine serum albumin and latex nanoparticles as large as 
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100 nm in diameter could cross the skin after treatment 

with microneedles (McAllister et al.,2005). The transport 

of these compounds by simple diffusion was explained by 

mathematical modeling. In these studies, microneedles were 

made from silicon wafer using lithography and reactive ion 

etching. 

Hollow Microneedles 

In contrast to the solid microneedles, microneedles 

containing a hollow bore offer the possibility of 

transporting drugs through the interior of well-defined 

needles by diffusion or by pressure-driven flow. 

A variety of hollow microneedles have been fabricated. 

McAllister et al. (2005) used single glass microneedles for 

insertion into diabetic hairless rats in vivo to deliver 

insulin during a 30-min infusion. They demonstrated up to 

70% drop in blood glucose level over a 5-h period after the 

insulin was administered. Smart and Subramanian have used 

single microneedles to extract nanoliter guantities of 

blood from the skin to measure glucose levels (Smart and 

Subramanian, 2000). 

Mechanisms of Microneedle Insertion into Skin 

The mechanics of microneedle insertion are critically 

important for practical applications. Only microneedles 

with the correct geometry and physical properties are able 
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to insert into skin. Based on the needle design the 

insertion is either by hand or by high-velocity insertion 

using prototype application. If the force required for 

microneedle insertion is too large, needles can break or 

bend before insertion. 

Davis et al. (2005) has measured the force required 

for fracture, the force required for insertion, and their 

ratio (termed the margin of safety) as a function of needle 

geometry and physical properties (Davis et al., 2005). For 

these mechanical studies individual hollow metal 

microneedles were used with tip radii of 30-80 jam, wall 

thicknesses of 5 pm to solid tips and constant length of 

500 um. 

To determine the effect of microneedle geometry on the 

force of insertion, individual microneedles were inserted 

into the skin of human subjects while recording the force 

and displacement of the needle, as well as monitoring skin 

resistance (which was used to indicate needle insertion 

into the skin). Forces of insertion varied from 0.1 to 3.0 

N (i.e. 10-300 g) and showed an approximately linear 

dependence on the area of the needle tip. Insertion force 

was found to be independent of wall thickness; thin-walled 

hollow needles and solid needles with the same outer tip 
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radii required the same force of insertion. This indicated 

that skin was insufficiently flexible to dimple into the 

needle bore. To determine the effect of microneedle 

geometry on the force of fracture, individual microneedles 

were pressed against a rigid surface until they fractured. 

Over the range considered, measured fracture forces were 

between 0.5 and 6 N. Fracture force increased strongly with 

increasing wall thickness and increased weakly with 

increasing wall angle, but it was independent of tip 

radius. These results agreed with analytical and finite 

element modeling. The ratio of the fracture force to the 

insertion force can be considered the margin of safety; 

values greater than one identifies needles that will insert 

into skin without breaking. Almost all needles tested had 

margins of safety greater than one and some were greater 

than ten. The largest margin of safety was achieved using 

needles with small tip radius for insertion and large wall 

thickness. 

Electroporation 

Electroporation involves the creation of transient 

aqueous pathways in lipid bilayers by application of a 

short electric pulse (Neumann et al., 1998; Weaver., 1993). 

These pores provide pathways for drug penetration through 

the horny layer of the skin. Localized heating of lipids, 
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causing a phase transition, forms the pores. Permeability 

and electrical conductance of lipid bilayers can be rapidly 

and reversibly increased by many orders of magnitude. 

Electroporation occurs when the transmembrane voltage 

reaches a few hundred millivolts for electric field pulses 

typically of 10 ms to 100 ms duration. Electroporation is 

known to occur in metabolically-inactive systems, such as 

synthetic lipid membranes (Chernomordik et al., 1982) and 

in living cells (Chang et al., 1992) and tissues 

(Jaroszeski et al., 1997). 

During electroporation the membrane resistance drops 

by orders of magnitude on time scale of microseconds or 

faster. During pulse application the membrane charges 

initially remains stable and then membrane becomes unstable 

and electroporation occurs, resulting in decrease of 

membrane resistance which can be reversible or irreversible 

depending on electroporation parameters and membrane 

geometry. During electroporation molecular transport across 

membranes also increases. Large numbers of compounds 

ranging in size from small to larger macromolecules can be 

introduced into cells (Orlowski et al., 1993; Gift et al., 

1995). 

The mechanism of transport caused by electroporation 

is expected to involve diffusion and electrically-driven 
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transport. During a pulse, transport has been shown to 

occur by electrophoresis and/or electroosmosis, depending 

on the experimental system . (Prausnitz et al., 1995). For 

small compounds significant transport can occur by 

diffusion after a pulse due to irreversible changes in 

membrane permeability. Postpulse diffusion of 

macromolecules is generally much slower when compared to 

that of small molecules. 

Ultrasound 

Ultrasound, a non-invasive enhancement technique, can 

have an enhancing effect on the transdermal delivery of 

various molecules, both in vitro and in vivo. Ultrasound 

has been investigated for in vitro and in vivo delivery of 

insulin (Boucaud et al., 2002; Smith et al., 2003), 

mannitol (Tang et al., 2002), and heparin (Mitragotri et 

al., 2001); and the in vitro delivery of morphine (Monti et 

al., 2001), and lidocaine (Tachibana et al., 1993). In 

these studies, the reported enhancement of transdermal 

transport induced by ultrasound varies from a few percent 

to several orders of magnitude, depending on the condition. 

Ultrasound has also been reported to synergistically 

enhance transdermal delivery using iontophoresis, 

electroporation, penetration enhancers, and microneedles. 

(Kost et al., 1996; Le et al., 2000). 



Ultrasound is a form of energy having a frequency 

above 18 kHz. The principle of modern ultrasound devices is 

based on piezoelectric effect and is achieved by applying 

pressure to the quartz crystals and polycrystalline 

materials (eg: lead-zirconate-titanium or barium titanate) 

causing electric charges developed on the outer surface of 

the material. The ultrasound wave is longitudinal in nature 

and sound waves cause compression and expansion of the 

medium at a distance of half a wavelength. 

Thermal Microporation 

Thermal microporation is a novel transdermal delivery 

technology, which involves ablation of the stratum corneum, 

there by forming aqueous pathways into the viable layers of 

the skin. Thermal microporation has been previously 

investigated in the clinical studies for glucose monitoring 

by rapid extraction of interstitial fluid and both in 

animals and humans for transdermal delivery of insulin 

(Joshi et al., 2003; Smith et al., 1999; Smith et al., 

2002). Thermal microporation involves ablation of the 

stratum corneum by rapid localized application of thermal 

energy to the skin. Thermal ablation is achieved by 

contacting an array of electrically resistive filaments to 

the surface of the skin and by heating the filaments for a 

very short period of time by applying a short controlled 
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pulse of electric current. The thermal energy delivered 

from each filament to the skin causes the ablation of the 

stratum corneum, there by creating micropores reaching into 

the viable epidermis. Micropores created by thermal 

microporation can be typically controlled and will be in 

the range of 50-200 urn wide and 100-200 jam deep. The 

dimensions of the micropores are controlled by several 

factors, such as geometry of the filaments and time that 

are in contact with the skin. 

Radiofrequency 

Radiofrequency is a new transdermal delivery 

technology being adapted from medical technology of radio-

frequency (RF) ablation (Goldberg et al., 2001; Solbiati et 

al., 2001). It is based on generation of electrical current 

at high frequency in the range of radio frequencies (100-

500 kHz). The passage of electric current through array of 

microelectrodes placed on the skin will bring out ionic 

vibrations within the cells of upper skin layers leading to 

local bed area heating, liquid evaporation and cell 

ablation. AS a result, small microchannels are created 

across the stratum corneum and these channels are described 

as RF-microchannels. These microchannels which are formed 

across the stratum corneum and epidermis will enhance the 
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transdermal delivery of small and large molecules into the 

systemic circulation. 

Chemical Enhancers 

Chemical enhancers act by reducing the skin resistance 

and are also known as accelerants or sorption promoters. 

Chemical enhancer have been widely investigated and some 

examples include water, hydrocarbons, dimethylsulfoxide 

(DMSO), pyrrolidones, fatty acids, esters, alcohols, 

azones, surfactants, amides, polyols, essential oils, 

terpenes, oxazolidines, enzymes, lipid synthesis inhibitors 

and biodegradable enhancers. 

Three main hypothetic principles were proposed for 

chemical enhancers: 

i. Lipid action 

ii. Protein alteration 

iii. Partitioning promotion 

During lipid action the enhancers disrupt the lipid 

organization within the stratum corneum making it more 

permeable to drugs and thereby enhancing transdermal 

delivery. DMSO, ethanol and micellar solutions extract the 

lipids making the horny layer more permeable. Protein 

alteration acts by opening up the dense keratin structure 

in corneocytes thereby increasing the permeability and also 

by increasing the appropriate diffusion coefficient. During 



37 

the protein alteration process the enhancers can also 

modify peptide, protein material in the bilayer domain and 

even split the stratum corneum. Compounds such as ionic 

surfactants, decylmethylsulfoxide and DMSO enhance delivery 

by protein partitioning. Partitioning promoters act by 

entry of the solvent into the stratum corneum which alters 

the chemical environment and thus may increase the 

partitioning of the drug molecules into the stratum 

corneum. Corticosterone was selected as the model permeant 

as it has been shown to be particularly suitable for 

quantitatively probing the lipoidal pathway of the SC in a 

parallel pore and lipoidal skin transport pathway model 

(Kim et al., 1992; Yoneto et al., 1995). 

Laser ablation 

During laser ablation, skin barrier can be partially 

overcome by removal of the SC similar to tape stripping 

(Bronaugh et al., 1985). However, during the tape stripping 

the area and depth of SC treated by the tape stripping 

technique cannot be precisely controlled and the safety and 

recovery of this method need to be verified. A previous 

study has shown that the photomechanical wave generated by 

a ruby laser could enhance the skin transport of 5-

aminolevulinic acid by in vivo topical application (Lee et 

al., 1999). The laser has been suggested for the 
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controlled ablation or removal of SC in human skin (Jacques 

et al., 1987). 

The erbium:YAG (erbium:yttrium-aluminum-garnet) laser 

emits light with a wavelength of 2940 nm which corresponds 

to the main peak of water absorption. This property of the 

laser enables the erbium:YAG laser to ablate skin with 

minimal residual thermal damage, thereby minimizing the 

risks of post-inflammatory hyper pigmentation. The 

erbium:YAG laser is currently being used for scars, 

photodamage, and melasma (Manaloto et al., 1999; Polnikorn 

et al., 1998). Depending on the size and polarity of the 

drugs, there may be several orders of magnitude difference 

in the rate of permeation across the skin when compared to 

passive. 

Microdialysis Principles and Application 

The main principle employed in microdialysis is 

dialysis across a membrane permeable to water and small 

solutes, which has been introduced into the tissue. The 

membrane is perfused with a liquid which equilibrates with 

fluid outside the membrane by diffusion in both directions. 

Factors in microdialysis technique which play a major role 

are the dialysis probe, connective tubing, perfusion 

medium, perfusion pump, and sample (dialysate) collection 



device. Samples may be collected using a fraction sample 

collector or may be injected onto the analytical system 

directly using online injection system. For live animals, 

swivel allows free movement of the animal without 

entangling or breaking the connective tubing. 

The basic tool for microdialysis sampling is a tubula 

semi permeable dialysis membrane commonly known as a 

microdialysis probe. The probe is introduced into 

the tissue or the biological matrix and is perfused with a 

perfusion medium (perfusate) through the inlet tubing. The 

composition of the perfusion liquid closely resembles that 

of the extracellular fluid of the tissues being sampled. 

Solutes (analytes) small enough to pass through the 

dialysis membrane are transported across the membrane by 

diffusion. The diffusion coefficient (i.e. concentration 

gradients between the solution outside the probe and the 

perfusion liquid) of an analyte dictates the migrations of 

the solute. The average pore size of the dialysis probe is 

large enough (usually 5-30 kD molecular weight cutoff) to 

allow free diffusion of solute molecules, but small enough 

to resist the transport of proteins and other 

macromolecules (Chaurasia, 1999). 

Probe Recovery 



Retrodialysis method is a unique type of net flux 

analysis during which an internal standard is added to the 

perfusate to determine probe recovery in vivo (Wong et al., 

1992; Yokel et al., 1992). In this method, recovery of the 

analyte is considered to be equivalent to the delivery of 

the internal standard. The method is based on the 

assumption that the internal standard and analyte in 

question exhibit a similarity in their physical properties 

(such as diffusion characteristics and method of analysis) 

and biological behavior such as metabolism, protein 

binding, receptor uptake and release (Riley et al., 1994). 

Experimental Models in Transdermal Drug Delivery 

Evaluation of percutaneous absorption of drugs is 

very important in dermal and transdermal drug delivery 

systems. Optimization of dermal and transdermal dosage 

forms depends on the factors that determine the in vivo 

performance. Human skin is the most desired skin for the 

absorption studies but it is not feasible during the 

initial development of novel dosage form or new drug 

candidate. One of the challenges in transdermal research 

are to find correlation between animal and human skin for 

in vitro and in vivo studies of percutaneous absorption. It 

is practically impossible to assess the skin permeability 

of materials using in vivo experiments alone. So to assess 
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the exact permeability of percutaneous absorption numerous 

ex vivo and in vitro models are frequently used. Hence, a 

method that can consistently correlate in vitro and in vivo 

data to shorten the drug development process and minimize 

the number of human studies is needed. 

The lack of correlation during transdermal permeation 

of various drug molecules across species or from different 

application sites in the same animal model is mainly due to 

variations in skin because of varying compositions of 

intercellular stratum corneum lipids and in skin shafts. 

