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ABSTRACT

Controlled drug delivery technologies represent a significant advancement in modern phar-
macotherapy, offering distinct advantages over traditional drug delivery systems. Unlike tradi-
tional methods, where drugs are often absorbed by various parts of the body before reaching
the intended treatment location, resulting in the need for higher drug concentrations and po-
tentially causing adverse effects, controlled-release systems emerge to overcome these limita-
tions. Therefore, to address these shortcomings, this study explores a drug delivery system with
conductive polymers for electrical stimulus responsiveness, by employing non-invasive, exter-
nally controlled drug release mechanisms, for topical applications. Incorporating electrical
stimulation ensures a more timely and effective response to treatment - this type of stimulation
allows for dynamic control over drug release kinetics, by modulating the electrical signals and
enabling tailored dosing regimens based on individual patient needs, while minimizing sys-
temic exposure. Electrospun cellulose acetate fibers impregnated with a cationic drug were
functionalized with polypyrrole and poly(3,4-ethylenedioxythiophene) to enable electrical
stimulation. Results revealed that negative potentials enhanced the release of this positively
charged drug molecule through the fibers, while positive potentials had the opposite effect.
Consequently, the conducted study demonstrates the influence of electrical stimulus type and
the charge of the selected model drug on release profiles and allows to contribute to the de-
velopment of more personalized and efficient therapies in long-term dermatologic diseases,

ultimately improving patient outcomes and enhancing their quality of life.

Keywords: Controlled drug delivery systems, electrospinning, cellulose acetate, conductive pol-

ymers, polypyrrole, PEDOT, electrical stimulation
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RESUMO

As tecnologias de libertagdo controlada de farmaco representam um avanco significativo na
farmacoterapia moderna, pelas vantagens que apresentam sobre os sistemas tradicionais de
entrega de farmacos. Ao contrario destes métodos tradicionais, nos quais os medicamentos
sdo absorvidos por varias partes do corpo até atingirem o local de tratamento pretendido,
resultando na necessidade de concentra¢des mais altas de medicamentos e consequentes efei-
tos adversos, os sistemas de libertacdo controlada superam estas limitagdes. Desta forma, este
estudo explora um sistema de entrega de farmacos com polimeros condutores que respondem
a estimulos elétricos, através de mecanismos de libertacao nao invasivos e controlados exter-
namente, para aplicacbes topicas. A estimulacao elétrica garante uma resposta mais rapida e
eficaz ao tratamento - este tipo de estimulacdo permite o controlo dinamico sobre a cinética
de libertagdo dos medicamentos, modulando os sinais elétricos e possibilitando regimes de
dose personalizados com base nas necessidades individuais dos pacientes, enquanto minimiza
a exposicao sistémica. Assim, fibras de acetato de celulose produzidas por electrofiacdo foram
incorporadas com um farmaco de carga positiva e funcionalizadas com polipirrol e poli(3,4-
etilenodioxitiofeno) para permitir a estimulagédo elétrica. Os resultados revelaram que os po-
tenciais negativos aplicados resultaram num aumento da libertagdo das moléculas deste far-
maco pelas fibras, enquanto potenciais positivos tiveram o efeito oposto. O estudo conduzido
demonstra assim a influéncia do tipo de estimulo elétrico aplicado e da carga da molécula dos
farmacos selecionados nos perfis de libertagdo destes sistemas e permite contribuir para o
desenvolvimento de tratamentos mais personalizados e eficientes contra infe¢cdes dermatolo-

gicas prolongadas, melhorando assim a qualidade de vida dos pacientes.

Palavras-Chave: Sistemas de libertacdo controlada de farmaco, acetato de celulose, polimeros

condutores, polipirrol, PEDOT, estimulagdo elétrica
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INTRODUCTION

1.1 Motivation and Context

Transdermal drug delivery systems currently represent an area of innovation with a significant
role in human health. They offer not only the advantage of non-invasive and effective drug
administration but also demonstrate results that support increased therapeutic efficacy in var-
ious diseases. In recent decades, numerous studies have emerged on these systems, ranging
from new methods of controlling drug release to various types of polymeric substrates and
incorporated drugs. The advent of conductive polymers and electronic control has enabled
concrete scientific advancements in controlled drug release. Electrical stimulation has shown
great potential in the treatment of prolonged dermatological conditions as it can provide the
precise dosage of an active substance based on individual needs.

At the same time, achieving an ON/OFF type of stimulus-controlled release profile with
a device entirely based on fibers able to breathe freely and capable of accommodating differ-
ent electro-mechanical deformations remains challenging. Only through complete control of
the release rate is it possible to maintain drug concentrations within the appropriate thresholds
for effective and personalized medical treatment for each patient. It is with these objectives in
mind that this study emerges. Therefore, it is expected that this research will contribute to the
ongoing innovation in this scientific and technological field.

The research work described in this dissertation was carried out in accordance with the
norms established in the ethics code of Universidade Nova de Lisboa. The work described and
the material presented in this dissertation, with the exceptions clearly indicated, constitute

original work carried out by the author.



1.2 Transdermal Drug Delivery Systems

Transdermal drug delivery systems have been studied over the last few decades as a novel
approach to addressing the issues associated with conventional drug administration routes.
The first transdermal patch was approved by the Food and Drug Administration approximately
40 years ago, and since then, numerous studies and innovations have emerged and been ap-
plied to these systems, as evidenced in Bird et al.'s review article from 2020 [1].

A transdermal drug delivery system is a method of administering medications through
the skin using adhesive patches or similar formulations. This non-invasive system allows for the
controlled release of drugs directly into the bloodstream, providing steady therapeutic levels
over extended periods and enhancing bioavailability by bypassing the gastrointestinal tract
and first-pass metabolism. These systems improve patient compliance through ease of use,
making it particularly beneficial for chronic conditions requiring long-term medication, and
have witnessed significant scientific advancements and exponential growth in the development
of innovative and efficient systems, capable of overcoming limitations imposed by conven-
tional drug administration methods such as oral and injectable routes. In such systems, the
amount of medication that reaches the target tissue is much lower than the administered dose,
as it is gradually absorbed by various tissues in the body before reaching the target tissue, and
the drug itself undergoes degradation [2]. Consequently, a higher drug dose is required to
achieve the desired effect, thereby increasing potential side effects in patients. Controlled drug
release systems emerge as a solution to address these issues, primarily by avoiding overdosing
and associated toxicity in the body [3]. Additionally, transdermal delivery is a simple and pain-
less procedure that can often be self-administered, thereby enhancing patient adherence to
the therapy in question [4].

In conventional drug delivery systems, the drug level is not maintained within the thera-
peutic window, which poses a significant limitation. After the administration of a single drug
dose, it metabolizes rapidly, resulting in a sharp increase in its concentration, immediately fol-
lowed by an exponential decrease. As a result, the absorption period of the drug in the target
tissue is not sufficiently prolonged, leading to a subtherapeutic response. To compensate for
this, multiple doses of the drug are administered, often at higher levels, which can introduce
toxicity into the body [2].

Various approaches have been studied to maintain drug concentrations above the min-
imum effective level and below the toxic concentration. The development of controlled release

systems provides a solution to this problem.



1.3 Electrospinning

In recent years, the use of polymeric nanofibers produced through the electrospinning process
has proven to be an effective method for producing fibers as a support for bioactive substances
in drug delivery systems. These fibers possess noteworthy features such as high surface area-
to-volume ratio and open porous structures [5]. Furthermore, the fact that different types of
therapeutic agents can be encapsulated or surface-conjugated within the fibers, turn them
promising in several drug delivery applications, such as the delivery of anti-inflammatory
agents, as studied by Kotroni et al. in 2019 [6], antibacterial agents, as proven in Gouda et al.'s
study from 2014 [7], as well as amino acids and vitamins, as demonstrated in Taepaiboon et
al.'s research from 2007 [8]. Due to being easily surface-functionalized, having tailorable mor-
phologies and inherently resembling natural extracellular matrix, which is advantageous for
cell attachment, proliferation, and differentiation, nanofibers are distinguished from other drug
delivery devices, such as nanoparticles or hydrogels [9] .

In the electrospinning process, a high voltage is applied between a polymeric solution
and a grounded collector. The solution is fed into a syringe and placed on a syringe pump.
When a sufficiently high voltage is applied, the particles in the solution become charged and
repeal each other. When the electrostatic forces reach values comparable to the surface tension
forces, the droplet takes the form of a cone, also known as Taylor's Cone. Once the electrical
field intensity is high enough, the electrostatic forces overcome the polymeric solution surface
tension, and a polymeric high-speed jet is ejected through the tip of a needle towards the
collector at a controlled flow rate. Along its trajectory, the solvents evaporate, allowing the
polymer to be deposited as fibers with diameters ranging from micrometers to nanometers,
with adjustable mechanical properties [10]. Various parameters influence the transformation
of polymeric solutions into fibers and can affect its characteristics, as described in the system-
atic review of Jain et al. [11]. These parameters are related to the properties of the polymer
solution used, such as concentration and viscosity, the molecular weight of the polymer, its
conductivity, and surface tension; to process variables like the flow rate and the electric poten-
tial at the needle, and the distance to the target (distance between the needle tip and the
metallic collector); and to environmental parameters, such as the temperature of the electro-
spinning chamber and the humidity inside it. Taking these parameters into account and opti-
mizing them during the electrospinning process is essential to achieve the desired nanofiber
properties and functionality. Thus, electrospinning technique encompasses a complex interplay

of parameters crucial for controlling nanofiber morphology and structure.



Cellulose Acetate (CA) stands out as a significant biopolymer that is currently gained at-
tention in drug delivery systems due to its biocompatibility, low cytotoxicity, and the exhibition
of excellent ionic conductivity [12]. CA electrospun nanofibers have thus attracted considerable
interest in a wide range of clinical applications including the delivery of drug molecules to local
treatment as patches through the skin, producing effective healing, as demonstrated in the
study by Khoshnevisan et al. [13], used as implants to prevent post-surgical adhesions and
infections, with antibacterial applications, as reported by Jatoi et al. [14], used for wound dress-
ings, as proved in the study by Khan et al. [15] , and are also used to build scaffolds for tissue-
engineered constructs, as investigated by Liang et al. [16]. For these reasons, CA fibers are
desirable for drug delivery, and it was the polymer chosen to produce electrospun fibers for

the proposed device in this thesis.

