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Abstract

Chronic wounds cause significant suffering and impose considerable socioeconomic burdens.
The development of smart bandages, integrating diagnostic and therapeutic models, holds
promise for personalized chronic wound management. However, a challenge lies in the initial
high release and passive diffusion of doped drugs, potentially leading to overdosing. Here we
compare the potential of single and bilayer polypyrrole polymer structures in terms of passive
and initial burst releases of dexamethasone. Controlled drug delivery using a single-layer
polymer was achieved with a rate of 436175 pgh'cm dexamethasone, almost free from both
passive and burst release. This result challenges previous observations of drug delivery and
warrants further investigation. Similar measurements with bilayer polymers showed a drug
delivery rate that was about 6 times lower than that of the single layer and burst release was
observed in this case. During alternating periods of active and passive dexamethasone release
from the bilayer conducting polymer the release rate was about 100 times higher during the
active release than during the passive state. The findings show potential for reducing both issues
of burst release and passive release. However, challenges remain with the release of pyrrole
residues from the bilayer system. Further research is therefore needed in order to arrive at
controlled drug release in smart bandages.
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1. Introduction
1.1 Project aims

The human skin is the largest organ in the human body and vital for protection of tissue and
responsible for the haptic perception. The skin is also prone to wounds despite its resilience,
which makes it necessary for effective wound care in order to promote healing and prevent
complications such as infections and inflammation. The prevalence of both acute and chronic
wounds underscores the continuous need for advancements in wound management to enhance
patient outcomes and alleviate healthcare burdens [1]. Non-healing wounds cause significant
suffering and impose considerable socioeconomic burdens. The primary clinical approaches for
treating chronic wounds include controlling blood sugar levels, enhancing blood flow,
removing wound exudate, biofilm, and dead tissue, and managing other health conditions in
patients. Despite these efforts, chronic skin wounds continue to be a major challenge, affecting
over 40 million people worldwide and placing a heavy strain on healthcare systems, with costs
expected to exceed $15 billion by 2022 [2]. In Europe alone, chronic wounds affect 4 million
people each year, occupying 25% to 50% of acute hospital beds and consuming at least 4% of
national healthcare budgets. The distribution of these costs is approximately 15% to 20% for
materials, 30% to 35% for healthcare services, and over 50% for hospital stays. Long-term
hospitalization due to chronic wounds also decreases workforce availability, thereby impacting
societal productivity. This situation places considerable pressure on researchers and the
pharmaceutical industry to develop more economical treatment options. Since the late 1990s,
the global wound care market has seen significant growth, with expenditures expected to reach
$8.46 billion by 2025 [2] [3].

The need for effective management of individual wounds, particularly those with prolonged
healing periods and increased susceptibility to infection, has driven the emergence of wound
theranostics [4]. These innovative approaches integrate real-time diagnostic assessment with
personalized treatment strategies. A promising approach is to use different conducting polymers
(CPs), taking advantage of their respective properties. For instance, the development of a
bandage incorporating polyaniline (PANi), which can undergo protonation and deprotonation
of its backbone structure to function as a pH sensor, represents a significant advancement.
Additionally, Poly(3,4-ethylenedioxythiophene) (PEDOT) can be used as a uric acid (UA)
biosensor, detecting compounds typically present in chronic wounds, while polypyrrole (PPy)
can be doped with drugs for wound therapy and released on demand, see Figure I. There are,
however, some challenges when trying to control the drug release. Two common problems are
passive release, where the drug is released when it shouldn’t be, and the challenge of
maintaining a constant drug release rate during active release, also known as 0™ order release.
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Figure 1: (4) lllustration of a 3D-assembled patch, integrating a PEDOT-based UA biosensor, a PANi-based pH sensor and
a PPy-based drug carrier. (B) Illlustration of the incorporation of the patch with a flexible printed circuit board (FPCB)
equipped with an on-board microcontroller and Bluetooth capability. This assembly is then integrated into a so-called smart
bandage, enabling wireless connectivity for individual wound care. Figure from [4].

Earlier studies have demonstrated that adding an additional layer of PPy, without drug
molecules, on top of the drug-containing PPy layer can effectively prevents passive release [5]
[6]. Such a bilayer system, illustrated in Figure 2, may also be used to achieve a more controlled
active release, ideally resulting in a constant drug release rate being achieved when the release
is actively triggered by various electrochemical techniques [6].
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Figure 2: An illustration of a bilayer conducting polymer with the drug doped inside the first PPy layer and the second layer
only being doped with Cl-ions from the polymerization.



The aim of this project is to develop and evaluate single and bilayer conducting polymer
structures and compare their properties in terms of passive release and the possibility of a
controlled active release. This will be achieved by polymerizing single and bilayer conducting
polymer doped with drugs and performing electrochemically stimulated drug release. The
cumulative released mass of the drug will be plotted against time to assess the effects of the
bilayer CP on the release profile compared to that of the single layer. Achieving controlled drug
release is crucial for advancing the development of future smart bandages.

1.2 Conducting polymers

1.2.1 Conducting polymers for controlled drug release

CPs are characterized by a backbone consisting of a conjugated chain of alternating single and
double bonds, as illustrated in Figure 3 [7]. These polymers can be synthesized through various
methods, including photochemical, chemical, and electrochemical processes. One of the most
common techniques is electrochemical synthesis, which involves the oxidation and reduction
of monomers to create CPs. CPs conduct electricity, a property resulting from the delocalization
of m-electrons within their carbon backbone. This unique characteristic makes CPs suitable for
a wide range of applications, including solar cells, biosensors, batteries, and data storage [8§]

[9].
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Figure 3: Alternating single and double bonds in the backbone of a conducting polymer. Figure from [7].

The conductivity of CPs can be enhanced through a doping process, which involves introducing
charged molecules into the conjugated backbone via chemical or electrochemical methods. This
doping process is reversible, meaning that after the doped molecules are released from the
polymer, it can return to its original state with minimal or no degradation. Doping also induces
changes in the volume and porosity of the CPs, facilitating the further incorporation of
molecules. During electrochemical polymerization, the doping process occurs concurrently
with redox reactions of the CPs in the presence of these doping ions. The doping level can be
regulated by adjusting the applied potential to the CPs, creating an electrochemical environment
that enables ions to diffuse into or out of the structure. This diffusion process compensates for
the charge imposed on the polymer backbone, thereby influencing the doping level [10].

CPs hold significant promise for controlled on-demand drug delivery. Recent advancements in
research, particularly focusing on PEDOT, PPy, and PANi due to their distinct electrical and
physicochemical properties, have highlighted their excellent biocompatibility and low toxicity
[7]. Additionally, these polymers exhibit high surface area, good charge storage capacity, and
high conductivity, rendering them suitable for drug release control. PEDOT, PPy, and PANi
can be readily synthesized with adjustable properties through modification of synthesis



parameters. Moreover, they are versatile and can be combined with other materials to create
composites with customized properties [7].

