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Introduction



Thesis introduction

Drug delivery systems

Pharmaceuticals have been continuously developed and explored since the discovery of biologically
active compounds (as early as 2600 BC) to prolong and improve life.! Most people will have taken
some form of medicine to relieve pain or restore the body’s health at some point throughout their
lifetimes. As more novel technologies are being invented, further advancements in the way that drugs

can be carried/released are driving innovations in modern healthcare.

There are a few widely used ways of drug administration, namely; oral, transdermal and ocular means.
Although these forms of administration provide a beneficial effect, the drug essentially gets delivered
all around the body, in areas in which it is necessary as well as areas where it is not required. Whilst
this is sufficient for drugs with low toxicity levels, its efficacy can be improved by targeted delivery.
For example, paracetamol has relatively low toxicity as opposed to anticancer drugs (e.g.
dexamethasone).?® Drug delivery systems can offer an alternative approach if they are designed for
localised delivery. In addition to targeted drug delivery, newer delivery systems offer the most desirable
characteristic of being able to sustain release by minimising the fluctuation of the drug concentration
within the body which is one of the major issues with conventional drug delivery systems (i.e. when
drugs are first administered using traditional drug delivery methods (e.g. tablets, injections etc.), the
concentration of drug circulating in the body will rise and then decline as it gets
used/degraded/excreted). Each drug has its own therapeutic window, between a minimum therapeutic
level and a maximum therapeutic level where it produces a beneficial effect (diagram 1). If
concentrations fall below the minimum therapeutic level, there will be no effect on the body and if it
rises above the maximum level, it can potentially be toxic and cause unwanted side effects.* Typically
drugs administered orally have a quick release and last a short period time. Hence, it is necessary to
repeat the dosage after the concentration falls to zero. The danger of this is, redosing when the
concentration is already at its peak could lead to a build-up of the drug, reaching toxic concentration
levels. Ideally, optimum drug delivery systems would release a specific amount of drug to a precise
location of the body. They are already being currently utilised in clinical applications, in the forms of
implantable or injectable devices, coatings for devices and transdermal patches. Such systems should

be able to improve patient compliance due to the reduction in dosage.
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Diagram 1: Release profile of the concentration of drug after oral administration (black and grey
solid) and a drug delivery system

Stimuli responsive systems

Responsive drug delivery systems can trigger release by the presence of external factors such as
temperature, light, electric/magnetic fields or pH.>® Such systems are capable of releasing a controlled
amount of drug when desired, however the release rate of these systems are predetermined and therefore
the main motivation of developing these systems is to be able to alter the concentration of drug
released.® The use of external stimuli can mean tailored regimes for each patient and hence maximum
therapeutic effect in the body from the drug will be maintained. Electrical stimuli has attracted a lot of
attention due to the low costs and ease of control i.e. adjusting the release rate of drug after
administration. The advantage electrical triggers have over other stimuli is the ability to finely tune the

voltage applied to systems and thereby enhance the level of control.

Electroactive polymers/conducting polymers

Electroactive Polymers (EAPS) is a term used for a large class of polymers that show a change in shape
or size in the presence of an electric field/current. Conducting polymers (CPs) are a class of EAPs and
have potential for use in biomedical applications (e.g. neural electrodes, drug delivery systems etc.) and
technical applications (e.g. light emitted diodes, LEDs). The difference being is that the electric current
is typically carried along the backbone of the CPs.!® They possess semiconducting electrical properties
and can in certain circumstances be processed easily into various materials morphologies (e.g. films,

fibers, foams). The synthesis of conducting polymers often requires oxidative polymerisation either



Energy

chemically in solution or electrochemically on an electrode. The conductivity of these polymers arise
from their highly conjugated backbone after polymerisation. Oxidation causes positive charges to be
formed along their backbone and act as sites for negatively charged molecules to interact (acting as
dopants). EAPs are intrinsically semi-conductors and in terms of band theory, they will possess a
relatively small band gap which allows for the partially filled valence band to promote electrons to the
conduction band (diagram 2). In comparison, insulators will have a large band gap in which electrons
cannot be excited to the conduction band resulting in very poor conductivity. Conductors do not have a
forbidden band gap but instead have overlapping valence and conduction bands which allow electrons

to readily move from the valence band into the conduction band resulting in excellent conductivity.

Conductor .
Semi-conductor Insulator

Diagram 2: Band structures for conductors, semi-conductors and insulators showing conduction
band (grey) and valence band (black).

Electroactive polymers/conducting polymers in drug delivery

Hydrogels are three-dimensional polymer crosslinked materials that can be used as drug delivery
systems. They are capable of swelling without being completely soluble in solvents. Typically
hydrogels are not responsive however, they can be designed to be electro-responsive by the
incorporation of electroactive polymers (EAPs).!* Some examples of conducting polymers in drug
delivery include polypyrrole (PPy), poly(3,4-ethylenedioxythiophene) (PEDOT) and pole(N-methyl
pyrrole).® One of the main drawbacks of EAPs are that most have poor biodegradability. However, as
newer materials are being developed and with the increased attraction responsive biomaterials have
received, the need for biodegradable and biocompatible components have become extremely

significant. From previous research it was found that some EAPs are biocompatible (e.g. PPy).'? These

Band gap



polymers can be rendered biodegradable through chemical modification as shown by Rivers et al by
inclusion of enzyme degradable bonds such as esters.*® One of the main challenges of designing electro-
responsive drug delivery systems is that they are be known to release drug molecules in the absence of
an electrical stimulus via passive leaching. For these systems to be used for drug delivery the behaviour
of spontaneous drug release should be predictable and accounted for. In theory, EAPs in their oxidised

forms can be doped with either opposite charges or neutral drugs in order for release.

Overview of the project

This study is based on the incorporation of EAPs into hydrogels with the aim to synthesise a novel
biomaterial which is intended for use as for drug delivery devices. In the first results chapter, the idea
was to synthesise partially biodegradable implantable gels using PPy to provide its conductivity. Such
hydrogels could be used as coatings for medical devices and in theory it would be possible to generate
degradable versions and connect the system to a degradable power source making the whole system

degradable.

The second chapter of results focuses on hydrogels incorporating PEDOT derivatives and are intended
for application as patient-specific drug delivery systems potentially able to be deployed via minimally
invasive methods (e.g. laparoscopic deliver). The overarching aim was to electrically trigger the release

of a drug from hydrogels with little to no passive release.
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Abstract

Partially degradable electroactive hydrogels were synthesised based on chitosan, poly(ethylene)glycol
and polypyrrole via a combination of photopolymerisation, and oxidative chemical polymerisation. The
hydrogels were doped with lignin and chloride ions to that produced conductive gels. The chemical
structure and morphology was determined by FT-IR, UV-Vis, *H NMR (solution state), **C NMR (solid
state) and SEM. After confirming the successful synthesis, the swelling ratios of the gels were observed
and the hydrogels were characterised using XRD, DSC, TGA and rheology. Drug delivery studies were
performed by electrochemically loading pemetrexed disodium 2.5 hydrate (PEM) and measuring
passive and active release via UV. PEM is a chemotherapeutic drug and FDA approved. It can be used

in conjunction with other anti-cancer drugs or on its own.!
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Introduction

The development of new and more potent drugs is coupled with significant investment in, research and
development of advanced drug delivery systems for these substances. The need for new controlled
release systems arises from limitations of conventional methods (e.g. creams, injections and tablets):
(i) fluctuating drug concentrations, (ii) poor biodistribution and (iii) low solubility.? For example, after
administering a drug, the concentration of drug in the blood rises rapidly, peaks and then declines due
to a combination of renal clearance and the natural responses of the body to remove foreign substances.
Every drug has a concentration range where it is therapeutically effective, below which it is not effective
and above which it is toxic. Maintaining the drug within the therapeutic range depends on patient
compliance and the medication regime, particularly in cases where regular dosage is required®. Current
drug delivery systems are capable of maintaining maximum therapeutic efficacy for a long period of
time (from days to years) and can be controlled with a single administration. They can prevent the drug
from premature degradation and hence lower the dosage needed. However, constant-rate systems will
be most beneficial if there is a significant difference between the levels of toxicity and effectiveness
(wide therapeutic windows). The release rate of drug also tends to be pre-programmed which makes it
only suitable for certain medication classes.

