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1. Introduction

Intelligent drug carriers capable of on-demand drug delivery are
highly desirable. Traditional routes of drug administration,
including oral and injection methods, commonly supply a
maximum dose of drug initially which rapidly decreases over
time. Alternatively, controlled drug release would provide
safer, more efficient drug distribution by enabling site-specific
drug delivery with on-off regulation in real time. Adverse side-
effects would be dramatically reduced and patient compliance
would increase. This precision could result in improved
medical treatment of illnesses such as diabetes as well as
personalised treatment plans for individual patients.
Considerable interest has emerged in the area of smart drug
carriers such as hydrogels, liposomes, fibres and microspheres
which respond to external stimuli or changes in their
microenvironment e.g. pH, temperature, light, magnetic or
electric fields . Due to their high water content and unique
swelling properties, hydrogels are soft, pliable materials with
excellent biocompatibility. They possess many biological traits
resembling natural living tissue both compositionally and
mechanically’ and their three-dimensional structure allows
immobilisation of protein, peptide and DNA-based drugs.
Hydrogels can be injected or implanted at the target site,
creating localised drug delivery while their viscoelastic nature
minimises damage to the host > ¢ Once implanted the hydrogel
If cell

microencapsulation techniques are utilised the active drug

can swell or biodegrade to release the drug.

component can be protected from triggering an immune
response .

Various external stimuli have been employed recently to
initiate drug release from smart materials in vivo. These include
light, NIR and laser

use of ultrasound, radiofrequency,
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radiation, magnetic and electric fields * °. Use of an electric
field as an applied stimulus has many advantages, including
reliability and precise control of magnitude, duration and
intervals of pulses. The application or removal of an electrical
field can trigger drug release similar to the pulsatile release of
numerous endogenous chemicals in vivo including insulin,
oestrogen and growth hormones. Electric fields can be
generated by applying an electro-conducting patch to the skin
above the implanted gel. Electrodes are then connected to the
patch and the electric field is switched on. Iontophoresis and
electroporation have been utilised for drug delivery in vivo > '*
1

However, many hydrogels are inherently non-conductive
and require the addition of an electroactive component. These
electroconductive hydrogels (ECHs) can be prepared by
producing the gel directly from conducting polymers '> °,
incorporating inherently conducting polymers (ICPs) '* ' or
conductive particles into the hydrogel network '®'®. When
composited together, these materials aim to integrate the unique
properties of their constituents, i.e., the high water content,
biocompatibility and 3D matrix of hydrogels with the electrical
conductivity and switchable electrical and optical properties of
the selected conductive materials. Use of carbon nanomaterials,
such as carbon nanotubes (CNTs), graphene, graphene oxide
(GO) and rGO, can attribute a large surface area, high electrical
conductivity and enhanced mechanical properties. These
properties facilitate a high drug loading, while the sp* carbon
lattice and active oxygen-containing functional groups of for
example, rGO enable modification and functionalization
opportunities for targeted and controlled drug delivery.

Electro-stimulated release from CNTs in a chitosan
hydrogel was achieved by Naficy et al. '°. They demonstrated
good potential for a controlled release platform based on
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electrostatic interactions between CNTs and dexamethasone. It
has been reported that graphene materials have a larger surface
area than CNTs due to their planar structure *°. This suggests
that higher charge could be generated by incorporating
graphene materials, leading to faster and possibly higher drug
release. Also, passive release could potentially be reduced by
additional positive charge and a higher capacity for adsorption.
Liu er al. *! investigated electro-modulated release of lidocaine
hydrochloride from rGO in a poly(vinyl) alcohol (PVA)
hydrogel. On demand drug release was feasible with release
profiles varying from slow elution to rapid release. However,
large voltages were required which may not be permitted in
Vivo.

This work describes the synthesis and characterisation of an
electroactive hydrogel composite and its potential application in
electro-stimulated drug delivery. A high loading of rGO (20%
w/w) was incorporated into a Jeffamine-PEGDGE hydrogel in
a single polymerisation step. For drug delivery experiments,
methyl orange (MO) was added as a model drug. MO is
negatively charged and can be expelled/retained according to
the applied electrical stimulus. This is attributed to electrostatic
interactions between the rGO and MO during charging. The
high surface area of rGO permitted use of low applied
potentials for electro-stimulation. By selection of the rGO
loading, polarity and amplitude of the applied potential electro-
modulation of the release profile was achieved.

