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ABSTRACT

TRANSDERMAL DELIVERY AND DISPOSAL OF ROPINIROLE 
HYDROCHLORIDE
Under the direction of DR. AJAY K. BANGA 
Professor and Department Chair, Pharmaceutical Sciences 
Mercer University, Atlanta GA.

Transdermal delivery offers a feasible route of administration for therapeutic 

molecules; however the pathway through skin is restricted to passage of small moderately 

lipophilic compounds. Active transdermal delivery overcomes this barrier as well as 

allows controlled delivery through the skin. Parkinson’s disease foundation estimates that 

around 7-10 million of world population is affected by Parkinson’s disease. The objective 

of our study was to investigate effect of modulated current application using 

iontophoresis and microneedle mediated delivery on transdermal permeation of ropinirole 

hydrochloride, a parkinson’s agent which offers symptomatic relief. AdminPatch® 

microneedles and microchannels formed by them were characterized by scanning 

electron microscopy, dye staining and confocal microscopy. In vitro permeation studies 

were carried out using Franz diffusion cells and skin extraction was used to quantify drug 

in underlying skin. The results demonstrated that precise dose of ropinirole hydrochloride 

could be delivered using active transdermal techniques at a given time. Pharmaceutical 

world market is growing fast and the share of prescription drugs is estimated to reach 

around $900 billion by the year 2015; a constant concern which has been on rise recently

xiii



is the safe disposal of unused and expired medications. We performed experiments to 

safely dispose of ropinirole hydrochloride three other drugs belonging to different drug 

classes were studied for safe disposal using different agents; including dexamethasone 

(corticosteroid having anti-inflammatory and immunosuppressant properties), metformin 

(biguanide administered as oral antidiabetic) and amoxicillin trihydrate (P-lactum 

antibiotic). Several deactivation agents including sodium carbonate, percarbonate, 

zeolite and activated carbon were screened in specially designed pouches. 

Activated carbon showed encouraging results in case of all four drugs. Disposal and 

desorption studies were also performed on solid oral dosage forms- dexamethasone 

pills and amoxicillin capsules using activated carbons as adsorption agents. Results 

from these experiments confirmed the robustness of activated carbon since no drug 

was detected back in the solution. This study can be extrapolated to several compounds 

and can solve the impending problem of safely disposing unused/expired medications.
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CHAPTER 1 

INTRODUCTION

Parkinson’s disease foundation estimates that around 7-10 million of world 

population is affected by Parkinson’s disease (Parkinson's disease Foundation 2012). 

Diagnosis of the disease pathophysiology reveals degeneration of dopamine cells mainly 

in the substantia nigra region of the brain due to genetic or environmental factors and 

leads to progressive worsening of the motor functions (Warner and Schapira 2003; 

Schapira 2009). Parkinson’s disease is marked by symptoms such as tremor, 

bradykinesia, rigidity and postural instability which disrupt the daily life of a patient 

(Samii, Nutt et al. 2004; Mamikonyan, Siderowf et al. 2008). Levodopa is the first line of 

therapy in Parkinson’s disease and considered a ‘gold standard’ in the treatment regimen. 

However, as this disease worsens with time, long term therapy with levodopa gives rise 

to side effects like dyskinesia and fluctuation in motor responses (Obeso, Olanow et al. 

2000).

Ropinirole is a D2 receptor agonist and acts by dopaminergic stimulation of the 

central and peripheral receptors to offer symptomatic relief in Parkinson’s disease. 

Ropinirole hydrochloride is available as an oral tablet, both immediate and extended 

release, prescribed to alleviate the limitations of levodopa therapy (Im, Ha et al. 2003). 

The dose range administered to the patients increases from 0.25 mg up to 25 mg per day



as the disease progresses thus emphasizing one of the most integral aspects of 

Parkinson’s disease management i.e. dose titration (Adler, Sethi et al. 1997; Rascol, 

Brooks et al. 1998). Inter patient variability due to differences in age, sex and tolerance as 

well as intra patient variability resulting from constant neurodegeneration makes 

customized dosing regimens the most feasible approach (Levy 1998). Since patients are 

prescribed multiple oral medications, it makes compliance an important concern and 

stresses the need for a less frequent/prolonged administration (Nashatizadeh, Lyons et al. 

2009). Transdermal patches have been used previously for administration of Parkinson’s 

drugs since they allow prolonged delivery. However the goal of delivering a specified 

amount of drug remains incomplete. The unmet need for a controlled regimen for patients 

led us to focus on using active enhancement technique iontophoresis which can deliver 

ropinirole hydrochloride depending on the current applied.

A constant concern has been on rise regarding the safe disposal of unused and 

expired medications. It is found that up to 17 percent of prescribed medications can 

remain unused, and some of these can lead to abuse of prescription drugs or accidental 

intake of drug by children. It is important to address the environmental concern of 

increasing pharmaceutical waste in drinking water. A robust system needs to be designed 

for safe disposal of unused/expired medications. The materials used for safe disposal in 

this study have been chosen keeping in mind ease of consumer use and their 

environmental friendly nature.
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CHAPTER 2

LITERATURE REVIEW

Skin, the largest organ of the body covering 10% of body mass, offers an 

appealing alternative to the disadvantages associated with the conventional oral 

medications. Delivery through skin is, however, restricted by the stratum comeum, the 

uppermost layer of the multilamellar structure of the skin. This barrier is made up of 10- 

15 layers of dead keratinocytes and is typically 10-20 pm thick.(Guy, Kalia et al. 2000) 

The stratum comeum consists of keratinized cells incorporated in a lipid matrix forming a 

brick and mortar type of structure. It forms a major permeation barrier, limiting 

transdermal delivery to only small and moderately lipophilic molecules. In addition to 

this, the skin also presents an enzymatic barrier to the transdermal delivery of peptides 

and proteins. Both, epidermis and dermis layers of skin contain proteolytic enzymes 

which can degrade peptides and proteins. Endopeptidases such as elastases, collagenases 

and fibrinolysins, and exopeptidases such as carboxypeptidases and aminopeptidases, are 

some of the predominant enzymes affecting transdermal delivery of proteins.(Lampe, 

Burlingame et al. 1983; Elias 1991)

Delivery through skin can be classified into topical and transdermal; a topically 

active chug is meant to act locally whereas transdermal route aims at systemic delivery. 

The advantages offered by skin delivery include bypassing hepatic metabolism, avoiding
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side effects associated with oral delivery of drugs which act on skin, easy removal of 

medication in case o f overdose, sustained release of drug and patient compliance (Banga 

2011). Transdermal drug deliveiy is an active area of research which offers controlled 

delivery of drugs. The conventional approach to transdermal delivery involves use of 

patches for passive diffusion of the therapeutic agents across skin. A drug molecule will 

permeate into the skin if it has favorable physicochemical properties such as size less 

than 500 Da, is uncharged and is moderately lipophilic i.e. has a logarithm of partition 

coefficient (log P) between 1-3. A molecule will permeate via one of the three established 

pathways into/through the skin i.e. transcellular, intercellular and transappendageal 

routes. Passage of drug molecule through keratinocytes (i.e. cells in epidermis) is called 

the transcellular route whereas passage via the lipid matrix is called the intercellular 

route. Transappendageal route is across hair follicles, sweat glands and sebaceous glands 

(Banga 2011).

As mentioned earlier the robustness of the stratum comeum barrier prevents the 

entry of large and hydrophilic therapeutic agents through the skin. Extensive research has 

been conducted to enable delivery through the skin which has led to use of different 

methods including penetration enhancers and active enhancement techniques like 

iontophoresis, electroporation, phonophoresis,microporation, laser ablation and 

radiofrequency ablation (Banga 1998; Denet, Vanbever et al. 2004; Mitragotri and Kost 

2004; Banga 2009). Chemical penetration enhancers work by disrupting the membrane 

structure of the skin; this has prevented their widespread approval and use due to 

concerns regarding long term effects. Physical enhancement techniques have emerged as 

an effective way of delivering hydrophilic and macromolecules therapeutic agents. Most
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of these methods have an impact on stratum comeum, the main barrier to protein and 

peptide delivery, leaving the subsequent skin layers intact. The use of active technology 

also allows a good control on the amount of drug delivered by manipulation of different 

parameters. (Benson and Namjoshi 2008). Physical enhancement techniques currently 

investigated for transdermal delivery include iontophoresis, sonophoresis, 

electroporation, microporation (mechanical, thermal), laser ablation and radio frequency 

ablation.

Iontophoresis (.Figure 1) is an active enhancement technique where low current 

intensities are applied to the skin for topical or transdermal delivery of charged or neutral 

molecules. It works on the principle of electrorepulsion i.e. like repels like and 

electroosmosis where neutral molecules are transported from anode to cathode along with 

the bulk solvent flow (Banga 1998; Pikal 2001; Kalia, Naik et al. 2004). A programmed 

iontophoretic system can allow precise and controlled delivery of therapeutic agent along. 

Transdermal delivery of dopamine agonists like ropinirole hydrochloride, apomorphine, 

rotigotine and 5-OH-DPAT using iontophoresis has been studied due to the advantages 

offered by this technique (van der Geest, Danhof et al. 1997; Luzardo-Alvarez, Delgado- 

Charro et al. 2001; Nugroho, Li et al. 2004; Nugroho, Li et al. 2004; Nugroho, Li et al. 

2005; Vemulapalli, Yang et al. 2011). Therapeutic levels of drug are achieved when 

current is applied however the level decreases in the post iontophoretic phase. However 

modulation of the current applied can help in delivering the required dose and thereafter 

maintaining it based on the disease progression of the patient.
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Donor Formulation Active
Electrode

Figure 1. Schematic depicting the mechanism of iontophoresis; charged drug 
molecules are propelled when the formulation is placed at electrode carrying same charge 
(electrorepulsion)

Microneedle mediated transdermal delivery is a minimally invasive technique 

used for hydrophilic and large molecular weight compounds (Figure 2) (Prausnitz 2004). 

Different methods and fabrication techniques have been described in literature for 

fabrication of microneedles made from materials like stainless steel, glass, polyethylene 

glycol, carboxymethyl cellulose and maltose to name a few, as the type used depends on 

the application (Singh, Kalluri et al. 2012). Length and density of pores are important 

parameters which determine the efficiency of microchannel formation as well as the 

safety concerns. Microchannels remain open up to duration of 72 hours under occluded
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conditions in vivo and this can be helpful for delivering drug for prolonged duration at 

the microporated site (Kalluri and Banga 2011). Combination of iontophoresis and 

microneedles has been investigated and encouraging results have been reported for large 

molecular weight compounds (Wu, Todo et al. 2007; Katikaneni, Badkar et al. 2009).

T O

Formulation

T O -  ™ Y W

V

Stratum
comeum

Viable
Epidermis

Dermis

Figure 2. Schematic explaining the different strategies of delivering drugs 
through the skin using microneedles; a) solid metal microneedles are used to create pores 
on skin after which a patch is applied on the same site, b) dissolving microneedles can 
either encapsulate the drug and then release it over a period of time or stratum comeum 
barrier is disrupted using a blank microneedle followed by application of a patch, c) solid 
microneedles can be coated with the therapeutic agent, the drug is released over a period 
of time from the microneedles placed on the skin, d) hollow microneedles deliver die 
drug through a bore situated at the tip of microneedle in form of infusion.
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Ropinirole hydrochloride is a non-ergoline dopamine receptor agonist which 

helps in symptomatic relief for early stage Parkinson’s (Sethi, O'Brien et al. 1998). The 

mechanism of action of ropinirole is hypothesized to be by stimulation of postsynaptic 

dopamine D 2 -type receptors in the caudate-putamen in the brain. Ropinirole 

hydrochloride helps in delaying the onset of motor complications associated with 

Parkinson’s (Schrag, Keens et al. 2002). It is used as an adjunct to the levodopa therapy 

in most cases. Currently ropinirole hydrochloride is marketed as Requip, an extended 

release tablet by Glaxo SmithKline for treating Parkinson’s disease as well as restless leg 

syndrome. The tablet is available in multiple doses due to worsening of the disease with 

time and requires physician assessment at regular intervals to ensure correct dosing. Our 

studies were performed with the feasibility and rationale of delivering precise and 

controlled amount of ropinirole hydrochloride over a given period of time.

Pharmaceutical world market is growing fast and the share of prescription drugs 

is estimated to reach around $900 billion by the year 2015 (Global Industry Analysts 

2009). This emphasizes the increasing use of medications including over the counter 

drugs, brands and generics. A constant concern which has been on rise recently is the safe 

disposal of unused and expired medications. It is found that up to 17% of prescribed 

medications can remain unused (Disposal 2013), these can have severe resulting 

implications like abuse of prescription drugs or accidental intake of drug by children. 

