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Abstract

The application of stimuli-sensitive hydrogels in the fabricatad smart
devices has become increasingly popular with many research groupdastdes. In
addition to their ability to experience large reversible tramsstin their swelling
behaviour due to small physiological or environmental changeg,afe also often
highly biocompatible, versatile and possess a high storage tyafaci the
immobilisation of biomolecules. Several transduction methalswarently employed
for monitoring the swelling response of these materials, frequémthetare based on
optical and mechanical methods. Electrochemical transduction hasbe®st
investigated as thoroughly but would offer significant benefitderms of direct
coupling with microelectronics, reliability and the possibilifymass production of
low-cost disposable electrode devices amenable to miniaturisaftue. work
demonstrates that electrochemical impedance spectroscopy can beo usack t
hydrogel swelling in response to target analytes. Highly seasdetection was
achieved based on resistance changes of a pH-sensitive hydrogsiponse to
glucose. As it demonstrated good potential as a sensirigrplathe applicability of
this system for detecting other analytes which can elicit a phhgehand are
challenging in terms of limit of detection requirements was suwiesly investigated.
The hydrogel was modified to detgetD-glucuronidase, a marker compound for

E.coli.

Intelligent materials are also highly desirable for controlled dielyvery
applications. In comparison with traditional routes of dedgninistration (i.e. oral and
injection methods), on-demand drug delivery offers safer, more e#entadical
treatment by enabling site-specific administration with on-off g in real time.

Consequently, the synthesis and characterisation of a novel at#steohydrogel

XVii



composite and its potential application in electro-stimulatady dlelivery were

explored.

Finally, numerous strategies were investigated to improve thdirgyvedte to
overcome the slow response time associated with the hydrggiEins A new
fabrication route for superporous hydrogels was investigatedlaown for the first
time to be a viable synthesis method for hydrogel systelnishwnay be limited by
pH or templating restrictions. A dramatic reduction in respomse, trom hours to
seconds, was demonstrated. If coupled with impedimetric transducjud, highly
sensitive analyte detection could be achieved which would siffeificant benefits

and advance the application of hydrogels in smart devices.
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Chapter 1

Stimuli-Sensitive Hydrogels in Sensing

and Drug Delivery



1.1 Hydrogels: General introduction

Hydrogels were first introduced in 1960 in a seminal paper by téflehand
Lim as novel biomaterials for ophthalmology [1]. They are thieeedsional
polymeric networks capable of absorbing large amounts of water wiaistaining
structural stability. It has previously been stated that a hgtlican imbibe a water
content up to 99% of its dry weight, and swell greater thamigtin volume, without
dissolution [2]. Due to their high water content and uniquellswy properties,
hydrogels are soft, pliable materials which often exhibit exceb@tompatibility.
They possess many biological traits resembling natural liviegue both
compositionally and mechanically [3]. Throughout the fastdecades, application
of these impressive materials has rapidly expanded to areas incledsiggs drug

delivery, tissue engineering and regenerative medicine.

Upon immersion into an aqueous environment the polymer netwdl
imbibe water until it reaches a swollen equilibrium state, whetiedysmotic force
solvating the repeating units of the macromolecular chains rgesbalanced by the
elastic force of the cross-linked structure. The presence of chempaysical cross-
links in the network structure are essential in retaining the thneendional integrity
of the swollen polymer network. In chemically cross-linked bgets, cross-linking
agents are utilised to covalently bind the polymer chains. Omogeth these gels
possess permanent properties (shape, size etc.) and are no longée. solub
Alternatively, in physically cross-linked hydrogels polymer chaires held together
via non-covalent interactions such as hydrogen bonding, hyoloapimteractions, van
der Waals forces, chain entanglements and ionic interactions. @enslgghysically
cross-linked gels can undergo conformational changes and pssisgstreversibility

[4-6]. This means that these polymers can display liquidlat behaviour depending

2



on environmental conditions. For example, monomers contayiigphobic groups,
such as N-isopropylacrylamide (NIPAM), will aggregate above a cddaiperature
and dissolve below that temperature generating a phase tnarfiono a hydrogel to
a hydrosol (no cross-linking). These polymers are generallytaxoa and formed
under milder reaction conditions, favouring them when polysagadn is requireth

situ such as injectable hydrogel formulations used in biomedical capipls.

However, they are typically mechanically weaker than chemically cirdssdl gels

and external environmental changes may cause undesired networkiahisfzy®].

Several alternative classifications of hydrogels exist. These include
categorisation according to source: natural or synthetic; methqgorepfaration:
homopolymers, copolymers or interpenetrating polymers; ionic ehamn-ionic or
ionic (anionic, cationic or ampholytic); biodegradability: rAamndegradable or

biodegradable and physical properties: stimulus-sensitive ansitve [10, 11].

Synthesis of chemically cross-linked hydrogels is primardged upon the
reaction of hydrophilic monomers, initiators and crosslink€@mmon methods of
preparation involve copolymerisation or free radical polymerisatgimg monomers
such as polyethylene glycol, acrylic acid and methacrylic aagieous solutions,
such as water, are commonly used as diluents to comérakiat of polymerisation and
the final hydrogel properties [12]. The connecting of the maclecnlar chains
together to form a progressively larger branched polymer is refereeigelation and
the ‘gel point’ is the first appearance of this structure. Chofcemonomer, cross-
linker, ratio of monomer to cross-linker, reaction time and reactiopdeature are all
important factors in determining the overall properties of therdgel and are
therefore selected carefully to tailor gels for specialised applicati®}sRecently,

hybrid gel materials have been synthesised to confer uniqueerpesp

3



Functionalising the polymer backbone with complementayspcan be used to
generate self-assembling affinity hydrogels based on specific intaradietween
antibody-antigen, aptamer-substrate and peptide-peptide [ddif$6]. A highly
selective swelling response can be induced due to competiigmdiupon exposure
to unbound species. lonogels can be produced by generatinglyheep network in
the presence of an ionic liquid to alter the viscosity, ileres conductivity of the
resulting network [17]. Many other types of gels exist includinganogels [18],

xerogels [19] and aerogels [20].

The swelling behaviour of hydrogel systems is another impoféatdr in
hydrogel design. The amount of space in the network structatreah accommodate
water dictates the swelling capacity. As hydrophilic monomers anencmly utilised
in hydrogel synthesis water uptake occurs firstly at tloedphilic, polar groups. This
causes the network to swell, exposing hydrophobic siteseanlihp to hydrophobic
interactions. Furthermore, if ionic groups are present in thgmgo chains the
electroneutrality of the hydrogel system with its surroungmwigtion is disturbed and
osmosis is generated by the migration of counter ions ietgeh matrix to balance
the charge. This osmotic pressure results in additional sgeHinally, electrostatic
forces exerted by adjacent ionised groups generate significant expamsi the
network allowing for increased swelling. The swelling is ogpoby the elastic
retraction force of the chemical and physical cross-linking junstas depicted in Fig

1.1[13, 21, 22].



Swelling forces:
Polvmer dissolution.
electrostatic. osmotic

Elastic
forces

Coil conformation Crosslinks

Extended conformation

Figure 1.1. Swelling mechanism in hydrogels. Partiadigirawn from [13].

Considerable interest has emerged in the area of hydrogel-bagedietivery
systems [23-27]. Their three-dimensional structure allows ipimation of protein,
peptide and DNA-based drugs. Hydrogels can be injected aarthet site, creating
localised drug delivery while their viscoelastic nature minimisaeatje to the host.
After administration, the gel can polymerise situ, with the active reagent
incorporated, by environmental stimuli (temperature, pH, lagght). For example,
methylcellulose-based hydrogels are useith situ gelling systems as they aggregate
due to hydrophobic interactions between methyl groups bpating to physiological
temperature [28]. Shear-thinning hydrogels can also polymeriséu as they are
liquid under shear-stress but self-heal into hydrogels aftevvanof the stress after
injection [29]. Once implanted the hydrogel can swell odegrade and release the
drug. If cell microencapsulation techniques are utilised the actigpadrmponent will

be protected from triggering an immune response [10, 30].

The application of hydrogels in the area of tissue engineeringessve [10,

31-33]. Hydrogels are being investigated as both temporarpemdanent solutions



for tissue regeneration and restoration. These gels have a dtighoontent and their
permeability allows for the flux of nutrients and excreted meti@solThey possess
mechanical strength similar to that of natural tissue and tgréactors and other
bioactive reagents are often incorporated to aid the proliferation @thye=ells.
Tissue scaffolds are also being created using highly porous l®yslcmntaining living
cells or biodegradable hydrogels, including fibrin, collagaed chitosan [13, 21, 34,
35]. Biodegradable hydrogels can be designed to degrade skeihgby allowing
time for cells to migrate and generate new extracellular matrix, pnognatore

successful long-term regeneration [36].

Additional biomedical applications include use as soft adntenses [37],
wound dressings [38] and prevention of post-surgical s{28% due to their
biocompatibility, non-antigenic and non-thrombogenic properiiégy have been
used in arterial [40] and spinal cord repair to bridge thelgsween legions [41].
Applications outside the biomedical field are also being egplosuch as in the
hygiene industry in products like diapers and sanitary towd§ [Bhis requires
hydrogels with fast swelling capabilities and good stabiéis well as being low-cost
and safe materials. They are also used in the agricultural industityefaontrolled

release of pesticides and fertilisers [43].

In recent years, hydrogels have received considerable attentiomaa$ivagt
materials in sensing and diagnostic applications. They are frequengipoyed as a
passive support material for the immobilisation of biomateriaheirT3D matrix
increases analyte loading capacity versus 2D immobilisatidlstwproviding
protection and stability to the active part of the sensor.dd@msnponents may also
be coated with hydrogel to prevent undesirable interactions woteips, cells and

other biological molecules which are too large to penetrate tHd4jeRAlternatively,
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their specific properties including swelling, phase transitionsasdciated properties
are also exploited in sensing [45]. These types of hydrogelsemsfidd as stimuli-

sensitive or responsive hydrogels and are discussed in ddtesl mext section.

1.2 Stimuli-sensitive hydrogels in sensing applications

Stimuli-sensitive hydrogels have gained considerable interestlte past few
years. Also known as smart or intelligent hydrogels, these eyglsrience large
reversible transitions in their swelling behaviour due to seralironmental changes.
The hydrogel can be designed to respond to a wide variegherhical stimuli
including pH [46], temperature [47], light [48], specific ions [48]midity or solvents
[50], electric or magnetic fields [51, 52], chemical or biologagnts [53] etc. Some
hydrogels have multiple sensitivities [54-56]. This inducaaelling produces
conformational changes which alter many properties of the hydsgsgeim; including
network structure, permeability, refractive index, interfacial tensiahna@chanical
strength [57]. Therefore, stimuli-sensitive hydrogels can sansexternal signal,
assess it and induce a measureable structural change, thereby djsp&ysor,
processor and actuator functionalities. This behaviour is extyeatiehctive in the

development of intelligent, selective, low-cost sensing devices.

1.2.1 pH-sensitive hydrogels

pH-sensitive hydrogels are polyelectrolytes that contain weak acieiealk
basic pendant groups in their network structure. These acidi@sic groups can
accept or release protons, undergoing ionisation, in responsetorenental pH. As

previously stated, electrostatic repulsion between adjacent ionisadsgamd the



osmotic pressure generated by mobile counterions producescieaase in the
hydrodynamic volume of the network. The hydrogel can be dedigo undergo
reversible phase transitions in a desired pH range by selectionafisable moiety
with a pKa matching this range. In general, pH-sensitive hydsageinot be used as
universal pH sensors as they typically possess a woraimge of 2-3 pH units. Richter
et al have displayed sensitivity in the order of*10 10° pH units using a poly(vinyl
alcohol)-poly(acrylic acid) (PVA-PAA) hydrogel coated quartz crystahalestrating

that these hydrogels can be designed for specialised applic&ti)rio].

Acidic hydrogels, or anionic hydrogels, are unswollen at Iblap the acidic
groups are protonated and unionised. Swelling is initiatezhwine environmental pH
rises above the characteristic pKa of the acidic group and the gehégdonised by
deprotonation. Alternatively, basic hydrogels, or cationic rbgdls, exhibit the
opposite swelling trend. Swelling occurs when the environmehtdhlls below the
pKa of the cationic groups and the gel is ionised by paiton. Once the hydrogel
has reached maximum ionisation the network will stop smeelliAny additional
increase in pH will only increase the ionic strength, whichneduce osmotic pressure
and result in deswelling or compression of the gel [59]. Exangblasidic polymers
are poly(carboxylic acids), poly(acrylic acids) and poly(methacrylic acaig)
examples of basic polymers include poly(etheramines), polyédysand chitosan.
Amphiphilic hydrogels contain both acidic and basic groupslaeetfore display two

phase transitions as illustrated in Fig 1.2.



Volume of hydrogel

acidic oii value basic

Figure 1.2. Phase transition behaviour of polyelectrolytdrbgels: Acidic hydrogels

("D"), basic hydrogels'f:" ) and amphiphilic hydroge‘"‘\ . Adlapted from [59].

Recently, Suret al. [60] reported fabrication of pH gated core-shell hybrid
nanoparticles for glucose sensing and controlled insulin rel@dssy: utilised a
mesoporous silica nanoparticle, as the insulin carrier, coatdd avgH-sensitive
polymer shell containing 3-acrylamidophenylboronic acid (AAPBA$s+iinked with
NIPAM. In aqueous medium phenylboronic acid exists in ldgiuim between its
charged and uncharged forms. They determined that when envirtaipld was near
the pKa of the phenylboronic acid, stable phenylborate-glucosgplexes were
formed. These complexes were anionically charged and as the conoermfgtucose
was increased, the equilibrium was shifted towards a highdoewwoh charged forms,
thereby increasing the hydrophilicity of the gel. This resuhesivelling of the core
shell and subsequent insulin release. They observed 20%h irdaase at both pH

1.0 and pH 5.0, 33% at pH 6.3, 65% at pH 7.4 and fin@lfigo at pH 8.5. Release



rates were seen to increase when the cross-linking was removedtifeo shell

structure.

Herberet al [61] developed a carbon dioxide gas sensor based on thagwell
response of a cationic hydrogel. A thin hydrogel layer vaasgsulated on a pressure
sensor and generated pressure by swelling as the pH decreasedpgmmne to C&
Changes in the partial pressure ofa® small as 0.5 kPa were detected and the 90%

response time was achieved in less than 5 min.

Beebeet al. [62] designed a self-regulated valve system inside microfluidic
channels for separating solutions according to pH. As showg 1.3 below, the
device consisted of a ‘T’-shaped channel with different hydrogelsiqgpeed at the
entrances to the branches. One hydrogel swells at low pH atdas at high pH,
while the other hydrogel is designed to exhibit the inveesabiour. Solution flow is
then automatically directed down either branch dependingsgurHt Both channels
can also be sealed in a certain pH range. Therefore, these pH-sensitogels/dan

sense, actuate and regulate flow which often requires multiple discrap®cents.
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Figure 1.3 Graph of the fractional change in diamete} @f two different hydrogels

with pH and corresponding image of the pH-sensitive valstes. Taken from [62].

1.2.2 Temperature-sensitive hydrogels

Temperature-sensitive hydrogels are prepared from polymers with titg abi
to reversibly swell and contract, or undergo sol-gel transitionsiesponse to
environmental temperature. These hydrogels may be divided intolasses; those
that swell if the temperature falls below a critical point, a loweicatitsolution
temperature (LCST), and those that swell if the temperature rises atrticahpoint,
an upper critical solution temperature (UCST). Hydrogels exhip&ihCST, such as
those containing NIPAM and poly(vinyl methyl ether) (PVME) bibe water and
form hydrogen bonds with water molecules below the critical tempera@nce
environmental temperature rises above this point, hydrophdieiaations between

11



hydrophobic groups in solution and the polymer backbone btgidominate,
contracting the polymer network and expelling water. Hydrogdib#ing a UCST,
including PAA and poly(acrylamide) (PAAm), produce insolubieregen-bond
complexes which are disrupted at higher temperatures, allowing the geeéll [63-
65]. The critical transition temperature of these polymers can be alelesired by
adjusting the overall hydrophilicity of the system via dgpwerising with other

monomers [66].

Yanget al [67] immobilised fluorescent molecules in temperature-seasitiv
pPNIPAM-co-AA brushes for the detection of Cr(VI). As temperature imaseased
from 4 to 7®C the photoluminescence intensity of the brushes decreasey. Th
attributed this to non-consistent shrinking of the polymersiies enlarging the
distance between fluorescent molecules, thereby decreasing restriotiotize
intermolecular rotations. A linear and reversible response wasseldseom 4 to 68C

with a detection limit of 0.5 ppm.

A Cu?>* sensor based on a thermoresponsive pNIPAM microgel with
fluorescence reporter moieties was reported by éetial [68].The hydrogels were
labelled with a metal-chelate acceptor to selectively binét @inich resulted in
quenching of the fluorescence emission intensity. Applicatof elevated
temperatures collapsed the microgel and improved detection sensiowity-46 nM
at 20°C to ~8 nM at 48C. This was attributed to more efficient capture of*Gons
by decreasing the distance between metal-chelate acceptor moleculebamzingn
cooperative complexation effects. Also due to the spatial éssein the collapsed
network, the CtF complex could quench the fluorescence emission of nearby
fluorescing moieties. Many other examples of temperature-senbyamgels in

therapeutic applications are present in literature, including severat regeaws on

12



use of biodegradable block copolymers [69, 70], thermoresponsgivegals [71, 72]

and polysaccharide hydrogels [73].

Due to their physiological significance, pH- and temperatureibensi
hydrogels are the most commonly studied classes of stimuitisensydrogels.
However, as stated previously various alternative stimuli are eegblimyhydrogel
systems. A brief overview of the effect of these stimuli on hyelranetworks is

provided in Table 1.1 below.

Table 1.1 Overview of other stimuli and hydrogel respanseapted from [74].

Additional
Stimulus Hydrogel type Response
ydrogetyp P reference
Changes in ionic strength alter the
lonic strength lonic concentration of ions inside the gel ~ [75]
resulting in swelling/deswelling
. Electron- Electron-donating compounds cauge
Chemical . . .
. accepting charge transfer between active sites [76]
species . . .
groups changing the swelling behaviour
- Products of enzyme-substrate
Immobilised . .
Enzyme/ reactions or enzyme hydrolysis of
enzymes/ o [77, 78]
Substrate polymer network can initiate
substrates :
swelling
Embedded Applied magnetic fields can cauge e-
. : arrangement of embedded particles
Magnetic magnetic . . [79]
. which can change pore size and
particles . ; .
influence swelling behaviour
Applied electric fields alter the
Electrical Polyelectrolyte| charge balance and induce ion fluxes [80]
changing the swelling behaviour
Ultrasound irradiation breaks
Ultrasound PNIPAM-AA hydrogel bonds inducing swelling [81]
Unbound Crosslinking Swelling is induced by competitive
based on .
complementary binding upon exposure to unbound  [82]
: complementary .
species . species
pairs
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1.3 Transduction methods for hydrogel-based sensors

In cases where the hydrogel properties are being monitored aideaind
required to convert the non-electrical (e.g. swelling) signals intouredals optical or
electrical signals. They function by detecting changes in theeprep of the polymer
network, including cross-linking density, volume and tenstrength, or on the
mechanical work produced by the swelling mechanism [59]re@urapproaches

include optical, mechanical, microgravimetry and electrochemical methods.

Several research groups have nanostructured hydrogels to transduce thei
swelling mechanism based on the diffraction or interference of. Iighmerous
hydrogel sensors have been fabricated using hydrogel diffractiomggraby
monitoring the diffraction efficiency upon swelling [83-85]. Wai@l [86] designed
hydrogel diffraction gratings for the detection of human thrombig (E4). A
thrombin-binding aptamer and its complementary sequence were halisgal as
physical cross-linking points in the polymer backbone. Smghvas induced when
the binding was disrupted upon exposure to human thrgrttie@reby increasing the

trough depth and the diffraction efficiency of the grating.
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Figure 1.4 (a) Schematic illustration of the hydrogdirection grating swelling when

exposed to human thrombin and (b) increase in trough héeighken from [86].

Many diffraction-based hydrogel sensors are fabricated using eitheidabl!
crystal arrays/photonic crystals (PC) of hydrogel spheres or taplbig Bragg
gratings with embedded silver nanoparticles. Under white lightination, both
approaches produce a characteristic spectral peak with a wavelengthirceteogn
the crystal lattice spacing or the holographic fringes, accordiBgaggs law. Kang
et al. [87] designed a poly(hydroxyethylmethacrylate)-co-methyl methaerylat
p(HEMA-co-MMA) PC hydrogel which exhibited a strong reflectior2dtum based
on Braggs law. The reflectance peak was red-shifted to | 2r22pon swelling in
water. A pH-sensitive 1-D PC prepared by spincoating thin fdfriganium dioxide,
graphene oxide and poly(ethylene glycol) (PEG)-cross-linked podtfiyl vinyl
ether)-co-maleic acid) (PMVE-co-MA) was studied by ¥aal [88]. They observed
a shift in the photonic stopband from 468 nm to 490 nmsvaglling the hydrogel in
an alkali solution (unspecified) at pH 14. The stopband wassed back to 468 nm
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upon deswelling in a pH 7 solution. Volumetric change-@ PC hydrogels in
response to glucose [89] and lectin concanavalin A [90] havethgbeen studied by
monitoring changes in the Debye diffraction ring diameter due tamgesain
neighbouring particles spacing in the crystal array. Yetsah [91] developed a pH-
sensitive holographic p(HEMA-co-MMA) hydrogel which swells ogteprotonation
as the pH increases from pH 4-8. As seen in Fig 1.5, thiced swelling increases
the spacing of the silver nanoparticles and shifts the peagdevegth from 495 nm to
815 nm. Several other holographic hydrogel-based sensors besre reported

including for detection of glucose [92], humidity [93] and bactegralvth [94].
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Figure 1.5 (a) Diffraction spectra of a holographic hgdel swollen in phosphate
buffers of different pH values. Inset: Data expressed aoseasponse (n=3) and (b)
Photographs of the holographic hydrogels recorded umvdeaite light illumination

upon immersion into pH 4 to pH 6.25 phosphate buffeaken from [91].
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An interference-based optical sensor was developed by Ztazag[95] to
track glucose-induced swelling by using the hydrogel as a Fabriyd2eity. Incident
light was reflected at the air-gel and gel-substrate interfaces, creatingpiderence
pattern whose phase depends on the optical pathlength vhthihydrogel. They
calculated the optical pathlength from the reflection spectra showngii.6 and

determined that it increased linearly upon swelling in the poesehglucose.
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Figure 1.6 (a) Schematic illustration of the shiffHabry-Perot fringes in response to
analyte induced hydrogel swelling, (b) Reflectance spectra/di {AAM-AAPBA)

hydrogel film in various concentrations of glucose (mMX(d6 M pH 8.5 phosphate
buffer) and (c) Calculated optical path length as a fuorctf glucose concentration.

Taken from [95]
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Mechanical transduction exploits the hydrogel swelling respdo strain or
deform a mechanical transduction element and alter its propeftiestwo main
classes of mechanical signal transduction are microcantilevers esnaing plate
transducers. Pengt al [96] developed a microcantilever sensor modified with
chitosan/gelatin hydrogels for the detection of fluoride ionbeAding deflection of
the microcantilever was induced as the hydrogel swelled upoosese to fluoride
ions and was measured using an optical beam deflection méshdhlistrated in Fig
1.7, bending plate transducers utilise a piezoresistivangedsaphragm to detect
changes in the mechanical pressure applied to the sensonydiogel is typically
confined between a porous membrane, which allows analyte diffusiod a
piezoresistive diaphragm as pressure transducer. As the bl/dvegjls, the pressure
and voltage output increases [97-99]. Soreeml [100] spincoated a PAA/PVA
hydrogel on a commercially available pressure sensor chip to comeétnding plate
deflections into an output voltage. pH-sensitivity wasesbed as the output voltage
increased (20-160 mV) as the hydrogel swelled in NaOH (pH 1@ .vbltage then

decreased (160-20 mV) as the hydrogel deswelled when placed (pH ).

Sensor Input | Sensor Output
Hydrogel || Mechanical | Piezoresistive Wheatstone
Swelling Deformation | Respanse Bridge

4 Concentration A Pressure 4 5train A Resistance AVoltage

Figure 1.7 Schematic of piezoresistive signal transdactAnalyte induced hydrogel
swelling deforms the piezoresistive diaphragm produaipgezoresistive response. A
Wheatstone bridge is incorporated to change the mechlasignal into a voltage

output, which is analysed to determine the sensor respdiagen from [101]
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Hydrogels have been coated on quartz crystal microbalances (QCM) for
microgravimetric signal transduction. The QCM experiences a changarface
resonance frequency as the surface load changes upon swellingidgswédinget
al. [102] investigated the swelling response of an aptamer hydrogilefaletection
of avian influenza virus H5N1. The hydrogel network was geeétay cross-linking
ssDNA and an aptamer with specificity against the surface profethe virus.
Swelling was induced upon exposure to the target virusogs-tinks dissolved when
the aptamer preferentially bound with the virus. A decrease in resofi@guency
shift was detected as the hydrogel swelled upon exposure to.H%t&d values of
1.28, 0.64 and 0.128 HAU corresponded to a decrease inresofrequency of 90,
51 and 25 Hz respectively. A detection limit of 0.0128 HABsvachieved with the

optimised formulation.