1.4 Conductive Polymers

Despite these advancements, traditional transdermal drug delivery systems materials show
static features for drug-releasing with a therapeutic effect that is dependent on the limited
drug dosage and dosing interval. In other words, once the drug is administered there is no
further control over release characteristics. Consequently, transdermal drug delivery technol-
ogy has progressed from passive release mechanisms (without external energy input) to active
release methods that respond to external stimuli. Understandably, a growing body of research
has raised the importance of developing sophisticated drug delivery systems to improve the
dynamic responsiveness of biomaterials, with better control over drug release in which both
the rate and the amount of the active substance are precisely tailored to meet specific needs
[17]. Therefore, external stimulating signals, such as temperature (Gandhi et al. 2015 [18]), mag-
netic (Sharma et al. 2020 [19]), electrical (Servant et al. 2013 [20]), optical (Liu et al. 2017 [21]),
and internal stimulating signals, such as pH (Qu et al. 2018 [22]) can be used to trigger and/or
control drug release and achieve the purpose of drug administration on-demand. The above-
mentioned studies are examples that show the feasibility and potential of applying external
stimuli to control drug release rate. Among them, the electrical stimulation, which is the exter-
nal stimuli focused on the present study, offers some advantages over other types of stimuli,
and has attracted attention since electrical signals are easily controlled so that can allow re-
peatable and reliable drug release for clinical needs and can be precisely adjusted and con-

trolled using voltage or current amplitude and pulse duration [23].



In recent decades, the primary classes of electro-responsive controlled release systems
that have been developed are electro-responsive hydrogels, electro-responsive layer-by-layer
films, and conductive polymers (CPs). Conductive polymers, when electrically stimulated, can
release charged drugs through partial oxidation or reduction [24]. The inherent conductivity of
CPs is the result of the polymer molecule comprising a conjugated chain of localized carbon-
carbon single bonds (o) and localized carbon—carbon double bonds (n), as illustrated in Figure
1. When the p-orbitals overlap in the m bonds, the electron movement between atoms be-
comes better, allowing the electrons to move along the polymer chain. The higher conductivity
of polymers is further based on the incorporation of dopant ions balancing the charge intro-
duced through oxidation (p-doping) or reduction (n-doping). The dopant introduces a charge
carrier by removing/adding electrons from/to the polymer chain [25]. Therefore, the focus of
this study applies upon the functionalization of CA membranes using conductive polymers to

achieve specific controlled release behavior.
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Figure 1: Scheme of a conductive polymer conjugated backbone. (Adapted from [23])

Currently, polypyrrole (PPy) and poly(3,4-ethylenedioxythiophene) (PEDOT) are among
the most widely explored conductive polymers for biomedical applications: in the field of tissue
engineering, Maharjan et al. in 2020 [26], developed a method to embed polypyrrole nanopar-
ticles (PPy-NPs) into a polymeric matrix through in-situ polymerization, creating conductive
scaffolds. These scaffolds exhibited enhanced mechanical strength, conductivity, biominerali-
zation, and cell adhesion, suggesting their potential for bone tissue engineering applications.
In the area of neural regeneration, Zhao et al. in 2020 [27] investigated the effects of electrical
stimulation delivered through implanted PPy/Silk Fibroin composite scaffolds in rat sciatic
nerves. Their findings revealed that electrical stimulation facilitated axonal regeneration and

functional nerve restoration without eliciting any inflammatory response, showcasing the



potential of conductive polymer-based scaffolds for neural regeneration applications. As well
as in biosensors, a novel electrochemical biosensor was developed by Liu et al. in 2018 [28]
using a biohybrid conducting polymer, integrating glucose oxidase and PEDOT microspheres.
This biosensor showed superior glucose sensing performance, with a wide linear range, high
sensitivity, and excellent storage stability, indicating its potential for practical applications in
biosensing and bioelectronics.

Oxidative polymerization of monomer units can be achieved via chemical or electro-
chemical redox polymerizations [29]. In this study, two different in-situ chemical polymerization
processes were conducted for the synthesis of PPy and PEDOT: aqueous solution polymeriza-
tion for PPy and vapor phase polymerization for PEDOT. The chemical structures of these two

conductive polymers are represented in Figure 2.
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Figure 2: Chemical structure of PEDOT (a) and PPy (b). (Adapted from [23]).

PPy can be obtained through chemical polymerization of pyrrole in liquid phase, that
occurs by adding pyrrole monomers to an aqueous solution with an oxidizing agent. In this
mechanism, the initial step involves the production of a positively charged free radical through
the oxidation of pyrrole monomers, which is unstable and highly reactive, and allows for the
formation of a neutral dimer. As this compound is also oxidative, it combines with other mon-
omers through the same process, thus creating the polypyrrole chain. In this in situ oxidation,
the polymer remains in its oxidized state and the conducting characteristics of the polymer
result from the CI” ions in its chain constitution.

The schematic mechanism of oxidation of pyrrole with FeCls is represented in Figure 24
of Appendix A. The electrical conductivity is affected by a variety of factors, among which are
the choice of solvent and oxidant agent, the pyrrole/oxidant agent ratio, and the duration and

temperature of the reaction [30].



PEDOT synthesis through oxidative chemical polymerization is similar to the respective
polymerization principle of PPy. In this case, the vapor phase polymerization of EDOT involves
coating the surface of the substrate with the oxidizing agent, followed by exposure to a con-
trolled atmosphere of CP monomer vapors. The schematic representation of vapor phase
polymerization of EDOT is illustrated in Figure 25 of Appendix A. The parameters controlled
during this polymerization process include monomer concentration, substrate temperature,
and polymerization time [31].

These two CPs are also suitable and effective for drug delivery systems that require the
release of active substances upon electrical stimulation due to their unique electrical and phys-
icochemical properties as Abidian et al. [32], Mller et al. [33], Esrafilzadeh et al. [34], Tang et
al. [35] demonstrated. They possess good biocompatibility, biodegradability, and low tox-
icity. In addition, have high surface area, good charge storage capacity, and the highest con-
ductivity. Therefore, several studies have emerged to continually investigate the potential of
PPy and PEDOT for precise and on-demand drug release:

In 2006, Wadhwa et al. [36] developed one of the first electronically controlled drug de-
livery systems. This system consists of two electrodes on which a PPy film is deposited to
achieve controlled and localized delivery of dexamethasone (anti-inflammatory anionic drug)
that is incorporated into PPy through electro-polymerization of pyrrole. Dexamethasone, due
to its negative charge, acts as a dopant for the conductive polymer. The drug release was per-
formed using cyclic voltammetry (CV) between -0.8V and +1.4V in a PBS (Phosphine Buffered
Solution) medium, and it was observed that from the third cycle of scanning, characteristic
peaks of pyrrole oxidation and reduction emerged. Furthermore, it was possible to conclude
that with more cycles, the peaks became more intense, and additionally, the drug release did
not produce any toxic side effects.

In 2014, Krukiewicz et al. [37] studied the release of ibuprofen (IBU) in its anionic form
encapsulated in a PEDOT film, through the application of electrical stimuli. They conducted too
the CV technique, with potentials between -0.8V and +0.8V to observe the drug release profile
in @ PBS medium. The results demonstrated that the maximum amount of IBU released corre-
sponded to an electrical potential of -0.5V, and without applied potential, the release was six
times lower than at the mentioned potential. Potentials lower than -0.5V and close to positive
values resulted in a decrease in concentration of released ibuprofen caused by the effect of n-
doping of negatively charged polymer matrix with cations present in PBS solution: the incor-
poration of potassium cations occurs instead of the release of the anionic form of IBU. The

concentration of IBU released decreases as the value of applied potential increases since the



positively charged film holds the anionic drug. Based on these results, they concluded that the
application of negative potentials results in facilitated release of the anionic drug used as a co-
dopant, IBU, while the application of positive potential results in the drug retention.

In 2019, Boehler et al. [38] demonstrated that controlled release can be achieved by com-
bining certain specifications of drug delivery systems. In this study, they added dexamethasone
to PEDOT and deposited this substrate in the form of films on two iridium oxide electrodes.
For different film thicknesses, they applied different types of electrical signals: cyclic voltam-
metry and continuous potential. They observed that in passive diffusion tests, there was a sub-
stantial amount of drug being released into the medium over time. In active tests, they tested
the three mentioned signal types and found that for the cyclic voltammetry signal (with poten-
tials between -0.6V and 0.9V), there was considerable drug release into the medium, similar to
passive release. They also found that with a continuous potential stimulus of -0.6V, drug release
into the medium was limited, resulting in a different release profile compared to diffusion and

cyclic voltammetry.

1.5 Model Drug

Several studies have investigated different strategies to explore drug release mechanisms and
to incorporate the different types of ionic drugs - cationic and anionic. The final effect of elec-
trical stimulation on drug release depends on how the CP responds to the stimulus, how the
drug is released from the polymeric fiber due to electrostatic forces and its physicochemical
properties, and how the interactions between the CP and the drug influence the process. There-
fore, the release process of drug molecules from CPs has been under study in recent years,
relying on a combination of electro-chemo-mechanical action in CPs leading to drug release
[39].

In 2021, Baptista et al. [3] studied the electronically controlled release of ibuprofen im-
pregnated in gauze membranes and AC fibers. They obtained conductivity values in the range
of 1-10 mS/cm in PPy-functionalized gauze, providing controlled drug release in a system
composed of PPy/Ibuprofen/PPy and a silver electrode. The results demonstrated PPy adher-
ence to the fibers and confirmed the incorporation and release of the drug. A small dermal
patch constructed with these membranes retained ibuprofen at 1.5V and released it rapidly
upon application of -0.5V. In 2022, this study was continued [40], exploring functionalization
with PEDOT and the directly addition of ibuprofen within the electrospinning process. Using

alternating voltages, an ON/OFF release profile was achieved for all systems proposed and



these conditions were successfully replicated in a prototype transdermal patch containing the
membranes, a thin silver wire, and covered with a clean dressing to simulate possible skin con-
tact.

The present work aims to continue this research based on its positive and promising results.
The goal is to investigate how the electrically stimulated release system works with a drug of
different charge than ibuprofen: thus, methylene blue (MB), a cationic compound, was used as
a model to simulate the release of a positively charged drug in this type of system and conse-
quently studying its release profile and comparing it with the negatively charged drugs already
studied in the previous research.