To address challenges such as low sensitivity to electrical stimuli, low drug loading capacity,
and poor mechanical properties, various approaches have been investigated. For instance,
doping PEDOT with pyrimethamine has been shown to increase its sensitivity to electrical
stimuli. Similarly, combining PPy with polyvinyl alcohol has demonstrated improvements in
drug loading capacity and enhanced release of the doped drug metoprolol. Integrating
electroactive drug delivery systems with emerging technologies offers significant potential for
advancing the field and improving therapeutic outcomes [7].

1.2.2 Polypyrrole as drug carrier

PPy is a type of conducting polymer that can be synthesized through electrochemical
polymerization. During polymerization, pyrrole (Py) molecules are oxidized, causing them to
release electrons and form cation radicals. These cation radicals can then bind to the next Py
molecule, see Figure 4 [11]. When an electrochemical potential is varied, PPy undergoes
oxidation and reduction, creating cationic sites along its structure during oxidation. Reduction
returns the backbone to an uncharged state. These changes in the polymer backbone result in
the swelling and contracting of the network. During oxidation, when the backbone becomes
positively charged, the polymer can be doped with negatively charged molecules [7] [12].

Studies have also demonstrated a direct relationship between polymer thickness and the amount
of drug doped into the polymer. Thicker polymers can accommodate a greater amount of doped
drug. Polymer thickness can be measured using scanning electron microscopy or during
polymerization, where thickness correlates with the charge on the electrode surface [13]. A
relationship has been demonstrated between the molecular size and structure of a drug and both
the amount of doped drug and its release rate. Larger drug molecules with less optimal
structures are more difficult to release from PPy. However, this may not pose a problem for
drugs with a low therapeutic threshold, as even a small amount of released drug can be sufficient
to produce the desired effect [14].
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Figure 4: Mechanism for electropolymerization of PPy. During oxidation, the Py molecule loses an electron giving the organic
compound a net positive charge. After a resonance stabilization it is possible for another Py molecule to bind to the first. If
continuously oxidized, the Py molecules will create chains and thereby also PPy. [11].
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When polymerized in the presence of negatively charged molecules, a PPy network can form
with these molecules doped inside the polymer, see Figure 5. This process can be used to dope
drug molecules into the polymer for subsequent release.
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Figure 5: Illustration of the bilayer structure PPy polymer with a schematic of the PPy polymer network and details of the PPy
polymer chains.

1.3 Drug delivery

1.3.1 State of the art in polymeric drug delivery systems

Polymers have significantly advanced drug delivery technology by enabling controlled release
of therapeutic agents over extended periods. They have also facilitated cyclic dosage, meaning
a drug can be switched on and off for extended treatment, as well as allowing the tunable release
of both hydrophilic and hydrophobic drugs. Contemporary advancements in drug delivery are
now based on the rational design of polymers, engineered to meet the specifications of
compatibility, release mechanism and performance of biological functions [15].In this section
state of the art of different polymeric drug delivery methods are shortly introduced.

1.3.1.1 Drug delivery by electrical stimulation

The mechanism of drug release from CPs by electrical stimulation relies on changes in their
redox state, see Figure 6A. During the redox reaction, the polymer undergoes alterations in
charge, volume, and conductivity which all can affect the drug release from the polymer. For
example, in the reduction process, the volume of the CP decreases, resulting in the anion-driven
release of anionic drugs, Figure 6B-a. Conversely, during oxidation, doped cations can be
released due to the expansion of the polymer, combined with the release caused by the change
in charge as a result of released electrons, Figure 6B-b. This volumetric expansion and
reduction of CPs are controlled by adjusting the applied voltage. The controllable and reversible
nature of the redox reaction makes CPs ideal for drug delivery applications [7].
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Figure 6: Schematic illustration showing (A) shrinking and swelling processes during redox reactions (B) mechanism of drug
release for a) anionic drugs, b) cationic drugs. Figure from [7].

Various methods have been explored to initiate drug release, including cyclic voltammetry
(CV), chronoamperometry (CA), and chronopotentiometry. CV, an electrochemical technique
used for potentiodynamic measurement of redox reactions in materials, can be repurposed to
trigger drug release. This method starts with a predetermined potential and scan rate, reaches a
certain potential value, and then reverses direction until the initial potential is reached again. It
is under this procedure that the doped drug can be released from the polymer, both
electrostatically from the application of different potentials, but also by mechanical diffusion
during the swelling and contraction of the polymer. In CA, the potential of a working electrode
is maintained constant over time, meaning the polymer is constantly reduced. This forces the
doped drug to be released from the polymer since the electrons from the reduction process
forces the anionic drug out of the polymer. The chronopotentiometry uses a galvanostatic
approach with a fixed current applied to the working electrode over a specified duration.
Generally, higher voltage or longer activation times result in increased drug release [7].

1.3.1.2 Release by pH-sensitive polymer

Research on pH-sensitive biomaterials for drug delivery focuses on designing polymer micelles
that target tumor sites. While polymer micelles offer stability in vivo, their slow drug release
often results in low drug concentrations within tumor cells, which can reduce therapeutic
effectiveness. To address these challenges, researchers are developing pH-responsive polymer
micelles with acidic trigger sections, aiming to dynamically release drugs at tumor sites. These
systems have the potential to enhance drug delivery efficacy through passive or active targeting
and responsive release mechanisms. However, challenges such as variability in patient
physiology and disease states, as well as issues with scalability and regulatory approval, need
to be addressed to fully realize their clinical utility. Despite these challenges, pH-responsive
polymer micelles represent a promising approach to improving drug delivery to tumor sites,
potentially reducing systemic toxicity and enhancing therapeutic outcomes [16].



1.3.1.3 Light mediated drug delivery

Utilizing UV or near-infrared (NIR) radiation as stimuli in drug delivery systems is becoming
increasingly feasible. Light can act as either a single-dose or multi-switchable stimulus,
resulting in either irreversible changes in the carrier or pulsatile drug release, respectively. Light
provides precise temporal and spatial control over drug release, with its wavelength, power, and
focus adjustable based on energy and tissue penetration requirements. UV light, while versatile
in inducing molecular effects such as isomerization and cleavage, is limited by its tissue
penetration depth and potential for phototoxicity, thereby restricting its applications. In
contrast, NIR light, although less phototoxic and capable of deeper tissue penetration, lacks the
versatile chemical effects of UV. The combination of NIR's deep tissue penetration with UV's
diverse chemical effects, particularly through optical upconversion processes, represents a
promising avenue for the development of drug delivery systems [17] [18].

1.3.1.4 Hypothermia triggered drug release

Polymer-based nanocarriers offer a versatile platform for hyperthermia-triggered drug delivery.
These carriers, responsive to changes in temperature, provide controlled release of drugs under
mild hyperthermic conditions (41-42 °C). Unlike lipid-based formulations, polymer-based
nanoparticles generally exhibit a slower drug release profile. They rely on the thermal behavior
of polymers, categorized as lower or upper critical solution temperature polymers, to achieve
temperature-triggered drug release. Lower critical solution temperature polymers, when
combined with liposomes, form temperature-sensitive polymer-modified liposomes capable of
efficient drug release at elevated temperatures. Advanced copolymer chemistry allows precise
tuning of these polymer-based systems, enhancing their effectiveness for hyperthermia-
triggered drug delivery and showing promise for clinical applications [19].