Dosage forms like transdermal patches can have up to 70-80% of drug remaining even 

after use. Abuse of prescription and over the counter drugs among teenagers (one in five) 

is only second to marijuana and these are in most cases obtained from a friend or relative.
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Food and Drug Administration (FDA) and White House Office of National Drug 

Control Policy (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. On 

similar lines Secure and Responsible Drug Disposal Act 2010 was passed to help the 

consumers dispose their unused medications in a safe way. 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. However 

these programs may not be easily accessible to everyone; an alternative method has been 

recommended in which 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. 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 (Administration 2013). In 

addition to this disposed drug residues are assimilated into environment and this has 

attracted the attention of scientists and Environmental Protection Agency (EPA). 

Pharmaceutical wastes including hormones, endocrine disrupting agents, antibiotics and 

prescription drugs have been detected at trace levels in surface level drinking water, some 

water supplies and waste water (Nikolaou, Meric et al. 2007; Snyder, Adham et al. 2007).
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Even though the amounts are not alarming, efforts 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. In the experiments performed as a part of this thesis, 

in addition to ropinirole hydrochloride three other drugs belonging to different drug 

classes were studied for safe disposal using different agents; including dexamethasone 

(corticosteroid having anti-inflammatory and immunosuppressant properties), metformin 

(biguanide administered as oral antidiabetic) and amoxicillin trihydrate (P-lactum 

antibiotic).
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CHAPTER 3

CONTROLLED DELIVERY OF ROPINIROLE 

HYDROCHLORIDE THROUGH SKIN USING MODULATED 

IONTOPHORESIS AND MICRONEEDLES

Abstract

The objective of this study was to investigate effect of modulated current 

application using iontophoresis and microneedle mediated delivery on transdermal 

permeation of ropinirole hydrochloride. AdminPatch® microneedles and microchannels 

formed by them were characterized by scanning electron microscopy, dye staining and 

confocal microscopy. In vitro permeation studies were carried out using Franz diffusion 

cells and skin extraction was used to quantify drug in underlying skin. Effect of 

microneedle pore density and ions in donor formulation was studied. Active enhancement 

techniques, continuous iontophoresis (74.13 ± 2.20 pg/sq. cm) and microneedles (66.97 ± 

10.39 pg/sq.cm), significantly increased the permeation of drug with respect to passive 

delivery (8.25 ± 2.41 pg/sq. cm). Modulated iontophoresis could control the amount of 

drug delivered at a given time point with the highest flux being 5.12 ± 1.70 pg/sq.cm/h
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(5-7 hours) and 5.99 ± 0.81 pg/sq.cm/h (20-22 hours). Combination of modulated 

iontophoresis and microneedles (46.50 ± 6.46 pg/sq.cm) showed significantly higher 

delivery of ropinirole hydrochloride compared to modulated iontophoresis alone (84.91 ± 

9.21 pg/sq. cm). Modulated iontophoresis can help in maintaining precise control over 

ropinirole hydrochloride delivery for dose titration in Parkinson’s disease therapy and 

deliver therapeutic amounts over a suitable patch area and time.

Introduction

Transdermal route of delivery bypasses first pass metabolism (bioavailability of 

ropinirole is 50%) and can achieve stable plasma levels when applied once daily. 

Rotigotine, another dopamine agonist, which is formulated as a patch for passive delivery 

offers the advantage of once daily use and prolonged effect (Kim, Jeon et al. 2011; 

Sanford and Scott 2011); also a patch can be withdrawn at the occurrence of side effects 

like nausea, dizziness, hallucinations and orthostatic hypotension associated with 

peripheral receptor stimulation of ropinirole hydrochloride (Schrag, Brooks et al. 1998; 

Pahwa, Stacy et al. 2007). However like oral administration a patch formulation limits the 

use to specified doses and does not allow the physician to make adjustments to the dose 

tailored to the needs of a patient’s condition.(Uchida, Takagi et al. 2012)

In this study the enhancement of transdermal permeation of ropinirole 

hydrochloride across porcine ear skin model using iontophoresis and microneedles was 

investigated. Continuous iontophoresis (4 hours) and its combination with microneedle
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were also studied. However the main objective was to see if a predictable dose could be 

delivered if the duration of iontophoresis was modulated i.e. 4 hours were split into 2 

hour application time at two intervals. Modulated iontophoresis (Figure 3) was thus 

applied and the control over delivery of drug delivered at a given time point was 

assessed.

Oh 4 h

Continuous 4 h Iontophoresis
24
h

Oh 2 h 5 h  7 h  
Modulated Iontophoresis

24
h

Figure 3. Schematic illustrating the application pattern of continuous vs. 
modulated iontophoresis

We also studied the effect of combination of modulated iontophoresis and 

microneedle combination on the delivery profile of the drug at later time points. Although 

other studies in literature have used iontophoresis for delivery of anti-parkinson’s agents
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this is the first study which uses modulated iontophoresis and its combination with 

microneedles to achieve the desired delivery at a given time point in accordance with the 

dose titration requirement. Effect of microneedle pore density and presence of ions in 

solution on delivery of ropinirole hydrochloride delivery were also studied. Skin 

extraction method was used to quantify drug in underlying skin.

Materials

Ropinirole hydrochloride was obtained from Hangzhou Uniwise International Co. 

Ltd, China. AdminPatch® array 600 pm microneedles (1 sq. cm patch area) were 

purchased from AdminMed. Tyndall microneedles were provided by Cork Institute 

Ireland. Sodium chloride, sodium phosphate monobasic, sodium phosphate dibasic and 

ammonium acetate buffer were obtained from Fisher Scientific (Pittsburg, PA, US). 

Acetonitrile and centrifuge tubes for skin extraction studies were obtained from 

MedSupply Partners (Atlanta, GA, US). Silver wire and silver chloride used for preparing 

iontophoresis electrodes were obtained from Sigma Aldrich (St. Louis, MO, US). 3M 

Transpore™ tape for tape stripping was purchased from 3M (St. Paul, MN, US). Calcein 

(Fluoresoft®-0.35%) used for imaging micropores was obtained from Holies 

Laboratories, Inc. (Cohasset, MA, US). Methylene blue used as the hydrophilic dye for 

characterizing micropores was obtained from Eastman Kodak Co. (Rochester, NY, US). 

Fluospheres®(0.2 pm) for confocal imaging studies was purchased from Invitrogen™ 

(Carlsbad, CA, US). All the solutions used in this study and HPLC solvents for analyses 

were prepared using de-ionized water. Porcine ears were obtained from slaughter house.
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Methods

Skin preparation: Porcine ear skin was freshly excised, cleaned thoroughly stored 

at -80°C until further use. On the day of experiment skin was thawed to room 

temperature, thoroughly cleaned with de ionized water to remove subcutaneous fat and 

hair was carefully cut using scissors. Skin pieces were cut into required sizes and 

mounted onto vertical Franz diffusion cells.

Microneedle insertion: A custom made syringe applicator was used for 

microneedle insertion into the skin to help in uniform insertion of 1 sq. cm. AdminPatch® 

was fixed onto the plunger of a 5 ml syringe; the barrel provided an easy grip on the 

entire assembly. Skin was stretched and microneedle was inserted for 1 min prior to a 

study.

Characterization of microneedle dimensions and microchannels created by 

AdminPatch® and Tyndall microneedles: Dimensions of AdminPatch® and Tyndall 

microneedles were confirmed using a Hitachi S-3700N variable pressure scanning 

electron microscope (Hitachi High-Technologies, Maidenhead Berkshire, UK). 

Microneedle array was placed in an emission field SEM with an accelerated voltage of 15 

kV. Images were taken from various distances and angle to measure the microneedle 

height and tip sharpness. Microporated skin was treated with hydrophilic dyes methylene 

blue and calcein to visualize pores created by both the microneedles. Microneedles were 

inserted into the skin pieces using a custom made applicator. Methylene blue solution 

(1% w/v solution of water) and fluorescent dye calcein were placed onto the 

microporated skin for duration of 1 min. Methylene blue dye was removed from the skin 

using kimwipes and alcohol swabs. Proscope HR video microscope (Bodelin
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Technologies, Oregon, US) was used to capture images of the stained micropores. For 

calcein dye, the skin was cleaned with kimwipes to remove excess dye and images were 

immediately taken using a fluorescent camera (Nikon camera integrated with a macrolens 

and 525 nm long pass filter). The images from calcein dye studies were further analyzed 

by Fluoropore software which measures fluorescent intensity around each pore and 

calculates a value called as pore permeability index (PPI). Confocal microscopy was 

performed to measure the depth of microchannels formed by AdminPatch® microneedles. 

Porcine ear skin was microporated followed by application of FluoSpheres® for 40 sec. 

Excess solution was cleared by kimwipes, the skin piece was mounted onto a slide and 

observed under Zeiss confocal microscope. Images were obtained using X-Z sectioning at 

excitation/emission wavelength o f495/515 nm, respectively.

Preparation of electrodes: Silver wire was manually coiled into circles and used as 

anode. Silver chloride coated onto a thin silver wire served as the cathode. To briefly 

describe this procedure, silver chloride was melted by heating in a crucible. Silver wire 

was coiled at one end and dipped into the solution to ensure sufficient and uniform 

coating over the surface.

Permeation studies: In vitro studies (n>3) were carried out on rat abdominal 

skin/porcine ear skin using vertical Franz diffusion cells. The receptor compartment was 

washed prior to each experiment and filled with 5 ml phosphate buffered saline (50 mM) 

which was used as the receptor buffer. Skin samples for passive and iontophoresis 

treatment were mounted onto the Franz diffusion cells (effective surface area of 0.64 

cm2) such that the dermal side faced receptor compartment and donor was placed on the 

epidermal side. For microneedle and combination studies skin samples were



microporated according to the procedure mentioned and then mounted onto the Franz 

cells in a manner similar to passive and iontophoresis. Donor cells were placed on the 

skin and the entire assembly was maintained together using clamps. Donor formulation 

(500 pi) was then placed on the skin surface. Donor formulation consisted of 1 mg/ml 

solution of ropinirole hydrochloride in phosphate buffer and 75 mM sodium chloride. 

Anodal iontophoresis was used for studying iontophoretic delivery of ropinirole 

hydrochloride across skin. Silver wire coil (anode) was immersed in the donor 

compartment and it was ensured that the coil did not touch skin surface and sides of 

donor compartment. Silver chloride wire (cathode) was placed in the receptor chamber 

arm. Current supply (Keithley Instruments, Cleveland, OH, USA) was maintained at 0.2 

mA/sq. cm for a total duration of 4 hours however the time points of current application 

were varied for continuous vs. modulation experiments. For combination studies, 

microporated skin was first mounted onto Franz diffusion cell; donor was placed on the 

skin surface followed by application of anodal iontophoresis. Passive permeation study 

was performed on untreated skin as a control for enhancement using active techniques 

iontophoresis and microneedles. Samples were withdrawn from receptor compartment 

(500 pi) at predetermined time point and equal volume of fresh receptor buffer was added 

immediately. Samples were analyzed on the using a validated HPLC assay.

Continuous vs. modulated iontophoresis: Iontophoresis was applied for a total 

duration of 4 hours however the pattern of application was changed. Continuous 

iontophoresis was applied at a stretch from 0-4 hours. Modulated iontophoresis was 

applied in intervals, from 0-2 hours followed by 3 hours of passive diffusion and then 

again from 5-7 hours. Samples were taken up to 24 hours and passive diffusion of
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ropinirole hydrochloride through the skin post iontophoresis was also studied. In another 

experiment modulated iontophoresis was applied from 0-2 hours and 20-22 hours and 

sampling was carried until 32 hours.

Effect of microneedle pore density: Skin was microporated with microneedles one 

time, two times and three times over the same area (0.64 cm2) to study the effect of 

increasing pore density on deliveiy of ropinirole hydrochloride, when using microneedles 

alone. The effect of increasing pore density was also studied for combination approach 

where skin was microporated once and twice followed by application of iontophoresis 

over the same area.

Effect of ions in solution: Donor formulations consisting of phosphate buffer (50 

mM) and distilled water were compared for studying the effect of ions on iontophoresis 

mediated delivery of ropinirole hydrochloride. Sodium chloride (75 mM) was added to 

both donors. pH of the donors was noted using a MI-410 combination pH electrode 

(Microelectrodes, Inc., NH, USA).

