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Herein, a novel hyaluronic acid (HA)-based electroconductive hydrogel with enhanced mechanical properties
was developed for the non-enzymatic glucose detection. As the main component of the polymeric network, HA
was modified through methacrylation to integrate photocrosslinkable groups into its backbone. Electrical con-
ductivity was provided to hydrogel by using two different conductivity sources as the introduction of reduced
graphene oxide (rGO) and polyaniline (PANI) to HA-based hydrogel structure. The combination of these con-
ductivity sources not only provided the sufficient electrical conductivity (1.58 x10° S/cm) to hydrogels, but
also ensured superior mechanical performance in terms of compressive strength (992.1 kPa) and elastic modulus
(23.4 kPa) due to the synergistic effect of the rGO and PANI, that are the significant parameters for sensor ap-
plications. The electrochemical activity and sensor performance of the HA-based hydrogel were investigated via
cyclic voltammetry (CV) and choronoamperometry (CA) methods. The fabricated HA-based hydrogel sensor
exhibited high sensitivity as 421.42 pAmM ~*cm ™2 and selectivity for glucose with a low detection limit (0.3 pM).
Moreover, it showed excellent long-term stability, reproducibility and anti-interference feature towards uric acid,
ascorbic acid and sorbitol. Based on these results it could be stated that the developed HA-based hydrogel sensor
containing ternary HA-rGO-PANI formulation for the first time in the literature might be served as a promising
potential for the non-enzymatic glucose detection and it also offers a new perspective for fabricating efficient
hydrogel-based biosensing systems for future studies.

1. Introduction functional groups. Furthermore, the efficient selectivity originating from

their tissue resembled nature makes them a more suitable and promising

Recently, hydrogels have gained immense interest in sensor appli-
cations due to their highly compatible structure with most biological
molecules, and their hydrophilic, biomimetic and tunable nature, which
are the crucial requirements for a sensing material [1,2]. Therefore,
studies about the production of hydrogel-based sensors have been
extensively conducted as an attractive research field [3-7]. To fabricate
hydrogel networks through the chemical or physical crosslinking
mechanisms, numerous kinds of synthetic (polyvinyl alcohol, poly-
ethylene glycol, polyacrylic acid, polyacrylamide, etc.) and
natural-origin polymers (chitosan, chitin, cellulose, hyaluronic acid
(HA), alginate, etc.) as a potential substrate for biosensing applications
have been explored in latest literature [2,8-11]. Among these polymers,
natural-origin polymers emerged as more favorable materials in the
fabrication of hydrogel-based sensors than their synthetic kinds because
of their outstanding features such as biocompatible, biodegradable,
non-toxic, highly hydrophilic structure and the availability of abundant

candidate for hydrogels having sensor features [3,12-15]. Although
these hydrogels have the above-mentioned advantages, their
non-conductive characteristic and insufficient mechanical performance
should be improved for a more effective sensor process [16-19]. To gain
electroconductive properties and enhance mechanical performance,
either incorporation of conductive particles such as graphene and its
derivatives into the polymeric network or the usage of conductive
polymers (CPs) such as polypyrrole, poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate (PEDOT:PSS), polyaniline (PANI) in the hydro-
gel structure have been widely carried out as a facile route [20-24].
Among graphene family materials, reduced graphene oxide (rGO) has
been commonly employed to possess mechanical strength due to its
reinforcement effect and also electrical conductivity to hydrogels
[25-27]. Besides, the highly hydrophilic and porous structure of rGO
supplying the fast diffusion of target molecules and the ultimate bio-
conjugation arisen from the covalent/non-covalent bonding with
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biomolecules could be enhanced the sensitivity and selectivity of the
hydrogel based-sensors [28-30].

In the family of CPs, PANI is one of the most preferred polymeric
materials in the production of ECHs because of its adjustable electrical
conductivity, facile and easy synthesis route, unique redox properties,
environmental stability, and better compatibility with biopolymers
[31-34]. Introducing PANI into the hydrogel network not only allows
the combination of the electrical conductivity capability of CPs and the
distinctive characteristics of hydrogels but also enables good elasticity
and mechanical strength to the hydrogel as the critical parameters for
sensor applications [35,36].