1.3.2 Drug delivery issues

1.3.2.1 Burst release

Controlled drug delivery systems aim to address the pharmacokinetic challenges associated
with immediate drug distribution, where the entire active drug is released into the body at once,
either orally or via injection. These systems release drugs in a controlled manner over an
extended period, ranging from hours to months. However, these controlled drug delivery
systems, including FDA-approved injectable formulations, often exhibit an initial rapid release
followed by a more linear release. This phenomenon, known as the burst release effect, results
in a higher initial release rate of the drug before achieving a steady, constant release rate, see
Figure 7[20] [21].
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Figure 7: Schematic description of burst release profile compared to a zero-order drug delivery profile. Figure from [21].

7



Typically short in duration, burst release warrants comprehensive investigation due to the
elevated release rates achievable during the initial stages. The burst phenomenon can be
analyzed from two angles: it is frequently seen as an adverse outcome when developing
sustained-release devices for long-term use, or alternatively, rapid release or high initial
delivery rates may be desirable in specific contexts. An example of a situation where a burst
release might be preferable is where you need to release a majority of the doped drug in order
to treat any acute symptoms [21] Research also indicates that various medications require
administration at different rates. For instance, in the initial stages of wound treatment, an initial
burst can provide immediate relief, followed by a sustained release to facilitate gradual healing.
However, the unpredictability of the burst release phenomenon remains one of its most
significant challenges. Even when an initial burst is desirable, controlling its magnitude is
difficult [21].

Drug delivery by CPs can be influenced by several physicochemical factors. For instance, a
slow linear release following the initial burst might indicate a densely packed polymer with low
porosity. Alternatively, this could be due to pore closure or interactions between the polymer
and the doped drug [22]. Another issue might be a second burst release or a rapid release phase
after the initial burst, potentially caused by erosion effects or polymer disintegration [22]. These
variations in drug delivery from CPs need to be studied individually to identify and address the
underlying causes.

1.3.2.2 Passive release

Passive release from CPs is a consequence of spontaneous drug diffusion. This phenomenon
occurs through two primary mechanisms. Initially, drug molecules move through water-filled
pores within degradable polymeric matrices. This is driven by a concentration gradient as water
absorption changes the polymer structure over time [22]. Conversely, in nondegradable
polymers, passive release depends on the diffusion through the polymer matrix itself, where the
release rates are dependent on properties such as permeability and thickness instead of
concentration gradients.

Passive release can be a preferred method for drug delivery, particularly in swelling-controlled
systems [21]. These systems achieve controlled, passive release of drug molecules from
polymers to promote extended healing periods. However, not all drug delivery systems benefit
from high passive release, as there is a preference for completely on-demand, controlled
delivery.

1.4 Bioactive molecules used in controlled drug delivery

Bioactive molecules make up a wide range of substances that interact with biological systems
in one way or another. These molecules include growth factors, peptides, antibiotics and
pharmaceuticals to name a few. Novel therapeutic approaches aim to recreate the ideal wound
environment for optimal tissue regeneration and scar reduction after wounds. This could
involve manipulating natural molecules crucial for normal wound healing or using external
biological compounds to accelerate healing of chronic wounds and reduce scarring. Advanced
biological therapies, both established and emerging, have proven effective in treating difficult
wounds, ranging from simple wound dressings to engineered constructs that mimic the structure
and function of native tissues [23]. In this study, the model drug Dexamethasone (Dex) was
used as the model drug due to it being commonly used in studies regarding controlled drug
release from CPs [24] [25] [26] [27] [28] [29]. In the following chapter, a brief introduction to
Dex and other categories of bioactive molecules is provided.
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1.4.1 Dexamethasone sodium phosphate as model drug for release studies.

Dex is a corticosteroid with potent anti-inflammatory properties. The drug is negatively charged
and can therefore be released by applying a negative potential. In other words the anionic drug
is released during reduction of the PPy [7] [30]. Corticosteroids are produced from
glucocorticoids which are steroid hormones produced and released by the adrenal glands as a
response to physiologic cues and stress [31]. Synthetic derivates of corticosteroids, such as Dex,
can be used in treating inflammatory disorders, autoimmune diseases and some derivates can
treat hematologic cancers. However, it is of great interest to achieve a completely controlled
dosage of the drugs, since overdose can have severe side effects [31].

1.4.2 Anti-microbial peptides

The production of Anti-Microbial Peptides (AMPs) is triggered by the immune system in order
to control the growth of pathogenic microorganisms on the skin and in wounds. Certain AMPs
show promise in treating chronic skin wounds by rapidly inhibiting or eradicating
microorganisms and aiding wound healing. Reviews highlight the crucial attributes of AMPs
for wound therapy, suggesting avenues for developing efficient molecules [32].

Nanogels and microgels, miniature versions of hydrogel networks which can be incorporated
in PPy, offer a favorable platform for delivering AMPs to combat skin and wound infections.
These systems, with their high biocompatibility and controllable swelling, can effectively
incorporate AMPs to enhance antimicrobial activity without significant cell toxicity [3].

Additionally, innovative approaches like microneedle patches loaded with AMPs demonstrate
potential in wound therapy. These patches, triggered by NIR light, facilitate controlled release
of AMPs, leading to intermittent antibacterial effects with minimal cytotoxicity. Overall, these
advancements in AMP-based drug delivery systems hold promise for combating wound
biofilms and promoting wound healing by providing precise and effective antimicrobial
treatment [33].

1.4.3 Antibiotics

Antibiotics are drugs commonly used to treat bacterial infections, usually by killing or
inhibiting the growth of the bacteria. Therefore, antibiotics play a vital role in treating infected
wounds, available in both topical forms, which are applied directly to the skin, and systemic
forms, which are administered to affect the entire body. Topical antibiotics like
aminoglycosides, sulfonamides, and polypeptide antibiotics are effective against bacteria like
Staphylococcus Aureus and Pseudomonas Aeruginosa, either by inhibiting their growth or
disrupting their cell membranes. Systemic antibiotics such as metronidazole target anaerobic
bacteria and certain protozoa by damaging bacterial DNA. Together, these antibiotics are
essential for controlling infections and promoting wound healing [34].

CPs can potentially release both positively and negatively charged antibiotics. Positively
charged antibiotics, such as aminoglycosides, can be released during reduction of the CP.
Conversely, negatively charged antibiotics, like sulfonamides or fluoroquinolones, can also be
released through appropriate mechanisms, depending on the specific properties and design of
the conducting polymer-based drug carrier [35]. Ciprofloxacin is an example of a
fluoroquinolone antibiotic that is commonly successful in controlled drug release by CPs. The
drug has been discussed as achieving a controlled release profile with a bilayer CP and therefore
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shows promise in the field [36]. In that study, the released ciprofloxacin was tested against both
gram-positive and gram-negative bacteria to confirm that the antibiotic retained its efficacy
following the polymerization and release procedures.