Electrochemical transduction has many advantages includingatsilisf, the
impressive capabilities of electrochemical techniques, direct couphitd
microelectronics, facilitated quantitative control and ease of interfaathgntricate
systems. A conductimetric sensor has been developed by Shepphf{d03] based
upon conductivity measurements of a pH-sensitive hydrogelaAar interdigitated
electrode array was coated with a thin layer of cationic hydrogahwswells
(/deswells) in response to local pH changes producing an iecfleesrease) in ion
mobility partitioned by the gel. A change in resistanceptai45% per pH unit was
detected. Guan et al. [104] monitored the swelling mechanisngetd in a
microelectromechanical systems (MEMS) microfluidic platform withbedued
conductometric sensing and simple optical methods. As shofig 1.8, a ruler was
deposited on the bottom of the channel enabling optical rgadimd pairs of sensing

electrodes were patterned along the channel walls for measuringhdnge in
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conductance. An undisclosed hydrogel was utilised for ppbobncept testing of the
MEMS device. A 200% increase in surface area and 35% decreasetamgesigere

observed when fully swollen in water.
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Figure 1.8 (a) 3D Schematic of the MEMS device and (b) Conductanaeii optical
dependence on the swelling time of an unspecified Pl@ebased electroactive

hydrogel. Reproduced from [104].

Additionally, amperometric sensors have been fabricated whicloiexpe
hydrogel swelling. A redox polymer, poly(vinylimidazole) wascted with Os(4,4'-
dimethylbpy)2Cl (PVI-dmeOs) and electrodeposited on carbontumae® (CNTS) to
detect the activity of redox enzymes such as GOx and lactate oxidase[105].
The mobility of the polymer chains increases when swollesointion, thereby
increasing the rate of electron-transferring collisions between redox cantiebe
electronic conductivity of the gel. It was determined that the rbgdrogel enhanced
the detection sensitivity, as the redox centres of the enzwass connected or

“wired” through the redox centres of the polymer backbone to thE €éttrodes.
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Redox hydrogels have also been cross-linked with enzymes foeramegtric

detection of glycerol [106] and glucose [107].

Single frequency impedance (4 kHz) was used by Jutial [108] to
investigate the pH sensitivity of a p(HEMA)-PEG-tetraethylensglydiacrylate
(TEGDA) hydrogel coated on a micro-disc electrode array. They deterthaethe
hydrogel exhibited a repeatable response to step changes in 20% Alecrease in

real impedance was observed as the pH was increased from pH 6.1-8.8.

However, electrochemical transduction is employed much less frégtreart
optical and mechanical methods to transduce hydrogel swdltirgjectrochemical
sensing platforms, alternative properties of hydrogels are exploitegl coocnmonly
instead of their swelling response. Applications include use 23 biocompatible
matrix suitable for high loading of biomolecules [109], a @ctbn or particle
adhesive layer [110] and for interference suppression [111]. Inerastples in the
literature, hydrogels are used purely as an encapsulation méatilmomolecules to

ensure their proximity close to the electrode surface.

1.4 Electroconductive hydrogels for drug delivery

1.4.1 Drug delivery from hydrogels

Hydrogels have also generated extensive interest as drug delivegnsys
[112]. As stated previously, they display excellent biocorbpigy, hydrophilicity and
flexibility. Their versatility in design permits loading ofaade range of drugs. Drugs
as small as NSAIDS (non-steroidal anti-inflammatory drugs) and Désed drugs,

or as sizable as peptides and proteins have been immobilisgdl imatrices.
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Depending on the monomer selection, drugs with various chegooapositions,
degrees of hydrophobicity/hydrophilicity and associated chargd&e&amcorporated.
Muco- or bio-adhesiveness can be integrated to facilitate drug teygetd promote
adsorption in mucosal tissues (e.g. buccal, nasal, rectal and cavlses etc.) [113,
114]. Hydrogel ‘stealth’ characteristicsvivo have been observed through evasion of
triggering an immune response and decreasing phagocytic gctinsy prolonging

circulation time [115, 116].

Drug delivery from hydrogels can be classified according to tleelimiting
step of the release mechanism i.e. diffusion, swelling or chemicalyrolled.
Diffusion controlled release is the most common and is typioadidelled using Fick’s
laws of diffusion. Swelling controlled release arises when the rate edseelis
dependent on the hydrogel swelling rate and is heavily basibé polymer relaxation
time. Chemically controlled release occurs when drug release rigsuitseactions
occurring inside the hydrogel network, such as bond cleavagegradhtion of
polymer chains [117]. However, these release profiles are rathasiiteand rarely
mutually exclusive. Many different mathematical models and lasitions have been
developed for these release mechanisms over the last 30 years encdeseveral

times [117-122].

1.4.2 Controlled drug delivery from hydrogels

Traditional routes of drug administration, including @adl injection methods,
commonly supply a maximum dose of drug initially which dhpdecreases over time.
However, intelligent drug carriers capable of on-demand drugedglhave aroused
much interest in recent years. Controlled drug release would proviee sadre

efficient drug distribution by enabling site-specific drug daiw with on-off
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regulation in real time. Adverse side-effects would be dramatically rddunckpatient
compliance would increase. This precision could result imongxl medical treatment
of illnesses such as diabetes as well as personalised treatmentgplamdividual

patients.

Numerous studies have shown that stimuli-sensitive hgts@sn be used to
modulate drug release in response to physiological variatices lmn their swelling
response. These intelligent hydrogels are capable of an auto-feedbelkknism
whereby the drug is released only when needed and releaspended at normal
state [123-126]. Many pH- and temperature-sensitive drug deliveisnsy$fiave been
designed based on this principle. For examplegidl [127] showed pH-dependant
release of venlafaxine, a water-soluble anti-depressant, from a PVA{batredel.
Release was retarded at pH 1.2 but increased significantly updmgveglpH 7.4.
Similarly, a pNIPAM-co-vinyl terminated poly(dimethylsiloxane)-8& hydrogel
permitted release at pH 7.4 but suspended release at pH 1.4 fdelitexy of
indomethacin through the gastrointestinal tract [128]. Pattah Ralmer [129]
demonstrated fabrication of pNIPAM hydrogel nanoparticles entatpsy bovine
haemoglobin as novel oxygen carriers. These gels were designeelltarsen body
temperature is abnormally low (<88), helping to prevent hypoxia in conditions such
as hypothermia by increasing oxygen delivery. Thermo-sensiiggels are also
frequently used in the controlled release of antipyretics and dlatmimatory
therapeutics. These gels are designed to swell and release tieidaat) based on

small temperature changes in the body [130, 131].
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Figure 1.9 Temperature-stimulated release of diclofdnam a poly (NIPAM-cgs-
cyclodextrin) hydrogel into PBS at pH 7.4. Temperature wasdymtween 3 and

40°C. Taken from [131].

Recent advances in polymer chemistry and hydrogel desigiphaweted the
development of injectable hydrogels [123, 132-136] and biradiedple hydrogels
[137-139] for drug delivery. Injectable hydrogels are designednttengo sol-gel
transformations upon exposure to physiological conditiomsst frequently using
thermo-sensitive polymers which polymerise at body temperature. Gaeybe
administered in a minimally invasive manner, eliminating thenwaeaience, cost and
potential risks associated with surgery. Biodegradable hydr@geldesigned to
degrade in clinically relevant timescales and eliminate the need fitibadtsurgery
to recover the implant. These are both extremely attractiveutétsin a smart drug

delivery system.
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Several regulating systems for insulin delivery for diabetieptt have been
developed. These include pH-sensitive polymers, such as 2xygthgl
methacrylate-co-N,N-dimethylaminoethyl methacrylate, containimgmabilised
glucose oxidase which catalyses the conversion of glucose tungiacid, initiating
swelling and subsequent insulin release [140, 141]. Othgmeolsystems containing
phenylboronic acid groups have been utilised for their reversdmplex formation
with glucose, enabling on-off regulation [142, 143]. Thesstesys permit self-
regulated, site-specific drug delivery at a specific rate, circumetitie need for

multiple injections, specialised personnel and continuoustarony.

1.4.2.1 Electro-stimulated drug delivery

Various external stimuli have been employed recently tmteidrug release
from responsive materiala vivo. These include use of ultrasound, radiofrequency,
light, NIR and laser radiation, magnetic and electric fields [14%&).1Use of an
electric field as an applied stimulus has many advantages, inglugliability and
precise control of magnitude, duration and intervals of pulBbe application or
removal of an electrical field can trigger drug release similar to thatpelselease of
numerous endogenous chemicalsvivo including insulin, oestrogen and growth
hormones. Electric fields can be generated by applying an electoatorg patch to
the skin above the implanted gel. Electrodes are then connedtesl gatch and the
electric field is switched on. lontophoresis and electroporatioa haen utilised for

drug deliveryin vivo[146-148].

However, many hydrogels are inherently non-electroactive andreeting
addition of an electroconductive component. These electroconductigays

(ECHSs) can be prepared by producing the gel directly from comduyatilymers [149,
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150], incorporating inherently conducting polymers (ICPs) [152] br conductive
particles into the hydrogel network [153-155]. When compositegther, these
materials aim to integrate the unique properties of their condstues the
swellability, high water content, biocompatibility and Biatrix of hydrogels with the
electrical conductivity, electrochemical redox properties and switchau&ieal and
optical properties of the selected conductive materials. Thus,n#évs class of
advanced materials possess many technologically significant pespmt electro-

stimulated drug delivery.

In general, when synthesising ECHs, the hydrogel is the primanpawent
and the electroactive component is polymerised within it. Wewet is possible to
polymerise the hydrogel within an ICP. As illustratedimm E10, the ICP and hydrogel
monomers can be reacted with free radical initiators. The pre-polym#iosotan
subsequently be drop-coated onto electrodes or other substesteifito membranes
or spun as fibres, depending on the chosen application [156]edfrochemical
polymerisation is desired, the hydrogel is deposited ontoalinetr semi-conducting
electrode which is placed in an electrolyte solution contaiiad@P monomer and
a potential is applied, initiating polymerisation. Alternativelychemical
polymerisation can be utilised, whereby the hydrogel structinenmersed in a
monomer solution with an initialising oxidant. Enzynaesl other small molecules can
be immobilised within the ECH when dispersed in theeags solution via

electropolymerisation.
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Figure 1.10 Schematic representation of a polypyrroley]FIECH synthesis. Taken

from [156].

Application of an electrical stimulus can switch the oxidatioatestof
conducting polymers. Redox reactions involve polymer chamgmbpdischarging and
is accompanied by ion migration in and out of the bullmper. Cérdoba de Torresi
et al.[157] demonstrated electro-stimulated release of safranin as a modéiotinug
a polyaniline-PAAmM composite. The amount and rate of release of isafras
increased when an oxidising potential was applied (+ 0.6 V) amdwith a reducing
potential (-0.2 V). The drug can also be incorporated as a doyd@tule to maintain
charge neutrality on the ICP backbone. Niamlatgal. [158] doped a poly(p-
phenylene vinylene)-PAAmM hydrogel with aloin and exhibitisdrelease profile at
various electric field strengths (0-0.1 V). Accelerated release was obsesvibe
electric field strength increased due to the stronger reduction reacti®asing

polymer-drug electrostatic interactions, expanding the PPV chairedestcbporation
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of the matrix pore size. Cyclic potential stimulation can algmén controlled drug
release based upon reversible swelling/deswelling of the IGBuped by the
movement of ions and water in and out of the bulk polymédhwaet al [159]

utilised this process as a pump for the release of dexamethasonre Reynfilm and

detected linear correlation between the number of CV cycles and areteased.

Another commonly used release mechanism is electro-induced degvedllin
the hydrogel. The process of deswelling can generate forced conwebtnejects
or ‘squeezes’ the drug from the hydrogel matrix. éldial. [160] showed electro-
stimulated release of theophylline from a 2-acrylamido-2-methyl peogalfonic acid
(AMPS)-AA hydrogel based on hydrogel deswelling. Rapid releaa® abserved
upon application of a 1 V electric field, which retarded once & swmitched off.
Similarly, Liu et al. [161] observed accelerated release of Vitamin B12 from a

chitosan-montmorillonite hydrogel with applied potenfal) based on deswelling.

Alternatively, the opposite trend (i.e. electro-induced swelling)eiserally
required for the delivery of macromolecules. Sawaletal [162] demonstrated
pulsatile release of insulin from a weakly basic poly(dimethylamomyp)-
acrylamide hydrogel. Upon electrical stimulation the hydrogel sdetiermitting
insulin diffusion, however diffusion was inhibited when stienulus was removed and
the gel shrank. Insulin delivery has also been exhibited frgainogels designed to
erode upon electrical stimulation [146]. Kwen al [163] demonstrated pulsatile
release of approximately 70% of their insulin loading from a pdiy(exazoline)-

poly(methacrylic acid) hydrogel.
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1.5 Response times- a limitation of hydrogel systems

One of the principal limitations of hydrogel-based systemsds tlate of
response. Many hydrogels require hours or days for equilibriueflisgyin a new
environment. While a slow response may be desirable in someosigyatuch as long-
term drug delivery, many applications require rapid swelling. feagptonse times are
necessary in sensing and drug delivery applications when rapigeantion may be
required. Use of hydrogels as self-actuating pumps and valveBMSvinicrofluidic
devices also necessitates fast swelling for efficient flow corithgpfliene products
such as diapers and sanitary towels also require rapid swelliugckly imbibe large

volumes of fluid.

As stated previously, the swelling rate is primarily diffusicontrolled.
Consequently, reducing the diffusion path length througtlymtion of smaller or
thinner hydrogels is often the simplest method to achiesterfawelling rates. Many
literature sources refer to an early paper by Tanaka and Filmore \iltidh states
that the diffusion rate is inversely proportional to the sqohitee characteristic length
of the gel. However, this theory is not without some criticj$65]. Baldiet al [166]
showed that as they reduced the thickness of their phenylb@aidibased hydrogel
microvalve from 500 pum to 30 um the opening time reduced énean 4 h to 7 min
in their MEMS device. Bategt al [167] reduced the response time of their
piezoresistive pressure sensor from 20 h to 0.34 h by replgdrogel thickness from
400 pm to 50 um. Micro-spheres and nanogels exhibit faginesgimes due to their
three-dimensional size reduction [50, 168-170]. However, redubtimgize of the
hydrogel may not be desirable or practical for use as it can redulmathng capacity

of drugs, compromise mechanical strength of a hydrogel valve etc.
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An alternative approach to improving the response rate has beeraficepaf
comb-type polymers by grafting freely mobile chains onto tiygnper backbone. This
method has proven capable of increasing the rate of desweliangt &.[171] grafted
linear pNIPAM chains on their nanogels. They attributed their rsipichking to the
freely mobile ends of the grafted chains aggregating and leavingantected
microporous spaces for water to diffuse out of the gel. Zhangl [172] also
demonstrated rapid deswelling of comb-type grafted poly (NIPANSG-
dimethylamino ethyl methacrylate) hydrogels in response to termperabd pH
stimuli. The structure and deswelling of these gels are showkig 1.11. They
reported that once the grafted chains were dehydrated subsequenthbidrop

reactions between the chains would accelerate deswelling.
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Figure 1.11 Schematic and deswelling of normal- (PND-0®@) eomb-type grafted
(PND-50) p(NIPAM-co-DMAEMA) hydrogels. Deswelling is shawpH 11.0 buffer

(unspecified) at 42C (increased suddenly from4@®) Taken from [172].

Increasing the porosity of a hydrogel can achieve faster solutiakeupnd
expulsion. Fabrication of micro/macroporous hydrogel materialseacdomplished
by introducing a pore-forming agent [173] or using freeze-dry@udniques [174].
However, these hydrogels are still primarily diffusion depend&uperporous
hydrogels (SPHs) contain an interconnecting pore system andbsanb water by
capillary action through the open channels, exhibiting Bagmtly faster response
times than diffusion dependant systems. The pores are in theafab@@um to 1000

um and are often formed utilising gas blowing techniquesofmmon method of
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synthesis involves generating carbon dioxide bubbles by re&t#p@0s or NaHCQ
with acid to initiate foaming. Surfactants are generally incateoras foam stabilisers
to sustain the gas bubbles for longer periods of time andwagomogeneity in the

gel. [165]

SPHs are commonly used as gastric retention devices to extegdstnie
residence time of drugs. Haliet al. [175] developed a gastric retention device by
loading chromium picolinate into a SPH composite. Trardgel showed that gastric
retention persisted for 24 h durimgvivo studies in dogs. Kumat al [176] designed
AA-based hydrogels for gastric retention devices which swell8dim and released
almost 98% of the metformin loaded. Yaegal [177] prepared poly(acrylic acid)
SPH microparticles to prepare fast-melting ketoprofen tables. Theospheres
possessed a high swelling ratio (80 times dry weight) agidtegrated in 15 (x 2) s
under 63 MPa pressure. SPHs have also be used in the develgbrogmhedical
devices for treating aneurysms. They can swell at the aneurysamgitdot the blood
without compromising the parent artery [178]. Due to their faseatehsive swelling,
SPHs have been suggested in a variety of other applications mgchudil delivery of
insulin [179], diet aids [178], topical vaginal delivery (18bone tissue-engineering

[181] and delivery of growth factors [182].

1.6 Electroanalytical techniques

Central to this thesis is the fabrication and characterisationved hgdrogel
materials. Cyclic voltammetry and EIS were the primary electrochemical teeisniq
utilised to characterise and transduce hydrogel swelling. Andattion to these

techniques is provided in this section.
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1.6.1 Cyclic voltammetry

Cyclic voltammetry (CV) is a powerful and widely used electrochemical
technique for initial electrochemical studies of new systenfmrivation regarding the
thermodynamics of redox processes, kinetics of electron transfer reaetimh
adsorption processes can be acquired. Redox potentials of elecaepetdies can be
rapidly located and the interfacial properties of electrodes, andietbéiectrodes,
can be evaluated. It is a potentiodynamic measurement whichstsoonsilinearly
scanning the working electrode potential at a particular scartaa maximum set
potential and then reversing the scan in the opposite dirdctitire initial potential.
A schematic of a voltammogram for a reversible redox speciesssréted in Fig
1.12. The forward scan generates a peak in current as theearsalgduced (or
oxidised depending on the scan direction). The current increasds asltage
approaches the reduction potential of the analyte and then decramstwe
concentration of electroactive species in proximity with the eleetsadface depletes.
The product of the initial reduction or oxidation is thendmed or reduced,
respectively, upon reversing the scan direction. Theoreticalsasalythe wave shape
leads to the Randles-Sevcik equation which describes the effect abhseam peak

current;
ip=2.69 x 16n%2A DY2C v/ Equation 1.1

where j is the peak current, n is the number of electrons transferredhé etectrode
area (cr), D is the diffusion coefficient (chs?), C in the concentration of redox

active species in bulk solution (mol Smnandv is scan rate (V3.
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Current

Epa

Potential

Figure 1.12 Schematic of a cyclic voltammogram of a reversaaction. Eaand B
represent the anodic and cathodic peak potentials, respagtiaeld pa and ba

represent the anodic and cathodic peak current heights, rexgplgc

Reversible couples will display a ratio of the anodic peak cuarh cathodic
peak current that is near unity (1#ipc) and separation of peak maxima of 59 mVv/n.
However, in practice, many systems are not always ideally relediile to slower
kinetics and hence the peak ratio will decrease and the separagtmakahaxima will
increase. These systems are termed quasi-reversible. Completely irte\asibms

will display only one peak and no reverse peak will be ndt8d][

While CV is an excellent technique for investigating the meicha of
electrode reactions, it is used less frequently for quantitate@sarements as the

limits of detection achieved are typically not very low (=) [184]. This is due to
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the relative contributions of the Faradaic and non-Faradaic currentslgdaysdr
charging, redox-surface processes etc.). Thus, CV is generally notoussshsing

applications, but rather for characterisation purposes.

1.6.2 Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) is a highly sensitie an
efficient electrochemical technique for investigating a wide variety of aadmi
electrochemical and surface reactions. EIS involves measurement of irmgpedan
(complex resistance) (Z) over a wide range of frequencies, permitting dioquidia

broad range of information as the response of the system chaigéequency.

Similar to resistance, impedance is a measure of the ability fudt ¢0 resist

the flow of electrical current. Resistance is defined by Ohm'’s law vdtaths that;

R=VI Equation 1.2

where R is resistance (ohms), V is dc voltage (volts) and lisrduamperes).
However, this relationship is only valid for an ideal resistbich follows Ohms law
at all current and voltage levels, has a resistance independent oénftggand
possesses in phase AC current and voltage signals. Impedaacmare realistic

measurement for many systems as it is not limited by fregerties.

As depicted in Fig 1.13, impedance measurements consistlgingpa small
AC excitation potential to an electrochemical cell and recording therdiand phase
difference of the concomitant electrical current which develops acroskhét.

excitation voltage can be expressed as;

E: = B sin (ot) Equatio 1.
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where Eis the potentiaht time t (V), B is the potential amplitude (V¢ is radial

frequency (rad/s) and t is time (s). The sinusoidal current respg@ssa phase shift

(@) and different amplitude ¢). It is expressed as;

It = losin (@t + ®) Equation 1.4
where { is the current at time t (A)ols the current amplitude (A) anil is the phase

shift (rad). Consequently, analogous with Ohm’s Law, impedaiase then be

calculated as follows;

E Eo sin (wt) Eo sin (wt) _
Z=—= =7 Equation 1.5

I~ Ipsin(ot + @) 2 Iysin(wt + ®)

Potential
— Current
o
2
c —>
(@)]
o] .
= Time

Figure 1.13 Schematic of sinusoidal applied potential #ve current response as a

function of time. Band P represent the potential and current amplitude respectively,

and @ represents the phase shift.

Nyquist and Bode plots are the two most common metbbdssplaying the

generated data. The Nyquist plot shows the data as r¢alefgus imaginary (3,
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with every point providing the characteristics of the compieyedance per
frequency. However, the primary disadvantage with this plttasthe frequency is
not explicitly shown. In comparison, the Bode plot shadle phase and amplitude
over the frequency range analysed and allows small impedancegienkified in the

presence of larger impedances.

EIS is emerging as a powerful transduction method for biosensoriés of
detection as low as £0M have previously been achieved [185]. These biosensors can
be classified as Faradaic or non-Faradaic biosensors dependingredakaspecies
is incorporated. Non-Faradaic biosensors have been described as b&irmgmanable
to point-of-care applications as no additional reagent is req[iB]. The sensing
principle is often based upon resistance or capacitance changes afidgratement
in the system. Electrical equivalent circuits are designed for datay fiti extract
equivalent resistance and capacitance values for each system elEneset values
are then correlated with analyte concentration. It is importantitbatlements of the
model have a physical basis, as although additional circuit canpowill improve
the fit, they may not be realistic. Alternatively, the totap@dance at a particular
frequency can be exploited. In this instance, the frequencyleustlected carefully
as it can contain information about a combination of circuit efgsor be dictated

primarily by one element.
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1.7 Conclusion

As detailed above hydrogels are extremely versatile and unigedata They
display great potential for use in many fields, including isgnand drug delivery,
with applications varying from providing a simple inert protezttoating, to use as
an intelligent drug delivery system capable of sensing plogital changes and auto-
titrating a drug. Many research groups have developed noudrbogels for the
detection of clinically important analytes encompassing wide rlimaages, low
detection limits and high selectivity. Controlled drug releasebkas achieved with
systems displaying on-off regulation in real time. Applatiof hydrogel-based
electrochemical sensing platforms and electro-responsive drug deliverydiao be
fully explored. Further research is required into the reliabifipecificity, material
design and release kinetics of these materials before becoming comneraiaeé,

particularly forin vivoapplications.
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1.8 Thesis outline

The purpose of this work was to develop new stimuliigashydrogel
materials for sensing and controlled drug delivery applicatibhs.applicability of
EIS as a sensitive transduction method for hydrogel swellingsponse to an analyte
will be explored, in addition to various strategies tonowe the response time of these

materials.

Chapter 2 will report on the fabrication and optimisation oHaspnsitive
PEGDGE-Jeffamine® hydrogel for the detection of glucose. Hyrogpdified
carbon cloth electrodes will be utilised to investigate the faiggibf employing EIS
to measure changes in gel resistance upon swelling with ingegsircose
concentration. Sensitive detection was achieved with a limietfction of 0.0&M,
thus demonstrating EIS to be a viable transduction methaahdaitoring hydrogel

swelling.

The applicability of this system for detecting other analytestwban elicit a
pH change and are challenging in terms of limit of detectiguirements was
investigated in Chapter 3. Consequently, the pH-sensiyideobel was modified to
detect -D-glucuronidase, a marker compound tércoli. Similar low limits of
detection were achieved despite altering various aspects of the sysheding the

placement of the enzyme and use of elevated temperature.

Chapter 4 investigates the synthesis and characterisation obvel
electroactive hydrogel composite and its potential applicatiogldotro-stimulated
drug delivery. Incorporation of reduced graphene oxide attribugedonoperties and

enhanced the inherent characteristics of the PEGDGE-Jeffamine® balydystem.
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Through variation of the rGO content, electrode polarity and matmita wide
number of drug release profiles were observed, ranging from rellease of low

dosages to rapid release of high dosages.

To overcome the slow response time associated with the PEGEftaBihe®
hydrogel, and indeed many hydrogel systems, numerous strategieexplored to
improve the swelling rate in Chapter 5. These included reduofitrydrogel size,
templating with porogens and inducing macroporosity \gdak blowing methods. A
new fabrication route for superporous hydrogels was imastd, as well as its
implications on swelling rate when measured gravimetrically and immeddcally.
Conclusions and recommendations for future work arising from tiesis are

discussed in Chapter 6.

40



Chapter 2

Impedimetric Transduction of Swelling in

Glucose-Sensitive Hydrogels
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2.1 Introduction

Approximately 345 million people worldwide suffer with diabetesllitus, a
group of metabolic diseases resulting from insulin deficiency apergiycaemia.
This condition is associated with blood glucose levelsideatthe normal range of 80-
120 mg/dl (4.4-6.6 mM). Chronic hyperglycaemia can lead to dggmand failure
of the heart, kidneys, eyes and nerves. Stringent glycaemic cantietessary to
reduce the risk of these illnesses. This requires vigilant dadgitoring of blood
glucose concentration; rendering glucose the most commondyl tasalyte. Around
85% of the biosensor market is composed of glucose biasdi8]. Accordingly, a
substantial amount of research focuses on the development oferaflatically
accurate devices for diabetes management. However, despite the numeressive
advances in glucose sensing in the past 50 years, challefigesnstin regarding the

achievement of stable, accurate, sensitive glucose measurements.