Skin extraction: Drug present in the underlying skin was quantified using a skin 

extraction assay. Following permeation study the donor formulation was pipetted from 

the skin surface. The mounted skin was cleaned using Q-tips and receptor solution three 

times to ensure removal of excess donor formulation. The skin piece was then dabbed 

with kimwipes to dry the remaining moisture. The permeation area was then tape stripped 

with 3M Transpore tape one time to clean any excess formulation resulting in 

overestimation of ropinirole hydrochloride. Skin pieces were then minced using a pair of 

scissors into centrifuge tubes. Extraction solvent (3 ml of distilled water) was added to
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each centrifuge tube and the samples were sonicated for 20 minutes. Overnight extraction 

was carried out by placing the samples on a roller shaker (New Brunswick Scientific Co. 

Inc., NJ, USA) at a speed of 200 rpm. Samples were again sonicated for 20 minutes the 

next day followed by centrifugation of the tubes to separate the supernatant extract from 

skin pieces. The extract was filtered, diluted as required and analyzed using HPLC 

method.

Recovery studies: Extraction efficiency was determined in vitro in porcine ear 

skin using recovery study. Ropinirole hydrochloride standard solutions (200 pg/ml, 500 

pg/ml and 1000 pg/ml) were made and 50 pi of each solution was injected into porcine 

ear skin (n=3). Injected samples were incubated for 4 hours and the skin extraction 

procedure mentioned in detail above was followed. Amount of drug extracted was 

quantified using a standard curve and the extraction recovery was found to be 78.45 ± 

4.56%. This recovery value was used when quantifying drug for underlying skin samples 

from in vitro permeation experiments (total amount of drug calculated from HPLC 

quantification was divided by 0.7845 to accurately predict drug in underlying skin).

Quantitative analysis; Ropinirole hydrochloride was quantified using high 

performance liquid chromatography by using modified assay from literature. Analysis 

was performed on Perkin Elmer System (Waltham, MA, US) with a UV detector 

operating at 245 nm. The column used was Phenomenex Gemini-NX 5 p C18 110A; 250 

x 4.6 mm. Mobile phase consisted of ammonium acetate buffer, 50 mM pH 7.8: 

acetonitrile (50:50%, v/v). Isocratic elution was performed at flow rate of 0.6 ml/min 

after injecting 10 pi o f sample. The total run time was 7 min and the retention time of
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ropinirole hydrochloride was around 5 min. Standards were prepared in the range of 0.1 

pg-100 pg and the assay was sensitive to detection within this range.

Statistical Analysis: Statistical significance was determined using analysis of 

variance (ANOVA) and Student’s t-test. Tukey’s honestly significant difference post hoc 

test was performed for specific comparison.

Results

Characterization of microneedle dimensions and microchannels created by 

AdminPatch® and Tyndall microneedles: Length of Tyndall and AdminPatch® 

microneedles arrays was reaffirmed by SEM imaging. Furthermore, methylene blue 

staining indicated the formation of hydrophilic channels which enable permeation of the 

dye. Calcein imaging and pore permeability index validated the results from methylene 

blue study and the uniformity of pores was established. Pore permeability index helps in 

understanding the reproducibility of pores with respect to each other as this will 

determine the flux through them and hence amount of drug delivered through the skin.

Images were analyzed using the Fluoropore software (Figure 4d) for uniformity 

of calcein distributed around each pore by designating each pore a number called as PPI. 

The mean value of PPI calculated for a total of 116 pores was 23.6 ± 11.08. The 

histogram (Figure 4e) depicts the narrow distribution of PPI values for the uniformly 

created micropores with the mean lying around 23.6.
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Confocal microscopy was performed to visualize the depth of microchannels 

formed by tracing the path of Fluospheres® which were placed on the porcine skin 

following treatment with microneedles. Skin surrounding the microporated area served as 

a control since no diffusion of particles was seen through these regions. Figure 4 f  shows 

an image of the pore on the surface of the skin and the subsequent pathway taken by the 

microparticles through the microchannels up to an average depth of 160 ± 25 pm. 

AdminPatch® microneedles with a length of 600 pm thus created microchannels which 

could reach a depth of 160 ± 25 pm in the skin.
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Figure 4. Characterization of microneedles and microchannels created by them, a, 
b and c show scanning electron microscopy images of Tyndall (280 um and 300 um) and 
AdminPatch9 (600 um) as well as skin stained by methylene blue dye indicating creation 
of micropores by microneedles; however the surrounding skin (with intact barrier 
function) was unstained. Figure 4 d  and e depict pore permeability index analysis for 
AdminPatch9 microneedles using calcein imaging. Figure 4 f  traces the length of 
microchannel and its depth with confocal imaging.

Passive vs. Active Enhancement Techniques: In this study, the effect of active 

enhancement techniques on delivery o f ropinirole hydrochloride through porcine ear skin 

was investigated. Rat abdominal skin model was chosen for investigating effect of 

Tyndall microneedles. A two fold increase in permeation was seen as compared to 

passive delivery. Similarly permeation study was conducted for AdminPatch9
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microneedles using porcine ear skin model, which resembles human skin more closely. 

The results demonstrated an 8 fold increase in transdermal delivery of ropinirole 

hydrochloride through microporated skin compared to passive diffusion {Figure 5A).

Platinum  co a ted  MN 
(280 nm)

Figure 5A. Effect of active enhancement technique, microneedles, on transdermal 
delivery of ropinirole hydrochloride; two fold increase with respect to passive delivery 
was achieved by Tyndall microneedles, * indicates significant difference from other 
groups (p<0.05).
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Figure 5B. Effect of active enhancement technique, microneedles, on transdermal 
delivery of ropinirole hydrochloride; AdminPatch® microneedles resulted in eight times 
higher amount of ropinirole hydrochloride compared to passive. * indicates significant 
difference from other groups (p<0.05).

Delivery through intact skin i.e. passive permeation served as a control. 

Transdermal delivery of ropinirole hydrochloride increased significantly from 8.25 ± 2.41 

pg/sq. cm for passive delivery to 74.13 ± 2.20 pg/sq. cm and 66.97 ± 10.39 pg/sq. cm for 

continuous iontophoresis (0.2 mA/sq. cm for 4 hours) and AdminPatch® microneedles 

treated skin respectively {Figure 5B).

Continuous vs. modulated iontophoresis: Delivery of ropinirole hydrochloride 

through the skin was compared using continuous iontophoresis and modulated 

iontophoresis to study the control on dose delivered over a given time point. Continuous 

iontophoresis delivered 74.13 ± 2.20 pg/sq. cm of ropinirole hydrochloride which was
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significantly higher than 46.50 ± 6.46 pg/sq. cm of ropinirole hydrochloride delivered by 

modulated iontophoresis at the end of 24 hours (Figure 6A).
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Figure 6A. Effect of modulated vs. continuous iontophoresis on transdermal 
delivery of ropinirole hydrochloride, permeation profile showing transdermal delivery. * 
indicates significant difference from other groups (p<0.05).

A plot of average flux vs. time (Figure 6A) shows that amount of ropinirole 

hydrochloride delivered at a particular time point depends on the current applied. 

Continuous iontophoresis resulted in a steady rise of drug delivered when the current was
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applied and highest flux was 8.21 ± 3.06 pg/sq. cm/h at the end of 4 hours after which the 

flux decreased gradually.

In case of modulated iontophoresis (0-2 hours + 5-7 hours) increase in flux was 

observed concurrent with the application of iontophoresis i.e. 2.48 ±1.11 pg/sq. cm/h at 

3 hours and 5.12 ± 1.70 pg/sq. cm/h at 8 hours; after termination of iontophoresis at 7 

hours the flux seen was 2.99 ± 1.42 pg/sq. cm/h and it continued to rise till 8 hour time 

point. The pattern of modulation was varied and iontophoresis was applied from 0-2 

hours followed by 20-22 hours to investigate effect on permeation due to change in 

intervals of modulated iontophoresis; the total amount of ropinirole hydrochloride 

delivered was 60.03 ± 17.12 pg/sq. cm at the end of 24 hours. Sampling was continued 

till 32 hours in this case to observe post-iontophoretic permeation and the average 

cumulative amount delivered was 81.04 ± 19.87 pg/sq. cm (Figure 6B). Increase in flux 

was observed each time current was applied, at the end of 2 hrs and again next day at 22 

hours, the average flux being 4.33 ± 2.16 pg/sq. cm/h and 5.99 ± 0.86 pg/sq. cm/h 

respectively. The flux decreased gradually in the next 8 hours, as seen for continuous and 

modulated iontophoresis (0-2 hours + 5-7 hours), and the average flux at 32 hours was 

2.29 ± 0.47 pg/sq. cm/h (Figure 6C).
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Figure 6B. Flux profile of modulated iontophoresis (0-2 + 20-22 h) over a period 
of 32 hours.
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Figure 6C. Effect of modulated vs. continuous iontophoresis on transdermal 
delivery of ropinirole hydrochloride, flux profile comparing amount delivered over each 
time point
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Effect of microneedle pore density: Microneedles allow delivery of therapeutic 

agents which cannot permeate the stratum comeum due to their hydrophilic nature or 

large size. The number of microchannels created by the microneedles might decide the 

efficiency of transdermal delivery. This study was designed to investigate the effect of 

increase in microneedle pore density over a given area on delivery of ropinirole 

hydrochloride through the skin. Microporation of the skin three times lead to significantly 

higher amount of ropinirole hydrochloride transdermal delivery of 123.62 ± 15.32 pg/sq. 

cm compared to one time and two times which resulted in transdermal delivery of 66.99 

± 10.36 pg/sq. cm and 75.87 ± 8.07 pg/sq. cm (Figure 7A).
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Figure 7A. Effect of microneedle pore density on transdermal delivery of 
ropinirole hydrochloride, permeation profile depicting transdermal delivery using 
microneedles alone, * indicates significant difference from other groups (p<0.05).

Effect of combination therapy (iontophoresis and microneedles): Iontophoresis 

and microneedles, both active enhancement techniques resulted in higher transdermal 

permeation of ropinirole hydrochloride through the skin. A combination approach of 

microneedle pretreatment followed by application of iontophoresis was used to determine 

any synergistic effect or improvement in delivery as compared to individual therapy. In 

the first study skin was microporated and continuous iontophoresis (0-4 hours) was 

applied. The combination of microneedles (porated twice over the same area) and 

continuous iontophoresis showed significantly higher delivery of ropinirole 

hydrochloride with respect to iontophoresis alone {Figure 7B). However, no significant 

difference was seen between combination of microneedles and iontophoresis for one



microporation vs. two microporations over the same area and combination of 

microneedles and iontophoresis (microporated once) vs. iontophoresis alone.
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Figure 7B. Effect of microneedle pore density on transdermal delivery of 
ropinirole hydrochloride, permeation profile representing transdermal delivery using 
combination of microneedles and continuous iontophoresis. * indicates significant 
difference from other groups (p<0.05)

Combination of microneedle pretreatment and modulated iontophoresis was also 

studied (Figure 8). The total amount of ropinirole hydrochloride delivered at the end of 

24 hours was 84.91 ± 9.21 pg/sq. cm and did not show significant difference to the 

combination of microneedle pretreatment and continuous iontophoresis which delivered 

100.90 ± 22.17 pg/sq. cm. However combination of modulated iontophoresis and 

microneedles resulted in statistically higher permeation (p<0.005) compared to 

modulated iontophoresis alone. The trend shown by modulated iontophoresis was
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repeated and delivery of ropinirole hydrochloride at a given time point could be 

controlled by the application of iontophoresis. Combination with continuous 

iontophoresis resulted in highest flux of 8.90 ± 0.33 pg/sq. cm/h at end of 4 hours while 

in case of modulated iontophoresis the flux was 3.63 ± 0.25 pg/sq. cm/h at 3 hours and 

6.94 ± 0.55 pg/sq. cm/h at end of 8 hours.
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Figure 8. Effect of combination therapy of modulated iontophoresis and microneedle 
on transdermal delivery of ropinirole hydrochloride depicting flux profile comparing 
amount delivered at a given time point for combination therapy using modulated vs. 
continuous iontophoresis



Effect of ions in solution: Presence of ions can decide the efficiency of 

iontophoretic delivery of a drug, hence transdermal permeation of ropinirole 

hydrochloride was investigated in absence of competing ions i.e. buffer solution to study 

its effect on delivery through the skin and changes in pH of donor formulation. Since 

controlled delivery was of greater interest the experiments were performed to compare 

effect of ions when modulated iontophoresis was employed as an active enhancement 

technique. The use of water to formulate the donor solution lead to 2-fold increase in 

delivery of ropinirole hydrochloride from 46.50 ± 6.46 pg/sq. cm to 95.4 ± 6.97 pg/sq. 

cm and significantly higher amount of drug delivered at the end of 24 hours {Figure 9A).
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Figure 9A. Effect of ions in donor formulation on transdermal delivery of

ropinirole hydrochloride, permeation profile illustrating effect of ions. * indicates 
significant difference from other groups (p<0.05).