The chemical structure of the molecule is represented in Figure 3. MB has been recently used
as cationic model drug in drug delivery systems, as reported by Ding et al. [41] with the devel-
opment of an electro-responsive layer-by-layer film, and by Gao et al. [42] with a microgel-

based reservoir device.
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Figure 3: Chemical Structure of MB. (Adapted from [43]).

Studying and comparing the results of drug delivery systems controlled by electrical
stimulation, with both positively and negatively charged drugs offers several advantages - it
enhances our understanding of the underlying mechanisms, expands the selection of drugs for
potential use, enables tailored delivery based on drug properties, optimizes electrochemical
parameters, and provides a comprehensive evaluation of efficacy and safety. By exploring both
types of charged drugs, researchers can refine these systems to achieve improved therapeutic
outcomes across various biomedical applications [39]. In this context, the development of this
drug delivery emerges in this study, with three main objectives in mind: the production of CA
fibers through the electrospinning technique, and the encapsulation of the model drug within
these fibers, the functionalization of drug-containing fibers using PPy and PEDOT as conduc-
tive polymers and the validation of the electrically tunned drug delivery platform under several

electrical conditions in a simulated body fluid solution.



Through the above-mentioned studies, it is evident that there are numerous advantages
and developments around electronically controlled drug delivery systems. At the same time,
there is still room for growth and innovation in these systems to make them more user-friendly
through increasingly intelligent technologies [44], [45], and improve patient adherence, espe-
cially in geriatric care, where their need is particularly important. In this field, regular topical
administration of drug for skin diseases is perhaps one of the main needs. By combining sen-
sors and external communication, these systems can offer patients an autonomous, and intel-
ligent way to administer medication for remote treatment, as well as on-demand precision

medicine, as described in the systematic review carried out by Vadlapatla et al. [46].
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EXPERIMENTAL SECTION

This chapter addresses the experimental details and procedures carried out for the develop-
ment of the proposed biodevice. Thus, the following steps are outlined: production of mem-
branes through electrospinning technique (section 2.1), their functionalization with PPy and
PEDOT (section 2.2), and morphological, chemical, electrical, and electrochemical characteriza-
tion methods (section 2.3). The procedure for electrical stimulation and consequent release of

the encapsulated model drug is presented in last section (section 2.4).

2.1 Production of Membranes

In this study, both cellulose acetate polymeric membranes (CA) and cellulose acetate polymeric
membranes with encapsulation of the model drug (MB:CA) were produced using electrospin-

ning technique.

2.1.1 Polymeric Solutions

CA (Mn 50,000 with 39.7% acetyl groups, Sigma Aldrich) fibers were produced using a poly-
meric solution of 12% w/t in a binary solvent system of acetone (99.5%, Honeywell Riedel-de
Haén) and dimethylacetamide (DMACc) (Carlo Erba Reagents S.A.S.), with a ratio of 2:1, respec-
tively. Thus, an amount of 1.2 g of CA was added to a volume of 10.6 mL of the binary solvent
system. This dissolution took place under constant magnetic stirring at 100 rpm, at room tem-
perature and humidity. The solution was left under constant magnetic stirring until the cellu-
lose acetate was completely dissolved, resulting in a visibly homogenized, translucent solution

with the absence of solid particles in suspension.
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MB compound (C16H18CIN3S, High Purity, Mw=319.85 g/mol, Thermo Scientific Chemicals) was
added to a CA solution to produce fibers with the model drug compound selected for this
study (MB:CA). A CA polymeric solution of 10% w/t was prepared with the same binary solvent
system of Acetone-DMAc in a ratio of 2:1. Thus, an amount of 1 g of CA was added to a volume
of 10.8 mL of the binary solvent system, in which 25 mg of MB (according to the solubility of
MB in acetone at 25°C [47]) were added.

2.1.2 Electrospinning

For the electrospinning process, a volume of TmL of the homogenized solutions were added
to a syringe (B. Braun) with a metallic needle of 21 gauge (internal diameter of 4.5 mm from
ITEC, Iberiana Technical) and placed in an infusion syringe pump (NE300 from New ERA Pump
Systems) to control the flow rate that the polymeric solution was ejected during the process.
A high voltage source (incorporated in a modular robotic system, LRC MultiCoater) was used
to apply a high voltage to the metallic tip, and a grounded static collector (metallic foil) was
placed at a certain distance from the needle. A schematic setup of this process is illustrated in

Figure 4.
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Figure 4: Electrospinning setup. (Adapted from [9]).
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Table 1 describes the parameters that were defined and regulated for the electrospinning of
CA and MB:CA fibers, based on the study of Baptista et al. from 2018 [48].

Table 1: Summary of the electrospinning parameters used to produce CA and MB:CA membranes.

Collector Distance Voltage  Flow Rate Humidity Temperature Deposition Time

(cm) (kV) (mL/h) (%) ©Q (h)

CA 20 18
0.2 35-45 20-25 5

MB:CA 15 20

Given that the deposition time was 5 hours at a flow rate of 0.2 mL/h, each electrospun mem-
brane contained 1 mL of polymeric solution, with an approximate amount of MB equal to 2.3
mg. To achieve a similar amount of MB in all sample portions, the electrospun membranes
were cut into eight similar concentric triangles. Therefore, assuming that the mass of MB is
uniformly distributed throughout the membrane, each of these triangular membranes con-

tained approximately 0.3 mg of MB.

2.2 Functionalization of Membranes

In order to ensure the electrically conductive character of the fibers, CA and MB:CA membranes
were coated with the chosen CPs for this study (PPy and PEDOT), through the functionalization

of the electrospun fibers' surface.

2.2.1 Liquid Phase In Situ Polymerization of Pyrrole

CA and MB:CA triangular membranes were immersed in a volume of 10 mL of an aqueous
solution of 0.05 mol/L pyrrole (98%, Sigma-Aldrich) and stirred for 10 minutes at room tem-
perature, allowing the impregnation of the pyrrole monomer. After this period, a 10 mL solu-
tion of the oxidizing agent, iron (lll) chloride hexahydrate (FeCls.6H20O, purity 99%, Chem-Lab
NV) was gently added in a mass ratio of 2:1 (FeCls:Pyrrole) [48]. During the oxidative polymer-
ization of pyrrole, CA and MB:CA membranes changed from white or blue to black, respectively,
confirming the formation of PPy. After the polymerization time intervals, CA and MB:CA mem-

branes were carefully removed from the solutions and washed with ultrapure water (Elix®
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purification system, Merck Millipore) and ethanol (99.5%, Honeywell Ricomel-de Haén) to re-
move the by-products and unreacted residues, and were dried at room temperature. A sche-

matic setup of this functionalization process is illustrated in Figure 26 of Appendix B.

2.2.2Vapor Phase Polymerization of EDOT

EDOT functionalization process of the CA membranes through exposure to EDOT vapors, was
based on an experimental procedure adapted from the literature [49]. The electrospun mem-
branes were immersed in a 40 g/L aqueous solution of an oxidizing agent, iron (lll) chloride
hexahydrate (FeCls.6H,O, purity 99%, Chem-Lab NV), in a volume of 10 mL, for 20 minutes
under 100 rpm stirring. After this period, the membranes impregnated with the oxidizing agent
were carefully removed from the solution and left to dry at room temperature for 60 minutes.
Once dried, they were fixed inside a closed chamber with 0.5 mL of the EDOT monomer (97%,
Mw=142.18 g/mol, Sigma-Aldrich) at the bottom of the container. The chamber was placed in
an oven (Memmert, Schwabach) at 90°C and the exposure time of the membrane to monomer
vapors was exclusively evaluated for 120 minutes, as illustrated in Figure 27 of Appendix B.
During this EDOT polymerization, the membranes changed from white to black, indicating the
formation of PEDOT. The coated membranes were removed from the chamber and washed
with ultrapure water (Elix® purification system, Merck Millipore) and ethanol (99.5%, Honey-
well Ricomel-de Haén) to remove by-products and unreacted oxidant and monomer. The sam-
ples were dried at room temperature.

An experimental study, illustrated in Table 5, in Appendix C, was conducted to optimize
the PEDOT functionalization process in MB:CA membranes. Under the initial conditions used
for CA membranes polymerization, the membranes impregnated with methylene blue became
brittle and prone to fragmentation upon removal from the oven. Consequently, some adjust-
ments were implemented: the oven temperature was lowered to 75°C, and 1 mL of distilled
water was added to the 0.5 mL of EDOT. These modifications successfully eliminated the brittle

character of the membranes.
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2.2.3 Membrane Systems

Four different membrane systems were considered, as described in Table 2. The single systems
consist of only one membrane, whereas the multi-layered systems are composed of three lay-
ers, with drug incorporation occurring within the inner layer. The layered systems were sealed
with adhesive tape (Kapton® tape, DuPont) to ensure that passive release doesn't occur from

the edges through diffusion.

Table 2: Configurations of membrane systems

PPy Single System
MB:CA membrane polymerized with PPy

Single
PEDOT Single System
MB:CA membrane polymerized with PEDOT

PPy Multi-Layered System
Two CA membranes polymerized with PPy,

with a MB:CA membrane in between

Multi-Layered
PEDOT Multi-Layered System

Two CA membranes polymerized with PEDOT,

LA AA

with a MB:CA membrane in between

2.3 Characterization Methods

To ensure proper functionality of the transdermal patch, it was essential to analyze in detail
each component it comprises, verify if its production was carried out properly, and ensure that
it is resistant enough for quality and durability during use. To guarantee these properties, the

following characterization techniques were conducted.
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Morphological Characterization

The surface morphology of fibers and coatings was observed by optical microscopy (OM) using
a Leica DMi8 model, and by scanning electron microscopy (SEM) using a Hitachi S2400 model.
SEM images were captured using a 20 kV energy beam and prior to image acquisition, the
samples were attached to a metal sample holder using a double-sided carbon-based conduc-
tive tape (Electron Microscopy Sciences) and then coated with a thin layer of gold-palladium
alloy, ensuring a good electron outflow. Additionally, the average diameter of the electrospun

fibers was estimated by thirty measurements in each sample using the ImageJ® software.