The amount of free fatty acids and triglycerides and the 

density of hair follicles are important factors causing 

differences between the skin barriers among species 

(Netzlaff et al., 2006). The composition of SC lipids vary 

with that of biological membranes because of long chain 

ceramides, free fatty acids and cholesterol. The 

organization of SC lipids is important for the barrier 

function of the skin. To evaluate dermal and transdermal 

absorption of drug molecules the most relevant membrane is 

human skin. However, skin of mice, rats and guinea pigs is 

commonly used for in vitro and in vivo percutaneous 

permeation studies. The advantages of these animals are 

their small size, uncomplicated handling and relatively low 

cost. The hairless nude mice and rats mimic the human skin 
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better than hairy skin animals (Simon et al., 1998). During 

the use of these animals there is no need for hair removal 

(clipping or shaving) prior to the experiment, thus 

avoiding the risk of injury to cutaneous tissue, other 

models have a disadvantage of high density hair follicles 

and require hair removal. Since both issues may affect 

percutaneous absorption of molecules, hairy rodent skin is 

usually not used for in vitro permeation studies and in 

vivo studies. Among mice and rat skin, rat skin has more 

structural similarities to human tissue. Mice skin 

generally shows higher permeation rate than human skin. In 

contrast, permeation kinetic parameters are frequently 

comparable between hairless rat and human skin. Snake skin 

was also proposed as a membrane in skin permeation 

experiments (Godin et al., 2007). 

Design of Experiments (DOE) 

In the past, design of a drug delivery product has been 

typically carried out by trial and error experimentation. 

Based on the trial and error results, a particular response 

is considered to be optimal. Statistical design of 

experiments approach or response surface methodology will 

aid in determining this region of local optimum (Bolton, 

1997). These design of experiments have a wide scope in 

pharmaceutical industry and have been used for 
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preformulation development of proteins (Bedu-Addo et al., 

2002) as well as optimization of process and formulation 

variables for the manufacturing of dosage forms such as 

tablets (Singh et al., 1999) and emulsion systems (Nazzal 

and Khan, 2002) . 

These systematic approaches are advantageous for the 

following reasons: 

1. Use of screening experiment to identify important 

factors. 

2. Use of optimization experiment to identify best 

process performance. 

3. Minimize sample to save time and money. 

4. Use of experimental design which guards against 

interactions among factors. 

Fundamental Concepts in Design of Experiments 

The following steps are involved in using DOE to 

generate response surface models: 

Experimental objectives 

Before starting the experiments variables need to be 

taken into consideration. The input variables are 

"factors", which are in direct control during the 

experiment and are also termed as "independent variables". 

These factors are variables which are evaluated during an 

experiment to find their effect on the response. 
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In case of iontophoretic drug delivery, factors can 

be current density, drug concentration in the donor, etc. 

These factors are varied as several levels, which are 

either qualitative or quantitative. The levels are 

designated as low level (-1) and high level (+1). The 

results of the experiments are referred to as 

"response "and need to be identified during experimental 

design (Bolton, 1997). In this case of iontophoretic 

delivery the responses obtained can be extrapolated to 

amount of drug delivered across the skin. 

Selection of experimental design 

After the experimental objectives have been defined, 

experiments are performed according to one of the 

experimental designs (Singh et al., 2005). Screening 

designs are used to identify important factors and to 

suggest changes in settings which can improve process 

performance. The designs which are generally used for 

screening experiments are two level designs. Full factorial 

design investigates all of the possible combinations of 

values of each experimental factor. A full factorial design 

allows the independent estimation of the signals associated 

with each factor and with each combination of factors. Full 

factorial designs can also provide good estimates of 

experimental error or noise. 
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The signal associated with each experimental factor 

is called its main effect. For factorial designs, a simple 

method can be used to calculate an estimate for each of the 

main effects. A design is called fractional factorial if it 

is a fraction of a subset of a full factorial design. 

Fractional designs are very efficient because of their 

smaller sample sizes. If we go to smaller fractions of 

factorial design there is a possibility of loosing possible 

interactions. 

SLV 318 

SLV 318 mesylate is a new synthetic compound. The 

chemical nomenclature of SLV 318 mesylate is (7-(4-benzyl-

1-piperazinyl)-2(3H)-benzoxazolone methanesulfonate, 

mesylate). From therapeutic studies SLV 318 is a potent 

agonist of the dopamine D2 receptor and is predicted to show 

clear and potent anti-parkinsonian activity in humans 

combined with potential anti-depressant efficacy. From the 

cardiovascular evaluation SLV 318 has the potential to 

induce orthostatic hypotension in humans via a dopamine D2 

receptor mediated mechanism. Following intraperitoneal 

administration, SLV 318 showed an especially large dose 

range activity, i.e. 300 fold with no adverse activity 

displayed across vast dose this could indicate that a non-
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oral route might be the preferred route of administration 

for SLV 318 than oral forms. 

Transdermal iontophoresis is one technique in non-oral 

administrations for enhancing the flux of drug across the 

skin by applying a small electric current which forces 

ionized species of drug into the skin non-invasively. It 

provides the advantages of improved patient compliance, 

avoidance of first pass metabolism, controlled release of 

drug from the patch and the possibility of programmed 

delivery. The ideal candidates for iontophoresis drug 

delivery could be water-soluble, potent drugs that exist in 

their salt forms with high charge density and small 

molecular size. The SLV 318 is a mesylate salt form with 

two pKa (pKai 7.0; pKa2 8.6). The molecular weight is 405.48 

Da. It can be dissolved in water (Solubility in water: 38 

mg/ml) and log P (octanol/water) is 3.2 suggesting it might 

be a good candidate for iontophoresis. 

Methotrexate 

Methotrexate (4-amino-N10-methyl pteroyl-L-glutamic 

acid; MTX) is a folic acid antagonist with anti-neoplastic 

activity that is used in the treatment of psoriasis and 

rheumatoid arthritis. MTX acts by competitively inhibiting 

the enzyme dihydrofolate reductase, resulting in the 

inhibition of DNA synthesis. Psoriasis is a common chronic 
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disorder characterized by hyperproliferation of epidermal 

cells, leading to erythematous papules and plaques. Since 

MTX inhibits mitotic activity, it is used in the treatment 

of psoriasis. MTX is generally administered either 

parenterally or orally for the treatment of psoriasis. The 

general dose range of MTX for psoriasis and rheumatoid 

arthritis is 7.5-25 mg per week. The systemic use of MTX is 

known to induce hepatotoxicity, suppresses bone marrow 

function and causes other adverse effects, such as nausea, 

vomiting, anemia, fatigue, headache and thrombocytopenia, 

when used over a prolonged period of time. 

Topical delivery of MTX at the psoriatic site has the 

potential to reduce the systemic side-effects associated 

with this drug, and avoids first-pass elimination. Efforts 

have been made to enhance the delivery of MTX across the 

skin by formulating the drug in gels and creams and using 

enhancement methods (Vaidyanathan et al., 1985; Alvarez-

Figueroa et al., 2001; Alvarez-Figueroa et al 2001; Sutton 

et al 2001; Syed et al., 2001; Wong et al., 2005). However, 

MTX (mol wt 454.44 g mol-1), being hydrophilic (log P 

-1.85), is ionized at physiological pH, which limits 

passive permeation across the skin. Iontophoresis (ITP) is 

an active energy process which uses small amounts of 

physiologically acceptable electric current to drive ionic 
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drugs into the body (Banga, 1998). As MTX is negatively 

charged at physiological pH it could be delivered by 

cathodal ITP by means of electrorepulsion. Recently, a 

clinical study on MTX delivery by ITP suggested that a 

short application of current is sufficient for clinical 

efficacy and treatment of recalcitrant psoriasis (Tiwari et 

al., 2003). Thus, detailed evaluation of enhancement 

technologies and relevant parameters has become important. 

Salmon Calcitonin 

Salmon calcitonin (SCT) is a polypeptide hormone 

secreted by thyroid gland. It consists of 32 amino acids 

and was used as a model peptide. SCT is used clinically for 

the treatment of hypercalcemia, Paget's disease and 

postmenopausal osteoporosis and is administered by means 

parenteral or nasal routes. The major physiological role of 

SCT is control of calcium concentration and metabolism in 

the body in conjugation with parathyroid hormone. SCT acts 

by inhibiting osteoclastic bone resorption and by 

stimulating osteoclastic bone formation. SCT is 

characterized by a disulfide bridge between the cysteine 

residues at positions 1 and 7 and a praline moiety at the 

C-terminus (Torres-Lugo and Peppas, 2000; Zaidi et al., 

2002). SCT has a molecular weight of 3431.85 Da and 

isoelectric point (pi) of 10.4. In literature various drug 



delivery techniques like hydrogels, nanocapsules and 

proliposomes has been reported to deliver SCT (Basan et 

al., 2007; Pergo et al., 2006; Song et al., 2005). The 

different types of drug delivery systems were 

being developed as an alternate means, as orally 

administered SCT suffers disadvantages such as low 

bioavailability due to extensive proteolytic degradation. 

Nasal delivery of salmon calcitonin is commercially viable 

and available but suffers from disadvantages such as 

variable absorption in the case of diseased conditions and 

irritation of nasal mucosa during delivery (Hee et al., 

2000; Torres-Lugo and Peppas, 2002). Transdermal delivery 

of SCT by means of microneedles alone and in combination 

with ITP has not been previously reported. 



CHAPTER 3 

IN VITRO AND IN VIVO IONTOPHORETIC TRANSDERMAL DELIVERY OF 

SLV318 

Abstract 

Purpose. To study the feasibility of iontophoresis to 

deliver SLV 318 mesylate (7-(4-benzyl-l-piperazinyl)-2(3H)-

benzoxazolone methanesulfonate, mesylate) across hairless 

rat skin in vitro and in vivo. 

Methods. The effect of counter-ions (NaCl, KBr, MgCl2, 

and CaCl2 at 75, 50 and 37.5mM) and temperature (4°C and 

25°C) were investigated for optimizing SLV 318 solubility 

at pH 4 in citrate-phosphate buffer. For in vitro studies 

Franz diffusion cells (37°C) were used, silver wire was 

used as anode (donor) and Ag/AgCl as cathode (receptor).The 

effect of electrode efficiency (1 or 2 electrodes) and 

current density (0.1 mA for 18 hrs, 0.2 mA for 9 hrs and 

0.5 mA for 4.5 hrs) on the delivery of SLV 318 

50 
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were studied. Samples were analyzed using HPLC. In vivo 

passive and iontophoretic (0.1 raA/cm2 for 1 hr) studies were 

performed on hairless rats using Trans-Q® patches. 

Intravenous studies were also performed to obtain 

pharmacokinetic parameters. Blood samples were collected at 

periodic time intervals from the tail vein and the plasma 

was analyzed using LC-MS/MS. 

Results. SLV 318 had higher solubility with NaCl (75 

mM) as counter-ion at 25°C than with other counter-ions 

tested. As the concentration of counter-ions increased, the 

solubility of SLV 318 decreased significantly. In vitro 

electrodes replaced every 9 hrs for 0.1 mA current density 

had a linear flux when compared with single electrode for 

18 hrs. In vivo iontophoresis significantly enhanced the 

permeation of SLV 318 and also reduced its lag time 

(P<0.05). The Cmax of SLV 318 delivered by one hour 

iontophoresis reached 6.56 + 0.68 ng/ml at 1.31 + 0.2 9 hours 

(Tmax) as compared to 2.96 + 0.29 ng/ml at 25.32 + 0.67 hours 

(Tmax) delivered by 24 hours passive permeation 

Conclusion. The in vitro and in vivo data has shown 

the feasibility to enhance delivery of SLV 318 by 

iontophoresis. 
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Introduction 

SLV 318 mesylate is a new synthetic compound (Fig. 1). 

The chemical nomenclature of SLV 318 mesylate is (7-<4-

benzyl-1-piperazinyl)-2(3H)-benzoxazolone methanesulfonate, 

mesylate). SLV 318 is a potent agonist of the dopamine D2 

receptor and is predicted to show clear and potent anti

parkinsonian activity in humans combined with potential 

anti-depressant efficacy. From the cardiovascular 

evaluation SLV 318 has the potential to induce orthostatic 

hypotension in humans via a dopamine D2 receptor mediated 

mechanism (Teunissen et al., 2002). Following 

intraperitoneal administration, SLV 318 showed an 

especially large dose range activity, i.e. 300 fold with no 

adverse activity displayed across vast dose this could 

indicate that a non-oral route might be the preferred route 

of administration for SLV 318 than oral forms. 

Transdermal iontophoresis is one technique in non-oral 

administrations for enhancing the flux of drug across the 

skin by applying a small electric current which forces 

ionized species of drug into the skin non-invasively. It 

provides the advantages of improved patient compliance, 

avoidance of first pass metabolism, controlled release of 

drug from the patch and the possibility of programmed 

delivery (Nair et al., 1999; Guy et al., 2000) . The ideal 
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candidates for iontophoresis drug delivery could be water-

soluble, potent drugs that exist in their salt forms with 

high charge density and small molecular size. The SLV 318 

is a mesylate salt form with two pKa (pKa 1: 7.0; pKa2: 

8.6). The molecular weight is 405.48 Da. It can be 

dissolved in water (Solubility in water: 38mg/ml) and log P 

(octanol/water) is 3.2. Therefore, it might be a good 

candidate for iontophoresis. 

X 

(^ ^} .CH3S03H 

So 
SLV 318: 7-{4-benzyl-1-piperazinyl)-2(3H)-
benzoxazoione methanesulfonate 

MW-405.48 

pKal - 7.0 

pKa2 - 8.6 

MP (DSC) - 270.80C 

log P : 3.2 (Octanol/water) 

Solubility in water - 38 mg/g 

Figure 1: Structure and physico-chemical properties of 

SLV 318 Mesylate 
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The stratum corneum is the main barrier responsible 

for the diffusional resistance of water. Measurements of 

transepidermal water loss (TEWL) across the stratum corneum 

are thus thought to yield important information on the 

barrier function of the skin and its integrity (Anigbogu et 

al., 2000). Skin irritation can produce an erythema, 

changes in skin color were measured with the help of 

chromameter and measurements of subtle changes in dermal 

microcirculation at the treated sites were made using Laser 

Doppler Velocimetry (LDV). 