Due to the associated discomfort, cost and inconvenience wibrikientional
finger prick method, recent research has focused on developingatyninvasive
and non-invasive technologies for collecting and measuringoggucThis would
improve compliance with monitoring glucose levels and manageoheidbetes and
its secondary complications (vision impairment, amputatemalrfailure etc.). While
blood is the most understood matrix for diagnostic measutsmether readily
accessible biological fluids are becoming attractive targets for ivasiire glucose
measurements. Recent research has shown that glucose can be meakwed in

concentrationg(M) in sweat [188, 189], interstitial fluid (ISF) [190, 191],isal[192,

193] and tears [194, 195].
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The application of hydrogels as a sensing platform for gkidwas gained
considerable interest in the past few years. As discussed in Chatbternigh water
content and biocompatibility of hydrogels provide a suitadslgironment for the
preservation of enzyme activity, whilst permitting diffusidnihe analyte or substrate.
Additionally, the 3D nature of the polymer network enables ha lnigding capacity of
enzyme molecules in close proximity with the electrode surface.high swelling
responsive and tunable nature of stimuli-sensitive gels isvasp attractive for
designing sensitive, selective biosensors with fast responsg @ombining this with
electrochemical transduction offers the possibility of mass-prastuct low-cost,

disposable electrode devices amenable to miniaturisation aedpehd application.

Three distinct classes of glucose-sensitive hydrogels pkisttylboronic acid-
containing, lectin-loaded and glucose-oxidase loaded hydroffe8s Many
researchers have exploited the high affinity of phenylboronic acabfoplexing with
glucose [196-198]. However, phenylboronic acid is often mositsento glucose in
alkaline conditions and can potentially be unstable at ploggeal pH. Several other
investigations have focussed on the complementary bindingeotia,lconcanavalin
A, to glucose [199-201]. Lectin systems can be limited byethehing of concanavalin

A however, leading to a progressive loss in activity andumotoxicity issues [202].

This work describes the fabrication and characterisation of a gluimsssnbor
based on the swelling response of a pH-responsive hydrogehy@hegel comprises
an aliphatic diamine cross-linked with polyethylene glycoglyatidyl ether
(PEGDGE) in a single simple polymerisation step, generaipglymeric network
with pendant basic groups. GOx was entrapped within theable gel network to
target glucose as a model analyte. The enzymatic catalysis of glucmhecqs

gluconic acid as follows:
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GO
Glucose + @+ H,O == Gluconic acid + KO, Equation 2.1

The protons produced by the partial dissociation of glucariit ianise the
pendant basic groups of the hydrogel network and generate chargé¢halqudymer
backbone. Electrostatic repulsion forces between adjacent ionised greate a large
swelling force altering the hydrodynamic volume and permeabditythe gel.
Additionally, gluconate anions migrate into the gel matrixotdance the charge,
producing additional osmotic pressure and increasing the sgvebipacity further. A
schematic representation of this process is displayed belowg ia.Ei In this work,
the swelling response of the glucose-sensitive hydrogel isetlaakd optimised for
the detection of glucose using weight-based swelling studabsequently, an
appropriate electrode material was selected for investigating the electrodhemica
response of the hydrogel upon exposure to glucose usingmrmktry of a bulk
solution redox probe and non-Faradaic EIS. The feasibility of i&i&@s a sensitive
transduction method for monitoring hydrogel swelling in resgoto an analyte was

explored.
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0 min > 400 min

Figure 2.1 (a) Schematic of the swelling mechanism: (ix@ea oxidase immobilised
within a polymer network, (ii) glucose diffusion and (fijoduction of gluconic
acid/network ionisation. (b) Photograph of the swelliagponse of glucose-sensitive

hydrogels in glucose (10 mM) over time (After equilibriumligvgein DI water

overnight).
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2.2 Experimental

2.2.1 Materials

Poly (ethylene glycol) diglycidyl ether (PEGDGE, average Mn)5g@kicose
oxidase fromAspergillus niger(GOx, 17,300 U/g), catalase froAspergillus niger
(480,947 Ulg) and potassium ferrocyanide (1) trinydratd RE(CN)] - 3H0) were
purchased from Sigma-Aldrich (Ireland). Jeffamine® EDR-148 polyethammas
obtained from Huntsman Corporation (US). D-glucose anhydsassobtained from
BDH Limited (UK). Untreated carbon cloth (44 x 48 yarns/inch/9&arbon) was
purchased from Fuel Cell Store (US) and phosphate buffer saliigd (RBets were
purchased from Applichem (Germany). All chemicals were usedrabgaed and all
agueous solutions were prepared using deionised (DI) water QL8rM@ 298 K).
The Ag/AgCI reference electrode and Pt gauze auxiliary electrode were gracha

from CH Instruments, Inc. (UK) and Sigma-Aldrich (Ireland) respegtivel

2.2.2 Instrumentation

All electrochemical protocols were performed on a CH potentiostat
(CHI660C), using cyclic voltammetry (CV) or AC impedance nsdéoltammetric
studies were conducted in a potassium ferricyanide solution (R2miClI (1 M). The
potential of the working electrode was cycled from -0.1 to/v6. Ag/AgCl at a scan

rate of 0.05 V3.

Electrochemical impedance spectroscopy (EIS) was performed in PBS (10
mM; pH 7.4) using the AC impedance mode of the CHI660C relgutmical
workstation. A perturbation signal of 10 mV was applied acagssequency range of

0.1 to 1 x 16 Hz. An external Ag/AgCI reference electrode and a platinum mesh
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auxiliary electrode were utilised. All spectra were recorded at 0 VovAgCl and

modelled using ZView software (version 3.3e, Scribner Associatgs, U

Scanning electron micrographs were obtained using a Hitachi ¥3400
scanning electron microscope at an accelerating voltage of 20 kVarAflles were

gold-sputtered for 90 s using a Quorum Technologies sputter¢@aoT).

2.2.3 Synthesis of glucose-sensitive hydrogel

The glucose-sensitive hydrogels were prepared by cross-lidkiifgmine®
EDR-148 polyetheramine and PEGDGE in DI water. The molar ratio a{idép to
amine was adjusted as summarised in Table 1. Unless othstatis@, a 1.0:1.0 molar
ratio of PEGDGE to Jeffamine® EDR-148 was utilised with 1A ®@Ox dissolved
in the epoxy-amine precursor solution. These precursoraoduiere inverted several
times until the enzymes were fully dissolved. Where stated, catalas also

incorporated at an enzyme ratio of 9.4 units catalase per unit GOx.

Table 2.1 Synthesis of PEGDGE-Jeffamine® (epoxy-amine) networks

Jeffamine®
Mole ratio of amine-epoxy PEGDGE DI HO
EDR-148
0.1129¢ 0.3344 g
1.2:1.0 0.5527 g
0.763 mmol 0.636 mmol
0.0982 g 0.3491g
1.0:1.0 0.5527 g
0.636 mmol 0.636 mmol
0.0849 g 0.3623g
1.0:1.2 0.5527 g
0.574 mmol 0.688 mmol
0.0706 g 0.37669
1.0:1.5 0.5527 g
0.477 mmol 0.716 mmol
0.0546 g 0.3882¢g
1.0:2.0 0.5527 g
0.369 mmol 0.738 mmol
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2.2.4 Gravimetric characterisation of the swelling response

The swelling behaviour of the hydrogel was determined gravimeyridathL
of the hydrogel precursor solution was poured into petriedisfp3 mm internal
diameter) and were placed in the refrigerat8€§dovernight to cure. Cylindrical gel
discs (11.6 mm diameter) were cut from the polymerised hydrogielarane using a
core sampler. Each disc was weighed{YW¥efore immersion into the desired aqueous
solution. At specific time intervals, the swollen discs were readdvom solution,
blotted dry with filter paper and weighed {4). The swelling ratio at various time

intervals was calculated using the following relationship:

Wwet_Wdry

Swelling ratio =
Wdry

Equation 2.2

2.2.5 Electrochemical optimisation of the swelling response

Carbon cloth strips (4 x 1 cm) were cut from a large sheet of carltbn ©fb-
the-shelf nail varnish was applied to the cloth to define thr&iwg electrode area (0.5
x 0.5 cm) and prevent solution from travelling up throughdibth via capillary action.
The carbon cloth electrodes were then dip-coated into a solotitime hydrogel
precursors to apply the hydrogel. When additional coatyarfolgel were required,
electrodes were allowed to polymerise for 2 h between dip-coatensore
polymerisation. Prior to all electrochemical experiments, hydrogeifird@lectrodes

were swollen in electrolyte solution for 24 h.

48



Connection to
potentiostat is

attached here lcm

Nail varnish

4 cm
Working area

0.5cm

<>
0.5cm

Figure 2.2.Schematic of the carbon cloth electrode.

2.2.6 Quantitative analysis of the swelling response

The glucose calibration curve using the gravimetric method vegpaprd with
gel discs containing 5% w/w GOx and catalase incorporated. Eactvassweighed
(Wary) before immersion into distilled water for 24 h. After 24 ac¢le disc was re-
weighed (Wet) to quantify the swelling ratio due to water uptake using Boua.2
before immersion into a stirred glucose solution. After 10Q thaswollen discs were
removed from solution, blotted dry and weighedwf)V The swelling ratio due to
glucose at 100 min was calculated using Equati@n The overall swelling response

of the gel discs was calculated as follows;

Swelling response =

Swelling ratiogiucose @ 100 mir- Swelling ratiQuater uptake Equation 2.3
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2.3 Results & Discussion

2.3.1 Gravimetric characterisation of the glucose-sensitive hydrogels

Polyfunctional amines are commonly utilised as curatives foryepasins. As
displayed in Fig 2.3an addition reaction occurs between the primary amines of the
Jeffamine® EDR-148 and the epoxide groups of the PEGDGE,@ragla secondary
amine and hydroxyl group (a). Depending on the stoichionwdtiie reaction, the
secondary amine can react further with another epoxide groupintprntertiary
amine and a second hydroxyl group (b). If the temperatureffisisatly high, the
system will change from a liquid to a three-dimensional thesinssucture. It is
noteworthy that due to steric hindrance, the secondary amines airedesive than
the primary amines. Thus, the majority of the remaining amideolggns will exist as

secondary amines in the final network.

A/O\/\
O/W - N/\/ov\o /\/NH2 .

PEGDGE Jeffamin® EDR-148

PEGDGE- JeffamirféHydrogel

Figure 2.3 (a) Hydrogel formation chemistry.
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PEGDGE + PEGDGE- Jeffamihélydrogel ——»

O
A/O\/\O/Y\N/\/O\/\O/\/NHZ
OH OH

Figure 2.3 (b) PEGDGE-Jeffamine® reaction schematic wittess PEGDGE.

The choice of amine will affect many properties of the polymerisedonketw
including reactivity, viscosity, mechanical strength and temperaésistance. For
example, aliphatic amines possess higher reactivity and temmgerasistance than
aromatic amines but aromatic amines can achieve superior mechanicathstreng
Yoshioka and Calvert [203] have previously prepared a series ofdeldroased on
the reaction of water-soluble polyamines with aqueous sotutdrethyleneglycol
diglycidyl ether. They demonstrated that the gels producedragstreelling response
in acidic solutions which could be tuned based upormrrdtie of amine to epoxy, as
well as displaying good mechanical strength. This resasdtaonfirmed by Teodorescu
et al [204, 205] using aliphatic primary diamines and diepoxy-teated PEG gels.
Additionally, they determined that the swelling response cdaadenhanced by
increasing the molecular weight of PEG (from 600-4000 Da) and shiorter amines

as the hydrophilicity of the gel is increased. In this work Jeffa EDR-148 is
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utilised as an epoxy curative. Jeffamine® EDR-148 is a watabieolaliphatic
diamine that cures at room temperature. It possesses 4 amine hydtogen

potentially available for cross-linking.

The aliphatic diamine was successfully cross-linked with PEEDG single
simple polymerisation step, generating a polymeric network \etislgnt basic groups
containing entrapped GOx. The degree of swelling is related clésellge 3-D
network structure of the hydrogel. In an acidic environmemt,gehis generated along
the amine-epoxy polymer backbone due to electrostatic repulsiondretineamines
of the Jeffamine®, leading to an increase in the hydrodynamhiene of the polymer.
A series of gels were prepared in which the molar ratio of JeffamitfteGDGE
(amine:epoxide) was adjusted as summarised in Table 2.1. Btierrship between
the amine:epoxide molar ratio and the swelling behavioureohttdrogel in glucose
(10 mM) was investigated gravimetrically (Fig 2.4). It is evidiwt the 1.2:1.0
Jeffamine®:PEGDGE network produced the greatest swelling mesparhis is
attributed to the high amount of hydrophilic amines availakiedioisation and the
low cross-linking density achieved. The swelling response e&st® decrease as the
degree of cross-linking increased. The polymer network prepared stafthiometric
ratio of reactants (1:1) aimed to produce a model network-typetste. A model
network is homogeneous and exhibits a known, constant dmadty of branch
points. Ideally, every polymer chain is connected at each end to diffeegrch points
and the cross-linking density is therefore consistent througB66i. However, real
polymer networks tend to deviate from the ideal due to imperfexctiosing from pre-
existing order, inhomogeneities or network defects. Networks fbmuwith an even
higher epoxy content, such as 1.0:1.5 Jeffamine®:PEGDGE &1d2.0

Jeffamine®:PEGDGE, yielded very poor swelling responses. bhalsaviour is
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attributed to the high cross-linking density and poor saton. As the network
structure becomes tighter, ionisation is impaired by electrostatic #&etrted by
adjacent ionised amines. Furthermore, excess epoxy groups cam teadormation
of defects in the network structure in the form of meshesinabntanglements and

grafts [207] which could possibly restrict the swelling response.

25
@ 1.2:1.0 Jeffamine®:PEGDGE
A 1.0:1.0 Jeffamine®:PEGDGE
B 1.0:1.2 Jeffamine®:PEGDGE
20 & 1.0:1.5 Jeffamine®:PEGDGE
0 1.0:2.0 Jeffamine®:PEGDGE
o s ¢ ¥ ¢
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Figure 2.4 Swelling behaviour of glucose-sensitive hydsogetpared with different

Jeffamine®:PEGDGE ratios in glucose (10 mM).

Although the 1.2:1.0 Jeffamine®:PEGDGE hydrogels generawdhitihest
swelling ratio which would likely produce the highest respansa hydrogel-based
biosensor, elevated temperatures were required to complete polyrogrisati
Consequently, all hydrogels were prepared using 1.0:1l& matio to avoid heating

as this could potentially denature incorporated enzymes.
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The ratio of amine to epoxy also affected the elasticity of the sySthm
elastic modulus of gels and swollen rubbers is highly depe¢maethe cross-linking
density and ratio of polymer to swelling medium, among ogfagameters. The 1.1
Jeffamine®:PEGDGE hydrogels displayed high flexibilitys Ahe cross-linking
density of the hydrogels increased from 1:1 Jeffamine®:PEGDGE1:2
Jeffamine®:PEGDGE, it was observed that the elastic modutwsased and the
system became more rigid, this may be a desirable attritegending on the
application of the system. However, as the aim of this woro idetermine the
suitability of the system for a sensor application basedsoswelling response, this

did not necessitate further investigation.

The influence of several other factors on swelling response were also
investigated including the effect of solution stirring, GOx logdand the addition of
catalase. Optimum enzyme kinetics are paramount for achieving goodsedpnes
in enzyme-based biosensors. Fig 8Mows the effect of solution stirring on the
swelling behaviour of glucose-sensitive hydrogels. Stirrasgexpected, can be seen
to dramatically accelerate the enzyme kinetics. After 100 min, theirsgvedisponse
has risen 35% in the stirred solutions compared with the unssoletions. This
increases further to 187% after 500 min. It is evident that withtiing, GOX
activity is diffusion limited. Thus, the system relies ugmamass transport of glucose
molecules and water to the gel surface by natural diffusion govésné&eck’s first
law. Additionally, an external diffusion layer (Nernst diffusilayer) can be present
at the surface in which concentration polarisation occurs, wherebyltlims at the
membrane surface becomes depleted in the permeating solute and einrittied
solute on the permeate side. The mechanical agitation producesdorsexttion in

the surrounding solution. This reduces the thicknesseofliffusion layer which is
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known to be dependent on the nature and stirring speee sdlition, with more rapid

stirring corresponding to a thinner diffusion layer [202]. €aquently, the collision

frequency of GOx with substrate molecules is increased, therebyvmg the

hydrogel response time.
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Figure 2.5 Swelling behaviour of glucose-sensitive hydsogith and without stirring

in glucose (10 mM). (n=3)

Enzyme loading was investigated by preparing GOx-modifieddygds in

which the GOx loading was varied from 0.1% to 5% total enzy»@x and catalase).

The ratio of catalase:GOx content was held constant, to optihesGOx loading. The

swelling response to glucose (10 mM) is displayed in F6g Qubstrates and product

can diffuse in and out of the gel network whilst enzymeschvare immobilised via

matrix entrapment are retained due to their large size. Addityomaal the isoelectric
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point of GOx is 4.2 [208] the surface of the enzyme was nagitharged when the
hydrogel in swollen in DI water or in PBS and thus, the enayiag also be retained
by ionic interactions with the cationic polymer network. It vwhserved that as the
enzyme loading was increased from 0.1% to 5%, the swellingnssgo glucose

substrate increased. After 100 min the swelling ratio increasednogaB-fold, from

5(£0.118) to 14 (x 0.637). This is due to each GOlemde functioning as a reaction
site for the catalysed oxidation of glucose into gluconic ddidrefore, a higher GOx
content leads to a greater production of gluconic acid, increasmsgption of the

polymeric network and hence the swelling capacity. A similaabelr has been
reported previously whereby GOXx activity increased in pHEMArbgel membranes

upon increasing the GOx loading up to 15-20 mg per gram 2@l 207].
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Figure 2.6 Swelling behaviour of glucose-sensitive hydsogehtaining 0.1%, 1%
and 5% total enzyme loading (GOx and catalase) in stgtedose solutions (10 mM).
(n=3)

56



Finally, the swelling behaviour of glucose-sensitive bgéis with and
without entrapped catalase was studied. Two inherent limisabbrglucose-based
sensors can be at least partially overcome by the inclusion of cat@aggen
availability is one of these limitations because of the lowlshity of oxygen in
agueous-based solutions. As seen in Equation 2.1, olgeamoxygen is required to
react with one mole of glucose in the enzymatic catalysis of gluéasktionally,
hydrogen peroxide production during the catalysis is knownhibit the activity of
GOx [208]. Catalase can catalyse hydrogen peroxide and produce @oapeding

to Equation 2.4:

Catalase 1

H,0, —— 502 + H,0 Equation 2.4

According to this equation, catalase produces half a mole ajeoxyeducing the
oxygen limitation of the GOx enzymatic reaction and the hydrogemoxme
inhibition. This enhancement is necessary for long-ternogkienonitoring. As such,
the incorporation of catalase into this system was studiedaA$e seen in Fig 2.7,
greater swelling responses are achieved for the hydrogels that datalase
incorporated. This differentiation in the swelling responsesines apparent after 160
min. It is likely that at this time the oxygen supplybisginning to deplete and the
concentration of hydrogen peroxide is increasing in the gelsouti catalase,
inhibiting glucose catalysis and hence restricting the swellimpree. After 525 min
in glucose, hydrogels without catalase produced a swellilmgafal5 (+ 2.12) whereas
gels with catalase resulted in a response of 23 (x 2.75)nh@ease of 65%.
Additionally, after 525 min of swelling, gels with immabgd catalase are continuing

to swell while those without are reaching steady-state. This pomds with the
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increased oxygen supply and improved glucose oxidase stdlyilitige removal of

hydrogen peroxide via the catalase reaction.
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Figure 2.7 Swelling behaviour of glucose-sensitive bgdis with and without

catalase present in stirred glucose (10 mM). (n=3)

2.3.2 Electrochemical optimisation of the glucose-sensitive hydrogels

In this section, it was investigated whether the swelling respof the gels
could be converted into measurable electrical signals using non-Fak&aas a
transduction method. Tracking the swelling response of hydrbgslsoutinely been
done via optical or piezo-electric measurements [45]. However, little redess tieen
done to date on using an electrochemical or electrical transduction methagdk

hydrogel swelling in response to a particular analyte for a sapgtication. Volume
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changes of the polymer network produced by the swelling amesim upon exposure

to glucose were detected and monitored using cyclic voltammaethElS.

Carbon cloth was selected as a suitable electrode material foigatiest the
swelling response of the hydrogel due to its high porosity feexibility. These
characteristics provide extra support to the swollen hydrogelciregithe risk of
delamination from the electrode surface, without restricting thelisgeksponse.
With a carbon content of 99%, the fabric also has the electrochemigedripes of
other carbon-based electrodes i.e. high electric conductivity, gasegigtity,

corrosion resistance and high tensile strength [209].

Fig 2.8 depicts SEM images of (a-b) bare carbon cloth, (c-d)tbtbgdrogel,
(e-f) 2 coats of hydrogel and (g-h) 5 coats of hydrogel appleedip-coating into a
hydrogel pre-cursor solution. As the electrode material is poroydrodel
polymerisation occurs three-dimensionally with the hydrogel patieg the cloth
fibres instead of only coating the surface. The numerous indivithnat are evident
in images (a) and (b) showing a high surface area. This is adeantain an electrode
material as it can produce high responses due to the increased surfacé area o
electroactive material. Images (c) and (d) show that 1 coating of geffisient to
coat all the fibres of the cloth. As the loading of gel was inedta$e topography
became smoother and, after 5 coats, the individual carbon fibres wierggrovisible

(Fig 2.8, e,f).
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Figure 2.8 SEM images of carbon cloth dip-coated in bgdt. The right-hand column
contains the low magnification (100 X) images (500 prtedzars) and the left-hand
column contains the high magnification (1000 X) imag@sp® scale bars) (a)-(b)
bare carbon cloth electrode, (c)-(d) 1 coat of gel, (e)-(f) 2 coageband (g)-(h) 5

coats of gel.
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The voltammetric performance of the hydrogel modified carborh chais
explored using the ferri/ferrocyanide redox couple. CVs of the redgleat the bare
carbon cloth and with a number of hydrogel coatings were recorig@.@. The
thickness of the hydrogel layer had a profound effect on the volédine properties
of the carbon cloth. The peak potential separatMiip] increased and the anodicyi
and cathodic fic) peak currents decreased, as increasing numbers of coats of hydrogel
precursors were applied. 5 coats of hydrogel completely inhithieaictdox probe from
accessing the electrode surface over the timescale of the experilmsritefaviour
was attributed to the very thick hydrogel film (Fig 2.8)gvhich impeded the diffusion
of the redox probe to the electrode surface. The electrode witlyla swat of gel
demonstrated a linear dependence on the square root of scai##té<0.9928, Fig

A-1.1), suggesting a diffusion controlled process was occutmogigh the hydrogel.
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Figure 2.9 Cyclic voltammograms of different hydrogel lngd on carbon cloth

electrodes in potassium ferrocyanide (2 mM) in KCI (1 M).
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2.3.3 Tracking hydrogel swelling in response to glucose via redox voltametry

Cyclic voltammetry was employed to investigate the electrochemigainss
of the glucose-sensitive hydrogel upon exposure to glucoseatlof hydrogel (5 %
GOx) was applied to carbon cloth electrodes. Each electrode veagedllreach
equilibrium swelling in glucose, within the known physmical range, before
measurements were recorded. In order to study the voltammefiocnpance of the
system, electrodes were removed from glucose and placed in btdksjpm
ferrocyanide solutions (2 mM). Fig 2.@isplays the response of the ferri/ferrocyanide
redox couple through the swollen gels. It was evident ¢éxpbsing the glucose-
sensitive hydrogel to glucose had a very significant influencehendiffusion
properties of the hydrogel. The bulk solutior?*fee’* reversibility improved with
increasing glucose concentration. For example, the redox coanseagyEp value of
298 mV after immersion in 10 mM glucose, compared to 512amy/403 mV for 1
mM and 2 mM glucose, respectively. Thevialues also increased with glucose
concentration. This behaviour was attributed to the ionisatidhe hydrogel matrix
by the catalysis of glucose to gluconic acid via Equation ZXktéted previously, the
swelling force generated is proportional to glucose concentratisapparent that
this swelling force alters the hydrodynamic volume and perrityabi the gel,

resulting in lower electric resistance and enhanced charge transferipsopert
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Figure 2.10 Cyclic voltammograms of GOx hydrogel after supoto glucose in
ferri/ferrocyanide (2 mM) in KCI (1 M). Inset figure repesss the relationship

betweem\Ep and glucose concentration.