Chemical Composition Analysis

To evaluate the chemical composition of membranes, by verifying the presence of the com-
pounds added to the membranes, Fourier Transform Infrared Spectroscopy (FTIR) was per-
formed in Attenuated Total Reflectance (ATR) mode using a Thermo Scientific spectrometer
(Nicolet Summit X model), acquiring a transmittance spectrum within a wavenumber range

from 4000 cm™" to 400 cm™".

Electrical Conductivity Measurement

The electrical conductivity was obtained by measuring the current-voltage (I-V) values in the
different electrospun membranes using a Keithley 6400 Pico-amperemeter/Voltage source,
two probe tips, and a computer for recording data. The |-V measurements were repeated three
times for three samples, and the average of the slopes was obtained for each membrane. A
plot of the current obtained for each applied voltage to a resistive element is directly obtained

from the |-V curve. According to Ohm'’s law, as enunciated in Equation (1):

V=RXI (1)

where V is the potential difference (V), R is the resistance (), and I is the current (A), the slope
of the |-V curve represents the inverse of the resistance. With this value, the value of the cross-
section area and the value of the distance between electrodes, the planar conductivity of each

sample was measured on the surface of the membranes using Equation (2):

L )
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where ¢ is the electrical conductivity (Scm™), A is the area of the cross-section of membrane
(cm?), and [ is the distance between electrodes (cm). The cross-section was delimited by the
electrode length and the thickness of the membrane. A schematic representation of the cross-
section area of membranes is illustrated in Figure 28 a) of Appendix D. The thickness of samples
was measured with a micrometer in 15 different areas of the membrane, and then calculated
the average thickness. The electrodes were painted with a conductive carbon paint (Bare Con-
ductive®) with a 5 mm by 3 mm rectangular shape, 2 mm apart. The probes were placed on
the contacts, and the |-V values were acquired. A model of an |-V curve obtained is represented
in Figure 28 b) of Appendix D and an example of the calculations conducted for the measure-

ment of planar conductivity of membranes is described in Table 6 of the same Appendix.

Electrochemical Characterization

Cyclic Voltammetry was carried out for membrane systems to evaluate the redox processes
and kinetics of electron transfer reactions, using a Gamry Instruments potentiostat (Reference
3000 model). CV measurements were conducted using a two-electrode setup: in this arrange-
ment, the working electrode represents the sample under examination, while the counter elec-
trode is linked to a silver wire positioned 1 cm away, which ensures circuit completion and
sustains a consistent interfacial potential. Potentials and currents between the electrodes were

then recorded for analysis.

2.4 Drug Release Study

Drug release was performed in a simulated body fluid (SBF) solution, simulating physiological
conditions, by containing the same ions as human blood plasma, at nearly equal concentra-
tions. The SBF solution was prepared following the protocol described by Kokubo et al. [50],
and its constituents are described in Table 7, in Appendix E. The solution was kept in a refrig-
erator at 5°C until use.

To perform drug release tests, each membrane system was immersed in SBF in a fixed
volume of 20 mL. The positive electrode of the Voltage-Current source (Keithley 237) was con-
nected to the membrane, 1cm away from the Ag wire (7cm long and Tmm diameter) that was
connected to the ground electrode. Different voltage potentials were tested, corresponding to

continuous electrical stimuli, and all the tests were performed in a cumulative release of the
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drug. Thus, the electrical stimulation was applied for 1 min, then switched off, followed by a 4-
minute period of immersion in SBF. Then, a sample of 3 mL was transferred to a quartz cuvette,
to perform the absorbance spectra. The extracted sample returned to the vessel, the membrane
was again immersed in SBF, and the fixed voltage was then applied again for another period
of 1 minute, followed by a 4-minute period of immersion without electrical stimulation. A pas-
sive drug release profile was also studied to compare the influence of electrical stimulus with
the passive release of drug by diffusion. The UV-Visible spectroscopy was performed after each
stimulus, using a JASCO UV-Vis/NIR Spectrophotometer (V-770 model), in the wavelength
range of 450 nm to 750 nm, to determine the concentration of MB released using a preliminary
calibration curve of MB in SBF. To conduct the drug release study, an absorption-concentration
calibration was obtained using the following methodology: a solution of SBF-MB with a con-
centration of 8.5 mg/L was prepared, followed by sequential dilutions to obtain different con-
centrations in intervals of 1 mg/L, from 8.5 to 0.5 mg/L. Then, the absorbance spectra for each

concentration, shown in Figure 5, was obtained.
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Figure 5: Absorbance spectra for the different concentrations of MB in SBF, used for the calibration curve.
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The calibration curve, represented in Figure 6, was estimated by the maximum absorption value

of the peak at 664 nm [51].
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Figure 6: Calibration curve obtained by the maximum absorption value of the peak at 664 nm.

From the calibration curve represented above, was obtained the following empirical correla-

tion, described in Equation (3), between absorption and concentration of MB in SBF:

Concentration of MB (664 nm) (%)

B Absorbance — 0.0296
- 0.1276

The linear regression of the experimental points obtained shows a good coefficient of deter-
mination (R? = 0.994). Thus, it was possible to estimate the concentration of MB in passive and

active drug release tests in a simulated body fluid solution.
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RESULTS AND DISCUSSION

3.1 Characterization of MB:CA membranes for Single Systems

3.1.1 MB:CA membranes

Firstly, the morphology of membranes was characterized by optical microscopy. Figure 7 shows
a macroscopic (a) and an optical microscopic image (b) of the obtained MB:AC membrane,
however, it is not sufficient to evaluate the detailed morphology of the fibers and the distribu-

tion of their diameters, even at the highest magnification of the microscope used (200x).

Figure 7: Macroscopic image (a) and optical microscopic image (200x) (b) of the MB:CA membrane.

Furthermore, it becomes difficult to analyze if the deposition of CPs occurred correctly, as
shown in Table 8, in Appendix F. In the optical microscopic images of the membranes func-
tionalized with PPy, polymer agglomeration is observed on the surface, yet it is challenging to
discern individual fibers within the agglomeration, making it difficult to assess if the PPy uni-

formly covered them.
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In the optical microscopic images of the membranes functionalized with PEDOT, it is not pos-
sible at all to observe the deposition of this conductive polymer on the surface of the fibers.
Thus, it is necessary to resort to SEM analysis for a more complete and precise analysis. The
SEM image of MB:CA fibers, in Figure 8, illustrates the randomness of fiber directions, while the
histogram depicting mean fiber diameters shows a relatively uniform distribution, with an av-

erage diameter of 224 + 49 nm.
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Figure 8: SEM image of MB:CA fibers and respective normal distribution of the mean fiber diameters.

FTIR spectra of the CA membrane, represented in Figure 9, proves the presence of CA in fibers
constitution, as the main characteristic peaks of CA were identified at 1040 cm™, 1231 cm™,
1369 cm™ and 1742 cm™" due to strain vibrations of the C-O, aryl ether, C-H and C=0 groups,
respectively [52]. FTIR spectra of the MB:CA membrane, represented in the same figure, was
supposed to confirm the presence of MB in fibers, by the characteristic peaks of the model
drug at 881 cm™and 824 cm™ (C-H out of plane bending vibrations of ring), 1055 cm™ (C-S-C
vibrations of the heterocycle), 1146 cm™ (C-N bending vibrations), and 1481 cm™ (C=S*
stretching vibrations of the heterocycle) [53] [54].
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Figure 9: FTIR spectra of CA and MB:CA membranes.

However, by comparing the two spectra, it can be concluded that only the characteristic peaks
of CA are visible in the FTIR spectra of MB:CA membrane, given that the amount of drug pre-
sent in the membranes is significantly reduced (practically residual) in proportion to the

amount of CA, so the presence of MB could not be identified in this FTIR spectra.

3.1.2 MB:CA membranes functionalized with PPy

By examining the morphology of CA fibers incorporated with the drug, and functionalized with
PPy for 45 minutes, in the SEM image of Figure 10, it becomes evident that they are coated
with the CP, whose presence is further confirmed by FTIR analysis. Examination of the histo-

gram reveals a relatively narrow dispersion in terms of fiber diameter, with a mean of 252 + 41

nm.
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Figure 10: SEM image of PPy4s/MB:CA fibers and respective mean fiber diameters.

It is evident that the functionalization of CA fibers with PPy was successful as the characteristic
peaks of PPy at 790 cm™, 965 cm™ and 1548 cm™ were identified in FTIR spectra of PPy/CA
membrane, as shown in Figure 11. The first two peaks are attributed to C-H wagging, and the
third peak is related to C=C stretching vibration modes [55]. It is possible to conclude that the
presence of PPy in PPy/MB:CA membrane is also confirmed through the analysis of FTIR spec-
tra, represented in the same figure, as the characteristic peaks of this CP can be observed at
790 cm™, 965 cm™ and 1548 cm™ too.

Given that the amount of drug present in the membranes is significantly reduced in
proportion to the amount of CA and PPy, MB could not be identified in these membranes too,

just as it happened with the MB:CA membranes (Figure 9).
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Figure 11: FTIR spectra of PPy/MB:CA, PPy/CA and CA membranes.

3.1.3 MB:CA membranes functionalized with PEDOT

The morphology of CA fibers incorporated with the drug and functionalized with PEDOT was
evaluated for three different polymerization times: 45 (Figure 12 a), 90 (Figure 12 b), and 120
(Figure 12 c) minutes. It can be concluded that despite this variation in polymerization time,
the membranes do not show significant differences in their morphology, all exhibiting an ob-
servable coating of PEDOT and a very close average diameter in the range of 189-201 + 29-39
nm (201+ 29 nm for 45minutes, 189 + 39 nm for 90 minutes and 190 + 38 nm for 120 minutes).
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Figure 12: SEM image of PEDOT/MB:CA fibers with a 45-minute (a), 90-minute (b) and 120-minute (c) polymeriza-

tion time, and respective normal distribution of the mean fiber diameters.

For single systems, a study aimed at evaluating the influence of polymerization time in electri-

cal conductivity in the functionalization of MB:CA membranes, involved the examination of two

distinct polymerization times for PPy (45 and 90 minutes), alongside the exploration of three

varied polymerization times for PEDOT (45, 90 and 120 minutes). The values of planar conduc-

tivity obtained for these membranes are presented in Figure 13, and described in detail in Table

9, in Appendix G.
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Figure 13: Evaluation of polymerization time in electrical conductivity of functionalized MB:CA membranes.