This study firstly investigated the influence of 

counter-ions and temperature on SLV solubility in citrate-

phosphate buffer, and then examined the effect of current 

density, altering electrode and drug concentration in vitro 

by Franz diffusion cells. The aim of this study was to 

evaluate the feasibility of in vivo delivery of SLV 318 

mesylate by Trans Q patch® and to characterize 

iontophoretic permeation kinetics of SLV 318 using a 

hairless rat model. The skin irritation response and 

barrier function following iontophoretic treatment were 

also investigated. 
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Materials and Methods 

Materials 

SLV 318 mesylate was obtained from Solvay 

pharmaceuticals (Marietta, GA). Dibasic sodium phosphate, 

citric acid and sodium chloride (HPLC grade) were purchased 

from Fisher Scientific (Pittsburgh, PA). All the chemicals 

were used as received. Trans-Q® 1-GS iontophoretic drug 

delivery electrodes were obtained from IOMED Inc. (Salt 

Lake city, UT) and constant current source (Keithley®) 

Animals 

Hairless rats (300-400 g) were obtained from Charles 

River (CA), and were housed in the in-house animal facility 

at Mercer University until use. 

In Vitro Permeation Studies 

Franz (vertical) diffusion cells were used for the in 

vitro permeation studies. The donor half was exposed to 

room temperature (25°C) while the receptor half was 

maintained at 37° C. Receptor compartment was continuously 

stirred to maintain sink conditions. Freshly excised 

hairless rat skin was used for these studies. Skin was 

mounted on the vertical diffusion cells. The drug was 

placed in the donor compartment. As SLV 318 has a positive 

charge at pH 4 it was delivered under anode. A silver wire 

was used as the anode in the donor and a silver/silver 
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chloride wire was used as the cathode in the receptor 

compartment. Samples were taken at pre-determined time 

intervals from the receptor compartment and analyzed using 

HPLC. 

Effect of Counter-ion and Temperature on the Solubility of 

SLV 318 

The effect of various counter-ions (NaCl, KBr, MgCl2, 

and CaCl2 at 37.5, 50 and 75 mM) and temperature (4 °C and 

25 °C) were investigated for optimizing SLV318 mesylate 

solubility at pH 4 in citrate-phosphate buffer. Later the 

samples were analyzed using HPLC. 

Effect of Electrodes 

To determine the efficiency of the electrode for 18 

hrs with a current density of 0.1 mA/Sq.cm one electrode 

was kept constant for 18 hrs and in another experiment 

electrode was changed every 9 hrs during 18 hrs. 

Effect of Drug Concentration 

Effect of SLV 318 concentration on the delivery was 

studied at 1 mg/ml, 3 mg/ml, 5mg/ml and 10 mg/ml at 0.5 mA/ 

Sq.cm current density for 4.5 hours. Samples were taken 

from the receptor at pre-determined time intervals until 24 

hrs and analyzed using HPLC. 
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Effect of Current Density 

The effect of current density on the delivery was 

studied to see the relation between the different current 

densities applied (0.1 mA/Sq.cm for 18 hrs, 0.2 mA/Sq.cm 

for 9 hrs, or 0.4 mA/Sq.cm for 4.5 hrs) and the amount of 

drug delivered. The SLV318 concentration in the donor was 3 

mg/ml. Samples were taken from the receptor at pre

determined time intervals and analyzed using HPLC. 

HPLC Method for In Vitro Receptor Samples 

SLV 318 mesylate was separated from its impurities by 

HPLC on an inertsil ODS column. SLV 318 and its known 

impurities Ambox and N-benzylbisethanolamine were detected 

by UV-absorbance at 24 3 nm. The mobile was prepared by 

dissolving 1.54 g of ammonium acetate in 4 60 ml of water 

(adjust the pH to 4.6 using acetic acid) and mix 540 ml of 

methanol. The mobile phase flow rate was set at 0.5 ml/min 

at a column temperature of 40°C and equilibrated for 60 

mins before the start of analysis. Receptors samples were 

analyzed on Waters Alliance HPLC. Standard curve was the in 

the range of 0.15 - 25 ug/ ml with an r2 value of 0.9998. 

In Vivo Permeation Studies 

CD hairless rats were anesthetized with an 

intraperitoneal injection of ketamine (75 mg/kg) and 

xylazine (10 mg/kg). The baseline measurements of 



Chromameter (CR 300, Minolta, Japan), transepidermal water 

loss (TEWL) (DermaLab TEWL system, cyberDERM, inc, PA) and 

Laser Doppler Velocimetry (LDV) (Perimed AB, Sweden) were 

taken from the area of patch application which were used 

for measurement of skin irritation. Trans-Q® patch (Iomed, 

UT) containing anode was filled with 1.5 ml of SLV 318 

mesylate solution (3 mg/ml, base) in citrate-phosphate 

buffer (pH 4.0). The patch was then applied on the 

abdominal region of the rat. For iontophoretic delivery 

experiments, gel sponge (cathode) was applied next to the 

patch and a current of 0.1 mA/Sq.cm was applied for 1 h 

using constant current source (Keithley®, Iomed, UT). Each 

experiment was performed in triplicates. The measurement o 

Chromameter, TEWL and LDV were taken at 30 minutes after 

removing the patch and cleaning the area. Blood samples 

were collected from the tail vein into the plasma 

microtainer tubes at predetermined time intervals during 

and after the iontophoresis period, centrifuged at 7200 g 

for 10 mins. The supernatant plasma was analyzed by LC-

MS/MS. For obtaining pharmacokinetic parameters, an 

intravenous dose of the SLV 318 mesylate in an isotonic 

solution (0.1 mg/kg base) was administered in the femoral 

vein of the rats. Blood samples were collected for 5 hrs, 



centrifuged at 7200 g for 10 minutes. The supernatant 

plasma was analyzed by LC-MS/MS. 

Transepidermal Water Loss (TEWL) 

TEWL values were recorded at three different areas 

where the patch applied using DermaLab® TEWL system (Cortex 

technology, Denmark). The probe was held in position for 30 

seconds before recording the TEWL to attain a stable value 

at each site. 

Chromameter 

The reading of Chromameter (Minolta, Japan) was done 

at 3 sites where the patch was applied. The chromameter 

uses a three-dimensional coordinate system with a 

brightness axis (L*)7 a red-green axis (a*), and a blue-

yellow axis (b*). All these values were used to determine 

the true color of the skin and a composite skin irritation 

index. In this study, however, only a* observations were 

used because they provide a measure of erythema. 

Laser Doppler Velocimetry (LDV) 

Laser Doppler velocimetry (PeriFlux System 5000, 

Perimed AB, Sweden) was used to measure skin blood flow. 

The perfusion measurement was made at one spot on the patch 

application site. 



Sequence of Measurements 

Before patch application, visual scoring was done 

first followed by Chromameter, TEWL and LDV measurements. 

Following patch removal, the same sequence of measurement 

was repeated. 

Sample Extraction 

A 13C4-labeled form of SLV318 was used as the internal 

standard. Plasma samples, 50 ul, were transferred to a 96-

well plate and spiked with 25 uL of the appropriate 

calibration spiking standard and/or internal standard 

solution. Quality control samples were also prepared at 3 

levels (4, 25, and 75 ng/mL). The well plate was 

transferred to a Quadra 3 (TomTec) platform for processing, 

where subsequent additions of reagents took place. Acetic 

acid (100 uL, 0.01M) was added to all wells on the sample 

plate. An MP1 SPE 96-well plate (Varian) was preconditioned 

with 250 uL MeOH followed by 250 uL 0.01M acetic acid. 

Samples were transferred from the sample plate to the 

extraction plate and allowed to elute completely. The 

extraction plate was then washed with 250 uL 75:25 0.01M 

acetic acid : MeOH and eluted with 250 uL 49:49:2 

H20:MeOH:NH4OH, with 750 uL 0.01M acetic acid added to the 

eluted volumes. 
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LC-MS/MS Analysis for In Vivo 

The HPLC system consisted of an Agilent HP1100 binary 

pump/vacuum degasser and an HTS PAL autosampler (CTC 

Analytics). The analytical column was a Phenomenex Luna C-

18, 5 u, 50x2.0 mm, with a flow rate of 100 uL/min. The 

mobile phase consisted of 75:25 10 mM Ammonium Acetate (pH 

adjusted to 4): Acetonitrile. The mass spectrometer was a 

Waters Quattro Ultima triple quadrupole mass spectrometer, 

operated in positive electrospray MS/MS mode. The 

calibration range was 1-200 ng/ml. A quadratic calibration 

model was applied with 1/x2 weighting. The mean coefficient 

of determination (R2) was 0.9995. Accuracy of the quality 

control samples and calibration standards was within ±15% 

in all cases except one (one low QC at -19%). 

Pharmacokinetic Data Analysis 

Plasma concentration vs. time profile from intravenous 

injection and transdermal delivery of SLV 318 were analyzed 

using non-compartmental analysis (NCA Model 201 Winonlin® 

version 4.0, Pharsight, CA). Pharmacokinetic parameters 

such as AUCo-inf, AUCaii, Tmax/ and Cmax were calculated. 

Clearance obtained from intravenous (IV) data was used to 

calculate the dose delivered by iontophoretic and passive 

delivery by the following equation. 

Dose delivered = AUCo-inf X CI IV 
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Statistical Analysis 

All value was presented as mean +SE. Statistical 

analysis of the data obtained pre and post-treatment were 

done using Student's paired t-test, and the data obtained 

from different groups were done using ANOVA. The level of 

significance was taken as p^ 0.05. 

Results and Discussion 

Solubility Studies 

The counter-ions at the anode (silver wire) are 

necessary to initiate the electrochemistry and sodium 

chloride is the most commonly used counter-ion. Sodium 

chloride ionizes to produce Na+ which competes with drugs 

to carry positive charge, where as CI- reacts with Ag wire 

to form AgCl. The electrochemistry at anode and cathode is 

explained as followed: 

Anode: AgCl + e" • Ag + CI" 

Cathode: Ag + CI" • AgCl + e" 

When NaCl was added to the drug solution, precipitate 

formation was observed and eventually the concentration of 

SLV 318 decreased. To increase the solubility of SLV 318 

counter-ions like MgCl2, CaCl2 and KBr at 75 mM and 37.5 mM 

were investigated (Table 1). Although different counter-

ions were used to prevent precipitation, adding these 

counter-ions to SLV 318 solution resulted in precipitation. 
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This can be possible due to conversion of mesylate salt to 

hydrochloride salt, and hydrochloride salt in turn has low 

solubility so we can see the formation of precipitate. 

Decreasing the counter-ion concentration from 75 mM to 37.5 

mM the precipitation decreased and the solubility of SLV 

318 in citrate-phosphate buffer increased. 

Table 1: Solubility of SLV318 with different counter-ions 
7 5 mM and 37.5 Mm 

Counter-ions 

MgCl2 

CaCl2 

KBr 

Solubility of SLV318 (ug/ml) 

75mM, 25°C 

155.24 

248.94 

138.79 

37.5mM, 25°C 

296.80 

297.69 

297.91 

The samples with NaCl 50 mM and 75 mM stored at 4°C 

showed precipitation and the samples at room temperature 

did not show any precipitation (Table 2). Thus all the in 

vitro samples were stored at room temperature to avoid any 
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precipitation. In all the counter-ions the samples with 

sodium chloride had less precipitation when compared to 

with other counter-ions. The samples of SLV318 with NaCl 50 

mM at room temperature had highest solubility among others. 

In the following experiments, 50 mM NaCl was used as 

counter-ion along with SLV 318 in the donor compartment. 

Table 2: Solubility of SLV318 with different concentrations 
of NaCl as counter-ions at 25°C and 4°C. 
NaCl 

25°C 

4°C 

0 mM 

290.03 

204.53 

50 mM 

298.84 

284.41 

75 mM 

294.08 

282.52 

In Vitro Permeation Studies 

The advantage of using Ag wire as anode and Ag/AgCl as 

cathode is that these electrodes avoid sharp decrease in 

pH. The drug is positively charged at pH 4.0 and was 

delivered using electrorepulsion. 

The current density of 0.1 mA/sqcm was applied for 18 

hrs to study the effect of current density on the delivery 

(Fig. 2) of SLV 318. The flux was dropped afterwards it 
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could be due to the saturation of electrode material (AgCl) 

at the electrode surface. Therefore, the electrode was 

changed every 9 hrs to study the effect of electrode 

efficiency (current density 0.1 mA/sqcm) on the delivery. 

When the electrode was changed at 9 hrs, the average flux 

continued to increase after 9 hrs, so for the following in 

vitro studies the electrodes were changed every 9 hours in 

order to maintain the flux. 

With a current density of 0.5 mA/cm2 for 3 hrs the 

cumulative amount was increased when the drug concentration 

was increased from 1 mg/ml to 5 mg/ml (Fig. 3). However, 

when the drug concentration was further increased to 10 

mg/ml, there was no significant difference in cumulative 

release of the drug from the 5 and 10 mg/ml formulations 

during the first 3 hours, but the delivery from 10 mg/ml 

became slightly higher (P>0.05) than from 5 mg/ml in the 

later stage (24 hrs). The possible reason could be that in 

the presence of sodium chloride the mesylate salt formed 

more hydrochloride salt at 10 mg/ml than at 5 mg/ml so the 

SLV 318 mesylate concentration in 10 mg/ml decreased. 



0.03 n 

0 3 6 9 12 15 18 21 24 

Time(hrs) 

Figure 2: Linear increase in flux by iontophoresis, 
changing electrode every 9 hours (SLV 318 3 mg/ml). 

To study the effect of current density and time of 

application, the total amount of current stayed the same 

(1.8 mA/sqcm in 18 hrs), but the current density was varied 

with time of application (0.4 mA/sqcm for 4.5 hrs, 0.2 

mA/sqcm for 9 hrs or 0.1 mA/sqcm for 18 hrs) (Fig. 4). The 

initial delivery of drug with 0.4 mA/sqcm was higher than 

with 0.2 mA/sqcm or 0.1 mA/sqcm, but the cumulative amount 

at 24 hrs had no significant difference among three groups. 
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Figure 3: Effect of varying concentrations of SLV 318 on 
cumulative amount of drug delivered at 0.5 mA/Sq.cm 

Therefore, the amount delivered in the beginning is 

determined by the current density, but the total amount 

delivered in a long run is determined by the total current. 

In the future studies the current density and duration can 

be adjusted to reach the programmed drug delivery from the 

TranQ® patch. 
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SLV318 Delivered Using 1.8 mA-hr Current Application Dose 

Time (hours) 

Figure 4: Effect of Current Density on Delivery of SLV 318 
at 3mg/ml. 

