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Transdermal drug delivery has created new applications for existing therapies and 

offered an alternative to the traditional oral route where drugs can prematurely 

metabolize in the liver causing adverse side effects.  Opening the transdermal 

delivery route to large hydrophilic drugs is one of the greatest challenges due to the 

hydrophobicity of the skin.  However, the ability to deliver hydrophilic drugs using a 

transdermal patch would provide a solution to problems of other delivery methods for 

hydrophilic drugs.  The switching of conductive polymers (CP) between redox states 

cause simultaneous changes in the polymer charge, conductivity, and volume—

properties that can all be exploited in the biomedical field of controlled drug delivery. 

Using the template synthesis method, poly(3,4-ethylenedioxythiophene (PEDOT) 

nanotubes were synthesized electrochemically and a transdermal drug delivery patch 

was successfully designed and developed.  In vitro and in vivo uptake and release of 

hydrophilic drugs were investigated.  The relationship between the strength of the 



 

 

applied potential and rate of drug release were also investigated.  Results revealed 

that the strength of the applied potential is proportional to the rate of drug release; 

therefore one can control the rate of drug release by controlling the applied potential.  

The in vitro studies focused on the kinetics of the drug delivery system.  It was 

determined that the drug released mainly followed zero-order kinetics.  In addition, it 

was determined that applying a releasing potential to the transdermal drug delivery 

system  lead to a higher release rate constant (up to 7 times greater) over an extended 

period of time (~24h).  In addition, over 24 hours, an average of 80% more model 

drug molecules were released with an applied potential than without.  The in vivo 

study showed that the drug delivery system was capable of delivering model 

hydrophilic drugs molecules through the dermis layer of the skin within 30 minutes, 

while the control showed no visible drugs at the same depth.  Most importantly, it 

was determined that the delivery of drugs into the blood stream was stable within 20 

minutes.  

The functionalization of CP was also studied in order to enhance the properties and 

drug loading capabilities of the polymers.  The co-polymerization of poly(3,4-(2-

methylene)propylenedioxythiophene) (PMProDot) with polystyrene (PS) and 

polyvinylcarbazole (PVK) through the highly reactive methylene group was achieved.  

The modified PMProDot nanotubes demonstrated response times that were two times 

faster than without modification.  The modification of PEDOT nanotubes with 

polydopamine, a biocompatible polymer, was also investigated and achieved.  In 

depth characterization of functionalized CP demonstrate the ability to fine tune the 



 

 

properties of the polymer in order to achieve the required therapeutic drug release 

profile. 

A novel transdermal drug delivery system (TDDS) was developed in this thesis to 

deliver hydrophilic drugs of specific doses in a fast and controlled manner.  The low 

cost, facile fabrication, painlessness, and safety of the patch demonstrate a promising 

success in research, clinical, and industrial fields.  Ideally, a universal transdermal 

system utilizing PEDOT nanotubes to controllably delivery therapeutic and imaging 

payloads of multiple drug molecules, irrespective of their charge or hydrophobicity, 

can be achieved. 
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Chapter 1: Introduction 
 

The first transdermal system for systemic delivery—a three-day patch to release 

scopolamine to treat motion sickness—was approved for use in the United States 

in 1979.  Between 1979 and 2002, a new patch was approved on average every 2.2 

years.  From 2003 to 2007, that rate has more than tripled to a new transdermal 

delivery system every 7.5 months.  It is estimated that more than one billion 

transdermal patches are currently manufactured each year.
1
  The annual US 

market for transdermal patches is more than $3 billion.
2
 

1.1 Transdermal Drug Delivery Systems (TDDS) 

In the past thirty years, there has been an explosion in the creation and discovery 

of new medicinal agents.  Innovations in drug delivery have not only enabled 

successful implementation of these pharmaceuticals, but also promoted the 

developments of new medical treatments with existing drugs.  The creation of a 

transdermal drug delivery system (TDDS) has been one of the most important 

innovations.  Transdermal products for cardiovascular disease, Parkinson’s 

disease, Alzheimer’s disease, depression, anxiety, skin cancer, and post-

menopausal bone loss are at various stages of formulation and development.
3
  

This chapter will outline the advantages of TDDS, current methods of transdermal 

drug delivery and its future. 

 



 2 

 

 

Figure 1.1 Timeline of important events in transdermal history. Reprinted from 

Prausnitz et al.
2
 

 

1.1.1 Advantages of TDDS 

Transdermal delivery have created new applications for existing therapies 

and offered an alternative to the traditional oral route where drugs can prematurely 

metabolize in the liver causing adverse side effects.   For example, oestradiol 

patches can be used by patients where oral dose cause liver damage.
10

  While 

hypodermic injections are painful, generate dangerous medical waste, and pose a 

risk of transmission through the reuse of needles, particularly in developing 

countries, transdermal delivery is painless, noninvasive, and self administered.
11

  

The use of transdermal patch can lengthen the duration of drug release and 
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therapeutic action, reduce administration frequency, and improve patience 

compliance, all at a fairly inexpensive production cost.  

Opening the transdermal delivery route to large hydrophilic drugs is one of 

the greatest challenges due to the hydrophobicity of the skin.  However, the ability 

to be able to deliver hydrophilic drugs through a transdermal patch would also 

provide a solution to problems of other delivery methods for hydrophilic drugs, 

most notably, those involving the gastrointestinal (GI) tract.  Due to their low 

absorption by the GI tract, hydrophilic drugs need to be administered orally in 

very large doses.  This increases the cost of the drug and may carry harmful side 

effects.  Increased efficacy of hydrophilic drugs in TDDS appeals to drug makers, 

physicians, and patients alike.  The development of an effective TDDS, 

particularly for hydrophilic drugs, will increase the availability of drugs to patients 

and bring new hydrophilic drugs to the markets which were previous not viable 

due to their poor bioavailability with oral dosing. 

Despite current successes, the numbers of drugs that can be administered 

with conventional patches are limited.  Presently, the drugs that can pass through 

the skin share three constraining properties: low molecular mass (<500 Da), high 

lipophilicity, and small required dose (up to milligrams).
2
 

1.1.2 Anatomy of the skin 

Human skin has a multifunctional role.  One of the most important roles is to act 

as a protective barrier against foreign materials and the loss of excessive 

endogenous materials (i.e. water).  The functionality of the skin is reflected in its 

multilayered structure with each layer representing different cellular or epidermal 
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differentiation (Figure 1.2).   The stratum corneum (~15μm) is the uppermost 

layer of the skin comprised of a hierarchical structure of a lipid-rich matrix 

embedded with 10-15 layers of corneocytes.
12-14

  The corneocytes are composed 

of cross linked keratin fibers (~0.2-1.5µm thick, 36-46µm in diameter), and held 

together by corneodesmosomes providing structural support.
15

  The “brick and 

mortar” architecture of the lipid bilayers serve as the primary barrier of the 

stratum corneum.  The corneocytes (bricks) are in an intercellular matrix (mortar) 

of long chain ceramides, free fatty acids, triglycerides, cholesterol and sterol/wax 

esters.
16

  The renewal period for the stratum corneum is two to four weeks, 

however it is actively repaired by cellular excretions following disruptions to the 

barriers.
17

 

Epidermis

Dermis

(~15µm)

(~50-100 µm)

http://skinipedia.org/skin-studies/human-skin-secrets2.html

 

Figure 1.2 Anatomy and physiology of skin.
18 
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Directly below the epidermis is the dermis (~50-100 μm) which contains 

viable tissue but is devoid of blood vessels.  Further below the dermal-epidermal 

junction, the dermis begins to contain capillaries that can take up transdermally 

administered drugs for systemic distribution.  A successful transdermal delivery 

patch must penetrate to the dermis in order to deliver drugs systemically.  

In order to understand how the physiochemical properties of drugs can 

influence transdermal drug delivery, it is necessary to determine the predominant 

route of drug permeation through the stratum corneum.  Drug molecules that come 

in contact with the skin can penetrate through three pathways (Figure 1.3): 1) 

through the sweat ducts, 2) via hair follicles and sebaceous glands, or 3) directly 

across the stratum corneum.  It is generally accepted that the sweat ducts provide 

minimal contribution (permeation of ~0.1%) to the steady flux of most drugs, 

therefore the majority of skin penetration enhancements have focused on 

transporting drugs across the stratum corneum.
19

  However, drug molecules must 

travel a very intricate and specific pathway through the stratum corneum.  A 

molecule that transverse through the stratum corneum must partition into and 

diffuse through the corneocytes.  In order to move to the next corneocyte, the drug 

molecule must migrate through multiple lipid layers in between each corneocyte.  

The partitioning into and diffusion across continuous hydrophilic and hydrophobic 

domains is unfavorable for most drugs.  As a result, the majority of techniques and 

methods used to optimize transdermal drug delivery are directed towards the 

manipulation and alteration of the well ordered stratum corneum. 
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Figure 1.3 Simplified illustration of skin showing routes of penetration: 1) 

through sweat ducts; 2) through stratum corneum; 3) via hair follicles.  Reprinted 

from Benson et al.
3 

 

Drug permeation across the stratum corneum obeys Fick’s first law 

(Equation 1.1).  The steady-state flux (J) is related to the diffusion coefficient (D) 

of the drug over the membrane thickness (h), the partition coefficient (P) between 

the stratum corneum and drug vehicle, and drug concentration (C0) which is 

assumed to be constant.  Since the skin thickness and drug concentration are 

considered constant, techniques used to successfully increase the rate of drug 

release through the stratum corneum focus on increasing D and P.  More 

importantly, the combination of enhancing both D and P will result in 

multiplicative effect. 
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        Equation 1.1 

 

1.1.3 Current methods of transdermal drug delivery 

There are many methods currently used to bypass the skin’s protective barriers 

ranging from chemical enhancers, which have a broad range of chemical additives 

to thermal poration, which locally heat and ablate holes in the stratum corneum to 

increase permeability.
20

  In this chapter we will focus on the four methods which 

have had the largest impact on controlled transdermal drug delivery: Chemical 

enhancers, iontophoresis, electroporation, and microneedles. 

 

Figure 1.4: Schematic representation of cross section of human skin.  a) 

Transdermal diffusion, with the presence of a chemical enhancer, can take a 

tortuous route across the stratum corneum.  b) Low-voltage applied during 

iontophoresis can increase transport pathways through hair follicles and sweat 
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ducts.  c) High-voltage applied during electroporation has been shown to disrupt 

lipid bilayers to create transcellular pathways.  d) Microneedles create micron-

scale holes in the skin to provide direct pathways for drug transport. Reprinted 

from Prausnitz et al.
2 

 

1.1.3.1 Chemical Enhancers 

The enhancement of skin has been tested with water, surfactants, essential oils, 

dimethyl sulfoxide (DMSO), and alcohols.  Barry and coworkers proposed the 

lipid-protein partitioning (LPP) theory to describe how enhancers affect skin 

permeability.  By disrupting the intercellular bilayer lipid structure and interacting 

with intracellular proteins of the stratum corneum, chemical enhancers improve 

the partitioning of a drug, coenhancer, or cosolvent into the stratum corneum.
21-23

 

 One of the safest and most widely used chemical enhancer to increase 

permeation is water.  It is hypothesized that the increased hydration of the skin 

may lead to swelling and to the opening of the structure which can increase 

permeation.
3  

Other types of enhancers have shown increase in permeability by 

disordering the lipid structure of the stratum corneum.  The diffusion coefficient 

(D in Equation 1.1) of the drug is increased as microcavities are formed in the 

lipid bilayers.  In other cases, enhancers can create permeable “pores” that provide 

less resistance for polar molecules.
24-26

  Penetration of chemical enhancers has 

also been found to interact with the keratin in the corneocytes.  The surfactants 

interact and bind with keratin to disrupt the order within the corneocytes thereby  

D.  
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One of the major side effects of chemical enhancers is irritation to the skin 

at potent levels, which is not surprising since the chemicals disrupt organized lipid 

structures, cell membranes, and their components.
27

  The toxicity associated with 

many enhancers have limited their usefulness in clinical applications, however 

there has been a move towards investigating potential generally regarded as safe 

(GRAS) enhancers by the FDA, such as essential oils and terpenes .
28, 29 

1.1.3.2 Iontophoresis 

This method of transdermal drug delivery involves low level electric current 

applied either directly or indirectly to the skin in order to enhance its 

permeation.
30-34  

The electrical charge primarily drives drug molecules through the 

skin via sweat ducts since they provide less electrical resistance than the stratum 

corneum.
3
  The reason for the increased permeation can be attributed to one or all 

of the following: electrophoresis (for charged solutes), electro-osmosis (for 

uncharged solutes), and electropertubation (for both charged and uncharged 

solutes).  Figure 1.5 shows a simplified illustration of the diffusion of solutes 

during iontophoresis.  Electrophoresis drives charge molecules across the skin by 

direct interaction with the applied electric field, therefore small highly charged 

particles are delivered more rapidly.  In electroosmosis, the delivery of molecules 

occurs as they are dragged by the electrically induced solvent flow.
35 

  The flow of 

the solvent is induced by the net flux of cations from the anode to the cathode.  

The electroosmotic flow of water is generated by the preferential movement of 

mobile cations in the cells (i.e. Na
+
) instead of fixed anions proteins in the skin.

35
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Figure 1.5 Basic iontophoretic set-up illustrates direction of solute movement 

with respect to electrode type.  Reprinted from Wang et al.
36 

 

Typically, a few milliamperes of current are applied to a small area of the 

skin, generating no pain beyond mild erythema.
37

  The Phoresor
TM

 was the first 

iontophoretic system approved by the FDA in the late 1970s as a therapeutic 

device.  Currently, iontophoretic systems are approved for administering drugs 

into the body for specialized medical purposes, such as diagnosis of medical 

conditions and glucose monitoring.  Despite the straight forward application, 

many parameters can affect the design of an iontophoretic device, including but 

not limited to electrode type, current intensity, pH of system, and competitive ion 

effect.
34

  Currently, there are many requirements for a successful iontophoretic 

device.  For example, the device must: (1) be sufficiently high powered to provide 

desired delivery rate; (2) not produce any permanent harmful effects on skin 

permeability; (3) establish proportionality between flux and applied 
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current/voltage; and (4) maintain constant current/voltage over time.
38

  In 

addition, iontophoresis is limited by the electric current that can be used on 

humans (regulated at 0.5mA/cm
2
)  

 

1.1.3.3 Electroporation 

This method of transdermal delivery is similar to iontophoresis, in which it uses 

electrical current to aid the delivery of drug molecules through the skin.  In the 

case of electroporation, extremely high voltage pulses, rather than milliamperes of 

current, are used to induce skin perturbation.  The high voltage creates transient 

pores which may account for the skin permeability.
39 

 The increased skin 

permeability is related to the electroporation process, which is the formation of 

aqueous pathways across the lipid bilayer by a pulsed electric field.
39-41, 30

  This 

technology can enhance the skin permeability to molecules of greater 

hydrophilicity and sizes compared to other methods.   