According to these results, it was decided to project the single systems with:

= MB:CA membrane with a polymerization time of 45 minutes with PPy (PPy4s/MB:CA), be-
cause although the membrane with 90 minutes of polymerization presents a slightly higher
conductivity (5.52 x102 + 4.01 x 10 Scm™") than the one with 45 minutes (4.02 x 102 + 6.99 x
105 Scm™"), the conductivity values are overall very close and the coverage of CP in fibers
was verified by SEM (Figure 10), so by choosing the 45-minute polymerization membrane,
it ensures there is less drug loss due to diffusion since the polymerization time under stir-
ring in solution is much shorter;

= MB:CA membrane with a polymerization time of 120 minutes with PEDOT (PE-
DOT120/MB:CA), as it presents a higher conductivity value (8.52 x 10" + 5.68 x 102 Scm")
compared to the membrane with a 45-minute polymerization time (2.93 x 10" + 8.82 x 107

Scm™") and 90-minute polymerization time (6.45 x 107" + 4.51 x 102 Scm™).

3.2 Drug Release Tests - PPy and PEDOT Single Systems

The drug release of MB was firstly studied through diffusion for the PPyss Single System
(PPy4s/MB:CA) and PEDOTj20 Single System (PEDOT120/MB:CA), to be compared with the drug
release profile of MB:CA membrane, which had not been functionalized. The drug release pro-
file of the MB:CA membrane through passive release in SBF is shown in Figure 14, indicating a

notably rapid release of MB through diffusion.
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Figure 14: Absorbance spectra of diffusion for the MB:CA membrane in SBF.

As evidenced by the analysis of absorbance spectra of the drug release through diffusion for
the single systems constituted by MB:CA membranes functionalized with PPy (Figure 29 of
Appendix H) and PEDOT (Figure 30 of Appendix H), no release of MB occurs, as there is no
evidence of the absorption of the drug in the spectroscopy analysis at the 664 nm peak in
either of the systems. These results can be explained by the instant diffusion of MB in both SBF
and water. Since the fiber functionalization processes require the membranes to contact with
aqueous solutions, it is possible that the drug was lost through diffusion during the fiber func-
tionalization process. In the case of liquid-phase polymerization of pyrrole, the membranes
need to be in magnetic stirring at 100 rpm for 10 minutes in an aqueous solution with pyrrole,
followed by a 45-minute constant magnetic stirring period with the addition of the aqueous
solution containing the oxidizing agent, resulting in a total contact time with water of 55
minutes. In the case of vapor-phase polymerization of EDOT, although most of the process
occurs through vapors, the membranes need to be submerged in magnetic stirring at 100 rpm

in the aqueous solution with the oxidizing agent for 20 minutes.
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It is expected that the release of MB will be similar in both water and SBF medium where
membranes were immersed. Assuming they are identical, it is estimated that within 55 minutes
and 20 minutes of release, a significant amount of the model drug will be released. A calibration
curve for MB in water medium was obtained (represented in Figure 31, in Appendix I), and it is
thus expected that a different medium will not influence the calibration curve. Therefore, it can
be predicted that the drug was lost through diffusion, and the active release profiles of MB
from the single systems couldn't be evaluated.

Consequently, an alternative system, composed by layered membranes, was tested: its
composition relies on an inner MB:CA membrane and two outer CA membranes polymerized
with the selected CPs. In this type of structure, the MB:CA membrane never meets water or SBF
until subjected to release tests, ensuring that drug loss due to diffusion does not occur until

that moment.

3.3 Characterization of membranes for Multi-Layered Systems

3.3.1 CA membranes

In the optical microscopic image of the produced CA membrane, shown in Figure 15 b), it is
possible to identify some thin fibers with markedly reduced diameters, although the precise
morphology of the fibers is very difficult to analyze. Due to the limitation of magnification

through this technique, the fibers were further analyzed by SEM.

Figure 15: Macroscopic image (a) and optical microscopic image (100x) (b) of the CA membrane.
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The SEM image of CA fibers is represented in Figure 16, and comparing the CA to the MB:CA
fiber diameters, 340 + 74 nm and 224 + 49 nm, respectively, it is possible to conclude that CA
fibers in which MB incorporation occurred experience a decrease in their average diameters.
This difference can be explained by the increase in the applied voltage during the electrospin-
ning process of MB:CA membranes, as shown in Table 1, and by the decrease of concentration
of CA for the polymeric solution with the addition of the drug, as explained in subsection 2.1.1,

leading to the formation of fibers with smaller diameters.
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Figure 16: SEM image of CA fibers and respective mean fiber diameters.

3.3.2 CA membranes functionalized with PPy - Outer Layer

A morphological and chemical characterization was performed in CA membranes after a 90-
minute polymerization with PPy, through SEM and FTIR (as observed and discussed in Figure
11) to verify if the CP deposited to functionalize the fibers is present in their surface and if
uniformly covers them. Figure 17 clearly shows that there is a coverage of PPy along the entire
surface of the fibers, with the presence of polymer agglomerations also observed. As observed

in the histogram, the fibers present an average diameter of 637 + 106 nm.
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Figure 17: SEM image of PPy/CA fibers and respective mean fiber diameters.

3.3.3 CA membranes functionalized with PEDOT - Outer Layer

The morphological characterization conducted in CA membranes after a 120-minute polymer-
ization with PEDOT, represented in Figure 18, shows numerous randomly distributed fibers,
with a uniform coating of PEDOT along the entire surface of the fibers. It can be noted that
fewer agglomerations of the CP formed in this polymerization compared to PPy, possibly due
to the PEDOT polymerization occurring in the vapor phase, enabling a more homogeneous
deposition. The fibers present an average diameter of 609 + 98 nm, which is similar to the
diameter of CA membranes functionalized with PPy. As expected, the diameters of the fibers

increase after functionalization, due to the coverage of CPs along the surface of fibers.
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Figure 18: SEM image of PEDOT/CA fibers and respective mean fiber diameters.
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FTIR analysis of this membrane was inconclusive, as the characteristic peaks of PEDOT couldn't
be identified, as shown in Figure 32, in Appendix J. It was expected to find the characteristic
peaks at 1270 cm™, 1380 cm™, 1451 cm™, and 1520 cm™". These peaks correspond to stretching
vibration modes of the C-C bond, stretching of the C-C bond, stretching of the symmetric C=C
bond, and stretching of the asymmetric C=C bond, respectively [56] [57].

To assess the electrical conductivity of these membranes coated with the CPs, planar conduc-
tivity was measured immediately after their functionalization. The PPys/CA membrane pre-
sented a value of 9.14 x 102 + 9.16 x 10 Scm™, and the PEDOT+20/CA membrane presented a
value of 8.98 x10 + 8.15x103 Scm™", which shows an increase compared to the value of 1.05 x
10® + 3.26 x 10° Scm™ for a CA membrane without functionalization. The selection of these

polymerization times was based on the study conducted previously by Lago et al. in 2023 [40].

3.4 Drug Release Tests - PPy and PEDOT Multi-Layered Systems

After the production and characterization of membranes for the proposed multi-layered sys-
tems, which includes two CA membranes functionalized with CPs for the outer layers and a
MB:CA membrane for the inner layer, drug release tests were conducted both passively and
actively. Passive release involves diffusion-driven release, serving as a basis for comparison
with active release tests involving applied voltage between the electrodes.

In order to obtain information about the oxidation-reduction processes of the CA mem-
brane functionalized with PPy and consequently predict the range of voltages necessary for
controlled drug release tests, cyclic voltammetry was performed for this membrane in SBF, as
illustrated in Figure 19 a). Three scan rates were studied (25, 100 and 150 mV/s), with five cycles
for each, and the third cycle was selected for comparative purposes. It is possible to observe
from the graph obtained in Figure 19 b) that at a scan rate of 25 mV/s, more defined oxidation
and reduction peaks are observed. It is suggested that the oxidation peak at +0.6 V and the
reduction peak at -0.5 V are caused by the redox reactions of PPy that occur at the cathode

(working electrode) of the respective system.
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The oxidation reaction of PPy associated with the observed peaks is:
PPy’ — PPy* + e~

And the reduction reaction is:

PPy* + e~ — PPy°

a. WE - Working Electrode b. 6F0
CE - Counter Electrode 5.E-04 | ScanRate (mV/s)
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Figure 19: Schematic diagram of cyclic voltammetry (a) and the third cycle of the cyclic voltammogram obtained
for the PPy/CA membrane (b).

Therefore, positive, and negative voltage values were applied to the system, along with diffu-
sion for the controlled drug release tests, corresponding to voltages above and below which
the anodic and cathodic peaks occur. For the negative voltages, potentials of -0.3 V and -0.8 V
were applied, and for the positive voltages, potentials of +0.3 V, +0.8 V were applied. The drug
release profile of the PPygy Multi-Layered System that was obtained is illustrated in Figure 20.
In order to obtain a comparative study of the multi-layered systems functionalized with the
two different conductive polymers, the same potentials were applied to the PEDOT12 Multi-

Layered System, and its drug release profile that was obtained is shown in Figure 21.
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Figure 20: Drug release profile of MB for PPy multi-layered system.
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Figure 21: Drug release profile of MB for PEDOT multi-layered system.

34




By measuring the concentrations of MB achieved after 60 minutes of release, the
amount of the model drug present in 20 mL of SBF was quantified, and the percentage of the
drug released was calculated relative to an initial amount of 300 pg of MB in each membrane.
These results are shown in Table 10 in Appendix K, and through the analysis of the release
profile of multi-layered systems, it is possible to conclude that the most pronounced drug
release occurs in both systems when a voltage of -0.3V is applied, with this release being more
pronounced for the system functionalized with PPy. It is also possible to conclude that both
systems exhibit higher MB release when negative voltages are applied compared to the posi-

tive ones, possibly due to the positively charged nature of the drug.

Comparing the release profiles of these systems with those studied previously by Lago et al.
[40] with the selection of a negatively charged drug (IBU), the following can be observed: in
both PEDOT and PPy multi-layered systems, the applied voltage resulting in superior retention
of IBU was -0.3V, and the applied voltages resulting in greater release of this drug were +0.5V
and +0.3V. Therefore, it is concluded that these systems have practically an opposite release
profile to the systems studied in this thesis. Given that the conductive polymers used were the
same, and that the membrane functionalization processes of CA fibers were replicated with the
same CPs, these values are possibly related to the charge of the drug used for the electrically
controlled drug release systems. Conductive polymers can bind to and detach from different
drugs due to their redox reactions by electrical stimulation. Thus, the conductive polymer can
induce the retention or the release of drug molecules into the surrounding medium depending

on the applied potential.