In Vivo Studies 

Initially SLV 318 was administered intravenously in 

hairless rats and the Plasma concentration-time profile 

(Fig. 5) was analyzed by a non-compartmental approach 

Winonlin®, and the primary pharmacokinetic parameters were 

obtained as shown in Table 3. After an initial distribution 

phase, SLV 318 concentration in the plasma declined with a 

half-life of 1.47 hours. 



69 

Table 3. Pharmacokinetic parameters of SLV 318 after i.v. 
administration in hairless rats 

P a r a m e t e r s 

Tl/2 

AUCo-t 

AUCo-inf 

Vz 

CL 

U n i t s 

Hour 

n g * h r / m l 

n g * h r / m l 

ml 

m l / h r 

E s t i m a t e ( M e a n + / - SE) 

1 . 4 7 + / - 1 .12 

3 5 . 7 9 + / - 3 . 1 7 

3 8 . 3 6 + / - 3 . 4 3 

1 8 8 8 . 9 8 + / - 5 2 0 . 1 6 

8 9 1 . 6 4 + / - 8 2 . 0 4 

Figure 6 shows the plasma concentration of SLV 318 

after iontophoretic and passive delivery. The patch was 

applied for 24 hours in passive permeation, and for 1 hour 

with current density of 0.1 mA/Sq.cm in iontophoretic 

delivery. As shown in Table 4, the Cmax of SLV 318 delivered 

by 1 hour iontophoresis reached to 6.56 ± 0.68 ng/ml at 1.31 

±0.29 hours (Tmax) as compared to 2.96 + 0.29 ng/ml at 25.32 

± 0.67 hours (Tmax) delivered by 24 hours passive permeation. 



70 

GO 

+ 

t>0 

c 

^ 1 -
II 
c 

C8 

oo 

m 

> 

25.0-

20 .0-

15.0-

10.0-

5 .0 -

0.0-

SLV318 Mesylate IV Bolus in Hairless Rats 

I 

I 

I 

I 

i i i i i i i 

3 4 
Time (hours) 

Figure 5: Plasma concentration after intravenous 
administration of SLV 318 (0.1 mg/kg) to hairless rats 
(n=4). 

The total dose delivered by passive and iontophoresis 

permeation showed the approximately same amount in two 

groups (29130.88 ± 7776.5 ng for passive, 29224 + 7787.06 ng 

for iontophoresis). The reason is due to the long period 

application of patch for passive permeation (24 hours) and 

for ITP patch was removed after 1 hr for ITP group. 

Although the total delivered amount was similar between 
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passive and iontophoresis groups, iontophoresis enhanced 

the efficiency of the delivery. 

Table 4. Pharmacokinetic parameters of SLV 318 after 
passive and transdermal delivery in hairless rats 

Parameter Units Passive Iontophoresis 

Cmax ng/ml 2.96 ± 0.29 6.56 ± 0.68 

Tmax Hr 25.32 ± 0.67 1.31 ± 0.29 

AUC all ng*hr/ml 16.90 ± 3.02 25.07 ± 3.64 

AUC o-inf ng*hr/ml 32.67 ± 8.72 32.78 + 8.73 

Dose delivered Ng 29130.88 ± 29224.20 ± 

7776.5 7787.06 

From a comparison of efficacy with pharmacokinetic 

data from the MPTP marmoset obtained in a separate study, 

therapeutic efficacy of SLV 318 is expected at a plasma 

exposure of 2 ng/ml. As shown in Figure 6, the plasma SLV 

318 concentration delivered by iontophoresis reached 3 
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ng/ral at 0.5 hour while the passive permeation needed 12 

hours to reach 2 ng/ml. 

> 
< 

U 
-•— Passive 

- * - I T P 
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Time (hours) 

25 30 35 

Figure 6: Plasma concentration after passive and 
iontophoretic delivery of SLV 318 to hairless rats (n=3) 

In comparison of plasma concentration of SLV 318 at 1 

hour delivery, iontophoresis (6.5 ng/ml) increased the 

concentration by approximately 10 folds as compared with 24 

h passive permeation (0.5 ng/ml). All these results 
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demonstrated the feasibility of iontophoresis in achieving 

faster and higher delivering SLV 318 in vivo. 

The skin irritation and barrier function were measured 

using a chromameter, LDV and DermaLab® TEWL system. The 

differences in values taken before patch application and 

after patch removal were used to quantify the skin 

irritation. In this study neither passive nor iontophoretic 

delivery of SLV 318 produced any significant erythema nor 

any increased transepidermal water loss (data not shown). 

Conclusions 

The in vitro data have shown the feasibility to delivery 

SLV 318 by means of iontophoresis. The solubility of SLV 318 

was affected by the strength and types of counter ions. NaCl 

50 mM as counter-ions at room temperature provided the 

highest solubility to SLV 318 among the counter-ions. 

Changing the current densities and time of application while 

total amount of current applied stayed the same did not 

significantly change the amount delivered at 24 hrs. This 

study also showed the feasibility of SLV 318 iontophoresis in 

hairless rat in vivo. Iontophoresis might be a preferred 

route of administration for SLV 318. SLV318 did not cause any 

irritation and erythema during ITP and passive study in vivo. 



CHAPTER 4 

OPTIMIZATION OF IONTOPHORETIC PARAMETERS FOR THE 

TRANSDERMAL DELIVERY OF METHOTREXATE 

Abstract 

Purpose. The aim of this work was to study the in 

vitro factors affecting transdermal iontophoretic delivery 

of methotrexate across hairless rat skin. 

Methods. Initial screening studies evaluated the 

effect of ionic strength and donor concentration.A response 

surface model was then used to evaluate current density and 

time of application. The delivery of MTX under 30 minutes 

of iontophoresis (0.4 mA/ cm2) was studied at buffer 

strengths 0.05-0.5 M and drug concentrations 10-20 mg/ml. 

The current density (Xi) and time of application (X2) are 

the independent factors chosen for the factorial design 

with 4 and 5 levels, respectively in the range of 0.05-0.5 

mA (Xx) and 10-120 minutes (X2) . 

7 4 
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The factorial design was able to identify the optimal 

parameters for maximal delivery of MTX across the skin. A 

response surface model using factorial design shows an 

increase in the cumulative amount of methotrexate delivered 

(Yi) with an increase in current density (XI) and time of 

application (X2). However, 10 min iontophoresis and 0.05 

mA/cm2 current density did not show an increase in delivery 

with an increase in current density or time of application, 

respectively. 

Conclusion. The factorial design was able to identify 

the optimal parameters which would have been difficult to 

predict with a conventional one at a time experimental 

approach. 

Introduction 

Methotrexate (MTX; molecular weight of 454.44 g/mol) 

is a folic acid antagonist with anti-neoplastic activity 

used for the treatment of psoriasis and rheumatoid 

arthritis. Psoriasis is characterized by the hyper-

proliferation of epidermal cells leading to erythematous 

papules and plaques. MTX inhibits DNA synthesis and, as a 

result, mitotic activity by competitively inhibiting the 

enzyme dihydrofolate reductase. MTX is administered either 

by the parenteral or oral route for the treatment of 

psoriasis. The oral dosage range for treating psoriasis is 
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7.5 to 25 mg per week. The prolonged use of MTX 

systemically is known to induce adverse effects such as 

hepatotoxicity, suppression of bone marrow function, 

nausea, vomiting, anemia, fatigue, headache and 

thrombocytopenia. MTX, when delivered to the psoriatic site 

by means of transdermal drug delivery, has the potential to 

reduce the side effects associated with this drug and 

avoids first-pass elimination. 

Iontophoresis is one of the enhancement techniques in 

transdermal drug delivery which is used to deliver ionized 

molecules through the skin. Iontophoresis utilizes small 

amounts of acceptable current to deliver ionized and 

neutral molecules (Banga, 1998) through skin into the body. 

MTX, being hydrophilic (log P -1.85), is ionized at 

physiological pH which limits transdermal passive 

permeation through the stratum corneum. Cathodal 

iontophoresis could be used to deliver MTX into the skin as 

it is negatively charged at physiological pH (pKa 5.6, 4.8 

and 3.8). 

Previously various formulation strategies and 

enhancement techniques have been used to enhance the 

transdermal delivery of MTX (Alvarez-Figueroa et al., 2001 

a, b; Wong et al., 2005, Vaidyanathan et al., 1985; Sutton 
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et al., 2001; Vemulapalli et al., 2007). Tiwari et al. , 

(2003) studied the clinical efficacy of MTX by means of 

iontophoresis and suggested that a short application of 

current is sufficient for the treatment of psoriasis. 

However, optimization of in vitro iontophoretic parameters 

is lacking in the literature. 

The aim of this work was to determine the effect of 

various parameters on the iontophoretic delivery of MTX 

across skin. The optimal ionic strength and drug 

concentration for iontophoretic delivery were first 

determined in vitro using freshly excised full thickness 

hairless rat skin. These conditions were then used to 

evaluate the effect of current density and time of 

application on the iontophoretic delivery of MTX, by 

utilizing response surface methodology. The response 

surface methodology has been useful in investigating the 

interactions of factors affecting iontophoresis, which have 

been difficult to predict from the classical one experiment 

at a time approach (Upasani et al., 2004). 

Materials and Methods 

Materials 

Sources for the following are listed in parenthesis: 

Methotrexate (Sigma, St. Louis, MO), Silver wire (0.5mm 
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diameter, 99.9%, Aldrich, St. Louis, MO), Silver-Silver 

Chloride electrode (In vivo Metric, Healdsburg, CA), 

Current source (Keithley 2400, Cleveland, OH), High 

performance liquid chromatography (HPLC, Alliance, Waters 

2695), male hairless rats (Charles River, Wilmington, MA). 

All other chemicals and HPLC grade solvents were obtained 

from Fisher scientific (Pittsburgh, PA) . 

In Vitro Permeation Studies 

The Institutional Animal Care and Use Committee of 

Mercer University approved all the animal procedures. Full 

thickness abdominal skin freshly excised from sacrificed 

hairless rats was equilibrated in the receptor buffer and 

mounted on Franz transdermal diffusion cells (0.64 cm2). The 

donor compartment (0.5 ml) contained MTX in phosphate 

buffer (pH 7.4), while the receptor compartment contained 

phosphate buffer (pH 7.4) with 75 mM NaCl added to drive 

the electrochemistry. MTX (pKa's 5.6, 4.8 and 3.8) is 

negatively charged at physiological pH and was therefore 

delivered by cathodal iontophoresis. The cathode (Silver-

Silver Chloride) was placed in the donor chamber along with 

drug solution and the anode (Silver wire) was placed in the 

receptor chamber. Ionic strength of the donor buffer and 

drug concentrations of 10, 15 and 20 mg/ml were evaluated. 
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Samples (0.3 ml) were taken from the receptor chamber at 

predetermined time points following iontophoresis and were 

replaced with same amount of receptor buffer. The samples 

were then analyzed by HPLC. All experiments were done in at 

least triplicate. 

Experimental Design 

The optimum conditions of buffer ionic strength and 

drug concentration were used to study the effect of two 

independent variables - current density (Xi) and time of 

application (X2) - on cumulative MTX delivery (Yi) by means 

of response surface modeling at 4 and 5 levels, 

respectively. A passive delivery study was performed using 

an MTX concentration of 15 mg/ml in 0.25 M phosphate buffer 

to compare with iontophoretic delivery. A fractional 

factorial design was used and experiments were performed 

according to the experimental variables listed in Table 1 

with a range of 0.05 - 0.5 mA/cm2 for current density and 10 

- 120 minutes for time of application. 

HPLC analysis 

An RP-HPLC analysis method modified from a literature 

report was used (Chatterjee et al., 1997). Samples of 

receptor fluid were analyzed using a Waters Alliance HPLC 

with a reverse phase column (C18/ 150 x 4.6 mm I.D.; 4 urn) 
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with a flow rate of 1.5 ml/min and UV detection at 303 nm. 

The mobile phase consisted of 0.1 M monobasic sodium 

phosphate (mobile phase A) and 0.1 M Tris HC1 in 23% 

methanol (v/v) (mobile phase B) in the ratio of 10:90. The 

retention time of MTX was approximately 5.5 minutes. The 

standard curve was linear over a range of 0.125 - 10 ug/ml 

with r 2 > 0.999. 

Results and Discussion 

It was observed that when the phosphate buffer 

strength increased from 0.05 M to 0.5 M, the amount of MTX 

delivered by iontophoresis decreased (donor concentration 

10 mg/ml MTX at a current density of 0.4 mA/cm2 for 30 

minutes - Fig. 7). This decrease in delivery is most likely 

due to the increase in the number of competitive ions in 

the buffer which compete with the drug to carry the charge 

across skin (Kalia et al., 2004). MTX delivery was the 

highest from 0.05 M buffer, but this lower buffer strength 

was unable to maintain a constant pH. Phosphate buffer 

strength of 0.25 M was therefore selected as being the 

lowest ionic strength that could maintain a constant pH of 

7.4. 
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Figure 7. Cumulative permeation plot for the effect of 
buffer strength (0.05-0.5 M) on cumulative amount of drug 
permeated. 

The passive delivery of MTX across full-thickness rat 

skin was very low and was enhanced approximately 5-fold 

when optimized iontophoresis conditions were used. 

The maximum solubility of MTX was found to be 25.6 

mg/ml when determined at ambient temperature in phosphate 

buffer. Drug concentrations of 10, 15 and 20 mg/ml with 

0.25 M buffer were thus screened using a current density of 

0.4 mA/ cm2 applied for 30 minutes. As the drug 

concentration increased in the donor compartment, the 
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cumulative amount of drug delivered in the receptor 

compartment was also found to increase (Fig. 8). 

Figure 8: Cumulative permeation plot for the effect of 
donor drug concentration on the cumulative amount of 
methotrexate permeated. 

However, there was no statistical difference in the 

cumulative amount of drug delivered from the 15 and 20 

mg/ml concentrations at 24 hrs. This could be because at 
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higher drug concentrations the transport number becomes 

independent of drug concentration, probably due to the 

saturation of the boundary layer relative to the donor bulk 

solution (Gazelius, 2007). The cumulative amount of drug 

delivered from the 10 mg/ml MTX solution was found to be 

statistically different from the 15 and 20 mg/ml MTX 

solutions (P < 0.05). Given these results, an MTX drug 

concentration of 15 mg/ml and buffer strength of 0.25 M 

were selected as the conditions for evaluating the effect 

of current density and time of application on MTX delivery 

by means of response surface modeling. 