1.4.4 Growth factors

Growth factors are proteins released by cells that interact with the extracellular matrix (ECM)
or cell surface receptors. They play a crucial role in regeneration by activating cellular signal
pathways that influence processes like cell migration, survival, adhesion, proliferation, growth,
and differentiation [37]. Current methods for growth factor therapy face limitations in
effectively delivering these molecules to target cells in wound therapy. Most approved systems
use sustained release formulations, like the INFUSE™ bone graft, to administer growth factors
over time. However, controversies and complications, such as abnormal bone growth in areas
where bone structure is usually not present, highlight the challenges of this approach. To
overcome these hurdles, electrically tunable delivery systems offer a promising solution. By
precisely controlling the release of growth factors through safe electrical stimuli, these systems
ensure optimal exposure for tissue regeneration. Research into electrically responsive systems
using materials like graphene oxide and CPs shows potential for advancing targeted growth
factor delivery in wound therapy [38].
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2. Material & Methods

2.1 Chemicals

The dexamethasone sodium phosphate was purchased from Sigma-Aldrich. The KCl was
purchased from Merck.

2.2 Instrumentation

Electroanalytical measurements were performed with an Ivium CompactStat. The
characterization and polymerization process utilized a three-electrode system comprising a
working electrode (WE), reference electrode (RE), and counter electrode (CE). The WE,
typically composed of inert materials like gold, platinum, or glassy carbon, serves as the
electrode for potential control and current measurement, as well as the site for chemical
reactions and polymerization. The RE monitors the potential of the WE and is typically
represented by an Ag/AgCl electrode, maintaining a constant electrochemical potential when
no current is applied. Finally, the CE, usually made of inert conductors like platinum, tin, or
graphite, completes the electrical circuit in the cell, allowing the current flowing through the
WE to exit the circuit.

UV-VIS spectroscopy measurements were performed with a Shimadzu UV 2450 UV-VIS
spectrometer with a reference sample of 0.1 M KCl. UV-VIS spectroscopy is an analytical
technique used to measure the fraction of ultraviolet and/or visible light absorbed in a sample
at various wavelengths compared to a reference sample. The degree of light absorption, known
as absorbance, increases with higher concentrations of the sample and is measured as a
decreased light transmission. By establishing absorbance values for known concentrations, i.e
calibration, it becomes possible to estimate the concentration of unknown samples by
comparing their absorbance readings.

2.3 Methods

2.3.1 Polymerization and characterization of drug doped conducting polymer

The polymerization of the drug-doped CP was performed by applying a constant potential of
+0.7 V (CA method) on a three-electrode system with gold-coated silicon (AuSi) as the WE,
an Ag/AgCl electrode as the RE, and a Pt plate as the CE. The polymerization solution for each
polymer included 5 mM Dex, 0.2 M Py, and 0.1 M KClI, see Table I for the exact combination
depending on which polymer was to be polymerized. The concentration of Dex was chosen
based on achieving the highest reproducibility in previous studies [39].

The designation of the polymers in the study have the format PPy:Doping, where PPy refers to

it being a polypyrrole CP and Doping is referring to the doping molecules in the polymer which
can be either Dex, Cl or Dex+Cl.
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Table 1: Table showing the different concentrations for the solution depending on which polymer was to be polymerized. It
also shows the final charge on the surface, indicating the thickness of the polymer.

Py KCl Dexamethasone  Charge reached

PPy:Cl 02M 01M - 1.5 Clem’
PPy:Dex 02M - 5mM 1.5 C/em?
PPy:Dex,Cl 02M 01M 5mM 1.5 C/em?
PPy:Dex,Cl/PPy:Cl | 02M 01M | 5mM/0mM 1.5 C/em?® 0.25C/cm?

After polymerization of the first layer, the electrode was immersed in 0.1 M KClI for 60 seconds
to rinse off any Py molecules (monomers) that had adhered to the surface but were not
polymerized. Following the polymerization of the second layer, the electrodes were rinsed in
deionized water for 60 seconds to ensure that no Py monomers and KCl salt remained on the
surface before storage in dark conditions in a petri dish.

In one study different polymerization methods were compared (see section 3.3.3). Here CA,
CV and chronopotentiometry (see section 1.3.1.1) were used for the polymerization.

2.3.2 Drug release from CPs

CV was employed to characterize the polymers by identifying oxidation and reduction peaks,
which were subsequently utilized for active release studies using both CV and CA techniques.

2.3.1.1 Electrochemical active release

To study the release profiles and possible contribution from a second layer of PPy on the
polymers a series of different measurements were performed. The active release was performed
both by CA and CV release (see section 1.3.1.1). The CA release was performed by applying a
constant potential of -0.55 V with the electrodes submerged in 0.1 M KCI. Samples were
collected at set time points and the amount of drug released could be calculated accumulatively.
The same procedure was performed for the CV release, but the samples were collected after a
certain number of CV cycles. The CV cycles were conducted between -0.8V and +0.6 V at a
scan rate of 10 mV/s.

2.3.1.2 Bilayer diffusion studies

Three different polymers were synthesized using the three distinct methods CA, CV, and
chronopotentiometry. The thickness ratio between the first and second layers matched that of
the CA-made polymers, with a ratio determined by a charge balance of 1.5:0.25. Specifically,
CV involved 24 cycles for the polymerization of the first layer and 4 cycles for the second layer.
In chronopotentiometry, the first layer was polymerized at 0.6 mA for 120 seconds, followed
by the second layer at 0.1 mA for 120 seconds. The passive release studies of single-layer
PPy:Dex,Cl and bilayer PPy:Dex,Cl / PPy:Cl was performed by immersing the electrodes in
0.1 M KCl without any applied potential for 24 hours. Samples from the single and bilayer
polymers of all three methods were then collected and compared with UV-VIS.

2.3.1.3 Continuous controlled drug delivery

To investigate long-term controlled drug release, the electrodes were initially immersed in 0.1
M KClI for 1 hour to monitor any initial drug diffusion. Subsequently, a constant potential of -
0.55 V was applied to actively release the drug incorporated into the polymer. This process
alternated between active and passive release phases, where the electrode was either subjected
to the -0.55 V potential or left submerged without any applied potential. Samples were collected
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both before and after each potential application session. Passive release cycles lasted for 1 hour
each time, while the active release steps using CA followed the schedule outlined in 7able 2.

Table 2: Duration of active release steps.

Application # 1 2 3 4 5 6 7
Time (s) 10 10 10 30 60 180 180

2.3.1.4 Concentration measurements

All concentration calculations were performed after analyzing the collected samples using UV-
VIS absorption measurements, a well-established method for determining drug concentrations
released from PPy [5, 24]. Absorbance values were compared to standard Dex spectra at known

concentrations. Concentrations were subsequently calculated cumulatively as outlined in Table
3.

Table 3: Description of calculation of accumulative mass of released drug from samples collected after different active release
times. The table shows the first four samples, the same samples after were added accumulative in the same pattern as “total
mass released”.