The morphology of functionalized membranes was evaluated after the drug release upon an
applied voltage of -0.3V, since it is the one that presents a higher release of MB through the
fibers. The SEM images are represented below for PPyso/CA membranes (Figure 22) and for
PEDOT120/CA membranes (Figure 23).
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Figure 22: SEM image of PPy/CA fibers after drug release and respective mean fiber diameters.
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Figure 23: SEM image of PEDOT/CA fibers after drug release and respective mean fiber diameters.

It can be observed that after the release tests, the fibers remain coated with a layer of PPy and

PEDOT. The membranes polymerized with PPy and PEDOT do not show a significant reduction

in the average fiber diameter after the drug release test. Although the average value is slightly

lower, the standard deviation is superior in the fibers after release, so it cannot be directly

related to the release process. Initially, PPy/CA fibers had a mean diameter of 637 + 106 nm,

while a mean diameter of 604 + 115 nm was obtained after the drug release test. PEDOT/CA

fibers had a mean diameter of 609 + 98 nm, before the drug release, while a mean diameter

of 557+121 nm was obtained after the drug release test. Thus, it can be concluded that the

controlled drug release tests were not destructive to the morphology of the fibers or the coat-

ing of the CPs, despite the release of MB occurring through the fibers.
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The planar conductivity of the functionalized membranes of multi-layered systems was meas-
ured before and after drug release tests and those values are presented in Table 3. The electri-
cal conductivity values obtained after the drug release test relate to the application of an elec-
trical stimulus of -0.3 V for one hour in SBF. A slight decrease in conductivity values is observed,
which may be explained by a possible loss of adhesion of the CP to the surface of the fibers

during the drug release tests.

Table 3: Planar conductivity of functionalized CA membranes before and after the drug release.

Conductive Planar Conductivity (Scm™)

Membranes Before Drug Release After Drug Release
PPygo/CA 9.14x 102+ 9.16 x 10 824 x 103 £ 7.67 x 10

PEDOT120/CA 898 x 102+ 8.15x 103 8.01x103+£7.77x10%

To assess the evolution of conductivity over time, electrical conductivity was measured for the
four proposed systems immediately after their functionalization and after four months. These

values are presented in Table 4.

Table 4: Evaluation of planar conductivity of the membranes over time.

Conductive Planar Conductivity (Scm™)
Type of system
membranes After functionalization After four months

PPyas/MB:CA 4.02x 102+ 6.99x 10° 8.78 x 103 + 2.47 x 107

Single
PEDOT120/MB:CA 8.25x 10"+ 5.68 x 102 1.06 x 102+ 1.02 x 1073
Multi- PPyq0/CA 9.14x 102+ 9.16 x 10** 2.11x 102+ 3.00x 10
Layered PEDOT120/CA 8.98 x 102+ 8.15 x 103 2.81x102+ 1.77 x 1073

37



It can be concluded that over the course of four months, there is a slight decrease in electrical
conductivity in all membranes. As the membranes are coated with PPy and PEDOT, this de-
crease could be related to polymer oxidation, as the membranes, after functionalization, are
left to dry at room temperature and therefore met the surrounding air [58] [59]. The conduc-
tivity of the membranes functionalized with PEDOT presents similar values to PPy, around 10

/ 102 (Scm™) shortly after production and around 102 /10 (Scm™") after four months.
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CONCLUSIONS AND FUTURE PERSPECTIVES

Presently, with the advancement of various stimulus-responsive materials and technologies, it
is possible to regulate drug release through diverse stimuli. To investigate the drug release
behavior under electrical stimuli, two types of systems comprised of cellulose acetate polymeric
membranes were developed in this study using the electrospinning process. Single systems
consisting of a single CA membrane with the model drug, functionalized with two conductive
polymers, PPy and PEDOT, were produced. Additionally, multi-layered systems were also pro-
duced, comprising an inner layer of CA membrane with MB and two outer layers of CA func-
tionalized with PPy and PEDOT. Following electrospinning, all membranes were divided into
equal triangular pieces to ensure uniform interior and exterior membrane sections due to radial
thickness variation. For the polymerization of CA membranes with PPy and PEDOT, optimized
protocols from prior works were employed. For CA membranes incorporated with MB, the in-
fluence of different polymerization times for PPy and PEDOT was studied, and in the case of
vapor phase polymerization of EDOT, the MB:CA membrane polymerization protocol had to
be adapted to obtain non-brittle membranes.

Optical microscopy did not provide the desired precision in observing the morphology
and diameter distribution of the produced fibers. Therefore, morphology analysis was con-
ducted using SEM, which revealed uniformly coated conducting polymer layers on fibers func-
tionalized with PPy and PEDOT, both with and without the drug. The presence of PPy in CA and
MB:CA membranes was confirmed by FTIR, although PEDOT presence was not identified in this
analysis.

The highest planar electrical conductivity values were observed for MB:CA membranes
functionalized with PEDOT for a duration of 120 minutes. Regarding PPy, the highest electrical

conductivity values were observed for CA membranes, without the drug, functionalized for 90
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minutes. Overall, all membranes exhibited high electrical conductivity values in the range of
10" and 10 Scm™.

The study on the effect of applied voltage between membrane systems and the silver
electrode for drug release profile evaluation was inconclusive for single systems, possibly due
to drug loss by diffusion during the functionalization processes. In future studies, to overcome
this limitation and to study drug release under electrical stimuli, the production of these mem-
branes through coaxial electrospinning could be tested. If these systems consist of an inner
layer of the drug and are surrounded by an outer layer of CA, diffusion can be delayed, as
reported in previous studies [60]. For the effect of applied voltage on drug release profile eval-
uation for multi-layered systems, it was observed that for both systems, rapid drug release
occurred under negative voltages (maximum at -0.3V), and delayed drug release compared to
diffusion was observed under positive voltages. Compared to previous studies, it can be con-
cluded that drug release in electrically controlled systems is influenced by the applied electrical
stimulus and the charge of the selected drug molecule. Considering the considerably reduced
concentration of released drug (maximum value near 1mg/L), future studies could consider
increasing the amount of drug added. To study an ON/OFF type drug release profile, further
studies should consider modeling based on the voltages at which the highest drug release (-
0.3V) and retention (+0.3V and +0.8V) were observed.

After active drug release tests of multi-layered systems, morphological characterization
by SEM was conducted on the membranes. It was concluded that the fibers remained coated
with conductive polymers, proving that their integrity was maintained even after undergoing
release tests. Electrical conductivity measurements after the tests revealed a slight decrease
but confirming that the membranes remained electrically conductive.

This study has demonstrated the feasibility of obtaining a controlled drug release pro-
file through the developed membrane systems. These results are promising as they pave the
way for the exploration of automatic electronic control systems and periodic controlled dosing
in the future, with an increased understanding of the factors directly influencing their release
and control. However, in future studies, it is essential to verify the results by conducting more
tests to obtain better statistical significance for each assay and to simulate these release tests
using a prototype of a transdermal patch, to simulate real drug release conditions more accu-

rately.

40



(1]

(2]

3]

[4]

[5]

[6]

[7]

[8]

5 REFERENCES

D. Bird and N. M. Ravindra, “Transdermal drug delivery and patches—An overview,” Med
Devices Sens, vol. 3, no. 6, Dec. 2020, doi: 10.1002/mds3.10069.

S. Adepu and S. Ramakrishna, “Controlled Drug Delivery Systems: Current Status and
Future Directions,” Molecules, vol. 26, no. 19, p. 5905, Sep. 2021, doi: 10.3390/mole-
cules26195905.

A. C. Baptista, M. Brito, A. Marques, and I. Ferreira, "Electronic control of drug release
from gauze or cellulose acetate fibres for dermal applications,” / Mater Chem B, vol. 9,
no. 16, pp. 3515-3522, 2021, doi: 10.1039/D1TB00249).

S. Merino, C. Martin, K. Kostarelos, M. Prato, and E. Vazquez, “Nanocomposite Hydrogels:
3D Polymer-Nanoparticle Synergies for On-Demand Drug Delivery,” ACS Nano, vol. 9,
no. 5, pp. 4686—4697, May 2015, doi: 10.1021/acsnano.5b01433.

M. Rostamitabar, A. M. Abdelgawad, S. Jockenhoevel, and S. Ghazanfari, “Drug-Eluting
Medical Textiles: From Fiber Production and Textile Fabrication to Drug Loading and
Delivery,” Macromol Biosci vol. 21, no. 7, p. 2100021, Jul. 2021, doi:
10.1002/mabi.202100021.

E. Kotroni et al/, "In Vivo Evaluation of the Anti-Inflammatory Activity of Electrospun Mi-
cro/Nanofibrous Patches Loaded with Pinus halepensis Bark Extract on Hairless Mice
Skin,” Materials, vol. 12, no. 16, p. 2596, Aug. 2019, doi: 10.3390/ma12162596.

M. Gouda, A. Hebeish, and A. Aljafari, “Synthesis and characterization of novel drug de-
livery system based on cellulose acetate electrospun nanofiber mats,” Journal of Indus-
trial Textiles, vol. 43, no. 3, pp. 319-329, Jan. 2014, doi: 10.1177/1528083713495250.

P. Taepaiboon, U. Rungsardthong, and P. Supaphol, “Vitamin-loaded electrospun cellu-

lose acetate nanofiber mats as transdermal and dermal therapeutic agents of vitamin A

41



[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

acid and vitamin E," EFuropean Journal of Pharmaceutics and Biopharmaceutics, vol. 67,
no. 2, pp. 387-397, Sep. 2007, doi: 10.1016/j.ejpb.2007.03.018.

X. Zhao, L. Yildirimer, Z. Y. (William) Lin, and W. Cui, "Bionanofibers in drug delivery *
*Xin Zhao and Lara Yildirimer contributed equally.,” in Nanobiomaterials in Drug Deliv-
ery, Elsevier, 2016, pp. 403-445. doi: 10.1016/B978-0-323-42866-8.00012-5.

V. Salles et al, "Synthesis and Characterization of Advanced Carbon-Based Nanowires —
Study of Composites Actuation Capabilities Containing These Nanowires as Fillers,” in
Nanowires - Recent Advances, InTech, 2012. doi: 10.5772/54384.