The data from the current density and time of 

application studies is listed in Table 5. The experimental 

data from the fractional factorial design is plotted in 

Figure 9. These data were analyzed by depicting the data 

points in Statgraphics plus (V. 5.1.) and the resulting 

response surface plot is shown in Figure 10. 

The Pareto chart (Fig. 11) shows the current density (A), 

time of application (B) and interaction between current 

density and time of application (AB) as statistically 

significant factors, as all the factors exceeded the 

vertical line which represents a critical P value of 0.05. 
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The lengths of the bars are proportional to the value of 

the estimated effects (Rekhi et al., 1999). 

The results of the analysis for the response Yi is 

stated as: 

Yi= 0.0112924 + 0.00342402* Xx + 0.0000598973*X2 -

0.0265735* X i2 + 0.000890883 * Xi * X2 - 0.00000103514 * X2
2 

Where Yi is the cumulative amount of drug permeated (ug/cm2 

at 9 hrs), Xi is the current density, and X2 is the time of 

application. 

The above equation predicts the quantitative effect of 

variables Xi, X2 and their interaction XiX2, Xi
2, X2

2 on the 

response Yi. A positive sign signifies a synergistic effect 

and a negative sign signifies an antagonistic effect. All 

the coefficients, except for Xi2 and X2
2, had a statistically 

significant effect on delivery (p < 0.05) and all the 

coefficients were retained in the equation. 
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Fig. 9: Cumulative permeation plots for the passive and 
iontophoretic delivery of methotrexate 
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Response Surface Plot 
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Figure 10. Response surface plot eliciting the effect of Xi 
(current density) and X2 (Time of application) on 
Yi (Cumulative amount of methotrexate delivered) 

Standardized Pareto Chart for Y-1 

Fig. 11: Standardized Pareto chart showing the effect of A 
(current density) and B (time of application) for 
identifying the influential variables. 
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The confidence with which the regression equation can 

predict the response for Yi is 97.38%. The standard error of 

estimation for Yx is 0.002. The normal probabilities plot 

(Fig. 12) of the residuals fell on the straight line 

indicating that the data are normally distributed. The 

predicted versus observed values show that the points of 

analysis are over the 45 degree line, indicating the 

suitability of the model. 
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Fig. 12: Normal probability plot of the residuals. 
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The response surface plot (Fig. 10) shows that an 

increase in the current density and time of application 

increased the cumulative amount delivered, suggesting that 

there is no depot formation in the skin in the in vitro 

model. This is consistent with the fact that MTX is a 

negatively charged hydrophilic molecule with a log P of -

1.85, and this observation is also supported by the 

literature (Stagni et al., 2003). However, for 10 minutes 

of iontophoresis, an increase in current density from 0.05 

to 0.5 mA/cm2 did not show a statistically significant 

increase in MTX delivery. Likewise, an increase in time of 

application from 10 -120 minutes at 0.05 mA/cm2 also did not 

show a significant increase in MTX delivery. This could be 

because the diffusion of the ion is limited in the charged 

pore, which is the likely pathway for MTX movement across 

the stratum corneum (Al-Khalili et al 2003). According to 

Manabe et al (Manabe 2000), the pore size increases from 

0.92 nm to 1.7 8 nm at low current density but when current 

is stopped, there is a reversibility wherein the pore size 

returns to its initial value and post-iontophoresis flux 

returns to passive permeation levels. At higher current 

densities, the pore size was about 14.7 nm and pore size 

did not decrease even after the current was stopped. Also, 
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skin has an average net negative charge above pH 4 and the 

negative charge per pore increases with increase in pH. As 

the skin and MTX are both negatively charged under the 

conditions used in the experiments reported here, the skin 

has a higher permselectivity for cations than for anions as 

they would repel each other. In addition, the electro-

osmotic flow from anode to cathode would also oppose drug 

delivery from the cathode, although this should be small 

relative to the driving force of electrorepulsion (Pikal, 

2001). The values of Xi and X2 tested experimentally were 

substituted in the response surface model to obtain the 

predicted values for Yi of all the experiments. The 

theoretical values (predicted values) and the experimental 

(observed) values were found to be in close agreement with 

each other as seen from Table 5. 

The model predicts Xi = 0.5 mA/cm2 and X2 = 120 minutes 

as the optimal parameters for maximal topical iontophoretic 

delivery of MTX across hairless rat skin. At very low 

current density and very short time of application, the 

parameters of time and current density, respectively, had 

little or no effect on drug permeation. However, at higher 

current density, time of current application had a 

significant effect on MTX permeation through skin. An 



90 

experiment was performed within the experimental region 

using the parameters 0.4 mA/cm2 and 60 minutes of 

iontophoresis to verify the validity of the model. The 

experimental data (37.2 +/- 4.0 ug/cm2 S.E.) and the 

predicted data (29.6 +/- 3.0 ug/cm2 S.E.) were in close 

correlation with each other at the 95% confidence level. 

Table 5. Fractional Factorial Design and Results for Each 

Experimental Run 

Expt. 

# 

1 

2 

3 

4 

5 

6 

7 

8 

Xi 

-1.0 

-1.0 

1.0 

1.0 

-0.3333 

1.0 

-1.0 

0.3333 

x2 

-1.0 

1.0 

0.0 

1.0 

-0.5 

-1.0 

0.0 

1.0 

Cum. Amt.permeated 

in ug/cm2 (+/- SE) 

9 h (Yi) Observed) 

11.87 (5.2) 

10.07 (2.1) 

34.75 (9.2) 

53.38 (12.3) 

19.64 (5.6) 

10.8 (8.6) 

12.54 (5.5) 

36.85 (8.7) 

Predicted 

ug/cm2 

12.34 

9.02 

34.83 

52.09 

17.56 

11.31 

13.81 

38.93 

Residual 

ug/cm2 

-0.47 

-0.08 

1.29 

-1.27 

-0.51 

1.05 

-2.08 

2.08 
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Conclusions 

Iontophoresis can significantly increase delivery 

of MTX across skin in vitro. Transdermal iontophoresis has 

the advantage of delivering MTX locally without systemic 

side effects, is non-invasive, and allows better control 

over the amount of drug being delivered. Initial screening 

studies suggested that buffer strength of 0. 25 M and drug 

concentration of 15 mg/ml were optimal for iontophoretic 

delivery of MTX. At very low current density and very short 

time of application, the parameters of time and current 

density, respectively, had little or no effect on drug 

permeation. However, at higher current density, time of 

current application had a significant effect on skin 

permeation of MTX. Similarly, at longer times of 

application, current density had a significant effect on 

skin permeation of MTX. 



CHAPTER 5 

SYNERGISTIC EFFECT OF IONTOPHORESIS AND SOLUBLE 

MICRONEEDLES FOR TRANSDERMAL DELIVERY OF METHOTREXATE 

Abstract 

Purpose. The aim of this study was to investigate the 

transdermal iontophoretic delivery of methotrexate, alone 

or in combination with microneedles 

Methods. A MTX gel (15 mg/ml, pH 7.4 in 0.25 M 

phosphate buffer with 1% HEC) was placed in a cartridge 

designed for iontophoresis. The cathode from a constant 

current source was connected to the cartridge and the anode 

was connected to a Trans-Q® inactive electrode. Cathodal 

iontophoresis (0.4 mA/cm2 for lhr), soluble microneedles 

(500 micron) or the combination was tested in the hairless 

rat microdialysis model. The microneedles were used to 

porate the skin prior to application of the drug with or 

without iontophoresis. 

92 
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The dialysate samples collected were analyzed using HPLC. 

The depth of the Microdialysis probe was measured using 

Dermascan®. 

Results. The average depth of the microdialysis probe 

in the skin was found to be 0.54 mm. Methotrexate was 

stable in the presence of electric field applied by means 

of cyclic voltammetry. A current density of 0.4 mA cm-2 

applied for 60 min was used in combination with maltose 

microneedles to enhance delivery of methotrexate across the 

skin. 

Conclusions. Delivery of methotrexate was enhanced by 

iontophoresis and microneedles, both in vitro and in vivo. 

A synergistic 25-fold enhancement of delivery was observed 

in vivo when a combination of microneedles and 

iontophoresis was used compared with either modality alone. 

Introduction 

Methotrexate (4-amino-N10-methyl pteroyl-L-glutamic 

acid; MTX) is a folic acid antagonist with anti-neoplastic 

activity that is used in the treatment of psoriasis and 

rheumatoid arthritis. MTX acts by competitively inhibiting 

the enzyme dihydrofolate reductase, resulting in the 

inhibition of DNA synthesis. Psoriasis is a common chronic 

disorder characterized by hyperproliferation of epidermal 

cells, leading to erythematous papules and plaques. Since 



MTX inhibits mitotic activity, it is used in the treatment 

of psoriasis. MTX is generally administered either 

parenterally or orally for the treatment of psoriasis. The 

general dose range of MTX for psoriasis and rheumatoid 

arthritis is 7.5-25 mg per week. The systemic use of MTX i 

known to induce hepatotoxicity, suppresses bone marrow 

function and causes other adverse effects, such as nausea, 

vomiting, anemia, fatigue, headache and thrombocytopenia, 

when used over a prolonged period of time. 

Topical delivery of MTX at the psoriatic site has the 

potential to reduce the systemic side-effects associated 

with this drug, and avoids first-pass elimination. Efforts 

have been made to enhance the delivery of MTX across the 

skin by formulating the drug in gels and creams and using 

enhancement methods (Vaidyanathan et al., 1985; Alvarez-

Figueroa & Blanco-Mendez., 2001; Alvarez-Figueroa et al., 

2001; Sutton et al., 2001; Syed et al., 2001; Wong et al., 

2005). However, MTX (mol wt 454.44 g mol'1), being 

hydrophilic (log P -1.85), is ionized at physiological pH, 

which limits passive permeation across the skin. 

Iontophoresis (ITP) is an active energy process which uses 

small amounts of physiologically acceptable electric 

current to drive ionic drugs into the body (Banga, 1998). 

As MTX is negatively charged at physiological pH it could 
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be delivered by cathodal ITP by means of electrorepulsion. 

Recently, a clinical study on MTX delivery by ITP suggested 

that a short application of current is sufficient for 

clinical efficacy and treatment of recalcitrant psoriasis 

(Tiwari et al., 2003). Thus, detailed evaluation of 

enhancement technologies and relevant parameters has become 

important. 

Microneedles have recently been investigated to create 

micron-sized holes in the skin by disrupting the stratum 

corneum. This minimally invasive technique is painless, as 

the microneedles pass only through the stratum corneum and 

viable epidermis, whereas the nerves that produce stimuli 

to the pain are in the deeper dermis. Microneedle-mediated 

drug delivery can be achieved by applying the drug 

formulation on microporated skin or by directly coating the 

microneedles with the drug (Cormier et al., 2004; Davis et 

al., 2004; Prausnitz, 2004; Park et al., 2005; Coulma et 

al., 2006; Martanto et al., 2006). Microneedles, alone or 

in combination with ITP, have been used to deliver MTX into 

or across the skin. Microneedles can be made of a variety 

of materials such as silicon or metal, and can be solid or 

hollow. We used soluble microneedles made of maltose in 

this study. 
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Microdialysis allows continuous sampling of low-

molecular-weight compounds in the extracellular fluid of 

the specific tissue into which a probe is inserted (Stagni 

& Shukla, 2003). It involves minimal tissue damage during 

probe insertion, and barrier integrity recovers quickly 

(Chaurasia, 1999; Cano-Cebrian et al., 2005). In this 

study, microdialysis was used to monitor the delivery of 

MTX in the skin when ITP was used alone or with 

microneedles. 

The aims of this work were to determine the effect of 

ITP, alone and in combination with soluble maltose 

microneedles, in vitro and in vivo, by means of 

intracutaneous microdialysis. 

Materials and Methods 

Materials 

Methotrexate was obtained from Sigma (St Louis, MO). 

All other chemicals and HPLC-grade solvents were obtained 

from Fisher Scientific (Pittsburgh, PA). 

Microneedles 

Sharp-tipped, three-dimensional solid tetrahedron-

shaped microneedles developed and supplied by Texmac Inc., 

Charlotte, NC, USA) using micromoulding technology as 

described by Miyano et al (2005). Depending on the desired 

length of the microneedles, moulds from 200 pm to 2 mm are 
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available. Two-line microneedles (28 microneedles 500 jam 

long per line, stacked in two parallel lines) made of 

maltose were used in these experiments. The microneedles 

were 508.46 ± 9.32 urn long with a radius of curvature of 3 

um at the tip. The microchannels created in the skin by the 

microneedles measured 55.42 ± 8.66 urn in diameter (Kolli & 

Banga, 2008). Microneedles did not contain any drug; the 

drug formulation was applied later to the microporated skin 

in all cases. 

Scanning Electron Microscopy 

Microneedles were mounted on aluminum stub using a 

double-sided carbon sticky tape and sputter coated using 

Emscope (SC 500M) with gold target. The microneedles were 

examined using a field emission scanning electron 

microscope (SEM, Topcon, DS-130F, NJ, USA). The primary 

beam accelerating voltage was 10 KV and secondary electron 

images were collected digitally. 

In Vitro Permeation Studies 

The Institutional Animal Care and Use Committee of 

Mercer University approved all the animal procedures. Male 

hairless rats (8-10 weeks old) were purchased from Charles 

River, Wilmington, MA, USA. Full-thickness abdominal skin 

was excised immediately after euthanizing the rat by carbon 

dioxide asphyxiation, and had an average thickness of 1.15 
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mm. Skin was equilibrated in the receptor buffer (see 

below) and mounted on Franz transdermal diffusion cells 

(0.64 cm2). The donor compartment (0.5 mL) contained MTX in 

phosphate buffer (pH 7.4, 250 ITIM) . The receptor compartment 

contained phosphate buffer strength supplemented with 75 mM 

NaCl to drive the electrochemistry. MTX (pKa values 5.6, 

4.8 and 3.8) is negatively charged at physiological pH and 

was therefore delivered by cathodal ITP. The cathode 

(silver-silver chloride; In vivo Metric Healdsburg, CA, 

USA) was placed in the donor chamber together with drug 

solution, and the anode (silver wire, 0.5 mm diameter, 

99.9%, from Aldrich, St Louis, MO, USA) was placed in the 

receptor chamber. Microneedles were used alone or in 

combination with current density of 0.4 mA cm-2 for 60 min. 