Conventional drug delivery systems typically lack selectivity and therefore drugs are distributed to
normal cells and tissues, therefore causing unwanted side effects and reducing the effectiveness of the
treatment by delivering the drug to areas where it is not needed. Typically, this effect is not very
significant clinically if the toxicity is fairly low, if however the drug itself is extremely toxic, targeted
delivery is imperative (e.g. anticancer drugs are typically unable to differentiate normal cells from
cancerous ones, and hence no matter the rate of dosage, the effect will always be toxic). An ideal drug
carrier can deliver the drug to a precise location at a precise time, which can be achieved by designing
the drug carrier to be specific to a target of interest (for example receptors displayed on cell surfaces),
positioning the drug carrier near the desired location or by implanting in places with low mobility
thereby releasing the drug to the surrounding tissues and lowering systemic drug circulation.* In
principle, these newer advanced drug delivery systems require less follow-up care, consequently, drugs
that need to be administered quite regularly will have increased its efficacy by reducing dosage, and

this in turn improves patient compliance which is can be poor amongst patients with chronic illnesses.®

Drugs can be formulated in hydrogels, lipids, polymeric micelles® and can then be released via implants,
transdermal patches’ and intravenous (1V) injections® in the form of rods, disks or films.®X These
materials often need to be washed after production to remove any unreacted monomers or initiators.!*
Hydrogels are hydrophilic three dimensional polymeric networks that have considerable potential as a
material for drug delivery devices. They have the ability to hold large amounts of liquid (water or

biological fluids) without disintegrating immediately and so, largely resemble biological tissues.!?!3
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The high water content can contribute to its biocompatibility due to water being a major component in
humans.** Hydrogel-based biomaterials under development require biocompatibility, optionally
biodegradability, tuneable mechanical properties and a porous structure (the latter two being dependent
on the tissue niche they will be applied inside). The biological activity of drugs can be reduced before
they reach the desired cells due to degradation via enzymes and low absorption rates, and a hydrogel
matrix can provide a degree of protection from harsh environments.!® The pore size distribution, along
with other properties/features such as swelling ability, biocompatibility, biodegradability and
mechanical strength can be altered by varying the synthetic/preparation method and chemical
components.t* There are three different types of mechanisms in which a polymeric material can release
drug compounds, by diffusion (main process), chemical reactions or solvent activation. Hydrogels can
be made to either be chemically stable or degradable all due to the chemical or physical interactions
between the polymer chains. There are two distinct classes of hydrogels: physical and chemical.
Physical hydrogels maintain their shape with molecular entanglements and/or secondary forces such as
ionic bonds, whereas chemical hydrogels are held together via covalently crosslinked network. In
addition to being applicable for drug delivery systems, they can also be utilised in other areas in
biomedical fields such as wound dressing and scaffolds for tissue engineering.'>-

Hydrogels can incorporate various different components to make them externally responsive by
modification of the polymers with responsive functional groups, which makes them promising for a
variety of biomedical applications. The polymer networks can undergo a physicochemical change in
the presence of an external stimulus such as: light,*® heat,??* pH?2 or electricity?®. Hydrogels made from
naturally occurring components tend to be biocompatible. Implantable externally responsive carriers
should be inert to biological environment. Although there are benefits in using light, pH etc. here in this
research electrical triggers will be investigated. Electrical stimulus provides advantages such as
enhanced control, for example precise magnitude of currents, length of pulses and duration of
intervals.’ There is a growing body of scientific literature on the use of electricity for drug delivery, in
vivo (iontophoresis) and dermal/transdermal (electroporation).?4?° Since its electrical energy transforms
into mechanical work, it can be also be made into devices that can form artificial muscles, sensors or

film separation devices.?®

Electroactive polymers (EAPS) are particularly interesting due to their ease of synthesis combined in
hydrogels. They possess the electrical properties of semiconductors and metals as well as the ease of
synthesis and excellent processability of conventional polymers. Highly conjugated backbones within
the polymers are the reason for their conductivity, some examples include polyacetylene?” and
poly(paraphenylene).?® In the 1980s it was discovered that some were compatible with biological
substances, and hence polypyrrole, polythiophene, polyaniline and poly(3,4-ethylenedioxyphene) and

their derivatives are now frequently explored for their potential for use in biomedical applications. With
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the addition of enzyme cleavable bonds they can become biodegradable, and such biodegradable EAPs
are suited to implants that require a short medication period (e.g. for drug delivery or tissue engineering)
as opposed to nondegradable EAPs which are more efficient as long term solutions such as coatings for
electrodes used for neural probes.?

Chitosan is a naturally occurring polymer and is a product of deacetylation of chitin, a polysaccharide
which is the second most abundant in nature after cellulose.®® The backbone of chitosan, contains a
pendant primary amine group attached to the glucosidic residue which gives chitosan an overall positive
charge.®! The amino groups are useful for functionalization of the polymer.®? Due to these benefits and
because chitosan has widely been accepted as a biocompatible polymer (i. e. biodegradable and low
toxicity), a large amount of research already exists on using chitosan as the main component for
pharmaceutical purposes.®** Two drawbacks of chitosan are its solubility, typically requiring a pH
lower than 7 to ensure the primary amines are protonated, and therefore the solubility depends on the
degree of deacetylation and its molecular weight.***” Through chemical modification, the
characteristics of CS can be altered potentially through the addition of other polymers. Large quantities
of lignin can be found in the cell wall of plants, where it contributes to their rigidity. To use this
biopolymer in biomedical applications could be advantageous due to its antibiotic, anti-fungal, anti-
carcinogenic and UV-absorption abilities.® Yudin et al. have previously synthesised CS-lignin
composites in order for tissue engineering.* In this study lignin is used as a reinforcing agent and dopant

for polypyrrole.®

The key motivation of this project is to synthesise biodegradable electroactive hydrogels by using
polypyrrole to give the degradable hydrogels electrical conductivity. We used a chemically modified
chitosan derivative (scheme 1) to enable us to prepare hydrogels via photocrosslinking the
methacrylates attached to some of the amines on chitosan and subsequently anchor polypyrrole to the

backbone of the chitosan from pyrrole units attached to the amines on chitosan.*
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Scheme 1. Chemical modification of chitosan.

Experimental

Materials

Unless otherwise noted, all chemicals and consumables were purchased from either Sigma Aldrich or
Thermo Fisher, of analytical grade, and used without further purification/modification.

Synthesis

Chitosan derivatives. (Attaching pyrrole carboxylic acid and methacrylic acid to chitosan). Chitosan (2
g, medium molecular weight) was added to water (200 mL), to which pyrrole-2-carboxylic acid (1 g, 9
mmol) and methacrylic acid (0.76 mL, 0.78 g, 9 mmol) was added and the reaction mixture andwas
stirred vigorously until the chitosan dissolved. N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide
hydrochloride (EDC, 3.8 g, 19.8 mmol) and N-hydroxysuccinimide (NHS, 2.8 g, 19.8 mmol) were

added to the solution by stirring for 24 h at room temperature in the dark.