2. Experimental

2.1 Materials

Jeffamine® EDR-148 polyetheramine donated by
Huntsman Chemical Company (US). Poly (ethylene glycol)
diglycidyl ether (PEGDGE, Average Mn 526), hyaluronic acid
potassium salt from human umbilical cord and phosphate
buffered saline (PBS) tablets pH 7.4 were purchased from

Sigma-Aldrich. The Intelligent Polymer Research Institute

was

(Wollongong, Australia) prepared and supplied the reduced
graphene oxide using natural graphite powder purchased from
Bay Carbon (US). Untreated carbon cloth (44 x 48 yarns/inch,
99% carbon) was purchased from Fuel Cell Store (US).
Potassium ferricyanide was obtained from Univar (Australia).
Silver/silver chloride (Ag/AgCl) electrodes and platinum mesh
were purchased from IJ Cambria Scientific Ltd (UK) and
Sigma-Aldrich (Ireland) respectively.

2.2 rGO hydrogel synthesis

The production and characterisation of the rGO has been
reported by Gambhir et al. *2. In brief, graphene oxide (GO)
was prepared by oxidation/exfoliation of natural graphite
powder via a modified Hummer’s method. The GO was
subsequently reduced to rGO with hydrazine, acidified to pH
<2 using dilute sulphuric acid, thoroughly washed and dried
under vacuum to produce rGO powder.

An aqueous dispersion of rGO (2 mg/mL) was prepared
using hyaluronic acid (0.03%) as a dispersing agent. The

2| J. Name., 2012, 00, 1-3

dispersion remained highly stable after ultrasonication using a
Branson Digital Sonifier at 35 % amplitude for 2 hr (4 s on and
2 s off pulses) with continuous cooling in an ice bath. Small
aliquots were collected regularly and dropped on a glass slide to
assess the dispersion quality under a light microscope. A cover
slip was placed on top to prevent drying and ensure appropriate
viewing thickness.

Various amounts of the rGO dispersion (0.5% - 20% w/w)
were incorporated into a 1:1 molar ratio solution of Jeffamine®
EDR-148 polyetheramine and PEGDGE in DI water with
vortexing (Schematic — Fig. 1). All hydrogels were polymerised
in the refrigerator (4°C) overnight to reduce evaporation. The
Jeffamine-PEGDGE hydrogels containing rGO will be referred
to as “rGO-hydrogel” and without the rGO simply “hydrogel”
from here on in the manuscript.

2.3 Characterisation

The swelling behaviour of the rGO hydrogel was determined
gravimetrically. 4 g of each hydrogel monomer mixture was
poured into a small petri-dish (53 mm internal diameter) and
placed in the refrigerator (4°C) overnight to cure. Cylindrical
gel discs (5 mm diameter and 0.8 mm thick) were cut from the
polymerised hydrogel membrane. Each disc was weighed
(Wgry) before immersion into DI water. At specific time
intervals, the swollen discs were removed from solution, blotted
dry with filter paper and re-weighed (W,.). The swelling ratio
at various time intervals was calculated using equation 1:

A%
Swelling ratio = —w_ (1)
dry

SEM micrographs were obtained using a Jeol JSM-6490LA
scanning electron microscope at an accelerating voltage of 15
kV. Equilibrium water-swollen hydrogels were flash frozen in
liquid nitrogen (for 45 s) on a brass plate and cryofractured
using a scalpel blade to obtain cross-sections of the internal
structure.

Uniaxial compression measurements were performed using
a universal testing machine (EZ-L Shimadzu) fitted with a 10 N
load cell. Equilibrium water-swollen hydrogels (5.5 mm width,
15 mm in diameter) were compressed at a strain rate of 2
mm/min until fracture. Force and displacement data were
recorded with Trapezium X software and converted into stress-
strain curves for analysis.