Samples (0.3 mL) were taken from the receptor chamber at 

predetermined time points following ITP and were replaced 

with the equivalent volume of receptor buffer. All 

experiments were done at least in triplicate. The samples 

were then analyzed for MTX content by HPLC. 

In Vivo Studies 

Male hairless rats (8-10 weeks old, weighing 270-320 

g) were anaesthetized using ketamine and xylazine. 

Approximately 200 rag MTX gel (1% hydroxy ethyl cellulose 

[Hercules, Wilmington, Delaware] was placed in a drug 
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cartridge specifically designed for iontophoretic delivery 

(Figure 13) and was kept in contact with the skin for 1 h. 

The cathode from a constant-current power supply (Keithley 

2400, Cleveland, OH, USA) was connected to the drug 

cartridge and the anode was connected to a Trans Q 

[IOMED,Salt Lake City, Utah] inactive electrode which was 

used as the counter electrode. 

Figure 13. The iontophoretic drug cartridge. The surface 
area of the raised pad is 1.77 cm2. 

Cathodal ITP was performed using a current density of 

0.4 mA cm-2 for 1 h. For microneedle studies, maltose 

microneedles (500 um) were used and inserted into skin for 

about 60 s until the microneedles dissolved. For 

combination studies, ITP was applied after skin was 



raicroporated, and continuous sampling was performed using 

intracutaenous microdialysis. The linear probe was inserted 

into the skin, left for 1 h to recover and retrodialysis 

was then performed. The linear probe was washed with 

phosphate-buffered saline (PBS, IX, Fisher Scientific, 

Pittsburg, PA) until the drug was eliminated from the probe 

and skin. Washed samples were collected and analyzed to 

make sure that no drug was present before starting the 

experiment. The actual depth of the probe was measured by 

ultrasound imaging using the Dermascan instrument 

(Dermascan C, Cortex Technology, Hadsund, Denmark). 

Dialysate samples were collected every 15 min for the first 

2 h and every 30 min for the next 2.5 h, and were analyzed 

on the same day using HPLC without any further extraction, 

as serum proteins do not enter the microdialysis probe (20 

kDa cut-off). 

Microdialysis System 

The microdialysis studies described above were carried 

out using a CMA 102 microdialysis pump AB and a CMA 142 

microfraction collector (CMA/Microdialysis, Stockholm, 

Sweden). Linear microdialysis probes (BASi, West Lafayette, 

IN, USA) with 10 mm membrane window was used for the 

insertion into the skin. 



A linear probe was inserted in the abdominal area of 

anaesthetized rats using a 22G needle placed intradermally, 

and the probe passed through the needle. The needle was 

then pulled so that the probe lay in the skin. The openings 

in the skin created by needle insertion were sealed using 

Wetbond (3M, St. Paul, MN, USA). After probe insertion, the 

skin was allowed to recover for 1 h and then retrodialysis 

was conducted to determine the probe recovery factor (RF) 

before initiating the experiment. The linear probe was 

perfused with PBS (IX) and samples were collected every 15 

min at a flow rate of 2 pL min-1 for 4.5 h. The recovery was 

performed until three similar recovery values were 

obtained. 

RF was calculated using the formula: RF = [Cp - Cd] / 

Cp, where Cp and Cd are the concentrations in the perfusate 

and microdialysate, respectively. 

Irritation Monitoring 

Any potential irritation was monitored by measuring 

transepidermal water loss (TEWL; Dermalab, Cortex 

Technology) and laser doppler velocitimetry (LDV, Perimed, 

Japan) at the insertion site of the intradermal 

probe,before and after application of the cartridge used 

for drug loading. TEWL measures any changes in barrier 

integrity properties (Ahaghotu et al 2005) and stratum 



corneum disruption by microneedles. The TEWL instrument 

(open chamber) was sensitive and robust enough to detect 

changes in the barrier properties by skin irritants, as 

described by Tupker et al (1990). TEWL was used both in 

vitro and in vivo. Any erythema was monitored using a 

chromameter (Minolta, Japan). 

Probe Depth 

The depth of the intracutaneous microdialysis probe in 

the skin was measured after insertion using a 20 MHz three-

dimensional probe (Dermascan C Ver. 3). The probe has a 

resolution of 60 x 200 micron and capability of 10-15 mm 

penetration with an ultrasound velocity of 1580 m s_1 and 

was placed perpendicular to the skin with a thin layer of 

ultrasound gel. The automatic mode was used to scan the 

microdialysis probe; the average insertion depth was 

calculated using the Dermascan C software. 

Cyclic Voltammetry 

Cyclic voltammetry (CV; Model CS 1200, Cypress 

systems, Lawrence, Kansas) is a commonly used technique to 

measure the redox of an active system. In addition to the 

redox potential, CV provides information about electron 

transfer between the electrode and the analyte, and also 

the stability of the drug in the presence of the analyte. 



CV was used here to show that the drug is stable under the 

electric field applied. 

Figure 14. Ultrasound images showing the intradermal 

microdialysis probe in hairless rat skin 

Silver-silver chloride was used as the reference 

electrode; silver wire was used as the auxiliary or counter 

electrode, and a carbon electrode as the working or 

indicator electrode. In this method, electrodes are 

immersed in the test solution and voltage is increased 

linearly and then decreased to the starting point. As a 

result, oxidation and reduction of the analytes is 



obtained. Similarities in the scan showed that MTX is not 

oxidized or reduced under the electric field, and is thus 

stable. 

HPLC Analysis 

A reverse-phase HPLC method was used (Chatterjee et a 

1997) for both in vitro receptor samples and microdialysis 

samples. Samples of receptor fluid were analysed using a 

Waters Alliance HPLC system (Milford, MA, USA) with a 

reverse-phase column {Ci8, 150 * 4.6 mm ID; 4 urn) and UV 

detection at 303 nm. The mobile phase consisted of 0.1 M 

monobasic sodium phosphate and 0.1 M Tris HC1 in 23% 

methanol (v/v) in the ratio of 10:90, delivered at a flow 

rate of 1.5 mL min"1. The retention time of MTX was 

approximately 5.5 min. The standard curve was linear over 

the range 0.125-10 ug mL"1 (r2 > 0.999). The inter-day and 

intra-day s.d. of the HPLC assay were below 5%. 

Statistical Analysis 

Data are presented as mean (± S.E.). Statistical 

analysis was performed using single-factor analysis of 

variance. A P value below 0.05 was considered to be 

significant. 

Results and Discussion 

The ultrasound image {Figure 14) shows the probe in 

the skin. The average depth of the linear microdialysis 



probe in the skin was found to be 0.54 mm. MTX was shown to 

be stable in the presence of an applied electric field, 

based on CV results. 

The similarity of the two scans in Figure 15a and 15b 

{Phosphate buffer with and without MTX during current 

application) indicates that MTX is electroactively stable 

in the buffer. 
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Figure 15(a) Cyclic Voltammogram of 250 mM Phosphate 
buffer, pH 7.4 with 5mg/ml MTX; (b) Cyclic Voltammogram of 
250 mM Phosphate buffer, pH 7.4 

A current density of 0.4 mA cm' applied for 60 min was 

used for the ITP studies to maximize MTX delivery, as 

delivery of MTX was low at low current density and longer 

application (data not shown). 



The two-line soluble maltose microneedles (500 urn 

each) were applied with 150-200 g pressure and were 

dissolved in skin within about 90 s of insertion. Figure 16 

shows SEM pictures of soluble microneedles before and after 

insertion. TEWL was measured on in vitro Franz cells before 

and after insertion of microneedles and also on intact skin 

as a passive control. TEWL values increased from 14.1 to 

21.2 g cm'2 h"1 after microneedle insertion, suggesting that 

microneedles dissolved and disrupted the stratum corneum. 

Values for control skin were constant at about 14.5 g cm-2 

h_1. For these in vitro studies, delivery by microneedles 

alone was significantly higher than by ITP alone [P value 

0.01] (Fig. 17). However, the delivery was not 

significantly different between microneedles alone or in 

combination with ITP. 

For in vivo studies, the average concentration of MTX 

in the dialysate (adjusted for recovery) was 42.5 pg ml/1 

with ITP alone, 3.2 pg mL-1 with microneedles alone and 81.4 

pg ml-1 with ITP in combination with microneedles (Figure 

18). The increase in the concentration of MTX in the 

dialysate was 14 fold with ITP alone (P < 0.05) and 25 fold 

with ITP and microneedles (P < 0.05) when compared with the 

concentration with microneedles alone. 



(a) (b) 

Figure 16. Scanning electron micrographs of soluble maltose 
microneedles before (a) and after insertion (b) into 
hairless rat skin. 

The MTX concentration in the dialysate decreased after 

ITP was stopped and the drug cartridge removed after 1 h. 

In these studies, chromameter and LDV did not demonstrate 

any significant change in erythema or blood flow. However, 

TEWL values increased from an average baseline reading of 

6.2 g cm-2 h"1 to 11.68 g cm"2 h"1 with ITP alone, from 7.6 to 

10.4 g cm-2 h"1 with microneedles alone, and from 7.2 to 

10.64 g cm-2 h"1 with the combination of ITP and microneedles 

(not significant). 

Reasons for the discrepancy in permeation data between 

in vitro and in vivo studies for the effect of microneedles 

in combination with ITP are not clear but may be related to 

several factors. Skin hydration is known to increase 

permeation (Menon et al., 1994; Barry, 2001) so delivery 

through microporated skin is higher in vitro (because of 



hydration of the skin by receptor media) and so combination 

with ITP does not enhance delivery further. 
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Figure 17. Accumulation of MTX permeated in vitro by 
passive, iontophoretic (ITP) or microneedle-induced 
delivery or a combination of ITP + microneedles 

It has also been suggested that microneedles may 

penetrate deeper in vitro, as they are pressed on the skin 

over a hard surface (unlike the cushioning effect during in 

vivo studies) (Teo et al., 2005). This increased permeation 

may explain why there was no further increase in delivery 



by using the combination approach. The diffusion length of 

the viable layer (viable epidermis and dermis) was shorter 

in vivo than in vitro, as the effective area of the polar 

route in the stratum corneum is larger in vitro (Yamashita 

et al., 1994). Perhaps more importantly, the drug only has 

to cross the epidermis for in vivo delivery (as blood 

circulation is under the epidermis) whereas it has to cross 

the entire length of skin to be detected in the receptor 

chamber during in vitro studies. In vivo studies measured 

the drug in the skin (intracutaneous probe) whereas in in 

vitro studies drug was measured across the skin (receptor). 

Blood samples were collected during the in vivo 

microdialysis experiments and the plasma extracted and 

analysed using a method modified from the literature 

(Cociglio et al., 1995). MTX was detected in plasma only in 

blood samples from the combination experiments. 

The flux achieved with MTX using the two-layer 

microneedles (54 microneedles) in combination with ITP was 

18.2 ug cm"2 h-1. Extrapolated to a full array of 

microneedles with 250 pores per 1 cm2, this equates to a 

flux of 8 5.6 ug cm-2 h_1. 
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Figure 18. Concentration vs time profile of MTX delivered 
into skin in vivo by iontophoresis (ITP), microneedles 
(MN), or ITP and MN combined, measured by an intradermal 
microdialysis probe. 

Steady-state plasma concentration (Css) was predicted 

from our in vitro study using the equation: Css = [Jss x 

A]/CI, where Jss is the steady-state flux (ug cm
-2 h_1) , A is 

surface area for drug absorption and CI is the clearance of 

drug from the body (Guy & Hadgraft, 1992). It was assumed 

that data from rat skin will be applicable to human skin. 

The CI of MTX was reported to be 118 mL h"1 (Perwaiz et al., 

1998) and we used Cmax values (maximum plasma concentration) 

from the literature for this calculation, since MTX is 
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administered as a single dose rather than an infusion, and 

the dose administered orally or intramuscularly is the same 

as the mean absolute bioavailability is similar (Grim et 

al., 2003). We calculated that a patch size of 32.5 cm2 

would be required to achieve the desired level of 337 ng mL~ 

in a 7 0 kg adult. The desired Cmax of 337 ng mL" is based 

on oral dosing. The topical dose will actually be much 

lower, so in reality a much smaller patch can deliver the 

dosage. Topical dosage for MTX is not known but a clinical 

study by Tiwari et al., (2003) suggests that a current 

density of 0.6 mA cm-2 for 15 min once a week for a total of 

4 weeks would be clinically effective for the treatment of 

psoriasis. 

Microneedle technology is relatively new compared with 

other enhancement techniques such as ITP. This technology 

has not been marketed yet but costs are expected to be low. 

Furthermore, the mould-based fabrication method used for 

the preparation of maltose needles is relatively cheap when 

compared with the cost of making silicon microneedles by 

microlithographic techniques. As the microneedle technology 

matures, costs will continue to go down, especially as 

manufacturing processes are scaled up. Several companies 

are currently developing these microneedles (Teo et al., 

2006). 
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Conclusions 

ITP alone or in combination with microneedles can 

significantly increase transdermal delivery of MTX in vivo. 

These findings suggest that these techniques may enhance 

the clinical efficacy of MTX in the treatment of psoriasis 

and other skin disorders. Transdermal ITP in combination 

with microneedles has the advantages of delivering MTX 

locally without systemic side-effects, is non-invasive, and 

allows better control over the amount of drug delivered. 

The application of microneedles enhanced MTX delivery over 

passive delivery, and the combination of microneedles and 

ITP was the most effective in our in vivo studies. 



CHAPTER 6 

LATERAL DIFFUSION OF METHOTREXATE INSIDE SKIN AS DETERMINED 

BY MICRODIALYSIS 

ABSTRACT 

Purpose. The purpose of this study was to determine 

and quantify the lateral diffusion of Methotrexate (MTX) 

using in vitro microdialysis. Tape stripping and 

pseudoabsorption methodology was used to determine the 

amount of drug in the stratum corneum. 