2.3.4 Tracking hydrogel swelling in response to glucose via EIS

Non-Faradaic EIS was employed as an alternate means to track hydrogel
swelling. Fig 2.11 represents typical Nyquist (-Z” vs. Z’) tpldor the hydrogel
modified carbon cloth electrodes with a single coat of gelieghplThe Nyquist
impedance spectra show the relationship between the real and imaginggnents
of complex impedance of the hydrogel in response to glucdseed swelling. The
spectra are dominated by the presence of capacitive lines. Theyismraphigh
frequency intercept on the real Z' axis and the beginning of a@eerniar arc across

the high to low frequency range. The high frequency inteliseq@presentative of a
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combination of electrolyte ionic resistance and the resistance of thectotd the
potentiostat. The semi-circular arc, which becomes more visible indtteasing
glucose concentration, corresponds primarily to changes initapzeand resistance

at the electrode interface. It is evident that swelling of therdgel alters the
capacitance and diffusional properties of the gel network. Theinarggpart of the
impedance (-Z") decreases with increasing concentrations of glsoggesting an
increase in capacitance and decrease in gel resistance. This decreaseisn -Z”
attributed to the transition of the hydrogel network from a corsprestate to an
expanded state via ionisation of the polymer backbone and inciessetic pressure.
Thus, hydrogel porosity increases and the diffusion rate thrtheglgel network is

accelerated.
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Figure 2.11 Nyquist plot of GOx-modified hydrogels afsevelling in various

concentrations of glucose for 24 h (in 10 mM PBS).
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Fig 2.12 shows combined Bode plots of the modulus péthance (Z) and the

phase curved) of the glucose-sensitive hydrogels as a function of theiémscy range

scanned. They can be divided into frequency regions indicativbeoflominant

kinetics within that domain. The horizontal domain at high dexgies (>0.4 kHz)

with low phase shows resistive behaviour, while the mid-freqjueiomain (100 Hz

to 0 Hz) shows the capacitive behaviour of the hydrogekifiatm of line with a slope

of -1, with a phase of -80 degrees and finally, the low frequdoain (<0 Hz) where

the capacitive behaviour persists. Z is seen to decrease wittasmg glucose

concentration across the frequency region, resulting again frommdrezase in the

porosity of the hydrogel via ionisation-induced swellin
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Figure 2.12 Bode plots showing impedance of GOx hytsader swelling in various

concentrations of glucose for 24 h (in 10 mM PBS).
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2.3.5 Quantitative glucose analysis

The swelling response of the optimised hydrogel in glue@sequantitatively
tracked using both gravimetry and EIS. Utilising gravimetrg,9Welling response of
glucose-sensitive hydrogel discs was linear in the rangeQ oM glucose (18-360
mg/dL) with a correlation coefficient of 0.9946 and detectiontlpf 0.33 mM (Fig
2.13). This detection limit was calculated based on the s\gakisponse of hydrogel
discs in DI water. This response was equated to 0.33 mMg tierequation of the line
generated by the calibration curve with three times the standaratidevadded.
Hydrogels without GOx incorporated were also swollen in glaqd0 mM) to verify
that glucose alone was not altering the swelling response. Hldnogthe presence
of glucose produced a swelling profile equivalent to hydrogelsllew in water

indicating that glucose was not interacting with the polymexvork (Fig A-1.2).
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Figure 2.13 Gravimetric calibration curve of glucose-séwsihydrogel discs after

swelling for 100 min in glucose (1-20 mM). (n=3)

A second calibration curve was prepared based on the impedimedri&tat
can distinguish the individual contributions of each circoithponent by modelling
the data using an electrical equivalent circuit representative of #tensyunder
investigation. The circuit displayed in Fig 2.14 (a) produdeel best fit to the
experimental data. It is a simple circuit that can be divided yugsbindividual
elements. It comprises the solution resistance (Rs) ess&iih a parallel combination
of a constant phase element (CPE1) and the intrinsic resistance adrtion cloth
substrate (Rcc), connected in series to a CPE (CPE2) and resistancdr{Ryéhe
hydrogel coating. CPEs were utilised in lieu of pure capadiarempensate for non-
homogeneity in the system. They are sometimes referred to as ‘leaky’toepand

are a realistic model for rough, porous materials such as thes@ [A10An example
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of the fit obtained for these gels in present in Fig A-118-gquared ) values with
magnitude of 16/10° were observed for all samples which indicated good agreement
between the experimental data and the model data obtained from itredeggcircuit.

A linear decrease in gel resistance (Rgel) corresponding to the swelpgnse was
detected in the range 1 to 100 uM with a correlation coefficient3%80. and a
detection limit of 0.08 uM (Fig 2.14 (b)). The limit of detectiwas calculated based
on the swelling response of GOx-modified hydrogels in PBSY(4). The average
Rgel value of the hydrogel modified carbon cloth electrodes & &dgiated to 0.08
MM using the equation of the line generated by the calibratior euitia three times
the standard deviation added. A negative slope in the senpiagof glucose
concentration versus Rgel indicated first-order reaction kineticswlHssinsurprising
as the reaction of glucose and glucose oxidase has been reportedspreuwitallow

Michaelis-Menten kinetics (Km = 33 mM) [212].
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Figure 2.14 (a) Electrical equivalent circuit used for glueaensitive hydrogel
modified carbon cloth electrodes and (b) EIS calibration curf/&sOx-modified
hydrogels in glucose using the resistance values obtainedtfre ‘Rgel’ component

of the electrical equivalent circuit (in 10 mM PBS).

In comparison with the gravimetric method, the linear range ltasased by
three orders of magnitude and the limit of detection by six oafersagnitude using
EIS. This substantial increase in sensitivity, coupled tiéhtextile-based electrode

substrate approach introduces the possibility of measunuapgg concentration via
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the skin in sweat or ISF - a much less invasive approach tosglunonitoring than
blood measurements. Indeed, electrochemical transduction wouldsiggricant
advantages given its reliability, simplicity and facile coogliwith low-cost
microelectronics. The choice of a conducting textile opens ugdisibility of a
wearable glucose sensor, whereas gravimetric measurements are noalpi@ct
biosensing, particularly in the area of wearable sensors. Asxgshdvable 2 the linear
range and limit of detection of this work compare favourably witlerokow glucose

concentration biosensors targeting skin analysis.

Table 2.2. Linear range and limit of detection compamisvith other low glucose

concentration biosensors for skin analysis.

Linear Limit of

Sensor Principle Range | Detection

Temporary tattoo-based system
which uses reverse iontophoresi€-100 uM 3 uM

GOx-Prussian Blue

amperometric
biosensor [213] to extract ISF
GOx-Carbon 3-electrode transducer which
nanotubes

uses reverse iontophoresis to 3-15 mM *3 mM

amperometric extract ISF

biosensor [214]

GOx-Ferrocene 3-electrode transducer which

amperometric uses reverse iontophoresis to 3-15 mM *3 mM
biosensor [215] extract ISF
Fluorophore- Fluorescence intensity decreases
labelled glucose with increasing glucose i
binding protein concentration (Unspecified 0-5uM 0.08 UM
[216] biological matrix)
This work Hydrogel swelling in PBS 1-100 uM  0.08 uM

*In absence of limit of detection lowest standard concentratigives.
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2.4 Conclusion

This study demonstrates a rapid, facile, single step methddefdabrication
of a glucose-sensitive hydrogel. The 3D nature of the polymeonietllowed a high
enzyme loading in a biocompatible environment. Initial charactensaif the
swelling response using weight-based swelling studies detdntivat the response
could be tailored by variation of the cross-linking densitythaf network and the
enzyme loading. Additionally, the thickness of the hydrogelting on the carbon
cloth had a great impact on its voltammetric properties and seggastiffusion
controlled process was occurring through the hydrogel. EIS measuseshewed a

decrease in impedance with increasing glucose concentration.

Both gravimetry and EIS were used as quantitative approaches torentres
swelling effect of glucose on these gels. Direct gravimetric measuregagr a
sensitivity down to 0.33 mM glucose. In this case of EHg, limit of detection
improves dramatically by approx. 6-fold. This provides gjremidence that non-
Faradaic EIS can be used to sensitively track hydrogel swellmggponse to a target

analyte.

This work establishes for the first time, a simple approachdéweloping
impedimetric biosensors based on the swelling of stimuli-seasiydrogels. Possible
interference effects remain to be explored, including common orgad facind in
sweat such as lactic and pyruvic acid. While the swellingut€ gels is slow, it is
likely that this time will be significantly reduced as thikiness of the gel layers and
the scale of the electrodes is reduced. The volume of sample requiaecffigsis will
also be reduced following this miniaturisation, providingable method for glucose

monitoring in wearable sweat or ISF sensors.
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Chapter 3

Impedimetric Transduction of Swelling

for Detection of3-D-glucuronidase
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3.1 Introduction

As detailed in Chapter 2, a pH-sensitive hydrogel has beerogede based
on the entrapment of GOx within a PEGDGE-Jeffamine® hydrodathnwswells in
response to glucose concentration. Electrochemical transductionusessstully
implemented to convert the non-electrical swelling signalsnmgasurable electrical
signals. As this system demonstrated good potential assanggsiatform, the next
step is to investigate the applicability of this system fbeotelevant analytes that

could be challenging in terms of limit of detection requirements.

The pH-sensitive hydrogel will be developed as a novelrsgmpsatform for
the detection oEscherichia Coli(E.coli) in environmental water samplds.coliis a
gram-negative, facultatively anaerobic bacterium which is commianigd in the
intestines of people and animals. While the majoritf @li strains are innocuous,
some serotypes such as O157:H7 can lead to serious infegilwers ingested
including urinary tract infections, sepsis and gastro-intestifattions. Therefore, in
many countries health departments will routinely scree& fooli in food and water.
Early detection and identification of pathogens is highly irtgoa for clinical
diagnosis, food safety and water analysis [217]. Additigndl.coli has been
employed as an indicator microorganism for faecal pollution foremaus years.
Recently, there has been renewed interest in the enumarafocoliin bathing and
recreational waters. The European Union introduced a new Bathing Diegetive
(2006/7/EC) which was transposed to Irish bathing water regungain 2008 (S.I. 79
of 2008) and came into operation in 2011. The regulations fglagater quality as
‘excellent’, ‘good’ or ‘sufficient’ using E.coli and intestinal enterococci as

contamination indicators.
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Traditional microbiological strategies for screening water sampbes
determine the concentration of indicator organisms include ipteitube
fermentation, membrane filtration and plate counting [218]. Thesedard methods
are highly accurate and inexpensive, but are labour intensivenagatdnsuming as
the conventional incubation requires 24 to 48 h. As a reébkeltlesign of rapid, simple
and sensitive methods &.coli detection still remains a challenge. Recently, new
methods have emerged which utilise immunoassays, optichlebectrochemical
detection. Krishnaret al. [219] developed an optical immunosensor functionalised
with silver-silica core-shell nanoparticles covalently bouitt & fluorescent dye and
anti-E.coli antibody. They achieved a limit of detection of 5 CFU/mL gsa
sandwich-type assay and photoluminescence spectroscopy aletéttianget al.
[220] demonstrated use of antibody-modified graphene to détecli as low as 10
CFU/mL based on changes in conductance. Moretaali [221] designed an antibody
microarray which could detect 100-1000 CFU/mL using surface plasesamance
imaging (SPRi) in complex food matrices (milk and rouedfbin approximately 7 h.
Maaloufet al.[222] compared use of SPR and non-Faradaic EI&.fwli detection
with biotinylated antiE.coli linked to neutravidin on a gold electrode. They obtained
a detection limit of 10CFU/mL using SPR and 10 CFU/mL whole bacteria with EIS
(10° CFU/mL lysedE.coli), with the EIS signal based upon changes in polarisation

resistance which was obtained by fitting the Nyquist specthaami equivalent circuit.

Frequently, sensing technologies employ synthetic enzymetratess or
fluorogenic dyes, leading to faster, more-specific detection. Enzfjrgpekctosidase
and p-D-glucuronidase (GUS), produced Bycoli are commonly used as marker
compounds. They catalyse the hydrolysig3ajlucuronides into D-glucuronic acid

and aglycons. Usually the signal will derive from the productif the aglycon which
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is detected spectrophotometrically, such as with glucoside ghényl-beta-D-
galactose and 5-bromo-6-chloro-3-indoyD-glucuronide, or using fluorimetry,
such as 4-methylumbellifer@d-D-glucuronide (4-MUG) and carboxyumbelliferyl-B-
D-glucuronide [223]. For example, Gealyal [224] detected low concentrations of
GUS fromE.coli, 1.0 x 16 CFU/mL, in 230 (+ 15.1) min based on the fluorescence
of 3-carboxyumbelliferone from carboxyumbelliferyl-B-D-glucuronide. Hyanhal
[225] developed a biochip with a detection limit of TFU/mL and analysis time of
12 h using 4-MUG as a fluorogenic substrate. Electrochemicalitep@®mincluding
amperometry can also be employed. Zhahgl.[218] developed an amperometric
sensor based on electroanalysis of 4-nitrophenol (4-NP) genera@d®pydrolysis

of 4-nitrophenylB-D-glucuronide. A linear range of 1.5 x2® 1.0 x 16 CFU/mL

and detection limit of 100 CFU/mL were achieved for the 3 h abaagd on the
reduction of 4-NP using a bismuth nano-film modified glassyaraddectrode. Other
groups have investigated the amperometric response of 4-NPiiorengntal water
samples [226] and spiked food samples [227], obtaining detesdttb 0 CFU/mL after

10 h and 4 x 1Dcells/mL after 1.5 h respectively. Another approach involves
modifying the surface of the working electrode wWitbraxellaspecies which degrades
4-NP into hydroquinone which can be subsequently ceddiand detected using
amperometry [228, 229]. An enzyme-based hydrogel using eleetrochl

transduction has not yet been investigated, to the authurisl&dge.

In addition toE.coli analysis, detection and quantification of the enzyme GUS
is also important in other areas of environmental and clinical asalyar instance,
GUS is frequently used as a reporter gene for monitoring gene erprasplant and
mammalian cells. GUS identification is therefore important for detertion of

spatial and temporal expression of the target gene [230-238)mans, deficiency of
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GUS can result in the metabolic disease MucopolysaccharidosislyByi&drome)
[233]. It also has been identified as a possible marker for col@ecand can be used
to measure the degree of differentiation and invasiveness of colorentar cells

[234, 235].

This chapter investigates GUS detection based on electrochemicabaedéct
the swelling response of the pH-sensitive hydrogel. As illestrat Fig 3.1, 4-MUG
will be immobilised in the PEGDGE-Jeffamine® hydrogel inijial Network
ionisation, and therefore swelling, will be induced whenhydrogel is immersed in
an agueous solution of GUS due to the production of D-gluaueamid. Similar to D-
gluconic acid, D-glucuronic acid will ionise the pendent amgirmeips of the network,
generating charge along the polymer backbone. Electrostatic repioisiea between
the adjacent ionised groups will create a large osmotic swelling faltering the
hydrodynamic volume and permeability of the gel propodilgnwith enzyme

concentration.
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Figure 3.1. Schematic of the swelling mechanism: (i) 4-Md@obilised within the
pH-sensitive polymer network, (i) GUS diffusion and (iii) garction of glucuronic

acid/network ionisation.
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3.2 Experimental

3.2.1 Materials

As per Materials Section 2.2.1 with the following additiofgjlucuronidase
from Escherichia coli 4-methylumbelliferylB-D-glucuronide hydrate (4-MUG), 4-
nitrophenolp-D-glucuronide (4-NPG) and 4-nitrophenol (4-NP) were purchased fro
Sigma-Aldrich (Ireland). All chemicals were used as purchased and wdoas

solutions were prepared using DI water (18 m @ 298 K).

3.2.2 Instrumentation

As per Instrumentation Section 2.2.2.

3.2.3 4-MUG hydrogel synthesis

4-MUG hydrogels were prepared by cross-linking PEGDGE and Jeffa@mine
EDR-148 polyetheramine in a 1.0:1.0 molar ratio in DI wddi% w/w 4-MUG was
added into the hydrogel precursor solution and inverted seweed tntil it was fully

dissolved.

3.2.4 GUS hydrogel synthesis

GUS hydrogels were prepared by cross-linking PEGDGE and Jeffamine
EDR-148 polyetheramine in a 1.0:1.0 molar ratio in DI wateloOvbw GUS was
added into the hydrogel precursor solution and inverted seweed tntil it was fully

dissolved.

3.2.5 Gravimetric characterisation of the swelling response

Cylindrical discs of 4-MUG and GUS hydrogels were prepared byinmpd
mL of the hydrogel precursor solution into petri-dishes (53imernal diameter) and
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placing them in the refrigeratorq@) overnight to polymerise. Cylindrical discs (3.5
mm diameter) were cut from the polymerised membrane with a Harris &faei?C
core sampler. Their swelling ratio in DI water was measured ataregule intervals
and calculated as per Section 2.2.4. If stated that temperature Wed,app swelling
solutions, containing the gels, were placed in a heated waterabdlte desired

temperature for the duration of the experiment.

3.2.6 Impedimetric analysis of swelling

Carbon cloth electrodes were cut and insulated as per Sectionirgyle dip
coats of GUS hydrogels were applied to the working area of the electodehey
were placed in the refrigerator9@) overnight to polymerise. The GUS-modified
carbon cloth electrodes were swollen in solutions of 4-MUG (5 mM3-NPG (5
mM) in water baths at € and the impedance spectra were recorded after 500 min
using the parameters outlined in Section 2.2.2. If stated, @prit potential (OCP)
measurements were also recorded for 300 s and the impedance speetthewer
performed at the final OCP reading after this time period. Tligradbn curves were

prepared by fitting the data with an appropriate electrical equivalenitci

When investigating the effect of temperature on the impedimetric
measurements, 1:1 PEGDGE-Jeffamine® hydrogel modified carbonetémtinodes
were prepared. Impedance spectra were recorded without prior swellingiio the
initial resistance of the hydrogels. The hydrogels were #wesilen in DI water in
water baths at room temperature®@7or 5C. Impedance spectra were recorded
after 300 min and 500 min of swelling. Statistical analysas werformed using the

Analysis ToolPak in Microsoft Excel 2013. Data were compared usimeggway
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analysis of variance (ANOVA). p values lower than 0.05 inditsethe populations

are significantly different with 95% confidence.

3.2.7 Cyclic voltammetry in 4-NP

Voltammograms of bare carbon cloth electrodes were recorded in 1 mM 4-NP

(10 mM PBS) by cycling between -0.8 and 1.2 V at 0.05/€/Ag/AgCl.
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3.3 Results & Discussion

3.3.1 Gravimetric swelling analysis of 4-MUG hydrogels in GS

4-MUG hydrogels were fabricated by dissolving 4-MUG in the PEGDPG
Jeffamine® precursor solution. As illustrated in Fig 3-MUG is hydrolysed to D-
glucuronic acid by GUS producing an acidic environment whioisés the pendant
basic groups of the cationic network and generating charge dlengolymer
backbone. Electrostatic repulsion forces between adjacent ionisedsgcreates a
large osmotic swelling force, which is further enhanced by theughmate anions

(CsH9O7") migrating into the gel matrix to balance the charge.

COOH CHO
H——O—H H——0O—H
H—O—1—H H=0——H
H——O0—H H——0—H
H——0O—H H——O—H
CH,OH COOH
D-gluconic acid D-glucuronic acid
(pKa 3.6) (pKa 3.2)

Figure 3.2 Structure and pKa values of D-gluconic andldeuronic acid [236].

It was anticipated that these hydrogels would produceikasswelling profile
in GUS as the glucose-sensitive hydrogels in glucoseuasarghic and gluconic acid

have similar structures and pKa values (Fig 3.2). As previouslgdstthe hydrogel
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volume transition occurs when the pH of the surrounding envieohneaches the pK
of the ionisable moiety, and continues until ionisatiorcesnplete. However, as
depicted in Fig 3.3, 4-MUG hydrogels displayed a similaelbmg response in all
GUS solutions irrespective of enzyme concentration. This peoH& response
indicates that there is an insignificant (or no) interaction betwddb/@-and GUS
within the gel. Consequentially, the swelling behaviowlosiinated by water uptake
due to the hydrophilic nature of the gel as opposed to metwaisation. It is
postulated that glucuronic acid was not produced in theugetalsize exclusion. As
the enzyme was contained in the solution in this instéiheeross-linking density and
pore size of the hydrogel could have prevented it fronergrg the matrix and
hydrolysing the 4-MUG due to its relatively large size. It sable that the 4-MUG
could still diffuse out of the gel and generate some acid isuh®unding solution.
However, it would take significantly longer for the acid concentnatdbuild-up and
diffuse into the hydrogel to achieve electrostatic repulsion hacounter-flux of
glucoronate anions. Size exclusion is frequently observed inggbased systems
and has previously been applied for interference suppressiondtadI¢apture and

release’ separations [237].
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Figure 3.3 Swelling response of 0.5% 4-MUG hydrogel8.01-2.00 mg/mL GUS

solutions. (n=3)

3.3.2 Gravimetric swelling analysis of GUS hydrogels in 4-MG

In order to verify that size exclusion was inhibiting the respothe system
was inverted and GUS was immobilised in the PEGDGE-Jeff@me¢work instead.
Subsequently, these GUS hydrogels were immersed in 4-MU@Gans. A schematic
depicting this alternative swelling mechanism is providelign3.4 and the swelling

response of 0.5% (w/w) GUS hydrogels in 4-MUG (1-20 mMhiswn in Fig 3.5.

0.5% (w/w) GUS hydrogels displayed a linear swelling respan 4-MUG
with clear discrimination between substrate concentrations (Bigh3. A wide range
of swelling ratios were obtained, with greater swelling ratioseaeld in higher

concentrations of 4-MUG due to increased acid production enlgamztwork
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ionisation and the counter-flux of glucoronate anions. In @ispn with the original
design, a distinct difference was observed in terms of a concemd®pendant
swelling response. The improvement in selectivity suggestssittetexclusion was
previously inhibiting the enzyme-substrate interaction and thversion in

configuration was sterically favourable. Unfortunately, the hydi®geoss-linking

density could not be reduced to increase pore size, and thpos&iply allow access
of GUS into the gel, as high temperatures are required to posergzls with excess

Jeffamine® which would potentially damage the substrate and gel.

4-Methylumbelliferyl-- T
, D-glucuronide (4-MUG) /ﬁ\
-D-gl d il
p g(u&:ﬁrs(;lll ase 70:  D-glucuronicacid  + o NF o Ng
x HO_0 NN 4-Methyl-umbelliferone
) 9/\_//' "OAO (4_31’(_'\)
§ OH
OH oy
Q) (ii)

Figure 3.4 Schematic of the alternative swelling mechan{§nGUS immobilised
within the pH-sensitive polymer network, (ii) 4-MUG diffusgom (iii) production of

glucuronic acid/network ionisation.
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Figure 3.5 (a) Swelling response of 0.5% GUS hydrogdls2é mM 4-MUG solutions
and (b) calibration curve of swelling ratio of 0.5% GUglrogels in 4-MUG after
500 min. (n=3)
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These preliminary results indicated that GUS detection collldestachieved
utilising the new design. Therefore, it was decided to vaydading of GUS in the
hydrogels and investigate their swelling response both gravoat and
impedimetrically in a fixed concentration of 4-MUG. Hydrogels evprepared with
GUS loadings between 0.01 and 1.00% (w/w) by dissolViagxUS in the PEGDGE-
Jeffamine® precursor solution. 5 mM 4-MUG was selected as amo@pie
concentration for this work as the 0.5% GUS hydrogels usedopisdyidemonstrated
ionisation-induced swelling even at early time points iis goncentration and to
reduce the cost associated with 4-MUG. Additionally, the 48v8welling solutions
were heated at 8T as this is the optimum temperature for GUS (fEaooli) activity
and is frequently used as incubation temperature in commercial aS&iys [238,
239]. Fig. 3.6 shows the gravimetric swelling response of tjgsen 4-MUG (5 mM)
and a calibration curve of swelling response versus GU&oatration generated after
500 min. A linear increase in swelling response was obsep@dincreasing the GUS
loading from 0.01-1.00% with a correlation coefficient of854 and a limit of
detection of 0.0163% GUS (27.1®). Microbiological testing would be required to
convert this LOD to CFU or MPN and compare with other repamethodologies
and commercial technologies. Although this was not domadof this thesis, these
results do indicate that the PEGDGE-Jeffamine® hydrogelepsg®od potential for

detection of GUS, and therefore, possiblgoli.
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Figure 3.6 (a) Gravimetric swelling response of GUS hydi®gver 500 min and (b)
Calibration curve for GUS hydrogels (0.01-1.00%) after &G in 4-MUG (5 mM)

at 37°C. (n=3)
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3.3.3 Impedimetric swelling analysis of GUS hydrogels is-MUG

Representative Nyquist spectra of the GUS hydrogels in 4-MUGING
recorded after 500 min are shown in Fig 3.7. They comprise a higlefregintercept
on the real Z' axis and the beginning of a semi-circular arc adneskigh to low
frequency region. The semi-circular arc and imaginary part of the imped@ices (
observed to decrease as the loading of GUS in the gel increaseis. athiibuted to
alterations in the resistance and capacitance properties at the electcicysd
interface generated by hydrogel swelling. Within the timescaleeoéperiment, the
resistance of the hydrogels decreases with a higher enzyme loegegtpEach GUS
molecule functions as an active site for the catalysis of 4-MU@uuronic acid,
therefore the rate of production of glucuronic acid is faster in theoggticontaining
1.00% GUS in comparison with the 0.01% GUS gel. Subséiguéme hydrogel is

ionised, porosity increases and gel resistance decreases at a faster rate.
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Figure 3.7 Nyquist spectra of GUS hydrogels in 4-MUGN(8) at 3PC after 500

min. (n=3)

The impedimetric data was modelled using an electrical equivalent d¢cuit
investigate if the ionisation-induced swelling could be trackgzbdimetrically as in
Chapter 2. The same equivalent circuit was utilised as there watglitimnal system
components or configuration changes which would necessaricingprcuit design.
Additionally, a chi-squaredyf) with magnitude of 110° was observed which
indicated good agreement between the experimental data and thedatadabtained
from the equivalent circuit. Similarly to the impedimetric glucosebcation curve
generated in Chapter 2, a GUS calibration curve was producedhsigel resistance
values acquired by fitting the data (Fig 3.8). A logarithimic cpmeided the best fit
for the calibration data. A rapid decrease in gel resistance isevia® the

concentration of GUS in the hydrogel increases from 0.01% 6%d.This is again
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attributed to the increased porosity resulting from enhancedsaimn and
demonstrates that concentration of GUS can be determined impedathetThe
logarithmic fit indicates first-order reaction kinetics as in Caagt However, as the
enzyme concentration was changing in this instance, a zezo r@akction would be
observable if the substrate was present in excess amount, i.e. ti@nreactld be
independent of substrate concentration and the plot woulithdsr lwithout using a
logarithmic transformation (rate = k). Thus, as the rate is propattiothe first power
of substrate concentration (rate = k[S]), this implies that the subgtegtnot in excess
and was a limiting factor in the reaction. It is likely that cese time and sensitivity

could be improved by increasing the amount of 4-MUG present.