All electrochemical characterisation was performed in PBS
(10 mM; pH 7.4) on a CHI660C or CHI660D electrochemical
analyser, using cyclic voltammetry or AC impedance modes. A
three electrode system was utilised with a hydrogel-modified
carbon cloth working electrode, platinum mesh auxiliary
electrode and Ag/AgCl reference electrode. Hydrogel-modified
carbon cloth electrodes were prepared by cutting segments (4
cm x 1 cm) from a large sheet of carbon cloth. The working
electrode area (0.5 cm x 0.5 cm) was defined using insulating
varnish and, once dried, dip-coated into a solution of the
hydrogel precursors to apply the hydrogel. Electrodes were

This journal is © The Royal Society of Chemistry 2012
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24 hr in
measurements were taken.

Cyclic voltammograms were obtained by cycling carbon
cloth electrodes between -0.2 V and 0.7 V (without ferricyanide
present in the PBS) or -0.1 V and 0.5 V (with 2 mM
ferricyanide present in the PBS) vs. Ag/AgCl at a scan rate of
50 mV s™'. Electrochemical impedance spectra were collected at
the open circuit potential (OCP), in a frequency range of 0.1 to
10000 Hz, with an alternating current sinusoid of = 10 mV
amplitude.

swollen for solution before electrochemical

2.4 Model Drug (MO) Release

Hydrogel-modified carbon cloth electrodes were prepared with
dip-coats of 0% w/w, 5% w/w and 20% w/w rGO-hydrogels
containing 0.654% w/w dissolved methyl orange (MO). PBS
(10 mM; pH 7.4) at room temperature (ca. 22 °C) was used as
the release media for all release experiments. For passive
release, electrodes were placed in PBS (1.5 mL) and moved to
fresh PBS solutions at selected time points. For electrically
stimulated release, the three electrode configuration was used
and the release media (8 mL) was gently stirred. Constant
potentials of -0.6 V, -0.2 V and 0.6 V (vs. Ag/AgCl) were
applied to the dye loaded hydrogel system. At specific time
intervals, 1 mL aliquots of the release media were collected and
replenished with 1 mL of fresh PBS. MO release was quantified
by measuring the absorbance of the aliquots at 493 nm using a
Shimadzu 1800 UV-vis spectrophotometer. Dilution factors and
swelling volumes were considered in the release calculations. A
release profile was generated by plotting the cumulative methyl
orange release as a percentage of the initial
incorporated.

amount
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Fig. 1 Schematic of rGO-hydrogel formation for MO release.

3. Results & Discussion

3.1 Incorporation of rGO into hydrogels

Hydrogel formation can be a slow process when cross-linking
occurs spontaneously (i.e., without use of heat or UV light)
such as the hydrogel system described here. Consequently, the
rGO solution must be highly stable and remain homogenously
dispersed throughout the hydrogel monomer mixture to ensure
good distribution of rGO throughout the formed hydrogel
interconnected

network. This is paramount for creating

electrical pathways and increasing the overall conductivity of

This journal is © The Royal Society of Chemistry 2012

Journal of Materials Chemistry B

the gel. To achieve a stable rGO dispersion, hyaluronic acid
(HA) was utilised as a dispersing agent since HA has been
shown to act as an effective dispersing agent for rGO
nanosheets and carbon nanotubes®*~*. Additionally, as a major
component of the extracellular matrix, HA is highly
biocompatible and contributes to tissue repair by cell
proliferation, migration and moderation of the inflammatory
response’” %!, Only a very small amount of HA (0.03% w/w)
required to obtain a rGO dispersion (at a rGO
concentration of 2 mg/mL) which was stable for more than 6
months. The presence of the HA did not hinder the crosslinking
process and enabled a high loading capacity of rGO (up to 20%
w/w) into the hydrogels. Fig. 2 show the hydrogels prepared
from rGO dispersions with and without HA. It can clearly be
seen that without the dispersing agent HA the rGO
agglomerates. This is particularly visible in the 0.5% rGO-No
HA sample in Fig. 2. The aggregation present in the 5% and
20% rGO-No HA hydrogels is not as visible due to their high
concentration of rGO. Hydrogels prepared using the HA
dispersed rGO appear homogeneous, even at the highest rGO
loading of 20%.