In the light of these, we developed an effective approach to produce
the HA-based ECH with improved mechanical properties by using rGO
and PANI as a non-enzymatic glucose sensor in the current study. HA,
which is a commonly-preferred polysaccharide in bio-based applications
[37-40], was chosen as the main component of the hydrogel network in
order to benefit from its high selectivity to various kinds of biomolecules
including mono- (glucose, fructose, and galactose) and disaccharides
(sucrose and lactose) owing to their similar nature [41-44]. HA is a
crucial part of the extracellular matrix (ECM) and it has also an ability to
mimic the natural tissues. Despite of these favorable features, a detailed
literature survey revealed that there is surprisingly no study about the
non-enzymatic glucose sensor based on HA. Although many researchers
have reported various ECHs for the detection of glucose [45-47], there
could not be encountered any study about HA-based non-enzymatic
glucose sensor in the literature. Therefore, it can be stated that this study
is the first report about the production of a non-enzymatic glucose
sensor with a superior mechanical performance by using HA-rGO-PANI
ternary formulation. In this new approach, while HA and rGO provided a
porous hydrogel structure having a high surface area for the diffusion of
biomolecules [29,48], both conductivity resources (PANI and rGO)
would enable electron transfer across the path and improve mechanical
properties owing to their superior features [49,50].

The hydrogel-based glucose sensor fabricated by using this new
approach was characterized and evaluated in terms of mechanical per-
formance and conductivity feature which are the key parameters for its
usage in sensor applications. To demonstrate the utility of the produced
HA-rGO-PANI hydrogel as a glucose sensor, its glucose sensitivity,
selectivity, stability, reproducibility and storage measurements were
carried out by using cyclic voltammetry (CV) and choronoamperometry
(CA). The results showed that usage of both rGO and PANI in the
polymeric network not only endowed considerable electrical conduc-
tivity to hydrogel (1.58 x10~> S/cm), but also significantly enhanced its
compressive strength (992.1 kPa) and elastic modulus (23.4 kPa)
compared to those of the bare HA hydrogel. It should be noted that these
values approximately 500% and 1290% higher than that of the pure HA
hydrogel, respectively. The currently developed HA-based sensor dis-
played high selectivity, stability and reproducibility, along with the high
level of glucose sensitivity (as 421.42 pAmM 'cm™2), which is higher
than a lot of reports related to the glucose sensing in the literature
[51-57]. Based on all obtained results, it is worth to mention that this
study could contribute to the usage of ECHs as sensors and could offer
the guidance for creating composite networks with great mechanical
performance in sensor applications.

2. Experimental
2.1. Materials

HA (food grade, Mw=8 x10° Da) was purchased from Heze Better
Biochemical Co. (Shandong, China). D-(+4)-glucose anhydrous (>
97.5%), ascorbic acid, uric acid (> 98%), D-sorbitol (> 98%), hydro-
chloric acid (HCl, 37%), potassium nitrate (KNO3), ethanol (EtOH),
methanol (MeOH), hydrogen peroxide (H202, 30%), potassium per-
manganate (KMnOg), sulfuric acid (HpSO4, 98%), sodium hydroxide
(NaOH), ammonium peroxodisulfate (APS) and aniline (C¢HsNH3) were
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obtained from Merck. Methacrylic anhydride (MA), photoinitiator
(Irgacure 2959,  2-Hydroxy-4'-(2-hydroxyethoxy)—  2-methyl-
propiophenone), phosphate buffer saline (PBS) tablet, graphite (powder
< 20 um, synthetic), hydrazine (35 wt% in Ho0) and 12-14 kDa cutoff
dialysis tubing were purchased from Sigma Aldrich. All reagents were
used as received without further purification.