A sharp rise in flux was registered with application of current and the average flux 

at 2 hours and 7 hours was 5-fold higher than donor formulation containing phosphate 

buffer. The rise of flux was faster when current was applied during the second interval; 

highest flux was noted to be 12.37 ± 4.18 pg/sq. cm/h at 7 hour while for phosphate 

buffer it was significantly lower with 5.12 ± 1.70 pg/sq. cm/h delivered at 8 hour 

(p<0.05). However a lack of significant difference was observed in the total amount of 

ropinirole hydrochloride delivered transdermally when a combination of microneedles 

and modulated iontophoresis was studied for effect of ions in formulation {Figure 9B). 

The pH of donor formulation remained constant when phosphate buffer was used (7.32 ± 

0.02) however in presence of water the initial donor pH was 6.4 which changed to 7.3 ± 

0.8 at the end of 24 hours.
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Figure 9B. Effect of ions in donor formulation on transdermal delivery of 
ropinirole hydrochloride, permeation profile illustrating effect of ions; flux profile 
depicting amount o f drug delivered at each time point for modulated iontophoresis.

Quantification of drug in skin: The amount of ropinirole hydrochloride in 

underlying skin was quantified to determine the accumulation of drug in skin {Figure 10). 

Microneedle treatment, continuous iontophoresis and combination of microneedles with 

continuous iontophoresis resulted in significantly higher permeation (p<0.005) of 

ropinirole hydrochloride than amount deposited in the underlying skin. Modulated 

iontophoresis alone and its combination therapy with microneedle pretreatment 

demonstrated lack of significance between transdermal permeation and deposition of 

ropinirole hydrochloride in underlying skin. Passive delivery and microneedle treated
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skin showed significantly lower amount (p<0.005) of ropinirole hydrochloride in the skin 

compared to combination therapy of modulated iontophoresis and microneedles.
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Figure 10. Graphical representation of drug quantified in skin vs. transdermal 
delivery. * indicates transdermal permeation is higher than drug quantified in underlying 
skin for that group (p<0.05), ** indicates significant difference from passive and 
microneedle group for drug quantified in underlying skin (p<0.05)
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Discussion

Transdermal delivery of ropinirole hydrochloride using physical enhancement 

techniques, iontophoresis and microneedles, offers a promising approach fof 

administering precise and controlled amount of drug in comparison to existing oral 

therapy. Ropinirole hydrochloride is available as immediate release and extended release 

oral tablet in the dosage range of 0.25 mg three times a day up to 25 mg once a day 

depending on the disease progression and patient compliance the dose is titrated over 

(Adler, Sethi et al. 1997; Matheson and Spencer 2000). Transdermal delivery of 

ropinirole has been investigated in the past using patches (matrix and reservoir) which 

were formulated with ropinirole base as well as ropinirole hydrochloride. Ropinirole base 

is unstable, has low water solubility and the patches have shown occurrence of crystals 

during storage. Low water solubility may not be concern for passive delivery but 

crystallization of ropinirole in patches can have implications on efficacy and shelf life 

stability of the product (Beier and Wilhelm 2004; Uchida, Takagi et al. 2012).

Ropinirole hydrochloride i.e. a salt form of the drug was chosen for the study as active 

enhancement techniques microneedles and iontophoresis require the drug to be 

hydrophilic (water solubility 133 mg/ml) and in ionized form respectively for successful 

delivery (Kalia, Naik et al. 2004; Banga 2009). Dose titrations form an integral part of 

Parkinson’s therapy, this emphasizes the need for ability to vary the amount of drug 

delivered over a period of time with accuracy (Pahwa, Stacy et al. 2007). Iontophoresis 

acts on the drug molecule when current is applied and thus helps in exercising control 

over the delivery over the given time period (Banga 1998). Microneedles on the other 

hand create microchannels which can deliver the drug through the skin up to a period of
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72 hours when occluded by a patch containing the drug hence maintaining the amount of 

drug in the body at therapeutic levels (Kalluri and Banga 2011).

As mentioned earlier AdminPatch® and Tyndall microneedles were used for 

microporation studies. Characterization of microneedles and microchannels formed by 

them was done to confirm that stratum comeum was breached without breaking the metal 

microneedles which should not chip in the skin to leave behind metal particles. Fig 1A 

shows that the skin porated with microneedles was stained by hydrophilic dye methylene 

blue however the surrounding skin (with intact barrier function) was unstained. This 

indicated the formation of hydrophilic channels which enable permeation of the dye. 

Calcein imaging and pore permeability index validated the results from methylene blue 

study and the uniformity of pores was established. Pore permeability index helps in 

understanding the reproducibility o f pores with respect to each other as this will 

determine the flux through them and hence amount of drug delivered through the skin.

We have performed similar studies for maltose microneedles and these parameters helped 

in predicting the efficiency of microneedles for further studies (Kolli and Banga 2008; 

Kalluri and Banga 2011). Microneedles are designed to disrupt the epidermis for 

transdermal delivery however any contact with the dermis is undesirable as this layer 

comprises of nerves which are sensitive to needles; pain associated with hypodermic 

needles is due to this reason (Kaushik, Hord et al. 2001; Badran, Kuntsche et al. 2009; Li, 

Badkar et al. 2009). Confocal microscopy showed that the microneedles successfully 

created microchannels; Fig 3 depicts the pathway of Fluospheres through the 

microchannels and it is observed that the microneedles cross the epidermis while not 

reaching the dermis to a depth of 160 ± 25 pm. AdminPatch® microneedles with a height



38

of 600 jim thus could bypass the stratum comeum. The comparison of permeation 

between Tyndall and AdminPatch® led us to conclude that length of the microneedles is 

an important factor for ensuring effective transdermal delivery. Based on the results from 

our study AdminPatch® microneedles were selected for further experiments in subsequent 

sections.

The influence of anodal iontophoresis and microneedle on delivery of ropinirole 

hydrochloride was studied and passive delivery acted as the control. Ropinirole 

hydrochloride is a small molecule and has a log P of 3.32(Luzardo-Alvarez, Delgado- 

Charro et al. 2001). However for hydrochloride salt the partition between organic and 

buffer phase is determined by the degree of ionization of the molecule at a particular pH 

and the pKa i.e. log D which can be calculated according to equation 1 (Kah and Brown 

2008):

log D = log P -  log(l +  10 A pKa -  pH)  Equation 1

The log D value of a compound reflects its ease to ionize at a given pH condition 

and hence the effectiveness of electrorepulsion transport by iontophoresis. Ropinirole 

hydrochloride has a log D of 1.1 (calculated from equation 1) at pH 7.4 which indicates 

that it is well ionized and can undergo iontophoretic transport through the skin. The drug 

has a pKa of 9.2 hence at pH of 7.4 is will be positively charged; application of anodal 

iontophoresis will actively transport ropinirole by electrorepulsion. Microneedle assisted 

delivery of drugs is favored when the drug exists in dissolved form in a hydrophilic 

vehicle. High water solubility of hydrochloride salt form of the drug facilitates its passage 

through the aqueous microchannels formed after microporation (Banks, Pinninti et al.
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2008). Iontophoresis acts directly on the drug while microneedle is a minimally invasive 

active technique which enables drug delivery by altering the pathway of drug through the 

skin (Banga 2011). Iontophoresis (1.22 ± 0.20 hours) hence showed a faster onset of 

action as the drug is pushed through the skin in the presence of current and lag time of the 

drug is noticeably reduced as compared to passive (7.67 ± 0.29 hours) and microneedle 

(4.08 ± 0.38 hours) delivery. In first four hours of continuous iontophoresis 31.05 ± 

12.89% percent delivery of the total drug permeation was achieved whereas for 

microneedles 6.69 ± 0.66% of ropinirole hydrochloride permeated through the skin by 4 

hour time point. After termination of iontophoresis the flux decreased gradually till 6 

hours after which a drop in amount of drug delivered per hour was seen on the other hand 

higher permeation is seen in case of microneedles at later time points at a constant flux 

once the steady state is achieved. A more lipophilic molecule partitions slower into the 

receptor compartment compared to a hydrophilic molecule which leads to delayed 

iontophoretic effect and greater lag time or likelihood of depot formation in skin. This 

was reported when anodal iontophoresis was studied for two different Parkinson’s agents, 

rotigotine (log P of 4.03) and 5-OH-DPAT (log P of 2.19), as the later drug showed faster 

initiation and termination of permeation when current was switched on and off 

respectively (Nugroho, Li et al. 2004; Nugroho, Li et al. 2004; Nugroho, Li et al. 2005). 

Ropinirole hydrochloride has a log P of 3.2 and thus is moderately lipophilic which may 

explain both a gradual decrease in iontophoretic flux as well as slower onset of 

microneedle delivery as the drug might not instantaneously partition from the skin to the 

receptor compartment.
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Parkinson’s disease is a progressive disorder which makes dose adjustment an 

important aspect of therapy. Ropinirole hydrochloride offers symptomatic relief and 

hence continuous dosing at required intervals to avoid recurrence of tremors is needed in 

addition to the dose titration (Steiger 2008). Continuous iontophoresis helps in controlled 

drug delivery by using a specified current over a given period of time; modulated 

iontophoresis takes this a step further and allows delivery of a known amount of drug at a 

given time point according to the dose requirement. This approach has not yet been 

widely investigated and is especially useful for drugs which require customized delivery 

or for therapeutic agents like proteins where simulation of in vivo conditions is required. 

The flux at 2 hours for continuous iontophoresis (0-4 hours), modulated iontophoresis (0- 

2 + 5-7 hours) and modulated iontophoresis (0-2 + 20-22 hours) was 5.26 ± 2.65 pg/sq. 

cm/h, 1.78 ± 1.28 pg/sq. cm/h and 4.33 ±2.16 pg/sq. cm/h respectively which was not 

different statistically indicating that initial delivery was same. Continuous iontophoresis 

showed a cumulative effect over a period of four hours as current was applied without a 

break and hence higher permeation was achieved over a period of 24 hours. Modulated 

iontophoresis showed a reproducible profile, when current was applied the second time in 

both cases from 5-7 hours and 20-22 hours, highest flux was seen at 8 horns (5.12 ± 1.70 

pg/sq. cm/h) and 23 hours (5.99 ± 0.81 pg/sq. cm/h) and was not significantly different 

(Fig 5). The post iontophoretic flux dropped after 2 hours once iontophoresis was stopped 

hence the highest flux was achieved after a slight delay at the next interval and then 

dropped gradually. Considering that 5.5 pg/sq. cm/h is delivered from a 10 sq. cm area 

with a donor concentration of 1 mg/ml, the total amount of ropinirole hydrochloride 

delivered would be 55pg/h. Hence depending on the duration of current application more
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drug will be delivered with increasing time as seen for continuous iontophoresis and 

ropinirole hydrochloride delivered over a period of 4 hours will be more than 220 pg 

which equals the lowest therapeutic dose of oral ropinirole hydrochloride i.e. 0.25 mg. 

However transdermal delivery bypasses first pass metabolism (oral bioavailability is 50 

%) and ropinirole hydrochloride will directly reach systemic circulation, this will reduce 

the transdermal dose needed for therapeutic effect. In this study a low iontophoretic 

current (0.2 mA/sq. cm) and concentration of donor (1 mg/ml) were used; hence there is 

scope for using higher current intensity and concentration which may help achieve a 

better delivery profile at a given time point. The post iontophoretic flux reduced 

gradually and reached a value of 1.5-2 pg/sq.cm/h (15-20 pg/hr from a 10 sq. cm patch) 

over a period of 24 hours. This indicates that a constant level of dopaminergic stimulation 

would be maintained to prevent the on-off effect associated with recurrence of symptoms 

in Parkinson’s disease (Pahwa, Stacy et al. 2007).