was

All rGO-hydrogels retained the rGO in the network even
when fully swollen and at prolonged immersion times (longer
than 4 days) suggesting strong interactions between the rGO
and the Jeffamine-PEGDGE backbone. It is postulated that
strong hydrogen bonds form between the -OH and —-COOH
groups of rGO and the —OH and —NH, groups of the Jeffamine-
PEGDGE backbone. X-ray diffraction studies and x-ray
photoelectron spectroscopy were performed previously to
confirm the presence of these oxygen-containing groups on the
rGO after its reduction from GO*.

rGO Fo,l,lt,ent,(%’) 0.5% % 2%

Fig. 2 Hydrogels with various rGO loadings without a dispersing agent (No HA)
and using HA as the dispersing agent (HA).

3.2 Swelling response

The swelling response of rGO-hydrogel discs with rGO
loadings from 0.5 - 20% w/w was investigated. Fig. 3 displays
the swelling behaviour of these rGO-hydrogels and hydrogel in
DI water at room temperature. It is clear that all samples swell
rapidly initially and the swelling rate decreases over time. The
rGO content had negligible impact on the time required to reach
swelling equilibrium (~ 45 hr). As mentioned above no
leeching of rGO from the rGO-hydrogel samples into the
observed. The equilibrium ratio

solution was swelling
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decreased gradually with increasing rGO content. This is
attributed to negatively charged rGO possibly associating with
the positive charge on the Jeffamine and imparting an ionic
crosslinking effect which in turn increases the cross-linking
density of the network and the possible formation of defects in
the network structure such as meshes and grafts. It is well
known that the swelling response of a hydrogel is heavily
dependent on its cross-linking density. Additional cross-links
and structural defects reduce the swelling capacity of the
hydrogels decreasing water uptake and swelling ratios.
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Fig. 3 Swelling response of rGO-hydrogels and hydrogel (0% rGO) in DI water at
room temperature (A). Images (B) of the samples prior to immersion into DI
water (top) and after equilibration in deionised water at room temperature
(bottom).

3.3 SEM analysis

The morphology of the rGO-hydrogels was investigated using
low vacuum SEM (Fig. 4). SEM images of fully swollen rGO-
hydrogel containing 20% rGO were recorded and compared
with hydrogel containing no rGO. All samples were flash-
frozen in liquid nitrogen for 45 s and fractured to view their
internal structure. A smooth sponge-like architecture, with a
wide pore size distribution, was observed for all samples with
the presence of rGO (Fig. 4A) indistinguishable from the
hydrogel network. There were no apparent structural
differences in the rGO-hydrogels which could be attributed to
the rGO. This indicates that the rGO does not have a significant
impact on the morphology of the hydrogels.

4| J. Name., 2012, 00, 1-3
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Fig. 4 SEM images of a (A) rGO-hydrogel containing 20% rGO hydrogel and a
hydrogel containing no rGO (B).

3.4 Mechanical properties

Typical stress-stain curves of the rGO-hydrogels under
compression are shown in Fig. 5 with the calculated mechanical
properties presented in Table 1. All hydrogels displayed non-
linear hyperelastic stress-strain curves, similar to biological soft
tissue. Higher stress and compressive moduli were sustained as
the rGO loading in the hydrogels was increased. In comparison
with the unmodified hydrogel (18.9 + 7.0 kPa), 5% rGO
hydrogels had compressive strengths of 30.6 + 7.4 kPa and 20%
rGO gels had compressive strengths of 51.2 + 7.7 kPa,
increasing by 62% and 171% respectively. Additionally, the
modulus increased by 136% with the addition of 20% rGO to
the hydrogel (1.9 = 0.7 kPa to 4.5 £ 0.4 kPa). These results
indicate that incorporation of rGO reinforces the hydrogel
network and improves load transfer between the network and
the rGO sheets, enhancing the mechanical properties. A similar

behaviour has been seen previously with incorporation of

graphene oxide into poly(vinyl) alcohol (PVA) and
poly(acrylic) acid (PAA) based hydrogels 2%
However, while the mechanical properties of the