2.2. Synthesis of rGO

Graphene oxide (GO) was synthesized from graphite according to
modified Hummer’s method [58-60]. Graphite powder (1 g) and KNOg
(0.5 g) were slowly added to concentrated HySO4 (23.3 ml) under
ice-cooling and stirring. After cooling down, KMnOj4 (3 g) was gradually
added to the solution. The mixture heated at 35 °C in the sand bath and
stirred for 30 min. Following that, the solution was diluted by adding
distilled water (50 ml) and stirred at 90 °C for 15 min. Then, water (167
ml) and Hy05 (5 ml, 30%) were added into the suspension, respectively.
The resulting mixture was centrifuged and purified by multiple washing
with HCI (10% v/v). The remaining slurry was dried at 65 °C for 48 h to
obtain solid GO. The GO suspension was prepared by dispersion of ob-
tained GO in distilled water (200 ml). For reduction step, hydrazine (2
ml) was added into GO suspension under stirring at 100 °C for 24 h. After
cooling, the solution was purified by filtering and washing with meth-
anol and distilled water, subsequently. Finally, the filtrate was dried at
room temperature under vacuum for 3 days.

2.3. Synthesis of methacrylated HA (HA/MA)

HA-MA was synthesized by the reaction of HA with MA through an
esterification reaction [61]. HA (1 g) was dissolved in distilled water
under continuous stirring overnight. After complete dissolution, MA
(4.8 ml) was added dropwise at 4 °C and the pH of the reaction medium
was maintained at around 8 with 6 N NaOH in the dark for 24 h. Sub-
sequently, produced HA/MA was precipitated in EtOH, filtered, washed
and redissolved in distilled water, followed by dialysis against deionized
water for 4 days. In the final step, the purified HA/MA was lyophilized
and stored at 4 °C until further use.

2.4. Fabrication of HA/MA-rGO-PANI electroconductive hydrogels

HA/MA-rGO-PANI electroconductive hydrogels were produced
following the procedure containing two different steps. In the first step,
the prepolymer solution was prepared by mixing 1% (w/v) HA/MA
dissolved in PBS with 3% (w/w) rGO suspension. After the addition of
the photoinitiator ((2-Hydroxy-4'-(2-hydroxyethoxy)— 2-methyl-
propiophenone), 0.5 w/v) into mixture, the final prepolymer solution
was injected into round-glass molds and exposed to UV light (365 nm)
for 30 min to allow the photocrosslinking. In the second step, the ob-
tained hydrogels were immersed into 0.08 M ANI monomer solution and
incubated for 12 h at room temperature. Equimolar amount of APS
(0.08 M) was added into solution to initiate the polymerization of ANI
and reaction was carried out for 3 h until dark-greenish color appeared,
that confirms the formation of PANI. Then, hydrogels were immersed
into distilled water for washing process and the produced HA-MA/rGO/
PANI electroconductive hydrogels were dried overnight at room
temperature.

2.5. Characterization

The oxidation of graphite and the reduction of GO were confirmed
with Raman spectroscopy, which was recorded with a STEX-100
Compact Confocal Raman spectrometer at 532 nm excitation wave-
length. The ratio of the intensity of D and G peaks (Ip/Ig) generally used
to determine the quality of graphitization for carbon-based materials
was also calculated. The structural characterization of synthesized rGO
was investigated by using Hitachi High-Tech Transmission Electron
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Microscope (TEM, HT7700) at an accelerating voltage of 105 kV. The
samples for TEM analysis were prepared by dripping of rGO dispersed in
ethanol on to the grids.

The produced HA/MA and HA/MA-rGO-PANI hydrogels were char-
acterized by Fourier transform infrared spectroscopy (FT-IR). FT-IR
spectroscopy was performed using a Perkin Elmer Spectrum One FT-IR
with attenuated total (ATR) unit. The samples were scanned from 380
to 4000 cm~'. The surface morphologies of the obtained hydrogels
sputter coated with Au/Pd were investigated using scanning electron
microscopy (SEM) (ZEISS EVO MA10).