 High voltages (≥100 V) over short durations (milliseconds) are normally 

applied.  The pulses can be administered painlessly using closely spaced 

electrodes to minimize the electric field in the nerve-free stratum corneum.  With 

the application of high voltages, transdermal transport can be reduced to a few 

seconds opening opportunities for rapid-response delivery systems.
41

  

Transdermal transport has been shown to increase by orders of magnitude with 

partial to full reversibility within minutes to hours.
40, 42

  However, with the use of 

high voltage, there is a greater chance of cell damage if the pulses duration or 
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intensity is too great.
39, 43

  In addition, electroporation requires specialized and 

cumbersome equipment.
41

 

 

1.1.3.4 Microneedles 

This method of transdermal drug delivery involves piercing the skin with very 

short needles.  Solid microneedles (~50-100µm) encapsulated or coated with drug 

formulations for controlled or rapid release.  Microneedles increase permeability 

and delivery of drugs transdermally by creating micron-scale pathways into the 

skin, driving drugs into the skin as coated cargo.  Their effects are targeted in the 

stratum corneum, although they do pierce across the epidermis and into superficial 

dermis.
44

   Microneedles treatment have been reported to be painless by volunteers 

and generally well tolerated.
44

  This technique has great promise because they 

appear to be capable of delivering a broad range of drugs.  A notable limitation is 

the diffusion rate of large compounds through micron-scale pathways.  When 

rapid delivery is required, it may be necessary use an additional force to drive the 

drugs into the skin. 

 

1.2 Conductive polymer for controlled drug delivery 

systems 

Conductive polymers (CP) are organic polymers with electrical, magnetic, and 

optical properties.  The flexible mechanical properties allows for easy processing.  

They have found applications in a wide variety of areas including but not limited 
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to light emitting diodes (LEDs), smart mirrors, electromagnetic shielding, 

antistatic coatings, and various sensing devices.
45

  In the biomedical field, CPs 

have been used for biosensing, nerve regeneration, and drug delivery systems.
46-49

   

 Controlled drug delivery systems offer many advantages over conventional 

therapies, such as implantable devices, by maintaining therapeutic bioavailability 

of drugs, providing specific dose requirements for treatment, and minimizing side 

effects.  Implantable systems can release drugs over an extended period of time, 

however the release of the drugs is at a pre-programmed rate and cannot be altered 

without removing and resetting the device. Another limitation of implantable 

devices is the inability to maintain a steady release rate due to the diminishing 

drug concentration gradient.  The intrinsic electronic properties of CPs offer the 

use of an external stimulus which can be modified to appropriately monitor the 

release rate of a drug.   

 

1.2.1. Electrically controlled drug delivery systems 

Over the last few decades, one of the greatest challenges for polymer-

controlled release systems is the delivery of drugs in a pulsatile or staggered 

release profile.
50

  Current methods developed for controlled delivery responds to 

changes in the local environment such as enzymatic and hydrolytic degradation, 

pH fields and temperature.  Despite these methods, responses to changes in 

electric field offer the unique advantage of providing on-demand release due to 

the availability of equipment allowing precise control of delivery with regards to 

magnitude of current, duration and interval of pulses.   



 14 

 

Conductive polymers are electrically conductive due to the continuous and 

ordered pi-conjugated backbone.  When conductive polymers are oxidized, 

“holes” are created along the backbone through the removal of electrons.  The 

conjugated backbone provides a path for neighboring electrons to move freely 

through these “holes”.  The progression of charge through the “holes” explains 

their conductivity.  CPs can undergo controllable and reversible redox reactions.  

The switching between redox states results in simultaneous changes in the 

polymer charge, conductivity, and volume.  The change in volume is due to the 

charging and discharging of the polymeric composition (Figure 1.6).  The packed 

polymer structure is due to the strong Van der Waals interaction during oxidation.  

The electrons are removed from the chains due to π bond redistribution from the 

influx of cations.  Then the polymer undergoes conformational changes to provide 

volume for the balancing counteranions from the solution.  By exploiting these 

properties, the rate of drug release from CPs can be controlled. 

 

Figure 1.6 Reverse electrochemical reactions promote a) shrinking and b) 

swelling of polymer.   

a) 
b) 
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There are several factors determining if a drug is suitable for use in CP 

drug delivery systems such as potency, half life, bioavailability, and most 

importantly electroactive properties.  The drugs can be incorporated into the 

polymer during or following the polymerization process.  The mechanism of drug 

incorporation during polymer synthesis involves the combination of electrostatic 

and hydrophobic interactions between the drug (dopant) and polymer, along with 

physical entrapment.
48

  However, the drugs can interfere with the polymerization 

growth of the monomer; therefore most research focuses on incorporating the 

drugs into the CP following polymerization.  This technique allows flexibility in 

polymer preparation without the limitations due to drug incorporation. 

 

1.2.2. Conductive polymer films for drug delivery systems 

The first reported controlled release system based on electrostatic release of 

anionic drugs was reported by Zinger and Miller in 1984 when glutamate anions 

were released on the reduction of polypyrrole (PPy) (Figure 1.7).
51  

Fourteen times 

more glutamate was released at a reducing potential of -1.0V than with no applied 

potential.  Massoumi and Entezami constructed a CP bilayer to control the release 

of anions.
52, 53

  The bilayer released drugs on reduction of the polymer and 

reincorporated them upon oxidation.  Pyo et al. also demonstrated the controlled 

release of adenosine 5’-triphosphate from PPy.
54  

Michniak et al. utilized a porous 

polyaniline (PANi) membrane as a drug delivery system as well as an electrode in 

iontophoretic TDD.
55 
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b

 

Figure 1.7 a) PPy released mobile anions on reduction of the polymer.  b)  PPy 

prepared with immobilized anions will incorporate cations based on the reduction 

of the polymer, the cations can then be released upon oxidation.  Reprinted from 

Zinger et al.
51

 

 

Overcoming limitations in the choice of dopant and molecular weight of 

delivered drug, Langer et al. took a different approach by attaching molecules to 

PPy through biotin-streptavidin coupling.
56

  After the molecule of interest is 

attached to the biotin dopant, drug release is triggered through electrical 

stimulation.  The reduction of PPy is believed to trigger the release of biotin and 

the attached payload (Figure 1.8).  Kang et al. also took a similar approach by 

covalently immobilizing poly(vinyl alcohol) (PVA)-heparin hydrogel onto PPy 

film and studied the release behavior of heparin from PPy with and without 

electrical stimulation.
57
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Figure 1.8 Voltage applied across the polymer in PBS solution causes the release 

of biotin from the PPy surface.  Reprinted from George et al.
56

 

 

 Most recently, Hammond et al. utilized the layer-by-layer (LbL) assembly 

technique to create polymer films of thickness in the 100-500 nm range.  The 

group reported the fabrication of nanoscale films that can release drugs in 

response to an anodic potential of at least +0.5 V (vs. Ag/AgCl).  The films 

contained negatively charged Prussian Blue (PB) particles and positively charged 

gentamicin, a small hydrophilic antibiotic.  The dosing and rate of drug delivery 

was controlled by tuning the film thickness as well as applied potential. 

 Current technology has made it possible to finely tune polymer film 

thickness down to the nanometer range, however, the amount of therapeutic drugs 

that can be delivered from nanometer films needs to be improved further.  To 

efficiently load drugs and provide fast and controlled transdermal delivery in 

electrical systems, polymeric nanostructures need to be investigated.  
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1.2.3 Conductive polymer nanostructure for drug delivery systems 

Despite the emerging researched based on CPs for drug delivery, several 

limitations have prevented the broad use of CP films in controlled drug delivery.  

One reason is due to the small surface area and thus limited capacity for clinical 

drug loading.  In addition, CPs release drugs most efficiently from their surface, as 

opposed to bulk polymer, which can hinder the release of embedded drugs and 

affect the ability of the polymer to fine-tune the release rate of the drugs.  The 

easiest and most efficient way of overcoming these limitations is to increase the 

surface area of the CPs.  Nanostructures have intrinsically high surface area to 

volume.  Polymer nanostructures can respond quickly to electrical stimulations, 

increase the payload capacity of the system, and provide the innovative template 

for small, attractive, and easily marketable transdermal patches. 

Cui et al. developed an approach to increase the surface area of conductive 

polymers and increase the drug loading capacity of traditional films.
59

  

Nanoporous PPy films embedded with fluorescein were synthesized using a 

polystyrene (PS) modified electrode (see Figure 1.9).
58  

A potential of -2.0 V was 

applied in 10 s increments to reduce and remove the charge from PPy, releasing 

negatively charged dye molecules.  The group reported that nanoporous PPy films 

released about 10 times more than conventional PPy films.  In a similar 

experiment, the group reported the upload of both fluorescein and dexamethasone 

into the nanopores protected by a thin layer of PPy on top.  Both fluorescein and 

dexamethasone were released after electrical stimulation however the accumulated 

drug release was only in the nanograms range. 
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Figure 1.9 Schematic process of synthesis and drug release of nanostructured PPy 

film.  a) Immerse modified template in PPy solution containing drugs of interest 

and electrochemically polymerized.  b) Dissolution of polystyrene nanobeads.  b)  

An additional drug is added.  d)  A thin layer of PPy is deposited.  e) Application 

of potential released loaded drug.  Reprinted from Luo et al.
59

 

 

Electrochemical actuators have been synthesized with conducting 

polymers based on the principle of expansion and contraction due to the number 

and size of ions exchanged.
60  

Martin et al. reported the fabrication of poly(3,4- 

ethylenedioxythiophene) (PEDOT) nanotubes around drug incorporated 

biodegradable polymer for precise controlled drug released.
60

  Nanofibers were 

first electrospun onto the surface of neural probes followed by the electrochemical 

deposition of PEDOT around the fibers.  The nanotube wall thickness varied 

between 50-100 nm, while the diameter ranged from 100-600 nm.  The drug 

loaded PEDOT was actuated by applying a potential of 1 V.  The contraction of 

the PEDOT nanotubes created a pressure within the nanotubes which expelled the 

drug molecules and degraded the biopolymers.  A potential of 0 V was applied in 
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the control experiment which showed that the model drug did not significantly 

diffuse through the PEDOT nanotube walls.  

 

1.3 Conductive nanotubes for fast and controlled release 

The Martin group has pioneered the versatile template synthesis method that can 

be implemented to fabricate cylindrical metal, metal oxides, or organic 

nanostructures.
61-63 

 Mallouk et al. have synthesized poly(3,4-

ethylenedioxythiophene) gold capped PEDOT nanowires utilizing anodic 

aluminum oxide (AAO) as the template membrane.
64

  Hernandez et al. also used 

AAO to electrochemically synthesize porous PPy nanowires.
65

  The ease in 

fabrication of cylindrical conductive polymer nanostructures and their enhanced 

electrochemical properties makes them an ideal candidate for controlled delivery.  

1.3.1 Enhanced electrochemical properties 

Nanostructured materials provide intrinsically high surface areas leading to a 

shorter diffusion distance for ion transport and thus faster charge/discharge rates.  

Nanotubular conductive polymers are the ideal structure for enhance drug delivery 

because the wall thickness and length can be used to control the rate of upload and 

release.  The beauty of nanotubes is the ability to utilize the inner hollow tubular 

structure for drug upload while the outside can undergo further modifications to 

enhance the materials, targeting capabilities, and stability.  Our group has 

previously pioneered the electrochemical synthesis of PEDOT nanotubes and 

demonstrated their enhanced properties in applications such as fast 

electrochemical devices and energy storage.
66-71
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Electrochromics is one of the most fascinating properties of conductive 

polymers.  The effect of electrochromism has been known for many years and it is 

based on the fact that certain materials change color depending on their redox 

states.
72

   Lee et al. pioneered the electrochromic studies of PEDOT nanotubes 

which achieved an extremely fast electrochromic response (<10 ms), compared to 

their film counter parts (~seconds).
71  

The ability to respond to electrical changes 

within milliseconds makes conductive polymers ideal for fast and controlled 

transdermal drug release. 

 

1.3.2 Tunable chemical and physical properties 

Surface modifications of CP through the incorporation of biomolecules have lead 

to changes in chemical and physical properties.  Changes to the chemical 

properties of CPs have occurred through the doping of biomolecules or the 

immobilization of bioactive polymers on the surface of the materials.
73-74 

 Physical 

modifications can create well ordered polymer backbones which can increase the 

charge/discharge rate of the polymers.  One type of modification process, 

copolymerization with other polymers, is addressed later in this thesis. 

 

 

 

 

 
 



 22 

 

Chapter 2: Synthesis of PEDOT Nanotube Transdermal Patch 
The Materials and Methods in this chapter has been reproduced in part with 

permission from: Xiao, R., Il Cho, S., Liu, R. & Lee, S.B. Controlled 

electrochemical synthesis of conductive polymer nanotube structures. Journal of 

the American Chemical Society 129, 4483-4489 (2007) 

 

2.1 Introduction 

Preparations of conducting polymers involve the oxidative polymerization of the 

monomer ions.  By controlling the amount and rate of charge passed, the 

polymerization process can be optimized to produce a polymer with desired 

morphological and electromechanical properties.   

The synthesis of poly(3,4-etheylenedioxythiophene) (PEDOT) can be 

achieved through two main types of polymerization: oxidative chemical reagents 

or electrochemical processes.  Chemical polymerization of EDOT can be carried 

out using several methods and oxidants.  The classical method employs oxidizing 

agents such as FeCl3 and Fe (III) tosylate (Fe(OTs)3).
75-76  

This method results in 

black, insoluble, and infusible PEDOT.  On the contrary, electrochemical 

polymerization is favored to create drug delivery systems as it requires only a 

small amount of monomer, no harsh oxidizing or reducing agents, short 

polymerization times, and yields both electrode-supported and free standing 

polymers.  During electrochemical polymerization, a positive potential is applied 

at the electrode causing the monomer to be oxidized to a delocalized radical 

cation.
77  

As seen in Scheme 2.1, the radical cation induces radical-radical 

coupling generating dimerization of the monomer radicals through deprotonation 

at the α-position.  Following the generation of a the neutral dimer through the 

removal of two H
+
 ions, chain propagation occurs through the oxidation of neutral 
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dimers into dimer radicals.  The dimer radicals will than react with monomers or 

dimers in solution and resulting in the elongation of the polymer backbone.  The 

oxidation potential of the monomer is higher than that of the polymer, therefore 

the newly formed polymer is slightly oxidized in its neutral form.
78

  

 

-e-

- 2 H+

EDOT

PEDOT
 

Scheme 2.1 Electrochemical polymerization of EDOT to PEDOT. 

The synthesis of conductive polymer nanotubes has been performed 

chemically or electrochemically using various templates.
79-81  

Martin and co-

workers have pioneered the synthesis of conductive polymers in pores of 
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polycarbonate or alumina membranes.
79-81

  The template synthesis method utilizes 

membranes with tunable pore diameters and length resulting in well defined, 

robust, and monodisperse PEDOT nanotubes.  PEDOT nanotubes have attracted 

intensive attention in the fields of energy storage and drug delivery due to their 

ultra fast electrochemical responses, conductivity, and long term stability.
58, 59, 83-84  

PEDOT nanotubes have several advantages over their film counterparts, as well 

namely, (i) the nanotube structure feature an inner void for accommodating 

molecules such as ions, drugs, biomolecules, enzymes, etc.  (ii) The increased 

surface area of nanotube compared to film provides a much larger amount of drug 

loading and (iii) the thin walls of the nanotubes provide a short diffusion distance 

for ions.  Lee and coworkers have used these concepts to synthesize capacitors, 

electrochromic windows, and energy storage devices. 

