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ABSTRACT

FORMULATION OPTIMIZATION AND DELIVERY ENHANCEMENT OF DRUGS 
INTO AND ACROSS SKIN AND THEIR SAFE DISPOSAL 
Under the direction of Dr. Ajay K. Banga,
Professor and Department Chair, Pharmaceutical Sciences 
Mercer University, Atlanta GA.

Transdermal delivery is a promising route of administration for delivery of drugs 

having low oral bioavailability. Topical delivery (delivery into skin layers) of drugs is 

beneficial for treatment of localized skin conditions such as inflammatory skin diseases.

It has been hypothesized that formulation of drugs in vehicles such as propylene glycol 

can help enhance topical drag delivery. The use of vehicles such as propylene glycol and 

Transcutol™ were investigated for topical formulation o f hydrophilic drag molecules. 

Quantification of drag levels in stratum comeum using the tape stripping methodology 

and in stripped skin using skin extraction techniques suggested that increased 

accumulation of drag molecules in skin could be achieved by optimization of topical 

formulation vehicle.

Passive transdermal delivery is typically limited to small, moderately lipophilic 

and potent molecules. However physical enhancement techniques can be used to expand 

the scope of transdermal delivery. In our studies, we have investigated the use of 

sonophoresis and microporation as enhancement techniques for transdermal delivery of 

ketoprofen. Both the techniques resulted in significantly enhancing the flux of ketoprofen 

across skin as well as reducing the lag time for permeation.

xvii



The disposal of unused drugs following administration is a growing concern due 

to issues such as potential drug abuse and environmental safety. Deactivation of 

residual/expired drugs using agents such as sodium percarbonate and activated carbon 

may help achieve safe and environment friendly drug disposal. We investigated several 

agents that could be used in drug disposal kits. The use of activated carbon in the kits 

resulted in most effective drug disposal.



CHAPTER 1 

INTRODUCTION

Intradermal and transdermal administration offers an attractive delivery system 

for many drug molecules. Intradermal delivery implies administration of drugs in skin 

layers while transdermal delivery involves administration of drags across the skin and 

into the systemic circulation. Skin is the largest organ of the human body with a surface 

area of ~ 2 m2. It consists of two main layers, the epidermis and the dermis. The 

outermost layer of the epidermis is the stratum comeum which provides a rate limiting 

barrier to transport of molecules into and across skin. The dermis houses nerves and 

blood vessels which can take up permeated drug molecule into systemic circulation. 

Transdermal drag delivery is beneficial for drugs which undergo high first pass 

metabolism and have short half- lives. This route of administration can provide 

continuous systemic drug delivery which is non-invasive unlike parenteral administration. 

Transdermal patches are thus gaining popularity and are being marketed as both over the 

counter (OTC) and prescription products. Several drag molecules such as nicotine, 

scopolamine, estradiol, methylphenidate, nitroglycerine, oxybutynin, testosterone etc are 

being marketed as transdermal patches. The global market for transdermal delivery is 

currently estimated to be $15 billion. In addition to transdermal delivery, skin offers an 

alternative route for treatment of local dermatological conditions. Several cosmetic 

products are also being marketed for application to skin. This increasing interest in this
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route of administration has led to novel formulations and technologies to assist 

delivery of drug molecules into and across skin. In order to enhance the scope of 

transdermal delivery, physical enhancement techniques such as iontophoresis, 

microneedles, electroporation and sonophoresis and chemical enhancement methods in 

the form of permeation enhancers have been studied(Banga 2011).

Over the past two decades, several classes of permeation enhancers have been 

investigated for transdermal delivery including fatty acids and esters (eg.oleic acid), 

solvents (eg. propylene glycol, dimethyl sulfoxide), surfactants (eg. Tweens) and terpenes 

(eg.limonine).(Sapra, Jain et al. 2008) Penetration enhancers typically exert their action 

by disruption of the ordered lipid structure of the stratum comeum, interaction with 

intracellular proteins and increased partitioning of drugs through skin.(Narishetty and 

Panchagnula 2004) The major concern associated with the use o f penetration enhancers is 

their irritancy potential. However severed penetration enhancers appear in the Generally 

Regarded as Safe (GRAS) list by the US FDA. The enhancement of intradermal or 

transdermal delivery by chemical permeation enhancers depends on the concentration of 

the enhancers used, the vehicle used and the physicochemical properties of the drug to be 

delivered into/across skin.

Treatment of localized skin conditions such as eczema or atopic dermatitis is 

benefitted by accumulation of chug molecules in skin layers with minimal systemic 

exposure. One of the goals of this work was to develop a formulation that would 

selectively assist drug delivery into skin layers without enhancing transdermal delivery. 

Propylene glycol at higher concentrations (> 50% v/v) and Transcutol™ (diethylene 

glycol monoethyl ether) at concentrations of 5-25% v/v are known to help drug
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accumulation in skin and limit systemic drug delivery. Hence, the feasibility of using 

these excipients to selectively enhance topical drug delivery o f hydrophilic molecules- 

cimetidine and calcein was investigated.

Physical enhancement technologies such as microporation, sonophoresis, 

iontophoresis and electroporation have been widely investigated for assisting delivery of 

small molecules as well as biopharmaceuticals into and across skin. Microporation 

implies creation of micron sized channels in skin that bypass the rate limiting stratum 

comeum barrier and assist transdermal delivery. Sonophoresis is the use of ultrasound 

energy to assist intradermal and transdermal delivery. Iontophoresis uses physiologically 

acceptable amounts of electric current (up to 0.5 mA/sq.cm) to enhance delivery of dmgs 

into and across skin. Electroporation involves exposing the skin to very high voltages 

(~10- 1000 V) for very short duration of time (1-100 milliseconds).

Ketoprofen is a non-steroidal anti-inflammatory drug (NSAID) used for the 

treatment of rheumatoid arthritis and osteoarthritis. This drug is currently predominantly 

administered orally. However, oral administration is associated with gastrointestinal side 

effects. Also, the short half -life of this drug necessitates administration 3-4 times a day. 

Transdermal delivery could be a potential alternative route o f administration for 

ketoprofen, bypassing the gastrointestinal side effects and ensuring continuous drug 

delivery. However, transdermal delivery of ketoprofen is limited by the barrier properties 

of skin. In our studies, we have investigated the use of active enhancement technologies, 

sonophoresis (low-frequency sonophoresis- 20KHz and therapeutic frequency 

sonophoresis-1 MHz) and microporation to assist transdermal delivery of ketoprofen.
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The use of prescription drugs is increasing day by day. Safe disposal of residual 

and expired medications is necessary to prevent drug abuse. Safe disposal can also 

prevent contamination of the environment with pharmaceuticals. Food and Drug 

administration (FDA) has issued guidelines for safe disposal of drugs. FDA recommends 

consumers to mix the medications with undesirable substances like cat litter and coffee 

grounds contained in sealed pouches and dispose this mixture in regular trash. Similarly 

Drug Enforcement Agency (DEA) has guidelines for disposal o f controlled substances. 

The recommended method of disposing them is flushing the residual medication down 

the drain to avoid the potential risk of accidental or intentional ingestion/overdose. 

Although these guidelines ensure safe disposal, there is a still a risk of environmental 

contamination.

Several methods are being investigated in order to reduce the amount of 

pharmaceutical contaminants in the environment. These include methods such as 

chemical oxidation, hydrolysis, incineration and biodegradation (destructive methods) 

adsorption, liquid extraction and membrane techniques (non-destructive methods). These 

methods, alone and as combinations, seem to be promising techniques which can be 

effectively used in development of medication disposal kits to deactivate 

unused/residual/expired medications.

A goal of these studies was to develop medication disposal kits for active 

pharmaceutical ingredient (API) - ketoprofen and for commercially available transdermal 

patches of fentanyl (Duragesic®). Several agents including oxidizing agent- sodium 

percarbonate, hydrolysis agent- sodium carbonate, adsorption agents- zeolite and 

activated carbons as well as a combination of activated carbons with sodium percarbonate
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or sodium carbonate were investigated for deactivation of ketoprofen. The feasibility of 

using a carbon fabric containing disposal system for deactivation of transdermal patches 

of fentanyl was also investigated.



CHAPTER 2 

LITERATURE REVIEW 

Topical and transdermal delivery 

Topical delivery implies delivery of drugs into skin layers. This route of 

administration is beneficial for treatment of localized skin conditions such as eczema or 

atopic dermatitis. On the other hand, transdermal delivery implies delivery of drugs 

through skin into systemic circulation. This route of administration has proved to be 

beneficial in several cases as an alternative to oral and other routes of drug delivery. 

Major advantages associated with transdermal delivery include bypassing first pass 

metabolism and providing continuous and controlled drug delivery (Naik, Kalia et al. 

2000). Transdermal administration can effectively deliver low molecular weight, 

moderately lipophilic and potent drug molecules. Several molecules such as, nicotine, 

scopolamine, testosterone, nitroglycerin, fentanyl, estradiol, capsaicin, selegiline, 

oxybutynin have been formulated and marketed as transdermal patches. Active 

enhancement techniques such as microporation, iontophoresis, electroporation, and 

sonophoresis are also being investigated to increase the scope o f transdermal delivery 

(Banga 2011). The use of these technologies can assist delivery o f hydrophilic molecules 

as well as macromolecules such as peptides and proteins (Benson and Namjoshi 2008).

6
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Skin Structure

Skin is the largest organ of the human body and functions as a barrier, protecting 

the internal structures of the body from the environment. Structurally, skin primarily 

consists of epidermis, dermis and the underlying subcutaneous fat.

Epidermis forms the outermost layer, exposed to the environment on one side and 

separated from the dermal tissue by a basement membrane on the other side. From this 

basal membrane to the surface of the skin, epidermis can be differentiated into several 

strata namely stratum germanitivum or stratum basale, stratum spinosum, stratum 

granulosum, stratum lucidum and stratum comeum (Williams) The lower strata, stratum 

basale, stratum spinosum, stratum spinosum and stratum lucidum are together known as 

viable epidermis. Stratum comeum, on the other hand, is made up of dead cells and hence 

forms non-viable portion of the epidermis. Epidermal tissue is entirely avascular and is 

majorly composed of epithelial cells, termed keratinocytes, embedded in a lipid matrix.

In addition to this, melanocytes which produce the pigment, melanin, Merkel cells and 

Langerhans cells, responsible for skin’s immune response, are sparsely distributed 

throughout this tissue. (Banga) Keratinocytes are formed in stratum basale and undergo 

continuous differentiation as they move from this layer towards the surface of the skin.

As these cells move away from the dermis, they are deprived of oxygen and nourishment 

and by the time they reach the stratum comeum, they are transformed into completely 

keratinized, flattened, dead cells called comeocytes. The conversion of basal cell 

keratinocytes to comeocytes takes 28 days, including 14 days residence time of the 

comeocytes in the stratum comeum. Comeocytes are then subjected to a process called
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desquamation, where one cell layer o f stratum comeum is sloughed off per day (Banga 

2011).

Stratum comeum is composed of around 15-25 layers of comeocytes stacked one 

above another. (Walters 2002) Intercellular spaces between these cells are filled with 

lipid, composed mainly of cholesterol, ceramides and free fatty acids. Because of the 

hexagonal shape and close packing of the comeocytes, stratum comeum poses as a rate 

limiting barrier for transdermal permeation o f molecules.

Dermis is composed of collagen and elastic fibres interspersed in proteoglycan 

ground substance. This composition of the dermis is responsible for imparting plasticity 

to the skin. Also, this makes the dermal tissue relatively hydrophilic as compared to the 

stratum comeum and hence polar molecules like proteins and peptides can permeate 

easily through this tissue. Skin appendages such as hair follicles, sebaceous glands and 

sweat glands originate in the dermis. These appendages account for only 0.1 % area of 

the skin (Banga) (Alvarez-Roman, Naik et al. 2004). However, they play an important 

role in the transdermal delivery of macromolecules by acting as shunt pathways which 

bypass the stratum comeum barrier. Appendageal transport is also favored during 

iontophoresis, where molecules tend to travel the shortest pathway through skin under the 

influence of electric current (Guy 1991). The dermal tissue is innervated with nerves and 

supplied with blood and lymphatic vessels. In addition, spindle shaped fibroblasts and 

mast cells are also present in the ground substance.

The thickness of human skin varies between individuals and also varies between 

different anatomical sites on an individual. On an average, thickness ranges from 2-5 mm 

with stratum comeum being 10-15 pm thick, epidermis ranging between 0.06 mm on
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eyelids to 0.8 mm on palms and soles and dermis being 3-5 mm thick. In addition, the 

underlying subcutaneous fat is several mm thick and functions by providing insulation 

and mechanical support to the skin. (Williams 2004)

Advantages of Transdermal Delivery 

Transdermal drug delivery offers several advantages over conventional routes of 

administration such as oral or parenteral delivery. Transdermal delivery helps to bypass 

first pass metabolism (Mitragotri 2000) and gastrointestinal degradation of drugs 

(Martanto, Davis et al. 2004) and can potentially improve their bioavailability. It is also 

beneficial for drugs which cause gastrointestinal irritation, such as several NSAIDS. 

Delivery of drugs through skin is non-invasive and painless and can serve as a potential 

alternative to parenteral delivery. Skin offers a large surface area for drug delivery which 

is readily accessible. This allows initiation and termination of delivery as required. This 

route is suitable for continuous administration of drugs and hence is particularly 

beneficial for drugs having short half-lives. Sustained drug delivery is also possible (Naik, 

Kalia et al. 2000). In addition, drug delivery can be modulated according to patient needs 

using active enhancement techniques, such as iontophoresis.

Factors Influencing Transdermal Drug Delivery

Physicochemical Factors

Molecular Size: The molecular size of a compound is an important parameter 

determining the extent of its transdermal permeation. Transdermal delivery is inversely 

proportional to the molecular size of compounds. The shape of the molecule can also 

influence its ability to penetrate across skin layers. Molecular volume is ideally the most 

appropriate measure for estimating permeability of a compound. However, molecular
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volumes are difficult to measure and conventionally molecular weight has been used as a 

criterion to select potential compounds for transdermal delivery. Compounds having a 

molecular weight of <500 Da are ideal for transdermal delivery (Prausnitz, Mitragotri et 

al. 2004). Typically, drugs which are used as transdermal formulations have molecular 

weights ranging from 100-500 Da. However, it is important to note that in this molecular 

weight range other factors, such as partition coefficient or solubility, may have more 

influence in determining permeability o f a molecule (Williams 2004).

Partition Coefficient: In order to permeate across skin, a drug has to partition into 

the stratum comeum from the vehicle it is dissolved /suspended in and also partition out 

of the stratum comeum into the underlying hydrophilic layers of skin to reach the blood 

circulation. Therefore, the partition coefficient forms an important factor influencing 

transdermal delivery (Naik, Kalia et al. 2000). This parameter is typically measured as a 

log P / log K o/w (Octanol-water partition coefficient) and is the logarithm of ratio of 

concentration of a unionized solute in oil phase (typically octanol) to its concentration in 

water.

lo g  P  =  lo g f  [solute in octanol] .
6  [unionized solute in w ater]

Higher log P values indicate higher lipophilicity of the molecule. Compounds having log 

P values ranging between 1 and 3 are ideal candidates for transdermal 

permeation(Benson 2005). The partition coefficient and lipophilicity of a compound also 

determines its predominant pathway of permeation through skin. Compounds with higher 

log P values usually permeate through lipid rich regions between keratinocytes while 

compounds with relatively lower log P values permeate transcellularly through hydrated 

keratinocytes.(Williams 2004).
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Ionization: Generally, unionized molecules are better candidates for transdermal 

permeation in comparison to ionized molecules. However, charged molecules may 

sometimes penetrate through appendageal shunt pathways. The choice of vehicles used 

and pH of the formulation can influence the extent of drug ionization. Formulation 

parameters can be optimized for each drug molecule to control ionization.

Formulation Factors

Concentration and Dose: An increase in the concentration of drug in a formulation 

will increase transdermal flux. Concentration gradient across skin is the driving force for 

passive transdermal delivery and hence, higher the concentration o f drug in the donor 

formulation higher is the transdermal delivery. Increase in drug concentration also 

improves thermodynamic activity of the drug in the formulation thereby increasing flux.

It is important to note that when comparing transdermal formulations, the permeant 

should have the same thermodynamic activity in different vehicles. This can be achieved 

by ensuring the same level of saturation (example- drug equivalent to 90% saturation 

solubility) in different formulations. In this case, the drug concentration in each vehicle 

may vary but the thermodynamic activity would be the same. Drug delivery through skin 

can be carried out using finite or infinite dosing- Finite dosing implies that the drug 

would be expected to deplete from the formulation / skin surface during the period of 

permeation. Several marketed topical preparations such as creams or gels contain finite 

doses of drugs. Infinite dosing, on the other hand, implies that there is a negligible change 

in concentration or thermodynamic activity of the drug in the formulation during the
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course of permeation. Infinite dosing may be used to obtain steady state fluxes in 

transdermal delivery and most marketed transdermal patches are designed this way.

pH: The degree of ionization of ionizable compounds can be controlled by pH of 

the vehicle they are dissolved in. The pH of the vehicle can be adjusted to obtain an 

ionization state which can maximize the transdermal flux o f the compound. In general, 

unionized compounds have higher skin permeability as compared to ionized molecules.

In order to determine the degree o f ionization of a compound at a certain pH, the 

Henderson-Hasseibalch equation for weak acids and weak bases may be used. The 

equations are as follows:

For a weak acid, pH = pKa -  log ([HA] / [A ]) where [HA] and [A'] are the 

concentrations of unionized and ionized species, respectively, at that particular pH.

For a weak base, pH= pKa- log ([BfFj/pB]) where [BH1"] and [B] are the 

concentrations of ionized and unionized species, respectively, at that particular pH. 

Buffers may be used to control the degree of ionization. The use o f buffer 2-3 pH units 

below the pKa of a weak acid ensures negligible ionization. Similarly, the use of buffer 

2-3 pH units above the pKa of a weak base ensures negligible ionization.

Physiological Factors

Physiological factors such as body site, race, age, pathological conditions and skin 

hydration can also play a role in determining flux of molecules through skin. Different 

body sites have varying skin thickness and some parts of the body can be more permeable 

than others. Most commonly used sites for transdermal delivery are the stomach and 

abdomen (trunk), arms and the region behind ears (postauricular). A pharmacokinetic
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absorption study carried out on ORTHO EVRA™ contraceptive patch evaluated 

absorption of norelgestromin and ethinyl estradiol from abdomen, buttock, outer upper 

arm and upper torso. Results from this study indicated that all four body sites delivered 

therapeutically equivalent amounts of drugs. Aging of skin causes a loss in its moisture 

content. Also the blood flow to the dermal tissue decreases with aging. This may cause 

reduction in permeability of molecules through aged skin. In case of neonates, the 

stratum comeum is only a few cell layers thick and can be considered as an impaired skin 

barrier, with higher permeability to drugs. Similarly, many pathological conditions of 

skin such as eczema or atopic dermatitis result in a compromised skin barrier. Increasing 

skin hydration, e.g., through occlusive dressings can also increase skin permeability.