The modified chitosan was purified by dialysis (MWCO 3500) against (DI) water for 3 days (changing
the water at least 4 times per day), after which the modified chitosan was lyphophilised (Labconco
freeze dryer) for 4 days. A solution of modified chitosan 0.45 wt% was stirred in DI water until

homogenous and was used for formation of hydrogels.

Non-conductive  hydrogels  (photopolymerisation).  The  photoinitator-  2-hydroxy-4’-(2-
hydroxyethoxy)-2-methylpropiophenone (Irgacure-12959) 0.1 wt% was added to the chitosan
derivative solution; and poly(ethylene) glycol diacrylate (PEGDA, Mn 2000) was added at a

concentration of 5 mg per 100 uL. This mixture was stirred in the dark for ca. 2 until homogenous.
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Silicone isolators (molds) produced by Grace Bio-Labs (Sigma Aldrich) (9 mm in diameter x 0.8 mm
in depth) were placed onto glass slides after removing dust particles using tape. 75 uL of solution was
injected into each well. The glass slides were then transferred into petri dishes and irradiated for 1 h
under a Mega LV202E UV exposure unit (with 2 x 8W bulbs, output from ~ 300-460 nm, peak at 365

nm). The reaction mixture was left in the molds to allow the reaction to complete overnight.

Conductive hydrogels (doping with lignin and pyrrole). Irgacure-12959 (0.1 wt%) and PEGDA (at the
concentration of 5 mg per 100 uL was added to modified chitosan solution, and the mixture was stirred
until homogenous. Pyrrole (200 uL, 4.3 mmol per mL of PEGDA-modified CS) was purified by passage
through an alumina column added to 1 mL of PEGDA-modified chitosan with lignin (lignin alkali, low

sulfonate content, 100 mg/mL) and left to stir at room temperature until homogenous.

This solution was then pipetted into silicon isolators (Sigma Aldrich), 75 uL in each well. Reaction

mixtures were photopolymerised for an hour and left over night for complete reaction.

Following UV radiation, ferric chloride (1 wt%) was dissolved in water and the gels were left to
incubate for 24 hours. Afterwards, the supernatant was decanted. The samples were then washed

thoroughly with water until the water became clear and colourless and left in DI water for 24 hours.

All hydrogel samples were kept in the petri dishes along with a moist kimwipe wrapped in parafilm, to

prevent the gels from drying out.

Non-conductive Conductive
Water 1mL 1mL
Modified chitosan 45mg 45mg
Igracure-12959 1 mg 1mg
PEGDA 50 mg 50 mg
Lignin N/A 100 mg
Pyrrole N/A 200 uL

Table 1. Table showing the composition of each hydrogel reaction mixture.

Characterisation
UV-Vis spectroscopy. Tested on Thermo Scientific NanoDrop 2000. Solutions (3 pL) were pipetted
onto the optical measurement surface/pedestal. Chitosan was dissolved in an agueous solution of acetic

acid (1 % Vol/Vol) whereas the other samples were in water.
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Fourier transform infrared spectroscopy in attenuated total reflectance mode (FTIR-ATR). An Agilent
Technologies Infrared Spectrometer was used to record spectra in ATR mode in the range from 4000-
500 cm®. The data was exported to ResPro and the baseline was corrected.

Solution state proton NMR spectroscopy. *H NMR spectra were recorded with a Bruker AVANCE Il
400 (NanoBay) equipped with a 5 mm *H-X broadband observe (BBO, 109Ag-19F) RT probe.

(3-Trimethylsilyl)propionic-2,2,3,3-d4)) was added as a reference in all samples): 1 mg of chitosan
medium MW was dissolved in 1 mL of 2% DCI vol/vol (35 wt% in D,0) in D,0O solution and heated
to ~70°C for an hour or until complete dissolution. For modified chitosan, the same procedure was
followed however heating was not necessary. Acetic acid was dissolved in D,O at a concentration of (5
mg/mL). Pyrrole-2-carboxylic acid was dissolved in DMSO-ds at a concentration of (5 mg/mL). The
spectra of methacrylic acid was acquired in both D,O and DMSO-ds.

Each of the solutions were then pipetted into 5 mm NMR tubes (Sigma Aldrich, Norell standarad series
5) and inserted into the NMR.

Solid state *C NMR. Bruker AVANCE 111 HD 700 WB was used to observe cross-polarization/magic

angle spinning of the samples.

X-ray diffraction. XRD patterns were investigated using a Rigaku SmartLab powder diffractometer in

a 20 with a scattering range of 5 to 40° and a resolution of 0.1°.

Differential Scanning Calorimetry (DSC). Thermal properties were investigated with a Mettler Toledo
DSC1 SOP, temperature ranging between -40 and 400°C. Approximately 5 mg of sample was sealed

in a hermetic aluminium pan (40 pL).

Thermogravimetric Analysis (TGA). Thermal stability of vacuum dried hydrogels (ca. 4-5 mg) were
observed with a NETZSCH STA 449 F3 Jupiter thermal analyser. Temperatures observed were from

25 to 550°C with a heating rate of 10°C/min. The reference pan used was alumina.

Rheological characterization. Rheological properties were found using an Anton Paar Physica MCR
302 rheometer fitted with a parallel plate with a diameter of 12.484 mm. Strain sweep experiments were
employed with a constant frequency of 10 rad/s. Frequency sweeps were performed at 0.5% strain for

non-conductive hydrogels and at 0.1% for conductive hydrogels.
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Swelling studies. The swelling ratio of the hydrogels was determined by recording the initial mass its
dry state (mo) and the mass after swelling in PBS for 24 hours (after removal of excess water by wicking
with filter paper). Swelling behaviour was observed at room temperature and calculated using the

following equation where my is the mass at the time t and mg represents the initial mass.

. , _ (mg —mo)
Swelling Ratio (%) = — %X 100
0

Scanning Electron Microscope (SEM). Morphologies of the hydrogels were captured with a JEOL JSM-
7800F field emission SEM under argon atmosphere. Samples were swelled in water before freeze-

drying and gold coated by a Quorum 150R ES.

Drug delivery studies: drug loading. Conductive hydrogels were electrochemically loaded with
pemetrexed (using an aqueous solution of 4 mL of 1 mM pemetrexed disodium 2.5 hydrate as the
electrolyte bath). The hydrogels were secured on glassy carbon electrodes by the electrode lid with a
hole cut out at the top (image 1). A 3 electrode cell was composed of Ag/AgCI reference electrode,
platinum mesh counter electrode and a glassy carbon electrode with the hydrogel. For 30 minutes,
voltage was applied at 0.6 V via chronoamperometry. 10 uL of the solution after drug loading was
diluted down 4 times with distilled water and frozen for storage prior to UV-Vis measurements.
Between each measurement the electrodes and cell, were washed thoroughly.

Drug delivery studies: drug release. For stimulated drug release, the drug was released at -0.6 V in 4
mL of PBS for 30 seconds every 10 minutes 3 times. At each time interval, 10 uL of the solution was
frozen for storage piror to UV-Vis spectroscopy. Passive release of the drug was carried out by placing
the electrodes with hydrogels in 4 mL PBS and 10 uL samples were taken every 11 minutes in line with

the sampling frequency for the samples that were electrically stimulated. To test the concentration of

Image 1. Side view (left) and top view (right) of set up for securing
hydrogels on glass carbon electrodes for drug delivery studies.
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drug that was released, UV measurements were also performed on the PBS at the absorbance maximum

of 225 nm which correlates to PEM.

Results and Discussion

Synthesis of CS-Py-Methacrylates / PEGDA / Lignin

A method of synthesising partially biodegradable electroactive hydrogels composed of mainly chitosan,
PEGDA and polypyrrole was developed. To ensure the gels were robust to handling, the chemically
modified chitosan derivative was combined with polyethylene glycol diacrylate (PEGDA) displaying

polymerizable acrylate units at the termini of the polymer*? via photopolymerisation.*:.