Combination therapy with continuous iontophoresis and microneedles did not 

show any synergistic effect on permeation of ropinirole hydrochloride through the skin; 

similar trend has been reported in the literature for other small molecular weight 

compounds including deuterium oxide, methylene blue, theophylline and fluorescien 

sodium (Wu, Todo et al. 2007; Garland, Caffarel-Salvador et al. 2012). On the other hand 

large molecular weight drugs/therapeutic agents show increased delivery as compared to 

individual treatment (Katikaneni, Badkar et al. 2009). Small molecular weight drugs can 

be easily transported by iontophoresis through shunt pathways in the skin however this 

does not apply to high molecular weight compounds. Micron sized pores formed by 

microneedles can deliver molecules as large in size as a monoclonal antibody, vaccines,
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proteins and peptides. For small molecular weight compound additional pathways created 

by combination therapy may not significantly drive higher amounts of drug through them 

as compared to individual active techniques (Li, Badkar et al. 2009). The reason for this 

can be efficient transport of drug through existing pathways when using iontophoresis 

and microneedles alone so that further enhancement of delivery cannot be seen at same 

concentration and microneedle pore density. However exceptions to this have been 

reported (Vemulapalli, Yang et al. 2008) and further work is needed to establish 

mechanism behind the same. Higher flux was seen with iontophoresis at initial time 

points which was concurrent with the application of current, whereas microneedles 

achieved greater flux at later time points after a gradual increase in delivery at start of the 

experiment. Combination therapy on the other hand showed increase in flux when 

iontophoresis was applied and also helped in maintaining higher flux at later time points 

as compared to iontophoresis alone. Modulation of iontophoresis during combination 

therapy however, resulted in significantly higher permeation of ropinirole hydrochloride 

with respect to modulated iontophoresis (p<0.005). The presence of microchannels may 

be a reason for better delivery by modulated combination therapy. When using 

modulated iontophoresis alone the delivery only depends on application of current and 

flux remains low in the absence of iontophoresis whereas for modulated combination 

therapy drug continues permeating through the microchannels in the absence of current, 

maintaining the flux until it rises at next iontophoretic interval. This can avoid 

fluctuations in steady state levels of ropinirole hydrochloride associated with appearance 

of side-effects during “o ff’ period of therapy (Pahwa, Stacy et al. 2007).
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The permeation of ropinirole hydrochloride was significantly increased when the 

skin was porated thrice over the same area compared to one and two times. This can 

attributed to the increase in number of microchannels formed over the exposed 

permeation area. However no significant difference was seen between one time and two 

time poration. It has been reported before that the amount of drug delivered increases 

with the number of pores formed over an area and our results confirm this (Badkar, Smith 

et al. 2007; Li, Badkar et al. 2009); however the increase may not be linear and depends 

on the total number of pores formed over that area as seen in the case o f one poration vs. 

two porations. Combination of iontophoresis and skin microporated twice over the same 

area lead to significantly higher permeation of ropinirole hydrochloride compared to 

combination of iontophoresis and skin microporated once which confirms that 

microneedle pore density does affect permeation of ropinirole hydrochloride.

The efficiency of iontophoretic transport depends on the transport number of the 

charged drug species being delivered under the electrode (Mudry, Guy et al. 2006). In 

presence of small molecular weight charged competing ions the transport number of drug 

decreases thus affecting the flux (Phipps and Gyory 1992).

J = I x t  + F x z ,  Equation 2

where J equals flux, I is the current applied, F is Faraday’s constant and z is the 

valency of drug.

Our finding confirms these results as the use of water in presence of 75 mM 

sodium chloride leads to 2-fold higher delivery. The rise of flux was faster and when 

current was applied during the second interval; highest flux was noted to be 12.37 ± 4.18
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pg/sq. cm/h at 7 hour while for phosphate buffer it was significantly lower with 5.12 ± 

1.70 pg/sq. cm/h delivered at 8 hour (p<0.05). However when combination therapy of 

modulated iontophoresis with microneedle pretreatment was used no significant 

difference was seen between donor solution in the presence and absence of buffer; this 

behavior supports our observation that microneedles contribute to the delivery of 

ropinirole hydrochloride and hence the presence of ions does not affect the maximum 

possible permeation of the drug in this case. The pH of donor formulation without buffer 

showed a drift, even though it was in acceptable range for this experiment it emphasizes 

the need for finding the right balance between eliminating the competition from other 

ions (buffer) and maintaining the stability of formulation.

Quantification of ropinirole hydrochloride in the skin established that stratum 

comeum was a barrier to the delivery of this drug since negligible amounts were detected 

in the skin after passive delivery. The application of microneedles and continuous 

iontophoresis (both alone and in combination) efficiently delivered ropinirole 

hydrochloride into the receptor compartment however modulated iontophoresis showed a 

trend of depositing equal amount of drug in the skin (Fatouros, Groenink et al. 2006; 

Calatayud-Pascual, Balaguer-Femandez et al. 2011). The reason behind this can be 

duration and continuity of iontophoretic application. In case of continuous iontophoresis 

4 hours are sufficient for drug to partition from skin into the receptor under the influence 

of current; on the other hand modulated iontophoresis is applied only for 2 hours at both 

intervals (0-2+5-7 hours) hence the drug might be still partitioning into the receptor when 

the current is stopped hindering any further delivery. Ropinirole hydrochloride has a log



P of 3.32, as mentioned before and this may further affect effective transport from skin to 

the receptor in absence of current.

Conclusion

Iontophoresis has been used for delivering dopamine agonists but application of 

modulated iontophoresis to suit dose titration schedules in Parkinson’s therapy has been 

used for the first time. Modulated iontophoresis showed a predictable flux profile at two 

different intervals and amount of drug delivered at a time point could be controlled. 

Combination therapy of modulated iontophoresis with microneedles lead to increased 

delivery of ropinirole hydrochloride; higher flux was maintained even at later time points 

which is desirable for preventing recurrence of symptoms associated with Parkinson’s 

disease. Optimization of microneedle density and ions present in solution further helped 

in improving transdermal delivery of ropinirole hydrochloride. Therapeutic amounts of 

ropinirole hydrochloride can be delivered with precision by applying the right current 

density over a stipulated time and patch area to allow customized treatment of 

Parkinson’s disease.
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CHAPTER 4

DEVELOPMENT OF DISPOSAL SYSTEMS FOR DISPOSAL OF 

UNUSED/RESIDUAL/EXPIRED MEDICATIONS

Abstract

This study was designed to develop a kit for safe disposal of unused/expired 

medications. In addition to ropinirole hydrochloride, three other active pharmaceutical 

ingredients (APIs) having different pharmacological and structural properties were 

chosen; these included dexamethasone sodium phosphate, metformin hydrochloride and 

amoxicillin trihydrate. The first step screened different agents including sodium 

carbonate, percarbonate, zeolite and activated carbon. Activated carbon showed 

encouraging results in case of all four drugs. Furthermore, a similar study design was 

used to assess the safe disposal of solid dosage forms by activated carbon. At this step 

FDA approved agents were also tested and compared to activated carbon for their 

capacity to dispose of medications safely. Gallon jug studies were performed to mimic a 

landfill sitaution; the drug pouches were emptied into a gallon jug containing water and 

subjected to shaking. Results from this experiment confirmed the robustness of activated 

carbon since no drug was detected back in the solution.



Introduction

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 five model drugs including a controlled substance. The 

agents can be categorized as oxidizing agent (sodium percarbonate), hydrolysis agent 

(sodium carbonate) and adsorption agents (zeolite and activated carbon). These 

individual agents as well as their combinations were initially tested for their efficiency to 

deactivate active pharmaceutical ingredients- dexamethasone sodium phosphate, 

metformin hydrochloride and amoxicillin trihydrate. Disposal studies were also 

performed on solid oral dosage forms- dexamethasone pills and amoxicillin capsules. 

Disposal of these dosage forms was carried out using activated carbons as adsorption 

agents. The efficiency of this disposal method was compared to the methods currently 

recommended by FDA for drug disposal. Disposal studies were followed by drug 

desorption studies to test possible desorption of drugs in a landfill situation.
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Materials and Methods

Disposal of active pharmaceutical ingredients (APIs): Disposal of active 

pharmaceutical ingredients (APIs) was tested using four model drugs- dexamethasone 

sodium phosphate, metformin hydrochloride and amoxicillin trihydrate. The procedure 

for disposal of APIs consisted of solubilizing the APIs in tap water and deactivating them 

using the protocol mentioned in following sections.

Dissolution of drugs: The amount of ropinirole hydrochloride added was 25 

mg/100 ml of tap water, all other drugs (APIs) were dissolved in tap water at a 

concentration of 250 mg drug per 100 ml water. Dexamethasone sodium phosphate and 

metformin hydrochloride were soluble in tap water at this concentration. Amoxicillin 

trihydrate was dissolved by heating the tap water to 50-60° C on a hot plate and adding 

the drug in small portions.

Pouch study: Disposal of active pharmaceutical ingredients (ropinirole 

hydrochloride, dexamethasone sodium phosphate, metformin hydrochloride and 

amoxicillin trihydrate) was studied. Individual disposal agents as well as a combination 

of agents were investigated for disposal of APIs. Individual agents used for disposal 

included oxidizing agent- sodium percarbonate, hydrolysis agent-sodium carbonate and 

adsorption agents-two types of activated carbons and zeolite. The two types o f 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, disposal of APIs using a mixture of percarbonate and
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activated carbons was also studied. Table 1 is the test matrix for the study listing all the 

disposal conditions tested. The disposal study was carried out by dissolving APIs in tap 

water at a concentration of 0.25 gm (25 mg for ropinirole hydrochloride) drug per 100 

ml. The API solution (100 ml) was then added to black ziplock pouches containing 

predetermined amounts of disposal agents. 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 disposal 

conditions were tested in duplicate. All the samples were analyzed by respective HPLC 

methods.
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Table /.T est matrix of different disposal conditions

Sodium Sodium Zeolite Drug Deactivating

Sample
Carbon 1 
(gm)

Carbon 2 
(gm)

Percarbonate
(gm)

Carbonate
(gm) (gm) (gm) agent

Percarbonate

Zeolite

Carbon 2

14 0 0 3 0 0 0.25 Percarbonate
+ Carbon 2

A ratio of 1:12.5 (300 mg of activated carbon) of ropinirole hydrochloride: 

activated carbon which was previously used for dexamethasone sodium phosphate, 

metformin hydrochloride and amoxicillin trihydrate was tested. Additionally drug: 

activated carbon ratios of 1:3 (75 mg activated carbon) and 1:1 (25 mg activated carbon)
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were included in the testing matrix. Samples were withdrawn at 1 hour, 1-day, 7-day, 1 

month and 3 months.

Disposal of oral dosage forms: Disposal of dexamethasone pills and amoxicillin 

capsules was tested. The disposal study was carried out in two steps. A 7-day pouch 

study was initially carried out as a phase I (adsoiption) study. Disposal agents used for 

this study included activated carbons 1 and 2, cat litter and coffee grounds. The FDA 

currently suggests that disposal of residual or expired medications should be done by 

mixing the medications with undesirable substances such as cat litter and coffee grounds. 

This mixture can then be disposed in regular trash. In this study we intended to test the 

disposal efficiency of adsorption on carbon in comparison with the FDA approved 

methods. The 7 day pouch study was followed by a phase II (washout) study. The 

washout study was carried out to test possible desorption of the drugs in a landfill 

situation.

Phase I study (Adsorption Phase): Separate pouches containing 45 g of free 

carbon, perforated bag enclosing carbon, cat litter (Roundy’s Fresh Clear Scent) and 

coffee grounds were used for this study. Coffee was freshly brewed just before the study 

and 45 g of coffee grounds were added to empty pouches. Dexamethasone tablets (4 mg, 

Roxane Laboratories, Inc., Columbus, Ohio) and amoxicillin capsules (250 mg, Sandoz 

Inc., Princeton, NJ) were used as model solid oral dosage forms to test disposal efficiency 

of the agents mentioned above. Tablets/capsules (30 units) were added to each pouch.

Tap water (240 ml) heated to approximately 50°C was poured into pouches containing 

free carbon and carbon inside perforated bag whereas no water was added to cat litter and 

coffee grounds in accordance with FDA guidelines for disposing of unused medications.



The pouches were placed on a shaker (New Brunswick Scientific Co. Inc., Edison, NJ) 

for 7 days and shaken at a speed of 200 rpm. In addition to this, the contents of pouches 

with amoxicillin capsules were manually shaken every day to ensure that any drug 

entrapped in the gelatin sludge from the capsules was released back into the solution. At 

the end of 7 days samples (1ml each) were taken from the free carbon and carbon in 

perforated bags, hot tap water was added to cat litter and coffee grounds following which 

samples were withdrawn immediately. The samples were filtered through 1.5 pm nylon 

filters (Titan filtration Systems, Sunsri, Rockwood, TN) and analyzed by respective 

HPLC methods.