Models for Percutaneous Absorption 

Several in vitro and in vivo models have been used to study transdermal 

permeation of molecules. In vitro studies on diffusion cells can be used to estimate 

transdermal permeation. Human skin samples (e.g., from cadavers or tummy tuck surgery) 

can be obtained from a tissue bank. However, in vitro drug permeation data across human 

skin may be variable due to a variety of factors, including thickness at which the skin was 

sliced/dermatomed. In certain cases, it may be important to know the tissue handling 

procedure before designing in vitro experiments. Skin samples may also be obtained from 

animals for in vitro studies. Rodents, such as rats and mice, have thinner skin in 

comparison to humans. Also, these animals have higher levels of lipids in the stratum 

comeum. Hairless mouse skin loses its integrity much faster than human skin and can 

possibly over predict permeation. Certain penetration enhancers may also exhibit greater 

effects on rodent skin compared to human skin. Guinea pigs have stratum comeum
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structure similar to humans and guinea pig skin can be effectively used as a model for in 

vitro permeation studies. The post auricular skin of guinea pigs demonstrates absence of 

hair follicles and sebaceous glands and can be used to study the role of shunt pathways. 

Snake skin has also been used but it varies structurally from human skin. The lipid 

composition of snake skin is different from humans and the surface of skin is covered 

with a layer of p-keratin. Mammalian skin models (dogs, monkeys, pigs) have also been 

investigated for transdermal studies. Porcine ear skin is a widely used in vitro skin model 

and resembles human skin histologically. Permeation of drugs is well predicted using this 

skin model (Jacobi, Kaiser et al. 2007). Reconstructed human skin membranes or 

polymeric membranes such as polydimethylsiloxane can be used to compare permeation 

or release of drugs from different formulations. However, it should be noted that artificial 

membranes do not have complexity of living tissues and may only have limited use, e.g. 

to compare release of drugs from different formulations. In vivo permeation studies can 

be carried out in animal models such as rats, mice or guinea pigs. In vivo studies on 

human volunteers are the best measures of transdermal permeability of any drug.

Diffusion Cells

Diffusion cells used for in vitro studies can be classified into static diffusion cells 

or flow-through systems. Static diffusion cells have a simpler design in comparison to the 

flow-through systems and a common design is the Franz cells. The Franz cells consist of 

upper donor compartment separated by a membrane from the lower receptor 

compartments. The membrane used for the study can be clamped in between these 

compartments. For permeation studies, skin has to be mounted on the receptor 

compartment such that the stratum comeum side of skin faces the donor. The receptor
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compartments are jacketed and connected to a water bath which controls the temperature. 

Typically the temperature of receptor is adjusted to 37° C which results in a temperature 

of 32° C on the surface of skin. The diffusion area available in Franz cells can vary from 

0.5-5 cm2. Similarly the volume of the receptor compartments can vary from 2-20 ml.

The receptor compartments typically have a side arm from which sampling of the 

receptor fluid can be carried out. The receptor compartments are continuously stirred to 

maintain homogeneity of receptor solvent. While choosing a receptor solvent, it should 

be ensured that the permeated drug has sufficient solubility in the receptor so that sink 

conditions are maintained throughout the duration of the study which help to maintain the 

concentration gradient. The Franz cells can be used to study transdermal permeation from 

liquid as well as semisolid formulations. A variation of the vertical diffusion cells are the 

side-by-side cells where both donor and receptor compartments are continuously stirred. 

Flow-through diffusion cells can be used to mimic in vivo conditions. In this case, the 

receptor solvent is not stagnant and is continuously in flow. It is easier to maintain sink 

conditions similar to blood supply using the flow-through assembly since the receptor 

solvent is constantly replenished. Typical flow rates for receptor solvents in this setting 

are 1-2 ml per hour.

Chemical Permeation Enhancers 

Certain chemicals, when applied to the skin have the property of increasing 

permeation of drugs into skin. Chemical permeation enhancement has been widely used 

in assisting transdermal delivery of small molecules and is also investigated for 

enhancing delivery of peptides through skin.
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A variety of molecules belonging to various chemical classes have shown efficacy 

as permeation enhancers. Some well- known and widely used enhancers include alcohols, 

polyalcohols, esters, fatty acids, pyrrolidones, sulfoxides, amines, amides, surfactants and 

phospholipids. The mechanism of permeation enhancement differs for different 

molecules. For example, fatty acids act by fluidizing stratum comeum lipid bilayers while 

alcohols act by extracting stratum comeum lipids. Polar cosolvents such as propylene 

glycol help in solubilizing the enhancers in stratum comeum layers and have been shown 

to have synergistic action with enhancers like fatty acids (Aarti Naik 2000). When the 

organized lipid bilayers of the stratum comeum are disturbed by any of the above means, 

the skin barrier is compromised and enhanced transdermal delivery is possible.

Physical Enhancement Methods: Overview and recent developments 

Physical enhancement technologies predominantly include microporation, 

iontophoresis and sonophoresis.

Microporation involves creation of micron sized channels in the stratum comeum 

which is the major rate limiting barrier for transdermal permeation. This technique helps 

molecules bypass the stratum comeum barrier and increases permeation into and across 

skin. Microporation is typically low cost, easy to use and painless technology and is 

being actively investigated for drug and vaccine delivery. Microporation can be carried 

out mechanically using microneedles or by thermal/radioffequency/laser ablation devices. 

Some delivery systems based on microporation include the microneedle based BD 

Soluvia microinjection system for influenza vaccination, the cosmetic device Dermaroller, 

ViaDor (ViaDerm) radiofrequency ablation technology by TransPharma Medical, Isarel
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the cosmetic device Dermaroller and the PassPort™ thermal ablation technology by 

Altea Therapeutics.(Banga 2009)

Iontophoresis involves use of physiologically acceptable amounts o f electric 

current to drive molecules into and across skin. Miniaturization o f iontophoretic patches 

has resulted in an increased interest in this technology for transdermal delivery.(Sachdeva 

and Banga 2010) Iontophoretic patches being developed include the Zelrix™ patch by 

NuPathe Inc (Conshohocken, PA) and the Isis IQ™ patch by Isis Biopolymers 

(Providence, RI), IONSYS™ iontophoretic transdermal system was investigated for 

fentanyl delivery. It is not currently marketed. However, Incline Therapeutics (Redwood 

City, CA) is developing IONSYS with new additional features. The cosmetic Biobliss™ 

patch by Isis Biopolymers is also based on iontophoresis.

The use o f ultrasound or sonophoresis is another technology being investigated 

for assisting intradermal and transdermal delivery.(Mitragotri and Kost 2004) The 

SonoPrep skin permeation device (55 KHz) by Sontra Medical Corporation (now Echo 

Therapeutics) had been approved by FDA for use with topical lidocaine to induce local 

anaesthesia. Echo Therapeutics (Philadelphia, PA) is now developing a hand-held device 

called Prelude skinprep system which will permeabilize skin to enhance drug delivery 

and analyte extraction.

Other physical enhancement technologies being investigated for transdermal 

delivery include the cosmetic technique-microdermabrasion, electroporation and 

magnetophoresis.
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Developments in microporation technology

BD Soluvia

The BD Soluvia ™ microinjection system was developed for intradermal delivery 

of drugs and vaccines. In 2009, Sanofi-Pasteur’s influenza vaccine Intanza® or IDflu® 

was approved by the European Commission for intradermal delivery using the BD
T W

Soluvia microinjection system (Amorij, Hinrichs et al.).

The BD Soluvia ™ microinjection system (Becton-Dickinson, Franklin Lakes, NJ, 

USA) is a hollow microneedle injection device developed to overcome technical 

difficulties associated with conventional intradermal injections. The device consists of a 

hollow microneedle attached to a prefilled, ready to use syringe. The syringe is made up 

of borosilicate type I glass having a capacity of 0.5 ml. A 30 gauge, 1.5 mm long integral 

beveled microneedle is attached to the proximal end of the syringe. (Leroux-Roels, Vets 

et al. 2008)This end of the syringe is specifically designed to limit the depth of 

penetration of the microneedle in skin (dermis). This depth limiting surface of the syringe 

is also engineered to maximize contact of the device and skin surface and to minimize 

leakage of fluid through the system. The microneedle is attached to a needle shielding 

system to prevent needle-stick injuries and re-use or misuse of the system. Unlike

TKAconventional intradermal injections, the BD Soluvia microinjection system has to be 

injected perpendicular to the surface of the skin. This method ensures correct placement 

of the microneedle in the dermis area, making the injection consistent and 

reliable(Lambert and Laurent 2008). The microinjection system is prefilled with 120 ± 10 

pi of fluid prior to injection. Echographic measurements o f skin thickness at various body 

sites (deltoid, suprascapular, waist and thigh) in three ethnic groups (Caucasian, Asian
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and Black) suggested that the BD microneedle has the ideal length for fluid delivery in 

papillary and reticulate dermis. The deltoid, suprascapular and waist areas were 

determined to be appropriate body sites for intradermal injections in populations aged 

between 18 to 70 years for all ethnic origins and genders(Laurent, Mistretta et al. 2007).

Laurent et al evaluated the clinical performance of the BD Soluvia ™ 

microinjection system. The microneedle was inserted perpendicularly in skin till the 

front end of the syringe attached to the needle was in contact with the skin surface. The 

contents of the syringe were then inserted in skin by pushing the plunger rod with the 

index finger. After the injection, the microneedle was removed from the skin and the 

safety system was activated to cover the needle. This intradermal injection system was 

evaluated using injection site imaging techniques such as X-ray imaging, 3D ultrasound 

echography and histology. Accuracy of injection volume was determined using 

gravimetric analysis. Subject perceived pain and local skin reactivity was also studied. 

The injection site imaging techniques showed that the BD Soluvia ™ microinjection 

system resulted in higher reliability and consistency of intradermal injections compared 

to conventional Mantoux technique. The mean leakage volume at skin surface was in the 

range of 2-3 pi with 95% of the injections having fluid leakage volumes below 10 pi. In 

contrast to the Mantoux technique, microneedle injections were perceived to be pain free 

by the subjects. Also, no significant adverse effects were associated with this new 

intradermal injection technique(Laurent, Bonnet et al. 2007).

Leroux-Roels et al studied intradermal delivery of a seasonal influenza vaccine 

using the BD Soluvia ™ microinjection system and compared its effectiveness to 

traditional intramuscular vaccination. The study was a randomized open-label study
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carried out in healthy adults. Intradermal vaccination was carried out using an inactivated, 

trivalent, split-virion influenza vaccine (Sanofi Pasteur. Lyon, France) while 

intramuscular vaccination was carried out with a control vaccine, Vaxigrip®. Safety and 

immunogenicity of a 0.1 ml injection of the intradermal vaccine containing 9 pg of 

hemagglutinin (HA) per strain was compared to 0.5 ml injection of the intramuscular 

vaccine containing 15 pg of HA per strain. Anti-HA antibody titres measured 21 days 

post vaccination indicated that the intradermal vaccination with reduced antigen dosage 

was as immunogenic as the licensed intramuscular vaccine in 18-57 year old adults. 

Intradermal injection resulted in minor transient inflammatory reactions like swelling and 

redness at the injection site. However, these reactions were spontaneously resolved and 

severe pain or systemic reactions were not observed (Leroux-Roels, Vets et al. 2008).

Holland et al compared immunogenicity developed in elderly adults (> 60 years 

of age) when immunized with an intradermal trivalent inactivated vaccine (Sanofi Pasteur, 

Lyon, France) versus the intramuscular control vaccine (Vaxigrip®, Sanofi Pasteur). 

Intradermal vaccination was done with a 0.1 ml dose having either 15 or 21 pg HA per 

strain per dose using the BD Soluvia™ microinjection system and intramuscular 

vaccination was done with 0.5 ml dose containing 15 pg HA per strain. Immune 

responses after intradermal injection were superior to the intramuscular vaccine. Both 

intradermal vaccines met the European Medicines Agency immunogenicity criteria, not 

only for adults aged > 60 years old but also the stringent criteria for young adults. The 

incidences of adverse reactions after vaccination were comparable in all groups, although 

injection site reactions were more frequent after intradermal vaccination. The higher
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intradermal dose of 21 |ig did not provide any significant immunological benefit 

(Holland, Booy et al. 2008).

Amou et al carried out a randomized, controlled phase III trial in adults (18-60 

year old) and demonstrated that intradermal vaccination with a lower antigen dose (9 pg 

HA per influenza strain) administered using the BD Soluvia ™ microinjection system can 

be an efficient alternative to the conventional intramuscular vaccination (15 pg HA per 

influenza strain).(Amou, Eavis et al.) A similar study was also done in older adults (> 60 

years old) over a period of 3 years. Results confirmed that intradermal vaccine (0.1 ml 

containing 15 pg HA per strain) induced a superior immune response compared to the 

intramuscular vaccine (0.5 ml containing 15 pg HA per strain). These two studies were 

responsible for obtaining marketing authorization for the 15 pg intradermal vaccines 

Intanza® or IDflu®(Amou, Icardi et al. 2009).

Several other groups have also studied intradermal influenza vaccination using the 

BD Soluvia ™ microinjection system and reported equal or enhanced immune responses 

in comparison with standard intramuscular injections.(Falsey, Belshe, Newman et al. 

2004; Beran, Ambrozaitis et al. 2009) In all the studies, antigen dose sparing was 

considered as a significant advantage of the intradermal injections. The ease of 

administration and precision of intradermal delivery achieved with the BD Soluvia ™ 

microinjection system has made this technology ideal for delivery of vaccines.

Pore closure:

Microneedles technology is gaining importance as an effective physical 

enhancement technique assisting transdermal delivery. One of the important factors
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affecting drug delivery through microneedle treated skin is the lifetime of microchannels 

created in the stratum comeum. Rapid closure of micropores could result in compromised 

drug delivery. On the other hand it is also desirable that the compromised barrier of skin 

heals quickly after drug delivery in order to prevent possible infection through 

microchannels (Milewski, Brogden et al. 2010).

Application of microneedles disrupts skin barrier and results in an imbalance in 

skin hydration. This further leads to stimulation of lamellar bodies in skin which then 

start the healing process. Recovery of skin barrier would hence depend upon the extent of 

barrier disruption caused by microneedles application and would vary depending on the 

geometry and dimensions of needles used. Various methods have been used to study 

micropore lifetime and pore closure kinetics. Recovery of barrier function after 

microporation has been assessed by skin electrical impedence measurements or 

transepidermal water loss measurements. Direct visualization of microchannels using 

staining methods has also been used to study pore closure.

Kalluri and Banga studied formation of microchannels and pore closure following 

poration with maltose microneedles in a hairless rat model. Microneedles having an 

average length of 559 ±14 pm resulted in formation of microchannels having average 

depth of 160 ± 20 pm with surface diameter of ~ 60 pm as observed by confocal 

microscopy and histological sectioning studies. Pore closure was studied following 

different conditions such as exposure o f porated site to the environment (open site), 

occlusion of the porated site by plastic film or occlusion by aqueous buffers of different 

pH. Transepidermal water loss measurements (TEWL) were employed for assessment of 

barrier integrity following microporation. TEWL value increased by more than 150%
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from base value immediately after microporation. However, TEWL dropped significantly 

within 5 minutes and reached base values by 4 hours indicating recovery of barrier 

function. In sites occluded by plastic film or aqueous buffers, TEWL values remained 

high even at 24 hours after microporation indicating open microchannels. This result was 

further confirmed by methylene blue staining studies where microchannels were 

visualized in occluded sites but not in the open site 24 hours after microporation. Calcein 

imaging studies further revealed that micropores close by 15 hours if left open to the 

environment and pore closure is delayed by up to 120 hours following occlusion. The 

authors concluded that the pore closure kinetics would help drug delivery since pores 

would remain open when the porated site is covered by transdermal patch (occlusion) and 

begin to close as the patch is removed preventing possible infection.(Kalluri and Banga 

2011)

Gupta et al used electrical impedence spectroscopy to study kinetics o f skin 

resealing after microporation in human subjects. A strong correlation has been 

demonstrated in skin electrical impedence measurements and skin permeability, decrease 

in skin impedence indicating increase in skin permeability. Skin impedence was 

specifically employed to study effect of occlusion since it is possible to keep the 

treatment sites occluded during the measurements, unlike in techniques such as TEWL 

measurements. The effect of varying microneedle geometries (length, number of needles, 

cross-sectional area) along with occlusion on pore resealing kinetics was studied. 26 gage 

hypodermic needle inserted 5 mm deep in skin served as the positive control and no 

treatment was the negative control. Immediately after treatment, impedence values for all 

microneedle groups as well as hypodermic needle group were significantly lower
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compared to the negative control. However, there was no significant difference in 

impedence values observed among different treatments. Impedence values then continued 

to increase over time for all treatments indicating skin resealing, with resealing time 

depending on microneedle geometry and occlusion conditions. Skin impedence increased 

rapidly for the non-occluded sites reaching pre-treatment values within 2 hours 

irrespective of microneedle geometry. However, skin resealing was significantly delayed 

for occluded sites (3-40 hours) and was strongly dependent on microneedle geometry. 

Increase in microneedle length, number of needles and cross-sectional area of needles 

resulted in slower skin resealing under occlusion. Upon removal of occlusion, however, 

skin impedence increased significantly within 1 hour for all treatment groups. Overall, 

the authors concluded that this technology can be used to increase skin permeability with 

the degree of enhancement depending on microneedle geometry and skin occlusion 

(Gupta, Gill et al. 2011).

Haq et al carried out methylene blue staining and TEWL measurements to study 

skin resealing in human subjects. Microporation was carried out with platinum-coated 

‘wet-etch’ manufactured silicon microneedles having length of either 180 pm or 280 pm. 

Skin resealing was observed 8-24 hours post microneedle treatment as demonstrated by 

methylene blue staining images. TEWL data also supported these results with TEWL 

increasing significantly immediately after microporation and dropping back to base 

values within 24 hours of treatment (Haq, Smith et al. 2009).

Banks et al studied skin permeability lifetime in guinea pigs after treatment with 

750 pm long stainless steel microneedles. TEWL, microscopic measurements and 

pharmacokinetic evaluation of skin permeation of naltrexol base and HC1 salt were used
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to assess skin permeability lifetime. After microneedles treatment, TEWL values 

remained high up to a period of 48 hours in occluded conditions but recovered rapidly 

(-30 minutes) when left open (non-occluded). Microscopic measurements correlated with 

TEWL where pores were observed up to 48 hours and slight staining observed at 72 

hours timepoint. In vivo pharmacokinetic studies further confirmed these results where 

microneedle enhanced plasma drug levels were consistent up to 48 hours and began to 

vary up to 72 hours. Thus, authors concluded that microneedle created channels were 

visible for at least 48 hours (Banks, Pinninti et al. 2010). Similar results were obtained by 

Wermeling et al where steady state plasma levels of naltrexone were maintained for 48 

hours after delivery through microneedle treated skin (Wermeling, Banks et al. 2008). In 

another study, Banks et al also demonstrated that treatment of microporated area with a 

COX inhibitor adjuvant can increase can increase skin permeability lifetime up to 7 days. 

(Banks 2008)

Micropore lifetime is thus an important factor affecting delivery through 

microneedle treated skin and pore viability must be considered while optimizing a drug 

delivery regimen.

Infection through microchannels:

Microneedles are minimally invasive devices assisting transdermal drug delivery. 

However the microconduits created in skin could be a potential portal of entry for 

microorganisms. Microporation devices undergoing clinical studies have been generally 

well tolerated and there have been no reports of microbial infection. Also, no serious 

adverse effects have been reported after use of commercially available microporation
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device, Dermaroller®. Donnelly et al demonstrated in their in vitro studies that poration 

of skin with microneedle arrays allow significantly lower microbial penetration in 

comparison to use of a hypodermic needle. The authors used 280 pm long silicon 

microneedles and studied microbial permeation across porated Silescol® membranes and 

porcine skin. Membrane/skin treatment with a 21G hypodermic needle served as positive 

control. The authors concluded that although microbes could penetrate across 

microchannels, microneedles treatment led to significantly lower microbial penetration in 

comparison to hypodermic needles with no microbes crossing the viable epidermis layer 

(Donnelly, Singh et al. 2009).