In this chapter, a method is designed to develop the TDDS.  The drug 

reservoir for the system consists of PEDOT nanotubes embedded in a 

polycarbonate membrane (PC).  The synthesis of PEDOT nanotubes in a porous 

template was originally reported by Xiao and co-workers.
67  

Figure 2.1 illustrates 

the transdermal delivery patch which consists of a working electrode, drug 

reservoir (PEDOT nanotubes), electrochemically active gel electrolyte, and 

counter electrode.  The chapter will conclude with proof-of-concept results for the 

drug release in PBS buffer solution in a three electrode system. 
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Figure 2.1 Deconstructed representation of transdermal patch. 

 

2.2. Materials and Methods 

2.2.1 Chemical and Materials 

3,4-ethylenedioxythiophene (EDOT, Sigma Aldrich), acetonitrile (Fisher 

Scientific), and lithium perchlorate (LiClO4, Acros) were used to synthesized 

PEDOT nanotubes within gold sputtered alumina (200 nm diameter, 60 µm 

thickness, Whatman) and polycarbonate membrane (PC, 220 nm diameter, GE 

Osmonics) with Pt foil (99.99%, Alfa Aesar) as the counter and Ag/AgCl as the 

reference electrode.  Anhydrous propylene carbonate (Sigma), ethylene carbonate 

(Sigma Aldrich) and poly(methylmethacrylate (PMMA, Sigma Aldrich) were 

used to synthesize the electrolyte gel for hydrophobic dyes.  Sodium chloride 

(NaCl, J.T. Baker), polyethylene glycol (PEG, Sigma Aldrich), and millipore 

water obtained by a Milli-Q A10 system was used to synthesized the electrolyte 

gel for hydrophilic dyes.  The PEDOT nanotubes were sandwich between copper 
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tape (3M) and acid resistant tape (3M).  Finally, the patch was finished with a 

carbon fiber mesh (fuelcellstore.com) as counter electrode.   

 

2.2.2 Template synthesis of PEDOT nanotubes 

Two different types of commercial membranes were used to synthesize PEDOT 

nanotubes.  Commercial alumina templates (AAO), with 200 nm diameter and 60 

µm thickness, were used to synthesize PEDOT nanotubes for structural analysis 

and characterization due to the ease of preparation for characterization.  PC 

membranes, with 200 nm diameter and 47 µm thickness, were used for PEDOT 

synthesis of the transdermal drug delivery patch due to its flexibility.  A Denton 

Vacuum Desktop III was used to sputter a thin layer of gold (ca. 100 nm thick) on 

one side of the membrane template.  Copper tape (3M) was attached to the gold to 

provide contact with the working electrode.  Silicon, Teflon, and corrosive 

resistant clamps were used to keep the electrochemical cell in place.  The three 

electrode cell set up is illustrated in Figure 2.2.  An electroactive window with a 

60% porosity (1.26 cm
2
) was defined by using acid resistant tape.  The entire cell 

is placed in a 50 mM solution of EDOT in 100 mM LiClO4 in acetonitrile.  A 

potential of 1.2 V is applied to the system until the charge reached 200 mC.
67

  All 

electrode potentials were measured relative to a Ag/AgCl reference electrode 

using Pt foil as a counter electrode, if not specified otherwise. The deposited mass 

of PEDOT nanotubes was controlled by fixing the total charge passed during 

electropolymerization. 
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Figure 2.2 Three electrode cell set up for the electrochemical synthesis of PEDOT 

nanotubes. 

 

2.2.3 Construction of PEDOT nanotubes transdermal patch 

We have previously established the electrochemical stability of PEDOT nanotubes 

embedded in the membrane and therefore the tubes were kept within the pores for 

the TDDS.
70

   Prior to the loading of anionic molecules, PEDOT was cycled 

between -0.500 V and 1.0 V in a solution of the desired drug at 10 mV/s in order 

to remove any PEDOT monomers or polymers from the membrane and to 

exchange perchlorate ions with model drugs.  The PEDOT patch was placed in a 

600 mM solution of amaranth (Figure 2.3).  A potential of 1.2 V was applied to 

the working electrode until 200 mC/cm
2
 of the amaranth was loaded (~30 µg).  To 

evaluate the amount of model drug loaded, we used a quartz crystal microbalance 
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(QCM; Stanford Research Systems) to measure the weight change of PEDOT 

over time (Figure 2.4). 

Amaranth Cy5.5
 

Figure 2.3 Structure of amaranth. 
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Figure 2.4 QCM graph of change in mass over time for 200 mC of amaranth 

uploaded into on 200mC PEDOT.  
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Scheme 2.2 Electropolymerization of EDOT and uploading of model dyes in 

AAO/PC membrane. 

 

In order to create a contact between the PEDOT nanotubes and the gel 

electrolyte, the PEDOT nanotube patch was placed in 100 mM solution of NaCl or 

LiClO4 and 200 mC of electrolyte was deposited.  The next layer of the PEDOT 

patch consisted of a solid electrolyte matrix that was in contact with the surface of 

the flexible template.  The solid electrolyte matrix for amaranth consisted of 100 

mM sodium chloride and polyethylene glycol (7.5%wt/wt) dissolved in water and 

heated slowly under strong stirring until the gel was homogeneous. Finally, 1 cm 

by 1cm piece of carbon fiber paper was placed on top of the electrolyte gel and the 

edges of the patch were sealed with epoxy (See Scheme 2.3). 
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Scheme 2.3 Step by step construction of PEDOT nanotube transdermal patch. 

 

2.2.4 Characterization of PEDOT nanotubes and uploading 

capabilities of model drugs 

The PEDOT nanostructures were investigated using a field-emission scanning 

electron microscope (SEM; Hitachi S-4700, operated at an acceleration voltage of 

5 keV) and transmission electron microscope (TEM; Zeiss EM10CA, operated at 

80 keV).  TEM and SEM sampling methods were previously described in detail.
70, 

67, 85
  Briefly, the template was dissolved in 3 M NaOH for 15 minutes to expose 

the PEDOT nanotubes. After rinsing them with de-ionized water repeatedly, the 

samples were dispersed in ethanol and sonicated.  The nanotubes precipitated to 

the bottom of the microvial.  For SEM sampling, 6 µL of the nanotube solution 

were dropped on carbon tape and dried in air before observation.  For TEM 
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sampling, 6 µL of the nanomaterial solution was dropped and dried on a TEM 

grid. 

The uploading and release capabilities of the nanotube patch were 

performed in a three electrode system.  The patch was placed in a solution of PBS 

(pH 7.4) after the model drugs were loaded into the nanotube.  A constant 

potential of -1.0 V was applied to the patch for 24h.  Sampling amounts of 1mL 

aliquots of PBS buffer were taken out and stored in 1.5mL microvials every hour 

for 5 hours, at hour 10, and once again at 24 hours.  The beaker was replenished 

with fresh PBS after each sampling interval.  The absorbance of amaranth was 

measured at wavelengths of 216, 255, and 520 nm.  The multiple absorbance 

peaks correlate to the multiple negative charges provided by the sulfonic groups.
86

 

 

2.3. Results and Discussion 

2.3.1 Electron microscope characterization of PEDOT nanotubes 

The specified conditions for the growth of PEDOT nanotubes are based on our 

previously published mechanism.
67

  The gold sputtered on the bottom of the AAO 

and PC membranes form a ring-shaped electrode that defines the tubular shape of 

the nanotubes.  In addition, the limited amount of EDOT monomer at low 

concentrations prevents the formation of solid nanowires. Controlling the amount 

of charge per unit area during electropolymerization regulates the amount of 

PEDOT loaded in the pores of the template.  Figure 2.5 shows the SEM image of 

PEDOT nanotubes following the removal of the membrane template.  Without the 

template to support the nanotubes, the structures collapse and aggregate from the 
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strong surface tension generated at the interface between the nanotubes and 

solvent during evaporation.  Although the top of the nanotubes are aggregated, the 

open porous structure of the nanotubes remains evident.  

 

 

Figure 2.5 Electron microscopy images of PEDOT nanotubes electrodeposited 

with a charge density of 200 mC/cm
2
 and subsequent removal of the membrane 

template. 

 

2.3.2 Theory for upload and release of drugs from PEDOT patch 

There have been many studies over the past twenty five years to overcome 

problems associated with skin delivery.  Although new methods, like those 

discussed in Section 1.1.3, have emerged over the years, those techniques can be 

divided into two main categories: passive and active.  Passive methods include 

conventional means of applying drugs to the skin such as ointments, creams, gels, 
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etc.  Passive methods are limited by the amount of drug that can be delivered due 

to the fact that the fundamental barrier properties of the skin are not changed.  On 

the other hand, active methods use external energy to act as a driving force to 

reduce the barrier structure of the stratum corneum.  All of the current TDDS 

covered in Section 1.1.3, including our PEDOT nanotube patch, are active 

methods.  

Currently, there are four main categories that transdermal patches can be 

classified in: single-layer, multilayer, reservoir-type and matrix-type, with the last 

two being predominant (see Figure 2.6).  Single and multi-layered transdermal 

patches have the same working principle for the drugs are contained in the 

adhesive layer.  The advantage of the multilayer release is that it may contain two 

layers, one for immediate release and the other for controlled release.
87

  A 

reservoir-type holds the drugs in a solution or gel thus drug delivery can be 

governed by rate-controlling membrane position between the drug reservoir and 

skin.  By contrast, matrix-types are an all-in-one patch that combines the drug, 

adhesive and mechanical backbone of the patch and does not involve a rate-

controlling membrane.   The delivery rate in all-in-one patches is governed by the 

permeability of the skin.  Reservoir-type patches involve a greater design 

complexity, however they offer an advantage over matrix-type patches in terms of 

formulation flexibility, and tighter control over drug delivery rates, although an 

initial burst of drug delivery is evident.
2
  Stimulus-responsive polymers are 

attractive for reservoir-type drug release systems due to the fact that drugs can be 

triggered by polymer structure changes in responses to stimuli such as pH, 
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temperature, and electricity.
60, 84, 88   

Herein we discuss a new electrical release 

method involving the intrinsic electronic properties of conductive polymers, 

specifically PEDOT. 

 

Figure 2.6 Classification chart for transdermal drug delivery systems. 

Electrochemical switching of PEDOT (Figure 2.7) is accompanied by 

charge compensation through ion movement into or out of a membrane.  A 

practical application of this property would be the upload and controlled release of 

anionic drugs from PEDOT backbone.  The drugs can accumulate in the polymer 

during oxidation and then be released by electrochemically controlled reduction of 

the polymer.  

 

Figure 2.7 Charge (oxidation) and discharge (reduction) of PEDOT polymer 

backbone. 
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Responses to electrochemical oxidation can also produce changes in 

conductivity, color, and volume.
89-91  

A change in the electronic charge is 

accompanied by an equivalent change in ionic charge, which requires a mass 

transport between the polymer and dopant ions.
92

   When the counterions enter the 

polymer it physically expands and contracts depending on the number of ion 

exchanges (Figure 1.6). 

The electronic properties of PEDOT allow for the uptake and release of 

drugs by varying the applied electrical potential (Scheme 2.4).  The design 

criterion of the patch is based on the electrostatic interaction between hydrophilic 

model drugs and the oxidized and reduced forms of PEDOT nanotubes.  When an 

oxidative potential is applied, the PEDOT backbone becomes positively charged 

therefore a variety of anionic molecules can be utilized.  In order to controllably 

release the dye, a potential can be applied causing electrostatic repulsion or 

attraction between the dyes and charged PEDOT.  Applying a positive potential 

(i.e.: charge) will prevent the delivery of drugs (Scheme 2.4c), while a negative 

potential (i.e.: discharge) will release the drugs, accordingly (Scheme 2.4d).  At 0 

V, PEDOT is only slightly negative therefore migration of dyes molecules through 

diffusion can occur.  In addition to electrostatic repulsion, the physical swelling 

and shrinking of the nanotubes can forcefully expel the drug molecules from the 

nanotubes. 
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a dcb

 

Scheme 2.4 Schematic depicting the main steps of the controlled released delivery 

system. The controlled drug delivery system is assembled by a) placing the 

template-embedded PEDOT nanotubes in drug solution b) then loading anionic 

drugs into the pores of PEDOT nanotubes.   c) After optimal loading the d) 

desired potential is applied to release the drugs either in step-wise or steady doses. 

 

2.3.3 Release kinetics of PEDOT nanotubes TDDS in PBS 

In Chapter 1, general drug release experiments where a diversity of molecules was 

incorporated into various CP materials to be released following electrical 

stimulation were addressed.
52, 83, 93-97

  However, drug loading within films are 

subject to size requirements of dopant molecules and therefore are inefficient for 

the uploading and release of drugs.  The Langer group circumvented issues 

involving dopant ions by attaching drug molecules directly to the surface of 

polypyrrole (PPy) through biotin-streptavidin coupling.
56

  Following the 

attachment of the desired molecule, electrical stimulation triggers the release of 
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the molecule.  By incorporating biotin as a dopant, it is believed that an electrical 

pulse triggers the release of the biotin and the attached payload.  However, CPs 

release most efficiently from the surface compared to the polymer bulk.  Drugs 

loaded within the deeper layers of the film can take up to days to be release while 

those mainly on the superficial layers are prematurely release.
56-57 

The most effective way to increase drug release efficiency is to increase 

the surface area of the polymer film.  The Cui group was one of the first to explore 

conductive polymer “nanostructures” for electrical stimulus responsive release.
58, 

59
  The group electrochemically polymerized PPy and fluorescein on a glassy 

carbon electrode modified with multilayers of PS nanobeads (mean diameter 

46±2nm).  The removal of the PS beads after the polymerization of PPy provided 

a porous morphology to the film thus increasing the surface area and increased the 

release of fluorescein in PBS buffer by almost 9 times , compared to a 

conventional film (Figure 2.8).  

 

a b c

 

Figure 2.8 Synthesis of nanoporous PPy film for electrochemical controlled drug 

release. a)  Immersion of PS template modified electrode into pyrrole solution 

containing fluorescein and polymerize; b) dissolve PS nanobeads; c) apply 

potential to release fluorescein. Reprinted from Luo et al.
59 
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To overcome these issues, we developed a transdermal drug delivery patch with 

PEDOT nanotubes. With an external stimulus to control the potential, doses can 

be delivered to match clinical requirements. 

For proof of concept, we analyzed the controlled release of a model drug 

molecule from PEDOT nanotubes in a buffered solution (25°C, pH 7.4).  The 

PEDOT embedded nanotubes were immersed directly into PBS buffer solution 

following the upload of Amaranth.  We applied a steady potential of -1.0 V, 0 V, 

and +1.0 V (vs. Ag/AgCl) for 24 h (similar set up to Figure 2.2).  The absorbance 

of amaranth in PBS was measured over time and expressed as the cumulative 

percentage of the total amount of model drug released from PEDOT nanotubes.  

An observed correlation between the cumulative percent of drug release and 

strength of applied potential was evident (Figure 2.9). 