Time (s) 10 20 30 60
[Dex] C ) Cs Cq
Mass removed (Cy* 1073) | (Cy = 1073) | (C3+ 1073) (Cy * 1073)
* 516.40 * 516.40 * 516.40 * 516.40
(m1) (m2) (m3) (my)
Total mass released my; x5 my,*5+m; m3*5 my * 5+ (my + my

+(my +m,) + my)
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3. Results & Discussion
3.1 Polymerization of single and bilayer CPs

3.1.1 Polymerization of conducting polymers

Polymerization of PPy by CA is a widely known and recognized method. Studies have shown
that the optimal potential for polymerization is the potential at which Py oxidizes i.e 0.7 V [40]
[41] [42]. This is the reason for the use of 0.7 V for the polymerizations.

3.1.2 CA polymerizations

The different polymers were polymerized by using a three electrode system and the mixtures
presented in Table 1. The polymers obtained an area of 1 cm? with a charge of 1.5 C, indicating
the thickness of the polymer. As seen in Figure 8 the polymerization to 1,5 C/cm? is finished
in a shorter time for solutions containing the electrolyte KCI. The final time for the
polymerization of the different polymers were:

PPy:Cl — 17 min

PPy:Dex — 83 min

PPy:Dex,Cl — 24min

PPy:Dex,Cl / PPy:Cl — 20 min / 3 min

The polymerization process without an electrolyte (Figure 8C) reaches a charge of 1.5 C/cm?
over a longer duration compared to those with an electrolyte. This outcome is expected, as
previous studies have demonstrated that electrolytes influence the polymerization process by
affecting the current reached during polymerization [43]. The difference between conditions 4
and B is attributed to the addition of Dex, which lowers conductivity and interferes with the
polymerization of PPy. As a result, the current is lower, and the polymerization takes longer
compared to PPy without Dex.

CA polymerizations

25

Current (mA)

Time (s)

e (A) PPy:Cl (B) PPy:Dex,Cl e (C) PPy:Dex (D1) PPy:Dex,dl / PPy:CI (D2) PPy:Dex,Cl / PPy:CI

Figure 8: CA polymerization curves of polymers (4): PPy:Cl (B): PPy:Dex,Cl (C): PPy:Dex (D): PPy:Dex,Cl / PPy:Cl,
where D1 is the first layer and D2 is the additional layer.
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3.1.3 CV analysis of drug release potential

To determine the potential for the active release of Dex using CA, the polymers were analyzed
using CV. The cycling was done between -0.8 V and 0.6 V at a rate of 10 mV/s over 15 cycles
for the polymers PPy:Cl, PPy:Dex and PPy:Dex,Cl. As for the bilayer polymer PPy:Dex,Cl /
PPy:Cl, the number of cycles was increased to 28 to clearly showcase the emergence of the
reduction peak of Dex. As shown in Figure 94, where no Dex is doped in the polymer, the
redox potentials are 0 V and -0.2 V for PPy:Cl. In contrast Figure 9B-C illustrate that adding
Dex to the Py results in a reduction peak located at potentials from -0.6 V to -0.5 V. This
indicates the specific potential range for the active release of Dex.

These results suggest that the optimal potential for CA release lies within the region of -0.6 V
to -0.45 V, corroborating the outcomes of the referenced studies [26]. Based on these results
-0.55 V was chosen for the active release by CA.

(A) PPy:Cl (B): PPy:Dex,Cl
3! <1
=0 )
E g
S 5 -1
1 08 0.6 04 o o o 04 06 08 1 08 06 04 02 ‘ 0 02 04 06 08
Potential (V) Potential (V)
(C): PPy:Dex (D): PPy:Dex,Cl1/ PPy:Cl
4

Current (mA)
o
Current (mA)

771 0.8 0.6 -04 02 0 02 04 0.6 08
Potential (V)

Figure 9: CV graph of (4): PPy:Cl (B): PPy:Dex,Cl (C): PPy:Dex (D): PPy:Dex,Cl/PPy:Cl. Cycled between -0.8V to 0.6V
at a scan rate of 10mV/s for 15 cycles for A-C and 28 cycles for D.

The cycle presented in Figure 9D shows a gradual shift in its reduction peak from
-0.7 V to -0.45 V. The difference in reduction peak between the 1% and 28" cycle is shown in
Figure 10 where we can observe that the 1% cycle barely has a reduction peak but an oxidation
peak at 0.1 V. This whilst the 28" cycle shows a clear reduction peak close to -0.45 V.

As seen in Figure /04, the first cycle of the bilayer polymer resembles the polymer PPy shown
in Figure 94, indicating that primarily the outer layer of the bilayer system is being oxidized
and reduced. However, as the cycles progress, the reduction peak shifts closer to the expected
peak potential of -0.45 V, as illustrated in Figure 9D. This phenomenon is typical for bilayer
PPy polymers and suggests that it takes time for Dex to diffuse through the layers before a
visible reduction appears on the CV spectrum [44]. During the initial cycles, the CP behaves
like a PPy:Cl polymer, but as Dex diffuses through the outer layer, the CP transitions to a
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PPy:Dex,Cl polymer. After a certain amount of time, the bilayer polymer has transitioned into
a single-layer polymer. This is the cause for the reasoning below about the extended duration
required for active release with CV compared to CA, to release enough Dex to achieve a high
enough concentration for reliable concentration calculations. However, subsequent studies
indicated that the extended stimulation time should have been applied to the CA release as well.

PPy:Dex,Cl/ PPy:Cl

w

Current (mA)
o

-1 08 06 04 -02 0 02 04 06 08
Potential (V)

(A):1cycle ——(B): 28 cycles

Figure 10: CV of PPy:Dex,Cl / PPy:Cl where (4, red) = after I cycle. (B, blue) = after 28 cycles.

3.2 Dexamethasone characterization

To be able to calculate the concentration at each time point a sample was collected, a calibration
curve of Dex was made with known concentrations from 1 uM to 100 uM, see Figure 11B. The
maximum absorbance of Dex was at 242 nm, Figure 114, which was to be expected from
reference studies [45]. This means that Dex absorbs the light from the UV-VIS at this
wavelength, which will be employed for determining its concentration in the release studies.
When the maximum absorbance was plotted against the concentration of Dex, a linear graph
was obtained which could be used for calculating unknown concentrations of Dex. The
calibration curve is given by Equation 1.

UV-VIS spectra of Dex standard solutions Dex calibration curve

12 y=0.0132x +0.0011
A R?=0.9976 B

Absorbance
Maximum Absorbance
)

RS 1 - 1 ERREE R SRR nRARS 0 20 40 60 30 100
Wavelength (nm )
“ S ) Concentration (uM)
—0 M 1M SUM e 10 UM e 15 UM e 20 UM

e Linear ()

30 UM e 40 M e 50 M e 75 M e 100 UM

Figure 11: (4) UV-VIS spectra of known concentrations of Dex, with maximum absorbance is at 242 nm. (B) The calibration
curve of Dex,where the absorbance at 242 nm is plotted against the known concentration of Dex. The dotted line is a linear
regression which is used for calculating the unknown concentration of Dex.
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_ y—0.0011
T 0.0132

where x = [DEX],y = absorbance at 242 nm

Equation 1: The equation obtained from the calibration curve of Dex. Used for calculating unknown concentrations of Dex
from UV-VIS spectra.