Li et al also studied potential infection through microchannels in vivo in a rat 

model. Back skin of SD rats was treated with super-short silicon microneedles (70-80 

pm), macroneedle (1500 pm) or abrasion using sterile equipment. A solution of S. aureus 

culture was then added dropwise on treated sites. Blood samples were collected and 

analyzed for white blood cell (WBC), leukomonocyte (LY) and neutrophile granulocyte 

(NG) count. The cell population (WBC, LY, NG) in rats treated with super-short 

microneedles was similar to that of control group (rats without any treatment). 

Macroneedle treatment and abrasion however, lead to higher cell counts.(Li, Huo et al. 

2010)

Microneedles treatment thus appears to be safe without much potential of causing 

infection.

ViaDor™ (ViaDerm™) Technology:

ViaDerm™ (Transpharma Medical Isarel) is a device which can create 

microchannels in skin using radiofrequency ablation. Application of radiofrequency
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current (100-500 KHz frequency) generates vibrational motion and localized heating in a 

tissue resulting in cell ablation. Radiofrequency ablation has been typically used in 

surgery and for treating malignant tissues. The ViaDerm™ device uses radiofrequency 

current to generate transient microchannels in the stratum comeum which will help 

enhance transdermal delivery of molecules. The device contains a reusable electronic 

controller and a disposable array of microelectrodes. The array has a polycarbonate body 

with stainless steel microelectrodes, 50 pm or 100 pm in length. The array can have a 

microchannel density of 100 or 200 microchannels/ sq.cm. To operate the device, the 

controller with microelectrode array has to be placed over the desired skin site. When 

minimal pressure is applied the radiofrequency generator gets activated and begins the 

treatment. Each electrode is individually controlled and receives multiple bursts of 

energy as per the program. Parameters which can be controlled during treatment include 

applied voltage, frequency, burst length, number of bursts and time between 

bursts.(Banga 2011)

Sintov et al studied delivery of two hydrophilic drugs, granisetron hydrochloride
•ni

and diclofenac sodium using ViaDerm radiofrequency microchannel generator. The 

permeation studies were performed in vitro across excised porcine ear skin and in vivo 

m rat model. Pretreatment with ViaDerm resulted in significantly enhanced 

permeation of both molecules in vitro. Similar results were obtained in vivo in rats. The 

increase in apparent permeability coefficient was higher for the more hydrophilic 

granisetron hydrochloride (KoW= 0.28) compared to diclofenac sodium (KoW= 13.4 at a 

pH of 7.4). This can be reasoned with the theory that diffusion o f hydrophilic molecules 

is favored through aqueous microchannels (Sintov, Krymberk et al. 2003).
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Birchall et al characterized microchannels created by ViaDerm™ treatment in 

human full thickness skin as well as epidermal sheets and studied cutaneous gene 

expression of plasmid DNA in ViaDerm™ treated skin. Scanning electron microscopy 

studies on heat separated epidermal membranes suggested that ViaDerm™ treatment can 

create microchannels that partially or completely penetrate the membrane, depending on 

epidermal thickness. The diameter of these microchannels was however found to be 

consistent (~ 50 pm channel diameter for 100 pm electode length). Histology studies 

indicated that treatment with 50 pm electrode arrays resulted in creation of channels 50 

pm in length and 30-50 pm in width. Increasing electrode length to 100 pm increased 

the microchannel depth proportionally (100 pm) while keeping width constant. 

Fluorescent microscopy and permeation studies carried out on Franz-type diffusion cells
<rw

indicated that ViaDerm treatment enables diffusion of 100 nm fluorescent 

nanoparticles across epidermal membranes and into deeper layers of skin. Gene 

expression studies carried out with application of ViaDerm™ before and after topical 

application of plasmid DNA resulted in substantial reporter gene expression.
«r>w

ViaDerm could thus enable delivery of macromolecules as well as gene therapy 

vectors through skin (Birchall, Coulman et al. 2006).

ViaDerm™ assisted delivery o f human growth hormone (hGH) was also studied 

in vivo in rats and guinea pigs.(Levin, Gershonowitz et al. 2005; Cazares-Delgadillo, 

Ganem-Rondero et al. 2011) Lyophilized hGH was used for making ‘printed’ 

transdermal patches. Briefly, the patches were made by depositing droplets of hGH 

solution on a backing membrane followed by controlled drying. The patches were made 

in several doses and relative bioavalability of transdermal application was measured in
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comparison to subcutaneous injection. Creation of radiofrequency microchannels 

resulted in a bioavailability of 75% in rats and 33% in guinea pigs relative to 

subcutaneous injection. In addition, bioactivity measurements done in 

hypophysectomized rats indicated elevated levels of insulin-like growth factors after 

transdermal application of hGH indicating efficient bioactivity.

Human studies carried out on 136 healthy volunteers suggested that ViaDerm™ 

has excellent safety profile with minimal side effects and negligible pain. Human 

clinical studies testing ViaDerm™ assisted delivery of granisetron indicated increase in 

plasma granisetron levels up to 12 hours after patch application followed by 

maintainence of the levels up to 24 hours. A 7 day Phase I clinical study carried out to 

access delivery of h-PTH (1-34), a fragment of human parathyroid hormone indicated 

bioavailability of 40% following ViaDerm™ treatment. ViaDerm™ assisted delivery of 

insulin has also been studied and Phase I/II clinical trials are in process for testing 

delivery of hGH (Arora, Prausnitz et al. 2008).

Developments in iontophoresis 

IONSYS- Fentanyl Iontophoretic Transdermal System:

IONSYS is an iontophoretic transdermal system for delivery of fentanyl. It was 

launched by ALZA Corporation, Mountain View, CA This system was developed 

primarily to treat moderate to severe pain in a medically supervised setting. IONSYS 

was approved by FDA and European Medicines Agency (EMA) in May 2006. It is 

currently withdrawn from market and is being developed by Incline Therapeutics 

(Redwood City, CA) with new features incorporated in the system.
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The device is a credit card sized self contained patient controlled delivery 

system. It uses imperceptible and physiologically acceptable low intensity direct current 

to drive fentanyl HC1 through skin.(Sinatra 2005) IONSYS has a hydrogel containing 

fentanyl HCl at the anode and an inert hydrogel at the cathode. A 3 V lithium battery 

provides power supply to the system. A pressure sensitive adhesive helps maintain 

contact of the device to skin. The amount of fentanyl delivered from the system is 

directly proportional to the applied current. A current of 62 pA/sq.cm is used to deliver a 

single dose of 40 pg fentanyl (44.4 pg fentanyl HCl) at a constant rate across the stratum 

comeum (Mayes and Ferrone 2006).

IONSYS has to be applied to the upper outer arm or chest of patients (Sinatra 

2005). An on-demand drug delivery button is used to initiate a single dose of fentanyl. 

The device is preprogrammed to deliver a single dose over a period of 10 minutes. The 

device does not respond to the on-demand delivery button during the 10 minutes of 

dosing. It delivers fentanyl HCl for a total of 80 doses or for a period of 24 hours, 

whichever occurs first. IONSYS is also equipped with a LED system. An audible beep 

and red light from the LED indicates that a dose has been initiated. Similarly, a flashing 

LED indicator conveys the number of doses delivered (Mayes and Ferrone 2006). A red 

tab on the system is used for removal of the device from skin and disposal (Sinatra 

2005).

In a clinical trial carried out by Sathyan et al, a total current of 170 pA could 

achieve delivery of 39.5 pg of fentanyl in 23 hours. Also, dose proportionality was 

observed for 25 and 40 pg doses where no significant differences were observed in dose 

normalized pharmacokinetics. Change in dosing regimen such as single day or multiple
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day administration also did not affect pharmacokinetics. Drug delivery was reported to 

be safe and well tolerated. Headache and mild application site erythema were minor side 

effects (Sathyan, Jaskowiak et al. 2005). These authors also investigated the effect of 

dosing frequency from IONSYS in another study. They concluded that bioavailability 

was independent of dosing frequency. However, the absorption o f  fentanyl from the 

iontophoretic system increased as a function of time. A majority o f the dose (40%) was 

absorbed during the first hour while the entire dose was absorbed after ~10 hours 

(Sathyan, Zomorodi et al. 2005).

The effect of application site of IONSYS and subject demographics was studied 

by Gupta et al. The authors concluded that application of IONSYS to upper outer arm or 

chest lead to significantly higher drug delivery in comparison with application to lower 

inner arm. Pharmacokinetics were unaffected by age, sex, race and weight (Gupta, 

Hwang et al. 2005). In another study the safety and efficacy of the fentanyl HCl 

iontophoretic system was assessed in patients after major abdominal, thoracic or 

orthopedic surgery (Chelly, Grass et al. 2004). The primary measurement of 

effectiveness was the percentage of patients who withdrew from the study due to 

insufficient analgesia. The fentanyl HCl iontophoresis group had 25% patients who 

withdrew in comparison to 40.4% who withdrew from the placebo group. Also fentanyl 

HCl treatment was associated with lower visual analog scale (VAS) scores for pain 

indicating that treatment was superior to placebo for pain management. A similar study 

by Viscusi et al also reports superiority of IONSYS over placebo for acute postoperative 

pain management (Viscusi, Reynolds et al. 2006).
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Viscusi et al compared fentanyl HC1 iontophoretic system to a standard 

intravenous morphine patient controlled pump. The primary evaluation consisted of 

patient global assessment of pain control. Additionally, percentage of patients 

discontinuing the study and pain intensity scores on a 100 mm VAS scale were also 

measured. Comparable results were obtained for both treatments indicating fentanyl HC1 

iontophoretic system can provide equivalent treatment to morphine patient controlled 

analgesia system (Viscusi, Reynolds et al. 2004).

The IONSYS system can be distinguished from the passive fentanyl patch 

Duragesic® in its pharmacokinetics, patient control and intended use. Duragesic® is 

indicated for chronic pain with fentanyl delivered at a constant rate (Chelly, Grass et al. 

2004). IONSYS provides superior treatment for acute postoperative pain in comparison 

to placebo (Poon 2009). It also addresses limitations of intravenous patient controlled 

analgesia system since it does not have an infusion pump or tubing which limits patient 

mobility.

IsisIQ™ Patch

The IsisIQ™ Patch developed by Isis Biopolymer (Providence, RI, USA) is a 

transdermal patch based on intelligent active enhancement technology. It incorporates 

principles of iontophoresis and biosensing technology in the patch to enable 

programmable delivery o f molecules. The patch is a compact, wireless single use device 

which can be programmed and personalized. The patented patch design contains 

microprocessors, thin film batteries, proprietary adhesives and biopolymers for 

iontophoretic transport (Dubin 2008). The patch consists of a polymer thick film 

electrode, drug contained in a hydrogel and a selective barrier membrane. The electrode



33

repels like charged drug through the selective barrier membrane into skin. Since the 

patch contains drug dispersion which is sensitive to electric field, physical properties of 

the drug dispersion, and hence drug delivery can be controlled. The function of the 

selective barrier membrane is to allow or block transport of compounds into skin. This 

function is controlled by the microprocessor in the patch. The barrier membrane has 

openings that are calibrated for different drug molecules. The rate of drug transport 

across this membrane is determined by the current density applied (Durand 2009).

An important advantage of this patch is that delivery can be modulated and 

terminated as required. Preclinical testing was conducted in pigs using 5 sq.cm patches. 

Delivery of four drugs- methylphenidate, cefazolin, ibuprofen and L-dopa were tested. 

Drug delivery could be accurately modulated in each case. In addition to modulated 

delivery, this Isis Patch also prevents overdosage of medications. Transdermal patches 

have been always associated with a concern regarding potential o f overdosing. However, 

the Isis Patch has biosensors which prevent overdosage even at elevated temperatures. 

These biosensors also detect skin emanations during a medical emergency and turn off 

drug transport (Durand 2009).

The Isis Patch will be eventually designed to deliver three drugs via one patch 

(Respaut 2009). Isis Biopolymers has introduced an anti-aging anti-wrinkle patch 

(Biobliss™) based on its technology. The Biobliss patch delivers hyaluronic acid, 

collagen stimulating peptides and vitamin B5 over an application time of one hour. It 

has been effective clinically in reducing wrinkles.

Zecuity® Patch:
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Zecuity® (previously known as Zelrix™) is an iontophoretic transdermal patch 

of sumatriptan succinate developed for treatment of migraine by NuPathe Inc 

(Conshohocken, PA). FDA has now approved the sumatriptan iontophoretic transdermal 

system for treatment of migraine.

Currently, sumatriptan is administered by oral, intranasal or subcutaneous route 

for treatment of migraine. Since migraine is frequently associated with nausea, oral 

delivery of sumatriptan is not patient compliant. Also, the associated gastric stasis leads 

to a delayed onset of action and an inconsistent response. Intranasal delivery is 

associated with an unpleasant taste which may not appeal to a nauseated migraine 

patient. In addition, the nasal formulation is absorbed mainly through gastrointestinal 

tract thus delaying onset of action. Subcutaneous administration results in decreased 

patient compliance and adverse effects associated with high plasma concentrations. 

Transdermal delivery would provide a patient compliant route o f administration which 

can bypass gastrointestinal side effects. Since sumatriptan has a serum elimination half 

life of only 2 hours, the sustained delivery associated with a transdermal patch would be 

further beneficial (Rapoport 2010; Rapoport 2011).

Zecuity® works on NuPathe’s proprietary SmartRelief technology. SmartRelief 

is a controlled delivery technology which utilizes iontophoresis to assist delivery of drug 

molecules through skin (Pierce 2008). In the Zelrix™ patch, positively charged 

sumatriptan was delivered under the anode while the cathode contained salt solution.

The patches were programmed to deliver 4 mA current for 1 hour followed by 2 mA for 

3 hours (Pierce, Marbury et al. 2009).
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A phase I study was conducted to access the pharmacokinetics and safety of an 

iontophoretic delivery system of sumatriptan, NP101. In this study NP101 employed the 

Wearable Electronic Disposable Drug delivery (WEDD®) technology for iontophoretic 

delivery. The donor solution was lcc of 4% solution of sumatriptan succinate placed on 

an absorbent pad in contact with the zinc anode. The counter electrode was silver 

chloride cathode in contact with an absorbent pad filled with saline. Depending on the 

treatment, the patches delivered a current of 0.5,1 or 2 mA for 1.5, 3 or 6 hours.

Delivery of sumatriptan increased linearly with increase in electric current. Favourable 

profiles were achieved with 6 and 12 mA-hr patches. The 2 mA-6 hr patch could 

achieve target plasma drug level of lOng/ml which was maintained for 7 hours. The 

NP101 system was also reported to be well tolerated with minor reactions at the patch 

application site (Siegel, O'Neill et al. 2007).

A phase I clinical study was also used to evaluate pharmacokinetics and safety of 

transdermal sumatriptan patches of two strengths, Zelrix I (patch having 3 g gel solution 

containing 120 mg sumatriptan succinate) and Zelrix II (patch having 2.6 g gel solution 

containing 120 mg sumatriptan succinate). Delivery with Zelrix™ patches was 

compared to 6 mg subcutaneous injection, 100 mg RT® tablet and 20 mg nasal spray of 

sumatriptan. Delivery with Zelrix I patches was found to be comparable to other 

treatments. Sustained delivery of sumatriptan was observed for a period of 5 hours. The 

Cmax of Zelrix™ was approximately 30% of the subcutaneous injection resulting in lack 

of tripan associated adverse effects. The total exposure to sumatriptan with Zelrix™ 

patches was lower than tablets but higher compared to nasal spray and comparable to
Til

subcutaneous injection. The coefficient of variation associated with Zelrix
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administration was lower compared to oral and nasal routes. Mild patch site adverse 

effects associated with Zelrix™ were also easily resolved (Pierce, Marbury et al. 2009).

Zecuity® could thus provide potential alternative treatment of migraine 

bypassing side effects associated with subcutaneous delivery of sumatriptan and 

disadvantages associated with oral and intranasal delivery.

Developments in sonophoresis

Prelude SkinPrep System:

The Prelude SkinPrep System is a transdermal permeation enhancement device 

developed by Echo Therapeutics (Philadelphia, PA). It is a hand-held device and 

achieves painless and quick permeabilization of skin. The device is equipped with a 

feedback control algorithm. It measures the real time skin conductivity at the treatment 

site and switches off when the conductivity reaches a certain value, ensuring uniform 

permeabilization. This device can enhance drug delivery and analyte extraction from 

skin. This device acts by removing the stratum comeum, the outermost layer of the 

epidermis to enhance skin permeability.

Echo Therapeutics has completed a clinical trial with the Prelude SkinPrep 

system and is planning to ask approval from FDA. The clinical study evaluated the 

ability of Prelude to permeabilize skin prior to application of a 4%  lidocaine cream. 

Improvement in anaesthesia was observed on pretreatment with Prelude. A faster onset 

of action was also observed.
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Cosmetic Devices

Physical enhancement technologies for transdermal delivery also find use in 

cosmetic devices. The home use model of Dermaroller uses microneedles to improve 

appearance of skin. These microneedles are 200 pm in length and can penetrate up to the 

epidermis. The Dermaroller has 192 microneedles embedded on a roller head. Treatment 

with Dermaroller is painless and non-ablative. The device finds use in treatment of skin 

conditions such as inflammation (acne) or skin ageing (wrinkles). Skin inflammation 

often results from blocked ducts of sebaceous glands. Treatment with microneedles can 

remove these blocks mechanically and reduce skin inflammation. As the skin ages, the 

epidermal renewal cycle is prolonged resulting in drying and graying of the upper layers 

of the stratum comeum. Treatment with Dermaroller can remove this grey layer giving a 

finer appearance to the skin. Also penetration of microneedles in the epidermis leads to 

proliferation of keratinocytes which can expedite the epidermal renewal cycle giving a 

healthy appearance to skin.The Biobliss™ patch by Isis Biopolymers is another cosmetic 

device aimed at reducing appearance of wrinkles. This patch incorporates anti-ageing 

ingredients such as hyaluronic acid, vitamin B5 and collagen simulating peptide. The 

Biobliss patch uses iontophoresis as an enhancement technique to transport the active 

ingredients into skin. Also with this patch the total treatment time is reduced to one hour 

in comparison to other treatments which may last for several weeks.



CHAPTER 3

VEHICLE EFFECTS ON PERMEATION OF CIMETIDINE INTO AND 

ACROSS PORCINE EAR SKIN 

Abstract

The objective of this work was to test the effect o f propylene glycol as a 

formulation vehicle on the transdermal permeation and topical accumulation of 

cimetidine in intact as well as compromised porcine ear skin models. Cimetidine was 

formulated as a saturated solution in water and propylene glycol. Permeation studies were 

carried out using vertical Franz diffusion cells to test the effect o f propylene glycol on 

transdermal delivery of cimetidine. After permeation studies, skin samples were 

subjected to tape stripping to quantitate the amount of drug accumulated in the stratum 

comeum layer. Stripped skin samples were further subjected to a skin extraction protocol 

to quantitate the amount of drug in viable epidermis and dermis layers. Compromised 

porcine ear skin model was developed by tape stripping intact skin before permeation 

studies. Transepidermal water loss (TEWL) measurements were carried out to confirm 

the extent of skin disruption after tape stripping. The use of propylene glycol as a vehicle 

reduced permeation of cimetidine across intact porcine skin and also significantly 

reduced the lag time for permeation of cimetidine across partially compromised porcine 

skin. However the formulation with propylene glycol showed enhanced accumulation of

38
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cimetidine in skin layers in both intact as well as compromised skin models. Propylene 

glycol could thus be effectively used in a topical formulation of cimetidine as a vehicle to 

limit systemic absorption and benefit topical accumulation.