 

 



 39 

 

0

5

10

15

20

25

30

35

40

0 5 10 15 20 25 30

C
u

m
lu

la
ti

v
e

 %
 R

e
le

as
e

 o
f 

D
y

e

Time (h)

Release (-1.0 V)

Control (0 V)

Prevent (+1.0 V)

 

Figure 2.9 Release of amaranth in PBS buffer solution in three electrode system.  

a) A constant potential of -1.0V, 0 V, and +1.0 V (vs. Ag/AgCl) was applied for 

24h and 1mL aliquots were taken out and measured with UV-Vis at 1h, 2,h, 3h, 

4h, 5 h,  10h, and at 24h.  After the measurements, 1mL of fresh PBS buffer was 

used to replenish the beaker. The experiment was repeated three separate times 

and data sets are averaged with standard deviation error bars (N=3±SD). 

 

Following a reduction potential, the negatively charged PEDOT backbone 

caused electrostatic repulsion releasing the dyes into the solution.  With an 

oxidative potential (+1.0 V), the cumulative percent of drug release was found to 

be much lower than both -1.0 V and 0V.  Approximately 7 times more dye 

molecules were released with an applied potential than without.  In addition, 

applying a positive potential prevents the diffusion of dye molecules.  These 
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preliminarily studies demonstrated that the strength of the potential affects the rate 

of model drug release. 

2.4 Conclusion 

In this chapter, the PEDOT nanotube transdermal patch was designed and 

synthesized.  Approximately 30 µg of model drug molecules were loaded within 

the patch system and released accordingly.  As a proof of concept experiment, the 

PEDOT nanotubes loaded with dye molecules were placed in a solution of PBS 

buffer and variable potentials were applied.  Cumulative percentage of release 

over time showed that the rate of drug release can be controlled by the strength of 

the applied potential. The feasibility and efficiency of the template synthesis 

method provides an easy fabrication route for the PEDOT nanotube TDDS 

making it an ideal candidate for industrial manufacturing.  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 41 

 

Chapter 3: Transdermal drug delivery analysis 
 

 

3.1. Introduction 

The most familiar means of transdermal drug delivery is through passive methods, 

such as ointments and passive patches (e.g., nicotine, birth control patches).  The 

main restrictions with passive delivery is the property of the stratum corneum 

which limits drug delivery to those of low-molecular weights that are hydrophobic 

and effective at low doses.
2  

Active delivery methods involve an external energy 

source to help drive the drug across the skin thereby facilitating the delivery of 

smaller, hydrophobic molecules in addition to larger charged and hydrophilic 

molecules.  Many active methods were discussed in Chapter 1, such as 

iontophoresis and electroporation for electrical stimulation and microneedles and 

abrasions for mechanical stimulations.
20 

 In this section we will focus on the in 

vivo release kinetics of the PEDOT nanotube TDDS using the active delivery 

method. 

 

3.2. Materials and methods 

3.2.1. Chemical and materials 

3,4-ethylenedioxythiophene (EDOT, Sigma Aldrich), acetonitrile (Fisher 

Scientific), and lithium perchlorate (LiClO4, Acros) were used to synthesized 

PEDOT nanotubes within gold sputtered alumina (200 nm diameter, 60 µm 

thickness, Whatman) and polycarbonate membranes (PC, 220 nm diameter, GE 
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Osmonics) with Pt foil (99.99%, Alfa Aesar) as the counter electrode and 

Ag/AgCl as the reference electrode.  Indium tin oxide (ITO) glass (Rs=4-8 ohms, 

thickness 1.1 mm) for PEDOT films was commercially available from Delta 

Technologies Limited.  The model dye molecules used for in vitro analysis were 

amaranth (Sigma-Aldrich) and Cy5.5 (G.E. Health).  Fluorescein isothiocyanate 

(FITC) (Invitrogen) was used for in vivo drug delivery analysis.   Anhydrous 

propylene carbonate (Sigma), ethylene carbonate (Sigma-Aldrich) and 

poly(methylmethacrylate) (PMMA, Sigma-Aldrich) were used to synthesize the 

electrolyte gel for hydrophobic dyes.  Sodium chloride (NaCl, J.T. Baker), 

polyethylene glycol (PEG, Sigma-Aldrich), and Millipore water was obtained by a 

Milli-Q A10 system was used to synthesized the electrolyte gel for hydrophilic 

dyes.  The electrochemical windows were dictated by copper tape (3M), acid 

resistance tape (3M), and parafilm.  Finally, the patch was topped with a porous 

carbon fiber mesh (Fuel Cell Store) as counter electrode.  Epoxy was used to seal 

the entire TDDS. 

Amaranth Cy5.5
 

Figure 3.1 Cy 5.5 molecular structure. 
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3.2.2. Synthesis of PEDOT film for comparative studies 

PEDOT film was synthesized on ITO.  Copper tape was attached to the 

electroactive side of the ITO. Acid resistance tape was used to secure the copper 

tape on the ITO and create a symmetric square electroactive area (see Figure 3.2).  

1.26 cm
2
 of ITO was placed in 500 mM of EDOT in 100 mM LiClO4 in 

acetonitrile.  The three electrode cell set up as illustrated in Figure 2.2 was 

utilized.  The entire ITO surface is placed in a 50 mM solution of EDOT in 100 

mM LiClO4 in acetonitrile.  A potential of 1.2V is applied to the system until the 

charge reached 200 mC.
67

  All electrode potentials were measured relative to a 

Ag/AgCl reference electrode using Pt foil as a counter electrode, if not specified 

otherwise.   Next, the PEDOT film was placed in a solution of 600 mM amaranth 

and cycled between -1.0 V and 1.0 V to flush out any EDOT monomers and 

perchlorate ions.  After adequate flushing, 200 mC charge of amaranth was passed 

into the PEDOT film by applying 1.2 V.  Following the upload of amaranth into 

the film, the PEDOT film was rinsed very carefully with water.  Next, the 

electrolyte gel was spread on the PEDOT film and the carbon fiber counter 

electrode was placed on top of the gel to complete the delivery system.  The 

PEDOT film patch was then placed in a Franz Diffusion Cell and release studies 

were performed under the same conditions as for the nanotube patch system.  

Briefly, 1.2 V, 0 V, and -1.2 V (vs. carbon fiber counter electrode) were applied 

for 24 h.  Sample amounts of 1mL aliquots were taken at specified intervals. The 

receptor cell volume was 10mL and was replenished with fresh 1 mL aliquots of 

PBS after each sampling period.   
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 Figure 3.2 ITO 1.26 cm
2
with copper and tape after polymerization of PMProDot. 

 

3.2.3. Set up for in vitro analysis 

The construction of the PEDOT nanotube patch is as mentioned in Section 2.2.3.  

Prior to the loading of Cy5.5 and Amaranth, PEDOT was cycled between -0.500 

V and 1.0 V in a solution of the amaranth or Cy5.5 at 10 mV/s in order to remove 

any EDOT monomers and to exchange perchlorate ions with the dye molecules.  

After adequate flushing of PEDOT nanotubes with the dye molecules, the dye 

molecules were uploaded in PEDOT nanotubes by immersing the membrane-

embedded nanotubes in a fresh solution of either 600 mM amaranth or 10mM 

Cy5.5.  A potential of 1.2 V (vs. Ag/AgCl) was applied to the PEDOT nanotubes.  

200 mC of amaranth is approximately equivalent to 30 µg (See Figure 2.2) and 

200 mC of Cy5.5 correlates to approximately 14 μg (See Figure 3.3).  To evaluate 

the amount of molecules loaded, a QCM (Stanford Research Systems) was used to 

measure weight change of PEDOT over time.  
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Figure 3.3 QCM analysis provides a change in weight over time graph for the 

upload of 150 mC Cy 5.5 into 200 mC PEDOT is measured at approximately 14 

µg. 

 

Following the upload of the dye molecules into the nanotubes, the patch 

was thoroughly rinsed with Millipore water to remove surface dye molecules and 

a layer of solid gel electrolyte was placed on top of the electrochemical window.  

The final PEDOT patch structure consisted of a solid electrolyte matrix that was 

sandwiched between the surface of the PC membrane embedded with PEDOT 

nanotubes and a carbon fiber counter electrode.  The solid electrolyte matrix for 

amaranth consisted of 100  mM sodium chloride and polyethylene glycol 

(7.5%wt/wt) dissolved in water then heated slowly under strong stirring until the 

gel was homogeneous. Since Cy5.5 is less hydrophilic than amaranth, a solid 

electrolyte matrix of higher hydrophobicity was prepared as published by Kumar 

et al. with modifications.
98  

Briefly, 1.0 M LiClO4 was mixed in 1:1 (vol:vol) 

ethylene carbonate and propylene carbonate for 8 hours at 25°C.  PMMA was 
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added to the solution at 3:1 (wt:wt) ratio of solution to PMMA.  PMMA was fully 

incorporated in the solution by heating at 70°C then slowly cooling in the oven. 

The thickness obtained was approximately 0.69 mm.  The solid gel electrolyte 

matrices were sealed between the PEDOT nanotubes and carbon fiber counter 

electrode with epoxy.  The patch was used immediately after the epoxy hardened. 

1
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Figure 3.4 PEDOT nanotube patch. Detailed scheme of construction is provide in 

Scheme 2.4. 
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 Porcine ears used for in vitro studies were obtained from a local slaughter 

house and cleaned under cold water.  The whole skin was removed carefully from 

the outer region of the ear and separated from the underlying cartilage.  The 

method of Klingman and Christopher with slight modifications was used to 

separate the porcine epidermis from the whole skin.
99  

The skin was incubated 

over night at 37°C in 0.5% trypsin solution in PBS (pH 7.4).  The tissue was 

smoothed out and soft epidermis was removed with cotton tipped applicator.  The 

samples were immediately stored at -20°C until use.  

A two compartment Franz Diffusion Cell setup was used to evaluate the 

rate of drug delivery through the excised porcine skin (Figure 3.5).  A potential of 

-1.2 V (vs. carbon fiber counter electrode) was applied for release of amaranth 

through the skin while, 0 V and +1.2 V (vs. carbon counter electrode) were 

applied for the control and preventative release studies, respectively.  The release, 

open circuit, and preventative experiments for Cy5.5 were performed achieved at -

1.45 V, 0 V, and +1.45 V (vs. carbon fiber counter electrode) respectively.  

Samples were collected at 0, 1, 2, 3, 4 or 5, 10, and 24 h and then analyzed with 

UV-Vis spectroscopy.  A full absorption spectrum for Cy5.5 (Figure 3.1) was 

obtained and 280 nm peak was used for analysis. 
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Figure 3.5 In vitro delivery of amaranth and Cy 5.5 through porcine skin via 

Franz Diffusion Cell. a) photo of set up b) illustration of set up.  Porcine skin was 

sandwiched between PEDOT patch and receptor reservoir.  Dye molecules 

transverse through the skin and into the reservoir to be measured and analyzed.  

The skin thickness is approximately 2.5 mm.  

 

a) 

b) 
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3.2.4. Set up for in vivo analysis 

3.2.4.1. Live fluorescence imaging 

Fabrication of the PEDOT nanotube patch and upload of Cy 5.5 are as described 

in section 3.2.3.  The patch was placed on the chest of the nude mouse since the 

chest is the area of least autofluorescence.  

Optical imaging acquirement and analysis were done using Maestro 2.10 

imaging system (Cambridge Research & Instrumentation, Woburn, MA; 

excitation = 675 nm, emission = 695 nm).  The patch was placed on the chest of 

nude mouse that was anesthetized with 2.5% isoflurane in oxygen delivered at a 

flow of 1.5 L/min (See set up in Figure 3.6).  For the control experiment, 0 V was 

applied to the patch, while -1.45 V was applied in the working experiment.  A 

potential of -1.45 V was applied over 60 minutes and the mouse was subjected to 

optical imaging at 0, 15, 30, 45 and 60 minutes.  For example, -1.45 V was 

applied for 15 minutes, the patch was taken off the mouse, and the moue was 

subject to optical fluorescence imaging.  The same procedure was repeated at time 

30, 45, and 60 minutes.  After image acquisition, deconvolution yielded the 

pseudocolored images of the pure spectrum of Cy5.5. All images were normalized 

and analyzed using Maestro software. For quantitative comparison, regions of 

interest (ROIs) were drawn, and the average signal (x10
6
phot/cm

2
/s) for each area 

was measured. 
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Patch

 

Figure 3.6 Set up for live fluorescence imaging of live nude mouse for the a) 

working experiment, b) control. 

 

3.2.4.2. In vivo microscopy in mice 

Fabrication of the PEDOT nanotube patch and upload of Cy5.5 dye molecules are 

as described in 3.2.3.   

Fluorescein isothiocyanate (FITC) was the used in vivo imaging studies 

(See Figure 3.7).  FITC was used for because of its high fluorescence quantum 

yield and ability to diffuse freely through tissues and blood vessels making it 

beneficial for live in vivo imaging.  In addition, FITC have been used in 

transdermal drug delivery experiments and exhibit limited degradation.
100

  FITC is 

negatively charged at neutral pH, therefore it was uploaded and released from the 

PEDOT nanotubes through electrostatic interactions as well.  FITC was loaded 

into the PEDOT nanotube patch in the same manner as amaranth and Cy5.5. 

Briefly, a PC membrane with embedded PEDOT nanotubes was immersed in 600 

mM FITC in ethanol.  A potential of 1.2 V (vs. Ag/AgCl) was applied until 200 

mC of FITC was deposited.  The patch was then thoroughly rinsed with ethanol 

followed by water.  Due to the hydrophobicity of FITC, the electrolyte gel used in 

a) b) 
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the TDDS was the same as mentioned in section 3.2.3 for Cy 5.5.  A porous 

carbon fiber counter electrode (1 cm by 1 cm) was placed on top of the electrolyte 

gel.  The entire system was sealed with epoxy and used immediately after the 

epoxy hardened. 

 

 Figure 3.7 FITC molecular structure. 

 

 6–8 week old male C57B6/L mice (Jackson Laboratory) were used for the 

in vivo imaging experiments. After anesthesia with intraperitoneal injection of 

ketamine-xylazine (90 mg/kg and 9 mg/kg respectively), the dorsal part of the 

back skin was clipped and residual hair was removed using a hair removal cream. 

Approximately 1 cm by 1 cm of the epithelial side was attached to the transdermal 

patch.  FITC was delivered transdermally at -1.45V (vs. carbon fiber counter 

electrode) for 30 minutes.  Acquisitions were obtained from a custom-made two-

photon laser scanning microscope with a tunable Ti:Sapphire laser (Mai-Tai 

DeepSee, Spectra-Physics) and a water immersion objective lens (20X, 1.0 NA). 

C 
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The laser was tuned to 800 nm. The average laser power at the sample was set to < 

25 mW.  All animal experiments were performed in compliance with institutional 

guidelines and approved by the subcommittee on research animal care at the 

Massachusetts General Hospital. 