To ensure that Dex is not oxidized when applying different potentials by CV, a study was
conducted by applying various potentials and cycles to a beaker containing 5 mM Dex and
0.1 M KCI. Following the different electric potential treatments, samples were analyzed using
UV-VIS spectroscopy, see Figure 12. Each sample was collected after 20 minutes of the
respective potential application. The results support the hypothesis that after polymerization
and active release, Dex remains in its unoxidized form, with all Dex in the samples absorbing
at 242 nm.
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Figure 12: UV-VIS spectra of 20uM Dex. Orange: 20 uM Dex. Grey: Dex after CA 0.7V. Yellow: Dex after CA -0.6 V. Blue:
CA4 0.7 V followed by -0.6 V. Green: CV cycle -0.8 V'to 0.6 V.

Since the absorbance peak for Dex is at 242 nm and for Py closer to 200 nm, a supplementary
measurement with 50 uM Py was conducted [46]. The results show a peak at 201 nm, which is
expected, see Figure 13. However, we also observe absorbance values of 0.04 and 0.05 at 242
nm for the Py solutions that underwent electrochemical treatment. This suggests that Py might
contribute to the total absorbance at 242 nm after electrochemical treatments during the
polymerization and release of the doped drug. On the other hand, the observed increase,
following the electrochemical treatment, is almost constant across all wavelengths when
compared to pure pyrrole, indicating a measurement bias. The exact cause of the observed
absorbance shift remains unclear.
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Figure 13: (Left) Grey curve: UV-VIS spectra of 50 uM Py. Yellow curve: after applying CV between -0.8V->0.6V for 5 cycles

at 50mv/s. Blue curve: after applying for a total of 25 cycles. (Right): A zoom in of the 242 nm area, showing the absorbance
of Py at 242nm.

3.3 Drug release profiling

3.3.1 Single layer drug release profile

The UV-VIS spectra of the single-layer polymers show that a clear peak at 242 nm is obtained
after the active drug release (CA release) from the polymer, Figure 14. This distinct peak
indicates that a sufficiently high concentration of Dex has been achieved, allowing for reliable
concentration calculations. Furthermore, the UV-VIS spectrum closely resembles the standard
UV-VIS spectra for Dex, as shown in Figure 11A4.

Single layer CA release Single layer CA release

105

—1205 —3005 —a805

—14405 —

CA Release, Single layer polymer

Figure 14: UV-VIS spectra from release studies of three different single layer electrodes. The reason for the lower absorbance
for the bottom left spectra is that the release was performed in a larger volume, meaning a lower concentration than the upper
spectra.

The drug release profile from the single-layer PPy showed a controlled active drug release with
close to no burst release effect, see Figure 15. The results show the mean value and standard
deviation for three samples of the single-layer release. The polymer had a mean accumulate
total amount released Dex of 174.5 pg over 1440 s which yields a release rate of 436175 pgh

lem™2.

This suggests that a single-layer polymer doped with Dex might achieve a 0™ order release rate
over time, which differs from the reference studies that has introduced the problem with burst
release as well as previous knowledge about drug release from PPy [4, 22, 28, 29]. It would be
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interesting to examine if this result is reproducible, and if so, what factors enable the
achievement of a 0" order release with Dex.
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Figure 15: Drug release profile from the single-layer PPy. The graph shows the mean and standard deviation of accumulate
amount of released drug for three independent polymers.

3.3.2 Bilayer drug release profile

3.3.2.1 UV-VIS Spectroscopy

To study the effects on the drug release by polymerizing an additional layer of polymer onto
the electrode (i.e forming a bilayer structure), a drug release profile was obtained by plotting
the accumulative absorption at 242 nm against time. However, as observed in Figure 16 the
absorbance at 242 nm for the collected samples rarely exceeds 0.1, indicating a relatively low
concentration of Dex.

As shown earlier in the UV-VIS spectrum for standard concentrations of Dex, the absorbance
exceeds 0.1 at approximately 10 uM. Considering this, the results for the bilayer release might
not be reliable since the absorbance at 242 nm could be due to the release of Py from the
polymer, as mentioned in connection to Figure 13, where the absorbance for Py can be close to
0.1 at 242 nm. However, the spectra show a negative absorbance at 204 nm. This is a very
surprising result. One interpretation could be that there is something wrong with the reference
sample of the UV-VIS spectrometer (e.g. the presence of Py). However, the reference sample
is simply 0.1M KCI, so that is a very unlikely hypothesis. Therefore, the reason for the negative
absorption at 204 nm remains unclear.
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Figure 16: UV-VIS spectra from CA release samples from the four independent electrodes with bilayer polymers.

To investigate the release of Py during CA active release with a constant potential, a PPy
polymer was synthesized and polymerized until reaching 1.75 C/cm?. The polymer was
subsequently electrically stimulated, and samples were collected at 60 seconds and 1440
seconds, representing the beginning and end of the stimulation period in other studies. The UV-
VIS measurements for these samples can be seen in Figure 17, confirming that Py residues are
indeed released when a constant potential of -0.55V is applied. Why this phenomenon is not
seen for the UV-VIS spectra in Figure 16 remains unclear. The higher absorbance at 60 s
compared to 1440 s indicate a higher concentration of Py after 60 s compared to 1440 s,
indicating a high initial release of the Py residues. This is likely due to an initial burst release
of Py residues that haven't polymerized on the surface of the polymer. The high concentration
could be attributed to inadequate pretreatment after polymerization, resulting in an excess of
Py molecules remaining on the surface.

Methods to reduce the release of Py residues should therefore be studied. Exploring different
pre-treatment techniques after polymerization could ensure that there is no unpolymerized Py
on the surface. It might also be beneficial to investigate the use of other electrodes besides the
AuSi WE to see if this affects the polymerization process.

20



CA applied on PPy:Cl polymer

0.8
o
o
2
g 0.6
)
-3
2 04
-£=
<
0.2
0 —=
O 0O NOWOTSTOTNOVDOTONOWOSTONOWDO S ON OO
COO0O N ANNOMOITITT UL OODONNODODODND OO
Qa2 NN NN NN NN O
Wavelenght (nm)
s 605 1440s

Figure 17: CA at -0.55V applied on a PPy:Cl polymer for 1440s, showing release of Py by absorbance at 206nm.

3.3.2.2 Bilayer drug release profile

As shown in Figure 184 the mean total amount for 4 samples of released drug by CA was 26.4
pg compared to the CV release in Figure 18B, which was 28.1 pg but over 3640 s compared to
the CA release which took place under 1440 s. The two release methods also show a significant
difference in the amount of released substances over time. Releasing the equivalence 25 pg of
Dex took approximately 20 minutes using CA active release, whereas it took approximately 55
minutes using CV active release. These results indicate that CA is a notably more efficient
method.

CA Active Release, Bilayer CV Active Release, Bilayer
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Figure 18: Release measurements from bilayer polymer profile by (4): CA and (B): CV. Both A and B show a burst release.
The graphs are the mean of four independent studies as well as the standard deviation.