Introduction

Cimetidine is a histamine receptor (H2) antagonist and is used in the treatment of 

heartburn and peptic ulcers. It is marketed as oral tablets and parenteral products.

Because of the anti- histaminic activity o f this drug, it has been recently hypothesized 

that cimetidine could be used in the treatment of local dermatological inflammatory 

conditions. Histamine (H2) receptors are present in viable epidermis and dermis layers of 

the skin and play an important role in the inflammation reactions associated with 

conditions such as atopic dermatitis. Topical delivery of cimetidine could minimize these 

inflammatory reactions and provide symptomatic relief.

It is important for the treatment of local dermatological conditions, that the drug 

molecule is delivered to the skin layers and that the drug is not easily cleared away from 

skin by the systemic circulation. This would result in sustained topical drug action. 

Sustained topical drug delivery can be achieved by optimizing formulation parameters. 

Vehicle effects and the presence of chemical permeation enhancers are predominant 

formulation factors influencing the kinetics of drug permeation into skin layers. Vehicles 

therefore often contain an agent that could temporarily disrupt the skin barrier, fluidize 

the lipid region of stratum comeum and other epidermal layers or alter the partitioning 

behavior of the drug.

Propylene glycol (PG) is a widely used excipient in topical formulations and is 

known to have solubilizing, humectant and antimicrobial properties. The enhancement
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effect varies depending on the concentration of propylene glycol in the formulation. PG 

has been used in topical formulations at very high concentrations of up to 98% v/v. High 

concentrations of PG have been reported to increase topical drug accumulation and 

minimize systemic drug exposure.

Inflammatory skin conditions result in a compromise in the barrier properties of 

skin. This would change the kinetics of drug permeation into and across skin layers. The 

increased permeability of skin can result in faster clearance of the drug out of the skin 

layers as well as higher systemic exposure of drug. In this study, we investigated the 

feasibility of using propylene glycol as the vehicle to limit drug accumulation into skin 

layers and minimize transdermal delivery of cimetidine in intact as well as compromised 

skin models.

Materials and Methods

Materials:

Cimetidine was obtained from Sigma-Aldrich (St. Louis, MO, USA). Phosphate 

buffered saline, ethanol, acetonitrile, propylene glycol, potassium phosphate monobasic 

(KH2PO4) and ortho- phosphoric acid were purchased from Fisher Scientific (NJ, USA). 

3M Transpore tape for tape stripping was obtained from 3M (St.Paul, MN, USA). 

Centrifuge tubes for skin extraction studies were obtained from MedSupply Partners 

(Atlanta, GA). De-ionized water was used to prepare all solutions required in this study 

and for HPLC analysis. Porcine ear skin was obtained from Pel-Freez Inc (Rogers, AR, 

USA).
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Methods

Formulation: In order to understand the effect of using propylene glycol as a 

vehicle for topical delivery of cimetidine, the drug was formulated as a saturated solution 

in a) water and b) propylene glycol. Saturated solutions of cimetidine were prepared by 

equilibrating excess drug with the vehicle for a period of one day. Excess drug was added 

to the vehicle solutions (5 ml) contained in an eppendorf tube (15 ml) and the tubes were 

placed on a shaker for one day. After equilibration, the tubes were centrifuged to make 

the excess drug powder settle at the bottom of the tubes. The supernatant solution was 

carefully removed and filtered. This solution was used as the donor formulation. It was 

assumed that the thermodynamic activity of the drug would be the same in the two 

formulations at same conditions of saturation.

Skin isolation and preparation: The dorsal part of porcine ear skin was used for in 

vitro studies. The skin was separated from the underlying tissue using a scalpel and the 

adhering subcutaneous fat was carefully removed with a pair of scissors. Similarly hair 

on stratum comeum side of the porcine ear skin was also trimmed with a pair of scissors. 

Skin was cut into pieces of appropriate size for mounting on the receptor compartment of 

vertical Franz diffusion cells. Partially compromised skin was prepared by tape stripping 

intact skin ten times. Transepidermal water loss (TEWL) was measured after every five 

tape strips by mounting skin samples on Franz diffusion cells, letting the sample 

equilibrate for 30 seconds and then measuring the TEWL value with Vapometer®. The 

optimized number of tape strips for preparation of partially compromised skin was 

determined based on TEWL values obtained during the tape stripping process.
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Permeation studies: In vitro permeation studies were carried out using vertical 

Franz diffusion cells. The Franz cells were cleaned and their receptor compartments were 

filled with receptor medium. The receptor medium comprised of 5 ml of PBS (IX). The 

skin samples were mounted on Franz cells such that the epidermal surface of skin now 

faced the donor compartment of the cells. After skin mounting, the donor compartments 

were placed on the skin surface and the Franz cell assembly was held together with the 

help of clamps. The effective area of diffusion with this assembly was 0.64sq.cm. Donor 

formulations (500 pi) were placed in the donor compartments. Donor formulations 

consisted of solution of cimetidine of varying concentrations in propylene glycol or 

water. Receptor medium samples (0.5 ml) were withdrawn from the receptor 

compartments at predetermined time points over a period of 24 hours. The withdrawn 

volume of receptor medium was replenished at each time point by fresh receptor medium. 

All studies were carried out with n>3. The samples obtained were analyzed by a HPLC 

assay.

Tape Stripping: After the permeation study the skin surface was cleaned with 

receptor buffer and dried using kimwipes. 3M Transpore tapes were cut into 0.75 inch x 

0.75 inch squares. The tape strips were placed on skin samples. A glass rod was rolled 

over the strips 20 times to ensure proper application. The tape strips were then removed 

quickly with forceps. This procedure was repeated 20 times to get 20 tape strips. The first 

5 tape strips were put individually into wells of a 6 well plate. Strips 6-10,11-15 and 16- 

20 were pooled and put into 3 wells respectively. Strips 1-5 were equilibrated with 1 ml 

receptor buffer overnight. The pooled strips were equilibrated with 2.5 ml of the buffer 

overnight. The equilibrated receptor buffer solutions were analyzed by HPLC.
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Skin extraction studies: Skin extraction studies were performed on porcine ear 

skin samples. Skin samples were minced and added to 15 ml centrifuge tubes. Extraction 

solvent- 4 ml ethanol: water (2:1) was added to the skin. Samples were vortexed and 

shaken on a shaker overnight to extract drug from the skin. After overnight shaking, 

samples were vortexed again and centrifuged. The supernatant extract was separated into 

fresh centrifuge tubes. Ethanol was evaporated under nitrogen and volume in each tube 

was made up to 4 ml with PBS. Tubes were vortexed and the extracts were analyzed by 

HPLC.

Recovery studies: Recovery studies were carried out in vitro in porcine ear skin to 

determine the efficiency of skin extraction. Standard solutions of cimetidine were 

prepared (100 pg/ml, 200 pg/ml, 500 pg/ml and 1000 pg/ml) and 50 pi of each solution 

(containing 5, 10,25 and 50 |ig drug respectively) was injected in porcine ear skin 

samples in triplicate. The skin pieces were allowed to equilibrate with drug for a period 

of 2 hours and were then subjected to the extraction procedure mentioned above. The 

extraction efficiency was determined using a standard curve and average recovery for the 

extraction method was 70.38 %. This factor was taken into consideration for 

quantification of drug in underlying skin samples. The amount of drug calculated from 

HPLC analysis was divided by a factor of 70.38/100 = 0.7038 to determine the actual 

amount of drug in skin samples.

Results and Discussion 

Topical drug administration is the route of choice for treatment of localized skin 

conditions, since it results in efficient drug delivery at the site of action. The epidermis 

and primarily the stratum comeum layer act as a barrier for entry of externally applied
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drug molecules into and across skin. Thus, for topical drug delivery, the choice of vehicle 

becomes an important consideration determining partitioning of the drug from the 

formulation into skin as well as accumulation of drug in skin layers. In addition to 

depositing the drug in skin, vehicles also play an important role in sustaining drug levels 

in the skin for duration sufficient to elicit a pharmacological effect.

Propylene glycol is a widely used excipient in topical formulations and is known 

to possess solubilizing, humectant as well as penetration enhancing properties. It is a 

GRAS (Generally Regarded as Safe) excipient and has been used in topical formulations 

at a concentration as high as 98% v/v. In addition to its solubilizing/ cosolvent effect, 

propylene glycol is also known to act via a carrier mechanism where it itself partitions 

into the skin layers thereby helping skin permeation and deposition of a drug molecule 

solubilized in it. In this study, the effect o f propylene glycol on transdermal permeation 

and topical accumulation of a hydrophilic molecule, cimetidine (log P= 0.4) was 

investigated. The feasibility of using propylene glycol as topical formulation vehicle to 

increase drug accumulation in the skin layers was studied in intact and partially 

compromised skin models.

Permeation profiles of cimetidine from water and propylene glycol formulations 

across intact skin (Figure 1) suggest that the use of propylene glycol resulted in 

significantly lower permeation of the drug across intact porcine ear skin, (t test: p < 0.05). 

Also, the use of propylene glycol as the vehicle resulted in an increase in lag time for 

permeation of cimetidine across skin.

A possible reason for the decreased permeation may be that high concentration of 

propylene glycol results in decreased hydration of the epidermis.
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Figure 1. Permeation of cimetidine from water and propylene glycol formulations across 
intact porcine ear skin.

Dehydration of the epidermis could lead to interdigitation o f the polar head 

groups of epidermal phospholipids and further result in an increased barrier for 

permeation of drugs across skin. This decreased permeation effect may be undesirable 

while designing a transdermal delivery system, however it would be beneficial in case of 

formulating a topical drug product with the intention of having a sustained drug delivery 

in skin layers.
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Figure 2 A. Amount of cimetidine accumulated in stratum comeum of intact porcine ear 
skin as determined by the tape stripping experiment
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Figure 2 B. Amount of cimetidine accumulated in the stripped skin samples of intact 
porcine ear skin
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Tape stripping and skin extraction studies carried out on skin samples after 

permeation studies indicated that the propylene glycol formulation resulted in a 

significantly higher accumulation of cimetidine in stratum comeum {Figure 2A) as well 

as in stripped skin {Figure 2B). As stated before, propylene glycol is known to exert a 

carrier effect by partitioning from the formulation into skin layers, carrying drug 

molecules along with it. This phenomenon might be a possible reason for increased 

accumulation of cimetidine in the stratum comeum and stripped skin. Additionally the 

presence of propylene glycol accumulated in skin layers can result in resistance to 

diffusion of the drug across skin which may explain accumulation of dmg for a prolonged 

period of time (24 h) as well as the increase in permeation lag time o f cimetidine from the 

propylene glycol formulation.

Propylene glycol thus seemed to be a suitable vehicle for topical delivery of 

cimetidine resulting in reduced permeation of drag across skin and increased 

accumulation of drag in skin layers. However, cimetidine is an antihistaminic drag and 

would be used in die treatment of inflammatory skin conditions such as eczema or atopic 

dermatitis. Such inflammatory skin conditions are associated with a partially 

compromised skin barrier, which may result in a change in the kinetics o f drag 

permeation across skin and drug accumulation into skin.

In order to develop an in vitro model representing partially compromised skin, 

tape stripping was carried out on skin samples and transepidermal water loss (TEWL) 

measurements were carried out after every 5 tape strips. Based on the increments (fold 

increase) in the TEWL values after tape stripping, model with 25 tape strips was
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considered as a compromised skin model. Tape stripping 25 times resulted in 

approximately 9 fold increase in TEWL value representative of compromised skin (Data 

shown in Figure 6). Tape stripping 10 times resulted in around 2 fold increase in TEWL 

values and was considered representative of partially compromised skin (Figure 3).
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Figure 3. Transepidermal loss measurements following tape stripping on porcine ear skin

Permeation studies were carried out to compare the transdermal delivery of 

cimetidine from water formulation and propylene glycol formulation across partially 

compromised skin. It was observed that the presence of propylene glycol increased the
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lag time of permeation in partially compromised skin. At the 8 h time point, significantly 

lower transdermal permeation was observed in the propylene glycol formulation as 

compared to the aqueous formulation. However, with increase in the duration of 

permeation, at the 24 h time point, equal permeation was observed from both the 

formulations (Figure 4A and Figure 4B). It can be thus inferred that propylene glycol 

was successful limiting transdermal delivery of cimetidine through partially 

compromised skin up to a period of 8 h. However, due to a compromise in the skin 

barrier function induced by tape stripping, transdermal delivery o f cimetidine from both 

formulations was similar at the end of 24 h.

200
M 180

160

§ 140

|?  120*7 U
S *

f  1
E

Water

PG
100

bo 40

0 1 2 3 4 5 6 7 8 9
Time (h)

Figure 4A. Permeation profiles of cimetidine from water and propylene glycol 
formulations across partially compromised skin during the first 8 h
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Figure 4B. Comparison between total amount of cimetidine permeated per square cm 
across partially compromised skin from water and propylene glycol formulations at the 
end of 24 h.

Results from tape stripping studies {Figure 5) suggested that the amount of 

cimetidine delivered in the stratum comeum layer from the propylene glycol formulation 

was higher than that from the water formulation. However the increase in drug 

accumulation caused by the presence of propylene glycol was not statistically significant. 

The kinetics of drug accumulation in stratum comeum of partially compromised skin are 

different from those observed in the intact skin model. A plausible reason for this could 

be that a part of the stratum comeum would be lost in the process of partially 

compromising the skin barrier. Since the process of compromising skin cannot be
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precisely controlled, an increase in data variability would also be observed in this case. 

Data variability may also be a contributing factor for the lack o f statistical significance 

between two sample sets.
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Figure 5. Amount of cimetidine accumulated in the stratum comeum of partially 
compromised skin as determined by tape stripping

Accumulation of cimetidine in stripped skin samples was significantly higher 

after treatment with propylene glycol formulation as compared to that after treatment 

with water formulation (Figure 6). This result was promising since the histamine
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receptors are predominantly located in the viable epidermis and dermis layers which 

constitutes the stripped skin making this the main site of drug action for cimetidine. 

Although the extent of drug accumulation in partially compromised skin was lower than 

that in intact skin, propylene glycol was able to accumulate significantly higher amounts 

of drug in these skin layers in both the skin models.
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Figure 6. Amount of cimetidine accumulated in stripped skin samples in compromised 
skin model
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Conclusions

Propylene glycol reduced permeation of cimetidine across intact porcine ear skin. 

It also resulted in an increase in the lag time of permeation of cimetidine across partially 

compromised porcine ear skin. However PG enhanced delivery o f cimetidine into intact 

as well as partially compromised skin. Thus, propylene glycol could be effectively used 

as a vehicle to enhance local topical delivery of cimetidine.



CHAPTER 4

VEHICLE EFFECTS ON TRANSDERMAL PERMEATION AND TOPICAL 

ACCUMULATION OF A MODEL HYDROPHILIC MOLECULE (CALCEIN) IN A

COMPROMISED SKIN MODEL 

Abstract

The objective of this study was to test the effect of using different vehicles in a 

formulation on transdermal permeation of calcein as a hydrophilic molecule in an atopic 

dermatitis skin model. An in vitro compromised skin model was developed simulating 

conditions of atopic dermatitis skin. Porcine ear skin was used for the study and tape 

stripping (25 times) was carried out to remove the stratum comeum. In vitro 

transepidermal water loss (TEWL) was measured as an indication of the degree of skin 

barrier disruption. After every 5 tape strips, skin samples were mounted on receptor 

compartments of vertical franz diffusion cells, allowed to equilibrate for 30 seconds and 

TEWL value was read in the next 10 seconds. Calcein was formulated as saturated 

solutions in phosphate buffered saline (PBS), PBS+ 50% propylene glycol and PBS+ 20% 

Transcutol™. Permeation of calcein from the three formulations was studied across intact 

and compromised porcine ear skin using the franz diffusion cell assembly for a period of 

24 hours. Quantification of calcein was done using a spectrofluorometer at excitation and 

emission wavelengths of 485 nm and 528 nm. TEWL increased 9 fold from 16.25±1.1 

(base value) to 141.33±16.5 after 25 tape strippings. A 9-fold increase in

54
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TEWL from base value has been reported to represent atopic dermatitis condition. 

Permeation of calcein across compromised skin was significantly higher than that across 

intact skin for all formulations Permeation across intact skin in 24 hours from PBS, 

PBS+50% PG and PBS+ 20% Transcutol ™ was 2.12 ± 1.76 pg/sq.cm, 0.11 ± 0.02 

pg/sq.cm, 0.45 ± 0.29 pg/sq.cm respectively. In comparison, permeation across 

compromised skin in 24 hours from PBS, PBS+50% PG and PBS+ 20% Transcutol ™ 

was 219.88 ± 7.13 pg/sq.cm, 94.40 ± 34.58 pg/sq.cm, 147.18 ± 17.91 pg/sq.cm 

respectively. Thus, permeation across compromised skin was enhanced 103, 825 and 329 

times with the PBS, PBS+50% PG and PBS+ 20% Transcutol ™ formulations 

respectively. The degree of enhancement in permeation across compromised skin can be 

increased by incorporation of enhancers like propylene glycol or Transcutol ™ in the 

formulation.

Introduction

Topical drug administration implies delivery of drug molecules into skin layers. 

Moderately lipophilic drug molecules have inherent physicochemical properties of 

penetrating the stratum comeum barrier and permeating into deeper layers of the skin. 

Stratum comeum layer is made up of dead comeocyte cells interspersed in a lipid matrix 

and has a brick and mortar like structure. This property makes this layer relatively 

lipophilic resulting in limiting topical delivery of hydrophilic drug molecules. However, 

formulation of hydrophilic drug molecules in suitable vehicles can ensure efficient 

topical administration. In this study, calcein was chosen as a model drug molecule since it 

possesses the physicochemical properties of being a hydrophilic molecule having a log P
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of -5. Also calcein is a fluorescent drug molecule thereby providing an advantage of the 

ability to visualize drug accumulation in skin using fluorescent microscopy.

Inflammatory skin conditions such as atopic dermatitis result in compromised 

barrier properties of skin. In such cases, it is important that the topical medications do not 

result in high systemic exposure of drugs. It has been reported that certain excipients such 

as propylene glycol and Transcutol™ can help increase the intradermal accumulation of 

drugs while reducing the transdermal permeation.(Godwin, Kim et al. 2002; Kikwai, 

Kanikkannan et al. 2002) In this study topical delivery and transdermal permeation of a 

model hydrophilic fluorescent molecule (calcein) into and across compromised porcine 

ear skin was studied. The effect of incorporation of propylene glycol and Transcutol™ in 

the topical formulation was determined.

Materials and Methods

Materials

Calcein was obtained from Sigma Aldrich (St. Louis, MO, USA). Porcine ear skin 

was obtained from Pel-Freez Inc (Rogers, AR, USA). Propylene glycol and phosphate 

buffered saline was obtained from Fisher Scientific (NJ, USA). Transcutol™ was 

obtained from Gattefosse (Lyon, France). Deionized water was used for preparation of all 

solutions.