 

Figure 3.8 Schematic of general two-photon laser scanning microscopes.
101 

 

3.3. Results and discussion 

3.3.1. Release rates from PEDOT films for comparative studies 

The limitations of PEDOT films for transdermal drug delivery were addressed in 

Chapter 2.  In addition to dopant restrictions and variable release rates, depending 

on the depth that the drug is embedded in the film, PEDOT films have been found 

to respond to potential changes within 1 to 2 s.
89, 98

  The slow interconversion rate 
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is a main obstacle for applications of films for devices requiring fast 

charge/discharge capability such as controlled TDDS.  The observations from the 

comparative film studies further support the advantage of using PEDOT 

nanotubes over film for controlled drug delivery.  

As seen in Figure 3.9, there was an initial release of dyes from the PEDOT 

film with an applied potential of -1.2 V, however there was almost no difference 

in the cumulative percent of dye released over 24 hours between -1.2 V and 0 V.  

It is hypothesized that the initial release corresponds to dye molecules on or very 

close to the surface of the PEDOT film.  However, as seen from the release rate 

constant in Supplemental Figure 5, there is minimal long term release.  This is 

most likely due to the long diffusion time of the dyes deeply embedded within the 

cross linking polymer.  As the dyes take longer to travel to the surface of the 

polymer films they have a greater amount of non-specific interactions (H-bonding, 

Van der Waals, etc) to overcome.   
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Figure 3.9 Graph depicts the cumulative percent dye release of amaranth from 

PEDOT film on ITO surface.  The PEDOT film was placed in a Franz Diffusion 

Cell and release studies were performed under the similar conditions as for the 

nanotube patch system.  Briefly, -1.2 V and 0 V (vs. carbon fiber counter 

electrode) were applied to two systems independently for 24 h.  Sample amounts 

of 1mL aliquots were taken at specified intervals. The receptor cell volume was 

10mL and was replenished with fresh 1 mL aliquots of PBS after each sampling 

period.  (1.2 V r
2
value from  0 h to 5 h = 0.867; 0V  r

2
 value from  0 h to 5 h = 

0.938).  The experiment was repeated three separate times and data sets are 

averaged with standard deviation error bars (N=3±SD). 
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3.3.2. In vitro analysis 

Although excised human skin is regarded as a “gold standard” for in vitro 

transdermal experiments, it is not sufficiently available and there is large 

variability among samples in relation to gender, race, age, and anatomical donor 

site.
101-107

   Many animal skin models from various mammals, rodents, and reptiles 

have been used as surrogates for human skin, however animal skin tends to be 

more permeable than human.
107, 108  

Generally, monkey and pig skin are better 

models than rodents, however for ethical reasons primate research is restricted.  

Therefore pig skin is the preferred replacement.
109

  In addition, based on 

morphological and functional data, domestic pig skin seems to be the closest to 

human skin, and therefore it was specifically chosen to be utilized in the in vitro 

analysis.
110-111

  

One way to study the effectiveness of a transdermal patch is through the 

use of a Franz Diffusion Cell (Figure 3.5).  The system is used to determine the 

permeation amount of specific molecules on a certain type of membrane, which in 

this case is porcine skin.  A Franz Diffusion Cell system is composed of a receptor 

and donor cell.  The permeated amount through the skin is independent of initial 

concentration, concluding that these studies are zero order release. 

In order to release the dye molecules, a potential of either -1.2 V or -1.45 

V (vs. carbon fiber counter electrode) was applied causing electrostatic repulsion 

between the dye molecules and charged PEDOT.  Amaranth was released at -1.2 

V, while +1.2 V was applied to prevent the release (See Figure 3.10).  Applying a 

negative potential will release the drugs (Figure 3.10a), while applying a positive 
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potential prevents the release of drug molecules (Figure 3.10b). Figure 3.10c, d, 

and e shows excised porcine skin following applied potential of -1.2 V (Figure 

3.10c), +1.2 V (vs. carbon fiber counter electrode) (Figure 3.10d), and 0 V (Figure 

3.10e) over 24h.  The visible discoloration of the porcine skin corresponds to the 

release of amaranth at -1.2 V.  In addition, since PEDOT backbone is slight 

negative at 0 V, some release of amaranth dye can also be detected.  
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Figure 3.10 By controlling the potential of the PEDOT patch, we can control the 

amount and duration of the drugs delivered.  a, c) Applying a negative potential 

will deliver the drugs in a fast and controlled manner, while applying b, d) a 

positive potential will result in minimal release of drugs molecules.    Excised 

porcine skin following applied potential of c) -1.2 V, d) +1.2 V and e) 0 V for 24 

h.  The visible discoloration corresponds to the release of amaranth at -1.2 V. 

Since PEDOT backbone is slightly negative in the neural state, some releases of 

dye molecules can also be seen (e). 

 

c) d) e) 

b) a) 

a) b) 
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It is hypothesized that the dyes are released through two main 

mechanisms.  The first is the electrostatic attraction and repulsion following the 

oxidation and reduction of the PEDOT nanotubes (See Figure 3.11).  The 

oxidation of PEDOT allows for electrostatic attraction to upload and keep the dye 

molecules within the TDDS.  When a reduction potential is applied, electrostatic 

repulsion cause the dye molecules to leave the PEDOT nanotubes and transverse 

through the gel electrolyte towards the counter electrode.  Through this 

mechanism, most of the dye molecules may remain in the counter electrode since 

it becomes positively charged when PEDOT is negatively charge.  In order for the 

dye molecules to transverse past the counter electrode and into the skin, the 

second hypothesized mechanism is similar to the delivery mechanism of 

iontophoresis.  The second mechanism is demonstrated in Figure 3.12 which 

shows an electrical charge causes volume flow in the direction of the counterions 

flow.  Electroosmosis occurs in the direction of the counterions migration when an 

electrical potential difference is applied across the skin.  The electrophoresis and 

electroosmosis aids the delivery of the dye molecules through the counter 

electrode and into the dermis. 

 

 



 59 

 

V

+    +   +  +
- -- -- -

++ +

_ _ _ _ _

-
- -- -

V

- -- -

-
-

-

Copper tape
PEDOT

Counter electrode

 

Figure 3.11 a) The oxidation of PEDOT allows for electrostatic attraction to 

upload and keep the dye molecules within the TDDS. b) When a reduction 

potential is applied, electrostatic repulsion cause the dye molecules to leave the 

PEDOT nanotubes and transverse through the gel electrolyte towards the counter 

electrode. 
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Figure 3.12 The second mechanism for drug delivery in the PEDOT patch results 

from the contact of the counter electrode and working electrode on the skin.  The 

electrical potential difference applied across the skin from the working electrode 

and counter electrode creates a volume flow that allows for the electroosmotic and 

electrophoretic flow of anionic dye molecules and counter ions through the skin 

and into the dermis.  
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More importantly, we analyzed the release rates with an applied potential 

and release payload of hydrophilic model drugs from the PEDOT nanotube TDDS 

through porcine skin to demonstrate that both can be fine tuned to deliver the 

desired therapeutic concentration.  These observations were supported by the 

results shown in Figure 3.13 and 3.14.  A Franz Diffusion Cell was used to 

measure the cumulative amount of dye release over time.  Amaranth and Cy5.5 

have different charges -3 and -1 at pH 7.4, respectively, and partition coefficients 

(Log P) values, -14.594 and -14.122 (octanol/water), respectively.  Cy5.5 is 

slightly less hydrophilic than amaranth and therefore required a higher potential to 

be released.  Over 24 h, the cumulative percent of drug release for amaranth and 

Cy5.5 were 88% and 70%, respectively, compared to the control (0 V).  The 

cumulative amount of dyes released at 0 V is due to the diffusive mass transport 

of dyes out of the negligibly charged PEDOT polymer, therefore leakage of dye 

from positively charged PEDOT needed to be assessed as well. Figure 3.13 clearly 

shows the prevention of a migrational flux as a result of a positive applied 

potential for amaranth, however the difference between the diffusive flux at 0 V 

and migrational flux at +1.45 is not as distinct for Cy5.5 (see Figure 3.14).  We 

hypothesized that this is a result of the lower net charge of Cy5.5 compared to 

Amaranth.  In addition, the high hydrophobicity of Cy5.5 can result in stronger 

hydrophobic interactions between the dye molecules and porcine skin.  This 

observation demonstrates the capability of controlled transdermal delivery through 

applied potential. 
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Figure 3.13 Graph depicts the cumulative percent of amaranth molecules released 

from PEDOT nanotube patch through porcine skin.  The PEDOT nanotube patch 

was placed in a Franz Diffusion Cell.  Release studies were performed under -1.2 

V, 0 V, and +1.2 V (vs. carbon fiber counter electrode) for 24 h.  A different patch 

was used for all the experiments.  Sample amounts of 1mL aliquots were taken at 

specified intervals. The receptor cell volume was 10mL and was replenished with 

fresh 1 mL aliquots of PBS after each sampling period.  (-1.2 V r
2
value from 0 h 

to 5 h = 0.945; 0V r
2
 value from 0 h to 5 h = 0.671; +1.2 V r

2
value from 0 h to 5 h 

= 0.976).  The experiment was repeated three separate times and data sets are 

averaged with standard deviation error bars (N=3±SD). 
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Figure 3.14 Graph depicts the cumulative percent of amaranth molecules released 

from PEDOT nanotube patch through porcine skin.  The PEDOT nanotube patch 

was placed in a Franz Diffusion Cell.  Release studies were performed under -1.45 

V, 0 V, and +1.45 V (vs. carbon fiber counter electrode) for 24 h.  A different 

patch was used for all the experiments.  Sample amounts of 1mL aliquots were 

taken at specified intervals. The receptor cell volume was 10mL and was 

replenished with fresh 1 mL aliquots of PBS after each sampling period.  (-1.45 V 

r
2
value from 0 h to 5 h = 0.951; 0V r

2
 value from 0 h to 5 h = 0.750; +1.45 V 

r
2
value from 0 h to 5 h = 0.750).  The experiment was repeated three separate 

times and data sets are averaged with standard deviation error bars (N=3±SD). 

 

Mathematical models were used to evaluate the kinetics and mechanism of 

drug release from the PEDOT nanotube transdermal drug delivery patch.  The 
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model that best fits the data is selected based on the correlation coefficient (r), 

therefore the model that gives the highest “r” value is considered the best fit for 

the release data.  Traditional mathematical models for TDDS include: 1) zero 

order release, 2) first order release, 3) Higuchi release model. 

Simplified equations of the different mathematical models are provided as 

Equation 3.1a, b, and c. Q0 is the initial amount of drug, Qt is the cumulative 

amount of drug, k is the release rate constant, and t is time in hours. In a zero order 

graph (Equation 3.1a), the cumulative percent of drug release is plotted against 

time.  In a 1
st
 order release model (Equation 3.1b), the drug release is dependent 

on the concentration and the log cumulative percent of drug release is plotted 

versus time.  Finally, the Higuchi release model (Equation 3.1c), in which the 

cumulative prevent release is plotted against the square route of time, suggests 

that the drugs are released by diffusion. 

(a)      

(b)   Equations 3.1 

(c)  

After plotting the cumulative percent of drug release using Equation 3.1a, b, and 

c, it was determined that the PEDOT transdermal patch system most closely 

follow a zero order release in a simplified model.  The r-values obtained from this 

model for the release data up to 5 h are 0.9451 and 0.9509 for amaranth and 
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Cy5.5, respectively, and 0.9218 and 0.9258 for up to 24 h (See Figure 3.13 and 

3.14).   

In a zero order release, the cumulative amount (Qt, µg) of dye released 

from the patch was plotted as a function of time (t).  The linear release rate, which 

is calculated as the slope in a zero order release, was represented as the constant 

(k).  As seen in Figure 3.13 and 3.14 and Table 3.1, the average release rate 

constants (kr) were approximately 3 times greater than the control (kc).  Over 

longer periods of delivery, the total amount of dye molecules released in 

experiments with an applied potential were up to 4 times greater than  those 

without potential (0 V).   

The release profile in Figure 3.13 and 3.14 suggests a bi-phase release 

system that includes two zero order releases.  k1 is referred to the release constant 

from 0 h to 5 h, while k2 corresponds to 5h to 24 h.  It is hypothesized that during 

the initial release, the dye molecules near the surface are exchanging with counter 

ions in the gel electrolyte.  After the dye molecules diffuse through the gel 

electrolyte and into the counter electrode, it can penetrate through the skin at a 

much faster rate, thus k2 is faster than k1 in both experiments.  In addition, the k1 

for the release, control, and preventative experiments show similar trends, 

however at zero and positive potential, the k2 slows down to almost 0.  This trend 

supports the fact that applying a potential may accelerates this exchange process 

and forcefully expel the dye molecules from the patch.  This observation 

demonstrates the ability of the patch to deliver drugs at a fast and controllable rate 

not only in short bursts of time but also over longer periods.  This ability 



 65 

 

efficiently utilizes the loaded drugs and is essential to maintaining their 

bioavailability.  Although these are promising results, further research is 

warranted to optimize for a wide range of drugs molecules with various 

properties. 

Release dye and method Potential (V) k, Release Constant kr/kc Cr/Cc 

Ex vivo release Amaranth 

through porcine skin -1.2 V 2067.2 µg cm-2hr-1 

1.79 

 

3.0 

 

Ex vivo release Amaranth 

through porcine skin 0 V (control) 1155.2 µg cm-2hr-1 

Ex vivo release Amaranth 

through porcine skin +1.2 V 301.4 cm-2hr-1 

Ex vivo release Cy5.5  

through porcine skin - 1.45 V 3610.0 µg cm-2hr-1 

2.76 3.96 Ex vivo release Cy5.5  

through porcine skin 0 V (control) 1307.2 µg cm-2hr-1 

Ex vivo release Cy5.5  

through porcine skin +1.45 V 1194.5 µg cm-2hr-1 

   1 
 

Table 3.1 Comparison of linear release rate constants (kr) of PEDOT nanotube 

patches with corresponding applied potential and control experiments.  The ratios 

between the release constant and control constant are given.  kr is under the 

assumption that there is only release rate.  The ratio between the cumulative % 

release of dyes for the release and control experiments are also given (Cr/Cc). 

 

3.3.3. In vivo analysis 

3.3.3.1. Live fluorescence optical imaging 

Molecular imaging is a newly emerging and rapidly developing imaging 

field that can transform internal biological and physiological change at a cellular 

and molecular level into a visual and measureable macroscopic change.
111-114

  

Optical molecular imaging utilizes optical probes to track and report biological 
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changes.  Unlike conventional imaging techniques such as X-ray computed 

tomography (CT) and magnetic resonance imaging (MRI), small animal optical 

imaging is non-radiative and has a high cost-effectiveness.
112, 114-117

 Unlike 

fluorescence microscopy, in vivo fluorescence imaging detects bulk signals from 

thousands of cells at a much higher resolution.  The photons detected from this 

imaging experiment are generated from the fluorescent dye molecule Cyanine 

(Cy5.5) which emits in the NIR region, where photons can travel several 

centimeters through tissue with limited biological absorption.  Despite the low 

absorption in the electromagnetic spectrum, a very small quantity of photons 

arrives at the surface of the animal therefore a high sensitivity detector, such as 

cooled charged-coupled device (CCD) camera and photomultiplier tube (PMT) 

are used.  The mouse was placed in a dark imaging chamber to prevent 

interference from ambient light.  To maintain normal physiological functioning, 

the mouse is kept under anesthesia on a thermostat platform. 
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Figure 3.15 Image of Maestro
TM

 2.0 and scheme of fluorescence imaging. 