2.6. Electrical conductivity

A Lucas Labs S-302 Four Point Resistivity Probe Equipment con-
nected to a Gamry Instrument power source was used to characterize the
electrical conductivity properties of the hydrogels originated from the
sheet resistivity. The sheet resistance (p) is determined by supplying a
constant current value between outer probes and measuring the voltage
value between inner probes [58]. All hydrogel samples were tested in
triplicate and the average values were recorded for each sample. p is
calculated by using the following Eq. (1):

p = 2msR (€8]

Where s is the probe spacing, R is the measured resistance value.
The conductivity value (o) of the hydrogels was found by using the
sheet resistivity data according to Eq. (2):

(2

1
6 =—
p

2.7. Mechanical performance

Mechanical performance of the produced hydrogels were investi-
gated using a Universal Testing Machine (Zwick Roell- Z1.0 Mechanical
Test Machine equipped with a 50 N load cell) with 2 mm/min crosshead
speed and 25 mm gauge length. All the hydrogel samples prepared as
cylindrical shape were tested in triplicate. The stress-strain curves of the
hydrogels were recorded at room temperature and the results were
evaluated with regarding to elastic modulus (kPa) and compressive
strength (kPa) for each sample. The elastic modulus values were
extracted from the stress-strain curves of the hydrogels. The compressive
strength (CS) values were calculated by using the Eq. (3):

FlTl‘dX
CcS = — 3
Where F,,,, corresponds to the maximum force (N), A represents the
cross-sectional area of the sample (mm>?).

2.8. Electrochemical activity and sensor performance

The electrochemical measurements, which include the cyclic vol-
tammetry (CV) and the choronoamperometry (CA), were performed by
using a Potentiostat (GAMRY Instruments, Reference 600 Potentiostat/
Galvanostat/ZRA) based on a three electrode cell configuration in PBS
solution at 25 °C. While silver/silver chloride (Ag/AgCl) and platinum
(Pt) wire were used as the reference and counter electrode respectively,
the fabricated HA/MA-rGO-PANI electroconductive hydrogel was used
as the working electrode for the CV and CA analyses.

All sensor measurements were carried out in PBS solution at room
temperature under nitrogen atmosphere. Before sensing measurements,
blank test was performed in glucose free PBS solution to observe redox
activity of the electrode. 10 uL of glucose stock solution (in PBS) was
gradually added into 5 ml of PBS and the response of the electrode to
glucose derived from the interaction between them was investigated by
CV analysis. The change of the peaks related to increasing glucose
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concentration was analyzed to determine the sensitivity and the selec-

tivity of the electrode. Limit of detection (LOD) was calculated by using

the Eq. (4):

Lop =20 4
S

Where ois the standard deviation obtained from calibration curve and S

is the slope of the calibration curve.

Reproducibility of the sensor was examined by preparing 5 elec-
trodes at the same time and testing sequentially each of them. The
interference effect on the sensor response was tested using uric acid,
ascorbic acid and sorbitol as interfering species. The responses of the
sensor were observed by CA at an applied potential of 0.45 V. The long
term cycling (100 cycles) was performed in CV analysis for stability test
of the sensor.

2.9. Statistical analysis

GraphPad Prism Software (V.5, San Diego, USA) was used for sta-
tistical analysis. One way ANOVA was performed for a comparison test.
The results were presented as means =+ standard deviation (SD) within
the 95% confidence level.

3. Results and discussions
3.1. Characterization of synthesized rGO

The structural changes of graphite, GO and rGO take place in the
oxidation and reduction processes were examined through Raman
analysis, which is a widely used a non-destructive technique to distin-
guish the disorder in the crystal structures of carbon-based materials
[62]. The prominent peaks in the Raman spectra of carbonaceous ma-
terials are called as D and G bands. While D band is assigned to k-point
phonons of A; ; symmetry, the G band represents the first-order scat-
tering of E5 ; phonons [63]. As shown in Fig. 1A, the Raman spectrum of
the graphite displays a D band peak at 1355 cm™! and a G band peak at
1586 cm L. Besides, the 2D peak indicating overtone of the D peak
appears at 2708 cm ™! in this spectrum. After oxidation, the G band
broadened and shifted to 1597 cm ™! as a result of residual unmodified
graphitic regions in GO structure [64]. The intensity ratio of the D band
attributed to the degree of the disorder increased due to the decrease in
the size of in-plane sp?> domains by the oxidation process. The relative
intensity ratio (Ip/Ig) used as an indication of the quality of graphiti-
zation increased from 0.27 to 0.79 after oxidation [65]. This increase
could be explained by the disordered network resulted from the
attachment of functional groups on the graphitic structure [66,67]. The
Ip/Ig ratio increased to 1.10 after reduction. This increment suggests a
decrease in the average size of sp2 domains while an increase in the sp2
cluster numbers, which reflects the formation of the more graphitic
domain after reduction by removing most of the oxygenated functional
groups from the structure [68,69]. ID/IG ratios were used to estimate
the crystallite size of the synthesized GO and rGO according to the
following Eq. (5) [70,71]:

_ 2.4x1071¢

ID/’G

L,(nm) 5)

Where L, is the crystallite size and A is the wavelength of the laser source
(532 nm).