Methods

Development of an in vitro compromised skin model: An in vitro compromised 

skin model was developed simulating conditions of atopic dermatitis skin. Porcine ear 

skin was used for the study and tape stripping (25 times) was carried out to remove the
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stratum comeum. In vitro transepidermal water loss (TEWL) was measured as an 

indication of the degree of skin barrier disruption. After every 5 tape strips, skin samples 

were mounted on receptor compartments of vertical Franz diffusion cells. Skin samples 

were allowed to equilibrate for 30 seconds and TEWL value was read in the next 10 

seconds.

Permeation studies: In vitro permeation studies were carried out using vertical 

Franz diffusion cells. The Franz cells were cleaned and their receptor compartments were 

filled with receptor medium. The receptor medium comprised of 5 ml of PBS (IX). The 

skin samples were mounted on Franz cells such that the epidermal surface of skin now 

faced the donor compartment of the cells. After skin mounting, the donor compartments 

were placed on the skin surface and the Franz cell assembly was held together with the 

help of clamps. The effective area o f diffusion with this assembly was 0.64sq.cm. Donor 

formulations (500 pi) were placed in the donor compartments. Receptor medium samples 

(0.5 ml) were withdrawn from the receptor compartments at predetermined time points 

over a period of 24 hours. The withdrawn volume of receptor medium was replenished at 

each time point by fresh receptor medium. Calcein was formulated as saturated solutions 

in phosphate buffered saline (PBS), PBS+ 50% propylene glycol and PBS+ 20% 

Transcutol™. Permeation of calcein from the three formulations was studied across intact 

and compromised porcine ear skin. Quantification of calcein was done using a 

spectrofluorometer at excitation and emission wavelengths o f485 nm and 528 nm.

Visualization of intradermal accumulation:_Intradermal accumulation of calcein 

from the different formulations was visualized using fluorescent microscopy. After the
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permeation study, the surface of the skin exposed to the donor formulations was cleaned 

using q-tips dipped in PBS followed by dry kimwipes. The area o f diffusion (0.64sq.cm) 

was cut out from the skin sample. The cut skin pieces were embedded in OCT medium 

and quickly frozen at -80° C. The frozen skin samples were cut into vertical skin sections 

10 pm in thickness. These sections were observed under a fluorescent microscope.

Results and Discussion 

Tape stripping was carried out to develop a compromised skin model. 

Transepidermal water loss (TEWL) measurements were performed as a measure of 

barrier properties of skin. It has been reported in literature that a 3-8 fold increase in 

TEWL values from intact skin represents disrupted barrier properties similar to skin in 

atopic dermatitis conditions. Tape stripping (25 times) could achieve a ~8 fold increase in 

TEWL compared to that of intact skin and was therefore used as a compromised skin 

model (Figure 7)
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Figure 7. Increase in Transepidermal water loss with tape stripping in porcine ear skin 
model

PBS+ 20% TranscutolTM

Figure 8. Transdermal delivery of calcein from saturated solutions in different 
formulations across intact porcine ear skin.
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No significant difference was observed in delivery of calcein from different 

formulations across intact porcine ear skin (Figure S).Transdermal permeation of calcein 

across compromised skin was significantly higher than that across intact skin. However, 

incorporation of propylene glycol and Transcutol in the formulations resulted in 

significantly lower transdermal permeation in comparison to permeation from saturated 

solution of calcein in PBS in the compromised skin model (Figure 9). The formulations 

containing propylene glycol and Transcutol may help in reducing systemic exposure of 

drugs in a compromised skin model.

PBS+ 20% TranscutolTM

Figure 9. Transdermal delivery of calcein from saturated solutions in different 
formulations across compromised porcine ear skin
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Enhancement ratio can be defined as the ratio of steady state flux of a drug from a 

formulation containing an enhancer to the steady state flux o f the control formulation 

(without enhancer). In this study, the ratio of steady state flux of a formulation through 

compromised skin to the steady state flux through intact skin was plotted (Figure 10). A 

lower enhancement ratio in this case would indicate lower exposure o f drug to the 

systemic circulation through compromised skin.

PBS+ 20% TranscutolTM

Figure 10. Enhancement ratios (J compromised/J intact) of calcein from different 
formulations. Incorporation of propylene glycol and Transcutol™ in the formulations 
resulted in lower enhancement ratios
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Figure 11 A. Vertical sections of intact porcine ear skin showing penetration of calcein. 
SC indicates stratum comeum side of skin samples in intact skin

m

PBS+ 50% 
propylene glycol
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Figure 11B. Vertical sections of compromised porcine ear skin showing penetration of 
calcein. E indicates epidermal side of the sample in compromised skin

Intact and compromised porcine ear skin samples were treated with calcein 

solution for a period of 24 h. Vertical sections of skin samples were cut using a cryotome
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and sections were visualized under fluorescent microscope. Higher accumulation of 

calcein can be seen in samples treated with propylene glycol and Transcutol™ in both 

intact and compromised skin (Figure 11A and Figure 11B).

Conclusions

In vitro model simulating compromised skin condition can be developed by tape 

stripping.The degree of enhancement in permeation across compromised skin can be 

limited by incorporation of enhancers like propylene glycol or Transcutol™ in the 

formulation.Use of enhancers like propylene glycol or Transcutol™ can lead to higher 

accumulation of hydrophilic molecules in both intact and compromised skin.



CHAPTER 5

LOW FREQUENCY SONOPHORESIS MEDIATED INTRADERMAL AND 

TRANSDERMAL DELIVERY OF KETOPROFEN

Abstract

The objective of this study was to test low frequency sonophoresis at 20 kHz for 

delivery of ketoprofen into and across the skin. Permeation studies were carried out in 

vitro on excised hairless rat skin over a period of 24 h using Franz diffusion cells after 

which, skin samples were subjected to skin extraction to quantify the amount of drug 

present in skin. Parameters like ultrasound application time, duty cycle, coupling medium 

and distance of ultrasound horn from skin were optimized. Transepidermal water loss 

(TEWL) was measured to indicate the extent of barrier disruption following 

sonophoresis. Confocal microscopy was used to visualize dye penetration through 

sonophoresis treated skin. Application of ultrasound significantly enhanced permeation of 

ketoprofen from 74.87±5.27 g/cm2 for passive delivery to 491.37±48.78 g/cm2 for 

sonophoresis. Drug levels in skin layers increased from 34.69±7.25 g following passive 

permeation to 212.62±45.69 g following sonophoresis. TEWL increased from 31.6±0.02 

(passive) to 69.5±12.60 (sonophoresis) indicating disruption of barrier properties. 

Confocal microscopy images depicted enhanced dye penetration through sonophoresis 

treated skin confirming barrier disruption. Low frequency sonophoresis with optimized

64
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ultrasound parameters can be effectively used to actively enhance transdermal and topical 

delivery of ketoprofen.

Introduction

Ketoprofen is a non steroidal anti-inflammatory drug predominantly used in 

treatment of rheumatoid arthritis and osteoarthritis.(Cagnie B 2003; Maestrelli, Gonzalez- 

Rodriguez et al. 2005) It is also used to relieve minor aches and menstrual pain.(Cho Y. J

1997) Ketoprofen has analgesic, antipyretic and anti-inflammatory properties.(Goosen C

1998) It acts as an anti-inflammatory agent by reversible inhibition of cyclooxygenase 1 

and 2 enzymes leading to reduced formation of prostaglandin precursors.(Paolino, 

Ventura et al. 2002) Ketoprofen is commercially available as oral dosage forms having a 

maximum dose of 300 mg per day.(Cho Y.J 1997) However, oral administration of 

ketoprofen is associated with gastrointestinal side effects such as abdominal pain, 

ulceration and irritation of gastric mucosa.(Maestrelli, Gonzalez-Rodriguez et al. 2006)

In addition, ketoprofen also has a short elimination half life making it necessary to 

administer the drug 3-4 times a day.(Rhee, Choi et al. 2001; Cheng, Man et al. 2007) 

Transdermal delivery of ketoprofen is a potential alternative route of administration 

having several advantages over oral delivery. This route of administration would avoid 

gastrointestinal side effects.(Beetge, du Plessis et al. 2000) It is also beneficial for drugs 

with a short half life and can help maintain consistent plasma drug levels for longer 

durations of time.(Alvarez-Roman, Merino et al.) However, delivery through skin is 

limited by its barrier properties. Hence, it is necessary to employ enhancement techniques 

to assist transdermal delivery of ketoprofen.
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Several techniques have been employed to improve transdermal delivery of 

ketoprofen. Different transdermal formulations such as liposomes (Maestrelli, Gonzalez- 

Rodriguez et al. 2005), ointments, creams,(Gurol, Hekimoglu et al. 1996) gels(Goosen C 

1998; Beetge, du Plessis et al. 2000), patches(Shinkai, Korenaga et a l . ; Shinkai, 

Korenaga et al. 2008) incorporating various permeation enhancers have been studied. 

Physical enhancement techniques (Banga 309 pp., 2011) such as microneedles 

treatment(So, Park et al. 2009), iontophoresis(Panus P.C 1997; Tashiro, Kato et al. 2000) 

and therapeutic frequency sonophoresis (1 MHz)(Sharma D.N ; Cagnie B 2003) have 

also been investigated for transdermal delivery of ketoprofen.

Sonophoresis or phonophoresis implies application of ultrasound energy to drive 

molecules into and across skin.(Polat, Hart et a l.; Mutoh, Ueda et al. 2003) Depending 

on the frequency of ultrasound used, it can be further classified into low frequency 

ultrasound (20-100 KHz) and therapeutic frequency ultrasound (1-3 MHz). The exact 

mechanism behind enhancement of transdermal delivery by sonophoresis is not yet 

known. However, acoustic cavitation (formation and oscillation of microbubbles in the 

coupling medium) is thought to play an important role in ultrasound assisted 

delivery.(Tang, Wang et al. 2002; Ueda, Mutoh et al. 2009) Collapse of these 

microbubbles on the surface of skin (stratum comeum) leads to skin permeabilization.

Ketoprofen is being used extensively in physical therapy for management of 

musculoskeletal pain. Therapeutic frequency ultrasound is being used as an enhancement 

technique to assist delivery of ketoprofen through skin.(Cagnie B 2003) Recent literature 

suggests that low frequency sonophoresis would be a more effective technique in
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enhancing transdermal delivery of small hydrophilic molecules (Sarheed and Abdul 

Rasool 2011) as well as macromolecules.(Mitragotri, Blankschtein et al. 1995; Mitragotri, 

Blankschtein et al. 1996; Polat, Blankschtein et ail. 2010) However, sonophoretic 

enhancement of transdermal permeation is highly variable from drug to drug. (Mitragotri, 

Blankschtein et al. 1997). Hence, in this study, low frequency sonophoresis (20 KHz) 

was investigated as a possible enhancement approach for transdermal delivery of 

ketoprofen and optimization of ultrasound parameters was carried out for delivery of this 

moderately lipophilic molecule. This is the first study reporting transdermal delivery of 

ketoprofen using low frequency sonophoresis.

Transdermal delivery of ketoprofen was studied across hairless rat skin, in vitro 

using static vertical Franz diffusion cells. Permeation studies were done over a period of 

24 h and drug levels obtained in the receptor compartment were quantified. Drug levels 

in the skin were also quantified using skin extraction assay. The effect of using different 

coupling media for sonophoresis, the minimum effective ultrasound application time, the 

effect of duty cycle and the effect of distance of ultrasound horn from skin was studied. 

Confocal microscopy was used to visualize enhancement o f intradermal delivery 

following sonophoresis.
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Materials and methods:

Materials

Ketoprofen was obtained from Sigma-Aldrich (St. Louis, MO, USA). Phosphate 

buffered saline, ethanol, acetonitrile, methanol, propylene glycol, potassium phosphate 

monobasic (KH2PO4) and ortho- phosphoric acid were purchased from Fisher Scientific 

(NJ, USA). Calcein was obtained from Holies Laboratories Inc, Cohasset, MA, USA. 3M 

Transpore tape for tape stripping was obtained from 3M (St.Paul, MN, USA). Centrifuge 

tubes for skin extraction studies were obtained from MedSupply Partners (Atlanta, GA). 

De-ionized water was used to prepare all solutions required in this study and for HPLC 

analysis.

Male CD Hairless rats were obtained from Charles River Laboratories 

(Wilmington, MA, USA). The rats were quarantined and housed in Mercer University 

animal facility. All animal procedures were carried out as per the protocol approved by 

Institutional Animal Care and Use Committee (IACUC) at Mercer University.

Methods

Skin isolation and preparation: Hairless rats were euthanized using carbon 

dioxide asphyxiation and abdominal skin was isolated for in vitro studies. Freshly 

isolated full thickness skin was used for each experiment. After isolation, the 

subcutaneous fat adhering to the skin was carefully removed and the skin was cut into 

pieces of appropriate size for mounting on the receptor compartment of vertical Franz 

diffusion cells.
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Sonophoresis equipment and application: Sonophoresis was carried out using a 

sonicator operating at a frequency of 20 KHz (VCX 500, Sonics and Materials, 

Newtown, CT, USA). Briefly, a piece of skin was placed under the sonicator hom such 

that the epidermal surface of the skin was facing the hom. The distance between the skin 

and hom was either 0.3 cm or 0.6 cm depending on the experiment. A donor chamber 

(cylindrical shaped chamber made of glass, open from both ends) o f the vertical Franz 

diffusion cells was then placed over the skin. Coupling medium for sonophoresis 

consisted of either water or 1% Sodium lauryl sulfate (SLS) and was contained in the 

donor chamber. The sonicator hom was then placed in the coupling medium and 

ultrasound was activated for a predetermined time. After ultrasound pretreatment, skin 

was dabbed with kimwipes and mounted Franz diffusion cells for permeation studies. 

Figure 12 depicts a schematic diagram for application of sonophoresis.
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Figure 12: Schematic diagram for sonophoresis setup

Determination of ultrasound intensity: Intensity of ultrasound was determined 

using a calorimetric method. Water (50 g) was placed in an insulated beaker and 

ultrasound was activated for predetermined time periods at various duty cycles. The 

temperature of water was measured using a thermometer before and after ultrasound 

activation. The intensity o f ultrasound was calculated according to the following formula

(m w ater  X Cp w a ter\  dT 
A ) d t
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Where I is the intensity of ultrasound (W/ sq.cm), m is the mass o f water (50 g), Cp is the 

specific heat capacity of water (4.18 J/ g 0 C), A is the surface area of the sonicator hom 

and dT/dt is the rate of change of temperature of water.

Permeation studies: In vitro permeation studies were carried out using vertical 

Franz diffusion cells. Full thickness hairless rat skin was used for permeation studies. 

Hairless rat skin has been used as an in vitro skin model for active transdermal transport 

studies. (Ueda H 1995; Boucaud, Machet et al. 2001; Mutoh, Ueda et al. 2003; 

Morimoto, Mutoh et al. 2005; Kumar and Lin 2009; Xu, Xu et al. 2011) The Franz cells 

were cleaned and their receptor compartments were filled with receptor medium. The 

receptor medium comprised of 5 ml of PBS (IX): ethanol (50:50 % v/v). The skin 

samples which were pretreated with ultrasound were then mounted on Franz cells such 

that the epidermal surface of skin now faced the donor compartment of the cells. Similar 

procedure was followed for passive delivery studies except that the skin samples were not 

subjected to ultrasound pretreatment. After skin mounting, the donor compartments were 

placed on the skin surface and the Franz cell assembly was held together with the help of 

clamps. The effective area of diffusion with this assembly was 0.64 sq.cm. The donor 

formulation consisted of saturated solution of ketoprofen in 50% propylene glycol 

containing 3.5 mg/ml drug. Donor formulation (300 pi) was placed in the donor 

compartments. Receptor medium samples (0.5 ml) were withdrawn from the receptor 

compartments at predetermined time points over a period of 24 hours. The withdrawn 

volume of receptor medium was replenished at each time point by fresh receptor medium.
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All studies were carried out with n>3. The samples obtained were analyzed by a stability 

indicating HPLC assay.

Skin extraction: Skin extraction procedure was carried out to determine drug 

levels in skin. Skin samples were removed from Franz diffusion cells at the end of 

permeation experiments. The skin surface was thoroughly cleaned by dabbing it three 

times with with Q-tips soaked in receptor medium. Skin was then tape stripped two times 

using 3M Transpore tapes to ensure that the formulation is completely removed from the 

surface. Kimwipes were used to dry the skin surface. After the cleaning procedure, skin 

samples were minced manually using a pair of scissors and added to centrifuge tubes. 

Extraction solvent (Methanol: water- 50:50 % v/v, 4 ml) was added to minced skin and 

extraction was carried out by overnight shaking on roller shaker (New Brunswick 

Scientific Co. Inc, NJ, USA). The tubes were then centrifuged to separate skin from the 

solvent and the supernatant extract was filtered and analyzed by a stability indicating 

HPLC assay.

Recovery studies: Recovery studies were carried out in vitro in hairless rat skin to 

determine the efficiency of skin extraction. Standard solutions o f ketoprofen were 

prepared (100 pg/ml, 200 pg/ml, 500 pg/ml and 1000 pg/ml) and 50 pi of each solution 

(containing 5, 10,25 and 50 pg drug respectively) was injected in hairless rat skin 

samples in triplicate. The skin pieces were allowed to equilibrate with drug for a period 

of 2 hours and were then subjected to the extraction procedure mentioned above. The 

extraction efficiency was determined using a standard curve and average recovery for the 

extraction method was 73.19 ± 2.86%. This factor was taken into consideration for
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quantification of drug in underlying skin samples. The amount o f drug calculated from 

HPLC analysis was divided by a factor of 73.19/100 = 0.7319 to determine the actual 

amount of drug in skin samples.

Optimization of sonophoresis parameters for transdermal and topical delivery of 

ketoprofen: Ultrasound parameters such as application time, coupling medium, duty cycle 

and distance of hom from skin were optimized. In order to determine the minimum 

effective application time, sonophoresis was carried out for 0.5 minute, 1 minute and 2 

minutes at 100% duty cycle with 1% SLS as coupling medium. The effect of using 

different coupling media during sonophoresis was investigated. Sonophoresis (2 minutes 

at 100% duty cycle) was carried out using either water or 1% SLS as coupling medium. 

The effect of using pulsed ultrasound at 50% duty cycle (5 second on, 5 second off) was 

also determined. Finally, the effect of distance of ultrasound hom from skin was 

determined by placing the hom at a distance of 0.3 cm and 0.6 cm from skin.

Transepidermal water loss measurements: Transepidermal water loss (TEWL) can 

be used to predict the barrier properties of skin.(Shimada, Yoshihara et al. 2008) If the 

skin barrier is compromised, TEWL values are elevated.(Fluhr, Feingold et al. 2006) 

TEWL measurements were done in vitro on Franz diffusion cells using a closed chamber 

evaporimeter (Vapometer, Delfin Technologies Ltd., Kuopio, Finland) Skin pieces were 

subjected to ultrasound treatment for 1 and 2 minutes. Immediately after treatment, skin 

was mounted on the receptor compartment of Franz cells containing water as the receptor 

medium. Skin was allowed to equilibrate for a period of 30 seconds and TEWL 

measurements were then performed over the next 10 seconds. Intact (dry) skin as well as
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hydrated skin (hydrated for 1 and 2 minutes respectively and wiped dry) were used as 

controls.