The backbone of chitosan contains reactive amine groups which are relatively easy to modify.
Methacrylic acid and pyrrole carboxylic acid were conjugated to the chitosan using water soluble
carbodiimide chemistry. Amide bonds are degradable by enzymes within the body e.g. proteases.*
PEGDA is a common component of hydrogels because it is highly hydrophilic and biologically inert.*
Hydrogels were synthesised via UV mediated photopolymerisation using, Igracure 2959 as the
photoinitaor (which fragments into an alcohol radical whereas in the propagation step, the radical
attacks the carbon-carbon double bonds (C=C) present in the methacrylates and PEGDA leading to

crosslinked polymer structures) (scheme 2).

OH
OH

HO\/\
0

Scheme 2. Reaction scheme of Irgacure initiation and propagation step applicable to
acrylates and methacrylates.

Blending chitosan and lignin may result in the formation a polyelectrolyte complex (PEC) which is a
result of two oppositely charged polymers interacting ionically, where chitosan is cationic and lignin is
anionic, however aggregates were not evident, potentially due to the presence of pyrrole which would

also bind to the anionic moieties on lignin.
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The electroactive and conductive polypyrrole forms an interpenetrating network in the hydrogel matrix
by submerging the photocrosslinked hydrogels in an aqueous solution of FeCls, and the polypyrrole is

doped with both lignin and chloride anions.*

UV-Vis spectrometry. After lyphophilisation of modified chitosan, the product was pale pink indicating
a chemical reaction has happened. Figure 1 shows the UV absorption spectra of chitosan, modified
chitosan, pyrrole carboxylic acid and methacrylic acid. The difference between the spectra can be
identified. The absorbance present for modified chitosan is a broad peak at around 195 nm. Chitosan
has a maxima of 218 mm. They show absorbances around 200 nm as chitosan contains UV
chromophoric groups, N-acetylglucosamine (GIUNAc) and glucosamine (GIcN).*” Two peaks at ~200
and 255 nm are present in modified chitosan which are not present in chitosan which are attributed to

methacrylic acid and pyrrole carboxylic acid respectively.

Absorbance

350

Wavelength (nm)

Figure 1. UV-Vis spectra of chitosan (solid black line), modified chitosan (grey line),
pyrrole carboxylic acid (black dashed) and methacrylic acid (grey dashed).
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FTIR — ATR mode. The FTIR spectra for chitosan (75-85% deacetylated) and the modified chitosan are
shown in figure 2. Chitosan shows a broad peak at 3354 cm™ which corresponds to -OH stretch
overlapping -NH. symmetric and asymmetric stretch bands. The absorbance at 1566 cm™? is the N-H
bend of an amine group. The peak at 1149 cm™ is characteristic of C-O-C ether present in the backbone
of chitosan. Multiple low intensity peaks at 1419, 1373, 1321 cm™are ascribed to C-H bending and C-
H stretching vibrations are at 2088 cm™. Sharp absorbances at 1020, 1057 cm™ are C-O stretches in the

alcohol groups.

Amide | (C=0 stretch) and amide Il (N-H bend, C-N stretch) vibrations can be assigned to peaks
occurring at 1649, 1527 cm?, respectively. The intensity of the peaks responsible for C-H bending and
stretching have also increased indicating methacrylate units are present. Further evidence suggesting
successful synthesis of methacrylate constituents onto chitosan come from the spectra of methacrylic
acid where there are absorbances at 2929 cm and in modified chitosan spectra there is a peak at 2923
cm® from CH. Sharp absorbances in the non-conductive gels come from PEGDA, the smoothness of

the conductive hydrogels suggest that the polymer networks have crosslinked with PEGDA more.
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Figure 2. FTIR spectra of (a) chitosan medium molecular weight (black
solid) (b) modified chitosan (black dashed): (c) non-conductive hydrogel
(grey solid) (d) conductive hydrogel (grey dashed) .

Solution State *H NMR. NMR spectra for chitosan and chitosan derivative in DCI/D,O are shown in

figures 3. Small peak around 2.03 ppm comes from the methyl group (-CHs) attached to the N-alkylated
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GIcN residue. At 3.10 ppm a singlet represents H2, multiplet signals from 3.5 to 4 ppm are assigned to
H3, H4, H5 and H6 of GIN. From literature, typically the spectra would show a small peak around 4.28
ppm due to H1 of both GIN and acetylated form.*34° Peaks from H2-H6 (~3 to 4 ppm) were integrated
to approximately 600 to account for 6 protons. This results in the peak at 2.03 ppm to give a value of
73.47. From these values, the deacetylation can be calculated due to chitosan being the partially

deacetylated derivative of chitin.

T 100 = ~12 %
600 - 0

Therefore the chitosan used is around 88 % deacetylated.

The spectra for modified chitosan shows new chemical shifts corresponding to the new functionality
installed. The peak at 1.9 ppm is characteristic of the methyl group attached to the methacrylate
(confirmed by the NMR spectra of methacrylic acid showing a peak at 1.9 ppm). Signals from ~5t0 6.5
ppm are assigned to the two protons connected to the double bond. Here, if the same peaks from chitosan
are integrated again to 600 the number of protons can be determined. Peaks around 1.9 ppm are
calculated to be ca. 71 and within the range of 5-6.5 ppm it is ca. 52 (the correct ratio for the
methacrylate installed). A multiplet of peaks with low intensity can be seen between 7.9 and 8.1 ppm
which is characteristic of pyrrole that has been attached to the backbone of chitosan (albeit very difficult
to integrate in comparison to methacrylate moieties). Two-dimensional *H — *H COSY NMR links

methacrylate olefins (5.5-6 ppm) to methyl at 1.9 ppm (fig. 4).
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Figure 4. "H-"H COSY solution state NMR spectra of (b) modified chitosan.

Solid State **C NMR. CP-MAS spectra of chitosan was recorded in its powder form supplied by Sigma
Aldrich, the chemical shift assignment can be found in the literature (fig. 5a).5*%* Modified chitosan
exhibit similar shifts to chitosan, signals at 105, 83, 75, 61 and 58 ppm correspond to C1, C4, C3, C6,
C2 (fig. 5b). The peaks responsible in both spectra corresponding to C=0 and CHjs (due to partial
deacetylation and amide) appears at 174 and 24 ppm accordingly. Further could correlate to conjugated
pyrrole in line with the literature for polypyrrole (a-carbon) to be approximately 125 ppm which
appears on the spectra for chitosan derivative, 3-carbon appeared at ~105 ppm and thus a small peak at
109 ppm is seen on the spectra obtained.>? Previous research by Forsyth et al. explains the low frequency
shoulder on the peak at 123 ppm exists due to B-carbons being partially oxidised as opposed to pure

pyrrole.®

Similar absorbances for methacrylate units can also be identified from past work.>* At 19 ppm, this
signal could be due to CHs, and at 37 ppm is possibly from C-C tertiary carbons (above the polymer
chain). Alkene functional group typically shows resolution between 105-145 ppm, therefore the peak

at 140 ppm was assigned to C=C.
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Figure 5. ¢ solid state NMR spectra of (a) chitosan medium molecular weight (black) and
(b) modified chitosan (grey).

X-ray Diffraction. XRD patterns of the non-conductive (PEGDA/CS) gels and conductive (Py-lig-
PEGDAI/CS) gels were studied from 5-40° in 20 range using XRD (fig. 6). Chitosan usually shows
peaks at around 10.3°, 15.9° and 20.1°.*8 After photopolymerisation of PEGDA and modified chitosan,
the curve showed no sharp peaks indicating crystallinity were present because the chitosan was
dispersed in the polymer matrix. The peak obtained from non-conductive hydrogels was broad and
smooth at 24.6° suggesting formation inter- and extra- molecular bonding was inferred.®4° From the

smoothness and broadness of the peaks, it can be said that the materials are amorphous.
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Figure 6. X-ray diffractograms of non-conductive, (grey line) and conductive
hydrogels, (black line).