unmodified hydrogels improve when composited with rGO,
they may still be regarded as relatively weak in comparison
with other hydrogel systems. This is predominately because
these hydrogels have been prepared with a 1:1
Jeffamine:PEGDGE ratio, resulting in a low cross-linking
density in the polymer matrix. This design choice yields high
swelling ratios, whilst compromising on mechanical strength®.
High swelling ratios can be advantageous for drug delivery
applications as faster release rates can be achieved or higher

dosages released.
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Fig. 5 Typical stress-strain curves for rGO hydrogels. Testing was performed in

compressive mode using 10 N load cell at a strain rate of 2 mm/min until fracture.
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Table 1. Mechanical (compression) properties of hydrogels with and without the 0% rGO 1.9£0.7 104.1+1.8 61.7+6.8 18.9+7.0
inclusion of rGO. 0.5% rGO 22+04 119.4 £ 28.2 63.9+74 28.2+49
5% rGO 2.8+0.5 1259+364  61.1+8.6 30.6+74
Sample Initial Modulus Breaking Breaking 10% rGO 3.7+£0.7 159.8+21.2  562+23 323+5.2
Modulus before break | Strain (%) = Stress (kPa) 20% rGO 45+04 2449+19.0 62.1+6.5 51.2+7.7
(kPa) (kPa)
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Fig. 6 Cyclic voltammograms of the hydrogel (0% rGO) and rGO-hydrogels with increasing rGO content recorded in PBS (10mM; pH 7.4) (A) and in 2 mM
ferricyanide (in PBS 10mM; pH 7.4) (B) at a scan rate of 50 mV s™'. Nyquist (C) and Bode (D) plots for all hydrogel samples recorded in 10 mM PBS; pH 7.4. EIS was

measured at the rGO-hydrogels open circuit potential between 0.1 and 10000Hz.

3.5 Electrochemical behaviour

The electrochemical properties of the rGO-hydrogels were
evaluated using cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS). In order to characterise the
capacitance properties and electron transfer properties,
voltammetry was assessed both in PBS (10 mM, pH 7.4) and in
the presence of the couple,
respectively. Higher currents and increased capacitance was
observed as the rGO content increased (Fig. 6A) corresponding
to the rGO providing a larger electroactive surface area. A close

ferri/ferrocyanide redox

to ideal non-Faradaic voltammogram was observed when
increasing the potential scan rate from 1 — 200 mV/s (data not
shown), indicating excellent charge propagation and ionic
transport within the rGO-hydrogels. Additionally, Fig. 6B
depicts the peak current (ip) values increasing and the bulk
solution Fe*'/Fe** and an observed decrease in the peak-to-peak
separation for the oxidation and reduction processes indicating
improved redox switching with increasing rGO content. For
example, the ip for the redox couple increased by
approximately 43% and the AEp value reduced from 0.339 V to
0.205 V when the rGO content in the hydrogel was increased

This journal is © The Royal Society of Chemistry 2012

from 0.5% to 20%. It is apparent that the rGO is lowering the
electric resistance and enhancing the charge transfer properties.

Complementary to the voltammetry results, a similar trend
was detected using EIS (Fig. 6C and D). The EIS spectra (Fig.
6C) comprise a high frequency intercept on the real Z’ axis and
the beginning of a semi-circular arc across the high to low
frequency range. The high frequency intercept is representative
of a combination of electrolyte ionic resistance, the intrinsic
resistance of the carbon cloth and the resistance of the contacts
to the potentiostat. The semi-circular arc, is representative of
the capacitive and resistive behaviour of the rGO-hydrogels
with the resistance observed to decrease with increasing rGO
content.

The Bode plot (Fig. 6D) can be divided into two frequency
regions indicative of the dominant kinetics within each domain.
The domain above 400 Hz shows resistive behaviour (I), while
the domain from 400 Hz to 0.1 Hz shows the capacitance
behaviour of the rGO-hydrogel is dominant (II). Maximum
changes in the magnitude of log Z were seen within this region
with the hydrogels with a higher rGO content observed to have
lower impedance. This decrease in impedance is attributed to

J. Name., 2012, 00, 1-3 | 5
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the increase in the electrically connected network as the
percentage of rGO increases.