Visualization of dye permeation through sonophoresis treated skin: Confocal 

microscopy (Zeiss LSM 510 META, Goettingen, Germany) was used to visualize 

permeation of calcein through sonophoresis treated skin. Skin piece was subjected to 

ultrasound treatment (2 minute, 100% duty cycle, 1% SLS as coupling medium, 0.3 cm 

hom distance) and mounted on vertical Franz diffusion cells. Calcein (Holies 

Laboratories Inc, Cohasset, MA, USA) was added to the donor compartment. After 24 h, 

skin was removed from Franz diffusion cells, cleaned with Q-tips soaked in water and 

dried with kimwipes. A small piece of skin was cut out from the diffusion area (0.64 

sq.cm) and embedded in OCT medium. After freezing at -20° C, vertical sections (10 

pm) were cut using AO HistoSTAT Microtome, Buffalo, NY. These sections were 

observed under confocal microscope.

Quantitative analysis: Ketoprofen was quantified using high performance liquid 

chromatography. A stability indicating assay modified from literature was used for 

analysis of ketoprofen. (Bempong and Bhattacharyya 2005) Alliance system (Waters 

Corp, Milford, MA, USA) was used with a photodiode array detector (Waters 2996) 

operating at 233 nm. The column used was Waters YMC ODS AQ C l8; 250x4.6 mm. 

Isocratic elution was carried out at a flow rate of 1 ml/ minute using phosphate buffer pH 

3.5: acetonitrile: water (8:49:43 %v/v) as the mobile phase. The column temperature was 

maintained at 35°C. Injection volume used was 20 pi. The total run time was 9 minutes 

and the retention time of ketoprofen was 5.3 minutes. The limit o f detection was 0.1
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|ig/ml and the limit of quantification was 0.5 pg/ml. The range of the standards was 0.5- 

50 jig/ml. The assay was sensitive in the range tested. The assay procedure was validated 

with respect to intra and inter-day variability and precision. The relative standard 

deviation values were 0.2-3%, 0.2-2.3% and 0.17% respectively.

Statistical analysis: ANOVA (analysis of variance) and student’s t-test were used 

for statistical analysis. Tukey’s analysis was used to determine honestly significant 

difference.

Results and discussion

Transdermal delivery of ketoprofen is a potential alternative to oral delivery since 

the former helps avoid gastrointestinal side effects. Topical gel formulations of 

ketoprofen are available in the market for treatment of rheumatoid arthritis and 

osteoarthritis. However, transdermal delivery of ketoprofen has been limited by the 

barrier properties of skin. Several formulations such as poultices(Sheu, Chen et al. 2002), 

liposomes containing ketoprofen-cyclodextrin complexes(Maestrelli, Gonzalez- 

Rodriguez et al. 2006) or lecithin microemulsions have been tested to enhance delivery. 

Microemulsions (o/w) made up of soyabean lecithin have been shown to be beneficial in 

enhancing transdermal delivery of ketoprofen across human cadaver skin over 

conventional formulations such as gels or o/w and w/o creams.(Paolino, Ventura et al.

2002) Also incorporation of 10% ethanol in carbopol gels has been shown to enhance the 

partition coefficient of ketoprofen across fixll thickness porcine ear skin(Ceschel, Maffei 

et al. 2002). Active enhancement techniques such as iontophoresis, microneedles 

treatment and therapeutic frequency sonophoresis have also been investigated to enhance
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transdermal delivery of ketoprofen. Transdermal delivery of ketoprofen could be 

achieved in vivo in human subjects with cathodal iontophoresis at a current density of 

0.28 mA/sq.cm for 40 minutes(Panus P.C 1997). Similarly insertion of microneedles 

array coated with ketoprofen gel in male Sprague-Dawley rats for 10 minutes could 

achieve 1.86 fold and 2.86 fold increase in AUC and Cmax in comparison with application 

of ketoprofen gel alone.(So, Park et al. 2009). Sonophoresis is an alternative technique 

which can be used to effectively enhance transdermal permeation of drugs. This 

technique has been commonly used to assist delivery of topically applied anesthetics, 

counter irritants and anti-inflammatory agents. (Maruani, Boucaud et al.

2010). Additionally sonophoresis of histamine is being investigated as a positive control 

for allergy testing. (Maruani, Vierron et al. 2010)Therapeutic frequency sonophoresis (1 

MHz, 1.5 W/sq.cm) for 5 minutes in both pulsed and continuous mode has been shown to 

be beneficial for transdermal delivery of ketoprofen. Delivery with sonophoresis resulted 

in higher accumulation of ketoprofen in synovial tissue, which is the major site of 

inflammation in arthritis conditions(Cagnie B 2003). Acoustic cavitation has been 

identified as an important mechanism of action for sonophoresis mediated enhancement 

in transdermal delivery. Since cavitation is inversely proportional to the frequency of 

ultrasound, low frequency sonophoresis (20-100 KHz) has been more effective in 

enhancing transdermal delivery of small hydrophilic molecules as well as 

macromolecules. Hence, in this study we have employed low frequency sonophoresis as 

an enhancement technique assisting transdermal delivery of ketoprofen. Using this



77

enhancement technique, we have investigated the possibility of achieving significant 

permeabilization of skin using lower application times.

Sonophoresis was carried out at a constant frequency of 20 KHz and intensity of 

6.9 W/sq. cm. Ultrasound parameters tested for optimized drug delivery included 

ultrasound application time, coupling media used, duty cycle and distance of the 

ultrasound hom from skin.

Determination of minimum effective application time: It has been suggested that 

enhancement in skin permeability caused by sonophoresis depends on ultrasound 

parameters such as frequency, intensity and duration of ultrasound application. Since the 

instrument used in this study works at a constant frequency and intensity, it would be 

important to determine the optimum duration of ultrasound application to significantly 

enhance transdermal and topical delivery of ketoprofen. Mitragotri et al have shown that 

there exists a threshold dose of ultrasound energy below which sonophoresis would not 

cause a significant increase in skin conductivity. However, if the applied energy exceeds 

the threshold dose, skin conductivity and hence permeability would increase with 

increase in ultrasound energy. The total ultrasound energy applied during sonophoresis 

can be calculated as Energy = intensity x application time x duty cycle).(Mitragotri, 

Farrell et al. 2000) Increase in application time would thus, increase the total ultrasound 

energy delivered. The minimum effective application time would indicate a condition at 

which the threshold dose of ultrasound energy is delivered causing a significant 

enhancement in permeation of ketoprofen. Different ultrasound application times, 

ranging from 60 seconds to 4 hours (Singer, Homan et al. 1998; Terahara, Mitragotri et
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al. 2002; Weimann and Wu 2002; Alvarez-Roman, Merino et al. 2003; Merino, Kalia et 

al. 2003; Mutoh, Ueda et al. 2003; Lee, Snyder et al. 2004), have been used for 

enhancement of transdermal delivery. Permeation and skin extraction studies were 

performed to determine the minimum effective application time to enhance transdermal 

and topical delivery of ketoprofen, respectively. Application times of 0.5 minute and 1 

minute did not significantly enhance transdermal or topical delivery of ketoprofen over 

passive permeation. However 2 minutes of ultrasound application (20 KHz, 6.9 W/sq.cm, 

100% duty cycle) resulted in significantly higher transdermal delivery (Figure 13A, p < 

0.05). Permeation of ketoprofen increased from 74.87 ±  5.27 pg/sq.cm (passive delivery) 

to 491.37 ± 48.78 pg/sq.cm after 2 minutes of ultrasound pretreatment. Similar results 

were observed for skin extraction studies where the amount of drug accumulating in skin 

increased significantly (Figure 13B. p < 0.05) from 34.69 ± 7.25 pg following passive 

permeation to 212.62 ± 45.69 pg. An application time of 5 minutes is typically used in 

physical therapy studies for transdermal delivery of ketoprofen using therapeutic 

frequency sonophoresis. Low frequency sonophoresis can permit reduction in the 

application time to 2 minutes with a significant enhancement in intradermal and 

transdermal delivery of this drug.
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Figure 13. Effect of sonophoresis application time on transdermal and intradermal 
delivery of ketoprofen. (100% duty cycle, 1% SLS coupling medium, 0.3 cm distance 
between ultrasound hom and skin) (A): Permeation profile depicting transdermal delivery, 
(B): Skin accumulation depicting intradermal delivery. * indicates significant difference 
from other groups (p< 0.05)
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Effect of 1% sodium lauryl sulfate in coupling medium: It is known that addition 

of a surfactant such as sodium lauryl sulfate (SLS) to the coupling medium during 

sonophoresis can enhance drug delivery several fold over using sonophoresis alone. In a 

study by Mitragotri et al, treatment of porcine skin with 1% SLS alone, ultrasound alone 

(20 KHz, 10 W/sq.cm) and combination treatment resulted in an increase in mannitol 

permeability of 3 fold, 8 fold and 200 fold respectively over passive permeation 

demonstrating synergistic effect of sonophoresis-SLS treatment. (Mitragotri, Ray et al. 

2000). The mechanism of this synergistic enhancement has been studied using 

microscopy as well as using an aqueous pore pathway model. Paliwal et al have 

demonstrated increased occurrence of lacunar regions (imperfections in stratum comeum) 

after ultrasound treatment using transmission electron microscopy. Addition of 1% SLS 

resulted in an increase in dimensions of lacunar regions thereby increasing uptake of 

quantum dots in skin,(Paliwal, Menon et al. 2006) It is also claimed that SLS may be 

responsible for increasing pore radii in the non-LTR regions of sonophoresis treated 

skin.(Polat, Figueroa et al.) The aqueous pore pathway model suggests that sonophoresis- 

SLS treatment leads to more consistent skin perturbation in comparison to sonophoresis 

treatment alone. The combination treatment also results in more direct pathways being 

created in skin based on porosity to tortuosity ratio. Also, the treatment times required to 

achieve the same level of skin electrical resistivity were 5-12 times longer with 

sonophoresis alone compared to combination treatment.(Polat, Seto et al.) The synergistic 

effect of using SLS with sonophoresis has been typically tested using hydrophilic
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molecules. In this study we tested the effect of using 1% SLS as the coupling medium on 

transdermal permeation and intradermal accumulation of a moderately lipophilic 

compound, ketoprofen. Sonophoresis with 1% SLS enhanced transdermal delivery of 

ketoprofen significantly over sonophoresis with water as the coupling medium (Figure 

14A). Also, the accumulation of drug in skin significantly increased when sonophoresis 

was carried out with 1% SLS as the coupling medium (Figure 14B). Sonophoresis-SLS 

treatment resulted in 6.5 fold enhancement in permeation and 5 fold enhancement in skin 

accumulation over passive delivery. In comparison, sonophoresis treatment alone resulted 

in 3.8 fold and 1.4 fold enhancement in permeation and skin accumulation over passive 

delivery respectively. Sonophoresis-SLS treatment assisted enhancements in delivery of a 

moderately lipophilic molecule, ketoprofen were modest in comparison to the orders-of- 

magnitude enhancements observed for hydrophilic molecules. This may be due to short 

durations of ultrasound treatment used in this study protocol. However, addition of 1% 

SLS in the coupling medium significantly enhanced ketoprofen delivery over using 

sonophoresis treatment alone and this treatment regimen can be used to assist low 

frequency sonophoresis mediated delivery of moderately lipophilic molecules.
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delivery, (B): Skin accumulation depicting intradermal delivery. * indicates significant 
difference from other groups (p< 0.05). ** indicates significant difference from passive 
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Effect of duty cycle: The effect of pulsed application of ultrasound (50% duty 

cycle: 5 sec on 5 sec off) on transdermal permeation and intradermal accumulation of 

ketoprofen was investigated in comparison to continuous application (100% duty cycle). 

Pulsed ultrasound is known to avoid heating in the coupling medium and hence can be a 

more patient compliant sonophoresis regimen. In order to study the effect of duty cycle, 

the total time of ultrasound exposure was kept constant at 2 minutes. The pulsed 

treatment was carried out for a total time of 4 minutes, with ultrasound being active for 2 

minutes, in pulses of 5 seconds. The pulsed ultrasound treatment was equally effective as 

the continuous treatment in enhancing transdermal delivery of ketoprofen over passive 

permeation. No significant difference was observed in permeation of ketoprofen after 

continuous and pulsed ultrasound treatments. (Figure ISA , p > 0.05) Similar results have 

been obtained by Mitragotri et al where enhancements in skin conductivity values were 

found to be independent of duty cycle used.(Mitragotri, Farrell et al. 2000) However, skin 

extraction studies revealed that intradermal accumulation of ketoprofen was enhanced 

only with the continuous ultrasound treatment. {Figure 15B) A possible reason for this 

may be faster increase in temperature of the coupling medium (data not shown) seen with 

continuous ultrasound treatment as compared to pulsed treatment (Merino, Kalia et al.

2003) Another explanation that seems to support this phenomenon would be that pulsed 

ultrasound was used with a surfactant (SLS) in the coupling medium. When pulsed 

ultrasound is applied in presence of a surfactant, some of the cavitation bubbles have a 

tendency to dissolve back in solution.(Polat, Hart et al.) This would result in lower
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cavitation which may possibly lower permeability of deeper layers of skin reducing the 

amount of drug available to form a depot in skin layers.
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Figure 15: Effect of duty cycle on transdermal and intradermal delivery of ketoprofen (2 
minutes application time, 1% SLS coupling medium, 0.3 cm distance between ultrasound 
horn and skin). (A): Permeation profile depicting transdermal delivery, (B): Skin 
accumulation depicting intradermal delivery. * indicates significant difference from other 
groups (p< 0.05).
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Effect of distance between ultrasound horn and skin: The effect of distance 

between ultrasound horn and skin on sonophoresis assisted delivery of ketoprofen was 

investigated. Distances between horn and skin previously investigated range from zero tip 

displacement (horn in contact with skin) to 4 cm, with 0.3 cm to 1 cm distances typically 

used for low frequency sonophoresis. (Polat, Hart et al.)Permeation of ketoprofen (50% 

duty cycle, 1% SLS coupling medium) was inversely proportional to the distance 

between ultrasound hom and skin surface. Permeation decreased significantly when the 

distance between ultrasound hom and skin was increased from 0.3 cm to 0.6 cm (Figure 

16A, p < 0.05). Increasing distance between ultrasound hom and skin is known to reduce 

cavitation effects hence decreasing permeability.(Terahara, Mitragotri et al. 2002) Since 

continuous ultrasound was not used in this case, no significant difference was observed in 

skin accumulation of ketoprofen with increasing distance between ultrasound hom and 

skin (Figure 16B).
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Transepidermal water loss measurements: Transepidermal water loss (TEWL) can 

be used as an indicator of skin barrier function. The intact skin barrier (stratum comeum) 

maintains homeostasis by preventing loss of water from the body. Disruption of the 

barrier, caused by physical or chemical perturbation or due to a disease condition would 

increase loss of water across skin elevating the TEWL values.(Kalia, Alberti et al. 2000; 

Shimada, Yoshihara et al. 2008) TEWL can thus be used to estimate the extent of skin 

barrier disruption. In this study, TEWL values were used to predict the minimum 

effective application time required to enhance skin permeability using low frequency 

sonophoresis, Application times of 1 minute and 2 minutes were studied. TEWL 

increased significantly from a base value of 31.6 ± 0.12 g/m2hr to 69.5 ± 12.6 g/m2hr 

following sonophoresis for 2 minutes (100% duty cycle, water as coupling medium). 

Lower sonophoresis application time of 1 minute did not result in significant increase in 

TEWL from base value. This data (Figure 17) supports the results from the permeation 

study (Fig 12 A) confirming that 2 minutes is the minimum effective application time 

required to enhance transdermal delivery using low frequency sonophoresis. Since 

hydration of skin samples during sonophoresis can lead to overestimation of TEWL 

values, control experiments were performed where TEWL was measured after 1 and 2 

minutes of hydration. Hydration of skin did not increase TEWL in comparison to base 

value confirming that hydration caused by the coupling medium did not contribute to the 

elevated TEWL values after treatment with sonophoresis.
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Figure 17: Transepidermal water loss measurements following sonophoresis. Base value 
is the measurement on intact skin. * indicates significant difference from other groups 
(p< 0.05).

Visualization of dye permeation through sonophoresis treated skin: Confocal 

microscopy was used to visualize dye accumulation in skin treated with optimized 

conditions of sonophoresis (2 minutes, 100% duty cycle, 1% SLS coupling medium). 

Vertical sections of skin observed under confocal microscope indicate that sonophoresis 

enhanced permeation of the dye calcein into skin. In comparison to passive delivery of 

calcein (Figure 18A) higher accumulation of the dye was observed after sonophoresis 

treatment (Figure 18B). This data supports our findings that continuous application of 

ultrasound results in increased accumulation of molecules in skin layers. Thus, in
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addition to enhancing permeation of drugs through skin, sonophoresis under optimized 

conditions can potentially increase intradermal accumulation of molecules(Morimoto, 

Mutoh et al. 2005).

Figure 18: Confocal microscopy images of vertical sections of hairless rat skin depicting 
intradermal delivery of calcein. (A): following passive permeation (B) following 2 
minutes sonophoresis treatment (100% duty cycle, 1% SLS coupling medium, 0.3 cm 
distance between ultrasound hom and skin)

Conclusions

Low frequency sonophoresis with optimized parameters (2 minutes application, 

100% duty cycle, 0.3 cm distance between hom and skin, 1% SLS as coupling medium) 

could enhance transdermal and topical delivery of ketoprofen in comparison to passive 

delivery. Permeation, skin extraction and TEWL values indicated 2 minutes as the 

minimum effective application time for sonophoretic enhancement in transdermal and
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topical delivery. Permeation of ketoprofen was not affected by duty cycle. However 

increasing distance between ultrasound hom and skin decreased permeation. 

Sonophoresis assisted enhancement in topical delivery could be visualized by dye 

permeation studies. Overall, low frequency sonophoresis was an effective active 

enhancement technique enhancing transdermal and topical delivery of ketoprofen.



CHAPTER 6

INVESTIGATION OF PHYSICAL ENHANCEMENT TECHNIQUES 

ASSISTING INTRADERMAL AND TRANSDERMAL DELIVERY OF

KETOPROFEN

Abstract

The objective of this study was to investigate the use of physical enhancement 

technologies- therapeutic frequency sonophoresis and microporation for assisting 

intradermal and transdermal delivery of ketoprofen. Permeation studies were carried out 

in vitro on vertical Franz diffusion cells to quantify the amount o f ketoprofen delivered 

across skin after using the enhancement technologies. Permeation studies were followed 

by tape stripping studies to quantify the amount of drug deposited in the stratum comeum 

layer of skin and stripped skin extraction studies to quantify the amount of drug 

accumulated in epidermal and dermal layers. The formulation used for therapeutic 

frequency sonophoresis experiments was a 10% ketoprofen carbopol gel and that used for 

microporation experiments was a saturated solution of ketoprofen in 50% v/v propylene 

glycol having drug content of 3.5 mg/ml. Separate passive permeation control studies 

were carried out for both the enhancement methods. Therapeutic frequency ultrasound 

enhanced both intradermal and transdermal delivery of ketoprofen. Delivery increased 

with increase in the duration of ultrasound application. Microporation enhanced

91
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transdermal delivery of ketoprofen but did not result in enhanced drug accumulation in 

skin layers.

Introduction

Ketoprofen is a non-steroidal anti-inflammatory drug (NSAID) used in the 

treatment of rheumatoid arthritis and osteoarthritis. It is typically administered orally and 

has a maximum oral dose of 300 mg/day. Oral administration of ketoprofen however is 

associated with gastrointestinal side effects. Also the short half-life of this drug 

necessitates drug administration 3-4 times a day. Transdermal delivery of ketoprofen 

would this be a promising route o f administration for this drug which could bypass the 

gastrointestinal side effects and ensure continuous drug delivery. However, transdermal 

permeation is limited by the barrier properties of skin. Hence, we are investigating the 

feasibility of improving transdermal permeation as well as intradermal accumulation of 

ketoprofen with the use of physical enhancement technologies- therapeutic frequency 

sonophoresis and microporation.