Phase II study (Washout Phase): This study was performed to test desorption of 

deactivated drugs in a landfill situation. The contents from each pouch were emptied into 

a separate gallon jugs. Distilled water was used to thoroughly rinse the pouches o f any 

remaining matter which was then transferred into the gallon jugs. Carbon inside the 

perforated bags was extracted by cutting the opposite edges of the perforated bag and 

pouring distilled water from one end so that the carbon was transferred into the gallon 

jugs from the opposite end. Distilled water was added to each gallon jug to make up 

volume to 3800 ml and the containers were placed on the shaker for 4 hours to allow 

mixing. The gallon jugs were left standing overnight and samples (n=3 from each gallon 

jug) were withdrawn the following morning after shaking manually to ensure that any 

settled particles were suspended back into solution. All the samples were filtered and 

analyzed by HPLC.

Quantitative analysis: Validated HPLC assay methods were developed for each 

drug based on methods found in literature. Dexamethasone sodium phosphate was
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quantified by isocratic elution on Perkin-Elmer system with a UV detector at 254 nm 

using a Phenomenex, Gemini-NX 5 um C18 100 A column, (250 x 4.6 mm,

Phenomenex, Torrance, CA, USA). Mobile phase was methanol-7.5 mM potassium 

phosphate monobasic (63%:37% v/v). Standards were made in water. 20 pi of sample 

was injected at a flow rate of 1 ml/min. Standard curve range from 0.1-100 pg/ml was 

analyzed. The retention time of dexamethasone sodium phosphate was 5 min.

Metformin Hydrochloride was quantified by isocratic elution on Perkin-Elmer 

System (Waltham, MA) with a UV detector at 250 nm using a Phenomenex, Gemini-NX 

column (5 um C18 100 A, 250 x 4.6 mm, Phenomenex, Torrance, CA, USA). Mobile 

phase consisted of acetonitrile-20 mM potassium phosphate buffer (70:30% v/v). The pH 

of the entire system was adjusted to 3 with o-phosphoric acid. The standards were 

prepared in mobile phase and concentration range from 0.1-100 pg was analyzed. A 

sample volume of 20 pi was injected at a flow rate of 1 ml/min and the retention time 

was 2 min.

Amoxicillin trihydrate was quantified by isocratic elution on Perkin-Elmer system 

with a UV detector at 220 nm using a Phenomenex, Gemini-NX column (5 um C18 100 

A, 250 x 4.6 mm, Phenomenex, Torrance, CA, USA). Mobile phase consisted of 

methanol- sodium dihydrogen phosphate monohydrate buffer (5 %: 95% v/v), 57 mM 

and pH adjusted to 5. The standards were prepared in water and concentration range from 

0.1-100 pg was analyzed. A sample volume of 20 pi was injected at a flow rate of 1 

ml/minute and the retention time was 8.5 min.
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Results

Disposal of active pharmaceutical ingredients (APIs): Several individual agents as 

well as a combination of agents were tested for their ability to deactivate APIs. Sodium 

percarbonate treatment of dexamethasone sodium phosphate and metformin 

hydrochloride resulted in increased disposal of these drugs. The percentage decrease 

observed (at the end of 7 days) in amounts of dexamethasone sodium phosphate (Figure 

11C) and metformin hydrochloride (Figure 11C) by sodium percarbonate mediated 

disposal were 17.44% and 15.58%, respectively, in comparison with control group. In 

comparison, disposal with sodium carbonate resulted in lower percentage decrease of 

2.85% for dexamethasone sodium phosphate (Figure 12B) and 3.63% for metformin 

hydrochloride (Figure 12C) relative to the control group.Ropinirole hydrochloride was 

completely deactivated by sodium percarbonate while sodium carbonate led to 41% 

disposal (Figure 11 A). Amoxicillin trihydrate was most prone to disposal by oxidation 

and hydrolysis amongst all four APIs. This drug was completely deactivated at the end of 

the 7-day pouch study on treatment with sodium percarbonate as well as sodium 

carbonate (Figure 1 IB and 12B).
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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 disposal profile of dexamethasone sodium phosphate 

increased with increasing amounts of zeolite but did not increase with increasing the 

contact time (Figure 13B). A total of 46% of dexamethasone sodium phosphate was 

deactivated at the end of 7 days with 3 gm of zeolite. Zeolite did not effectively adsorb 

metformin hydrochloride. No particular trend was observed on adsorption of metformin 

hydrochloride on increasing the amount of zeolite or increasing the time of contact 

between drug and zeolite. Also only 4.12% of metformin hydrochloride was deactivated 

by 3 gm of zeolite at the end of the 7-day study (Figure 13Q. Zeolite mediated 

adsorption of amoxicillin trihydrate suggests that disposal of this drug increased with 

increasing the amount of zeolite as well as the time of contact. At the end of the 7-day 

study, the percentage of amoxicillin trihydrate deactivated with 1,2 and 3 gm zeolite 

increased from 57.50% to 80.27% and 88.26% respectively. Also an increase in disposal 

from 69.58% to 88.26% was observed on increasing the contact time between zeolite and 

amoxicillin trihydrate from 1 hour to 7 days {Figure 13D).
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Adsorption with activated carbon 1 resulted in faster disposal of dexamethasone 

sodium phosphate (Figure 14B) and amoxicillin trihydrate (Figurel4D) in comparison to 

adsorption with zeolite. Most of the disposal took place by the 1 hour time point for these 

two drugs. The percentage decrease in amount of drug detected at the 1 hour time point 

was 99.92% and 98.25% for dexamethasone sodium phosphate and amoxicillin trihydrate 

respectively. Similarly, a total disposal of 100% was observed at the end of 7 days for 

dexamethasone sodium phosphate while disposal of 99.79% amoxicillin trihydrate was 

observed at the end of 7 days. Metformin hydrochloride was relatively less prone to 

adsorption by activated carbon 1 and a total of 36.44% of this drug was deactivated at the 

end of 7 days (Figure 14C). However adsorption of metformin hydrochloride by 

activated carbon 1 resulted in ~ 6 fold higher disposal in comparison to adsorption of this 

drug by zeolite.
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The disposal profiles of drags with activated carbon 2 were similar to that of 

activated carbon 1. However, adsorption with activated carbon 1 had resulted in faster 

disposal of dexamethasone sodium phosphate compared to adsorption with activated 

carbon 2. Most of the disposal of these two drags took place by the 1-day time point after 

treatment with activated carbon 2. This carbon deactivated a total of 98.83% 

dexamethasone sodium phosphate by the 1-day time point and a total of 99.84% of 

dexamethasone sodium phosphate at the end of 7 days (Figure 15B). The disposal 

profiles of metformin hydrochloride and amoxicillin trihydrate following treatment with 

activated carbon 2 were similar to the profiles obtained following treatment with 

activated carbon 1. Most of the disposal took place at the early time point of 1 hour. A 

total of 39.97% of metformin hydrochloride {Figure 15C) and 99.71% of amoxicillin 

trihydrate was deactivated at the end of the 7-day study (Figure 15D).
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A combination of sodium percarbonate with the activated carbons was also 

investigated for disposal of APIs. 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 treatment did not result in a synergistic effect 

on disposal of dexamethasone sodium phosphate {Figure 16B). However, a synergistic 

effect was observed on disposal of metformin hydrochloride at all time points. A total 

disposal of 87.71% and 82.29% metformin hydrochloride was observed after 7-day 

treatment with percarbonate-carbon 1 and percarbonate-carbon 2, respectively (Figure 

16C). The combination of percarbonate-carbon resulted in complete disposal of 

ropinirole hydrochloride {Figure 16A) and amoxicillin trihydrate (Figure 16D). However, 

since complete disposal of this drug could be achieved with percarbonate alone, the 

combination of percarbonate-carbon did not offer synergistic effect.
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A ratio of 1:12.5 for ropinirole hydrochloride and activated carbon resulted in 

complete disposal (99.81%) of the drug by day 1. However, a decrease in amount of 

activated carbon lowered the amount of drug deactivated at a given time point. Ropinirole 

hydrochloride: activated carbon ratio of 1:3 and 1:1 led to 98.98% and 63.63% disposal 

respectively, at the end of 3 month time point (Figure 17). The amount of ropinirole 

hydrochloride deactivated therefore increased with both increase in amount of activated 

carbon added as well as prolonged time of contact with activated carbon. No ropinirole 

hydrochloride was detected in subsequent samples of 1:12.5 ropinirole hydrochloride: 

activated carbon combination; the disposal was constant at 100% from 7-day to 3 month 

time point.
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Figure 17. Effect of varying drug: activated carbon ratios on disposal of ropinirole 
hydrochloride



Disposal of oral dosage forms: Disposal of dexamethasone pills and amoxicillin 

capsules was studied. Activated carbons were tested as deactivating agents based on the 

results from API studies. The disposal methods were compared to currently 

recommended FDA methods for their ability to deactivate dexamethasone and 

amoxicillin. A drug desorption/ washout phase study was carried out to test for possible 

desorption of drugs from carbons in a landfill situation.

Phase I (Adsorption phase): The amount of dexamethasone measured in the pouch 

containing control (5 pills) was 17.68% at the end of 7 days. Free carbon and carbon 

inside perforated pouches, both showed 100 % disposal of 30 dexamethasone pills (120 

mg) after 7 days of shaking with tap water. Analysis of samples from cat litter and coffee 

grounds pouches, taken immediately after adding water at end of 7 days, only detected 

17.97 % and 14.92 % of dexamethasone. A similar trend like dexamethasone pills was 

seen in case of amoxicillin trihydrate capsules. The amount of amoxicillin trihydrate drug 

measured in control (5 capsules of 250 mg each) at end 7 days was 9.50% of amount 

added at the start of experiment whereas free carbon and carbon inside perforated bag (30 

capsules) were again effective and 99.99 % and 99.98 % of amoxicillin trihydrate was 

deactivated respectively, of drug in capsule form. Cat litter and coffee grounds pouches 

had 17.62% and 16.4% drug present in the solution when samples was taken on the day 7 

after adding tap water.

Phase II (Washout phase): This step was performed to assess the possibility of drug 

desorption from the disposal agent in a landfill situation. Addition of water to 3800 ml 

facilitated complete dissolution of any undissolved drug present in dosage form into the 

solution. The percentage of drug in control gallon jugs after overnight standing was found



to be 114.40% and 102.42% for dexamethasone pills and amoxicillin trihydrate capsules 

respectively. Free carbon and carbon inside perforated bag did not allow the release of 

dexamethasone back into the solution and no drug was detected in the samples withdrawn 

from gallon jug i.e. 100 % disposal was maintained. Similarly the disposal of amoxicillin 

capsules by free carbon and carbon inside perforated bag was observed to be constant 

after the washout phase and the percentage of drug measured was 99.87% and 99.88% 

respectively. An increase in the amount of drug present was seen for cat litter and coffee 

ground as compared to the adsorption stage for gallon jug samples obtained from both the 

drugs. Dexamethasone was prone to disposal by cat litter and 47.65% of drug remained 

intact at the end of study; however amoxicillin trihydrate was not affected by cat litter 

and 93.92% of drug was detected in the container. Coffee grounds did not show any 

prominent effect on disposal of dexamethasone and amoxicillin trihydrate. The amount of 

drug decreased to 96.93% for dexamethasone {Figure 18A) and 86.6% for amoxicillin 

trihydrate (Figure 18B).
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Discussion

Disposal of active pharmaceutical ingredients: Sodium percarbonate and sodium 

carbonate were investigated as oxidation and hydrolysis agents, respectively, for disposal 

of 4 model compounds. Amongst these model compounds, dexamethasone sodium 

phosphate and metformin hydrochloride were not deactivated to > 90% of the initial 

(control) amount. These agents however were effective in complete disposal of the 

antibiotic- amoxicillin trihydrate. This indicates that these oxidation and hydrolysis 

agents can be potentially used in the treatment of wastewater containing antibiotics. 

Recent reports suggest that antibiotics are being detected in environmental matrices. 

Amoxicillin was detected in sewage treatment plant effluents at a concentration of 120 ng 

per liter during a monitoring campaign in Italy. Although the concentration detected is 

very low and may not have a direct influence on human safety, a possibility of inducing 

resistance in bacterial strains has been noted. This could pass on to humans through 

environmental exposure (Andreozzi, Canterino et al. 2005). Certain processes such as 

chemical oxidation, biodegradation and incineration have been investigated for removal 

of organic compounds from wastewater treatment plants and drinking water treatment 

plants. Oxidation processes such as chlorination and advanced oxidation processes such 

as ozonation, fenton and photo-fenton oxidation have been effective in removal of 

antibiotics (Esplugasa, Bilab et al. 2007; Homem and Santos 2011). Sodium percarbonate 

is a versatile oxidizing agent and has been used extensively in synthesis of organic 

compounds. It contains loosely bound hydrogen 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
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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 disposal of certain classes of compounds such 

as antibiotics.

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 (Yang, Donga et al. 2009; Widiastuti, Wua et al.