Differential Scanning Calorimetry. DSC curves for both conductive and non-conductive hydrogels are
shown in figure 7, with the same temperature range and heating rates. The glass transition temperature
of chitosan is typically around 110-117°C. On the data obtained for the conductive hydrogels a peak
occurs at 120°C showing similar values to Dhawade et al.*® Although there are similar values being
shown the peak is fairly sharp compared to conventional Tg curves so another possible explanation for
this peak is that it could also attributed to evaporation of residual bound water. The Tg for non-
conductive PEGDA-CS copolymerised hydrogels were not detected. DSC curves for pure chitosan can
be found in past papers, with the exothermic peaks for the decomposition of amine groups in chitosan
at around 295°C.%%" For non-conductive hydrogels, this peak was observed at 288°C. Whereas for the
conductive hydrogels the onset of the decomposition of was at 365°C suggesting the interpenetrating
network formed after synthesis rendered them more thermally stable. Before the addition of lignin and
pyrrole, hydrogels showed a peak at 50°C which is most likely due to the evaporation of water.
Literature of major peaks of PEGDA was found to be at around 148°C%, and for lignin at ~110°C*°.
Distinctive peaks on conductive gels appear at 153°C and are significantly lower than of pure chitosan
itself and closer in value to PEGDA and lignin. This could be due to modification performed on

chitosan, or it could suggest that PEGDA and lignin occupy a larger amount of the hydrogels. The
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temperature contrast between the two hydrogels suggest the components added to make them

conductive increases its thermal stability.
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Figure 7. DSC thermograms of non-conductive hydrogels (grey) and conductive
hydrogels (black).

Thermogravimetric Analysis. The thermograms of the two hydrogels are shown in figure 8. Non-
conductive hydrogels showed its degradation in two distinct stages. The first signs of weight loss is a
very small amount of ~5% from 45-160°C can be ascribed to volatile products with low molecular mass
and is most likely to be bound water molecules. Major weight loss of about 69% occurred between
220°C and 380°C and is attributed to degradation of the polysaccharide.®® Comparing the values to the
ones obtained by Corazzari et al. it was found that chitosan has a major decomposition around 300°C.%!
The significant difference between the two values can be explained by the disruption of hydrogen
bonding causing them to be weakened between chitosan chains and therefore confirms successful

photopolymerisation between PEGDA and chitosan.
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The thermal stability of the conductive hydrogels showed degradation in three steps. From 40-120°C
evaporation of entrapped water and small volatile molecules could be represented by 8% of weight loss.
The second degradation stage happens between 150°C and 402°C corresponding to the gradual loss of
PEGDA with 30% drop in weight.®® The final major weight loss of 50% is likely attributed to the
decomposition of chitosan, polypyrrole and lignin at 410°C.

From TGA, it can be seen that conductive hydrogels have a higher decomposition temperature at 410°C
whereas non-conductive ones occur at 220°C. The rate at which the mass decreases for gels

incorporated with lignin and pyrrole is also slower than PEGDA alone. Thus, the interpenetrating

network synthesised in the conductive gels can be said to provide an increased thermal stability.

100 —

80 —

g 60
[72]
w
(]
=

40 -

20

0~

I ! 1 v I N I ! I ! 1
0 100 200 300 400 500 600

Temperature (°C)

Figure 8. TGA thermograms of non-conductive hydrogels (grey) and conductive
hydrogels (black).

Rheological properties. Both dynamic strain sweep and frequency sweep were performed to
characterise the rheological properties of the hydrogels. Strain sweep tests were carried out at a constant
frequency of 1 Hz, its storage modulus (G’ — elastic) and its loss modulus (G” — viscous) at a range of
different strains are shown in figure 9a and 10a. When G’ is higher than G”” it suggests that the hydrogel
is highly structured and the material behaves more solid-like. The point where both moduli intersect
signifies the breaking point of the hydrogels and is known as the critical strain level or gel point. In the
non-conductive hydrogels (fig. 9a) the critical level is around 2%, below this level indicates the gel

structure is still unbroken. As strain increases past the critical level, the network bonds start to break
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and the moduli both start to decline. Here, G’ drops below G” showing that the hydrogel becomes
progressively more liquid-like. The conductive hydrogels (fig. 10a) have a longer Liner Viscoeleastic
Region (LVR) as its critical strain level is approximately 0.5%, four times lower than non-conductive
hydrogels showing that the conductive hydrogels are more rheologically stable, potentially due to the
additional polymer networks formed between chitosan and lignin. If no LVR exists, the gel may be
considered a weak gel and hence, the non-conductive gels seem to be more elastic. Furthermore, as the
values of the moduli increase along the y-axis, indicates the strength of the gel. Conductive hydrogels

appear twice as strong as the non-conductive hydrogels.

A characteristic feature seen in the data points is the increase of the loss modulus (G”) before the gel
point. The peak represents a relaxation in the gel structure and depending on the class of soft material

there are different explanations of what could have been responsible for the rise in G.%?

Frequency sweep experiments were carried out to test the dependence of frequency to the moduli and
are shown in figure 9b and 10b. The reason for performing frequency dependence tests is materials can
appear to be solid-like (G’ > G”) in a short period of time (high frequency) but act more fluid-like (G”
> (3’) in longer timescales (low frequency). In both frequency sweeps G’ is higher than G”* confirming

that the hydrogels behave more like a solid.
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Figure 9. Rheology a) strain sweep (left) and b) frequency sweep (right) of non-conductive hydrogels.
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Figure 10. Rheology a) strain sweep (left) and b) frequency sweep (right) of conductive hydrogels.

Swelling studies. Hydrogels were swelled with PBS because this is a physiologically relevant buffer.
The swelling behaviour of hydrogels is dependent on both the crosslinking density of the networks and
the pH of the solution.®® The conductive hydrogels were found to have a swelling ratio of 70.22% and
on the other hand non-conductive hydrogels had a swelling ratio of 25.4%. Although just by
appearances non-conductive gels seemed to have swell more than conductive gels a feasible explanation
for the significant difference between the two can be seen in their morphology. The conductive
hydrogels have smaller pores on the surface allowing for an increase of water molecules to absorb into
the water. Despite the swelling ratio being higher than the non-conductive gels, compared to some
hydrogels in literature it could be seen as fairly low. An increase in lignin content will decrease the

swelling ability of the hydrogel due to its hydrophobicity, repelling water.®*

Scanning Electron Microscopy. Morphology of the hydrogels can be seen in low and high
magnifications displayed in figure 11 and 12-13 respectively. It can be stated that the surface of the
hydrogels do not resemble the internal structure. The conductive hydrogels, as well as appearing to
having a fairly smooth surface, it appears to have string-like structures extending through the surface
(fig. 11b). This could have possibly arose from the polymerisation of polypyrrole. Its cross sectional
area can be observed through the cracks of the surface (fig. 12), displaying many particles throughout
the hydrogel matrix suggesting the presence of chitosan/lignin granules.”> The surface of these

hydrogels also exhibits very small pores dispersed quite evenly whereas non-conductive hydrogels
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show slightly larger pores however are rarely present. Ji et al. reported that an increase in lignin content
can decrease the average pore diameter.®

5.0kV LED

Figure 11. Morphology x1,000 magnification of (a) non-conductive (top) and (b) conductive hydrogels
(bottom).