Sonophoresis is the use of ultrasound energy to drive molecules into and across 

skin. Therapeutic frequency sonophoresis (1-3 MHz) is a commonly used technique in 

Physical Therapy procedures. The exact mechanism behind enhancement of transdermal 

delivery following sonophoresis is unknown. However, acoustic cavitation is thought to 

be the major mechanism resulting in reversible compromise of skin barrier leading to 

enhanced transdermal delivery. Acoustic cavitation implies formation of microbubbles in 

the coupling medium which oscillate in the presence of ultrasound energy. The expansion 

and collapse of these microbubbles on the surface of skin results in permeabilization of
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skin. Since acoustic cavitation is inversely proportional to ultrasound frequency, a lower 

frequency of 1 MHz was used for our studies.

Microporation implies creation of small micron sized channels in the stratum 

comeum which can assist transdermal delivery of molecules. Microporation can be 

carried out using microneedles as well as using thermal/radiofrequency ablation. 

Dissolving microneedles are needles made up of biodegradable materials such as sugars 

or polymers. These needles create microchannels in skin upon insertion and then dissolve 

in skin layers. The microchannels formed in the stratum comeum and believed to be 

hydrophilic in nature. In this study, we investigated transdermal and intradermal delivery 

of a moderately lipophilic molecule- ketoprofen using dissolving microneedles. The 

percentage of total dose delivered was calculated and the percentage distribution of the 

drug in delivered transdermally and intradermally using microneedles was calculated in 

comparison to passive permeation.

Materials and Methods

Materials

Ketoprofen was obtained from Sigma-Aldrich (St. Louis, MO, USA). Phosphate 

buffered saline, ethanol, acetonitrile, methanol, propylene glycol, potassium phosphate 

monobasic (KH2PO4) and ortho- phosphoric acid were purchased from Fisher Scientific 

(NJ, USA). 3M Transpore tape for tape stripping was obtained from 3M (StPaul, MN, 

USA). Centrifuge tubes for skin extraction studies were obtained from MedSupply
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Partners (Atlanta, GA). De-ionized water was used to prepare all solutions required in 

this study and for HPLC analysis.

Male CD Hairless rats were obtained from Charles River Laboratories 

(Wilmington, MA, USA). The rats were quarantined and housed in Mercer University 

animal facility. All animal procedures were carried out as per the protocol approved by 

Institutional Animal Care and Use Committee (IACUC) at Mercer University.

Methods

Formulations: The formulation used for therapeutic frequency sonophoresis 

studies was a carbopol gel containing 10% ketoprofen. Therapeutic frequency 

sonophoresis required a semisolid coupling medium for application of ultrasound on skin 

and the carbopol gel used served as a donor formulation as well as an ultrasound coupling 

medium. The formulation used for microporation studies was a saturated solution of 

ketoprofen in 50% v/v propylene glycol having a drug content o f 3.5 mg/ml. In each case, 

passive permeation studies were carried out as control experiments to understand the 

effect of using physical enhancement technologies to assist intradermal and transdermal 

delivery of ketoprofen.

Skin isolation and preparation: Hairless rats were euthanized using carbon dioxide 

asphyxiation and abdominal skin was isolated for in vitro studies. Freshly isolated full 

thickness skin was used for each experiment. After isolation, the subcutaneous fat 

adhering to the skin was carefully removed and the skin was cut into pieces of 

appropriate size for mounting on the receptor compartment of vertical Franz diffusion 

cells.
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Permeation studies: In vitro permeation studies were carried out using vertical 

Franz diffusion cells. Full thickness hairless rat skin was used for permeation studies. The 

Franz cells were cleaned and their receptor compartments were filled with receptor 

medium maintained at 37° C. The receptor medium comprised of 5 ml o f PBS (IX): 

ethanol (50:50 % v/v). Ethanol was added to the receptor solution to ensure sufficient 

solubility of ketoprofen to maintain sink conditions. Also passive permeation control 

experiments were performed each time to ensure that the increase in drug delivery was 

due to the physical enhancement technologies used.

The equipment used for sonophoresis was Richmar Therasound 3.5 operating at 

frequency of 1 MHz having a 2 sq.cm sound head. For the therapeutic frequency 

sonophoresis experiments, 10% ketoprofen gel was used as the donor formulation. This 

gel also acted as a coupling medium between the ultrasound hom and skin. The excised 

rat skin samples were maintained in a stretched position on a table top with the help of 

push pins and the ketoprofen gel was lightly spread on skin. Sonophoresis was then 

performed for duration of either 2, 5 or 10 minutes following which the gel was gently 

removed from skin surface with the help of kimwipes. The skin samples were then 

mounted on Franz cells such that the epidermal surface of skin now faced the donor 

compartment of the cells. Similar procedure was followed for passive delivery studies 

except that the skin samples were not subjected to ultrasound pretreatment.

Dissolving microneedles made of maltose were used for microporation. These 

needles had a length of 500 pm and have been reported to create microchannels in skin
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up to a depth of 160 pm. Microporation was carried out by treating skin samples with 

maltose microneedles with an insertion time of 1 minute. It could be observed that after 1 

minute of insertion the maltose microneedles completely dissolved in skin leaving no 

residue on the microneedle base. Microporated skin samples were then mounted on Franz 

cells such that the epidermal surface of skin now faced the donor compartment of the 

cells. The donor formulation consisted of saturated solution of ketoprofen in 50% 

propylene glycol containing 3.5 mg/ml drug. Donor formulation (300 pi) was placed in 

the donor compartments after mounting skin samples. Passive permeation studies were 

carried out as a control experiment.

The effective area of diffusion with this assembly was 0.64sq.cm. Receptor 

medium samples (0.5 ml) were withdrawn from the receptor compartments at 

predetermined time points over a period of 24 hours. The withdrawn volume of receptor 

medium was replenished at each time point by fresh receptor medium. All studies were 

carried out with three or more replicates (n>3). The samples obtained were analyzed by a 

stability indicating HPLC assay.

Tape Stripping: After the permeation study the skin surface was cleaned with 

receptor buffer and dried using kimwipes. 3M Transpore tapes were cut into 0.75 inch x 

0.75 inch squares. The tape strips were placed on skin samples. A  glass rod was rolled 

over the strips 20 times to ensure proper application. The tape strips were then removed 

quickly with forceps. This procedure was repeated 20 times to get 20 tape strips. The first 

5 tape strips were put individually into wells of a 6 well plate. Strips 6-10,11-15 and 16- 

20 were pooled and put into 3 wells respectively. Strips 1-5 were equilibrated with 1 ml
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receptor buffer overnight. The pooled strips were equilibrated with 2.5 ml of the buffer 

overnight. The equilibrated receptor buffer solutions were analyzed by HPLC.

Skin extraction: Skin extraction procedure was carried out to determine drug 

levels in skin. Skin samples were removed from Franz diffusion cells at the end of 

permeation experiments. The skin surface was thoroughly cleaned by dabbing it three 

times with Q-tips soaked in receptor medium. Kimwipes were used to dry the skin 

surface. After the cleaning procedure, skin samples were minced manually using a pair 

of scissors and added to centrifuge tubes. Extraction solvent (Methanol: water- 50:50 % 

v/v, 4 ml) was added to minced skin and extraction was carried out by overnight shaking 

on roller shaker (New Brunswick Scientific Co. Inc, NJ, USA). The tubes were then 

centrifuged to separate skin from the solvent and the supernatant extract was filtered and 

analyzed by a stability indicating HPLC assay. Recovery studies performed to and the 

average recovery value was 73.19%

Transepidermal water loss measurements: Transepidermal water loss (TEWL) can 

be used to predict the barrier properties of skin.(Shimada, Yoshihara et al. 2008) If the 

skin barrier is compromised, TEWL values are elevated.(Fluhr, Feingold et al. 2006). 

TEWL measurements were done in vitro on Franz diffusion cells using a closed chamber 

evaporimeter (Vapometer, Delfin Technologies Ltd., Kuopio, Finland) Skin pieces were 

subjected to ultrasound treatment for 2, 5 and 10 minutes using SLS as a coupling 

medium and 100% duty cycle. Immediately after treatment, skin was cleaned and 

mounted on the receptor compartment of Franz cells containing water as the receptor
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medium. Skin was allowed to equilibrate for a period of 30 seconds and TEWL 

measurements were then performed over the next 10 seconds.

Results and Discussion 

Therapeutic frequency sonophoresis seemed to significantly enhance transdermal 

delivery of ketoprofen in comparison to passive permeation. Sonophoresis (1 MHz, 100% 

duty cycle, 10 mins, 1.5 W/sq.cm) significantly enhanced transdermal permeation of 

ketoprofen from 84.98 ± 5.49 pg/sq.cm for passive permeation to 269.41± 10.56 

pg/sq.cm for sonophoresis {Figure 19). Increased transdermal delivery of ketoprofen was 

observed on increasing ultrasound duration.
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Figure 19. Permeation profiles of ketoprofen across hairless rat skin. Increase in 
permeation was observed with increased application times. * indicates significant 
difference from passive permeation



99

Stratum comeum drug levels increased from 44.47 ± 10.33 pg for passive 

delivery to 107.51± 2.62 pg for 10 minute ultrasound treatment. However, there was no 

significant difference in ketoprofen levels in the stratum comeum following 5 minute and 

10 minute ultrasound application {Figure 20).

100.00

10 min Passive

Figure 20. The amount of drug in stratum comeum increased with increase in application 
time. * indicates significant difference from passive

Drug levels in stripped skin samples increased from 6.08± 1.15 pg for passive 

delivery to 24.68± 5.28 pg for sonophoresis. However, there was no significant 

difference in ketoprofen levels in the stratum comeum following 5 minute and 10 minute 

ultrasound application {Figure 21).
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Figure 21. The amount of drug in underlying skin increased with increase in application 
time. * indicates significant difference from passive.

An increase in transepidermal water loss was observed on increasing the duration 

of sonophoresis. Transepidermal water loss value increased from a base value of 17.45± 

3.18 to 79.75 ± 6.01 following 10 minutes of sonophoresis indicating disruption of skin 

barrier function (Figure 22).
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Figure 22. Transepidermal water loss measurements. * indicates significant difference 
from base value

Microneedles significantly enhanced transdermal delivery of ketoprofen across 

hairless rat skin. However, they did not lead to an enhancement in intradermal 

accumulation of ketoprofen. The total amount of drug present in the donor compartment 

was 1.05 mg (300 pi of 3.5 mg/ml solution). The average amount of drug delivered in 

receptor, stratum comeum and underlying skin following passive permeation was 47.98 ± 

5.78, 43.86 ± 5.5 and 34.69 ± 12.5 pg respectively. Similarly, average amount of drug 

delivered in receptor, stratum comeum and underlying skin following microneedle 

treatment was 170.69±15.4,24.38± 4.9 and 39.81± 16.1 pg respectively (Figure 23). The 

percentage dose of ketoprofen delivered into and across skin following microporation and 

passive permeation was calculated as 22.37% and 12.05% respectively (Figure 24).
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Figure 23. Average amount of ketoprofen delivered transdermally (in the receptor 
compartment), in stratum comeum and in underlying hairless rat skin following 
microneedle treatment and passive permeation
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Figure 24. Percentage of total dose delivered into and across hairless rat skin following 
microneedle treatment and passive permeation.
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Percentage dose distribution of ketoprofen in different compartments indicated 

that microneedles served to change the kinetics of drug permeation resulting in maximum 

drug accumulation in the receptor compartment (Figure 25).
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Figure 25: Percentage distribution of the delivered dose in receptor, stratum comeum and 
underlying skin compartments following microneedle treatment and passive delivery.

Conclusion

Therapeutic frequency ultrasound enhanced transdermal and intradermal delivery 

of ketoprofen. Delivery increased with increase in duration of ultrasound application. 

Treatment with maltose microneedles could significantly enhance delivery of ketoprofen 

across skin with 72% of the total dose was delivered in the receptor compartment in 

comparison to 37% following passive permeation. Microporation however did not result 

in increased drug accumulation in skin layers.



CHAPTER 7

DEVELOPMENT OF MEDICATION DISPOSAL KITS FOR DEACTIVATION 

OF UNUSED/RESIDUAL OR EXPIRED MEDICATIONS

Abstract

The objective of these studies was to screen agents for their efficacy to deactivate 

the active pharmaceutical ingredient (API) - ketoprofen and to test the feasibility of using 

a carbon fabric containing disposal system for deactivation of transdermal patches of 

fentanyl (Duragesic®). Agents tested for their ability to safely dispose o f ketoprofen 

included oxidizing agent- sodium percarbonate, hydrolysis agent — sodium carbonate, 

adsorption agents- zeolite and activated carbon and a combination of activated carbon 

with either sodium percarbonate or sodium carbonate. Results from API deactivation 

studies suggested that activated carbon was the most efficacious agent for disposal of 

ketoprofen. Based on these results, a carbon fabric containing disposal system was 

designed for disposal of transdermal patches of fentanyl. The deactivation efficiency of 

this system was tested by two different protocols (condition 2 and condition 3 studies). 

The carbon fabric disposal system was effective for deactivation of transdermal patches 

of fentanyl. This disposal method resulted in > 90% deactivation of fentanyl content in 

Duragesic patches.
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Introduction

The use of medications including over the counter drugs, brands and generics has 

been constantly increasing. Safe disposal of unused and residual medications has been a 

concern. Food and Drug Administration (FDA) and White House Office of National 

Drug Control (ONDCP) have issued guidelines in February 2007 for safe disposal of 

drugs. These guidelines encourage consumers to actively participate in the take back 

programs initiated by state and county administration in accordance with the FDA. 

However since these programs may not be easily accessible to everyone an alternative 

method has been recommended. In this method the consumers have been instructed to 

mix the medications with undesirable substances like cat litter and coffee grounds 

contained in sealed pouches and dispose this mixture in regular trash. The undesirable 

substances would serve to discourage drug ingestion. It is recommended that disposal of 

controlled substances should be done in accordance with Controlled Substances Act and 

Drug Enforcement Agency (DEA) regulations. These agents cannot be a part of the take 

back programs unless supervised by a DEA supervisor and the recommended method of 

disposing them is flushing the residual medication down the drain to avoid the potential 

risk of accidental or intentional ingestion/overdose.

These disposal methods however do not have an impact on the activity of the drug. 

Medications mixed with cat litter and coffee grounds retain the active pharmaceutical 

ingredients (APIs) which can be abused. In addition to this, disposed drug residues are 

assimilated into environment and this has attracted the attention o f scientists and 

Environmental Protection Agency (EPA). Pharmaceutical wastes including hormones,



106

endocrine disrupting agents, antibiotics and prescription drugs have been detected at trace 

levels in surface level drinking water, some water supplies and waste water. Even though 

the amounts are not alarming, efforts to eliminate this concern are rising. Flushing the 

medication adds to existing list of contaminants, also the trashed drug residues are 

eventually disposed in landfill which increases the likelihood of them seeping into ground 

water supplies.

Transdermal patches typically retain significant amounts o f medication even after 

usage and hence provide a high potential for drug abuse. Effective deactivation of drugs 

in patches can be highly beneficial for preventing drug abuse as well as environmental 

contamination. It is important that transdermal patches of controlled substances such as 

fentanyl should be disposed of carefully. It is recommended that disposal of controlled 

substances should be done in accordance with Controlled Substances Act and Drug 

Enforcement Agency (DEA) regulations. These agents cannot be a part of the take back 

programs unless supervised by a DEA supervisor and the recommended method of 

disposing them is flushing the residual medication down the drain to avoid the potential 

risk of accidental or intentional ingestion/overdose. In this study a disposal system 

containing carbon fabric was developed for deactivation of transdermal patches. The 

deactivation efficiency of this system was tested by its ability to adsorb fentanyl from its 

transdermal patches (Duragesic®)

The objective of this study was to develop a drug disposal method that can be safe, 

environment friendly and convenient for consumers. We tested several agents for their 

efficiency to deactivate model drug- ketoprofen. The agents can be categorized as
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oxidizing agent (sodium percarbonate), hydrolysis agent (sodium carbonate) and 

adsorbtion agents (zeolite and activated carbon). These individual agents as well as their 

combinations were initially tested for their efficiency to deactivate ketoprofen. A disposal 

system containing carbon fabric was developed for deactivation o f transdermal patches. 

The deactivation efficiency of this system was tested by its ability to adsorb fentanyl 

from its transdermal patches (Duragesic®).

Materials and Methods

Materials

Active pharmaceutical ingredient: ketoprofen, black Ziploc pouches, sodium 

percarbonate, sodium carbonate, zeolite, activated carbons 1 and 2, Duragesic patches 

and MedsAway patch disposal systems were supplied by Verde Environmental 

Technologies Inc. (Burnsville, MN, USA). Acetonitrile, methanol, potassium dihydrogen 

phosphate, ortho- phosphoric acid, perchloric acid and eppendorf tubes were obtained 

from Medsupply Partners (Atlanta, GA). Sodium-1-decane sulfonate was obtained from 

Sigma-Aldrich (St. Louis, MO, USA).

Methods

Deactivation of API: ketoprofen: The procedure for deactivation of ketoprofen 

consisted of solubilizing the API in tap water and deactivating it using the protocol 

mentioned in the pouch study section.

Dissolution of ketoprofen: Ketoprofen was dissolved in tap water at a 

concentration of 0.25 gm drug per 100 ml water. Ketoprofen had to be solubilized by
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addition of a few drops of IN NaOH. The pH of the resultant ketoprofen solution 

obtained using NaOH solubilization was 10.

Pouch study: Individual deactivation agents as well as a combination of agents 

were investigated for deactivation of ketoprofen. Individual agents used for deactivation 

included oxidizing agent- sodium percarbonate, hydrolysis agent-sodium carbonate and 

adsorption agents-two types of activated carbons and zeolite. The two types of activated 

carbons used had molasses number (EUR) specifications of 180 and 150 and were 

designated as activated carbon 1 and activated carbon 2 respectively during the study. In 

addition to individual agents, deactivation of APIs using a mixture of percarbonate and 

activated carbons was also studied. Table 1 is the test matrix for the study listing all the 

deactivation conditions tested. The deactivation study was carried out by dissolving 

ketoprofen in tap water at a concentration of 0.25 gm drug per 100 ml. Ketoprofen 

solution (100 ml) was then added to black ziplock pouches containing predetermined 

amounts of deactivation agent/s. The pouches were sealed and placed upright (vertically) 

on a shaker. The pouches were shaken at a speed of 200 rpm for a period of 7 days. 

Samples (1 ml) were withdrawn from the pouches at 1 hour, 1 day and 7 day time points. 