3.6 Methyl orange release

3.6.1 Passive release

Methyl orange (MO), an anionic dye (Fig. 7 insert) with a low
molecular weight, was selected as the model drug for
evaluating the release behaviour of the rGO-hydrogels. Passive
release was investigated from rGO-hydrogels containing 5%
and 20% rGO, representing a ‘low’ and ‘high’ amount of rGO,
and compared against the unmodified Jeffamine-PEGDGE
hydrogel. The cumulative release profile over 4380 min (~ 3
days) in PBS (10 mM, pH 7.4) at room temperature is shown in
Fig. 7. Rapid release of MO was observed for the first 180 min
with approximately 70% of the MO being released from the
unmodified hydrogel (0% rGO). A significant reduction in the
release rate occurred subsequently, with the remaining 30%
MO requiring 4200 min to be fully released. Since no
stimulation was applied to the samples the release rate was
governed by passive diffusion of the MO from the hydrogel
into the release medium. The initial rapid release occurs from
MO located near the surface or loosely bound within the gel.
The diffusion path length is much longer for MO molecules
located deeper within the hydrogel network leading to
prolonged release.

120
2o
e W
N@—N’ 0-Na* ®
100 4 / -
- ®
S ° °
> ©
2 807 e o
< [ ® * ¢
= o] s
S 60 {ga® H
= D§ g0 @
o ]
2 g & s °
?é g E 50 ] [ ]
z 0] s Pk
£ s o
= % 30 g
© ® 0%rGO H §
20 © 5%1GO 3%
® 20% rGO h 0 20 40 60 80 100 120 140 160 180 260
Time (min)
0 T T T T
0 1000 2000 3000 4000 5000
Time (min)

Fig. 7 Passive release into PBS (10 mM, pH 7.4) at room temperature of MO from
rGO-hydrogels (Inset: Early passive release time points). All samples were loaded
with the same amount of MO. The chemical structure of MO is shown.

Lower passive release profiles were observed for the rGO-
hydrogels with 87% and 72% total cumulative release being
obtained for the 5% w/w and 20% w/w rGO-hydrogels
respectively. The inclusion of rGO also resulted in observed
slower release rates. After 180 min only 57% and 50% of MO
was released from the 20% w/w and 5% w/w samples
respectively, compared to 70% for the hydrogel containing no
rGO. Previous studies have shown that drug release from
hydrogels closely follows the extent of hydrogel swelling,
namely the greater the swelling the greater the release **>°. This

6 | J. Name., 2012, 00, 1-3

is also the case for our hydrogels (Fig. 3 and 7 respectively)
indicating that for passive release the presence of the rGO does
not hinder this diffusion process during swelling. Also, the
amount released is possibly reduced by MO adsorption onto the
rGO sheets as many carbonaceous materials, including
graphene, GO and CNTs, display high binding affinities for
dyes such as MO *"*°. Previous work has indicated that this
property stacking interactions, oxygen-
containing functional groups *°, electrostatic attraction and high

arises from mn-m

specific surface areas *'. In drug delivery applications, reduced
passive diffusion may be highly desirable for administering
accurate doses efficiently and minimising potential side-effects.

3.6.3 Electro-stimulated release

The electro-stimulated release experiments investigated the
influence of rGO content, as well as the polarity and amplitude
of the applied electric potential on the release characteristics of
the MO. The mechanism for this release system is based on
electrostatic repulsion between the anionic dye and the rGO
during charging. It would be expected that negative potentials
would trigger electrostatic repulsion between MO and rGO,
accelerating release, whilst positive potentials would induce
electrostatic attraction, thereby retarding or suspending the
release. In addition to field effects, it is possible that there is
also capacitive deionisation associated with the applied
voltages contributing to the release. The MO containing rGO-
hydrogel samples were prepared using the same methodology
described previously for preparing the samples for
electrochemical characterisation. The MO was incorporated
into the rGO-hydrogel as described above with the release
experiments being performed in PBS (10 mM, pH 7.4) at room
temperature. A release duration of 180 min was selected as this
is where the majority of the release occurred in the passive
experiments detailed above. Applied voltages of +0.6 V, -0.2 V
and -0.6 V were chosen as the rGO-hydrogels demonstrated
range during the
voltammetry studies (Fig. 6). The cumulative MO release from