6e+5

5e+5

4e+5 1

30454 y = -76527In(x) + 138866
R2=0.9928

Gel resistance Q)

2e+5 1

le+5 T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2
[GUS in hydrogel] (% wi/w)

Figure 3.8 Calibration curve for GUS hydrogels (0.01624) after 500 min in 4-

MUG (5 mM) at 3?C using EIS. (n=3)
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The limit of detection under these conditions was calculatedd@§%. GUS
(10.02 uM) using this method which is an improvement on the liafitdetection
achieved using the gravimetric method (0.0163% or 2iMI7GUS). However, a
greater improvement in detection limit was anticipated dileedigher sensitivity of
EIS. Possible causes of just this small improvement caaldde temperature effects
or issues with the solubility of the substrate. These effectinaestigated in the

following sections.

3.3.4 Effect of temperature on hydrogel swelling

Both the gravimetric and impedance measurements were performé&Can37
this chapter, the optimum temperature for GUS activity. Givattkie earlier work on
glucose was carried out at room temperature, it was of interestestigate the effect
of applied temperature on the swelling ratios and impedance measiiseai the
hydrogels. Fig 3.9 shows the swelling response of 1:1 RE&Jeffamine®
hydrogels in DI water at different temperatures (80 The swelling rate of the
hydrogels was observed to increase with temperature. This peanonhas been
observed with other hydrogel systems and has been attritoutad increase in the
penetration rate of fluid into the gel matrix [240] and/or an increese elasticity of
the polymer chains as temperature is increased [241]. Additiphgtlyogels swollen
at 3PC achieved a higher swelling capacity than hydrogels swollen at room
temperature at 500 min (Fig 3.9). This increase in swellirganadl overall capacity at
elevated temperatures likely leads to improved sensitivity anceHenit of detection

for GUS enzyme detection using gravimetry.
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Figure 3.9. Effect of temperature on swelling ratio of PEGDGE-Jeffamine®

hydrogels in DI HO. (n=3)

The effect of temperature on the impedimetric transduction was also
investigated. The initial resistance of hydrogels withoudrpgwelling was modelled
using the equivalent circuit. The reduction in gel resistancetheasrecorded after
300 and 500 min of swelling in water at°Z) 37°C and 56C, and expressed as a
percentage in Table 3.1. One-way ANOVA was performed to deterimine mean
reductions in gel resistance were statistically difference uponngedthe p value
generated by ANOVA indicates the confidence of the statistical variatialues
below 0.05 express 95% confidence that the populations are consstististically
significantly different. As shown in Table 3.1, the p valuesipoced were greater than

0.05 indicating that there was no statistical difference in thectigsh of gel resistance
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when swollen at 3T or 5°C at the selected time points tested. Therefore, this
indicates that swelling the hydrogels at®°@7did not impact the impedimetric
measurement and consequently, the detection capabilities ofd¢tihod. However, it

is noteworthy that if higher temperatures (869 were applied and the sample
population was greater, changes in Rgel may be deemed signifgiagtANOVA.
However, under the current conditions, ANOVA testing fouhd change to be

insignificant at a 95% CI (n=3).

Table 3.1 Effect of temperature on impedimetric change isteggie of 1:1 PEGDGE-

Jeffamine® hydrogels over time in PBS (10 mM). (n=3)

Decrease in Rgel (%)
ANOVA
Time (min) | Room temp 37°C 50°C ©
(20°C) p value
300 32.3+20.7 35.8+13.3 37.8+11)9 0.913
500 54.9+3.0 50.9+12.2 60.3£3.9 0.373

3.3.5 Investigation into use of 4-NPG as an alternate substrate

In addition to determining the effect of temperature on the swellimpnsg,
an alternative substrate to 4-MUG was also investigated, 4-nénmb p-D-
glucuronide (4-NPG). In comparison with 4-MUG, 4-NPG is muabre stable in
solution. It has a solubility of approximately 100 mg/mlwater compared with 0.35

mg/mL for 4-MUG. It is possible that even with the sonicatad heating the 4-MUG
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was not fully dissolved in solution for the previous esments and therefore, could
not interact as efficiently with the GUS to effect ionic repulsind bence swelling
within the gel. Consequently, the gravimetric and impedimatratyses were repeated

using 4-NPG.

Fig 3.10 displays the swelling response of GUS hydrdgelsNPG (5 mM)
at 37°C and a calibration curve recorded after 500 min (Fig 3.10 (b)). Nfigrdhe
previous swelling study in 4-MUG, a linear increase in smgltatio was observed as
the GUS loading was increased from 0.01% to 1.00%. Tlaim agprresponds to the
production of glucuronic acid which ionises the pendant amrmgpg in the hydrogel
network and increases the swelling response due to electrostatisioepahd
increased osmotic pressure. However, the GUS hydrogels sweliedaiag achieved
higher swelling ratios in 4-NPG. For example, after 60 mif@0%. w/w GUS
hydrogels achieved a swelling ratio of 17 in 4-NPG versugloMituG, indicating that
the swelling rate had almost doubled at this early timatpAfter 500 min, these
1.00% w/w GUS hydrogels obtained a swelling ratio off28NPG compared with a
swelling ratio of 20 in 4-MUG demonstrating a higher aquiim swelling ratio. A
wider range of swelling ratios was also visible, ranging fror289 4-NPG versus
13-20 in 4-MUG. This improvement was reflected in the L@dditionally as it
decreased from 0.0163% GUS (27M) to 0.042% GUS (7.0QM). It is likely that
the improvement arises from the higher stability of 4-NPG lutism which increases

the efficiency of glucuronic acid generation and hence the degreeisdtion.
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Figure 3.10 (a) Swelling response of GUS hydrogels oventit and (b) Calibration

curve for GUS hydrogels (0.01-1.00%) in 4-NPG (5 mM) &C3&fter 500 min. (n=3)
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Figure 3.11 Photographs of unmodified hydrogel (0% §G@pand 1.00% (w/w) GUS

hydrogel swollen in 4-NPG (5 mM) (b). (c) Enzymatic reactioB @8 with 4-NPG.

As stated previously, GUS catalyses the hydrolysisp-@bnjugated D-
glucuronides into glucuronic acid and an aglycon. Fig X1$H{ows the catalysis of
4-NPG into D-glucuronic acid and 4-nitrophenol (4-NP). Thight yellow of the
GUS hydrogel in Fig 3.11 (b) originates from the generatiod-bifP during this
reaction. GUS assays have been developed based on spectrathotdetection of
4-NP at 415 nm [242]. As the yellow colour is quite viltiranthe hydrogel it is
possible that solid-phase spectroscopy could be utiliseédasume GUS concentration
also. Of particular importance is that, unlike 4-MU, 4-NP icebactive. Many
groups have developed electrochemical sensors for 4-NP with thgicadignal
derived from the 4 electron reduction of the nitro group &s listed as a priority

pollutant by the US Environmental Protection Agency (EP49 t its toxicity [243-
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245]. In relation to this work, an investigation inte thlectroactivity of 4-NP on
carbon cloth was required to ascertain if there was activity graséry/, the potential
used for the impedance measurements. It is likely that anytagiiresent would bias
the electrode and alter the swelling response of the hydrégel.example,
polyelectrolyte hydrogels, such as the PEGDGE-Jeffamine® ged, been reported
to bend in an electric field due to a change in osmotic pressuseciange originates
from a difference in the ionic concentration inside and outside of thegyéhe
counterions of the polyions in the gel and the free ions tieal migrate towards
their counter-electrodes provoking an ionic gradient along the idinectf the
electrical field. Specifically, polycationic gels will swell on tteghode side and shrink
on the anode side, thereby bending towards the anode [246T248¢fore, if the
electrode was biased, such a bending effect would alter the gpnatichimpact the

measurement of gel resistance.

3.3.6 Electrochemical response of 4-NP on carbon cloth

Fig 3.12 (a) shows a cyclic voltammogram of bare carbon clotiNR.4Two
redox couples were detected A1/C1 (-0.097 V/-0.171 V) and ARICEZ7 V/0.024
V). Additional peaks A’ (0.90 V) and C’ (-0.35 V) were obsadvAs the number of
potential cycles was increased, the A’ and C’ peak currents decreasdtk gehk
currents corresponding to the redox couples increased. A sirhggoomenon was
reported recently by Sundaratal [249]. They proposed the reaction pathway shown
in Fig 3.12 (b) to explain the electrochemical behaviour of 4-NPpid 5.0 to 7.0).
Nitrophenol is firstly irreversibly reduced to hydroxyl aminopblenith the transfer

of four electrons and four protons. Secondly, the hydroxyhapmenol loses one-B
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yielding benzoquinoneimine (C’) which can lose two electrons gengrat
aminophenol (A1/C1). An additional electron is transferred fornmitigpsophenol
(A2/C2). Peak A’ was assigned to the irreversible oxidation -0fP4with no
mechanism suggested. This peak was also observed by anithers whom also
neglected to provide a mechanism [250]. This complicated reactibwagatvould
need to be verified through variation of voltammetric parameters (scapaosatial
window etc.) to confirm this mechanism. However, this infation is unnecessary for
this current study. It was concluded that the impedimetric measuts in 4-NPG
would be performed at the open circuit potential (OCP) dubddiigh amount of
electroactivity observed around 0 V. The OCP is the poteagitibk working electrode
relative to the reference electrode i.e. when no current is flowingteytem. This

should possibly avoid biasing the electrode and the swebisigonse subsequently.
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Figure 3.12 (a) Cyclic voltammogram of bare carbon clath-NP (1 mM) (in 10 mM
PBS) at 0.05 V/s and (b) Proposed reaction pathwayeogligctrochemical behaviour

of 4-NP.

The OCP of GUS hydrogel modified carbon cloth electrodes wasured in
4-NP for 300 s (Fig 3.13). A steady state potential (68 (+ 0.059) V was reached
after 25 s and was utilised for all subsequent impedance meesusewith GUS

hydrogel modified carbon cloth electrodes. There was no appartmiedected over
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300 s which is approximately the length of time of an impeda&ce& over the
frequency range of interest, indicating no significant changesrectcat the electrode
surface during this time and that the potential should renmistant throughout the

impedance measurements.
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Figure 3.13 Time dependence of the OCP of GUS hydrogeéified carbon cloth
electrodes in PBS (10 mM) after equilibrium swelling iINBG (5 mM) in PBS (10

mM).
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3.3.7 Impedimetric swelling analysis of GUS hydrogels it-NPG

Typical Nyquist spectra for GUS hydrogels recorded at the &@P500 min
swelling in 4-NPG (5 mM) are shown in Fig 3.14. They cos®a similar shape to
the Nyquist spectra recorded after swelling in 4-MUG i.e. a high émexyuintercept
on the real Z’' axis and the beginning of a semi-circular arc adneskigh to low
frequency region. The same trend is also visible as imaginargfghd impedance (-
Z") decreases as the loading of GUS in the gel increases due faster rate of

glucuronic acid production, enhanced ionisation and a greateeasecin gel

resistance.
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Figure 3.14 Nyquist spectra of GUS hydrogels in 4-NP@8) at 3PC after 500

min. (n=3)
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Figure 3.15 Calibration curve for GUS hydrogels (0.00@26) after 500 min in 4-

NPG (5 mM) at 37C using EIS. (n=3)

Fig 3.15 shows the calibration curve for the GUS hydrogétsr 500 min
swelling in 4-NPG (5 mM). The data was fitted to obtaingikresistance values for
each GUS loading using the same equivalent circuit employedhveith-MUG data.
The data was modelled using a logarithmic trend line and a d¢ifndtetection of
0.0007% GUS (1.24M) was achieved. In comparison to the GUS sensing using 4
MUG as a substrate, the limit of detection has improved by ana@irdeagnitude with
4-NPG. This improvement is likely attributed to the highkelubility of 4-NPG in
solution promoting the efficiency of glucuronic acid productiod thus the resulting
swelling response. The logarithmic trend line indicates thatdheentration of 4-
NPG also limited the reaction kinetics and faster, more sensigétection could be

achieved by increasing substrate concentration as seen previously.
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In relation to the similarity in detection limits obtainedthg gravimetric and
impedimetric methods with 4-MUG, it appears that both tempeyaind substrate
solubility were contributing factors. Performing the analyse37a€ lead to higher
swelling ratios using the gravimetric method whilst havingsignificant impact on
the EIS data. Although the two methods are difficult to comasithe samples are in
completely different formats, it is possible that temperature hagladey effect on the
gravimetric measurements due to the larger sample size (bulksgel\@rsus dip

coating).

In terms of substrate used, the detection limit of both metmatsased with
the replacement of 4-MUG with 4-NPG, as summarised in Talde As stated
previously, this improvement arises from the increased dityudiii 4-NPG in solution.
It is likely that this influenced the EIS data to a greater extsrapectra were only
recorded after 2 time points (300 and 500 min) whereas gravimetric ree@sus
were recorded at more regular intervals. Consequently, thérgyeblutions were
agitated more frequently as the gels were removed/returned for meadsrestiethe
gravimetric method. This agitation could have replenishedoited toncentration of
4-MUG around the hydrogel between readings whereas the EISngnedliutions
were more stationary. Therefore, the increased stability of 4-N#eGnies a bigger
contributor to swelling response when the solutions are kfoetry. Thus, stirring

or shaking the solutions during swelling would possitdye reduced this difference.
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Table 3.2 Summary of limit of detections for GUS achiesewj4-MUG, 4-NPG and

both methods.

Method
Gravimetry EIS
Substrate
4-MUG 0.0163% GUS (27.14M) 0.006% GUS (10.0aM)
4-NPG 0.042% GUS (7.0QM) 0.0007% GUS (1.24M)
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3.4 Conclusion

This chapter demonstrates that the swelling response of thersihse
hydrogel can be used to sensitively detect the enzyme GUE.cali marker.
Specifically, it was shown that the enzyme must be locatde the hydrogel matrix,
otherwise size-exclusion can prevent concentration-dependant immisetuced
swelling. Consequently, GUS was entrapped in the hydeogktwo substrates were
selected, 4-MUG and 4-NPG, which would generate glucuronic poid catalysis.
The swelling response of the GUS hydrogels was succegsshdked gravimetrically
and impedimetrically using either substrate. However, higher sge#liiros and lower
resistance values were achieved with 4-NPG due to its hagihaility in aqueous
solutions. Similar limits of detection were achieved for bo#thods of measurement.
Temperature was seen to enhance the swelling which improvgdathmetric signal
but didn't alter the resistance change of the gels using EIS.isTpassibly attributed
to the larger sample size used with the gravimetric methodlikely that there is

another unknown factor contributing to the similarity addaibn

Overall, this chapter shows that the PEGDGE-Jeffamine® hydrogebean
modified to sensitively detect other analytes which can elicitHa ghange.
Additionally, it demonstrates that size exclusion and elactraty of by products
must be considered when selecting the system configuratiorasahgters, and that
the application of temperature up to©8D does not affect the impedimetric
measurements. Despite alterations to the system similar lots indetection were
achieved as demonstrated previously. This illustrates the vigysatithe hydrogel
system, as well as good potential to be developed intosiige detection method for
GUS which doesn’t require labour-intensive, multiple daysmdlysis as per the

traditional microbiological strategies.
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Chapter 4

Electro-Stimulated Release from a
Reduced Graphene Oxide Composite

Hydrogel
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4.1 Introduction

As detailed in Chapters 2 and 3, the pH-sensitive hydrogepled with
electrochemical transduction has demonstrated excellent potentiailbgdyesensitive
biosensing platform. In addition to sensing, intelligenatenials such as the
PEGDGE:Jeffamine® hydrogel are desirable in numerous other appizadi®
reviewed in Chapter 1. This chapter investigates use of thiodwidsystem as a

responsive drug carrier for controlled drug delivery.

As discussed previously, intelligent drug carriers capable of mraale release
would provide safer, more efficient drug distribution than trad@i@ral and injection
methods, by enabling site-specific drug delivery with on-oftil&ipn in real time.
This precision could result in improved medical treatmentsjoedadverse side-
effects and increase patient compliance. Various external stimdilde@employed
recently to initiate drug release from smart matetialsivo. These include use of
ultrasound, radiofrequency, light, NIR and laser radiation,yaégand electric fields
[144, 145]. Use of an electric field as an applied stimulus rhany advantages,
including reliability and precise control of magnitude, duratiad intervals of pulses.
The application or removal of an electrical field can trigger drug relgiaslar to the
pulsatile release of numerous endogenous chemicals in vivadingl insulin,
oestrogen and growth hormones. Electric fields can be generated lyyngpgoh
electro-conducting patch to the skin above the implanted d¢etir&des are then
connected to the patch and the electric field is switched onopbotesis and

electroporation have been utilised for drug delivaryivo[146-148].

To fabricate an electroactive hydrogel the addition of a conductivpamant

is often necessary as many hydrogels are inherently non-condudtie.cn be
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prepared by fabricating the gel directly from conducting polyme#9,[1150],
incorporating conducting polymers [151, 152] or conductpagticles into the
hydrogel network [153-155]. When composited together, these mateimal to
integrate the unique properties of their constituents i.e.htbke water content,
biocompatibility and 3D matrix of hydrogels with the electricahductivity and
switchable electrical and optical properties of ICPs. Use of carb@maderials, such
as carbon nanotubes (CNTSs), graphene, graphene oxide (GO) andedu©ed
graphene oxide), can attribute a large surface area, high electricattandand
enhanced mechanical properties. These properties facilitate a higbatting, while
the spB carbon lattice and active oxygen-containing functional group&of enable
modification and functionalisation opportunities for targeted aodtrolled drug

delivery.

Electro-stimulated release from CNTs in a chitosan hydrogehuolasved by
Naficy et al [251]. They demonstrated high potential for controlled releasedon
electrostatic interactions between CNTs and dexamethasone. ltgmaseperted that
graphene materials have a larger surface area than CNTs due to theisiplaxtare
[252]. This suggests that higher charge could be generateddmpamating graphene
materials, leading to faster and possibly higher drug release. pgdssive release
could potentially be reduced by additional positive chargkahigher capacity for
adsorption. Liuet al [253] investigated electro-modulated release of lidocaine
hydrochloride from rGO in a PVA hydrogel. On demand drug releasefeasible
with release profiles varying from slow elution to rapid relea$ewever, large

voltages were required which may not be permittedvo.

This work describes the synthesis and characterisation of an eleggoact

hydrogel composite and its potential application in electrowgéitead drug delivery. A
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high loading ofrGO (20% w/w) was incorporated into the PEGDGE-Jeffamine®
hydrogel in a single polymerisation step. For drug delivergexgents, methyl orange
(MO) was added as a model drug. As depicted in Fig 4.1jsvi@gatively charged
and therefore can be expelled/retained according to the applied electricdustim
This is attributed to electrostatic interactions between the rGD M@ during
charging. The high surface area of rGO permitted use of low apmbieatials for
electro-stimulation. By selection of the rGO loading, polarity angplitude of the

applied potential electro-modulation of the release profile was ashiev
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’ rGO
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Figure 4.1 (a) Structure of MO and (b) schematic of elediratgated release from

the rGO-hydrogels.
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4.2 Experimental

4.2.1 Materials

As per Materials Section 2.2.1 with the following additjomgaluronic acid
potassium salt from human umbilical cord and PBS tablets.gHv@&re purchased
from Sigma-Aldrich (Australia). Potassium ferricyanide was obtaineah fdmivar
(US). Reduced graphene oxide was prepared and supplied byetigdnt Polymer

Research Institute (Wollongong, Australia).

4.2.2 Instrumentation

As per Instrumentation Section 2.2.2 with the followirddidons; SEM
micrographs were obtained using a Jeol JSM-6490LA scanning elecicorscope
at an accelerating voltage of 15 kV. Equilibrium water-swollerrdryels were flash
frozen in liquid nitrogen (for 45 s) on a brass plate and cryofiedtusing a scalpel
blade to obtain cross-sections of the internal structure. xidhiazompression
measurements were performed using a universal testing machirle $Bimadzu)
fitted with a 10 N load cell. Equilibrium water-swollen hydetgy(5.5 mm width, 15
mm in diameter) were compressed at a strain rate of 2 mm/min until fra€twoe.
and displacement data were recorded with Trapezium X software and ednneot
stress-strain curves for analysis. All electrochemical protocols penformed using
a CHI660C or CHI660D electrochemical analyser in PBS (10 mM) gusyalic
voltammetry or AC impedance modes. UV-Vis spectroscopy was pextbusing a
Shimadzu 1800 UV-vis spectrophotometer. Absorbance measurenezatseaorded

at 493 nm.
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4.2.3 rGO hydrogel synthesis

The production and characterisation of the rGO has been repor@ahiiyhir
et al. [254]. In brief, GO was prepared by oxidation/exfoliation ofurel graphite
powder (Bay Carbon) via a modified Hummer’'s method. The GOswhasequently
reduced to rGO with hydrazine, acidified to pH <2 using dilswéphuric acid,

thoroughly washed and dried under vacuum to produce rGO powder.

An aqueous dispersion of rGO (2 mg/mL) was prepared usigrionic acid
(0.03%) as a dispersing agent. The dispersion remained hwghlyle after
ultrasonication using a Branson Digital Sonifier at 35 % anombdi for 2 h (4 s on and
2 s off pulses) with continuous cooling in an ice bath. Salajlots were collected
regularly and dropped on a glass slide to assess the dispgusility under a light
microscope. A cover slip was placed on top to prevent digmgensure appropriate

viewing thickness.

Various amounts of the rGO dispersion (0.5% - 20% w/wewerorporated
into a 1.0:1.0 molar ratio solution of Jeffamine® EDR-148 BRBGDGE in DI water
with vortexing. All hydrogels were polymerised in the refrigeratdéCj4vernight to
reduce evaporation. The PEGDGE-Jeffamine® hydrogels contai@@y will be
referred to as “rGO-hydrogel” and without the rGO simply “buliiogel” from here

on in this chapter.

4.2.4 Gravimetric characterisation of the swelling response

Cylindrical discs of rGO-hydrogels were prepared by pouringL4omthe
hydrogel precursor solution into petri-dishes (53 mm intedreheter) and placing
them in the refrigerator £€) overnight to polymerise. Cylindrical discs (5 mm

diameter and 0.8 mm thick) were cut from the polymerised memeb Their swelling
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ratio in DI water was measured at regular time intervals and cadwdatper Section

2.2.4.

4.2.5 rGO-hydrogel modified carbon cloth electrodes

Carbon cloth electrodes were cut and insulated as in Section R.8ihgle
dip-coat of rGO-hydrogel or bulk hydrogel was applied to theking electrode area.
Electrodes were swollen for 24 h in solution before electrochemical neeasots

were taken.

4.2.6 Electrochemical analysis

Cyclic voltammograms were obtained by cycling hydrogel medlitarbon
cloth electrodes between -0.2 V and +0.7 V (without ferricyanid€d).arV and +0.5
V (in the presence of 2 mM ferricyanide) vs. Ag/AgCl at 50 mVEectrochemical
impedance spectra were collected at the OCP, in a frequency ranfje /010 Hz,

with an alternating current sinusoid of £ 10 mV amplitude.

4.2.7 Drug release

Hydrogel modified carbon cloth electrodes were prepared with dip-obats

0%, 5% and 20% (w/w) rGO-hydrogels containing 0.654% wasalved MO. PBS
(10 mM) at room temperature (ca.°Z) was used as the release media for all drug
release experiments. For passive release, electrodes were placed in5P8E) @and
moved to fresh PBS solutions at selected time points. Forriesgt stimulated
release, a three electrode configuration was used consistingofdiagel modified
carbon cloth working electrode, platinum mesh counter electrode ghig@l
reference electrode. The release media (8 mL) was gently stirred. Colséantiahs

of -0.6 V, -0.2 V and 0.6 V (vs. Ag/AgCl) were appliedie system. At specific time
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intervals, 1 mL aliquots of the release media were collected and sd@dwith 1 mL
of fresh PBS. MO release was quantified by measuring the abserbathe aliquots
at 493 nm. Dilution factors and swelling volumes were camnelin the drug release
calculations. A release profile was generated by plotting the etineimethyl orange

release as a percentage of the initial amount incorporated.

L\{ng}o/\? + pn O o F ”’ + @@@

PEGDGE Jeffamine EDR 148 rGO dispersion

!

o) & oH
L\/lzo\/j[omH@/\/o\/\o/\/NH\/K/o\{/\oh
©)

Figure 4.2 Schematic of rGO-hydrogel formation forglrelease experiments.
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4.3 Results & Discussion

4.3.1 Incorporation of rGO into hydrogels

Hydrogel formation can be a slow process when cross-linking ®ccur
spontaneously (i.e., without use of heat or UV light)hsas the hydrogel system
described here. Consequently, the rGO solution must béylstgible and remain
homogenously dispersed throughout the hydrogel monomeuna to ensure good
distribution of rGO throughout the formed hydrogel netwd his is paramount for
creating interconnected electrical pathways and increasing the overalctoitg of
the gel. Dispersions of rGO in DI water and Jeffamine® werg¢ablesas the rGO
began precipitating out in < 2 h (Fig 4.3). Heat, sonicadiaa ultrasonication were
utilised in the attempt of increasing the dispersion stalbliywere unsuccessful. It
was decided that a dispersing agent was required to achiesfgeasibn stable for the

duration of the crosslinking process.