Samples containing zeolite or activated carbons were filtered. All deactivation conditions 

were tested in duplicate. All the samples were analyzed by respective HPLC methods.
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Table 1: Test matrix for deactivation conditions

Sample

Carbon 

1 (gm)

Carbon 2 

(gm)

Va Percarbonate 

(gm)

Va Carbonate 

(gm)

Zeolite

(gm)
Drug

(gm) Deactivating agent

1 0 0 0 0 0.25 Control

2 0 3 0 0 0.25 Percarbonate

3 0 0 3 0 0.25 Carbonate

4 0 0 0 1 0.25

Zeolite

5 0 0 0 2 0.25

6 0 0 0 3 0.25

7 0 0 0 0 0.25

Carbon 1

8 0 0 0 0 0.25

9 0 0 0 0 0.25

10 1 0 0 0 0.25

Carbon 2

11 2 0 0 0 0.25

12 3 0 0 0 0.25

13 0 3 0 0 0.25

Carbon 1 + 

Percarbonate

14 3 3 0 0 0.25

Carbon 2 + 

Percarbonate
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Deactivation of transdermal patches of fentanyl: Deactivation o f transdermal 

patches was studied using Duragesic (fentanyl transdermal) patches having strength of 

12.5 pg/hr. Each patch contained a total of 2.1 mg of fentanyl. A control study was 

initially performed on untreated Duragesic patches to determine the time required to 

completely extract fentanyl from the patches. This was followed by deactivation studies 

where the efficiency of the transdermal disposal system (MedsAway™) was tested. Ail 

conditions were tested in duplicate. All samples were analyzed by a validated HPLC 

method.

Condition 1: Control: Condition 1 studies were performed to optimize the 

extraction time for subsequent deactivation tests. Release liners were removed from 

Duragesic patches and the backing membrane of the patches was stuck on to a double 

sided tape. The double sided tape with the patch was then placed adhering to the inner 

surface of a beaker (400 mL capacity) such that the ‘drug in adhesive’ side of the patch 

would be exposed to the contents of the beaker. Water (250 mL) and a stir bar were 

added to the beaker. The beaker was placed on a magnetic stirrer and stirred at a slow 

stirring speed without creating a big vortex. Sampling from the beaker was done at 1, 2,4, 

8,24, 48 and 72 hr time points. The samples were analyzed by HPLC and optimum 

extraction time was determined from the curve obtained. The experiment was performed 

in duplicates.

Condition 2: Deactivation efficiency measured by cutting the disposal system: 

Condition 2 studies were performed to measure the deactivation efficiency of the 

MedsAway disposal system. The MedsAway disposal system was a carbon fabric
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material 0.5 mm in thickness which was covered by a removable liner from one side 

{Figure 31). The disposal system was laid flat on a table top with the liner side of the 

system facing upward. The portion of the liner covering the black fabric material was 

removed. Similarly, release liners were removed from Duragesic patches and the patches 

were placed on the carbon fabric with adhesive (drug) side of the patches sticking to the 

carbon fabric. After placement of the Duragesic patch on the carbon fabric, the entire 

liner of the disposal system was removed and the disposal system was sealed with the 

fentanyl patch inside. The disposal system was then flipped over to the other side. The 

other side of the disposal system had five holes exposing the carbon fabric. Each of the 

five holes was held under a stream of running water to wet the carbon fabric. The 

disposal system was then placed in a zip lock bag for a deactivation period of 8,24 or 48 

hours. Following the deactivation period, the disposal system was cut into ~3 mm strips 

using a sharp pair of scissors. The cut contents of the disposal system were placed in a 

beaker containing 250 mL water and fentanyl was extracted from the system by constant 

stirring for a period of 24 h. At 24 h, a sample (1 ml) of the extraction solution was taken 

to determine the residual amount of fentanyl in the patch. The water in the beaker was 

then replaced by 250 ml of 30% ethanol solution and the extraction procedure was 

repeated for another 24 h. At the end of the experiment, another sample (1 ml) of the 30% 

ethanol solution was taken. Both samples were analyzed using a validated HPLC assay. 

Each experiment was performed in duplicates.
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Condition 3: Deactivation efficiency measured by extracting the patch from the 

disposal system: Condition 3 studies were also performed to measure the deactivation 

efficiency of the MedsAway disposal system. The Duragesic patches were sealed inside 

the disposal system and deactivation was carried out for a period o f 8 ,24,48 or 96 h. An 

additional study was carried out, only at the 24 h time point where the effect of thickness 

of the carbon fabric material was tested. Deactivation efficiency o f carbon fabric of 0.5 

mm thickness was compared to that of a carbon fabric of 1 mm thickness. Following the 

deactivation period, the disposal system was cut open and Duragesic patches were 

forcefully removed from the disposal system. The backing membrane side of these 

patches was stuck on a double sided tape and the tape was placed in a beaker such that 

the adhesive (drug) side of the patches was exposed to the contents of the beaker. The 

residual fentanyl content was extracted with 250 ml water for a 24 h followed by 250 ml 

of 30% ethanol solution for another 24 h. Samples (1 ml) of water and 30% ethanol 

solution were taken at the end of the respective extractions and analyzed by HPLC. Each 

experiment was performed in duplicates.

Quantitative analysis: Ketoprofen was quantified using isocratic elution on 

Alliance System (Water Corp, MA, USA) with a UV detector at 233 nm. The column 

used was Waters YMC ODS AQ C18 (250x4.6 mm). Mobile phase was composed of 

acetonitrile-water and phosphate buffer pH 3.5 (49%:43%:8% v/v). Standards were 

prepared in methanol-water (50:50% v/v) and concentration range from 0.1-50 pg/ml was 

analyzed. The injection volume was 50 pi and the flow rate of 1 ml/min was used.
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Fentanyl was quantified by isocratic elution on Alliance System (Water Corp, MA, 

USA) with a UV detector at 205 nm. The column used was Phenomenex Gemini NX Cl 8 

(150x4.6 mm, Phenomenex, Torrance, CA, USA). Mobile phase used was 0.2% (v/v) 

perchloric acid containing 10 mM sodium -1-decane sulfonate - ACN (60:40% v/v). 

Standards were prepared in water and concentration range from 0.1 -50 pg/ml was 

analyzed. The injection volume was 20 pi and the flow rate of 1 ml/min.

Results and Discussion 

Several individual agents as well as a combination of agents were tested for their 

ability to deactivate APIs. Pouch studies (7 day) indicated that the oxidizing agent 

sodium percarbonate and the hydrolysis agent sodium carbonate were not effective in 

deactivation of ketoprofen (Figure 26). The percentage decrease in the amount of 

ketoprofen observed at the end of 7 day deactivation study was 1.84% and 0.06% after 

treatment with sodium percarbonate and sodium carbonate respectively. Sodium 

percarbonate and sodium carbonate were investigated as oxidation and hydrolysis agents 

respectively for deactivation of 4 model compounds. (Data shown for only ketoprofen) 

Amongst these model compounds, ketoprofen, dexamethasone sodium phosphate and 

metformin hydrochloride were not deactivated to > 90% of the initial (control) amount. 

These agents however were effective in complete deactivation of the antibiotic- 

amoxicillin trihydrate (Data not shown). This indicates that these oxidation and 

hydrolysis agents can be potentially used in the treatment of wastewater containing 

antibiotics. Sodium percarbonate is a versatile oxidizing agent and has been used 

extensively in synthesis of organic compounds. It contains loosely bound hydrogen
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peroxide even in solid state and can easily liberate it in presence of water. Similarly 

sodium carbonate has been used to induce hydrolysis in several cases. Sodium 

percarbonate and sodium carbonate may not be effective as universal deactivating agents 

since several organic compounds may be resistant to oxidation and hydrolysis 

respectively. However they can be used alone or in combination with other disposal 

agents for deactivation of certain classes of compounds such as antibiotics.
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Figure 26. Effect of sodium percarbonate and sodium carbonate on deactivation of 
ketoprofen

Adsorption agents, zeolite and activated carbons were investigated for their ability 

to deactivate APIs. Zeolite was used in concentrations of 1,2 and 3 gm per 100 ml of 

drug solution. Zeolite mediated deactivation profile of ketoprofen suggests that
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increasing the amount of zeolite increased deactivation of ketoprofen. The percentage of 

ketoprofen deactivated was 36.73%, 61.33% and 80.64% after treatment with 1,2 and 3 

gm zeolite respectively at the end of 7 days (Figure 27). Increasing the time of contact 

between zeolite and ketoprofen solution did not increase deactivation. Most of the 

deactivation had taken place by the 1 hour time point. Zeolites are widely used as cation 

exchange resins for purification of water. Natural zeolites have been reported to be 

effective for removal of ammonium from greywater. The efficacy of adsorption of 

ammonium by zeolite was determined to be dependent on several factors such as zeolite 

concentration/loading, contact time, concentration of ammonium and pH. Increased 

ammonium removal was observed with increasing concentration of zeolite. Similar 

results have been obtained in our study where increased concentration of zeolite resulted 

in increased adsorption of ketoprofen. It was also reported that adsorption of ammonium 

by zeolite was faster in the initial 15 minutes of contact and then leveled off with 

increasing time. Results from our API deactivation studies also indicate similar findings 

where most of the deactivation was observed by the 1 h time point for ketoprofen.
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Figure 27. Effect of increasing amounts of zeolite on deactivation of ketoprofen

Adsorption with activated carbon 1 resulted in faster deactivation of ketoprofen in 

comparison to adsorption with zeolite. Most of the deactivation took place by the 1 hour 

time point {Figure 28). The percentage decrease in amount of drug detected at the 1 hour 

time point was 99.74%. Similarly, a total deactivation of 100% was observed at the end 

of 7 days.
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Figure 28: Effect of increasing amounts o f activated carbon 1 on deactivation of 
ketoprofen.

The deactivation profile of ketoprofen with activated carbon 2 was similar to that 

of activated carbon 1. However, adsorption with activated carbon 1 had resulted in faster 

deactivation of ketoprofen compared to adsorption with activated carbon 2. Most of the 

deactivation took place by the 1 day time point after treatment with activated carbon 2. 

This carbon deactivated a total of 99.26% ketoprofen by the 1 day time point and a total 

of 99.96% ketoprofen at the end of 7 days (Figure 29).
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Figure 29. Effect of increasing amounts of activated carbon 2 on deactivation of 
ketoprofen

Activated carbon or charcoal is known for its use in waste water treatment plants 

and as an anecdote to drug poisoning; it is classified into two types, granular activated 

carbon (GAC) or powdered activated carbon. Adsorption is defined as deposition of 

soluble particles from a liquid phase or gaseous phase onto the solid material. Zeolite and 

activated carbon used for deactivation studies are both adsorption agents however the 

results clearly show a difference in deactivation trend when comparing the two agents. 

This can be attributed to the presence of micropores in activated carbon which are
•y

designed to allow maximum surface area for adsorption ranging from 500-1500 g/m . 

Activated carbon surface shows presence o f three types o f pores- micropores (<2 nm), 

mesopores (2-50 nm) and macropores (>50 nm) based on IUPAC classification (Park et 

al). Adsorption efficiency of activated carbon is mainly due micropores which
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predominantly provide increased surface area and contribution of mesopores and 

macropores is minimal.

A combination of sodium percarbonate with the activated carbons was also 

investigated for deactivation of ketoprofen. Combination of these two agents was tested 

using equal proportions of both the agents at their highest concentration (3 gm sodium 

percarbonate + 3 gm activated carbon). The combination did not result in a synergistic 

increase in deactivation of ketoprofen. The presence of percarbonate did not result in 

increased deactivation as compared to using activated carbons alone. However with the 

percarbonate-carbon 2 combination, higher deactivation was observed at the 1 hour time 

point in comparison to using carbon 2 alone. At this time point, 91.31% of ketoprofen 

was deactivated with the combination of percarbonate and carbon 2 while treatment with 

carbon 2 alone resulted in 85.81% deactivation (Figure 30).
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Figure 30. Effect of combination of percarbonate and activated carbon on deactivation of 
ketoprofen
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The MedsAway disposal system containing a carbon fabric material was tested 

for its efficiency to deactivate transdermal patches of fentanyl (Figure 31). A  pictorial 

description of the deactivation procedure is shown in Figure 32.

Figure 31. Image of carbon fabric containing disposal system (MedsAway™ disposal 
system) for deactivation of transdermal patches

Figure 32: Pictorial description of protocol followed for potential deactivation of 
transdermal patches of fentanyl
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Results from condition 1 testing to determine the optimum extraction time 

suggested that most of the drug was released from the patches into the extraction medium 

by the 8 hour time point (Figure 33). However a total extraction period of 24 h was 

chosen as the optimum time for the convenience of carrying out deactivation experiments.

TJ
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Figure 33. Release profile of Duragesic patches in water

Pictorial descriptions of conditions 2 and 3, which were used to measure the efficiency of 

the disposal system are described in Figure 34.
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Figure 34. Pictorial descriptions o f the conditions tested to determine the deactivation 
efficiency of carbon fabric containing disposal system.

In condition 2 studies, the deactivation efficiency was tested by cutting the 

disposal system and extracting fentanyl in water and 30% ethanol for a period of 24 h 

each. The percentage fentanyl measured dropped to less than 10% of the control 

(condition 1) after deactivation for 8 h. A total of 5.47%, 6.93% and 4.73% of fentanyl in 

comparison to control was found remaining in the cut disposal system at the 8,24 and 48 

h time points respectively. Increasing deactivation of fentanyl was not observed with 

increasing time (Figure 35).



123

■ Water

■ 30% ethanol

Figure 35. Average amounts of drug remaining after condition 2 studies on Duragesic 
patches.

In condition 3 studies, the Duragesic patches were removed from the disposal 

system and fentanyl was extracted from the patches using water and 30% alcohol for 24 h 

each. Condition 3 testing revealed that higher amounts of fentanyl could be extracted 

from the patches when the patches were completely removed from the deactivation 

system. In this case, increased deactivation of fentanyl in the patches was observed with 

increasing the period of contact between patches and the disposal system. However, only 

30.22% of fentanyl was deactivated by the 48 h time point in comparison to control 

(condition 1). Therefore, an additional deactivation period of 96 h  was investigated after 

which the percent drug remaining in the system decreased to 9.47% of control suggesting 

efficient deactivation (Figure 36).
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Figure 36. Average amounts of drug remaining after condition 3 studies on Duragesic 
patches.

The effect of thickness of the carbon fabric disposal system on its deactivation 

efficacy was tested. The testing was carried out at the 24 h deactivation time point and 

carbon fabric thicknesses of 0.5 mm and 1 mm were tested. Results suggested that an 

increase in the thickness of the carbon fabric material improves the deactivation efficacy 

of the disposal system (Figure 37).
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Figure 37. Effect of thickness of carbon fabric material on its efficacy of deactivation of 
fentanyl. Increased thickness of carbon fabric resulted in increased adsorption of fentanyl 
on the fabric.

Conclusions

Ketoprofen was not susceptible to oxidation or hydrolysis by sodium percarbonate 

or sodium carbonate respectively. Ketoprofen was deactivated by adsorption agents- 

Zeolite and activated carbons. Activated carbon 1 was the most effective deactivating 

agent. Combination of percarbonate and activated carbon did not have a synergistic effect 

on deactivation of ketoprofen.

A carbon fabric containing disposal system was tested for deactivation of 

transdermal patches of fentanyl. The deactivation efficiency of the system was tested 

using two protocols (Condition 2 and Condition 3). Condition 2 test results demonstrate a 

rapid benefit via encapsulation with the deactivation layer. Even when destroying the 

system by cutting it into strips, by 8 hours only 1.6% of the fentanyl was recoverable in



126

the aqueous extraction, and only 3.9% was recovered in the ethanol extraction. Condition 

3 testing indicated that deactivation of > 90% fentanyl can be achieved in 96 h time 

period. In this case, increased deactivation efficiency was observed with an increase in 

deactivation period.Increased deactivation efficiency was observed on increasing the 

thickness of the carbon fabric material in the disposal system.



CHAPTER 8 

SUMMARY AND CONCLUSIONS 

The goal of this work was to investigate chemical and physical enhancement 

technologies to assist intradermal and transdermal delivery of drug molecules and to 

investigate the feasibility of development of kits for safe disposal of medications. The 

effect of using propylene glycol as a vehicle on topical delivery o f cimetidine was studied 

using intact and partially compromised porcine ear skin. Cimetidine was formulated as a 

saturated solution in propylene glycol and water (as control); and transdermal permeation 

as well as topical drug delivery was compared on treatment with the two formulations. 

Propylene glycol formulation resulted in significantly lower transdermal delivery of 

cimetidine compared to the water formulation across intact skin. In the partially 

compromised skin model, propylene glycol formulation demonstrated significantly lower 

permeation in comparison to the water formulation up to the 8 h time point. However, 

with an increase in the permeation time, similar extent of drug delivery was observed at 

the 24 h time point. Skin assay results suggested that propylene glycol formulation 

resulted in significantly higher accumulation of drug in stripped skin (viable epidermis 

and dermis layers) in both intact as well as compromised skin models.

The effect of different formulation vehicles on topical accumulation and 

transdermal permeation of calcein- a model hydrophilic drug molecule was also studied. 

Intact as well as compromised porcine ear skin were used as model membranes. The

127
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vehicles studied were, phosphate buffered saline (PBS), as the aqueous vehicle, PBS+ 50% 

propylene glycol and PBS+ 20% Transcutol. Similar permeation profiles were observed 

from all the three formulations across intact skin. However, it can be inferred that the 

degree of enhancement in permeation observed due to compromising the barrier function 

of skin, can be limited by the presence of propylene glycol and Transcutol in the 

formulation. The presence of these enhancers also resulted in an increase in accumulation 

of calcein in skin as observed by fluorescent microscopy.

Ketoprofen is a non-steroidal anti-inflammatory drug (NSAID) and is used in the 

treatment of rheumatoid arthritis and osteoarthritis. Since oral administration of the drug 

results in gastrointestinal side effects and the need of frequent dmg delivery, transdermal 

route was investigated as a potential alternative route of administration. The barrier 

properties of skin, however limit the transdermal permeation of ketoprofen. Hence, 

physical enhancement technologies- low-frequency sonophoresis, therapeutic- frequency 

sonophoresis and microporation were investigated to enable efficient transdermal 

delivery of ketoprofen. For low- frequency sonophoresis (20 KHz), different ultrasound 

parameters such as duration of sonophoresis, coupling medium, duty cycle and distance 

between ultrasound hom and skin were studied. Sonophoresis with optimized parameters 

(2 min application time, 1% sodium lauryl sulfate as coupling medium, 100% duty cycle 

and 0.3 cm distance between ultrasound hom and skin) significantly enhanced 

transdermal delivery of ketoprofen in comparison to passive permeation. Low- frequency 

sonophoresis with optimized parameters also resulted in enhanced intradermal delivery of 

ketoprofen compared to passive permeation. Similarly, therapeutic frequency
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sonophoresis (1 MHz) also resulted in enhanced intradermal and transdermal delivery of 

ketoprofen compared to passive permeation. It was observed that both intradermal and 

transdermal delivery increased with increase in the duration of application of therapeutic 

frequency ultrasound. Microporation of skin resulted in an increase in transdermal 

delivery of ketoprofen but did not enhance its accumulation in skin.

The feasibility of developing drug disposal kits for deactivation of active 

pharmaceutical ingredient- ketoprofen and transdermal patches o f fentanyl was 

investigated. Several agents including oxidizing agent- sodium percarbonate, hydrolysis 

agent- sodium carbonate, adsorption agents- zeolite and activated carbons and a 

combination of activated carbons with either sodium percarbonate or sodium carbonate 

were investigated for inclusion in disposal kits. Results suggested that activated carbon 

with a higher molasses number (suggestive of higher porosity) was the most effective 

agent for deactivation of ketoprofen. Based on these results, a carbon fabric containing 

disposal system was investigated for deactivation of transdermal patches of fentanyl- 

Duragesic®. This disposal system, with the optimized protocol, was effective in 

deactivation of > 90% drug content of the fentanyl patches.
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