2011). 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 dexamethasone sodium phosphate and 

amoxicillin trihydrate. It was also reported that adsorption of ammonium by zeolite was 

faster in the initial IS minutes of contact and then leveled off with increasing time. 

Results from our API disposal studies also indicate similar findings where most of the 

disposal was observed by the 1 h time point for dexamethasone sodium phosphate and by 

1 day time point for amoxicillin trihydrate. Widiastuti et al also suggested that adsoiption 

by zeolite is dependent on the pH of the solution in contact with zeolite. They observed 

increased adsorption of ammonium by zeolite as pH increased from 2.0 to 5.0. The 

efficiency of adsorption peaked at pH 5.0 and decreased with a further increase in pH 

(Widiastuti, Wua et al. 2011). We were surprised to see the relatively low adsorption 

efficiency of zeolyte, particularly for metformin. Zeolites are known adsorbents for 

ammonium ions, and metformin (C4H11N5; MW= 129.17) is a relatively small molecule
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containing several nitrogen atoms; and is cationically charged when dissolved as its 

hydrochloride salt form. The adsorption qualities of zeolites are based on their charge 

and open crystalline structures to enclose charged and neutral species within cavities 

(reference Goursot, J. Phys. Chem), and we hypothesize that the particular zeolite we 

chose for this experiment did not have optimal physiochemical properties. Others have 

found that zeolites containing larger mesopores can be better optimized for adsorption of 

pharmaceutically active compounds (reference Rac, Proc. 4th Slovenian-Croation 

Symposium on Zeolites). Further testing would be required to determine which zeolite 

type provides maximum adsorption for the model compounds used in our experiments.

Activated carbon or charcoal is known for its use in waste water treatment plants 

and as an anecdote to drug poisoning (Reed, Arunachalam et al. 1994); it is classified into 

two types, granular activated carbon (GAC) or powdered activated carbon (Choi, Kim et 

al. 2008). 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 disposal 

studies are both adsorption agents however the results clearly show a difference in 

disposal trend when comparing the two agents. This can be attributed to the presence of 

micropores on activated carbon which are designed to allow maximum surface area for 

adsorption ranging from 500-1500 g/m2. Activated carbon surface shows presence of 

three types of pores micropores (<2 nm), mesopores (2-50 nm) and macropores (>50 nm) 

based on IUPAC classification (Park and Jang 2002). Adsorption efficiency of activated 

carbon is mainly due to micropores which predominantly provide increased surface area 

and contribution of mesopores and macropores is minimal (Dubinin 1989).
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In our study activated carbon 1 and 2 completely deactivated ropinirole 

hydrochloride, dexamethasone and amoxicillin; however the carbon 1 was more 

efficacious compared carbon 2. In case of metformin hydrochloride where most of the 

agents had no effect on drug disposal activated carbon 1 achieved 36.44% disposal. The 

extent and effectiveness of disposal is dependent of two factors, the type of carbon used 

and secondly the properties of the adsorbate (Dabrowski, Podkoscielny et al. 2005). 

Activated carbons are manufactured from a range of materials including wood, charcoal, 

coconut shell and petroleum coal abundant in carbonaceous content (carbonization) 

followed by an activation process involving different conditions like high temperature 

and exposure to a activating agent; the final properties of activated caibon like pore 

structure, ash content, functional groups being dependent on method of treatment. 

According to the EUR system of caibon specification activated carbon 1 has molasses 

number of 180 while activated carbon 2 has molasses number of 120. Molasses number 

is based on adsorption of color constituents from molasses and its subsequent 

discoloration; it thereby reflects the capacity of activated carbon to adsorb high molecular 

weight adsorbates into macropores. This parameter serves as a differentiation for 

activated carbons with same pore volume since the one having lower molasses number 

(according to EUR system) will adsorb large molecules better. Ropinirole, 

dexamethasone, metformin and amoxicillin were more proficiently deactivated by 

activated carbon 1 which has a higher molasses number as compared to activated carbon 

2 thus emphasizing that micropores and not macropores decide the degree of small 

molecules adsorbed by activated carbon and hence its effectiveness in this case (Madan 

and Madan 2009). Furthermore, the varied behavior demonstrated by each drug molecule
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was studied i.e. the effect of molecular structure and polarity on adsorption and 

subsequent disposal. Activated carbons favorably adsorb low molecular organic 

compounds; presence of aromatic ring structure contributes to hydrophobicity of 

dexamethasone, ketoprofen and amoxicillin which helps in 7C- n  interaction with aromatic 

moieties on the activated carbon. Metformin on the other hand is a biguanide showing 

more nitrogen atoms as compared to carbon species and no presence of aromatic ring, an 

unconventional structure with respect to most pharmaceutical small molecular 

compounds; hence it was chosen as a “worst case model” for disposal studies. The 

resistance to disposal is a result of greater hydrogen bonding and van der Waals 

interactions with the water phase instead of the aromatic groups on the adsorbent 

(Bauerlein, Mansell et al. 2012). Activated caibon completely deactivated ropinirole 

hydrochloride however the ratio of drug: activated carbon was 1:12.5 as this was a 

preliminary study to analyze efficacy of activated carbon. Varying ropinirole 

hydrochloride and activated carbon ratio confirmed that the optimized ratio of 1:12.5 

used for dexamethasone, metformin and amoxicillin was necessary for effective disposal. 

Decreasing the ratio of ropinirole hydrochloride: activated carbon led to lower disposal at 

a given time point and gradual disposal was continued until 3 months. The 100% disposal 

profile did not change for 1:12.5 ratio of ropinirole hydrochloride: activated carbon till 3 

months signifying that the drug was not released back into the solution eventually.

The percarbonate-activated carbon combination was tested to check for any 

synergy between the oxidizing and adsorption agents. Dexamethasone and amoxicillin 

were deactivated with high efficiency using activated carbon 1 or percarbonate alone by 

hour 1 or day 1 therefore any additional synergistic effect was not observed. Increase in
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disposal of ketoprofen at one hour time point with percarbonate-activated carbon 2 and 

for metformin at all time points with both percarbonate-activated carbons 1/2 can be 

attributed to the better contact of the drug and percarbonate on the activated carbon 

surface. The interaction between agents is enhanced due to higher surface area offered by 

activated carbon in case of metformin resulting in synergistic effect.

Dexamethasone pills and amoxicillin capsules were chosen for further 

experiments on solid dosage forms using activated carbon to provide an insight into 

disposal of commercially available pharmaceutical products. Activated carbon shows a 

tendency to adsorb gaseous components from the environment when exposed in open for 

long periods of time compromising its shelf life stability(Anderson and Morris 2009).

The final goal of this study was to design a compact disposal system which could be 

easily adapted by the users for disposing of unwanted medications therefore free carbon 

and carbon packed in pouches which were placed inside sealed bags were both tested. As 

mentioned earlier in the introduction, FDA has recognized the elevating concern 

regarding disposal and abuse of medications; it thus recommends the use of unwanted 

substances like cat litter and coffee grounds. The results from 7-day studies with solid 

dosage forms reaffirmed that both dexamethasone pills and amoxicillin capsules were 

completely deactivated by activated carbon. A direct comparison with cat litter and 

coffee grounds could not be made as the drug was mixed with them in dry form 

according to the FDA guidelines. The next stage, the washout phase was aimed at 

demonstrating the robustness of adsorption on activated carbon, simulated a landfill 

situation. Agitation of the gallon jugs exposed them to stress conditions which might be 

experienced after their transfer to a landfill location. The gallon jugs were further left
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standing overnight to assess any changes in the adsorption behavior. The lack of any drug 

in samples taken the next day confirmed that activated carbon did not lead to desorption 

under simulated landfill conditions. Cat litter and coffee grounds showed presence of 

dexamethasone and amoxicillin following analysis of samples after gallon jug study. The 

amount of dexamethasone present in the cat litter sample was 47% while amoxicillin 

samples had 93% drug content. Cat litter (unclumped) used for this study contained 

zeolite which explains the decrease in amount of active ingredient at the end of washout 

phase. The disposal was much less for amoxicillin as compared to dexamethasone. This 

trend is different from the API study where the proportion of amoxicillin deactivated was 

higher which can be due to difference in the total amount of drug used for the gallon jug 

study i.e. 120 mg of dexamethasone vs. 7500 mg of amoxicillin. Coffee grounds were not 

effective in deactivating the drug.

Conclusions

The efficacy of the proposed drug disposal system was tested by carrying out 

disposal studies on APIs- (ropinirole hydrochloride, dexamethasone sodium phosphate, 

metformin hydrochloride, amoxicillin trihydrate), solid oral dosage forms- 

dexamethasone pills and amoxicillin capsules. The prescreening o f different agents 

illustrated that activated carbon was the most effective for safe disposal of all the drugs, 

the efficacy can be attributed to adsorption due to large surface area.

The activated carbon disposal system which was further tested for solid dosage 

form study resulted in complete disposal of dexamethasone pills and amoxicillin 

trihydrate capsules. Also landfill studies indicated that no drug desorption was observed



The activated carbon mediated disposal seems to be a more effective disposal method 

comparison to mixing drugs with cat litter or coffee ground.
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CHAPTER 5 

CONCLUSIONS AND RECOMMENDATIONS

Ropinirole hydrochloride is a promising candidate for treating Parkinson’s 

disease. Our studies have showed that use of active enhancement technique iontophoresis 

helps in controlling the delivery profile of this drug molecule. The amount of ropinirole 

hydrochloride required by the patient changes as this neurodegenerative disease worsens 

with time and iontophoresis allows for dose titration by adjusting or modulating the 

current. The reproducibility of delivery over a given time point reaffirms that this 

approach is feasible for future development. Use of microneedles and factors like 

synergistic effect of iontophoresis and microneedles, effect of ions, and increase in 

microneedle density were also explored. The findings of this work suggest that 

modulated delivery is best suited for therapeutic agents which need adjustment of dose 

delivered and can respond to changes in current profile when iontophoresis is applied at 

different time points.

Safe disposal of medications needs to be addressed due to implications at 

household level and increasing environmental concern due to presence of 

pharmaceuticals in water. The focus of our work was to develop a disposal method which 

was safe and environmental as well as consumer friendly. Ropinirole hydrochloride was 

selected for testing an array of agents for disposal studies along with other model drug 

compounds comprising of dexamethasone sodium phosphate, metformin hydrochloride 

and amoxicillin hydrochloride. The screening studies showed that activated carbon was



84

most effective agent amongst all tested disposal agents, including percarbonate, sodium 

carbonate and zeolite. Furthermore, the final aim was to develop a disposal kit which 

could be conveniently used for disposing of unused/expired medications. Comparison of 

activated carbon to FDA recommended agents, cat litter and coffee grounds, to safely 

dispose of oral solid dosage forms showed that the former was highly efficacious. The 

robustness of this approach was tested by simulating a landfill; no drug was detected at 

the end of study signifying the efficiency of adsorption process. This study can be 

extrapolated to several compounds and can solve the impending problem of safely 

disposing unused/expired medications. A more stringent approach by FDA in future 

regarding handling of medications and vigilant action by the environmental agencies for 

controlling levels of pharmaceuticals in drinking water can find answer in this method of 

safe disposal.



85

REFERENCES

Adler, C. H., K. D. Sethi, et al. (1997). "Ropinirole for the treatment of early Parkinson's 
disease. The Ropinirole Study Group." Neurology 49(2): 393-399.

Administration, U. S. F. a. D. (2013). "Medication Disposal: Questions and Answers." 
2013, from
http://www.fda.gOv/Drugs/ResourcesForYou/Consumers/BuyingUsingMedicineSafely/E 
nsuringSafeUseofMedicine/SafeDisposalofMedicines/ucm 186188.htm.

Anderson, C. R. and R. L. Morris (2009). Medication disposal system. United States 
Patent Application Publication. U. S. P. Application, Travanti Pharma, Inc.,.

Andreozzi, R., M. Canterino, et al. (2005). "Antibiotic removal from wastewaters: the 
ozonation of amoxicillin." J Hazard Mater 122(3): 243-250.

Badkar, A. V., A. M. Smith, et al. (2007). "Transdermal delivery of interferon alpha-2B 
using microporation and iontophoresis in hairless rats." Pharm Res 24(7): 1389-1395.

Badran, M. M., J. Kuntsche, et al. (2009). "Skin penetration enhancement by a 
microneedle device (Dermaroller) in vitro: dependency on needle size and applied 
formulation." Eur J Pharm Sci 36(4-5): 511-523.

Banga, A. K. (1998). Electrically Assisted Transdermal and Topical Drug Delivery, 
Bristol, Taylor and Francis, PA.