Whilst the surface of the non-conductive gels are smooth, there is evidence of probable crosslinking
from the bumps. Features of surfaces can affect the rate at which the hydrogel swells. As the surface of
the hydrogels become smoother the swelling rate will decrease as it becomes more difficult for water
molecules to penetrate the surface, hence why the conductive hydrogels were able to swell about 30
times the amount of the non-conductive hydrogels. It is also evident from the images that although both
hydrogels have cracks in the surface (fig. 13), the conductive hydrogels are more prone to cracking than
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the non-conductive hydrogels which coincide with data found from rheology. Although SEM is
representative of the lyphophilised gels in its dry state, alternative technigques such as CyroSEM would

need to adopted to observe morphology in its hydrated state.

5.0kV LED WD -3 5.0kV LED

Figure 13. Morphology images from SEM x1,500 and x20,000 magnification of non-conductive cracks in
hydrogel surface.

Drug Delivery Studies. After doping conductive hydrogels with PEM dissolved in water, four gels were
electrochemically released and another four gels were passively released, and the quantity of PEM was

determined by UV spectroscopy (fig. 13).

It is evident that between 0-30 minutes, the amount of drug released is higher when electrically triggered
as opposed to the unstimulated control as expected and therefore confirms that PEM can be
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electrochemically released from the hydrogels. As time increases the amount of drug released overall

will also increase.
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Figure 13. Drug release profiles of hydrogels loaded with PEM, without electrical
stimulation (grey bars) and electrochemically triggered (black bars).

To measure the percentage of drug release, UV absorbances were recorded at 225 nm. From figure 1,
absorbances were also seen from modified chitosan at 225 nm, therefore to confirm the reliability of the
results obtained from drug delivery studies an additional control experiment was carried out. The same
procedure was followed for the experiment above but without the presence of a drug. Briefly, the hydrogels
placed on top of electrodes were electrically stimulated in deionised water as if it was PEM solution and
samples were taken from electrically triggering the ‘release’ in PBS. When analysing the samples the
absorbance of PBS at 225 nm was 0.007 and as the rest of the samples came lower than this, it can be

assumed that the absorbances recorded for the samples loaded with the drug came from PEM itself.

Conclusions

Chitosan-based hydrogels were synthesized in this research displaying electrically conductive qualities
that could be utilized in drug delivery. A simple methodology was used to prepare and characterize the
materials using a variety of techniques (including FTIR, NMR and UV-Vis). The gels were handleable
(with care), and the majority of the components of the gel were degradable (chitosan and PEGS),
however the PPY is non-degradable. Future iterations of such materials will require the generation of

either degradable conducting polymers or water soluble versions.
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Chapter 2: Injectable electroactive hydrogels
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Abstract

Hydrogels were synthesised via Schiff bases between self-crosslinking chitosan and oxidised hyaluronic

acid. Successful synthesis was confirmed with FTIR and NMR, and characterisation of the gels included
DSC, TGA and XRD.
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Introduction

There is a market need for biomaterials capable of well controlled drug delivery. Systems can be
designed to enable controlled and localized drug delivery to optimise the therapeutic effect of the drug
(and hopefully minimize side effects).! Patient compliance should improve as drug concentrations will
be maintained at a desired level (ideal for patients with chronic illnesses).?2 Commercially available
systems (e.g. drug pump) tend to be inflexible and rate of drug release is already determined. By using
stimuli responsive drug delivery systems, there may be more control over the concentration of drug
released after administration of the delivery system hence can be tailored to each person’s needs.
Although externally responsive drug delivery systems were first reported in the late 1970s,3 there are
various types of external stimuli still currently being explored such as light,* pH,>® temperature,’
electricity,® enzymes® and magnetic fields®®. They can take the forms of hydrogels, lipids, nanoparticles
and polymeric micelles.?* Hydrogels are promising materials for biomedical purposes, namely drug
delivery, tissue engineering and biosensors, due to their swelling ability to absorb large amounts of
water so that they closely resembles biological tissues (this also contributes to gels biocompatibility
and mechanical properties).'? Their porous structure is formed from a network of physical or chemical
crosslinking between polymer chains, and this highly solvated matrix can hold and protect drugs from
harsh environments.* Another appealing property of hydrogels is that they can be synthesised with
enzyme degradable links (e.g. amide or ester bonds) rendering them biodegradable or they may be
chemically stable. Biodegradable systems are typically designed for short term applications (e.g. as

drug delivery systems or tissue scaffolds for tissue engineering).

While each type of stimuli has its own advantages, the use of electrical triggers has the benefits of
switchable ON-OFF release, the magnitude of current can be controlled precisely and duration and
intervals does not have to be predetermined.* Conducting polymers (CPs) have electrical properties
close to semiconductors/metals. They are easy to synthesise either via electrochemical means or by
chemical oxidation. They were invented in 1977 and the first conductive polymer discovered was
polyacetylene by Shirakawa et al.’> This led to extensive exploration in CPs and their applicability to
a wide range of fields such as biomedical applications for example drug delivery!” and, also in modern
day technology for instance organic light-emitting diodes®. Other CPs include poly-(3,4-
ethylenedioxythiophene) (PEDOT), polypyrrole and polyaniline. Drug carriers with the inclusion of
CPs have received considerable amounts of attention a decade after its discovery due to their
compatibility with biological tissues and potential for ON-OFF release profiles.?® In addition to the
facile synthesis of the CP, the drug can be incorporated of the with ease. Pharmaceutical compounds
can be dissolved in a solvent and electrochemically loaded or they may be encapsulated in the polymer
during polymerisation. The mechanism behind switchable release relies on the doped polymer changing
from its oxidised state to its redox state. The transition from one state to the other involves diffusion of

hydrated ions within the polymer.2° Not only are drugs possible to be loaded, it is possible for molecules
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like neurotransmitters?! as well as growth factors??. Because of the chemistry of CPs, it is feasible to
include various functionalities in order to get desirable traits from the material. Electroactive hydrogels
can be designed with ester or amide moieties making them biodegradable by biological enzymes (e.g.
esterase).

Natural polymers are widely accepted to be more compatible with biological molecules and it is typical
for hydrogels to be a blend of synthetic and naturally occurring polymers as this enables their properties
to be tuned with ease. Being FDA (Food and Drug Administration) approved already, chitosan has
received great attention in biomedicine because of its low toxicity in vivo (cite) and biocompatibility.
It is a positively charge polysaccharide and can be produced from the deacetylation of chitin found in
the shells of crustaceans. Along its backbone contains amine units which allow for easy manipulation
to adjust its chemical properties for example, enhancing the solubility. Hyaluronic acid (HA) is also
FDA approved and an anionic polymer that is present in tissues throughout the body (e.g. epithelial and
neural tissues), hence research on incorporating hyaluronic acid in biomaterials has grown
exponentially in the past few years.?® HA hydrogels require crosslinking which necessitates chemical
modifcation to ensure stability.?*

The aim of this study is to start the process of producing injectable hydrogels combining two naturally
occurring polymers that are inherently biocompatible for biomedical applications, namely drug
delivery. By introducing PEDOT into the network, we hope to successfully synthesise an electroactive
hydrogel capable of controlled drug delivery.

Experimental
Materials
All reagents were used as received without further purification and purchased from Sigma-Aldrich or

Thermo Fisher.

Synthesis

Oxidising hyaluronic acid to display aldehydes (HA-ALD). Sodium hyaluronate (1 g) and sodium
periodate (0.535 g, 2.5 mmol) was dissolved in ultrapure water (100 mL) and left to stir for 24 hours at
room temperature in the dark. After oxidising, ethylene glycol (140 pL, 2.5 mmol) was added to
eliminate unreacted periodate and stirred for a further hour in the dark. The mixture was then transferred
into cellulose dialysis tubing membranes (MWCO 3500) and the product was dialyzed against 2 litres
of ultrapure (milli Q) water in order to remove low molecular weight contaminants. The water every 2

hours during the day for 4 days after which it was lyphophilised.
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Chitosan stock solution. Medium molecular weight chitosan (2 g) was added to 1% acetic acid and
water (100 mL) and stirred until complete dissolution. The pH was adjusted to around 5.5 by addition
of sodium hydroxide (~14 mL, 1 M) and agitated for 24 hours.