Hyaluronic acid (HA) was utilised as a dispersing agent sincen&kAbeen
shown to act as an effective dispersing agent for rGO nanoshde&i@rbon nanotubes
[255-258]. Additionally, as a major component of the extracellolatrix, HA is
highly biocompatible and contributes to tissue repair bypreliferation, migration
and moderation of the inflammatory response [259, 260]. Ondyyasmall amount of
HA (0.03% w/w) was required to obtain a rGO dispersion (@@ concentration of
2 mg/mL) which was stable for more than 6 months. The preséribe HA did not
hinder the crosslinking process and enabled a high loading tapbicsO (up to 20%

w/w) into the hydrogels.
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Figure 4.3. rGO dispersions (2 mg/mL) over time inaxaleffamine® and HA..

Fig 4.4 shows the hydrogels prepared from rGO dispersigdhsawd without
HA. It can clearly be seen that without the dispersing agertheAGO agglomerates.
This is particularly visible in the 0.5% rGO-No HA samplée aggregation present
in the 5% and 20% rGO-No HA hydrogels is not as visitle do their high
concentration of rGO. Hydrogels prepared using the HA disder&O appear

homogeneous, even at the highest rGO loading of 20%.
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Figure 4.4 Hydrogels with various rGO loadings withaudispersing agent (No HA)

and using HA as the dispersing agent (HA).

All rGO-hydrogels retained the rGO in the network even whén $wollen
and at prolonged immersion times (longer than 4 days) suggestong interactions
between the rGO and the PEGDGE-Jeffamine® backbone. It idgiestthat strong
hydrogen bonds form between the -OH and —-COOH groups ofarei@he —OH and
—NH> groups of the Jeffamine-PEGDGE backbone. X-ray diffraction essuaind x-
ray photoelectron spectroscopy were performed previously to cotfimresence of

these oxygen-containing groups on the rGO after its reductoom @O [254].

4.3.2 Gravimetric analysis of the swelling response

The swelling response of rGO-hydrogel discs with rGO loadirgs 0.5 -
20% (w/w) was investigated. Fig 4.5 displays the swglbehaviour of these rGO-
hydrogels and bulk hydrogels in DI water at room temperatureclias that all gels
swell rapidly initially and the swelling rate decreases over tirhe.rGO content had

negligible impact on the time required to reach swellingliégum (~ 45 h). As
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mentioned above no leaching into the solution was obseFhedequilibrium swelling
ratio decreased gradually with increasing rGO content. This iswa#d to negatively
charged rGO possibly associating with the positive chargéhe Jeffamine® and
imparting an ionic cross-linking effect which in turn increasestbss-linking density
of the network and the possible formation of defects in thearktstructure such as
meshes and grafts. It is well known that the swellingaese of a hydrogel is heavily
dependent on its cross-linking density. Additional cross-lemkg structural defects
reduce the swelling capacity of the hydrogels decreasing watereugptakswelling

ratios.
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Figure 4.5 Swelling response of rGO-hydrogels and bulkdgels in DI water at
room temperature with n=3 (a). Photograph of the sampies o immersion in DI

water (top) and after equilibration in DI water at rodemperature (bottom) (b).

4.3.3 SEM analysis of rGO-hydrogels

The morphology of the rGO-hydrogels was investigated uswgvacuum
SEM (Fig 4.6). SEM images of fully swollen rGO-hydrogels aorihg 20% rGO

were recorded and compared with bulk hydrogels. All samples flestefrozen in
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liquid nitrogen for 45 s and fractured to view their intestalcture. A smooth sponge-
like architecture, with a wide pore size distribution, was olesefer all hydrogels
with the presence of rGO indistinguishable from the hydrogVork. There were no
apparent structural differences in the rGO-hydrogels which could Heugttito the
rGO. Fig 4.6 (C) highlights some structures which were doumone sample but
thought to be from the HA used for dispersion. This indgdhat the rGO does not
have a significant impact on the morphology of the hydrogd®wever, it is
noteworthy that any small change in pore size or in the thiclofabe walls would
be difficult to determine with confidence in this randomlyentated 3D matrix.
Additionally, the structure is quite dynamic and thaws rdpnalysis, particularly
under the viewing area where the heat from the electron beam is facssecksult,
the pores naturally shrink and the walls appear to increasieknéiss as the hydrogel

loses water and the structure begins to collapse.
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Figure 4.6 (a-c) SEM images of 20% rGO-hydrogels wittreasing magnification
(x430, x850, x950) and (d) bulk hydrogel at a magnificatibr950. Scale bars: 50

um (a) and 20 um (b-d).

4.3.4 Mechanical properties of rGO-hydrogels

Typical stress-stain curves of the rGO-hydrogels under compressidna
summary of their compression properties, are presented in Fignd.7Table 4.1
respectively. All hydrogels displayed non-linear hyperelastic ssteas curves,
similar to biological soft tissue. Higher stress and comp@ssoduli were sustained
as the rGO loading in the hydrogels was increased. In companigb the bulk

hydrogel (18.9 £+ 7.0 kPa), 5% rGO-hydrogels had compressmegshs of 30.6 (+
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7.4) kPa and 20% rGO-hydrogels had compressive strengths of#5%¥.Z) kPa,
increasing by 62% and 171% respectively. Additionally, tleelutus increased by
136% with the addition of 20% rGO into the hydrogel (1®@#kPa to 4.5 + 0.4 kPa).
It is widely accepted that graphene is one of the strongestrk materials. It has a
Young’'s Modulus of approximately 1 TPa, around five timesgfeo than structural
steel, and an intrinsic strength of ~130 GPa. It can also withdéage bending
curvatures without disrupting the electric resistance [261]. Thesksraslicate that
incorporation of rGO reinforces the hydrogel network and improvad tcansfer
between the network and the rGO sheets, enhancing the mechaojsaities. A
similar response has been seen previously with incorporation ahte@VA and
PAA based hydrogels [262-265]. This flexibility and strengtike graphene an ideal

candidate for ‘smart’ wearable textiles.

However, while the mechanical properties of the unmodifiek bydirogels
improve when composited with rGO, they may still be regardedlasvely weak in
comparison with other hydrogel systems. This is predominatecause these
hydrogels have been prepared with a 1:1 PEGDGE:Jeffamine® ratitdtirrg in a
low cross-linking density in the polymer matrix. This d@sichoice yields high
swelling ratios, whilst compromising on mechanical streng@8][2High swelling
ratios can be advantageous for drug delivery applications as fastsaehates can be
achieved or higher dosages released. If further strength was requireastirding
density could be increased, as observed in Chapter 2, or a qeagneer network

could be incorporated to form a double-network gel.
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Table 4.1. Mechanical (compression) properties of rGO hyel (n=3)

Initial Modulus Breakin Breakin
Sample Modulus before break Strain (0/9) Stress (kga)
(kPa) (kPa) °
0% rGO 1.9(x0.7) 104.1(x21.8 61.7 (+ 6.8) 18.9 (+ 7.0)
0.5% rGO 2.2 (£04) 1194 (+28.2 63.9 (+ 7.4) 28.2 (+ 4.9)
5% rGO 2.8 (x0.5) 125.9 (+36.4 61.1 (£ 8.6) 30.6 (x7.4)
10% rGO 3.7(x0.7) 159.8 (+x21.2 56.2 (+ 2.3) 32.3(x5.2)
20% rGO 4.5(+0.4) 2449 (£ 19.0 62.1 (+ 6.5) 51.2 (x7.7)
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Figure 4.7 (a) Typical stress-strain curves for rGO-hydrogeksrformed in

compressive mode using a 10 N load cell at a strain rarom/min until fracture

and (b) photographs of the compression of a 20% rGQeuga until failure.
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4.3.5 Electrochemical characterisation of rGO-hydrogels

The electrochemical properties of the rGO-hydrogels were evaluatedllzy cyc
voltammetry and EIS. In order to characterise the capacitance and eteztsfier
properties, voltammetry was assessed both in PBS (10 mMi) #mel presence of the
ferri/ferrocyanide redox couple (2 mM). Higher currents and increased capacit
were observed as the rGO content increased (Fig 4.8 (a)) corragpomdhe rGO
providing a larger electroactive surface area. A close to ideal a@udic
voltammogram was observed when increasing the potential scafnoratd — 200
mV/s (Fig A-3.1), indicating excellent charge propagationiana transport within
the rGO-hydrogels. Additionally, Fig. 4.8 (b) depicts thealp current ) values
increasing and a decrease in the peak-to-peak separation for theooxiatad
reduction processes indicating improved redox switching with incrgaSiO content.
For example, the ifor the redox couple increased by approximately 43% andEpe
value reduced from 0.339 V to 0.205 V when the rGO contettié hydrogel was
increased from 0.5% to 20%. It is apparent that the rGO is logvehie electric

resistance and enhancing the charge transfer properties.
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This result is particularly interesting as in Chapter 2, drighvalues and lower
AEp values were observed as the swelling ratio and porosibhe dfydrogel network
increased. However, despite the 20% rGO-hydrogel having a lowedmgaratio than
the 0.5% rGO-hydrogel, it resulted in the best electrochemistry ifidicates that the
system with graphene content is no longer diffusion limatedia percolation threshold
of the rGO may have been reached, producing charge propagatiaghtheao

conductive network - a much faster process than diffusion.
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Figure 4.8 Cyclic voltammograms of the bulk hydrogel a@®-hydrogels with
increasing rGO content recorded in PBS (10 mM) (a) and® imM potassium
ferrocyanide (in 10 mM PBS) (b) at 0.05 V/s. Inset: Scae study of 20% rGO-
hydrogel in 2 mM potassium ferrocyanide (in 10 mM PBS) @BZb6x — 4EQ05,

R?=0.9972). (n=3)
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Complementary to the voltammetry results, a similar trend was eétesing
EIS. Fig 4.9 (a) shows representative Nyquist spectra for rGO-hydrogkeey
comprise a high frequency intercept on the real Z' axis and the hagioha semi-
circular arc across the high to low frequency range. The hegiluéncy intercept is
representative of a combination of electrolyte ionic resistance, tiresiatresistance
of the carbon cloth and the resistance of the contacts to téetipstat. It intersected
the Z' axis at approximately a 4@ngle indicative of porous electrode behaviour
[266]. The semi-circular arc was representative of the capacitive andivessis
behaviour of the rGO-hydrogels with the resistance observededcease with

increasing rGO content.

The Bode plot (Fig 4.9 (b)) can be divided into two frequerggions
indicative of the dominant kinetics within each domain. Thealo above 400 Hz
shows resistive behaviour (I), while the domain from 400 Hz.1oH¥ shows the
capacitance behaviour of the rGO-hydrogel is dominant (11). Maxicheanges in the
magnitude of log Z were seen within this region with theérbgels with a higher rGO
content observed to have lower impedance. This decrease in impesiaticeuted
to the increase in the electrically connected network as the percentagOof

increases.
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Figure 4.9 Representative Nyquist (a) and Bode spectrao{GO-hydrogels

recorded at the OCP in PBS (10 mM).
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4.3.6 Methyl orange release

4.3.6.1 Passive release

Methyl orange (MO), an anionic dye with a low molecular weigh7 (32
g/mol), was selected as the model drug for evaluating therdlegse behaviour of
the rGO-hydrogels. Passive release was investigated from rGOgej&lamntaining
5% and 20% rGO, representing a ‘low’ and ‘high’ amount of rGO, cordpared
against the unmodified bulk hydrogel. The cumulative releesfdgpover 4380 min
(~ 3 days) in PBS (10 mM, pH 7.4) at room temperature is showig 4.10. Rapid
release of MO was observed for the first 180 min with approriman% of the MO
being released from the bulk hydrogel (0% rGO). A significagicgon in the release
rate occurred subsequently, with the remaining 30% MO regu#200 min to be
fully released. Since no stimulation was applied to theptesrthe release rate was
governed by passive diffusion of the MO from the hydrogel imorélease medium.
The initial rapid release occurs from MO located near the surfaceslyobound
within the gel. The diffusion path length is much longerNt® molecules located

deeper within the hydrogel network leading to prolonged release.

Lower passive release profiles were observed for the rGO-hydrogel@7Rith
and 72% total cumulative release being obtained for the 5% wh&@dv/w rGO-
hydrogels respectively. The inclusion of rGO also resultedawes! release rates.
After 180 min only 57% and 50% of MO was released from ti4¢ @0~ and 5% w/w
samples respectively, compared to 70% for the hydrogel contaiainGO. Previous
studies have shown that drug release from hydrogels closéby$othe extent of
hydrogel swelling, namely the greater the swelling the greateetbase [267-269].

This is also the case for these hydrogels indicating that ésiygarelease the presence
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of the rGO does not hinder this diffusion process duringlswgelAlso, the amount
released is possibly reduced by MO adsorption onto the rG®@tstas many
carbonaceous materials, including graphene, GO and CNTs, displayiniding
affinities for dyes such as MO [270-273]. Previous work hascateld that this
property arises fromm-n stacking interactions, oxygen-containing functional groups
[273], electrostatic attraction and high specific surface areas [274]. Indelivgry
applications, reduced passive diffusion may be highly desirabladministering

accurate doses efficiently and minimising potential side-effects.
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Figure 4.10. Passive release of MO from bulk hydrogelsr&hydrogels at room
temperature into PBS (10 mM) with n=3. Inset: Early passiveas# time points and

structure of MO.
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4.3.6.2 Electro-stimulated release

The electro-stimulated drug release experiments investigated the aaflaén
rGO content, as well as the polarity and amplitude of the apgléstric potential on
the release characteristics of the MO. The mechanism for this release isylstesed
on electrostatic repulsion between the anionic dye and the t@&@gdcharging. It
would be expected that negative potentials would trigger esatio repulsion
between MO and rGO, accelerating release, whilst positive paltemtould induce
electrostatic attraction, thereby retarding or suspending the releasiglition to field
effects, it is possible that there is also capacitive deionmsaissociated with the
applied voltages contributing to the release. The MO containin@-h@irogel
samples were prepared using the same methodology described gigeviou
preparing the samples for electrochemical characterisation. The MOaegsarated
into the rGO-hydrogel as described above with the release expevirbetg
performed in PBS (10 mM, pH 7.4) at room temperature. A relaasgiah of 180
min was selected as this is where the majority of the release ocoutrexipassive
experiments detailed above. Applied voltages of +0.6 V, -0.2 &/-ar6 V were
chosen as the rGO-hydrogels demonstrated excellent charging hehavlis range
during the voltammetry studies (Fig 4.8 (a)). As displayeiig 4.11, the cumulative
MO release from unmodified bulk hydrogels, under electrostinmmatid not show
any variation from the passive release shown for the first 180mtig 4.10. This
was anticipated as there was no conductive moiety incorporateth@se hydrogels.
Application of a dc field can sometimes induce swelling iry@lelctrolyte hydrogels,
such as these, which could influence drug release but thisatagen in our system
as much larger potentials are probably required (~6 V) [203]. Sghtpbtentials may

not be permittedn vivo and previous studies have shown that GO may be reversibly
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oxidised and reduced using electrical stimulation of 2-3 V [27Bickvwould be

highly unfavourable for this system.
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Figure 4.11 Cumulative MO release from unmodified bulkdgels (0% rGO) under

passive and electro-stimulated conditions.

Fig 4.12 (a) and (b) show the passive and stimulated releaddegfor 20%
w/w and 5% w/w rGO-hydrogels respectively. The release ratexanodint can be
modulated by altering the polarity and amplitude of the appladntial, as well as
the percent loading of rGO. In terms of electrode polarity, accelerekease was
observed upon application of a negative potential. Alternatiwdlgn a positive

potential is applied the extent of release decreased below tresiig@release. These
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trends were observed for both the 5% w/w and 20% w/w rGO-ggtioAfter 180
min, 50% release was recorded under passive conditions for the 2ZO%G0-
hydrogel compared to 76% release when a voltage of -0.6 V was appliethis
decreased to 24% when +0.6 V is applied. This broad range offgescbatrol over

release quantity over a narrow time period.

Furthermore, the amplitude of the applied stimulus influertbedrelease
profile. Higher release was achieved for rGO-hydrogels at -0.6 \paad to -0.2 V.
The 20% rGO-hydrogels released 64% of their MO content a¥-0etsus 76% at -
0.6 V after 3 h. This is attributed to the generation of a Inigharge density at more
negative voltages, thus increasing the electrostatic repulsion bebi@emnd rGO,
leading to an accelerated release. The same trends are visible for S5hfyaf@Qels

in Fig 4.12 (b).

A wider range in the amount of MO released was observed fdr 1Z50-
hydrogels compared to 5% rGO-hydrogels. This corresponds wéthntiease in
capacitance observed with rGO content in the voltammetry andtkdiges (Fig 4.8
and 4.9). The hydrogels with a higher loading of rGO expel graateunts of MO at
applied negative potentials and lower amounts at positive tdgethan hydrogels
with low rGO content, corresponding to an increase in electricduobor density. As
previously stated, release from hydrogels is highly dependeheextent of swelling,
however for the rGO-hydrogels developed in this work, thelteeftom Fig 4.12
clearly demonstrate that release can be modulated by the application pflied a
voltage. These results strongly indicate that under appropriate ed@otidated
conditions the release is primarily dominated by electrical behagfdhe hydrogels

and not the swelling process.
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Figure 4.12 (a) Cumulative MO release from 5% rGO- and2($) rGO-hydrogels

under passive and electro-stimulated conditions.
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4.4 Conclusion

A novel electroconductive hydrogel capable of electro-stimulated drug
delivery has been developed. Incorporation of very low conceigatif HA greatly
improved the stability of rGO dispersions and allowed the mtimhuof high quality,
homogeneous rGO-hydrogel composites. The inclusion of rGfibuaétd new
properties and enhanced the inherent characteristics of the PEGDGE+w®&am
hydrogel system. Increased mechanical strength and electrochemicatipsopere

also demonstrated.

On-demand controlled drug delivery was achieved with thesecnawosite
materials. Through variation of the rGO content, electrode polardynraagnitude, a
wide number of drug release profiles were observed, ranging from skagseabf low
dosages to rapid release of high dosages. This versatilergieplatform has
demonstrated great potential towards advancing current delixggnss by exhibiting
great control and precision over tuneable release profiles. Thegmdrsiveness of
this gel that was exploited in Chapters 2 and 3, andfitence on drug delivery, still
remains to be explored. However, if present, pH-induced swetmgitions could
potentially be exploited for auto-titration of a drug in response pgbysiological pH

change.
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Chapter 5

Strategies to Improve Rates of Hydrogel

Swelling
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5.1 Introduction

One of the principal limitations of the PEGDGE-Jeffamine® hydroged
indeed many hydrogel systems, is their associated slow nagspainse. Whilst a slow
response is desirable for some applications, such as long-tegrelivery, many
applications require rapid swelling responses. Rapid responsedimegcessary in
sensing and drug delivery when immediate intervention mayegeired. Use of
hydrogels as self-actuating pumps and valves in MEMS micrafluldvices also
necessitates fast swelling for efficient flow control. Hygiene petsisuch as diapers
and sanitary towels also require rapid swelling to quicklyilb@barge volumes of
fluid. This chapter explores two main strategies for improviegdisponse rate of the
PEGDGE-Jeffamine® hydrogel; (i) reduction of the diffusion path tkerigrough
preparation of hydrogels with smaller dimensions and (iniekting the diffusion
limitation by fabrication of superporous gels which can rapidly @dibseater by

capillary action through open channels in their interconnguies system.

As discussed in Chapter 1, faster response times can be achiaesiting
the diffusion path length as the swelling rate is primaritjugion controlled. This is
easily achieved via preparation of hydrogels with reduced sizengions. Baldet al
[166] showed that reduction of the depth of their phenylboranid-based hydrogel
microvalve from 500 pm to 30 um decreased the opening time frond dvir 7 min
in their MEMS device. Bate®t al [167] reduced the response time of their
piezoresistive pressure sensor from 20 h to 0.34 h by replgarogel thickness from
400 pm to 50 um. Zhanet al [95] reduced the thickness of their optical glucose
sensor by decreasing the amount of hydrogel bilayers incorpofédtey.observed a
decrease in response time from approximately 1.5 to 0.3 n&n thie bilayer number

was reduced from 90 to 30. Micro- and nano-sized gels exhibrefgsonse times due
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to their size reduction in at least one dimension. Several remgatss are available

which discuss their synthesis and areas of application [80223].

Superporous hydrogels exhibit significantly faster responsesti than
diffusion dependant systems. They possess an interconnecéedy-sized pore
system (100-1000m) and imbibe water rapidly by capillary action through thenope
channels [279]. Various synthesis methods exist includamy blowing techniques,

ice-templating and surfactant-templating.

Gas blowing techniques are frequently employed to synthesis thydrogels,
typically through generating carbon dioxide bubbles by reastnijum bicarbonate
(NaHCQ) or sodium carbonate (NaOs) with acid to initiate foaming in the hydrogel

precursors. Equations 5.1 shows the reaction equation o€8aWith acetic acid.

NaHCG; + CHsCOOH— CHsCOONa + HO + CQ Equation 5.1

Gas foaming with NaHC&was used by Gumusderelioght al. [280] to generate
superporous pAAmM and p(AAm-co-AA) gels for protein delivery. Thegdrogels
reached equilibrium swelling in ~ 30 s and completed release/wfdoserum albumin
(BSA) within 1 h. Interestingly, when a chitosan interpenetgatietwork was
introduced for improving mechanical strength, swelling tineegased to 30 min and
total release achievable decreased from 80% to 60%. Ketaalg[281] used gas
foaming with NaHC@and acetic acid to prepare biodegradable polysaccharide-based
superporous hydrogels which reached equilibrium swelling ind&0s4depending on
monomer composition. Battigt al.[182] also used this approach in the development
of an aptamer-functionalised superporous gel for the controlledselof growth
factors. The aptamers in the gel could sense and hybridiséwatbscently-labelled

complementary strands and produce fluorescence after an incubatiaf Gnmen.
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Another common synthesis method for superporous hydrogelsce-
templating. Also known as cryogelation, this involves pwyising the gel at cold
temperatures (~ -P&) to create large ice crystals which produce large, interconnected
pores upon thawing. Cross-linking occurs in non-frozenidigghannels where the
soluble monomers/polymers are concentrated. Gels synthesiskid manner are
commonly called cryogels. Sahinderal. [282] reported that their pAMPS cryogel
reached equilibrium swelling almost 3600 times faster than ctireesponding
conventional hydrogel. Dinet al [283] synthesised pHEMA and chitosan-based
cryogels which reached equilibrium swelling in 10 s and 70espactively.
Superporous cryogels have also been composited with metal nariepaor H
generation from the hydrolysis of NaBHue to their fast swelling rates and high

catalytic activity [284, 285].

Surfactants have also been used as pore-forming agents. Howeres, p
created using surfactants are typically smaller than those synthessep the
methods discussed above (< 1af), resulting in a swelling time in the order of
minutes rather than seconds. @hial achieved an equilibrium swelling time of
approximately 2000 s using sodium n-dodecyl sulfonate (SD&lmitemplating of
a hydroxyethyl cellulose-based hydrogel [286] and a sodigmate-based hydrogel
[287]. Baoet al [288] used mechanically agitated surfactants such as sodium n-
dodecyl benzene sulfate, cetyltrimethyl ammonium bromide akglpakenol
poly(oxyethylene) to form bubbles to prepare porous poly(sodignylic acid)
superabsorbent resins which reached equilibrium swelling irogjppately 1500 s.
Other synthesis methods exist which are used less frequealiyas phase separation

[289] and microemulsion techniques [290, 291].
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This chapter investigates various strategies to improve thiérgywrate of the
PEGDGE-Jeffamine® hydrogel including preparation of thinnerrdgels and
superporous hydrogels. Numerous superporous synthesisdmetbee explored, such
as gas blowing with NaHCG ice-templating and a novel gas blowing method
involving the catalytic decomposition of hydrogen peroxidegisilver nanoparticles
to produce oxygen bubbles. The swelling rate of these gals iwestigated
gravimetrically and impedimetrically to determine the improvemengspanse time
and the possible implications it would have on applicatdissussed in previous
chapters. Pulsatile pH-switching was demonstrated. In addithe anti-microbial
properties were assessed to determine if the gels could controbraiggmowth for
general hygiene purposes if they were to be used in contacthsigkin, as well as

their potential to be used in a topical dressing for wound care.
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5.2 Experimental

5.2.1 Materials

As per Materials Section 2.2.1 with the following additisilver nanopowder
(<100 nm patrticle size), hydrogen peroxide solution (30% wMu), Pluronic® F-
127, hexaamineruthenium (Ill) chloride (HARC) and sodium hydropudiehased
from Sigma-Aldrich (Ireland). Hydrochloric acid (37%) and polystyrenel$€¢2a00-
300 um) were obtained from Fisher Chemical (Ireland) and Polysciences, Ing. (US
respectively. Mueller Hinton agar, and tetracycline (8) and nystatin (100 units)
antimicrobial susceptibility discs were purchased from Oxoid™ (W)chemicals
were used as purchased and all aqueous solutions were prepageDlusater (18

MQ cm @ 298 K).

5.2.2 Instrumentation

As per Instrumentation Section 2.2.2 with the following &dds; optical
images were recorded of hydrogels which had reached equilibriunfingwel DI
water using a high resolution digital microscope (Keyence VHX-ROA0Deben
Coolstage (UK) was attached to the SEM to keep the sammolesn at -16C

throughout the analysis.

5.2.3 Synthesis and swelling measurements of thin hydrodgéins

Thin hydrogels were prepared by dropcasting 1:1 Jeffamine:PEGDGE
precursor solution onto glass slides and placing cover dligep Various amounts
of precursor solution (1 mL, 6Q4. and 300uL) were dropcast to prepare hydrogels
with different heights (0.8 mm, 0.5 mm and 0.25 mm). All gedése placed in the

refrigerator (4C) overnight to cure. Cylindrical discs (3.5 mm diameter) were cut from
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the polymerised membrane with a Harris Uni-Core™ core samplen 3ivelling
ratio in DI water was measured at regular time intervals and atdduhs per Section

224

5.2.4 Quantitavtive glucose analysis of thin GOx hydrogellfns

Thin hydrogel discs (0.25 mm height x 3.5 mm diameter) werpared as in
Section 5.2.3 with 5% (w/w) glucose oxidase and catalase logatiag enzyme ratio
of 9.4 units catalase per unit glucose) dissolved in theolggd precursor solution. A
calibration curve of the swelling response in glucose (1-20 mM)prepared as per

Section 2.2.6.