excellent charging behaviour in this
hydrogels containing no rGO under electrostimulation (see
Electronic Supplementary Information), did not show any
variation from the passive release shown for the first 180 min in
Fig. 7. This was anticipated as there is no conductive moiety
incorporated into these hydrogels. Application of a dc field can
sometimes induce swelling in polyelectrolyte hydrogels, such
as these, which could influence drug release but this was not
seen in our system as much larger potentials are generally
required (~6 V) **. Such high potentials may not be permitted in
vivo and previous studies have shown that GO may be
reversibly oxidised and reduced using electrical stimulation of
2-3 V ** which would be highly unfavourable for this system.
Fig. 8A and 7B show the passive and stimulated release
profiles for 20% w/w and 5% w/w rGO-hydrogels respectively.
The release rate and amount can be modulated by altering the
polarity and amplitude of the applied potential, as well as the
percent loading of rGO. In terms of electrode polarity,
accelerated release was observed upon application of a negative
potential. Alternatively when a positive potential is applied the

This journal is © The Royal Society of Chemistry 2012
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extent of release decreased below that of passive release. These
trends were observed for both the 5% w/w and 20% w/w rGO-
hydrogels. After 180 min, 50% release was recorded under
passive conditions for the 20% w/w rGO-hydrogel compared to
76% release when a voltage of -0.6 V was applied and this
decreased to 24% when +0.6 V is applied. This broad range
offers significant control of the release quantity over a narrow
time period.

Furthermore, the amplitude of the applied stimulus
influenced the release profile. Higher release was achieved for
rGO-hydrogels at -0.6 V compared to -0.2 V. The 20% rGO-
hydrogels released 64% of their MO content at -0.2 V versus
76% at -0.6 V after 3 hr. This is attributed to the generation of a
higher charge density at more negative voltages, thus increasing
the electrostatic repulsion between MO and rGO, leading to an
accelerated release. The same trends are visible for 5% rGO-
hydrogels in Fig. 8B.
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Fig. 8 Cumulative MO release from (A) 20% rGO- and (B) 5% rGO-hydrogels
under passive and electro-stimulated conditions.

Cumulative MO release (%)

A wider range in the amount of MO released was observed
for 20% rGO-hydrogels compared to 5% rGO-hydrogels. This
corresponds with the increase in capacitance observed with
rGO content in the voltammetry and EIS studies (Fig. 6). The
hydrogels with a higher loading of rGO expel greater amounts

This journal is © The Royal Society of Chemistry 2012
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of MO at applied negative potentials and lower amounts at
positive potentials than hydrogels with low rGO content,
corresponding to an increase in electrical conductor density. As
previously stated, release from hydrogels is highly dependent
on the extent of swelling, however for the rGO-hydrogels
developed in this work, the results from Fig. 8 clearly
demonstrate that release can be modulated by the application of
an applied voltage. These results strongly indicate that under
appropriate  electro-stimulated conditions the release is
primarily dominated by electrical behaviour of the hydrogels
and not the swelling properties.

4. Conclusions

A novel electroconductive hydrogel capable of electro-
stimulated release has been developed. Incorporation of very
low concentrations of HA greatly improved the stability of rGO
dispersions and allowed the production of high quality,
homogeneous rGO-hydrogel composites. The inclusion of rGO
attributed new properties and enhanced the inherent
characteristics of a Jeffamine-PEGDGE hydrogel system.
Increased mechanical strength and electrochemical properties
were also demonstrated. On-demand controlled release was
Through

variation of the rGO content, electrode polarity and magnitude,

achieved with these new composite materials.

a wide number of release profiles were observed, ranging from
slow release of low concentrations to rapid release of high
concentrations. The effects of ionic strength, as well as the
cytotoxicity of the hydrogel and precursors, are yet to be
evaluated. This versatile delivery platform has demonstrated
great potential towards advancing current delivery systems by
exhibiting great control and precision over tuneable release
profiles.
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Graphical Abstract

Composite hydrogel containing reduced graphene oxide (rGO) demonstrating the ability to
perform electro-stimulated controlled release.
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