Aminoxy-terminated EDOT (EDOT-OHN). Synthesis of phthalimide-terminated EDOT:
triphenylphosphine (1.71 g) and N-hydroxyphthalimide (1.06 g) was stirred with hydroxymethyl EDOT
(2.15 g) in dichloromethane (50 mL). Diisopropyl azodicarboxylate (1.128 g, 1.128 mL) (density =
1.027 g/lcm?®) was added to the solution and left stirring for 24 hrs. After, the solution was dried on the
rotary evaporator. The sample was then dissolved in dichloromethane and compounds were separated
through column chromatography following TLC analysis. Solutions containing product and impurities

were purified again by chromatography and dried.

Cleavage of phthalimide moieties: precipitate obtained was added to hydrazine hydrate (10 mL) and
left under nitrogen for 24 hours. Solution was then stirred for 2 hours before performing TLC.
Afterwards, solution was distilled through rotary evaporator at 50°C, 13 mBar. Purification via column
chromatography was performed on the resulting mixture.

Sulfonate-terminated EDOT (EDOT-S). Hydroxymethyl EDOT (0.8 g), sodium hydride (0.1228 g) and
toluene (12.5 mL) was refluxed under nitrogen at 90°C for 2 hrs. Butane sultone (0.476 mL) was placed
into the flask and continued to reflux for a further 2 hrs. When reaction mixture was cool, product was

precipitated with acetone and dried under high vacuum.

Polymerisation of aminoxy-terminated EDOT and sulfonate-terminated EDOT. Mixtures of EDOT-S

and EDOT-OHN; was prepared at four different molar ratios:

Molar ratios
EDOT-S EDOT-ONH;
1 1

B 5 1
10 1

EDOT-ONH, was dissolved in a combination of ethanol and distilled water and 0.4 mL was placed into
plastic falcons labelled A, B and C corresponding to each molar ratio containing pre-weighed EDOT-

S. Each container was manually stirred with water (5 mL) to dissolve EDOT-S.
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Ammonium persulfate (2 q) was added into each solution. Subsequently oxidative polymerisation

occurred using iron chloride (5 mg) and purified via dialysis. Resulting products were freeze-dried.

Hydrogel preparation. Solutions of HA-ALD (0.25 wt% in PBS) and CS (2 wt%) were prepared. In
this research four different hydrogel formulations were fabricated, non-conductive chitosan-HAALD
(CS-HAALD), PEDOT A-CA-HAALD, PEDOT B-CS/HAALD, PEDOT C/HA-ALD. The yield for
molar ratio D was not enough for characterisation. Each PEDOT derivative was dissolved 2.5 wt%
PEDOT-A was dissolved in water, B — water and C — PBS.

Hydrogels were prepared at room temperature, oxidised hyaluronic acid (HA-ALD) was added to
chitosan solution in the ratio of 1:2. For conductive hydrogels, the ratio was also 1:2 PEDOT to chitosan
and was mixed with chitosan before the addition of oxidised hyaluronic acid. For clarity, throughout
this report hydrogels of chitosan crosslinked with HA-ALD will be defined as non-conductive and ones
containing PEDOT A, B and C will be noted A, B and C respectively. The solutions of EDOT-S and
EDOT-ONH, will be referred to as PEDOT A, B and C.

Characterisation
Fourier Transform Infrared — attenuated total reflectance mode (FTIR-ATR). Spectra were recorded
with an Agilent Technologies Infrared Spectrometer in ATR mode with the range 500-4000 cm™. Al

data was baseline corrected in ResPro.

Solution state NMR. Bruker AVANCE 111 400 (NanoBay) with a 5 mm H-X broadband observe (BBO,
109Ag-19F) RT probe was used to record proton NMR spectra.

Sample preparation for chitosan (MMW), 1 mg/mL was dissolved in 2% DCI (35 wt% in D,0)/D-0,
hyaluronic acid was dissolved in D,O, 5 mg/mL and modified HA 5mg/mL was stirred in D,O for ca.

2 hours. For reference ((3-Trimethylsilyl)propanoic-2,2,3,3-d.) was dissolved in all samples.

Differential Scanning Calorimetry (DSC). DSC experiments were carried out using a Mettler Toledo

DSC1 SOP. The pans used for measurements were 40 plL.

Thermogravimetric analysis (TGA). Thermal stability of samples were investigated using a NETZSCH

STA 449 F3 Jupiter thermal analyser with alumina reference pan from temperature ranges 25 to 550°C.

44



X-ray diffraction (XRD). Diffractograms were observed using a Rigaku SmartLab powder

diffractometer in a 20 from 5 to 40° and a resolution of 0.1°.

Results and Discussion

Synthesis. Sodium periodate is well known for selective oxidation of diol groups and was therefore used
to oxidise hyaluronic acid forming two aldehyde groups. The aldehydes will then react with the primary
amine groups attached to chitosan in principle forming a Schiff base (Scheme 1) linkage which
crosslinks the hydrogel. When stirring the mixture, after a short period of time the mixture gelated
(Image 1). Although gelation is evident, they would not be able to hold their shape if taken out of
Eppendorf tubes.

However this reaction is reversible, and thus terminating PEDOT with aminoxy groups creates an
irreversible reaction whilst also providing conductivity in the gels. Another common problem for
conducting polymers is the solubility (which tends to be poor). This was counteracted by modifying
PEDOT with sulfonate rendering it soluble in either in water or PBS.

[ OH
= .
NH; - \
L HO OH =

Chitosan ’\‘r]\: - ‘\ I P
HO OH ° NH O N O o NH O /
o={_ " L © o= 2
Hyaluronic acid Oxidised hyaluronic acid

Scheme 1. Formation of Schiff bases between chitosan and oxidised hyaluronic acid.
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Image 1. Visual representation of hydrogels before (left) and after (right) crosslinking
with PEDOT C.

FTIR-ATR mode. To compare the difference in spectra, hyaluronic acid is overlapped with oxidised
hyaluronic acid in Figure 1. Both spectra are very similar, as the only difference between the two
chemical structures are the addition of two aldehyde moieties. Influences from carboxylic acid (O-H
stretch) can be assigned to the broad band dominating between 3000-3670 cm™. C=0 bonds are related
to the peak at 1600 cm®. The most significant peak to indicate successful synthesis of HA-ALD from
HA is a peak attributed to vibrations from H-C=0. On the spectra of HA-ALD this peak arises at 1718

cm and therefore confirms HA modification.