Banga, A. K. (2009). "Microporation applications for enhancing drug delivery." Expert 
opinion on drug delivery 6(4): 343-354.

Banga, A. K. (2009). "Microporation applications for enhancing drug delivery." Expert 
Opin Drug Deliv 6(4): 343-354.

Banga, A. K. (2011). Transdermal and intradermal delivery of therapeutic agents: 
Application of Physical Technologies,. London, Taylor and Francis Inc.

Banga, A. K. (2011). Transdermal and intradermal delivery of therapeutic agents; 
Application of physical technologies, Taylor and Francis Inc.

Banks, S. L., R. R. Pinninti, et al. (2008). "Flux across [corrected] microneedle-treated 
skin is increased by increasing charge of naltrexone and naltrexol in vitro." Pharm Res 
25(7): 1677-1685.

http://www.fda.gOv/Drugs/ResourcesForYou/Consumers/BuyingUsingMedicineSafely/E


86

Bauerlein, P. S., J. E. Mansell, et al. (2012). "Sorption behavior of charged and neutral 
polar organic compounds on solid phase extraction materials: which functional group 
governs sorption?" Environ Sci Technol 46(2): 954-961.

Beier, C. and M. Wilhelm (2004). Transdermal therapeutic system (reservoir-tts) for 
using pramipexole and ropinirole. United States Patent Application

Benson, H. A. and S. Namjoshi (2008). "Proteins and peptides: strategies for delivery to 
and across the skin." J Pharm Sci 97(9): 3591-3610.

Calatayud-Pascual, M. A., C. Balaguer-Femandez, et al. (2011). "Effect of iontophoresis 
on in vitro transdermal absorption of almotriptan." Int J Pharm 416(1): 189-194.

Choi, K. J., S. G. Kim, et al. (2008). "Removal of antibiotics by coagulation and granular 
activated carbon filtration." J Hazard Mater 151(1): 38-43.

Dabrowski, A., P. Podkoscielny, et al. (2005). "Adsorption of phenolic compounds by 
activated carbon—a critical review." Chemosphere 58(8): 1049-1070.

Denet, A. R., R. Vanbever, et al. (2004). "Skin electroporation for transdermal and 
topical delivery." Advanced drug delivery reviews 56(5): 659-674.

Disposal, P. M. (2013). 2013, from http://www.medicationdisposal.utah.gov/index.htm.

Dubinin, M. M. (1989). "Fundamentals of the theory of adsorption in micropores of 
carbon adsorbents: Characteristics of their adsorption properties and microporous 
structures." Pure & Appl. Chem. 61(11): 1841-1843.

Elias, P. M. (1991). "Epidermal barrier function: intercellular lamellar lipid structures, 
origin, composition and metabolism." J Control Release 15(3): 199-208.

Esplugasa, S., D. M. Bilab, et al. (2007). "Ozonation and advanced oxidation 
technologies to remove endocrine disrupting chemicals (EDCs) and pharmaceuticals and 
personal care products (PPCPs) in water effluents." Journal of Hazardous Materials 
149(3): 631-642.

Fatouros, D. G., H. W. Groenink, et al. (2006). "Visualization studies of human skin in 
vitro/in vivo under the influence of an electrical field." Eur J Pharm Sci 29(2): 160-170.

Garland, M. J., E. Caffarel-Salvador, et al. (2012). "Dissolving polymeric microneedle 
arrays for electrically assisted transdermal drug delivery." J Control Release 159(1): 52- 
59.

Global Industry Analysts, I. (2009). "Prescription drugs-A global strategic business 
report." Retrieved June 4,2013, from 
http://www.prweb.com/releases/2009/06/prweb2534454.htm.

Guy, R. H., Y. N. Kalia, et al. (2000). "Iontophoresis: electrorepulsion and 
electroosmosis." J Control Release 64(1-3): 129-132.

http://www.medicationdisposal.utah.gov/index.htm
http://www.prweb.com/releases/2009/06/prweb2534454.htm


87

Homem, V. and L. Santos (2011). "Degradation and removal methods of antibiotics from 
aqueous matrices—a review." J Environ Manage 92(10): 2304-2347.

Im, J. H., J. H. Ha, et al. (2003). "Ropinirole as an adjunct to levodopa in the treatment of 
Parkinson's disease: a 16-week bromocriptine controlled study." J Neurol 250(1): 90-96.

Kah, M. and C. D. Brown (2008). "LogD: lipophilicity for ionisable compounds." 
Chemosphere 72(10): 1401-1408.

Kalia, Y. N., A. Naik, et al. (2004). "Iontophoretic drug delivery." Adv Drug Deliv Rev 
56(5): 619-658.

Kalluri, H. and A. K. Banga (2011). "Formation and closure of microchannels in skin 
following microporation." Pharm Res 28(1): 82-94.

Katikaneni, S., A. Badkar, et al. (2009). "Molecular charge mediated transport of a 13 kD 
protein across microporated skin." Int J Pharm 378(1-2): 93-100.

Kaushik, S., A. H. Hord, et al. (2001). "Lack of pain associated with microfabricated 
microneedles." Anesth Analg 92(2): 502-504.

Kim, H. J., B. S. Jeon, et al. (2011). "Overnight switch from ropinirole to transdermal 
rotigotine patch in patients with Parkinson disease." BMC Neurol 11: 100.

Kolli, C. S. and A. K. Banga (2008). "Characterization of solid maltose microneedles and 
their use for transdermal delivery." Pharm Res 25(1): 104-113.

Lampe, M. A., A. L. Burlingame, et al. (1983). "Human stratum comeum lipids: 
characterization and regional variations." J Lipid Res 24(2): 120-130.

Levy, G. (1998). "Predicting effective drug concentrations for individual patients. 
Determinants of pharmacodynamic variability." Clin Pharmacokinet 34(4): 323-333.

Li, G., A. Badkar, et al. (2009). "In vitro transdermal delivery of therapeutic antibodies 
using maltose microneedles." Int J Pharm 368(1-2): 109-115.

Luzardo-Alvarez, A., M. B. Delgado-Charro, et al. (2001). "Iontophoretic delivery of 
ropinirole hydrochloride: effect of current density and vehicle formulation." Pharm Res 
18(12): 1714-1720.

Madan, S. and P. Madan (2009). Global Encyclopaedia of Environmental Science, 
Technology and Management. New Delhi, Global Vision Publishing House.

Mamikonyan, E., A. D. Siderowf, et al. (2008). "Long-term follow-up of impulse control 
disorders in Parkinson's disease." Mov Disord 23(1): 75-80.

Matheson, A. J. and C. M. Spencer (2000). "Ropinirole: a review of its use in the 
management of Parkinson's disease." Drugs 60(1): 115-137.

Mitragotri, S. and J. Kost (2004). "Low-frequency sonophoresis: a review." Advanced 
drug delivery reviews 56(5): 589-601.



88

Mudry, B., R. H. Guy, et al. (2006). "Transport numbers in transdermal iontophoresis." 
Biophys J 90(8): 2822-2830.

Nashatizadeh, M. M., K. E. Lyons, et al. (2009). "A review o f ropinirole prolonged 
release in Parkinson's disease." Clin Interv Aging 4: 179-186.

Nikolaou, A., S. Meric, et al. (2007). "Occurrence patterns of pharmaceuticals in water 
and wastewater environments." Anal Bioanal Chem 387(4): 1225-1234.

Nugroho, A. K., G. Li, et al. (2004). "Transdermal iontophoresis of rotigotine: influence 
of concentration, temperature and current density in human skin in vitro." J Control 
Release 96(1): 159-167.

Nugroho, A. K., G. L. Li, et al. (2004). "Transdermal iontophoresis of rotigotine across 
human stratum comeum in vitro: influence of pH and NaCl concentration." Pharm Res 
21(5): 844-850.

Nugroho, A. K., L. Li, et al. (2005). "Transdermal iontophoresis of the dopamine agonist 
5-OH-DPAT in human skin in vitro." J Control Release 103(2): 393-403.

Obeso, J. A., C. W. Olanow, et al. (2000). "Levodopa motor complications in Parkinson's 
disease." Trends Neurosci 23(10 Suppl): S2-7.

Pahwa, R., M. A. Stacy, et al. (2007). "Ropinirole 24-hour prolonged release: 
randomized, controlled study in advanced Parkinson disease." Neurology 68(14): 1108- 
1115.

Park, S. J. and Y. S. Jang (2002). "Pore structure and surface properties of chemically 
modified activated carbons for adsorption mechanism and rate of Cr(VI)." J Colloid 
Interface Sci 249(2): 458-463.

Parkinson's disease Foundation, I. (2012). Statistics on Parkinson's.

Phipps, J. B. and J. R. Gyory (1992). "Transdermal ion migration." Adv. Drug. Deliv. 
Rev. 9: 137-176.

Pikal, M. J. (2001). 'The role of electroosmotic flow in transdermal iontophoresis." Adv 
Drug Deliv Rev 46(1-3): 281-305.

Prausnitz, M. R. (2004). "Microneedles for transdermal drug delivery." Adv Dmg Deliv 
Rev 56(5): 581-587.

Rascol, O., D. J. Brooks, et al. (1998). "Ropinirole in the treatment of early Parkinson's 
disease: a 6-month interim report of a 5-year levodopa-controlled study. 056 Study 
Group." Mov Disord 13(1): 39-45.

Reed, B. E., A. Arunachalam, et al. (1994). "Removal of lead and cadmium from aqueous 
waste streams using granular activated carbon (GAC) columns." Environmental Progress 
13(1): 60-64.



89

Samii, A., J. G. Nutt, et al. (2004). "Parkinson's Disease " The Lancet 363(9423): 1783- 
1793.

Sanford, M. and L. J. Scott (2011). "Rotigotine transdermal patch: a review of its use in 
the treatment of Parkinson's disease." CNS Drugs 25(8): 699-719.

Schapira, A. H. (2009). "Neurobiology and treatment of Parkinson's disease." Trends 
Pharmacol Sci 30(1): 41-47.

Schrag, A., J. Keens, et al. (2002). "Ropinirole for the treatment of tremor in early 
Parkinson's disease." Eur J Neurol 9(3): 253-257.

Schrag, A. E., D. J. Brooks, et al. (1998). "The safety of ropinirole, a selective 
nonergoline dopamine agonist, in patients with Parkinson's disease." Clin 
Neuropharmacol 21(3): 169-175.

Sethi, K. D., C. F. O'Brien, et al. (1998). "Ropinirole for the treatment of early Parkinson 
disease: a 12-month experience. Ropinirole Study Group." Arch Neurol 55(9): 1211- 
1216.

Singh, N., H. Kalluri, et al. (2012). "Transcending the skin barrier to deliver peptides and 
proteins using active technologies." Crit Rev Ther Drug Carrier Syst 29(4): 265-298.

Snyder, S. A., S. Adham, et al. (2007). "Role of membranes and activated carbon in the 
removal of endocrine disruptors and pharmaceuticals." Desalination 202(1-3): 156-181.

Steiger, M. (2008). "Constant dopaminergic stimulation by transdermal delivery of 
dopaminergic drugs: a new treatment paradigm in Parkinson's disease." Eur J Neurol 
15(1): 6-15.

Uchida, N., Y. Takagi, et al. (2012). Adhesive patch-containing package bag and method 
for storing adhesive patch. United States Patent Application, Hisamitsu Pharmaceutical 
Co. Inc.

van der Geest, R., M. Danhof, et al. (1997). "Iontophoretic delivery of apomorphine. I: In 
vitro optimization and validation." Pharm Res 14(12): 1798-1803.

Vemulapalli, V., Y. Yang, et al. (2008). "Synergistic effect of iontophoresis and soluble 
microneedles for transdermal delivery of methotrexate." J Pharm Pharmacol 60(1): 27- 
33.

Vemulapalli, V., Y. Yang, et al. (2011). "In vitro and in vivo iontophoretic transdermal 
delivery of an anti-parkinsonian agent." Int J Pharm 420(1): 20-25.

Warner, T. T. and A. H. Schapira (2003). "Genetic and environmental factors in the cause 
of Parkinson's disease." Ann Neurol 53 Suppl 3: S16-23; discussion S23-15.

Widiastuti, N., H. Wua, et al. (2011). "Removal of ammonium from greywater using 
natural zeolite." Desalination 277(1-3): 15-23.



90

Wu, X. M., H. Todo, et al. (2007). "Enhancement of skin permeation of high molecular 
compounds by a combination of microneedle pretreatment and iontophoresis." J Control 
Release 118(2): 189-195.

Yang, J., X. Donga, et al. (2009). "Selective adsorption of zeolite towards nitrosamine in 
organic solution." Microporous and Mesoporous Materials 120(3): 381-388.