To evaluate the possibility of in vivo TDD, live whole-body fluorescence 

imaging of mice was explored.  The permeability and efficacy of fast and 

controlled drug delivery of Cy5.5 through the skin of nude mice was investigated.  

The patch was placed on the chest of the mouse and a constant potential was 

applied for 1 h. with optical fluorescence measurements taken every 15 min 

(Figure 3.16a, b).  Live imaging results within 15 min show the percentage of 

release was 40% greater than in the control.  A fluorescence intensity of 3989 

(x10
6
 photon count cm

-2
s

-1
) was recorded in the first 15 min, compared to just 

2411 in the control mouse (0 V). To demonstrate the patch stability and steady 

release, a constant potential was applied over two hours with fluorescence images 
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recorded at 0 h, 1 h, and 2 h.  Our data confirmed steady release with minimal 

delivery fluctuations over 2h where the fluorescence intensity averaged 3200 

(x10
6
 photon count cm

-2
s

-1
). 

 

Figure 3.16 Live optical imaging of mice. Fluorescence imaging of Cy 5.5 

delivery through the skin a) at 0 V and b) -1.45 V from 0 to 60 min was applied 

for control measurements.  c) Fluorescence signals from the Maestro and d) 

multiple areas of the mouse were recorded.  Fluorescence imaging of Cy5.5 

delivery through the skin at e) 0, 1 and 2 h.  The 24 h image was obtained 24 h 

after the patch was removed.  The photoluminescence signal is easily 

distinguished from endogenous autofluorescence without any imaging process 

a) 

b) 

e) 

c) 

d) 
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since the patch was placed in a non-fluorescent area. All images used an exposure 

time of 100ms. 

 

The patch was removed after 2 h and the mouse was imaged again 24 h 

after the removal of the patch (Figure 3.16e).  This was performed in order to 

determine whether the dye molecules penetrated the skin and reached the dermis 

for systemic delivery.  It was speculated that no visible fluorescence intensity after 

24 h would mean the dye molecules reached the dermis and had circulated 

throughout the body.  However, no visible fluorescence could also indicate that 

the dye molecules degraded over the 24 h or that they only diffused through the 

epidermis and not reach the dermis.  The data obtained from surface fluorescence 

imaging was not adequate enough to inconclusively determine the transdermal 

delivery of the dye molecules therefore the use of two photo microscopy was 

explored.  

 

3.3.3.2. In vivo microscopy imaging 

Two-photon excitation microscopy is a fluorescence technique that 

provides imaging of living tissues up to about 1 mm.  Two photon microscopy 

was pioneered by Winfriend Denk at Cornell University when he combined two-

photon absorption with a laser scanner.
118

  The main theory behind two photon 

microscopy is the simultaneous absorption of two photons.  The two excitation 

photons have an energy much lower than the amount required to excite a 

fluorophore in one quantum event.  The emission photon following the two 
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photon absorption is typically higher than any of the two excitation photons 

individually.  The two-photon molecular excitation is possible through a very high 

local instantaneous intensity provided by the focusing of an laser scanning 

microscope combined with a femtosecond pulse laser.
119-121

  The probability of 

near-simultaneous absorption of two photons is very rare therefore a Ti-sapphire 

laser is normally used.  The laser has a pulse width of ~100 fs and repetition rate 

of 80 Hz, necessary for providing a photon density and flux required to achieve 

two-photon absorption.  Due to two-photon absorption during excitation, the 

probability of fluorescent emission increases quadratically with excitation 

intensity so that fluorescence and photo bleaching are confined to the focal plan 

area. 

Fluorophores commonly used in two-photon microscopy have excitation 

spectra in the visible electromagnetic range, while the excitation laser lies in the 

NIR to IR.  The use of NIR light to excite fluorophores carry the same advantages 

as stated in section 3.3.3.1.  Longer wavelengths scatter less than shorter resulting 

in higher resolution images.  In addition, longer wavelengths can penetrate tissues 

more easily and cause less damage than shorter ones.
122

 

In vivo delivery of dyes and spatial pattern of transdermal penetration were 

studied within the tissue of 6-8 week old male C57B6/L mice at high resolution 

with a custom-built two-photon microscope.  FITC was loaded into the PEDOT 

nanotube patch and delivered through the skin at -1.45V for 30 minutes.  Baseline 

images of the skin prior to drug delivery were obtained (Figure 3.17a and b) and 0 

V was applied to the control set up throughout the experiment (Figure 3.17c and 
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d).  Fluorescence images were taken every 10 minutes for 30 minutes (Figure 

3.17e and f).  Images for a 3D stacking profile were obtained every 10 µm for up 

to 60 µm below the surface of the skin.  As seen in Figure 3.17e and f, no 

detectable fluorescence signal was present at 0 V. However, when the potential 

was applied, dye distribution was clearly observed in both the epidermal and 

dermal tissue, indicating the penetration of the dye across the dermal-epidermal 

barrier.  The dyes show non-uniform spatial pattern, which could be attributed to 

the heterogeneous lipid distribution in the skin.  In Figure 3.17e and f it is evident 

that higher concentrations of FITC were found in the dermis, a result of the 

hydrophobicity of the epidermis.  It is hypothesized that the migration of FITC 

into the dermis may result from the hydrophilicity of the molecule in conjunction 

with the electric field provided from the applied potential forcing FITC deeper 

into the skin. 

 

 

Figure 3.17 (a-f)  In vivo two-photon fluorescence imaging.  Analysis of the skin 

of B6 mice in response to the treatment with the FITC loaded PEDOT nanotube 

patch. 3D stacking of fluorescence images of FITC delivered to the epidermis (0–

40 µm) and dermis (40–60 µm) (a, b) prior to attaching the patch, (c, d) at 0V, and 

a) 

b) 

c) 

d) 

e) 

f) 

g) 
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(e, f ) at -1.45V. Autofluorescence of mouse hair are labeled (red arrows). FITC 

fluorescence (circled) is observed after 30 minutes of delivery in the e) epidermis 

and f) dermis with the voltage-applied, but not in the control.  Scale bar is 20 µm.  

g) FITC fluorescence from blood samples taken from the mouse every 10 minutes 

for 30 minutes.  Saturation of dye within the blood was recorded after 20 minutes. 

 

Finally, blood samples were collected from the mouse every 10 minutes for 

30 minutes (Figure 3.17) to demonstrate the ability of the nanotube patch to 

deliver drug molecules to the blood stream.  Blood samples were obtained from 

the tail vein of the mouse.  The samples were placed on a glass slide and the 

photon count was used to detect the fluorescence intensity in the blood.  Within 10 

minutes, the presence of FITC in the blood is clearly detectable, compared to the 

control where no detectable fluorescence intensity was found (Figure 6g, 

triangles).  After about 20 minutes, the dye concentration in the blood stabilized to 

a constant level. This clearly demonstrates the ability of the patch to deliver drugs 

to the blood circulation in a fast and controlled manner. 

Table 3.2 shows the comparison between the delivery mechanism and the 

time it took the delivered molecules to reach a steady state in the blood stream.  

Although the saturation time is dependent on the type of molecule, the times listed 

below are within range of the normal averages of in vivo delivery.  The PEDOT 

patch demonstrates a delivery time comparable to oral dosage however, as address 

in Chapter 1, the required amount to reach a therapeutic concentration in the blood 

for oral delivery is much larger than for transdermal delivery. 
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Type of delivery Potential (V) Time Release molecule 

Chemical enhancers
123

 0 1 to 5 h Hydrophobic and hydrophilic 

Iontophoresis
124

 0.15 mA/cm
2
 1 h Hydrophilic 

Oral
125

 0 20 min Hydrophilic 

Electrophoresis
126

 100 – 500 V 30 min Hydrophilic 

Microneedles
127

 0 V 2 h Hydrophobic 

PEDOT nanotube patch 1.2 – 1.45 V 20 min Hydrophilic 

 

Table 3.2 Comparison of different drug delivery mechanisms with the 

PEDOT nanotube transdermal patch system. 

 

3.3.4. Conclusion 

Overall, this study demonstrated that a nanotube patch delivery system can 

provide a fast, controlled and stable method of loading and delivering drugs in 

vivo.  About 88% and 70% more of the model dye molecules were released with 

an applied potential compared to the control.   The release of the model dyes was 

shown to be controlled by the strength of the applied potential.  Live fluorescence 

imaging during transdermal delivery with nude mice demonstrated stable and 

steady release for up to two hours.  In vivo two photon microscopy showed the 

ability of the PEDOT nanotube patch to deliver drugs through the epidermis and 

into the highly vascular dermis.  Finally, blood samples confirmed the presence of 

dye molecules in the blood stream just after 10 minutes, with delivery saturation 

being achieved after 20 minutes.  

 
 

 

 

 

 

G) 
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Chapter 4: Functionalization of conductive polymers 
 

This chapter has been reproduced in part with permission from: Nguyen, T.M., 

Cho, S., Varongchayakul N., Yoon, D., Zong, K., Seog J., and Lee, S.B. 

Electrochemical synthesis and modification of PMProDot nanotubes and their 

enhanced electrochemical properties. Chem. Commun., 48, 2725-2727 (2012). 

 

4.1 Introduction 
 
Conductive polymer nanotubes have been of high interest in many fields of 

science because of their intrinsic electronic and physical properties, chemical 

stability, and significant potential in nano-sized electronic and electrochemical 

devices.
127-130

 Moreover, CPs are inexpensive with an extensive range of 

applications.  The ease in synthesis and versatility has created a large focus on the 

functionalization of conductive polymers.  Such modifications can be used to 

generate both physical and chemical changes which can be applicable to 

biomedical applications.  Multiple methods of functionalization will be focused in 

this chapter: 1) surface functionalization, 2) pre- polymerization, 3) post-

polymerization, and 4) co-polymerization.
131-134 

 

4.1.1 Surface functionalization 

Surface modifications of CP through the incorporation of biomolecules can lead to 

changes to the chemical and physical properties of the polymer.  Changes to the 

chemical properties of CPs have occurred through the doping of biomolecules or 

the immobilization of bioactive polymers on the surface of the materials.
135

   The 

use of different biomolecules has allowed biomedical researchers to utilize CP in 
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biological sensing, and turning on and off different cellular signaling pathways for 

several cellular processes.  In some cases, the dopant can be used as a “tether” for 

further modification.  For example, Song et al. doped PPy with poly(glutamic 

acid) which provides a carboxylic acid group available for further covalent linking 

to any amino group through carbodiimide chemistry.
136

  George et al., previous 

mentioned in Chapter 1, utilized the biotin-streptavadin coupling to attach and 

release nerve growth factor (NGF) from PPy.
137

 

 Electrochemical properties of CP can be varied by changing the dopant 

concentration.  Conductivities can vary as much as 15 orders of magnitude.
138

  

The choice of dopant corresponds to the desired application, but a major drawback 

to using a dopant is the possible diffusion of the dopant into the medium resulting 

in cytotoxicity and deterioration of the properties of the CP itself.  For example, 

the uptake of positive ions from polyanionic dopants (e.g. poly(styrenesulfonate) 

(PSS)), has been found to affect protein adsorption and the cell cycle.
139

  Although 

the range of possible dopants is endless as long as the selected molecule is 

charged, covalent methods are necessary for more permanent functionalization. 

 

4.1.2 Pre-functionalization 

The addition of the functional group to the monomer followed by 

electropolymerization represents the most straightforward and popular method of 

synthesizing functionalized CPs.  Despite this useful strategy, the success depends 

on the compatibility of the functional group to the polymerization process.  The 

synthesis of the monomer derivative often involves multiple steps using harsh 
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chemicals, which results in limited product yields. In addition, this approach often 

fails as the functional groups results in redox interferences.
140

  To overcome these 

issues, some groups have focused on synthesizing monomer units that have the 

potential to be derivatized before or after polymerization.
141 

Chemical modifications to monomeric building blocks allow for structural 

control and tailoring of properties.  Unfortunately, this strategy can fail due to 

steric demands or electronic instability of functional group inhibiting 

polymerization.  On a practical level neither attachment of valuable nor sensitive 

groups to monomer units is efficient or cost effective. 

 

4.1.3 Post-functionalization 

Post- functionalization was introduced in the mid 1980s to circumvent the 

limitations of pre-functionalization.  In post-functionalization, the polymer is 

modified after polymerization.  Electrophilic substitution is a straightforward way 

to functionalize polyaniline (PANI).
142

  However, sulfonation of PANI uses toxic 

and corrosive reactants, is highly sensitive to reaction conditions, and results in 

chain scission by hydrolysis.  Alternative synthetic approaches, such as 

nucleophilic substitutions, have been pursued.  

Despite some success, this approach is limited by chain stiffness and inter-

chain interactions causing physical and electrostatic cross linking and branching.  

More importantly, the functional groups may disrupt the planarity of the 

conjugated system, which decreases the conductivity. 
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4.1.4 Co-polymerization (Chemical-grafting) 

An alternative to the pre- and post-functionalization is to synthesize a reactive 

conductive polymer, and then attach the desired functional groups through 

chemical grafting.  Copolymerization provides an additional variable by which the 

properties of the polymers can be tuned.  Polymer systems containing reactive 

amino, carboxyl, or reactive esters have been developed and employed for this 

process.
141-145

  It is highly desirable to develop polymers which allow for post-

functionalization under mild and selective conditions without generating 

unnecessary byproducts.  

 The recent development of Click chemistry, especially one of the most 

popular, copper (I) catalyzed Huisgen reaction between azide and terminal alkyne, 

has provided a promising method for preparing functional polymers.
146

  Ideally, 

Click reactions can be performed in water or organic solvents at room 

temperature.  In polymer chemistry, it has been used for end-group 

functionalization, polymer-to-polymer coupling, and functionalization of linear 

polymers with selected groups, dendrons, and PEG.
147-151 

 

 All the functionalization methods mentioned above provide multiple 

avenues to obtain finely tuned electronic and electrochemical properties for CPs.  

This versatility makes CPs an ideal candidate for a universal drug delivery system 

with the ability to deliver both imaging and drug moieties. 
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4.2. Materials and Methods 

4.2.1 Chemical and materials 

3,4-(2-methylene)propylenedioxythiophene (MProDot, provided from Zong lab at 

Chonbuk National University, 3,4-ethylenedioxythiophene (EDOT, Sigma 

Aldrich), acetonitrile (Fisher Scientific), and lithium perchlorate (LiClO4, Acros) 

were used to synthesized PMProDot and PEDOT nanotubes within gold sputtered 

anodic aluminum oxide (AAO) (200 nm diameter, 60 µm thickness, Whatman) 

and polycarbonate membrane (PC, 220 nm diameter, GE Osmonics) with Pt foil 

(99.99%, Alfa Aesar) as the counter and Ag/AgCl as the reference electrode.  

Styrene (Sigma-Aldrich) and 9-vinylcarbazole (Sigma-Aldrich) were used for co-

polymerization with PMProDot.  Dopamine hydrochloride (Sigma-Aldrich), Tris 

(pH 8.5) (Agros), and methanol (VWR) was used to functionalize PEDOT.  