While the crystallite size for GO was calculated as 24.3 nm, the
crystallite size of rGO was found as 17.5 nm. This decrease, which was
also in agreement with the increment of number of sp? domains in
smaller size after reduction, could be attributed to the elimination of
inter-layer attractive interactions and the decrement of the oxygen-
containing functional groups in GO structure [72].

The structure of synthesized rGO was identified by TEM analysis. The
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Fig. 1. RAMAN spectra (A) of graphite, GO and rGO and FT-IR spectra (B) of HA/MA and HA/MA-rGO-PANI hydrogels.

obtained TEM micrographs (Fig. 2) demonstrated the typical wrinkled
pattern of the rGO structure that originated from the removal of hy-
droxyl and epoxide groups after the reduction process [73]. As a result of
this, the repulsion between negatively charged groups in the structure
decreased, which leads to the irregular veil-like layers [74]. The other
important point observed from the TEM images was the highlight re-
gions with the high contrast spots, which indicates the remaining
functional groups in the rGO structure.

3.2. Fabrication and characterization of HA/MA-rGO-PANI conductive
hydrogels

HA/MA-based ECHs were synthesized through the photocrosslinking
mechanism that was demonstrated in Scheme 1.

For the structural characterization, HA/MA and HA/MA-rGO-PANI
hydrogels were compared each other by using FT-IR analysis. As
shown in Fig. 1B, the FT-IR spectra of HA/MA exhibited the character-
istic peaks at 1716 cm ™! and 1449 cm ™! corresponding C=0 (carbonyl)
stretching and C—=C (carbon-carbon double bonds) of conjugated sys-
tem, respectively [75]. The presence of these bands confirmed success-
fully insertion of methacrylate groups into the HA backbone. In the

Fig. 2. TEM micrographs of synthesized rGO at different magnifications.
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Scheme 1. Schematic representation of production of HA/MA-rGO-PANI hydrogel.

spectrum of HA/MA-rGO-PANI hydrogel, decreasing of the peaks for the
bands at about 1070, 1400 and 1700 cm™! compared to pure HA/MA
hydrogel indicated the hydrogen bonding between oxygen containing
groups of rGO and C=O0 (carbonyl) groups of HA/MA [76]. The main
characteristic peaks for PANI were also observed at 1558, 1487 and
1238 cm ™!, which correspond to stretching vibrations of quinone ring,
benzenoid ring and C-N stretching vibration of secondary amine,
respectively as well as the characteristic peaks of HA/MA structure
[77-79]. Additionally, slight shifting of the peaks of HA/MA-rGO-PANI
hydrogel compared to HA/MA hydrogel indicated the 7z —z interactions
between rGO and PANI structure [80].

SEM analysis was performed to investigate the morphology of HA/
MA and HA/MA-rGO-PANI hydrogels, as presented in Fig. 3. The SEM
image of HA/MA hydrogel (Fig. 3A) exhibited 3D network structure,
which is a characteristic morphology for a hydrogel. In the SEM image of
HA/MA-rGO-PANI hydrogel (Fig. 3B, C), an interconnected network-
like structure was observed by the introduction of both rGO and PANI
to the HA/MA hydrogel. As more clearly seen in the SEM images of HA/
MA-rGO-PANI hydrogel, while rGO was appeared as the layered struc-
ture with distinct edges entrapped in the PANI matrix, PANI showed
densely stacked morphology with sphere-like form in the hydrogel
network owing to the self-assembling characteristic of PANI [81]. The

A)

Fig. 3. SEM images of HA/MA hydrogel (A) and HA/MA-rGO-PANI (B, C) hydrogel at different magnifications.
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voids in the network created by the incorporation of rGO into structure
were partially filled with PANI spheres that could be explained by the
dispersion forces originated from the hydrophobic nature of PANI
molecules [82]. Additionally, this morphology might be offered a
continuous physical pathway for more sufficient transfer and separation
of electrons [80].