Comparing with the single-layer release in Figure 15, where the amount of drug released was
436+175 pugh'em™, indicates that the bilayer system slows down the active release rate by at
least a factor 6 (remembering that the measured amount might be considerably influenced by
release of Py residues) to 65.5+14.5 pgh''cm2 by CA. Another observation from comparing the
single and bilayer release by CA is that the additional layer seems to introduce a burst release
effect, as seen by comparing Figure 184 and Figure 15.

3.3.2.3 Continuously controlled drug delivery by the bilayer polymer

To evaluate the long-term effects of using a bilayer CP rather than a single-layer CP, we
conducted a continuous cycle between passive and active release. The results show that most
of the release occurred during the electrical stimulation phases, as expected. The mean total
amount released across three trials during the intervals of electrical stimulation correspond to
34.39 ng Dex. During the active stimulation phases, 22.13 ug was released at a release rate of
165175 ugh'cm, whereas during the passive diffusion periods, 12.26 ug was released at a

21



release rate of 1.75+0.48 pgh'cm2. Excluding the 6.69 ug released in the first hour, only 5.56
pg was released during subsequent passive diffusion periods. This corresponds to a factor 94
lower release rate during passive release than during active release.

As can be seen in Figure 19 the amount of drug released during the non-stimulated periods is
minimal. This suggests that we achieve controlled release, with the majority being released
during CA application. Additionally, after active release, there is minimal subsequent release,
indicating that the release can be considered controlled even after alternating periods of active
and passive release.

Continous drug delivery over time for three independent electrodes Continous drug delivery over time
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Figure 19: The individual plots for each of the three electrodes in the study. Shows how the electrode (marked as grey), which
had a deviant polymerization, shows a significant difference to the other electrodes.

Also, in these measurements there are concerns that the release may be influenced (or even
dominated) by Py residues rather than Dex. The measured amounts must therefore be
considered as upper limits of released Dex. As shown in Figure 20 there is no clear peak at 242
nm for Dex absorption. This indicates that a higher concentration of Dex needs to be attained
in the samples for the UV analysis to yield more reliable results. As previously mentioned,
exploring methods to prevent the release of Py residues during polymerization or through pre-
treatment of the polymer could also be beneficial.
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Figure 20: UV-VIS spectra from the three different electrodes which was used in the study for continuous controlled drug
release.

22



3.3.3 Passive release of Dex through bilayer conducting polymers

A separate study to investigate the influence of the polymerization method on the passive
release was conducted. The different polymerization methods were CA, CV and
chronopotentiometry. To compare drug diffusion between single-layer and bilayer CPs, the
concentration of released Dex was examined after soaking the polymers in KCI for 24 hours.
The UV-VIS spectra of the three different single layer polymers compared to the CA bilayer
polymer is showcased in Figure 21. These are normalized spectra, only allowing a qualitative
comparison. As can be observed close to 242 nm, the single layer polymers show a higher
absorbance compared to the bilayer. This indicates that we have a higher passive release of Dex
from all single layer polymers, compared to the CA made bilayer polymer. A similar
comparison between the spectra of the bilayer polymers show that the CV bilayer has a slightly
higher Dex release than the CA bilayer (where no sign of Dex release can be observed).

1.2

ca bilayer

ca single layer
cp single layer |
cv single layer

normalized absorbance

02 . . . . . . .
200 220 240 260 280 300 320 340 360 380 400
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Figure 21: Normalized UV-VIS spectra of passive release of Dex and Py residues through conducting polymers made by CA
(red), chronopotentiometry (green) and CV (blue). The diffusion for the CA bilayer polymer (black) acts as a reference
absorbance spectrum that is normalized in the range 200-230 nm (presumably due to Py residues) in order to visualize the
Dex release at 242 nm from the single layer polymers.

The most significant difference between the polymerization methods is the absorbance near 200
nm for the bilayer polymers: the CA polymer has an absorbance of 0.85, while the CV and CP
polymers have absorbance values between 0.4 and 0.5, see Figure 22. This may indicate that
bilayer polymers release more Py than single-layer polymers, as suggested by the absorbance
for Py near 200 nm shown in Figure 13. There is also a difference in absorbance between the
polymerization methods, showing that the CA-made polymer released a higher amount of Py
residues compared to the other methods for the bilayer polymers. This suggests that either CV
or CP might be more reliable polymerization methods, as they exhibit lower absorbance near
200 nm.
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Figure 22: UV-VIS spectra of passive release of Dex and Py residues through conducting polymers made by (A)
ChronoAmperomety (B) ChronoPotentiometry (C) Cyclic Voltammetry
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4. Conclusions & Future Prospects

4.1 Conclusions

The most notable findings, particularly when compared to reference studies, indicate that
controlled drug delivery at a rate of 436+175 ugh''cm2, almost free from burst release, was
achieved using the single-layer polymer. Also, the passive release was very small with this
structure. This warrants further investigation to understand the underlying mechanisms. If this
result can be consistently reproduced, it is crucial to determine what characteristics of Dex
combined with single-layer PPy contribute to this outcome. Successfully replicating these
results would significantly advance research in developing smart bandages.

However, this study demonstrated that using a bilayer PPy, the release of Py residues might
interfere with the absorbance measurements used for Dex concentration calculations when
plotting release profiles. This interference needs to be addressed by either increasing the
concentration of Dex in the sample, preventing the release of Py residues, or changing the
measurement method for concentration calculations.

Three different polymerization methods were tested, where an indication of a higher passive
release for the single layer polymers were showed. The bilayer also showed minimal to no
release during the passive release period of the controlled drug delivery studies over time. This
indicates that the bilayer effectively minimizes passive release of the doped drug, although the
addition of a layer resulted in increased release of what appears to be Py residues. However, no
study was conducted on the controlled drug delivery of the single-layer over time, making it
difficult to draw any conclusions in whether the bilayer enhances performance or not. Future
studies should address this gap to provide a comprehensive understanding of the bilayer's
effectiveness in controlled drug delivery applications.

There is still progress to be made in achieving completely controlled drug delivery in smart
bandages for wound therapy. However, this study has enhanced our understanding of Py residue
release during electrochemically active drug release through CPs, which is not ideal due to Py
contamination. Additionally, this study has sparked interest in further investigating the
characteristics of Dex, as the drug has shown potential for zero-order release with a single-layer
CP.
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4.2 Future Prospects

The primary issue encountered in this study has been the insufficient concentration of Dex in
the samples from the bilayer polymers, resulting in an unreliable way of determining the Dex
concentration from the UV spectrum. To achieve more dependable results regarding whether a
bilayer conducting polymer affects drug release positively, the following recommendations are
proposed:

o Extend the duration of the release studies to increase Dex concentration. Previous
single-layer release studies have demonstrated that higher concentrations of Dex yield
sufficient absorbance levels for reliable measurements.

e Transition from UV-VIS spectroscopy to HPLC for determining sample concentrations.
This method eliminates interference between PPy and Dex absorbance.

o Substitute Dex with another negatively charged drug that exhibits an absorbance peak
further from 200nm in UV-VIS spectra. This change ensures clearer differentiation
between absorption peaks, facilitating more accurate analysis.

e To increase the release of doped drug molecules, use a thinner outer layer in the bilayer
polymer. However, it is essential to find an optimal thickness that allows controlled drug
release while minimizing passive release.