5.2.5 Optimisation of the Pluronic® loading in superporougels

Superporous hydrogels were prepared by adding 2% (w/w) silvepadittes
(0.02 g), PEGDGE (0.349 g), 1 M8, (0.533 g) and Jeffamine® (0.098 Q)
sequentially into a glass vial, capping it quickly andexirtg for 10 s. The Pluronic®
loading was optimised by measuring the amount of superpbyaliegel versus bulk
hydrogel produced after polymerisation using a Workzone® diggtigber. Various
Pluronic® loadings were incorporated into the gels (0, 5, 104@@&nd 50% w/w)
using a 10% (w/v) Pluronic® solution. The amount eOkadded was decreased as
the Pluronic® loading increased so the cross-linking denkityeonetwork remained

constant. Solutions of 4. were prepared fresh daily.

5.2.6 Optimisation of polymerisation temperature of superporous gsl

Superporous gels were prepared by adding 2% (w/w) silver narabgs(6.02
g), PEGDGE (0.349 g), 40% w/w Pluronic® using a 10% (wbitution, 1 M HO:

(0.133 g) and Jeffamine® (0.098 g) into a glass vial, cappopgckly and vortexing
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for 10 s. Hydrogels were then heated in an oven at the desiredrtgmp for 20-45
min (depending on temperature investigated) and the propaoficsuperporous
hydrogel versus bulk hydrogel produced after polymerisationmeesured using a

Workzone® digital caliper.

5.2.7 Anti-microbial testing of superporous gels

The anti-microbial activity of the superporous hydrogels watuated against
E.coli (ATTC 25922),S.aureusATTC 6538) andC.albicans(ATTC 10231) using
the disc diffusion metho@®vernight grown cultures &.coli, S.aureusandC.albicans
were individually diluted and plated on Mueller Hinton agaoculated with
approximately 1®CFU/mL. Superporous gels, prepared as per Section 5.2.6;land 1
unmodified PEGDGE:Jeffamine® gels were thoroughly washeddayng the gels in
fresh DI water (approx. 100 mL) every day for a week. Hydrogel discs wut (4 x
2 mm) after washing, placed in a sterile water with the surface expmsedand
sterilised for 15 min each side using a high intensity Whp at 365 nm (Black
Ray® B-100AP, 100 Watt). The discs were then gently blottdgtated on the plates
in duplicate and incubated at 37°C for 18-24 h. Zones abitrdn were observed.
The unmodified PEGDGE:Jeffamine® gels were utilised as negativieoto and
antibiotic discs were used as positive controls (tetracyclingi@3Gor bacteria and

nystatin (100 units) for fungi).

5.2.8 Investigation of swelling rate and response time of supenmus gels

Superporous hydrogels were prepared as in Section 5.2.6 amdepisked at
12C°C for 20 min. The bulk hydrogel was removed with a scalpelhgnirogel discs
with different diameters (3.5, 12 and 20 mm) were cut from therporous gel. Their

swelling ratio in water was calculated as per Section 2.2.4.
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5.2.9 Superporous hydrogel modified carbon cloth electrode

Carbon cloth electrodes were cut and insulated as in Section Ra2&5ilm
was wrapped around the top of each electrode to prevent gel fromgu@iyrg where
the potentiostat connections would be attached. Superporotsgki/evas prepared
as in Section 5.2.6 with an electrode pinned above the baottdine glass vial, using
the lid, to prevent bulk hydrogel from polymerising the electrode. Superporous
hydrogel modified carbon cloth electrodes were then cut from the pabled gel with

a scalpel. All gels were cut to an area of 9 x 9 x 9 mm whéndwillen.

Cyclic voltammograms were obtained by cycling superporous bggtiro
modified carbon cloth electrodes between -0.5 V and 0.2 \mMMIHHARC (1 M KCI)
at 0.1 V s. Voltammograms were also recorded with a narrower potential widow
0.5 V to -0.05 V) to eliminate any silver redox activity, amd M KCI to verify that

no silver redox activity was visible in the potential windo

5.2.10 Effect of pH on the swelling response of superporous gels

Superporous hydrogels were prepared as in Section 5.2.7. Thbyoubgel
was removed with a scalpel and hydrogel discs were cut (3.% shmmm) from the
superporous gel using the Harris Uni-Core™ core sampler. Thewdésesweighed
before being washed thoroughly by placing the gelsdashfrDI water (approx. 100
mL) every day for a week. The hydrogels were blotted with fikiep and re-weighed
to obtain their swelling ratio due to water uptake. The swel@sponse of the gels
was then calculated after 10 min of swelling in solutions withranging from pH 2
to 10 using Equation 5.2. A solution of each pH wasamegppby mixing 10 mM stock

solutions of HCI (pH 2) and NaOH (pH 12) with the ioniesgth kept constant.
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Swelling response Swelling ratiopy — Swelling ratioyater uptake Equation 5.2

For the pH switching experiments, superporous hydrogels placed into fresh pH

3 and pH 10 solutions after each measurement. All solutvens gently stirred. The

swelling response was calculated after 1 min at each pH.

144



5.3 Results and Discussion

5.3.1 Reducing response time using thinner hydrogels

Since the swelling rate of bulk hydrogels is primarily govergdliffusion,
faster swelling rates can be achieved by reducing the diffusion pgiinleScaling
down the size of the hydrogel through fabrication of smaller ondhmigels is often
the simplest method to accomplish this. Consequenttyhiydrogel discs of varying
thicknesses were prepared using glass slides and cover s$p5.1Fshows the
swelling behaviour of hydrogels with three different thickneg8e25, 0.5 and 0.8
mm) in DI water over 360 min. The rate of hydrogel swelling waseoved to be
highly dependent on the size of the hydrogel. Response icneased as the height
was decreased. After 60 min, 0.25 mm hydrogels had a swelliimgofai3.7 in
comparison with 9.7 and 5.7 for 0.5 and 0.8 mm gels respéctAdditionally, after
360 min the 0.25 mm gels appear to be reaching equilibrivetlisgy whereas the
larger gels are still undergoing swelling. Due to their larger 8ieg,possess a greater
swelling capacity and would surpass the thinner gels in tefnssvelling ratio if
permitted enough time. However, as shown in earlier chapterdyuiik hydrogels
typically required at least 500 min to reach equilibrium. Thals;ication of gels with
reduced thickness decreased the diffusion path length in on@siomeand hence

improved the rate of response.
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Figure 5.1 Effect of decreasing thickness of hydrogel olisgeesponse in DI water.

Inset: Early time points. (n=3)

As a result of the improvement in the swelling rate with redugeighickness,
it was decided to repeat the glucose calibration curve prepare@&pte€l2 using the
thin hydrogels. This was to determine if the improvemantessponse rate would
translate into increased detection sensitivity. Thin hydrogelsd0.25 mm height)
containing 5% w/w GOx and catalase were immersed in stirredggusolutions and
their swelling response after 100 min was calculated using iBquai3. Both the
calibration curve of the thin hydrogels and the original data fobrapter 2 with the
larger bulk hydrogels are displayed in Fig 5.2. A higher anerfasvelling response
was observable for the thin hydrogels. The shorter diffysadnlength within the thin
gels resulted in faster solution uptake, thereby increasing thefrgleconic acid

generation and extent of ionisation induced during the talef the experiment.
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This was reflected in the slope of the calibration plots asublgéd from 1.2 to 2.4
with the thin hydrogels, thus indicating a two-fold improvemen sensitivity.

Therefore, a faster swelling rate can lead to an improvement in datsetisitivity.
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Figure 5.2 Glucose calibration curve of thin hydrogelcdig0.25 mm thick) (black)
and bulk discs (11.6 mm x 0.8 mm) (red) with 5% enzyme tpadiar 100 min

swelling time. (n=3)

Despite the reduction in the equilibrium swelling time fromrappnately 8
to 5 h using the thinner hydrogels, an improvement of 3/tbi&response time is still
prohibitively slow for applications such as sensing. Addgily, the hydrogels

became very fragile and difficult to handle with reduction in sihelwwould also
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limit areas of potential application. As such, the alternatixetegyy of inducing a

macroporous structure into the hydrogels was examined.

5.3.2 Fabrication of superporous hydrogels

Superporous hydrogels containing interconnecting macro-sized [gare
rapidly absorb water by capillary action through the open chanhkéy exhibit
significantly faster response times as the swelling is noeloddfusion controlled.
Many fabrication methods were investigated to prepare superpororsyalgdwith
the PEGDGE-Jeffamine® system including gas blowing techejgaeenplating with

macro-sized polystyrene beads and ice-templating.

Gas blowing techniques are frequently employed to synthesis tlydrogels,
typically through generating carbon dioxide bubbles by readtatdCQ; or NaCOs
with acid to initiate foaming. This strategy was attempteth vihe PEGDGE-
Jeffamine® system. Various amounts of Nak@@d acetic acid were added to the
PEGDGE-Jeffamine® precursor solution. However, no significant feasproduced
with low concentrations of acetic acid { M) and the polymerisation of the gels was
not possible in higher concentrations of acetic acid (> 1 M). NaH€x@ts with acid
to produce a salt and a carbonic acid which decomposes to watearéion dioxide.
When low concentrations of acetic acid were added, the overall pHeof«l
precursors solution remained highly alkaline due to the hagitipH of the Jeffamine
(pH 11.6). Therefore, the NaHG@id not react to produce carbonic acid and
subsequent carbon dioxide gas, resulting in no foam. fidhisated that sufficient acid
must be present to reduce the pH and higher concentrations ok@@dequired.
However, high concentrations of acid resulted in protonationeofithines so they

were no longer nucleophilic in nature and able to react witbxtmane groups of the
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PEGDGE [292]. Amine nucleophiles require moderate alkaline pHesalisually at
least pH 9 [293] to be reactive. Thus, the hydrogel was uriabéeoss-link and
polymerise at low pH. The same behaviour persisted even whery stoads were
investigated, including HCI and.HBQs. Foaming and crosslinking reactions must
occur simultaneously to achieve the well-established poroustustes which could

not be achieved using this approach.

Due to this pH limitation, several alternative methods fgntrsesising
superporous hydrogels were explored. Polystyrene beads havesbdassacrificial
templating agents for hydrogels and are easily removed viduissowith solvents
such as chloroform, dichloromethane and toluene [294-296]adt postulated that
macro-sized polystyrene beads could be incorporated into the PEQEiamine®
hydrogel, which would create large pores and possibly open ckadegkending on
amount, when removed. Macro-sized polystyrene beads (2002890 were
incorporated into the PEGDGE-Jeffamine® hydrogel, howeverdghddremained in
the gel even after swelling in chloroform or toluene. Beads weoepdhced in these
solvents in glass vials for extended periods of time (> 1 mamtt did not dissolve
even with sonication and heating. This is most likely bexafithe bead stability due

to the high level of DVB cross-linker required to synthesisel®eathis size.

Ice-templating was the third approach investigated. As statethpsty, this
involves polymerising the gel at cold temperatures (~2C3 to create large ice
crystals which produce large, interconnected pores upon tha@nogs-linking occurs
in non-frozen liquid channels where the soluble monomersipatyare concentrated.
However, the PEGDGE-Jeffamine® hydrogel would not polymeris&é8&®?C. The

gel precursors froze but thawed back to liquid when retumezbm temperature. The
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cold temperature inhibited the reaction between the amine and epmxysgthus

inhibiting gelation.

The final approach involved the catalytic decomposition of tgetgeroxide

to produce oxygen bubbles according to Equation 5.3.

2H02 — 2H0 + O Equation 5.3

Many metals behave as catalysts for the decomposition of hydrogrexige
including Ag, Fe, Pt, Zn, Cu and Pd [297-301]. Their reacisooften exploited for
hydrogen peroxide detection due to its widespread usage in dioke ifidustry,
pharmaceutical, industrial and environmental analysis. Metal asthdps such as
Ag, Au, Pt and Pd exhibit excellent catalytic activity for hyglo peroxide due to
their larger specific surface area [302]. Ag nanoparticles (<100 nm) weretadtied
PEGDGE-Jeffamine® hydrogel precursors. Instead of water, dildi®ggn peroxide
(1 M) was incorporated and produced rapid foaming as it deze@dpupon interaction
with the Ag nanoparticles. The rate of hydrogen peroxide degsitign also
accelerates with increasing pH and temperature [303]. These conditigmedded
naturally by the PEGDGE-Jeffamine® system due to the alkglideof the
Jeffamine® and the heat generated by the oxirane ring-opening ®?EBDGE.
Additionally, polymerisation was not affected by the presesfcAg and hydrogen

peroxide, thus indicating this to be a viable option for tatimg superporous gels.
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Figure 5.3 Photograph of a superporous PEGDGE-Jeffa@imgdrogel prepared via
the catalytic decomposition of hydrogen peroxide by silveroparticles in the

presence of gel precursors.

5.3.3 Optimisation of Pluronic® loading

During the catalytic decomposition of hydrogen peroxide, thergéion of
oxygen bubbles continues until all the hydrogen peroxidke®mposed. As stated
previously hydrogel polymerisation can be a slow process witss-linking occurs
spontaneously (i.e., without use of heat or UV light)hsas the hydrogel system
described here. Subsequently, due to the rapid decompositigdrolgen peroxide, it
was not surprising that the oxygen generation ceased beforgdtiogél polymerised.
As a result, the hydrogel produced was not superporousefoherit was decided to
incorporate Pluronic® F-127 as a surfactant to stabilise the @amanic® F-127 is
a non-ionic, amphiphilic triblock copolymer of poly(ethylenexide) and
poly(propylene oxide). Spherical micelles are generated in sohsgitre length of the
hydrophilic block is longer than the hydrophobic block of pbé/mer. Micellisation

of these block copolymers occurs as occurs around 20;1fhus most of the
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molecules are in micellar form at room temperature [304]. It hasusszhpreviously

as a foam stabiliser in many hydrogel systems [291, 3@, 30

A 10% w/v Pluronic® solution was prepared and incorporated the
PEGDGE-Jeffamine® hydrogel precursor solution with Ag narnmbes and
hydrogen peroxide. The volume of hydrogen peroxide was redsctte Pluronic®
loading was increased to maintain consistency in the overal-tinking density of
the gels. Fig 5.4 consists of a bar chart and photogtagphisg the proportion of
superporous gel versus bulk gel formed upon polymerisafignthe Pluronic®
loading increased from 0 to 40%, the depth of superporodsrgetd increased from
0.0 (£ 0.0) mm to 4.5 (= 0.1) mm and the depth of bulkdgefreased from 4.3 (+ 0.1)
mm to 2.7 (£ 0.2) mm. This indicates that the Pluronic® telsaving as a foam
stabiliser and was more efficient at higher loadings. However, wieRluronic®
loading was raised to 50%, the depth of superporous gel dedrea2.8 (£ 0.2) mm
and the bulk gel increased to 3.4 (+ 0.1) mm. In this istain order to achieve such
a high Pluronic® loading, the overall concentration of hydrqugnxide was reduced,
hence there was less oxygen produced and available to tragioAdlly, it was
apparent that none of the gels were 100% superporous as bulaggalways present
in some proportion. Although this shows that the Riioc® was successfully
stabilising the foam, the polymerisation time was still gyively long to fabricate

100% superporous gels.
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Figure 5.4. (a) Bar chart showing the proportion ofkbuersus superporous hydrogel

formed with increasing Pluronic® loading (n=3) and @@rresponding photograph.

5.3.4 Optimisation of polymerisation temperature

PEGDGE-Jeffamine® hydrogels polymerise at room temperature, however
higher temperatures can accelerate the epoxy-amine reaction [307-30@}y @ontly,
polymerisation temperature was investigated to determine if greatemésrof foam
(i.e. superporous gel) could be retained if the polymerisation rateincreased.
Hydrogels were prepared with a 40% (w/w) Pluronic® loading atatced

immediately into a heated oven to polymerise. Fig 5.5 stssif a bar chart and
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photograph displaying the proportion of superporous getusdyalk gel formed upon
polymerisation at different temperatures. As the temperature was incfease20-
140PC, the depth of superporous gel increased almost 4 timas4f®(+ 0.1) mm to
17.0 (= 0.6) mm. Simultaneously, the depth of bulk gerdased from 2.7 (+ 0.3) mm
to 0.4 (x 0.1) mm. The hydrogels also required less tim@adlgmerise as the
temperature was increased. Polymerisation time was observed ¢e feain ~ 8 h to
15 min with increased temperature. Thus, increasing the tempeaatgierates the
polymerisation rate, leading to the generation of more superpgsbusithough the
hydrogels at 149C polymerised the fastest and stabilised the greatest amount of
superporous gel, the change in gel colour indicated possibleat@egradation of the
polymer matrix. Therefore, a polymerisation temperature o?@2&hich required a
polymerisation time of 20 min, was used for all subsequepererents. The
superporous and bulk gel were easily separated, to give free-gtangerporous gel

materials.
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Figure 5.5. (a) Bar chart showing the proportion ofikband superporous hydrogel
formed at various polymerisation temperatures (n=3) and ¢bjresponding

photograph.

5.3.5 Anti-microbial testing of superporous gels

The control of microorganisms on skin and other surfacegldyhimportant
for maintaining good hygiene standards and health. Conséguennsiderable

interest has arisen in developing antimicrobial hydrogels foinusensumer products,
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as well as protective coatings on medical implants and devidey [Bl1]. In
particular, hydrogels containing Ag nanoparticles are frequently insedund and
burn dressings [312-314] as Ag possesses the highest baelexatidity of all known

nanoparticles, which increases with decreasing patrticle size [315].

The anti-microbial properties of the superporous hydrogel anddified bulk
hydrogel were evaluated against gram-positive bact&iaufeus6588), gram-
negative bacteriaE(.coli 25922) and fungi G.albicand using the disc diffusion
method. Hydrogels were fully hydrated in sterile water beforeysisahs unswollen
gels would uptake moisture from the agar and swell, therebynajtdreir size and
contact with the plate. Tetracycline and nystatin antibiotic disese witilised as
positive controls for bacterial and fungal activity respectivEhe antibiotic diffuses
into the agar, establishing a gradient of antibiotic conceotratvith high
concentration close to the disc and decreasing concentrations furthgr avda
creating a zone of inhibition upon incubation. Fig 5.6 aigd3=7 show inhibition
zones with a diameter of 35 (= 1) mm for the tetracycline disd®tntheE.coli and
S.aureuslates, while the nystatin generated a zone with a diameter (@f 2Z3mm
on theC.albicansplate. Both the unmodified bulk hydrogel and superporousoiggd
were ineffective at inhibiting bacterial and fungal growth as nditibh zones were
visible for either gel type. The absence of an inhibition zonéhtounmodified bulk
hydrogel indicated that the hydrogels were thoroughly cleaneahwysunreacted
Jeffamine could have potentially leeched from the hydrogel aroitiedh growth due
to its high pH. All microorganisms have an optimum pH faovwgh and a pH range
where growth is possible, for examecoli is a neutrophile which possesses an
optimum pH of 7 and a growth range of pH 5.5 to 8 [3Binilarly, hydrogen

peroxide is biocidal and would inhibit or kill microorganisihseleased from the
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superporous hydrogels [317]. However, the absence of an inhibdima around the
superporous hydrogels was surprising as the antimicrobial pegpeftAg are well-
known. Several mechanisms have been proposed for the antimidsebaliour of
Ag nanopatrticles including releasing silver ions which cantivate vital enzymes,
production of free radicals which can damage cell membranes, anghorihe cell
well and penetrating it, or inhibiting growth via modulatiohsignal transduction
[318-321]. As inhibition is dose-dependent, it is pdssibat the concentration of Ag
nanoparticles was too low in the superporous hydrogels to thee against the
microorganisms. Alternatively, the hydrogel matrix could be actiaga physical
barrier and preventing interaction between the silver and pathogezithdncase, it

is probable that a higher loading of Ag nanoparticles woulecase activity.

Figure 5.6. Antimicrobial behaviour of unmodified llbthydrogels against (i)

C.albicans (ATTC 10231), (ii) S. aureus (ATTC 6538)(@nde.coli (ATTC 25922).
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Figure 5.7. Antimicrobial behaviour of superporous loghls against (i) C.albicans

(ATTC 10231), (ii) S. aureus (ATTC 6538) and (iii) E.coliT& 25922).

5.3.6 Morphology of superporous hydrogels

The morphology of superporous and bulk hydrogels were comparegl usin
optical microscopy and SEM. Fig 5.8 shows optical imagedull§y swollen
superporous (a,c) and bulk hydrogels (b,d) at low and higmifieegions. The bulk
hydrogel appears smooth, with no obvious level of porositycomparison, the
superporous hydrogel is highly porous, with pores visiblthatsurface as large as
2500um. Due to the low level of magnification used the minimpore size was too
difficult to measure. Although some of the pores appear intercathetts difficult
be conclusive with these optical images, due to high Ie¥ehydration and

translucency.
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1000um

Figure 5.8 Optical microscope images of a superpotordgrogel (a), an unmodified
hydrogel (b) and higher magnification images (c,d) respectivillgcAle bars = 1000

pm.

Fig 5.9 (a) and (b) display SEM images of an unswollenfaliy hydrated
superporous hydrogel respectively. These images are at low magnfiohtx 50.
Both images show the superporous structure to be comprisad inferconnecting

pore system with typical pore size greater thanfiOPore size ranged from 10-500
um in the unswollen gel and 200-100& in the swollen hydrogel, with average pore
sizes of approximately 1G0m and 55Qum respectively. The thickness of the polymer
walls approximately ranged from 200-2a6 in the unswollen gel and 25-4@n in
the swollen hydrogel. Upon swelling, the size of the psigrgficantly increased, pore
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walls became thinner and the channels became wider. The shapearethis painly
spherical but some distortion is evident, particularly weewllen. It is likely the
distortion occurs due to the rapid pressure changes as thenois/generated and

travels through the foam. A wide pore size distribution wasdable in both gels.

$§3400 5.00kV 22.0mm x50 SE

Figure 5.9. SEM images of (a) an unswollen and (b) b fWollen superporous

hydrogel. Mag: x50, scale bar: 1 mm

Fig 5.10 (a) and (b) display images of an unswollen and hyltrated bulk
hydrogel. In comparison with the superporous gel, there goenes visible in the dry
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state and much smaller pores present when fully swollen. Trieespe ranged from
5-60um, with an average size of 2n. Thus, the pores of the swollen superporous
gels are almost 28 times larger than the corresponding lelilkDge to this open
structure and increased network capacity the swelling time iy likesignificantly

decrease.

$3400 5.00kV 27 Mg %160 SE

Figure 10. SEM images of (a) an unswollen and (b) iy sWwollen bulk hydrogel.

Mag: x160, scale bar: 300m.
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5.3.7 Effect of gel size on swelling time and rate

The swelling behaviour of these superporous hydrogels wastaremhito
investigate the time required to achieve equilibrium swelling tandetermine its
relationship with gel size. Fig 5.11 shows the swelling aesp of superporous
hydrogels of three different sizes in water. All hydrogels have &aliheight of 4
mm and a diameter of 3.5, 12 or 20 mm. The hydrogels weenad to swell rapidly
regardless of their size. An equivalent swelling rate was noted faonrak sizes,
demonstrating that the swelling rate of these superporousdsidrdoes not depend
on size. This size-independent fast swelling has been obsaretiter superporous
hydrogel systems and is attributed to the open, macroporousustrof the gel
networks [291, 304]. The overall time required to reach equilibswelling increased
with gel size but all gels were fully swollen in less thars2Q swelling time of 10-15
s was required for gels with a 3.5 mm diameter whereas the largerithiettameters
of 12 and 20 mm required 15-20 s. Due to the extremely faslirayvehange it was
difficult to obtain precise values. Equilibrium swelling ragilso increased with gel
size. The largest gel, with a diameter of 20 mm, obtained a sgvediio of 20.3
compared with 15.3 achieved by the 3.5 mm diameter gel. Swadliltgand time for
equilibrium swelling increase with size as larger gels possep®aer swelling
capacity. A larger network signifies that the gel can absorb more waltdr kelquires
additional time to reach equilibrium swelling. Most applicasioincluding sensing,
drug delivery and microfluidics, wouldn’t necessitate a gel largear #0 mm so the
response time will be less than 20 s with these gels. Bsisiécreased dramatically
from 5 h achieved with the thin bulk gel discs, an improveroégteater than 1500

fold, and demonstrates the huge advantage in introducing noacsdy.
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Figure 5.11 Effect of gel diameter on the gravimetric swghesponse of superporous

hydrogels in water. (n=5)

5.3.8 Comparison of the voltammetric performance with bulk gels

In previous chapters, electrochemical sensing and characterisatioedras b
performed with a single dip-coat of PEGDGE-Jeffamine® dubdadsistive nature
of the gel. Consequently this section compares the electrocheprigarties of the
superporous hydrogel with the typical dip-coated films of thw#&rogel that were
prepared in earlier chapters. Dip-coated films of superporous hydicgétn’t be
prepared as it was not possible to trap the oxygen in thieskydrogel layers on top
of the electrode surface. Therefore, superporous hydrogels were prieasetution
as before, where the carbon cloth was also present in solutieradhered gel was

then cut to the desired size. Due to this increased thicknegsaoed with a dip-coat,
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thick bulk gels were also polymerised on carbon cloth electrodibe isame manner
as the superporous gels for comparison. Upon swelling, thikkama superporous
hydrogels were 9 x 9 x 9 mm. Fig 5.12 shows a photogodphe three types of

hydrogel for clarification.