Millipore water was obtained by a Milli-Q A10 system. 

 

4.2.2 Template synthesis of PMProDot nanotubes 

The synthesis of MProDot was previous achieved and published by Yoon et al. 

from Chonbuk National University in South Korea (Figure 4.1).
152

   Briefly, the 

reaction mixture of diethyl 3,4-dihydroxythiophene-2,5-dicarboxylate (2.0 g, 7.69 

mmol) 1, 3-chloro-2-chloromethyl-2-propene (0.96 g, 7.69 mmol) 2, and K2CO3 

(3.2 g, 23.1 mmol) in dimethylformamide (DMF, 80 mL) was reacted for 12 hours 

at 130 
o
C.  The reaction mixture was cooled to room temperature and poured into 

ice-water.  The precipitate was collected through filtration and the 
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recrystallization in hot methanol gave 3 in a 70 % yield.  The compound 3 was 

subjected to hydrolysis in a 3 M NaOH solution at 70 
o
C for 3 hours and acidified 

with conc. HCl to pH = 1 to give 4 in a 95 % yield.  Decarboxylation of 4 in the 

presence of copper chromite (0.2 g, catalyst) at 155 
o
C for 15 hours gave 

MProDOT 5 in a 55% isolated yield after column chromatography on silica gel. 

 

S CO2EtEtO2C

OH OH

Cl Cl

K2CO3 OO

S CO2EtEtO2C

3M NaOH OO

S CO2HHO2C

OO

S

+
DMSO, 90 oC

2 h,  70%

70 oC, 2h

95%
quinoline, 150 oC, 

10 h, 55%

copper chromite

1 2

3

4 5
 

Figure 4.1 Synthetic route for MProDot.
152

 

 

 PMProDot were electrochemically synthesized in commercial AAO 

membranes and PC membranes.  PMProDot were grown in AAO for electron 

microscopy due to the ease in sample preparation.  PC membrane was used for 

electrochromic studies due to its transparency.  A Denton Vacuum Desktop III 

was used to sputter a thin layer of gold as the working electrode (ca. 100 nm 

thick) on one side of the membrane template.  Copper tape (3M) was attached to 

the gold to provide contact on the working electrode.  The three electrode cell set 
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up is illustrated in Figure 2.2.  An electroactive window with a 60% porosity 

consideration (1.26 cm
2
) was defined by using acid resistant tape.  The entire cell 

is placed in a 50 mM solution of MProDot in 100 mM LiClO4 in acetonitrile.  A 

potential of 1.3V is applied to the system until the charge reached 200 mC.  All 

electrode potentials were measured relative to a Ag/AgCl reference electrode 

using Pt foil as a counter electrode, if not specified otherwise. The deposited mass 

of PMProDot nanotubes was controlled by fixing the total charge passed during 

electropolymerization. The wall thicknesses of the nanotubes were controlled by 

fixing the potential time.  During polymerization, the electrode window color 

changed from white to dark blue.   

 Electrochemical synthesis of PEDOT was performed as described in 

section 2.2.2. 

 

 4.2.3 Functionalization of PMProDot and PEDOT nanotubes 

Template embedded PMProDot nanotubes were placed in a solution of 

polystyrene (PS) or polyvinylcarbazole (PVK) for copolymerization.   The 

copolymerization of polystyrene (PS) was achieved as published by Zong et al. by 

scanning the potential between -0.6 to +1.5 V at 10 mV/s in 600 mM styrene in 

100 mM LiClO4 in acetonitrile solution.
152

  The copolymerization of PMProDot 

with PVK was achieved by applying a potential of 0.75 V in 600 mM PVC in 100 

mM LiClO4 in acetonitrile. 

 PEDOT nanotubes also remained embedded in the AAO template during 

post-functionalization.  The template was immersed in a solution of 2 mg of 
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dopamine per milliliter of 10 mM, Tris pH 8.5 in methanol.  A dopamine film 

thickness of 50 nm is achieved after 24 h as published by Lee et al.
171

  The 

PEDOT nanotubes were immersed in the dopamine solution for approximately 5 

h.  The thickness of the polydopamine layer on top of PEDOT was approximately 

10 nm of polydopamine. 

 

4.2.4 Characterization of PMProDot nanotubes 

The PMProDot nanostructures were investigated using a field-emission scanning 

electron microscope (SEM; Hitachi S-4700, operated at an acceleration voltage of 

5 keV) and transmission electron microscope (TEM; Zeiss EM10CA, operated at 

80 keV).  TEM and SEM sampling method were previous described in detail 

(Section 2.2.4).  Briefly, the template was dissolved in 3 M NaOH for 15 min to 

expose the PMProDot nanotubes. After rinsing them with de-ionized water 

repeatedly, the samples were dispersed in ethanol and sonicated.  The nanotubes 

precipitated to the bottom of the microvial.  For SEM sampling, 6 µL of the 

nanotube solution were dropped on carbon tape and dried in air before 

observation.  For TEM sampling, 6 µL of the nanomaterial solution was dropped 

and dried on a TEM grid. 

 Electron microscopic sampling and characterization of PEDOT nanotubes 

are as presented in Section 2.2.4. 

 For spectroscopic characterization of PMProDot, all polymers were 

polymerized on an ITO surface of 1 cm
2
.  ITO was placed in a solution of 50 mM 

solution of MProDot in 100 mM LiClO4 in acetonitrile.  A potential of 1.3V is 
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applied to the MProDot solution until the charge reached 200 mC.  If the total 

charged passed was greater than 200 mC there is a higher probability of having a 

nanowire/nanotube hybrid instead of only nanotubes.  During electrochemical 

polymerization, the ITO surface changed from transparent to dark blue.  The 

polymerization of PVK for spectroscopic studies was performed in a similar 

manner. ITO (1 cm
2
) was immersed in 600 mM vinylcarbazole solution and a 

potential of 1.7 V was applied until the charge reached 200 mC.  During 

polymerization of PVK, the ITO surface changed from transparent to dark green.   

The polymer samples remained on the ITO surface for UV-Vis spectroscopy 

characterization.  For IR spectroscopy studies, the polymer samples were scraped 

off the ITO for analysis. 

 The mechanical properties of PMProDot and PVK-modified PMProDot 

film were tested by Atomic Force Microscopy nanoindentation technique. The 

PMProDot film was prepared as above.   PVK was grafted on the PMProDot film 

by applying a potential of 0.75V. The force vs. indentation curves were obtained 

using an AFM (MFP-3D AFM, Asylum Research) at 1 Hz rate. The silicon tip, 

CSR-10, (VISTA Probes, nanoScience Instruments) with spring constant of 34.53 

nN/nm was used to indent the film locally. Inverse optical lever sensitivity (87.56 

nm/V) was obtained using ITO substrate which was incompressible within the 

tested force range. 

Electrochromic responses were measured by applying a switching 

potential of -1.0 V and +1.0 V with a potentiostat (CH instrument 660 A) (Figure 

4.2).  The response times of PMProDot film were investigated on ITO and 
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nanotubes were investigated in PC membrane.  The color-switching rate of the 

electrochromic device was measured using a reflectance measurement system 

(Ocean Optics Inc.), composed of a 600 nm laser (LS-1), a standard reflection 

probe (R400-7), and a holder (R PH-1).  The reflected light was detected with a 

photomultiplier tube (PMT) and analyzed using an oscilloscope (Tektronics, 

TDS1012). 

Laser diode

Sample

Pulse 
Generator

Photodetector/
PMT

Oscilloscope

 

Scheme 4.1 Block diagram schematic of the setup used for measuring 

electrochromic the response time. 

 

4.3. Results and discussion 

In this section, the characterization of PMProDot co-polymerized with PS and 

PVK is thoroughly addressed.  Zong et al. had previous reported extensive studies 

on the co-polymerization of PS on PMProDot films therefore this section will 

concentrate primarily on the co-polymerization of another vinyl monomer, PVK, 

on PMProDot film and nanotubes.   
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 This section will also address the functionalization of PEDOT with 

polydopamine via post- functionalization.  The functionalization of PEDOT with 

the versatile polydopamine will provide the possibility of exploring for a universal 

transdermal drug delivery system.  

4.3.1. Characterization of functionalized PMProDot 

Figure 4.2 shows TEM and SEM images of PMProDot nanotubes prepared in a 

similar manner as PEDOT nanotubes.  It is hypothesized that the gold sputtered on 

the bottom of the AAO and PC membranes form a ring-shaped electrode that can 

define the tubular shape of most conductive polymer nanotubes synthesized 

electrochemically.  Controlling the amount of charge per unit area during 

electropolymerization regulates the amount of PMProDot loaded in the pores of 

the template.  Figure 4.2 b shows the SEM image of PMProDot nanotubes 

following the removal of the membrane template.  Without the template to support 

the nanotubes, the structures collapse and aggregate from the strong surface 

tension generated at the interface of the nanotubes and solvent during evaporation.  

Although the top of the nanotubes are aggregated, the open porous structure of the 

nanotubes remains evident.  
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Figure 4.2 a) TEM and b) SEM images of PMProDot nanotubes prepared in AAO 

membrane with 200 nm pore diameter at 1.3V in 50 mM solution.  

 

 The following sections include characterization PMProDot nanotubes 

functionalized via one-step modification with PS and PVK. The accelerated 

copolymerization to PMProDot was achieved through the highly reactive 

methylene group on MProDot.  Zong et al. had previous published the accelerated 

a) 

b) 
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co-polymerization of PS on PMProDot films.  The methylene group was the 

chosen point of functionalization due to the versatility of vinyl groups.  It has been 

demonstrated that the methylene groups on MProDot does not polymerize at 

potential of 1.3 V or less.  Therefore the intact methylene group is available for 

electrochemical grafting with other vinyl monomers following polymerization of 

MProDot. 

 4.3.1.1 Quartz crystal microbalance 

Quartz crystal microbalance (QCM) analysis was utilized to investigate the 

accelerated copolymerization of PVK on PMProDot.  The electrochemical 

polymerization of PVK was achieved at a +1.7 V however the polymerization 

potential decreased significantly to 0.75 V in the presence of PMProDot.  Figure 

4.3 displays a plot of change in mass versus time for the electrochemical 

polymerization of vinylcarbazole on bare gold working electrode and on 

PMProDot surface at 0.75 V.  During the electrochemical polymerization of 

vinylcarbazole at 0.75 V, a negative mass change was observed even though there 

was a very small mass increase initially recorded.  This was caused by desorption 

of vinylcarbazole off the electrode surface which is normally observed at a lower 

positive potential than the polymerization potential.
154 

  In contrast, a mass 

increase was observed on the PMProDot electrode surface at the same potential.  

This represents the accelerated polymerization of vinylcarbazole and confirms the 

facile coupling ability of the methylene group on PMProDot. 
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Figure 4.3 Plot of QCM mass change (polycarbonate/quartz crystal) vs. time of 

electrochemical deposition of PVK on planar electrode (dotted) and on PMProDot 

surface (dashed) at 0.750 V. 

 

 4.3.1.2 Spectroscopy 

The IR spectrum of the PMProDot nanotubes  shows a C=C stretching band of 

thiophene ring at 1486 cm
-1

, a C—S stretching at 853 cm
-1

, and a C—O bending 

band at 934 cm
-1

 (Figure 4.4a).  The IR spectrum of PVK shows the C-H aromatic 

stretching at 3100cm
-1

, characteristic ring vibration band at 1452 cm
-1

, C-H 

deformation of vinylidene 1329 cm
-1

, and C-H plane deformation of aromatic ring 

at 1220 cm
-1

, respectively.
155, 156

  IR analysis of the composite of PVK with 

PMProDot shows combinations of IR bands from individual polymers (Figure 

4.4c).  Zong et al. previously published the characteristic peak from sp
2
 C—H of 

PS at 3020-3050 cm
-1

 for the FTIR spectrum of PS-treated PMProDot (Figure 4.4 

d).
152
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PMProDot
modified with 
PS

PMProDot

PMProDot

PMProDot
modified with 
PS

sp2 C—H of PS at 3020-
3050 cm-1

 

Figure 4.4 IR spectra of a) PMProDot, b) PVK, c) PMProDot modified with 

PVK, and d) PMProDot modified with PS, inset displays magnification at wave 

numbers 3020-3050cm
-1

.
152

 

 

d) 

c) 
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 Figure 4.5 shows the UV-Vis absorption spectra for oxidized PMProDot 

and PVK and PS copolymerized on PMProDot.  The spectrum of oxidized 

PMProDot shows a strong absorption band at ca. 700 nm.  The absorption band 

blue-shifted following the coupling of PS to ca. 470 nm and to ca. 350 nm as a 

result of the coupling with PVK. It should be noted that the absorption of the 

carbazole group extend up to 370 nm.
157

  These absorbance shifts are due to the 

shortening of the chain length following the addition of substituents to the 

polymer backbone.
158, 159
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Figure 4.5 Absorbance spectra of oxidized PMProDot (dotted), oxidized 

PMProDot composed with PS (dash) and oxidized PMProDot composed with 

PVK (solid).  All polymers were prepared on ITO.  Blue shift following coupling 

of PS is expected due to the shortening of the chain length following addition of 

substituents to the polymer backbone. 
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 4.3.1.3 Electrochromics 

To easily assess the enhanced electrochemical properties of PMProDot following 

modification, the variation in electrochromic properties of PMProDot coupled 

with PS and PVK was investigated.  The effect of electrochromism has been 

known for many years and it is based on the fact that certain materials change 

color depending on their redox state.
73, 160

  The electrochromic behavior is due to 

an electron transfer reaction that takes place during the electrochemical oxidation 

and reduction of the polymer.   

 The evaluation of electrochromic properties of a polymer is an easy and 

visible method to detect changes in electrochemical properties.  The speed in 

which the electron transfer occurs can be referred to as the “response time”.  The 

measurement of the response time provides information on the electrochemical 

changes to the conductive polymer.  The strong coloration and color contrast 

between oxidized and reduced PMProDot is a visible assessment of the polymer’s 

charging and discharging speed.  The response time was investigated on 200 mC 

of PMProDot deposited as a film on ITO glass and as nanotubes in flexible PC 

membranes.  As seen in Fig 4.6 a and b, PMProDot in full reduction and oxidation 

state shows a deep blue purple and transparent pale blue, respectively.  There were 

no visible color changes following the modification with vinyl monomers.  The 

color-switching response time was measured optically from reflectivity response 

at 600 nm wavelength as a function of time. 
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2.5mm 2.5mm

 

Figure 4.6 Electroactive window (scale bar is 2.5 mm) of full (a) reduction state 

and (b) oxidation of PMProDot.   

 

 Here, the response time is defined as the time required for the polymer to 

reach 90% of its full response.  In general, it is the time that it takes ions to diffuse 

into the polymer film (i.e. reach saturation concentration in polymer film).  The 

response time is obtained by measuring the time it takes for the polymer (and 

copolymer) to go from pale blue (100% reflectance) to dark blue (0% reflectance).  