Methods. In vitro studies were performed using 

vertical Franz cells. Iontophoresis was carried using 0.3 

mA/cm2 current applied for 4 hrs. MTX (15 mg/ml in 

phosphate buffer, pH 7.4) was used in the donor compartment 

for the studies. Silver, silver chloride electrodes were 

used for the study. Tape stripping was performed at the end 

of study and absorbance of each strip was measured at 430 

nm. Tape strips were quantified for MTX 

113 
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Results. MTX showed no evidence of lateral diffusion. 

While a good correlation was seen between the weight of SC 

removed by each strip versus absorbance at 4 30 ran, amount 

of drug in each strip versus the absorbance at 430 nm and 

weight of SC versus amount of drug in each TS for MTX. 

Conclusion. In vitro microdialysis is a new approach 

that can be utilized to quantify the lateral diffusion of 

small molecules in the skin and also to measure drug 

concentrations in the skin. The amount of SC removed by 

tape stripping can be quantified by weighing the tape strip 

and measuring the absorbance at 4 30 nm. 

Introduction 

Over the years lateral diffusion has been studied to 

understand basic and practical aspects of lateral diffusion 

in the cell membrane. There are extensive studies that 

suggest reservoir formation in the stratum corneum. Also, 

some reports suggest reservoir formation in the viable 

epidermis, dermis and the tissues below. It has also been 

suggested that depot formation at the basal layer of the 

viable epidermis is important for many solutes to exert 

pharmacological effect. However, previously lateral 

diffusion of ibuprofen in the skin has been reported in 

literature (Schicksnus and Muller-Goymann, 2004) 
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Materials and Methods 

Materials 

Hairless rats were obtained from Charles River 

{Wilmington, MA, USA). Perchloric acid, glacial acetic 

acid, acetonitrile and water (all HPLC grade) were obtained 

from Fisher Scientific (Pittsburgh, PA, USA) and used as 

received. All solutions were prepared in filtered HPLC 

grade water. Ag, Ag/AgCl electrodes were used; Keithley® 

(model 2400 series) constant power supply was used as 

current source. Waters Alliance system (HPLC) was used for 

analysis of samples obtained from the in vitro studies. 

In Vitro Microdialysis Setup 

Franz cell (vertical) setup was used with freshly 

excised hairless rat skin for in vitro studies. Two linear 

probes were placed in the skin such that the central probe 

(PI) is in the skin area which was exposed to drug solution 

of the donor compartment, while the lateral probe (P2) was 

placed 1 cm away such that it lied on the cell top of 

receptor and under the donor cell (Fig. 19). The perfusate 

for microdialysis sample collection was PBS and the 

perfusion rate were 2 ul/min for both probes. Cathodal 

iontophoresis was carried out for 4 hrs using 0.3 mA/cm2 

current density supplied by a constant current power source 
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(Keithley®). Ag/AgCl electrodes were used. MTX (15 mg/ml in 

phosphate buffer, pH 7.4) was used in the donor compartment 

for the studies. Samples were collected from the central 

and lateral probes into a fraction collector and also from 

the receptor compartment for 8 hrs at predetermined 

intervals and were analyzed with HPLC. 

Figure 19. In Vitro Microdialysis set up 
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Tape Stripping (TS) and Absorbance Measurement of each TS 

at 4 30 nm 

After completion of the study (8hrs duration), the 

skin exposed to the donor was punch biopsed and excess 

moisture was removed. The biopsed skin was then subjected 

to tape stripping (10 strips) using Transpore Tape™ (3M). 

Each tape was weighed before and after tape stripping and 

absorbance was measured at 430 nm (Bausch & Lomb spectronic 

70) to estimate the pseudoabsorption of corneocytes. 

Absorbance of blank tape preceding the tape, which was used 

for tape stripping, was measured as control. To measure the 

absorbance each tape strip was placed in the path of the 

light in a fixed position. Absorbance was measured at three 

different positions to consider the different densities of 

corneocytes attached to the strip and the mean value was 

taken as the final absorbance. Weight of the corneocytes 

removed from each strip (weight difference of the tape 

strips) was compared to pseudo absorption to estimate the 

amount of stratum corneum removed by each strip. The amount 

of drug in each TS was quantified by HPLC. 

The extraction of MTX from TS was done by addition 500 

ul DI water to each TS and shaking for 4 hrs. After shaking 

was done the supernatant was collected filtered and 

injected into HPLC for analysis. 
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Quantitative Analysis of MTX: 

An RP-HPLC analysis method modified from a literature 

report was used (Chatterjee et al., 1997). Samples of 

receptor fluid were analyzed using a Waters Alliance HPLC 

with a reverse phase column (Cis, 150 * 4.6 mm I.D.; 4 um) 

with a flow rate of 1.5 ml/min and UV detection at 303 nm. 

The mobile phase consisted of 0.1 M monobasic sodium 

phosphate (mobile phase A) and 0.1 M Tris HC1 in 23% 

methanol (v/v) (mobile phase B) in the ratio of 10:90. The 

retention time of MTX was approximately 5.5 minutes. The 

standard curve was linear over a range of 0.125 - 10 ug/ml 

with r 2 > 0.999. 

Results and Discussion 

MTX showed no evidence of lateral diffusion. The 

average concentrations in the central probes (PI) at 8 hrs 

were 17.27 ± 10.6 ug/ml for MTX (Fig. 20). A good 

correlation was seen with the weight of SC removed by each 

strip versus absorbance at 430 nm (Fig. 21), amount of drug 

in each strip versus the absorbance at 430 nm (Fig. 22) and 

weight of SC versus amount of MTX in each TS (Fig. 23). 
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Figure 20. Cone, of MTX in central and lateral probe 
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Figure 21. Correlation between weight difference in each 
tape strip and absorbance at 430 nm 
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Figure 22. Correlation between amount of MTX in each tape 
strip and absorbance 



w 
I -
"o m 
ra CO 
<D + 

•Erf-
X ^ 

O ^ 
•4-J 

E 
< 

CO 

u UJ 
c CO 

'3 
5 

Number of TS 

Figure 23. Correlation between amount of MTX in each tape 
strip and weight difference of each tape strip 

Over the years lateral diffusion has been studied 

mainly in the cell membrane, an investigation was done on 

lateral diffusion of drug in the formulations, polymeric 

systems and artificial membranes (Schicksnus and Miiller-

Goymann, 2004). However, lateral diffusion of drugs in the 

skin is relatively unexplored. In this study we 

investigated in vitro microdialysis, a new approach, to 

determine and quantify lateral diffusion of MTX. Also, tape 



stripping and UV absorption were used to understand the 

diffusion of drugs through stratum corneum layers. 

Methotrexate has no tendency to form a depot and 

diffuses more rapidly into the receptor compartment. Recent 

studies have shown that perpendicular drug penetration 

occurs in conjugation with lateral spreading in SC and is 

influenced by formulation, physicochemical properties and 

presence of penetration enhancers. Lateral spreading and 

penetration of 4-methylbenzylidene camphor and 1.5% butyl 

methoxydibenzoylmethane from oil-in- water into the human 

SC were investigated in vivo by Jacobi et al (2004). The 

Rafferty et al (2002) has used FT-IR mapping/imaging to 

study the lateral diffusion of nicotine from ethanol/water 

mixtures into EVA (ethylvinyacetate) copolymer membrane. 

Schicksnus et al (2004) has shown lateral diffusion of 

ibuprofen by extracting concentric segments of the skin 

surrounding the site of application. 

The most common method to determine the amount of SC 

is weighing of the tapes before and after tape stripping. 

However, with this method the amount of SC removed may be 

overestimated due to the additional weight caused by the 

exogenous (e.g. topically applied substances) and 

endogenous (e.g. interstitial fluid) components that are 

collected by the tape strips. Hence, pseudoabsorption 



method was used to determine the exact amount of SC removed 

(Weigmann et al., 2005). The amount of the drug and the 

weight of SC removed by each strip showed a good 

correlation to the absorbance. The presence of corneocytes 

increased the absorbance values at 430 nm as well as 

increased amounts of drug were quantified in that 

particular strip and vice versa. This suggests that 

measuring the absorbance can be used to validate the 

results obtained by the weight of tape strips. 

Conclusion 

In vitro microdialysis is a new approach that can be 

utilized to quantify the lateral diffusion of small 

molecules in the skin and also to measure drug 

concentrations in the skin. The amount of SC removed by 

tape stripping can be quantified by weighing the tape strip 

and measuring the absorbance at 430 nm. The quantification 

in TS gives an insight into the diffusion of drug through 

the stratum corneum layers of skin whereas lateral 

diffusion studies give an insight into the diffusion of 

drug along the skin laterally in the dermis. 



CHAPTER 7 

IN VIVO IONTOPHORETIC DELIVERY OF SALMON CALCITONIN ACROSS 

MICROPORATED SKIN 

Abstract 

Purpose. To deliver salmon calcitonin in vivo using 

iontophoresis alone and in combination with microneedles. 

Methods. Microneedles, iontophoresis and their 

combination were investigated for their effect on the 

transdermal delivery of SCT in vivo using hairless rat. SCT 

(350 ul, 1 mg/ml solution in 50 mM citrate buffer, pH 4.0) 

was placed in a cartridge designed for iontophoresis. 

Maltose microneedles (500 microns, Texmac Inc. NC), stacked 

in three layers of 27 microneedles each were used to porate 

the skin prior to the application of the drug with or 

without iontophoresis. Since SCT (pi 10.4) was positively 

charged at pH 4, constant current iontophoresis (0.2 mA/cm2, 

1 hr) was conducted with the anode connected to the 

cartridge, and the cathode connected to Trans-Q® 
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(IOMED, Inc.) inactive electrode. Transport of drug across 

the skin was assessed by collecting blood samples at 

regular intervals via the tail vein, and samples were 

analyzed for serum SCT using ELISA kits. 

Results. The maximum concentrations of SCT in the serum 

were 41.45 pg/ml, 605.21 pg/ml, and 2374.06 pg/ml under 

microneedles alone, 1 hr iontophoresis alone, and the 

combination, respectively. When compared to the delivery 

with microneedles alone, the increase in concentration with 

iontophoresis alone was 15-fold (p < 0.05) and with the 

combination of microneedles the increase was 57-fold (p < 

0.05) . 

Conclusion. Iontophoresis or a disruption of the skin 

barrier by microneedles enabled the transdermal delivery of 

SCT. A combination of iontophoresis and microneedles 

resulted in the highest delivery flux of SCT. 

Introduction 

Salmon calcitonin (SCT) is a polypeptide hormone 

secreted by thyroid gland. It consists of 32 amino acids 

and is used as a model peptide in this study. SCT is used 

clinically for the treatment of hypercalcemia, Paget's 

disease and postmenopausal osteoporosis. It is clinically 

administered by parenteral or nasal routes. The major 

physiological role of SCT is to regulate calcium 



concentration and metabolism in the body in conjugation 

with parathyroid hormone. SCT inhibits osteoclastic bone 

resorption and stimulates osteoclastic bone formation. SCT 

is characterized by a disulfide bridge between the cysteine 

residues at positions 1 and 7 and a praline moiety at the 

C-terminus (Torres-Lugo and Peppas., 2000 ; Zaidi et al. , 

2002 ). SCT has a molecular weight of 3431.85 Da and 

isoelectric point (pi) of 10.4. In literature various drug 

delivery techniques like hydrogels, nanocapsules and pro-

liposomes have been reported to deliver SCT (Basan et al., 

2007; Pergo et al., 2006; Song et al., 2005). The different 

types of drug delivery systems are being developed as 

alternate means, as orally administered SCT suffers from 

various disadvantages such as low bioavailability due to 

extensive proteolytic degradation. Nasal delivery of salmon 

calcitonin is commercially viable and available but suffers 

from disadvantages such as variable absorption in the case 

of diseased conditions and irritation of nasal mucosa 

during delivery (Hee et al., 2000; Torres-Lugo and Peppas., 

2000). 

Stratum corneum is the main rate limiting barrier for 

transdermal delivery of hydrophilic and large molecules. 

The various advantages of transdermal drug delivery are 

non-invasive, avoiding first pass hepatic metabolism, 



better patient compliance and ease of termination of 

medication. To overcome the rate limiting barrier various 

enhancement techniques such as chemical enhancers, 

ultrasound, electroporation, thermal microporation, 

radiofrequency, iontophoresis and microneedles are reported 

in literature (Barry B.W., 2002; Badkar et al, 2007; 

Coulman et al., 2006). 

Iontophoresis is an active enhancement technique which 

utilizes small magnitude of electric current to deliver 

charged molecules across the skin. The main principles of 

iontophoresis are electrorepulsion and electro-osmosis. 

Electroreplusion is used to deliver charged molecules 

across the skin where as electro-osmosis is used to deliver 

neutral and large molecules from anode to cathode at 

physiological pH. There are different types of commercially 

available iontophoretic patches in the market. Previously, 

there are various reports of SCT being delivered by 

iontophoresis using human skin, artificial membranes and 

hairless rat skin both in vitro and in vivo (Banga, 1998; 

Chang et al., 2000; Chang et al., 2003; Stamitialis et al., 

2004; Chaturvedula et al., 2005). 

Microneedles are also an enhancement technique which 

acts by disrupting the stratum corneum. Various types of 

microneedles have been reported in the literature ranging 



from metal to fast dissolving microneedles, which includes 

silicon, titanium, NaCMC and maltose (Prausnitz, 2004). The 

geometry of the microneedles such as solid, hollow, needle 

length, fracture force, area of the needle tip play major 

roles in the optimal delivery using microneedles (Davis 

et al, 2004). Microneedles have been used to deliver 

molecules ranging from low molecular weight to DNA (Coulma 

et al., 2006). The microneedles which are currently used 

in this research are soluble microneedles made of maltose 

and metal microneedles made of titanium. The soluble 

microneedles when inserted into the skin dissolve in the 

skin but leave micron sized channels in the skin for the 

delivery of therapeutic agents (Kolli et al., 2008, 

Vemulapalli et al., 2008). The metal microneedles made of 

titanium, are inserted into the skin, creating 

microchannels and they are then removed. Even though 

iontophoresis alone has been used to deliver SCT in the 

past, transdermal delivery of SCT by means of microneedles 

alone and in combination with iontophoresis has not been 

previously reported. 