Dip-coated bulk hydroge] Thick bulk hydrogel § Superporous$iydrogel

Figure 5.12 Photographs of carbon cloth electrodes nextiiwvith dip-coated bulk

hydrogel, thick bulk hydrogel and superporous hydrogel.

Silver electrochemistry was observed in the cyclic voltammograntkeof
superporous hydrogel on carbon cloth electrodes recorded in 1IMFK®.13). The
redox couple A1/C1 (0.012/-0.155V) corresponded to the electrofommattibg” via
oxidation (A1) and from the electroreduction of*Amack to A§(C1) arising from the
presence of the Ag nanopatrticles in the gel [322]. The Ag nandpantjenerated high

redox peak currents due to their large electroactive surface area winctratkd the
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voltammetry between -0.2 and +0.2 V. Consequently, the pattemindow was
narrowed from -0.5 to +0.2 V to -0.5 to -0.1 V to eliatim the silver electrochemistry.
Fig 5.14 shows a voltammogram of the superporous hydrogefietbdarbon cloth
electrodes in this narrower potential window in 1 M KCI. Thearomogram shows
only non-Faradaic charging, demonstrating that the silver rel@éatrochemistry can
be eliminated by avoiding the electroformation of Ag+ at the piaiesftapprox. +0.01
V vs Ag/Ag/Cl. Without oxidation, there’s no generation @ffAons to reduce, hence
the reduction peak disappears also. Therefore, the diffusion propértes gel can

be investigated in this new potential window.

Al

Current (mA)

C1

'2 T T T T
-0.6 -0.4 -0.2 0.0 0.2

Potential (V)

Figure 5.13 Cyclic voltammogram of superporous hydragyélM KCl at 0.1 V3.
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Figure 5.14 Cyclic voltammogram of superporous hydragé&lM KCI at 0.05 Vs,

Fig 5.15 shows representative cyclic voltammograms of the electrazddemi
response of bare carbon cloth, a dip-coat of bulk hydrogel, thigkaind superporous
hydrogel in HARC (1 mM) using the narrow potential windowatmid the silver
electrochemistry. Despite the presence of a thick looking gel co#tiggedox couple
showed very similar voltammetric behaviour with the superpdngdeogel modified
electrode compared to at the bare electrode. As summarised in Thaldehtgh rate
of electron transfer was demonstrated with only a very small reductpaak current
and increase imMEp evident. In comparison, the thick bulk hydrogel completely
inhibited the electroactivity of the bulk solution [Ru(§k°®*?* redox couple. This
was unsurprising as it was demonstrated in Chapter 2 thgi-&oats of gel was

sufficient to inhibit the electroactivity of the carbon cloth tluéhe resistive nature of
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hydrogel. However, this indicates that the macroporosityttaingolymer walls of the
superporous hydrogel matrix significantly improve electron transferdafusion
rates. It is also likely that the Ag nanopatrticles in the supeugagel also contribute

to this enhancement in electron transfer by increasing the contuofithe gel.

0.2

0.1 \
=

<
E 0.0
=
o
5
-0.1 1 \
—— Bare carbon cloth
—— Thick superporous ggl
-0.2 Dip-coated bulk gel
—— Thick bulk gel
-0.5 -0.4 -0.3 -0.2 -0.1 0.0

Potential (V)

Figure 5.15 Cyclic voltammograms of hydrogels and barban cloth in 1 mM HARC

(1 M KCl) at 0.01 V.
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Table 5.1 Summary of peak potential separation valuEp) and current valuesy(i

and b, for hydrogel modified electrodes (at 0.01™Ns 1 mM HARC in 1 M KCI).

(n=3)
AverageAEp Average pa Average j.c

Electrode (mV) (MA) (MA)

Bare carbon cloth 45 + 6 0.17 £0.02 -0.20+ 0.0

Thick superporous 58 + 5 0.15 +0.02 -0.18 +0.04
hydrogel

Dip-coated bulk 88 + 15 0.09 + 0.02 -0.13 +0.03

hydrogel

*Values could not be included for thick bulk hydrogelres redox activity was

observed

At slower scan rates<(25 mV/s), theAEp decreased below 59 mV at the bare
carbon cloth and superporous hydrogel modified electrode systdrct could
indicate an influence of thin layer voltammetry due to a surfactnam species. It is
possible that there was some surface adsorption of the redox sp&oidke carbon
cloth due to its high porosity. However, the values are relgtivigh, indicating that
the process is still primarily diffusion controlled. Additally, a scan rate study was
performed (1 - 250 mV/s) and the three systems, the bare carblonstiperporous
hydrogel- and dip-coated bulk hydrogel modified carbon cloth electratiiésplayed
a linear correlation between peak curregtdnd square root of scan rate, indicative
of a diffusion controlled process (Fig 5.16). At faster scan rates (3, this effect
is less apparent potentially because Alig increases due to non-linear diffusion,

uncompensated solution resistance and/or slower electron transtirk Thus, there
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Is possibly an adsorption effect occurring at slower scan rateséxall the system is

diffusion-controlled.
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Figure 5.16 Scan rate study of bare carbon cloth, qupe®us hydrogel- and dip-
coated bulk hydrogel modified carbon cloth electrodes in 1HARC (1 M KCI).

(n=3)

5.3.9 Effect of macroporosity on impedimetric swelling measurements

The significant improvement in response time of the superporalrsdsis in
comparison with bulk hydrogels was tracked with gravimetry pusiyoin this
chapter. It was decided to investigate the effect of macroporesgwelling response
time using EIS. Significant benefits could be envisaged ifetsieresponse times could
be coupled with impedimetric transduction including rapid awisive detection of

analytes such as those investigated in Chapters 2 and 3sNypectra were recorded
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of single dip-coated bulk hydrogel and superporous hydnogelified carbon cloth
electrodes at specific time intervals during swelling to determiee #guilibrium
swelling response time (Fig 5.17). Previously, dip-coated bytkogel modified
carbon cloth electrodes were placed in electrolyte solution ovénagimsure they
were fully swollen before measurements were recorded for maxseusitivity. Fig
5.17 (a) shows that these hydrogels required 5-6 h to reaclbegon swelling.
Additional spectra were recorded at 8 and 24 h to confirm theoggts were fully
swollen. In comparison, the superporous hydrogel modified carlotim electrodes
were reaching equilibrium swelling in less than 1 min, wwi@s shorter than the
timeframe of an impedance measurement (0.13 h) over the frequency ramgeest i
(Fig 5.17 (b)). Therefore, the impedance of the gel at t = 0 couldenmeasured.
Consequently, the swelling was allowed to take place amdath impedance spectrum
was recorded. The superporous gels were observed to be lesserdlsatithe dip-
coated bulk hydrogel. Gel resistance values of 13,563 (+ 1B8js@nd 341,933 (x+
73314) Ohms were obtained respectively when the EIS data wes dising the
electrical equivalent circuit applied in Chapters 2 and 3. This reduat gel
resistance and fast swelling time are attributed again to the maasdpand thin
polymer walls of the superporous hydrogel matrix. The improvémeswelling rate
also removes the need for overnight swelling prior to analyssefore significantly
reducing the analysis time and increasing the attractiveness ef regerials for
sensing applications. The possibility of single frequency oreasent or analysis of 2
or 3 frequencies remains to be explored, but if feasible, may peacking of the

swelling with respect to impedance.
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Figure 5.17. Nyquist spectra of (a) PEGDGE-Jeffamine® huyldrogel and (b)

superporous hydrogel swelling over time (at the OCP in 10RB4).
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5.3.10 Effect of pH on swelling response of superporous gels

lonisation-induced swelling was demonstrated previously ththPEGDGE-
Jeffamine® hydrogel in the presence of acid due to the pendant amupes @n the
polymer backbone. A pH study was performed to determine if tipergorous
hydrogels were also pH-sensitive. Superporous hydrogels wewedl reach
equilibrium swelling in water before being placed into sohgi@f different pHs
ranging from pH 2 to 10. Stock HCI (pH 2) and NaOH (pHsl®\itions were prepared
and mixed to achieve the desired pH. Buffer solutions were notgsealsingle buffer
system would cover the entire pH scale. Therefore, multiple diffetdferb would
be required. This was avoided as buffer composition and adfliflans are reported
to strongly influence the swelling properties of polyelectmbgls [323]. The swelling
response was calculated by subtracting the swelling ratio dugtéo uptake from the
swelling ratio at the specified pH, thereby observing swedloigly due to ionisation.
As displayed in Fig 5.18, the swelling response is charaeteby a peak maximum
at pH 3. This maximum swelling at this pH correspondsaagimum ionisation of the
amine groups. As discussed in Chapter 2, the majority @frtiiees exist as secondary
amines in the polymer matrix and theoretically possess a p&K&.0According to the
Henderson Hasselbach equation (Equation 5.4), these ganepherefore 98.8%
ionised at pH 3, 88.8% at pH 4 and 44.3% at pH 5. ddnisesponds with the apparent

pKa of 4.5 visible in Fig 5.18 as the midpoint of tuve.

pH = pKa + log [A/HA] Equation 5.4
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Figure 5.18 Effect of pH on swelling response of supeyhydrogels after 10 min
(Swelling response calculated as swelling ratio in pHisoh minus swelling ratio in

water). (n=3)

Increased swelling capacity was observed at pH 3 because of increased
electrostatic repulsion between adjacent charged amines and increasattt osm
pressure as counter ions migrate into the gel to balance the chalgeer pHs (pH
<3) the swelling response decreased sharply. Although the aammdkeoretically
100% ionised in this region, this phenomenon has been gemmously with
polyelectrolyte gels and is attributed to a screening effect of theardant(e.g. C)
shielding the charge of the ammonium cations and reducingrepeifficiency [323].

It can occur additionally if the ionic strength is increased ea®#motic pressure will
decrease and the hydrogel will collapse [59]. In this systemliltely resulting from
the screening effect as the ionic strength remained constant. At pighdpH >3),

the amines are either partially protonated or unprotonated leadangueer degree of
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ionisation and lower swelling responses. The extent of ioomsabserved at pH 3,
however was surprisingly high and therefore it is possibd there is another
unknown factor contributing to this enhancement in iorosagind swelling response.
However, this data point should be verified by repeating thererent with smaller

increments between pH 2 and 4, such as 0.2 of a pHaconfirm that this result is

indeed real and reproducible.

Pulsatile pH-dependant swelling was evaluated between pH Blaswutions
with 1 min intervals (Fig 5.19). Reversible, consistemtling was observed for the
10 cycles investigated. The superporous hydrogel was capablpidlf rabsorbing
and desorbing the swelling medium upon alteration of theysgHal its macroporous,
open structure. Compared with Fig 5.18, the hydrogels achithedmaximum
swelling response of 18.3 (x 0.5) in pH 3 but only partidiyonised and deswelled
in pH 10 as the swelling response decreased to 12.8)(inét8ad of 0. This becomes
more apparent when the swelling response is expressed as perceat(Egqag20).
When the hydrogels where switched from a pH 10 solutiopHa3 the swelling
response increased by 42.7 (x 5.0) %. Alternatively when theyretmaed to pH 10
the swelling response decreased by 29.9 (+ 2.3) %. Neutratiseffiects could be
responsible as the hydrogels absorb the pH 3 solutiorhendr¢lease it into the pH
10 solution as they equilibrate in the new environmentvéceal versa. Alternatively,
often times the rate of swelling and deswelling in hydrogsiesns are not equal. In
this instance, the deswelling rate was slower than the swedliagThis has been seen
previously in other macroporous gel systems [283]. If confionatvas required,
testing could be performed in buffered solutions or usingdoimgerval times. These
fast and reproducible swelling transitions are highly desirablbyairogel-based

sensors and as intelligent self-actuating valves and pumpEMS\Wtievices.
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Figure 5.19 Pulsatile pH-dependant swelling (pH 3) amelswelling (pH 10)

behaviour of superporous hydrogels (1 min intervals). (n=3)
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5.4 Conclusion

Overall, this chapter has discussed different strategies to indreasate of
swelling of the PEGDGE-Jeffamine® hydrogel. Although fabricatibthinner gels
had many advantages including ease of preparation and redoictio equilibrium
swelling time of bulk gels from approximately 8 to 5 h,ethdoubled the sensitivity
of glucose detection, the resulting gels were very fragile and ptigéip slow for

sensing and drug applications when immediate interventi@gisred.

Superporous hydrogels were successfully prepared using in esieeraged
oxygen bubbles produced via the catalytic decompositiorydfolgen peroxide by
silver nanoparticles. To the author's knowledge, this apgrohas not been
investigated previously and thus has been shown forrtgifne as a viable synthesis
method for hydrogel systems which may be limited by pHepplating restrictions.
An interconnected macropore system, with pore size of 200-p@®Gand wall
thickness of 25-4Qum, was established. The hydrogels retained their pH-sensitivi
and displayed reproducible, well-behaved swelling transitiqggan upulsatile pH
switching. Additionally, in comparison with bulk hydreg the superporous gels
significantly improved electron transfer and diffusion rates in tht@wmnetric studies
demonstrating elimination of the diffusion barrier, due tirtimacroporosity, thin

polymer walls and Ag content.

Most importantly, the equilibrium swelling time of superp@&gels was found
to be in the order of about 20 s. This is a dramatic improveafanbre than 1500-
fold in terms of time required to reach swelling equilibrium whengared to the bulk
gels. Additionally, it was demonstrated that EIS measurensentd be performed on

equilibrium swollen superporous gels on carbon cloth electrofiess lass than 1
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minute pre-swelling. This means that overnight pre-swellinglectrolyte solution or
500 min swelling in the solution of interest are no longeressary to achieve
maximum sensitivity. In addition to increasing the practigadit these materials in
sensing, the rapid pH-sensitive response could easily be texpioidrug delivery, as

intelligent valves in MEMS devices or in numerous other appbns.
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Chapter 6

Conclusions & Future Work
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6.1 Conclusions

Stimuli-sensitive hydrogels are highly attractive materials fosiegnand
controlled drug delivery applications due to their versatihigh water content, 3D
matrix and ability to swell/deswell in response to smallemmental or physiological
changes. As reviewed in Chapter 1, commonly used transdsgtstems for hydrogel
swelling are based on optical, gravimetric and mechanical methioelg function by
detecting changes in the properties of the polymer network, ingludoss-linking
density, volume and tensile strength, or on the mechanical produced by the
swelling mechanism. In comparison, apart from a few conductimetrisosen
electrochemical transduction has not been as thoroughly investiGai@goter 2 of this
work explored use of non-Faradaic EIS to sensitively track hytmgelling in
response to a target analyte. The swelling response of a catidbiRGHE Jeffamine®
hydrogel was optimised for glucose detection in terms of crosswjrdkensity and
enzyme loading. These hydrogels were dip-coated onto carbonetéatinodes to
investigate their electrochemical properties. Carbon cloth was determoinse a
suitable electrode material for investigating the swelling regpohthe hydrogel due
to its high porosity and flexibility which provided extrapport to the swollen
hydrogel without restricting the swelling response. Using BIfjear range of 1 to
100 uM and detection limit of 0.08M glucose were observed based on changes in
gel resistance upon swelling. This limit of detection w#&sfald improvement over
the traditional gravimetric method and illustrated the feasibditysing EIS as a

transduction method to monitor hydrogel swelling.

As this system demonstrated good potential as a sensirdgrplaChapter 3
investigated its applicability for other relevant analytes tbatccbe challenging in

terms of limit of detection requirements. Consequently, the psitsenhydrogel was
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modified to detect GUS, a marker compound Eazoli. Changes from the glucose
platform configuration included the placement of the enzyme,usedof elevated

temperature, and similar low limits of detection were achieved.

Chapter 4 explored the synthesis and characterisation ofeatroelctive
hydrogel composite and its potential application in electrotgtited drug delivery.
Incorporation of very low concentrations of HA greatly improvesidtability of rGO
dispersions and allowed the production of high qualityndgeneous rGO-hydrogel
composites. The inclusion of rGO attributed new propertiegahdnced the inherent
characteristics of the PEGDGE-Jeffamine® hydrogel system. On-decoatrdlled
drug delivery of a model drug was successfully demonstrateld thése new
composite materials. Through variation of the rGO content, elecpoldeity and
magnitude, a wide number of drug release profiles were obseavgging from slow

release of low dosages to rapid release of high dosages.

Chapter 5 discussed various strategies for increasing the sweallengf the
PEGDGE-Jeffamine® hydrogel. Thinner hydrogels were prepared taeethe
diffusion path length which consequently reduced the swellimge from
approximately 8 to 5 h. However, this is still prohikaliy slow and the gels were very
fragile, limiting their potential applications. An alternative aygeh involved
fabrication of superporous gels to remove the diffusion limiaby rapid absorption
of water by capillary action through interconnected, macro-sized channels
Superporous hydrogels were successfully prepared usisgu generated oxygen
bubbles produced via the catalytic decomposition of hydrogeroxide by Ag
nanoparticles. The hydrogels retained their pH-sensitivity espdiagted reproducible,

well-behaved swelling transitions upon pulsatile pH switchBwgelling equilibrium
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time was determined to be in the order of about 20 s usexgtbels, a dramatic

improvement of more than 1500-fold in comparison with thé& bels.

This work has advanced use of stimuli-sensitive hydrogels foingeaisd drug
delivery applications. While many research groups have developgedsaptical and
mechanical transduction methods for hydrogel swelling, electrochétransduction
has not been investigated in such detail. This work illedrtitat EIS can be used as
a viable and sensitive transduction method for tracking hydevgglling in response
to an analyte. Electrochemical transduction has many advantagesngckidbility,
direct coupling with microelectronics, and ease of interfacing witltate systems as
well as mass-production of low-cost, disposable electrode devicesahia to
miniaturisation and widespread application. Relevant, low detedimits were
achieved for glucose and GUS demonstrating that this techniglegysatile and can
adapted for different analytes. A novel electroactive hydrogel capabdéedro-
stimulated release was developed. Additionally, a new appwmasinvestigated for
preparing superporous hydrogels and was shown for thearfiests a viable synthesis
method for hydrogel systems which may be limited by pHeoplating restrictions.
This new sensitive transduction method, responsive matanalainique synthesis
options offer significant benefits for sensing and drug delivasyyell as numerous

other potential applications.

6.2 Future work

The following section presents recommendations to future dinsadf studies
following the work outlined in Chapters 2-5. The high sevigitof non-Faradaic EIS,
coupled with the textile-based electrode approach, opens theiglotérhis system

for monitoring glucose concentration via the skin in sweat Br T® realise these
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applications, future study should initially focus on inigetion of possible
interferences, such as common organic acids in sweat incluabtig &nd pyruvic
acid, and minimising their impact on sensor response. Bratain[111] reported that
the cross-linking density of their p(HEMA) hydrogel acted as@ecular sieve’ by
screening larger interferents. Incorporation of cationic PPy leditm &xclusion as
anionic species in the buffer migrated to balance the charge oyhand behaved
as a barrier against the diffusion of other anionic species infdrthé\s altering the
cross-linking density of the hydrogel might reduce sensitiof the PEGDGE-
Jeffamine® system, incorporation of an additional membranec@lglose acetate or
Nafion) could provide the same effect and reduce interference usingostatic
repulsion or size exclusion. However, this could possibly kead reduction in
sensitivity and an increase in response time. Alternativelyffimityabased hydrogel
could be explored instead. Phenylboronic acid has a high affimidécontaining
molecules like glucose and can be functionalised into the golipackbone to induce
volumetric changes in the gel upon exposure to glucose [18&Jud@h functionalising
the polymer backbone with complementary pairs, self-assembjagdrels can be
generated based on specific interactions between antibody-antigeneaptdostrate
and peptide-peptide pairs [14-16]. These gels are known far Higgily selective
swelling response which is induced due to competitive bindjmgn exposure to
unbound species. An example of an antigen-sensitive hydeodjaktrated in Fig 6.1.
This network will swell upon addition of free antigen (Ag) aspetitive binding will
result in dissociation of the Ag-antibody (Ab) crosslinks bghemge of the grafted
Ag for free Ag. Additionally, EIS could be performed at the OfPminimise
oxidation of common electroactive interferents, like ascorbic admich have the

potential to act as interfering species.
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(i)

© Agimmobilized polymerchain Y  Ab ®  Free Ag

Figure 6.1. Schematic of the swelling mechanism: (i) @daftg and Ab in polymer

network, (i) addition of free Ag and (iii) binding digrion/swelling.

In this thesis, EIS analysis involved measurement of a fkédgiency range
and fitting the data using an electrical equivalent circuit tainlgfel resistance values.
For sensing applications, single frequency measurement, orsenalythe total
impedance at two or three frequencies, in the mid to low frequesgign would

simplify this method as well as reducing cost and analysgs tim

To further develop the GUS hydrogel so that it could be appitedanE.coli
sensor, the detection limits and linear ranges achieved in this me®d to be
correlated with CFU/mL to compare with existing technologiesEfaoli detection
using GUS. One strategy could involve analysing Eaocoli standard using the
impedimetric method. A particular pathogenic straifeafoli would be cultured and
its concentration determined by plate counting. A fixed volurheghs E.coli
suspension would then be filtered to concentrate the samplengmdve test
sensitivity. The filter would then be exposed to aqueoudieal of Triton X-100 or
sodium lauryl sulfate to lyse the bacteria and release the GUSreldased GUS
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would then be incorporated into the hydrogel and analysddresin this chapter. As
the E.coli standard concentration is known it would then be correlated tivéh

impedimetric method using the equation of the calibratian lin

A schematic of a microfluidic chip housing this technologyEmoli detection
is illustrated in Fig 6.2. Pretreatment of the contaminated watgrsawcurs off-chip
and involves filtering the water to isolate and concentrate tberim followed by
washing the filter with a detergent solution to lyse thetdyéa. This solution is then
injected into the device and the PEGDGE and Jeffamine® releasedHeir wells.
The inlet can be sealed before the device is shaken to mitrealbmponents. A well
is present below the working electrode where the hydrogel can gogen{(~ 1 h) to
isolate it from the counter and reference electrodes. All three electrodsistoof
sputtered gold. In the case of the working electrode, the gptdsent as a conduction
path for the carbon cloth electrode used previously. It is impatianthe hydrogel
has sufficient space to swell freely in the channel. This can be bedtby careful
calculation of the volumes used. The inlet can be reopened tdung@n aqueous
solution containing the substrate (4-NPG) and allow the Igadrto swell. This
solution could be removed via the outlet before the electrebjtdion is introduced
for the electrochemical measurements and the device is connectemteatioptat via

the exposed electrodes.
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Glass substrate

PDMS hi
PEGDGE well chip Qutlet /7

Inlet :
’\ \ Reference electrode

Counter electrode
Jeffamine® well ~ Working electrode

(carbon cloth)

Figure 6.2°Schematic of possible mi€rotluidic designsemsing kE.coll on-chip.

A primary aim of this thesis was the development of hydroggierials for
sensing and drug delivery applications. Due to the pH satysdf these gels and their
ability to rapidly swell, they possess the potential tddesloped as an intelligent drug
delivery system capable of sensing a physiological pH chambauao-titrating a drug
autonomously, without application of an external stimuAsdiscussed previously,
this combination of sensing and drug delivery is higtdysirable and has many
advantages including safer, more efficient drug distribution bplemgasite-specific
drug delivery with on-off regulation in real time. Adverseesedfects would be
dramatically reduced and patient compliance would increase. Numeoterstipl
applications could be envisaged including auto-titration oflim$or diabetic patients

using the glucose-sensitive gel or in the treatment of varlonsenditions.

If the hydrogels were biocompatible, insulin could be incorporattxthe
glucose-sensitive gel and its role as an artificial pancreas cewxidbored for insulin
delivery. Upon exposure to glucose, pore size would increake agdrogel swelled,
initiating release of insulin. Release would be suspended wkerotitentration of

glucose decreased and the gel deswelled. This would circumveeieithéon multiple
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daily injections of insulin and continuous monitoring ould be highly challenging.
In addition to biocompatibility studies, stability anshgy term reversibility would
necessitate investigation. Due to the relatively large size dinnsuacro-sized pores
would likely be required. The cross-linking density of tyelrogel would require
optimisation as it would need to be high enough to mantesulin delivery over

longer time periods but still low enough for insulin torbkeased from the gel.

Healthy skin has an acidic pH (~5-6) which contributethéoptimal barrier
function of this tissue. In comparison, skin pH is siguaifitly elevated in patients with
dermatitis. For example, surface skin pH increases up to.4.84{h acute eczema.
This pH discrepancy could be exploited for the delivery of cotiéco&ls or other

drugs by exploiting the swelling/deswelling of pH-sensitiydrbgels.

The fast swelling of the superporous gels also gseagIromising avenue for
improving the response time and sensitivity of the glucose Eandli detection
investigated in Chapters 2 and 3. In relation to the drugedgliexplored in Chapter
4, itis probable that the release rate would increase and develagraeiitg delivery
system for rapid intervention could be envisaged. Other areas ofipbégplication
include use as self-actuating valves and pumps in MEMS devuicés hygiene
products such as diapers and sanitary products due to thesemsitivity, rapid
response and high swelling ratios. Additionally, applicatiénthis superporous
fabrication strategy into other gel systems could potentiathease their swelling rate
and/or capacity (e.g. affinity-based systems such as the phemytbaoid hydrogel).
Due to the high tunability of these materials, their responsiyeepties and the wide
number of potential applications, they possess great potenbacome an important

contributor in the future development of new technologies aragtsiavices.
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Figure A-1.1 Scan rate study of a carbon cloth electrodafraddvith a single dipcoat

of hydrogel in ferri/ferrocyanide (2 mM) in KCI (1 M). (n=3)
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Figure A-1.2 Swelling profile of hydrogels without G@garporated over time. (n=3)
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Figure A-1.3 Example of fitted impedance spectra glucose-sensitive hydrogel after swelling inub0 glucose using ZView. (Data points are

blue, interconnected with a red line, and thedishown in green)
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