The gold surface in the PC membrane acts as the working electrode.  The 

reflectance is measured by shining the laser at the electrochemical window and 

measuring the intensity of the reflectance off the gold surface.  The PMProDot is 

grown from the gold surface, therefore when PMProDot is pale blue, more light is 

reflected back and the reflectance is higher.  When PMProDot is reduced and 

becomes dark blue, the polymer absorbs light from the laser therefore a lower 

reflectance is measured.  The entire electrochemical cell is placed in 100mM 

lithium perchlorate in acetonitrile during electrochromic measurements.  The color 

of the PMProDot and modified PMProDot range from pale blue (fully oxidized) to 

deep blue (fully reduced) when an alternating potential of 1.0 V and -1.0 V is 

applied.  The speed in which the polymer becomes fully reduced or oxidized is 

a) b) 
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measured optically from the reflective response as a function of time at those 

applied potential.  There have been multiple papers published by Lee et al. and 

others which thoroughly explain how the response time is measured and what it 

tells us about the electrochemical properties of the polymer.
69-72, 162

 

 In order to ensure ion saturation to measure 100% reflectance (the plateau 

in Figure 4.7), the switching time measurements is varied each sample.  However, 

despite the difference in the measurement time, the only important part is the time 

it takes the polymer to go from 0% reflectance to 90% reflectance (i.e. response 

time).  This time does not change and is independent of how long the polymer is 

fully oxidized.  The signature “rectangle” graph depicts one cycle of switching, 

from full reduction to full oxidation back to full reduction.  The times obtained for 

Figure 4.9 is at the first moment the graph passes the 90% reflectance line (red 

circle in Figure 4.7), mostly achieved before 1 sec.   
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Figure 4.7 Labeled points of interests on an electrochromic graph of one redox 

cycle of PMProDot. 

Full oxidation 

Full reduction 
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 Figure 4.8 displays comparison of the response times of PMProDot on 

ITO, as bare nanotubes and modified with PS and PVK.  As expected, the 

response time of 200 mC PMProDot film is more than twice as slow as the 

nanotube structure.  The high surface area to volume ratio of the nanotube 

structure compared to thin film significantly decrease the diffusion time of 

counterions.  The diffusion rate of the counter ions can further be improved with 

modification to PMProDot by reducing cross linking and branching associated 

with polymerization.  The grafting of PS and PVK with PMProDot resulted in 

response times that were two times faster than unmodified PMProDot nanotubes.  

It is hypothesize that the decrease in response time is a result from the rigidity 

supplied by PS and PVK which can create ordered polymer chains allowing 

counterions to diffuse in and out of the interstitial spaces at a much faster rate.  

Further analysis on the rigidity of PMProDot following functionalization is 

addressed in the next section. 
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Figure 4.8 Response times of PMProDot film, PMProDot nanotube, and 

PMProDot co-polymerized with PS and PVK.  The time resolution of the 

measurement was in microseconds.  The polymer was cycled 100 times and the 

average response time was recorded. 

 

 Due to the faster response time of the polymer after copolymerization, the 

modification must be occurring throughout the bulk polymer rather than primarily 

on the surface.  If copolymerization only occurred on the surface, the nanotubes 

wall thickness would increase causing the electrochromic response time to 

increase as well.  Whereas this electrochromic study focused on two types of vinyl 

monomers, it seems feasible to replace them with many other types of vinyl 

monomers to fine tune the electrochemical properties of conductive polymer for 

other desired applications.   
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 4.3.1.4. Atomic force microscopy 

Scheme 4.2 shows a proposed schematic by Zong et al. following PMProDot 

copolymerization with PS, the schematic can generally be applied to the 

copolymerization with PVK as well.  The retention of planarity of the polymer 

backbone with the addition of PS and PVK creates larger interstitial spacing 

which can allow counter ions to move easier and faster during the doping process.  

The rigidity, in this case, is defined as the stiffness of the polymer.  A rigid 

polymer would not deform easily during redox cycles making the pathways for 

dopant ions less hindered resulting in faster response times. 
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Scheme 4.2 Proposed schematic by Zong et al. of structures of PMProDot when 

methylene groups are involved in cross-linking or PST grafting.
152

 

 

 The increased rigidity hypothesis is supported by AFM measurements of 

the Young’s modulus of PMProDot and PMProDot co-grafted with PVK (Figure 



 97 

 

4.11).  The elastic modulus of the polymer films were obtained using the method 

developed by Guo et al.
163

  The force as a function of indentation is expressed in 

the following equation: 

                                 (4.1) 

Where F is the loaded force, Δ is the indentation, R is the curvature of the tip, σ is 

the Poisson Ratio, E is the Young’s modulus of the sample and C is the constant 

obtained from the fitting.  Here, the nominal tip radius (20 nm) was used as 

specified by the manufacturer and the Poisson Ratio is approximated to be 0.3, 

which is a good estimate for conventional polymers. The force versus indentation 

profile near the contact point (Δ = 30 nm) is plotted and fitted with the above 

equation using Origin8 software (OriginLab, USA) (Figure 4.9a, b).  In this small 

indentation region, the material is assumed to behave elastic without adhesion.   
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Figure 4.9 AFM Nanoindentation data and analysis. Force vs. Distance fitting for 

a) PMProDot and b) PMProDot grafted with PVK.  Force curve of c) ITO 

(Control) and d) for PMProDot film, PMProDot grafted with PVK, and ITO. 
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ITO showed incompressible behavior in the force range that was tested (up 

to 1 µN) (see Figure 4.9c). From this measurement, the inverse optical lever 

sensitivity was obtained and used to calculate an indentation depth during the 

measurements.  Only a short indentation length (up to 30 nm) was evaluated since 

the model only applies when the material behaves like an elastic material.  The 

large indentation data (Figure 4.9c and d) showed characteristic behaviors for each 

sample. As mentioned, ITO (Figure 4.9c) was not compressed at all during the 

force range tested whereas PMProDot and PMProDot grafted with PVK showed 

over 1µm indentation.   Figure 4.9d clearly shows very different initial slopes 

between the films were, however as the tip indents deeper, the slope becomes 

similar. The indentation depth of PMProDot decreased when the same area was 

repeatedly indented.  This suggests that the material is brittle and likely to be 

damaged during repeated tapping with the AFM tip.  In sharp contrast, PMProDot 

grafted with PVK showed repeatable force vs. indentation profile hysteresis, 

indicating that no permanent damage is caused during the large indentation.  This 

behavior is hypothesized to occur due to the grafting copolymerization of PVK in 

PMProDot.  The graft copolymerization of PVK decreases the cross linking 

between PMProDot chains which can increase the rigidity of the polymer and 

allow for faster doping of counter ions.  The hysteresis seen in Figure 4.9d is 

likely due to the adhesion between the tip and substrate during the large 

indentation. 
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 The Young’s modulus for PMProDot and PMProDot copolymerized with 

PVK were measured to be 32.9 MPa, and 41.7 MPa, respectively, confirming the 

PVK modification increased the rigidity of the PMProDot. 

 

4.3.2. Characterization of functionalized PEDOT 

During polymerization, PEDOT becomes insoluble making further 

functionalization very difficult. Combining the conductive properties of PEDOT 

and the advantages of polydopamine will permit the use of PEDOT for upload and 

release of many different types of drug molecules for a wide range of treatments.  

 Lee et al. has developed a simple and versatile strategy for surface 

modification of multiple classes of materials.  Their approach is based on the 

adhesive proteins secreted by mussels, 4-dihydroxyl-L-phenylalanine (DOPA), as 

they attach to wet surfaces, which are rich in 3.
153

  DOPA forms strong covalent 

and noncovalent interactions with substrates and performs as a binding agent for 

coating inorganic surfaces, including the electropolymerization of dopamine on 

conducting electrodes.
164-171

  Lee et al. identified dopamine as a small-molecule 

compound that is capable of achieving adhesions to a wide spectrum of materials 

with the crucial existence of a catechol and amine group (Figure 4.10).  The group 

demonstrated that DOPA can spontaneously deposit thin polymer films on 

virtually any bulk material surface.  Due to the elusiveness of coatings to organic 

surfaces, DOPA was chosen as the polymer of interest for the post-polymerization 

functionalization of PEDOT.  
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Figure 4.10 Dopamine molecular structure. 

 Lee et al. developed a very simple “dipping method” to coat surfaces with 

dopamine (Scheme 4.3).  Since the polymerization of dopamine occurs at a very 

slow rate, clumping of the polydopamine is non-existence, making this process 

ideal for modification of template embedded PEDOT nanotubes. 

Dopamine 
pH 8.5

Uncoated 
object

Coated 
object

 

Scheme 4.3 Illustration of thin film deposition of polydopamine by dip-coating 

method. 

 

 The presence of nitrogen in dopamine and lack of nitrogen in PEDOT 

makes energy-dispersive X-ray spectroscopy (EDS) the fastest and most efficient 

way to characterize the functionalization.  Initially, the functionalized nanotubes 

were characterized via EDS mapping (see Figure 4.11).  The mapping showed the 

concentration of nitrogen in vacuum was still too high to differentiate exclusively 
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between the nitrogen atoms on the nanotubes and in the vacuum, although a 

slightly higher concentration of nitrogen atoms on the nanotubes shows a visible 

tubular structure.  

TEM EDAX Mapping

TEM mapping is 

inconclusive due 

to high 

concentration of 

random nitrogen 
NOT on the 

nanotubes.  Better 

washing of 

sample after 

functionalization is 
necessary.  

However the high 

concentrated 

tubular outline of 

the map is evident. 

Figure 4.11 EDS mapping of nitrogen atoms on functionalized PEDOT 

nanotubes.  Red ovals indicate region of interest. 

 

 Due to the inconclusive results from EDS mapping, area scans were 

performed on the functionalized PEDOT nanotubes instead.  Figure 4.12 shows 

the EDS spectrum of the N1s scan of PEDOT following 5 h polymerization of 

polydopamine.  EDS spectrum obtained in a section without PEDOT was used as 

a control (See Figure 4.13).  
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Figure 4.12 EDS N1s spectrum of PEDOT nanotubes functionalized with 

dopamine for 5 h.  N1s has a binding energy of ~399 eV. 
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Figure 4.13 Full EDS spectra of PEDOT modified with polydopamine (p
D
) and 

non-nanotube area as the control. 
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4.4. Conclusion 

In this chapter, different methods of functionalization to conductive polymer were 

address, namely post-polymerization and co-polymerization (chemical-grafting).  

PMProDot nanotubes were synthesized and co-polymerized with PS and PVK 

through the accelerated grafting capability of the methylene group on the 

monomer.  The functionalization was characterized with QCM, spectroscopy, 

electrochromics, and AFM.  The functionalized PMProDot nanotubes responded 

two times faster to potential changes compared to the unfunctionalized 

counterparts.  

 The functionalization of PEDOT with polydopamine through post-

polymerization was also addressed.  Future prospects include the incorporation of 

dopamine with other drug molecules then polymerized on PEDOT nanotubes.  In 

addition, with the proper choices of secondary reactants, polydopamine coatings 

can act as a scaffold for the addition of other chemicals allowing for upload and 

release of drug molecules independent of ionic charge.  

 Ultimately, this section addressed how the functionalization of the 

conductive polymers provides promising results that demonstrate the ability of the 

patch system to fine tune to control release rates of drug delivery accordingly.  

The ease in functionalization and biocompatibility of polydopamine can pave the 

way towards a universal controlled TDDS. 
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Chapter 5: Conclusions and Future Work 
 

“One never notices what has been done; one can only see what remains to be 

done.” – Marie Curie 

 

 
5.1 Conclusions 
 
In this thesis, I invented and fabricated a transdermal drug delivery system 

(TDDS) composed of PEDOT nanotubes.  The success of the patch integrates the 

unique characteristics PEDOT nanotubes of nanotubes, such as facile template 

synthesis, robust mechanical properties, well-controlled dimension, high surface 

area to volume ratio, and extremely fast response times.  The electrostatic 

attraction and repulsion mechanism for upload and release of dye molecules is a 

well established interaction.  In Chapter 2, it was demonstrated that update and 

release of drugs can be controlled by varying the potential that is applied to the 

TDDS.  The positively charged backbone of PEDOT during oxidation allows for 

the uptake of anionic dye molecules, while the reduction of PEDOT expels the 

molecules.   

The PEDOT nanotube structure surpasses its film counterparts in fast and 

controlled drug delivery, as described in Chapter 3.  There was an initial release of 

dyes with an applied potential, however there was almost no difference in the 

cumulative percent of dye release over 24 hours between -1.2 V and 0 V for films.  

In comparison, the PEDOT nanotubes provided 70 to 88% greater release with an 

applied potential than without.  Most importantly, Chapter 3 reports the first 

conductive polymer nanotube transdermal patch drug delivery experiments 
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performed in vivo.  Within 15 minutes, live fluorescence imaging revealed the 

fluorescence intensity from the delivery of Cy5.5 was 40% greater with an applied 

potential than with 0 V.  The patch was shown to remain stable and provide a 

steady release for up to 2 h.  Two-photon microscopy provided the technology to 

image in vivo delivery of dyes and spatial pattern of transdermal penetration in 

live mice.  3-D stacking images revealed the delivery of FITC penetrated across 

the dermal-epidermal barrier into the vascular dermis, while no fluorescence 

signal was detectable at 0 V.  Finally, Chapter 3 demonstrated successful in vivo 

transdermal delivery into the blood stream within 10 minutes and saturation of 

delivery within 20 minutes.  

In Chapter 4, the functionalization of PMProDot and PEDOT were 

thoroughly discussed and characterized.  PMProDot nanotubes were synthesized 

for the first time and functionalized with PS and PVK.  The functionalization of 

PMProDot decreased the polymer’s response time by half.  This knowledge can 

be used to fine tune transdermal drug delivery rates to accommodate for potency 

of different drugs and on-demand delivery for specific treatments.  The facile 

functionalization of PEDOT nanotubes with the versatile polydopamine opens the 

possibility creating a universal transdermal drug delivery patch system.  The idea 

is to design a TDDS that can be used for not only anionic drugs, but for any drug 

regardless of its ionic charge and hydrophobicity. 
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5.2 Future works 
 
In this thesis, the PEDOT nanotube TDDS is shown to be a very promising 

candidate for biomedical applications.  The works performed have proven the in 

vivo transdermal delivery system to be successful.  The TDDS needs to be 

optimized for upload and release of drugs not limited by charge, size, or 

hydrophobicity.  Despite promising in vivo results, experiments need to be 

performed with real drug molecules to demonstrate the possibility of clinical 

applications.  For therapeutic applications, growth hormones should be utilized in 

order to delivery drugs at a rate that mimic the body’s endocrine system.  

Clonidine is a high potency drug used to treat a variety of medical conditions 

including high blood pressure, ADHD, opioid detoxification, and menopausal 

symptoms.  Each treatment requires a specific dose, time, and frequency therefore 

it would be beneficial to use Clonidine as the model drug for the PEDOT 

nanotube patch. 

 With the successful delivery of FITC into the blood stream, the PEDOT 

nanotube transdermal patch can become a universal multimode delivering and 

imaging system.  Together with an external power source, efficacious delivery of 

therapeutic drugs and imaging moieties can be achieved.  Finally, a truly 

universal, fast, and controlled drug in vivo and imaging delivery system can be 

achieved.  
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