R. Jain, S. Shetty, and K. S. Yadav, "Unfolding the electrospinning potential of biopoly-
mers for preparation of nanofibers,” / Drug Deliv Sci Technol, vol. 57, p. 101604, Jun.
2020, doi: 10.1016/j.jddst.2020.101604.

M. A. Wsoo, S. Shahir, S. P. Mohd Bohari, N. H. M. Nayan, and S. I. A. Razak, “A review on
the properties of electrospun cellulose acetate and its application in drug delivery sys-
tems: A new perspective,” Carbohydr Res, vol. 491, p. 107978, May 2020, doi:
10.1016/j.carres.2020.107978.

K. Khoshnevisan et a/, “Cellulose acetate electrospun nanofibers for drug delivery sys-
tems: Applications and recent advances,” Carbohydr Polym, vol. 198, pp. 131-141, Oct.
2018, doi: 10.1016/j.carbpol.2018.06.072.

A. W. Jatoi, I. S. Kim, and Q.-Q. Ni, "Cellulose acetate nanofibers embedded with AgNPs
anchored TiO2 nanoparticles for long term excellent antibacterial applications,” Carbo-
hydr Polym, vol. 207, pp. 640-649, Mar. 2019, doi: 10.1016/j.carbpol.2018.12.029.

M. Q. Khan et al, "Fabrication of antibacterial electrospun cellulose acetate/ silver-sul-
fadiazine nanofibers composites for wound dressings applications,” Polym Test vol. 74,
pp. 39-44, Apr. 2019, doi: 10.1016/j.polymertesting.2018.12.015.

W. Liang et a/, "Synthesis of cellulose diacetate based copolymer electrospun nanofibers
for tissues scaffold,” App/ Surf Sci, vol. 443, pp. 374-381, Jun. 2018, doi: 10.1016/j.ap-
susc.2018.02.087.

L. Xu, Y. Yang, Y. Mao, and Z. Li, “Self-Powerbility in Electrical Stimulation Drug Delivery
System,” Adv Mater Technol, vol. 7, no. 2, Feb. 2022, doi: 10.1002/admt.202100055.

A. Gandhi, A. Paul, S. O. Sen, and K. K. Sen, “Studies on thermoresponsive polymers:
Phase behaviour, drug delivery and biomedical applications,” Asian / Pharm Sci, vol. 10,
no. 2, pp. 99-107, Apr. 2015, doi: 10.1016/j.ajps.2014.08.010.

42



[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

V. Sharma and A. Sundaramurthy, “Multilayer capsules made of weak polyelectrolytes: a
review on the preparation, functionalization and applications in drug delivery,” Beilstein
Journal of Nanotechnology, vol. 11, pp. 508-532, Mar. 2020, doi: 10.3762/bjnano.11.41.
A. Servant, L. Methven, R. P. Williams, and K. Kostarelos, “Electroresponsive Polymer—
Carbon Nanotube Hydrogel Hybrids for Pulsatile Drug Delivery In Vivo,” Adv Healthc
Mater, vol. 2, no. 6, pp. 806-811, Jun. 2013, doi: 10.1002/adhm.201200193.

C. Liu et al, "A NIR-controlled cage mimicking system for hydrophobic drug mediated
cancer therapy,” Biomaterials, vol. 139, pp. 151-162, Sep. 2017, doi: 10.1016/j.biomateri-
als.2017.06.008.

J. Qu, X. Zhao, P. X. Ma, and B. Guo, “Injectable antibacterial conductive hydrogels with
dual response to an electric field and pH for localized ‘smart’ drug release,” Acta Bio-
mater, vol. 72, pp. 55-69, May 2018, doi: 10.1016/j.actbio.2018.03.018.

M. E. Alkahtani et a/, "Electroactive Polymers for On-Demand Drug Release,” Adv Healthc
Mater, vol. 13, no. 3, Jan. 2024, doi: 10.1002/adhm.202301759.

D. Samanta, R. Mehrotra, K. Margulis, and R. N. Zare, “On-demand electrically controlled
drug release from resorbable nanocomposite films,” Nanoscale, vol.9, no. 42, pp. 16429-
16436, 2017, doi: 10.1039/C7NR06443H.

H. Palza, P. Zapata, and C. Angulo-Pineda, “Electroactive Smart Polymers for Biomedical
Applications,” Materials, vol. 12, no. 2, p. 277, Jan. 2019, doi: 10.3390/ma12020277.

B. Maharjan et al, "In-situ polymerized polypyrrole nanoparticles immobilized poly(e-
caprolactone) electrospun conductive scaffolds for bone tissue engineering,” Materials
Science and  Engineering: ¢, vol. 114, p. 111056, Sep. 2020, doi:
10.1016/j.msec.2020.111056.

Y. Zhao, Y. Liang, S. Ding, K. Zhang, H. Mao, and Y. Yang, "Application of conductive
PPy/SF composite scaffold and electrical stimulation for neural tissue engineering,” Bio-
materials, vol. 255, p. 120164, Oct. 2020, doi: 10.1016/j.biomaterials.2020.120164.

Y. Liu, A. P. F. Turner, M. Zhao, and W. C. Mak, “"Processable enzyme-hybrid conductive
polymer composites for electrochemical biosensing,” Biosens Bioelectron, vol. 100, pp.
374-381, Feb. 2018, doi: 10.1016/j.bios.2017.09.021.

Y. Park, J. Jung, and M. Chang, “Research Progress on Conducting Polymer-Based Bio-
medical Applications,” Applied Sciences, vol. 9, no. 6, p. 1070, Mar. 2019, doi:
10.3390/app9061070.

43



[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

D. S. W. Gunasekara, X. Niu, W. Lgbal, Y. He, and H. Liu, "Pyrrole Coating with In Situ
Polymerization for Piezoresistive Sensor Development - A Review,” Macromol/ Res, vol.
30, no. 3, pp. 153-162, Mar. 2022, doi: 10.1007/s13233-022-0022-z.

S. Nie, Z. Li, Y. Yao, and Y. Jin, "Progress in Synthesis of Conductive Polymer Poly(3,4-
Ethylenedioxythiophene),” Front ~ Chem, vol. 9, Dec. 2021, doi:
10.3389/fchem.2021.8035009.

M. R. Abidian, D. -H. Kim, and D. C. Martin, “Conducting-Polymer Nanotubes for Con-
trolled Drug Release,” Advanced Materials, vol. 18, no. 4, pp. 405-409, Feb. 2006, doi:
10.1002/adma.200501726.

D. Miiller, C. R. Rambo, D.O.S.Recouvreux, L. M. Porto, and G. M. O. Barra, “Chemical in
situ polymerization of polypyrrole on bacterial cellulose nanofibers,” Synth Met, vol. 161,
no. 1-2, pp. 106-111, Jan. 2011, doi: 10.1016/j.synthmet.2010.11.005.

D. Esrafilzadeh, J. M. Razal, S. E. Moulton, E. M. Stewart, and G. G. Wallace, “Multifunc-
tional conducting fibres with electrically controlled release of ciprofloxacin,” Journal of
Controlled Release, vol. 169, no. 3, pp. 313-320, Aug. 2013, doi: 10.1016/jjcon-
rel.2013.01.022.

L. Tang, J. Han, Z. Jiang, S. Chen, and H. Wang, “Flexible conductive polypyrrole nano-
composite membranes based on bacterial cellulose with amphiphobicity,” Carbohydr
Polym, vol. 117, pp. 230-235, Mar. 2015, doi: 10.1016/j.carbpol.2014.09.049.

R. Wadhwa, C. F. Lagenaur, and X. T. Cui, “Electrochemically controlled release of dexa-
methasone from conducting polymer polypyrrole coated electrode,” Journal of Con-
trolled Release, vol. 110, no. 3, pp. 531-541, Feb. 2006, doi: 10.1016/jjcon-
rel.2005.10.027.

K. Krukiewicz and J. K. Zak, “Conjugated polymers as robust carriers for controlled deliv-
ery of anti-inflammatory drugs,” / Mater Sci, vol. 49, no. 16, pp. 5738-5745, Aug. 2014,
doi: 10.1007/5s10853-014-8292-2.

C. Boehler, F. Oberueber, and M. Asplund, “Tuning drug delivery from conducting poly-
mer films for accurately controlled release of charged molecules,” Journal of Controlled
Release, vol. 304, pp. 173-180, Jun. 2019, doi: 10.1016/j.jconrel.2019.05.017.

D. Svirskis, J. Travas-Sejdic, A. Rodgers, and S. Garg, “Electrochemically controlled drug
delivery based on intrinsically conducting polymers,” Journal of Controlled Release, vol.
146, no. 1, pp. 6-15, Aug. 2010, doi: 10.1016/j.jconrel.2010.03.023.

B. Lago, M. Brito, C. M. M. Almeida, |. Ferreira, and A. C. Baptista, “Functionalisation of
Electrospun Cellulose Acetate Membranes with PEDOT and PPy for Electronic Controlled

44



[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

Drug Release,” MNanomaterials, vol. 13, no. 9, p. 1493, Apr. 2023, doi
10.3390/nano013091493.

C. Ding, S. Xu, J. Wang, Y. Liu, P. Chen, and S. Feng, “Controlled loading and release of
methylene blue in layer-by-layer assembled polyelectrolyte films,” Materials Science and
Engineering: C vol. 32, no. 4, pp. 670-673, May 2012, doi: 10.1016/j.msec.2012.01.005.
Y. Gao, K. Y. Wong, A. Ahiabu, and M. J. Serpe, “Sequential and controlled release of
small molecules from poly(N-isopropylacrylamide) microgel-based reservoir devices,” /
Mater Chem B, vol. 4, no. 30, pp. 5144-5150, 2016, doi: 10.1039/C6TB00864..

T. M. Elmorsi, "Equilibrium Isotherms and Kinetic Studies of Removal of Methylene Blue
Dye by Adsorption onto Miswak Leaves as a Natural Adsorbent,” / Environ Prot (Irvine,
Calif), vol. 02, no. 06, pp. 817-827, 2011, doi: 10.4236/jep.2011.26093.

Y. Talbi, D. Brulin, E. Campo, and J.-Y. Fourniols, “Controlled Permeation of Lidocaine
Hydrochloride Using a Smart Drug Delivery System,” in Biomedical Engineering, Cal-
gary,AB,Canada: ACTAPRESS, 2017. doi: 10.2316/P.2017.852-024.