These adjustments are crucial for addressing the current challenges and enhancing the reliability
and accuracy of the study's findings.

Another recommended study involves conducting single-layer release studies using Dex-doped
PPy CPs, as preliminary findings suggest they have the potential to achieve 0™ order release. It
is important to investigate whether these results can be reliably reproduced. If so, some aspects
warrant examination to see what the explanation could be. Firstly, understanding which
characteristics of Dex contribute to these outcomes is crucial. Factors such as its molecular
weight, charge, and structural properties need to be analyzed in depth. Secondly, determining
the characteristics of the WE that help in limiting burst releases is essential. This includes
assessing its conductivity and its ability to polymerize the polymer effectively. By exploring
these aspects systematically, we can gain insights into how Dex-doped PPy CPs function in
controlled drug release applications and optimize their performance accordingly.

Another intriguing area for study is the development of a polymerization method that minimizes
residue release into the solution during electrochemical applications. This involves exploring
various polymerization techniques, including CA, CV, and chronopotentiometry. Additionally,
it encompasses investigating different post-polymerization treatments, such as evaluating the
effects of rinsing the electrode with various solutions for varying durations. Furthermore, the
study should assess whether this issue is specific to PPy or if other CPs like PEDOT or PANi
also experience similar effects. By systematically testing different types of CPs, we can gain
insights into the broader applicability of these findings across various materials. This research
aims to advance our understanding of how to optimize polymerization processes to minimize
contaminants in the solution, thereby enhancing the overall efficiency and reliability of
electrochemical applications.
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Appendix

Al.1 Process — Initial Planning

The milestones are categorized into two groups: external and internal, providing a clear
overview of the main tasks necessary to complete the project. External milestones denote
project deadlines, including milestones like the halftime presentation and the final report
deadline, which will be monitored throughout the project duration. Internal deadlines represent
specific laboratory tasks essential for meeting the external deadlines. Tables A1 and A2 outline

the external and internal deadlines, respectively.

Table Al: Project milestones, external deadlines

Milestone |Task

Description

Project plan report

Halftime presentation

Report to supervisor

Report  to
examiner

opponent

Final presentation

6 Revised Report

28

Finished project plan, includes
project  description, project
objectives,  milestones  and
GANTT Chart Week 5

Follow up on the Project Plan.
Present how the project is
following the plan and what
eventual complications have
occurred. Week 13
Send final report to Supervisor

for feedback. Week 19

Send final report to opponent for

andopposition and to examiner for

feedback. Week 20
Final presentation of the project.
30 minutes presentation and 15
minutes opposition. Week 22
Send finalized report back to the
examiner after feedback from
both  the opponent and
examiner. Week 24

Calendar Week



Table A2: Laboratory milestones, internal deadlines

Milestone [Task Description Calendar Week
Introduction to laboratory
processes, such as
electropolymerization and loading
Laboratory training  of drugs. Week 7
1

Gather a set of wound healing drug
with optimal or suitable
characteristics to use in the bilayer
conducting polymer. The drugs will

Choice of drug later be downscaled to the ones who
candidates fit the characteristics of the bilayer. Week 8
2
Testing for controlled drug release
Test for bilayer of model drugs using different types
conducting polymer of bilayer conducting polymers. ~ Week 16
2
Test for controlled release of drug
Analysis of external candidate with an external coating
coating of polymer  of the conducting polymer. Week 19
3
Compilation of all the data from the
experimental work during the
project. Should be used as a basis for
the discussion and conclusions for
the report. Is performed
4 Data Analysis continuously through the project. Week 19

Figure Al shows the initial GANTT chart for the project. It summarizes all activities forseen in
the original project plan. The activities are divided into subcategories, and their estimated
durations are provided. The red lines showcase the end of the project week where the external
deadlines are located. The GANTT-chart was designed to gather enough results to reach these
deadlines in time.
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Project week [ 1 2 3 4 5 g 7 8 o 10of 11 12[ 13 14 15[ 16 17] 18 19 20
|

1.0 Planning

1.1 Project planning
1.2 Visual tools

1.2.1 GANTT Scheme
1.2.2 Activity List

1.3 Project Plan Report

2.0 Literature studies
2.1 Conducting Polymers
2.2 Wound Dressings

2.3 Drug release systems
2.4 Bioactive molecules

3.0 Laboratory work

3.1 Experimental design

(3.2 PPy based drug carrier

3.2.1 Electropolymerization
13.2.2 Electrically triggered drug
rrelease

(3.3 Bilayer polymeric system for
drug release

13.3.1 Bilayer conducting polymer
3.3.2 External coating of polymer
(3.4 Data analysis

4.0 Report

#.1 Abstract

#.2 Introduction

4.3 Theory

#.4. Material and method
#.5 Results

#4.6 Discussion

@4.7 Conclusions

4.8 Acknowledgement
#4.9 References

#4.10 Appendix

(7.0 Milestones

7.1 Project plan report -

(7.2 Halftime presentation -

[7.3 Report to Supervisor
(7.4 Report to opponent &
(7.5 Final presentation

(7.6 Revised Report

8.0 Project diary

| |
9.0 Reflection | s

Figure Al: GANTT scheme of the project timeplan.

A1.2 Process — Results

The external milestones proceeded according to plan without the need for additions or changes.
However, the internal laboratory milestones underwent modifications during the project. The
analysis of the external coating of the polymer was delayed due to prolonged and challenging
studies on the bilayer conducting polymer. These challenges arose because the measurements
for drug concentrations did not progress as expected, necessitating additional studies on drug
characteristics. Consequently, the bilayer conducting polymer studies in the GANTT schedule
were extended until week 15 of the project. Following these challenges, the project shifted to a
week-by-week planning approach, with ongoing communication between myself and my
supervisor to determine the project's direction and prioritize significant results. We emphasized
the importance of result reproducibility, which contributed to the extended duration of the
bilayer studies.

A1.3 Process — Discussion

The most significant deviation from the initial project plan to its final execution was the change
in scope, which subsequently altered the laboratory work. Additionally, the report was initiated
later than originally scheduled because I felt the need to gain a deeper understanding of the
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project's nuances and determine which aspects should be included in the report. This adjustment
was particularly crucial due to the revised project scope and the necessity for more thorough
investigations into the drug.

Despite these adjustments, the GANTT chart facilitated easy monitoring and adaptation. It
provided a structured framework where modifications could be made seamlessly, allowing me
to consistently prioritize tasks scheduled for each week. In hindsight, I would have preferred a
more detailed plan specifically outlining laboratory work. This plan would have included a
clearer strategy for obtaining desired results and the methods to achieve them.

If I were to redo the planning process, I would focus more on defining the steps required to
reach each milestone rather than solely emphasizing their timing and content. While this is
challenging at the project's outset, I recognize the importance of consulting my supervisor more
extensively and conducting thorough research to achieve this level of clarity.

An optimal project plan should therefore meticulously detail each aspect within the GANTT

chart. Each task should be clearly defined with specific objectives and methods for
measurement upon completion.
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