The objective of the study was to determine the effect 

of iontophoresis and its combination with both soluble and 

metal microneedles on the in vivo delivery of salmon 

calcitonin (SCT) as a model peptide. In addition, pore 



permeability index (PPI) was also studied using low 

molecular weight compound. 

Materials and Methods 

Materials 

SCT was purchased from Calbiochem (San Diego, CA, 

USA), citric acid and sodium citrate were purchased from 

Sigma (St. Louis, MO), Salmon Calcitonin ELISA kits were 

purchased from Peninsula Laboratories (San Carlos, CA), 

Male CD-hairless rats (Charles River, Wilmington, MA) 

weighing 250-350 g were used. Current source (Keithley 

2400, Cleveland, OH), iontophoretic patch (IOMED, Salt Lake 

City, Utah), drug cartridge (Transport Pharmaceuticals, 

Boston, MA), microneedles (Texmac, NC), Scanning electron 

microscopy (SEM, Topcon, DS-130F, NJ), all other chemicals 

and HPLC grade solvents were obtained from Fisher 

scientific (Pittsburgh, PA). The average number of 

replicates for each study was four. 

Iontophoretic Cartridges 

The iontophoretic cartridge used in vivo (Fig. 24) was 

made of non-woven polypropylene fibers heat sealed to a 

plastic base with aluminum backing. The surface area of 

the cartridge where the SCT formulation was in contact with 

the hairless rat in vivo was 3.14 sqcm. An adapter with 

stainless steel electrode was placed on the cartridge and 



from this electrode it was connected to the current 

generating unit. 

Figure 24: Iontophoretic drug cartridge 

Microneedles 

Maltose microneedles were prepared using raicromoulding 

technology. Moulds length ranged from 200 um to 2 mm based 

on the desired length of the microneedles. This 

manufacturing procedure for maltose microneedles has been 

reported in the literature (Miyano et al., 2005). Three 

line microneedles (28 microneedles per line stacked in 

three parallel lines) made of maltose were used in these 

experiments. The microneedles were 508.4 6 + 9.32 um long 



with a radius of curvature of 3 um at the tip and the 

microchannels created in the skin by microneedles measured 

about 55.42 ± 8.66 um in diameter (Kolli et al., 2008). 

Microneedles did not contain any drug and the drug 

formulation was applied later to the microporated skin in 

all cases. 

Titanium metal microneedles were generated by Tech-

Etch from 75um sheets. These needles were generated in the 

plane of the sheet and were then bent out of the plane for 

actual use. The dimensions of the needles are 750 um in 

length, 150 um in width, and 75 um in thickness. 

Scanning Electron Microscopy 

The microneedles were mounted on an aluminum stub 

using double-sided carbon sticky tape and sputter coated 

using Emscope® (SC 500M) with Au target. Field emission 

scanning electron microscope was used to examine both 

maltose and metal microneedles. The accelerating voltage 

for primary beam was 10 KV and images of the secondary 

electron were collected digitally. 

Pore Permeability Index (PPI) 

PPI calculates the relative skin permeability 

following treatment with microneedles and creation of 

microchannels. It also gives an estimate of relative flux 

values of individual pores. Calcein solution was applied to 



the skin portion treated with microneedles for one minute, 

using a liquid reservoir patch. Upon removal, the site was 

wiped off using saline and alcohol swabs. A fluorescent 

image was taken that shows the two-dimensional distribution 

of fluorescent intensity in and around each pore created by 

microneedle and the intensity of fluorescence was analyzed 

using fluorophore software (Kolli et al., 2008). 

In Vivo Enhancement Studies 

Hairless rats (n=3) were anaesthetized using ketamine 

and xylazine. Hairless rats are used for iontophoresis 

alone, microneedles alone and their combination studies. 

SCT (350 ul of a 1 mg/ml solution in 50 mM citrate buffer, 

pH 4.0) was placed in a cartridge designed for 

iontophoresis. Maltose (500 micron, Texmac Inc.) and metal 

microneedles (750 micron) were used to porate the skin 

prior to the application of the drug with or without 

iontophoresis. Since SCT (pi 10.4) was positively charged 

at pH 4, anode from constant current source (Keithely®) was 

connected to the cartridge which acts as anode. Gel sponge 

from (TransQ, IOMED® Inc.) acts as counter electrode 

(cathode) was applied adjacent to the patch. A current 

density and cartridge of 0.2 mA/ cm2 was applied for 1 hr. 

Drug loaded SCT cartridge was placed over the abdominal 

region of the hairless rat. Transport of drug across the 



skin was assessed by collecting blood samples at regular 

intervals via the tail vein. The time points for blood 

samples were 0, 15, 30, 45, 60, 90, 120, 150 and 180 min. 

The samples were allowed to clot and centrifuged at 7200 g 

for 12 min and serum was collected and stored at -20°C 

until further analysis. ELISA was used to analyze serum SCT 

concentration. 

Serum Analysis of Salmon Calcitonin 

The serum samples obtained by centrifugation were 

analyzed for SCT concentration using an ELISA kit for both 

rat serum and plasma. The standard curve range is from 0.04 

- 25 ng/ml. The method is an enzymatically amplified two-

step sandwich type immunoassay involving biotin-

streptavidin detection system. 

Statistical Analysis 

All data was represented by means +; standard error 

(±SE). Statistical analysis was performed using single-

factor ANOVA (analysis of variance). A value of p<0.05 was 

set a prior as significance. 

Results and Discussion 

The maltose microneedles were 500 \im in length. 

Microneedles were inserted into the skin and were dissolved 

within 60 seconds of insertion into skin. Figure 25a shows 

SEM pictures of soluble microneedles before insertion and 



fig. 25b shows after insertion into the hairless rat skin. 

Once the maltose microneedles were dissolved the drug 

cartridge was applied and connected with and without 

iontophoresis. 

Metal microneedles prepared by photo etching are shown 

in Figure 26a. The metal microneedles has been raised as 

shown in Fig. 26b (750 u in length) and made of titanium. 

The metal microneedles were first inserted into the skin 

and then were removed. Cartridge containing drug solution 

was applied with and without iontophoresis for synergistic 

(ITP+MN) and microneedle (MN) delivery. 

(a) (b) 

Figure 25. Soluble microneedles (a) before and (b) after 
insertion 
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(a) (b) 

Figure 26. Metal microneedles prepared by photo etching 

For imaging studies, calcein was used and collection 

of image and processing of data depends on exposure time. 

The image collected was processed on the bloom around the 

each pore, which is indicative of volumetric distribution 

of calcein for that particular pore. For each micropore, a 

single number, the Pore Permeability Index (PPI) was 

produced which represents the total amount of calcein 

present in relative terms. Calcein is not taken up by 

intact stratum corneum (SC) but can permeate through the 

areas where the stratum corneum is breached. The PPI values 

for maltose (Fig. 27) and metal microneedles (Fig. 28) were 
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42.3 and 52.1, respectively. From the PPI results it is 

observed that micropores created by microneedles took up 

calcein uniformly in hairless rat skin. 
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Figure 27. (a) Maltose microneedles treated skin exposed 
to calcein. (b) PPI values associated with pores (c) Plot 
of histogram. 

SCT 350 ul with 1 mg/ml in 50 mM citrate buffer at pH 

4.0 was taken as a donor formulation. Drug solution 350 ul 

was used to fill the cartridge for in vivo iontophoretic 

delivery in hairless rat. Optimal conditions like drug 

concentration, molarity and type of buffer, pH and polarity 

of the electrode were previously studied (chang et al., 
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2000 a; 200b, 2003). Previously, it has been reported that 

anodic delivery of SCT was higher when compared to that of 

cathodic delivery because SCT is charged at pH 4.0 with 

four positive charges. SCT cone, of 1 mg/ml was used as 

donor concentration for iontophoretic delivery in 50 mM 

citrate buffer, pH 4 as 50 mM buffer strength was able to 

resist the changes in pH shift. A current density of 0.2 

mA/Sqcm with 60 minutes application time was used for the 

iontophoresis studies to maximize SCT delivery (Chang et 

al, 2000 and Chang et al, 2003). 
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Figure 28. (a) Metal microneedles treated skin exposed to 
calcein ;{ b) PPI values associated with pores; (c)Plot of 
histogram 
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Iontophoresis, microneedles and their combination have 

enhanced the iontophoretic delivery of SCT. Maltose 

microneedles have enhanced the delivery of SCT by 

disrupting the stratum corneum and combination of ITP and 

MN has enhanced SCT delivery by 16 fold when compared to 

that of MN alone. However, ITP has increased SCT delivery 

by 5 fold when compared to that of MN alone (Fig. 29). In 

case of metal microneedles, combination of ITP and MN has 

enhanced the SCT delivery 30 fold when compared to that of 

metal microneedles alone (Fig. 30). 
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Figure 29. Concentration profile of salmon calcitonin in 
serum using maltose microneedles 
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Figure 30. Concentration profile of salmon calcitonin in 
serum using metal microneedles 

Combination of iontophoresis and microneedles 

delivered more SCT than iontophoresis or microneedles alone 

for both maltose and metal microneedles. The SCT 

concentrations in the serum were 10 fold higher in 

combination experiments for metal microneedles when 

compared with that of maltose microneedles. Similar profile 

of delivery was previously observed with ITP alone, MN 

alone and their combination in literature (Vemulapalli et 

al., 2008). The SCT concentration in the serum decreased 

after the ITP was stopped (and cartridge was removed) after 

1 hr. 
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Conclusions 

The microchannels created in hairless rat skin by 

maltose or metal microneedles can uptake calcein uniformly. 

Iontophoresis alone or in combination with microneedles can 

significantly increase systemic delivery of SCT using both 

maltose and metal microneedles. Iontophoresis alone or in 

combination with microneedles can significantly enhance 

transdermal delivery of SCT. 



CHAPTER 8 

SUMMARY AND CONCLUSIONS 

Iontophoresis and microneedles have been used to study 

the feasibility of transdermal delivery of small and large 

molecules. This was accomplished by selecting three drug 

molecules, two conventional drug molecules (weakly acidic & 

weakly basic) and one macromolecule (peptide).Iontophoresis 

alone or in combination with microneedles was used to 

investigate in vitro and in vivo delivery of SLV 318, 

methotrexate and Salmon calcitonin. Methotrexate was used 

to study the lateral diffusion of in the skin using in 

vitro microdialysis. 

SLV 318 passive transdermal permeation was limited and 

hence iontophoresis was used to increase the delivery of 

SLV 318. The influence of counter-ions and temperature on 

the solubility of SLV 318 solubility in citrate-phosphate 

buffer was studied, and then optimized conditions were then 

used to study effect of current density in vitro. SLV 318 

had higher solubility with NaCl (75mM) as counter-ion at 

25°C than with other counter-ions tested. As the 
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concentration of counter-ions increased, the solubility of 

SLV 318 decreased significantly. The optimized in 

parameters have shown to increase the in vitro 

iontophoretic delivery of SLV 318 significantly. Then the 

feasibility of iontophoresis with optimized parameters and 

the amount of SLV 318 delivered in vivo were studied using 

a hairless rat model. After 1 hour iontophoresis, SLV 318 

concentration increased approximately 10-folds as compared 

with 24 hour passive permeation. The in vitro and in vivo 

SLV 318 studies demonstrated the feasibility of 

iontophoresis in achieving higher drug levels faster. 

Previously various formulation strategies and 

enhancement techniques have been used to enhance the 

transdermal delivery of methotrexate. However, the 

optimization of in vitro iontophoretic parameters was not 

evaluated. So the aim of this research was to determine the 

effect of various parameters on the iontophoretic delivery 

of methotrexate across skin. Initial screening studies 

evaluated the effect of ionic strength and donor 

concentration. A response surface model was then used to 

evaluate current density and time of application. The 



delivery of methotrexate under 30 minutes of iontophoresis 

(0.4 mA/ cm2) was studied at buffer strengths 0.05-0.5 M and 

drug concentrations 10-20 mg/ml. The current density (Xi) 

and time of application (X2) were the independent factors 

chosen for the factorial design with 4 and 5 levels, 

respectively in the range of 0.05-0.5 mA (Xi) and 10-120 

minutes (X2) . The factorial design was able to identify the 

optimal parameters for maximal delivery of MTX across the 

skin. A response surface model using factorial design shows 

an increase in the cumulative amount of methotrexate 

delivered (Yi) with an increase in current density (XI) and 

time of application (X2). However, 10 min iontophoresis and 

0.05 mA/cm2 current density did not show an increase in 

delivery with an increase in current density or time of 

application, respectively. The factorial design was able to 

identify the optimal parameters which would have been 

difficult to predict with a conventional one at a time 

experimental approach. 

The optimized in vitro iontophoretic parameters were 

then used in combination with soluble microneedles to study 

the delivery of methotrexate. Iontophoresis alone or in 

combination with microneedles can significantly increase 

transdermal delivery of methotrexate in vivo. Transdermal 

iontophoresis in combination with microneedles has the 
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advantages of delivering methotrexate locally without 

systemic side-effects, is non-invasive, and allows better 

control over the amount of drug delivered. In addition, in 

vitro microdialysis was used to determine and quantify 

lateral diffusion of methotrexate. Tape stripping and 

pseudoabsorption methodology was used to determine the 

amount of drug in the stratum corneum. Methotrexate showed 

no evidence of lateral diffusion. A good correlation was 

seen between the weights of SC removed by each strip versus 

absorbance at 430 nm. In vitro microdialysis is a new 

approach that can be utilized to quantify the lateral 

diffusion of small molecules in the skin and also to 

measure drug concentrations in the skin. 

Salmon calcitonin is a polypeptide hormone secreted by 

thyroid gland. The objective of the study was to determine 

the effect of iontophoresis and its combination with both 

soluble and or metal microneedles on the in vivo delivery 

of salmon calcitonin as a model peptide. Iontophoresis or a 

disruption of the skin barrier by microneedles enabled the 

transdermal delivery of SCT. A combination of iontophoresis 

and microneedles resulted in the highest delivery flux of 

SCT. 
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Iontophoresis in combination with microneedles can 

significantly enhance the transdermal delivery of small and 

large molecules both in vitro and in vivo using hairless 

rat model. 
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