Y. Yang et al, "Self-Powered Controllable Transdermal Drug Delivery System,” Adv Funct
Mater, vol. 31, no. 36, p. 2104092, Sep. 2021, doi: 10.1002/adfm.202104092.

R. Vadlapatla, E. Y. Wong, and S. G. Gayakwad, “Electronic drug delivery systems: An
overview,” J Drug Deliv Sci Technol, vol. 41, pp. 359-366, Oct. 2017, doi:
10.1016/j.jddst.2017.08.008.

A. Salimi and A. Roosta, “Experimental solubility and thermodynamic aspects of meth-
ylene blue in different solvents,” Thermochim Acta, vol. 675, pp. 134-139, May 2019, doi:
10.1016/j.tca.2019.03.024.

A. C. Baptista et al, "Cellulose-based electrospun fibers functionalized with polypyrrole
and polyaniline for fully organic batteries,” / Mater Chem A Mater, vol. 6, no. 1, pp. 256—
265, 2018, doi: 10.1039/C7TA06457H.

R. Brooke, P. Cottis, P. Talemi, M. Fabretto, P. Murphy, and D. Evans, “Recent advances
in the synthesis of conducting polymers from the vapour phase,” Prog Mater Sci, vol. 86,
pp. 127-146, May 2017, doi: 10.1016/j.pmatsci.2017.01.004.

T. Kokubo and H. Takadama, “"How useful is SBF in predicting in vivo bone bioactivity?,”
Biomaterials, vol. 27, no. 15, pp. 2907-2915, May 2006, doi: 10.1016/j.biomateri-
als.2006.01.017.

V.-P. Dinh et al, "Insight into the adsorption mechanisms of methylene blue and chro-
mium(lll) from aqueous solution onto pomelo fruit peel,” RSC Adv, vol. 9, no. 44, pp.
25847-25860, 2019, doi: 10.1039/C9RA04296B.

45



[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

R. O. Asriza, Ropalia, D. Humaira, G. O. Ryaldi, and Zomi, “Characterization of cellulose
acetate functional groups synthesized from corn husk (Zea mays),” /OP Conf Ser Earth
Environ Sci; vol. 926, no. 1, p. 012060, Nov. 2021, doi: 10.1088/1755-1315/926/1/012060.
O. V. Ovchinnikov, A. V. Evtukhova, T. S. Kondratenko, M. S. Smirnov, V. Yu. Khokhlov,
and O. V. Erina, "Manifestation of intermolecular interactions in FTIR spectra of meth-
ylene blue molecules,” Vib Spectrosc, vol. 86, pp. 181-189, Sep. 2016, doi: 10.1016/j.vib-
spec.2016.06.016.

A. A. Alshehri and M. A. Malik, “Biogenic fabrication of ZnO nanoparticles us-
ing Trigonella foenum-graecum (Fenugreek) for proficient photocatalytic degradation
of methylene blue under UV irradiation,” Journal of Materials Science: Materials in Elec-
tronics, vol. 30, no. 17, pp. 16156-16173, Sep. 2019, doi: 10.1007/s10854-019-01985-8.
M. A. Chougule, S. G. Pawar, P. R. Godse, R. N. Mulik, S. Sen, and V. B. Patil, “Synthesis
and Characterization of Polypyrrole (PPy) Thin Films,” Soft Nanoscience Letters, vol. 01,
no. 01, pp. 6-10, 2011, doi: 10.4236/snl.2011.11002.

M. Fabretto, K. Zuber, C. Hall, and P. Murphy, “"High Conductivity PEDOT Using Humidity
Facilitated Vacuum Vapour Phase Polymerisation,” Macromol Rapid Commun, vol. 29,
no. 16, pp. 1403-1409, Aug. 2008, doi: 10.1002/marc.200800270.

Sheng Hsiung Chang, Chien-Hung Chiang, Feng-Sheng Kao, Chuen-Lin Tien, and Chun-
Guey Wu, "Unraveling the Enhanced Electrical Conductivity of PEDOT:PSS Thin Films for
ITO-Free Organic Photovoltaics,” /EEE Photonics J, vol. 6, no. 4, pp. 1-7, Aug. 2014, doi:
10.1109/JPHOT.2014.2331254.

M. Brie, R. Turcu, and A. Mihut, “Stability study of conducting polypyrrole films and pol-
yvinylchloride-polypyrrole composites doped with different counterions,” Mater Chem
Phys, vol. 49, no. 2, pp. 174-178, Jun. 1997, doi: 10.1016/S0254-0584(97)01885-3.

G. Dijk, A. L. Rutz, and G. G. Malliaras, “Stability of PEDOT:PSS-Coated Gold Electrodes in
Cell Culture Conditions,” Adv Mater Technol vol. 5, no. 3, Mar. 2020, doi:
10.1002/admt.201900662.

C.-L. He, Z.-M. Huang, and X.-J. Han, “Fabrication of drug-loaded electrospun aligned
fibrous threads for suture applications,” / Biomed Mater Res A, vol. 89A, no. 1, pp. 80—
95, Apr. 2009, doi: 10.1002/jbm.a.32004.

Y. He, Y. Li, Y. Yuan, J. Shu, X. Deng, and L. Li, “Vapor-Phase Polymerization of PEDOT for
Wearable Fabric Pressure Sensors,” J Electron Mater, vol. 51, no. 3, pp. 1128-1136, Mar.
2022, doi: 10.1007/s11664-021-09388-4.

46



6 APPENDIX

Appendix A

3n Z/ S 4 6nFeCl; —

NH

+ enFeCl, + snHCI

— n

PPy

Figure 24: Chemical oxidation of pyrrole. (Adapted from [30]).
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Figure 25: Vapor phase polymerization of EDOT. (Adapted from [61]).
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Appendix B
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Figure 26: Schematic setup used for liquid phase in situ polymerization of pyrrole.
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Figure 27: Schematic setup used for vapor phase in situ polymerization of EDOT.
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Appendix C

Table 5: Vapor phase polymerization of EDOT in MB:CA membranes.

Parameters

Image

Observations

5h of Electrospinning
Polymerization Time = 120min
Oven temperature = 90°C
0.5mL of EDOT

Frangible

8h of Electrospinning
Polymerization Time = 120min
Oven temperature = 90°C
0.5mL of EDOT

Frangible

5Sh of Electrospinning
Polymerization Time = 90min
Oven temperature = 90°C
0.5mL of EDOT

Frangible

5h of Electrospinning
Polymerization Time = 120min
Oven temperature = 75°C
0.5mL of EDOT

Less Frangible

5h of Electrospinning
Polymerization Time = 120min
Oven temperature = 75°C
0.5mL of EDOT + 1mL of H,O

Non-Frangible
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Appendix D
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Figure 28: Schematic representation of cross-section area (a) and a model of an |-V curve (b) obtained for the

PPyso/MB:CA membrane.

Table 6: Calculations conducted for the measurement of planar conductivity for the PPyso/MB:CA.

.. l
Sarmol Distance between Cross Section i 1 (S) Conductivity = AxR
ample t_1
electrodes = I (mm)  Area = A (mm? V. R
Smm-™ Scm™!
PPyso/MB:CA 2 0.625 1.74 x 1073 5.57 x 103 5.57 x 102
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Appendix E

Table 7: SBF solution components.

Component Formula Mass (g)

Sodium chloride NaCl 6.547 Sigma-Aldrich
Sodium carbonate NaHCOs 2.268 PanReacAppliChem
Potassium chloride KCl 0373 Scharlau
Sodium phosphate .

S NazHPO..H20 0.178 FLuka Analytical
dibasic dihydrate
Magnesium chloride
MgCl,.6H.0O 0.305 PanReacAppliChem
hexahydrate
Hydrochloric acid (1M) 1™ HCI 15mL  memeeeeeee-
Calcium chloride
CaCl2.2H20 0.368 Sigma-Aldrich
dihydrate

Sodium sulphate Na»SO4 0.071 Sigma-Aldrich

Tris(hydromethyl)
) (CH20H)3CNH; 6.057 Sigma-Aldrich
aminomethane
o "Tritate” up to
Hydrochloric acid (1M) MHC e

pH=7.4 at 37°C
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Appendix F

Table 8: Optical Microscopy Characterization of membranes.

CA (100x) CA w/ PPy (200x) CA w/ PEDOT (100x)

MB:CA (200x) MB:CA w/ PPy (100x) MB:CA w/ PEDOT (200x)
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Appendix G

Table 9: Influence of polymerization time in electrical conductivity of functionalized MB:CA membranes.

Polymerization Membrane Conductivity Standard

Samples Time Thickness Average Deviation
(min) (mm) (Scm™) (Scm™)

MB:CA --- 0.044 £+ 0.006 2.81x108 4.69x107°

PPy/MB:CA 45 0.080 £+ 0.013 4.02x 1072 6.99 x 10~

PPy/MB:CA 90 0.125 + 0.034 5.52 x 1072 4.01x10%

PEDOT/MB:CA 45 0.044 + 0.007 293 x 107 8.82 x 102

PEDOT/MB:CA 90 0.040 + 0.007 6.45 x 107" 451 %1072

PEDOT/MB:CA 120 0.037 + 0.006 8.52 x 10" 5.68 x 107?
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Appendix H
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Figure 29: Absorbance spectra of diffusion for the PPy4s/MB:CA membrane in SBF.
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Figure 30: Absorbance spectra of diffusion for the PEDOT120/MB:CA membrane in SBF.
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Appendix |
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Figure 31: Calibration curve obtained by the maximum absorption value of the peak at 664 nm in SBF and water.
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Appendix J
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Figure 32: FTIR spectra of PEDOT/CA membrane.
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Appendix K

Table 10: Percentage of MB released into SBF according to the respective applied potentials after 1 hour.

Released quantity

System Potential (V) MB (%)
of MB (ug)
-0.3 16.3 5
PPy -0.8 7.68 3
multi-layered +0.3 4.60 2
system +0.8 4.00 1
Diffusion 2.41 1
-0.3 7.83 3
PEDOT -0.8 5.29 2
multi-layered +0.3 1.49 1
system +0.8 4.68 2
Diffusion 4.00 1
MB:CA
rembrane Diffusion 150 50
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