FTIR spectra of chitosan medium molecular weight (CS) with 75-85% deacetylation is shown in Figure
2. At around 3350 cm there is broad absorbance correlating to -OH stretch in alcohols which is also
present in both hyaluronic acid (HA) and oxidised hyaluronic acid (HA-ALD). Typically an absorbance
from -NH, stretching would be expected in the same range as -OH at ~3400 and 3500 cm™ however
because of the broadness of the -OH peak, the signal has been overlapped. Aromatic overtones (C-H
stretch) would also be hidden at ~3010 cm™*. Other evidence to suggest the presence of amine groups
can be confirmed by the peak at 1566 cm™ which can be linked to an N-H bend. Ether C-O-C stretches
are shown at ~1150 cm from the polymer structure. C-O stretches present could be responsible for
sharp peaks occurring at 1020 and 1057 cm™. It is also likely to see amide | and Il around 1600 and

1550 cm?, respectively for the reason that chitosan is partially deacetylated.
IR spectra of HA-ALD and non-conductive hydrogels are given in Figure 2. A new peak at 1618 cm™

appears from C=N group along with the absence at 1587 and 1718 cm™ from N-H bending and aldehyde

confirms the structure of a Schiff base formation.
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The FTIR spectra of PEDOT can be found in previous literature. Selvagnesh et al. reported stretching
modes of C=C and C-C at 1518, 1483 and 1339 cm™ due to the thiophene ring.?> Absorptions at ~930
and 691 cm™ are vibrations from C-S in the thiophene ring and around 1093-1076 and 1052-1047 cm™
are attributed to ethylene dioxy group.?® In the spectra of PEDOT A obtained (fig. 3, grey solid curve),
C=C and C-C vibrations absorbances at 1636 and 1455 cm™* represent each bond respectively. The peak

at 730 cm could come from vibrations of C-S bond. The peaks occurring around 1330 cm correspond
to S=0 stretching of the sulfonate bonds.
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Figure 1. FTIR of hyaluronic acid (black) and oxidised hyaluronic acid (grey).
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Figure 2. FTIR of chitosan (black), oxidised hyaluronic acid (dashed black) and non-
conductive hydrogel (grey).
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Figure 3. FTIR spectra of PEDOT A, (grey solid); PEDOT B, (black dashed) and
PEDOT C, (grey dashed).

Solution state *H NMR. Proton NMR spectra of chitosan is shown in Figure 4. The HOD solvent peak
is found around 4.79 ppm. From this spectra, the degree of deacetylation can be calculated by assigning
the resonance between 3 and 4 ppm to H2-H6 of the ring and integrating the peaks to 6000 representing
6 protons. This results in an integration value of 73.47 to the peak at 2.03 ppm which is assigned to -
CHjs of the alkylated GIcN unit and therefore the degree of deacetylation will be approximately 88%.

T 100 = ~12 %
600 B 0

Specifically, H2 is responsible for the singlet at 3.10 ppm and the multiplet ~3.5 to 4 ppm are assigned
to H3-H6.

Hyaluronic acid (Fig. 5) and chitosan both contain GIcNAc monomers and therefore the broad multiplet
in the same region between 3-4 ppm can also be said to be hydrogens in the sugar ring where, likewise,
the peak at 3.3 corresponds to the proton attached to GINAc. Anomeric protons would also produce a

signal at 4.8 ppm however due to a sharp signal from D,O solvent (doublet) has overlapped.?’
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In contrast, oxidised hyaluronic acid (Fig. 5) produces new chemical shifts at 4.9, 5.1 and 5.2 ppm
establishing the presence of aldehyde groups which are in agreement with previous literature,
confirming successful synthesis.?® The degree of oxidation of hyaluronic acid was ~30.4 % and was

quantified by comparing the integrals of the aldehyde and acetamide (2.04 ppm).

Figure 4. 'H NMR spectra of chitosan.
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Figure 5. 'H NMR spectra of hyaluronic acid (grey) and oxidised hyaluronic acid (black).

Differential scanning calorimetry. DSC was run on the four hydrogel formulations: non-conductive, A,
B and C displayed in figure 6. The samples were heated from -20 to 200°C. The curves for chitosan and
hyaluronic acid can be found in the literature. Characteristic temperatures of chitosan are typically
found around 110-117 and 295°C where the lower temperature is found to be its glass transition
temperature and the higher temperature is because of the decomposition of amine units.?® Hyaluronic
acid displays a singular exothermic peak at 240°C because of its degradation.®® After crosslinking,
figure 6 (black solid) exhibits a peak at 114°C and 295°C peak from chitosan cannot be seen proving

evidence of the polymerisation between the two components.
Hydrogel A, B and C all showed one peak at 105, 138 and 146°C accordingly signifying that as the

amount of EDOT-S increases the thermal stability of the hydrogels will also increase. It is noticeable

that none of the hydrogels show a definite glass transition state.
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Figure 6. DSC thermograms of hydrogels: non-conductive (black solid), A (grey solid), B (black
dashed) and C (grey dashed).

Thermogravimetric analysis. TGA thermograms for the hydrogels are shown in Figure 7. From 50°C
to approximately 150°C all gels show major weight loss due to evaporation of water. The peaks at ca.
240°C corresponds to the mass loss upon degradation of the polymers.
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Figure 7. TGA thermograms of hydrogels: non-conductive (black solid), A (grey solid), B (black 52
dashed) and C (grey dashed).



X-ray diffraction. Hydrogels containing PEDOT showed the same XRD pattern and so, they are
represented with one curve. Figure 8 shows the XRD analysis of both the non-conductive hydrogels
and conductive hydrogels containing the PEDOT derivatives. The curve from non-conductive hydrogel
peaks at 260 = 27.9°. Both polysaccharides are semi-crystalline with characteristic peaks at 10.3, 15.9
and 20.1° for CS and at 28, 47 and 56° for HA.?"3! The broad peaks appear to show that the

polysaccharides are not well organised (i.e. non-crystalline) and they are amorphous in the hydrogel.
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Figure 8. XRD pattern of non-conductive hydrogel (black) and conductive hydrogel (grey).

Conclusions

In this research a method to produce self-crosslinking hydrogels was proposed. Different analytical
techniques (FTIR and NMR) were used to confirm successful gel formation between chitosan and
oxidised hyaluronic acid which resulted in gel formation. The thermal properties and XRD patterns of
the gels were investigated to characterise its thermal stability and degree of crystallinity. Further
development of these hydrogels is necessary and future experiments must focus on the generation of
robust gels and their electrochemical properties (i.e. its conductivity) for electrochemically triggered
drug delivery.
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Conclusions

Hydrogels were successfully synthesised by different two fundamentally different methods, potentially
enabling two different methods of application to a variety of clinically relevant paradigms.

Method 1) photochemical crosslinking of a polymer hydrogel matrix followed by oxidative
polymerisation of pyrrole yielding poly(ethylene glycol)-chitosan-based hydrogels with an
interpenetrating network of polypyrrole (there were partially degradable, as PPY is non-degradable).
This type of gels have potential for application as coatings for medical devices where a potential
difference could be applied to the coating to release a drug on demand.

Method 2) in-situ crosslinking hydrogels composed of a mixture of chitosan and oxidised hyaluronic
acid and water soluble amine displaying poly(3,4-ethylenedioxythiophene) derivatives (there were
partially degradable, as the molecular weight of the PEDOT derivatives were not straightforward to
characterise). This type of gels have potential to be injected in patient-specific tissue cavities, potentially
enabling the simultaneous delivery of drugs and cells to enhance tissue regeneration.

The materials produced by both methodologies were characterised using a variety of techniques readily
available at Lancaster University (including FTIR, NMR, XRD, UV-vis, TGA and DSC).

The use of electrically triggered drug delivery from systems produced by method 1 was demonstrated
in vitro , whereas the gels produced by method 2 were still in the process of optimisation for their
mechanical properties during the project. The data generated with gels produced by methods 1 and 2
have de-risked further investment of time and effort in the generation of families of hydrogels with
varying physicochemical properties (mechanics, mesh size, conductivity, etc.) for potential use in drug

delivery.

Future Work

Future work for method 1) generating fully biodegradable gels by using water soluble conducting
polymers with molecular weights below the renal filtration limit (70 kDa).

Future work for method 2) generating fully biodegradable gels by generating PEDOT derivatives that
are renally clearable (i.e. MW below 70 kDa).

Future work for both methods: screen molecular weights of drugs that can be delivered (e.g. low

molecular weight drugs, peptides, proteins, DNA, etc.).

We conclude that electroactive hydrogels have great potential for a variety of biomedical applications.
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