3.3. Electrical conductivity

ECHs employed as a biomaterial should be possessed an adequate
level of electrical conductivity to promote their performance and pro-
ductivity in sensor applications [83]. Based on this, to evaluate the
fabricated hydrogel in terms of electrical conductivity, the sheet resis-
tance of HA/MA-rGO-PANI hydrogel was measured via a four-point
probe method. Hydrogel sample was tested three times. Table 1 shows
all conductivity results which were calculated by using the sheet resis-
tance values. These results were also presented as a graph (Fig. 4).
HA/MA-rGO-PANI hydrogel exhibited sufficient electrical conductivity
as 1.58 x 107> S/cm, which is in the range of conductivity for desired
application field [84]. There are four important contributions provided
by rGO and PANI to electrical conductivity in the hydrogel network
structure, i) the sp2-hybridized carbon system restored by the reduction
process of GO contributed to the electrical conductivity of the produced
hydrogel, ii) the well-distributed rGO particles in the hydrogel network
form the effective and conductive pathway leading in an electro-
conductive structure [85], iii) the polyconjugated planar structure of
PANI offers an electron transport path owing to phenyl rings and
intertwined PANI chains within the network, iv) the electron delocal-
ization of polaron/bipolaron structures of PANI also provides improved
electrical conductivity to the hydrogel [86,87]. When the results are
examined, it is clear that the usage of both rGO and PANI in the network
ensures adequate level of electrical conductivity to the hydrogel due to
the synergistic effect of them.

3.4. Mechanical performance

Mechanical performance is one of the key parameter to develop
ECHs employed as a biosensing material. Since insufficient mechanical
properties of the hydrogels have still remained a challenge for their
practical usage in desired application field, fabrication of ECHs with
enhanced mechanical strength is being an attractive approach to meet
the special requirements of sensor applications. Therefore, the
compressive test (Fig. 5A) was conducted to evaluate mechanical per-
formance of the produced HA/MA and HA/MA-rGO-PANI hydrogels
with regards to compressive strength and elastic modulus. The
compressive strength of HA/MA and HA/MA-rGO-PANI hydrogels
(Fig. 5B) were calculated as 191.8 and 992.1 kPa, respectively. This
significant improvement could be explained by the development of
mechanically stronger structures due to the reinforcement effect of rGO
particles and rigid PANI chain [26,27,88,89]. While the strong physical
interactions including hydrogen bonding and Van der Waals force be-
tween rGO and polymeric network lead to increase the mechanical
strength of the HA-based hydrogel, the electrostatic interactions be-
tween PANI and the polymeric network as well as the rigid nature of the
PANI also supported to strengthen the hydrogel structure [90].

Table 1
Conductivity values of hydrogel samples.
Sample Resistance resisstﬁfi;tf «Q Conductivity Conglrcetl;ii/ S/
() cm) (S/cm) em)
HA/MA NA NA NA NA
HA/MA- 7.7 x 10*  0.61 x 10° 1.64 x 107>
rGO- 8.1 x10*  0.64 x 10° 1.56 x 10> 1.58 x 107>
PANI 8.2 x 10* 0.65 x 10° 1.54 x 107°
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Fig. 4. Electrical conductivity of the HA/MA and HA/MA-rGO-PANI hydrogels.

Furthermore, introduction of rGO enabled to the more uniformed dis-
tribution of stress transfer at the polymer matrix resulted in a mechan-
ically stronger structure. As shown in Fig. 5C, elastic modulus of the
hydrogels increased substantially with the incorporation of rGO and
PANI into hydrogel structure. The elastic modulus of HA/MA-rGO-PANI
hydrogel reached the maximum value as 23.4 kPa which was approxi-
mately 20 times higher than HA/MA hydrogel that provided favorable
flexibility and elasticity to hydrogels as a result of the decrement effect
of PANI on the brittle and fragile structure of hydrogels. These results
demonstrated that the superior mechanical performance, namely good
elasticity and mechanical strength was ensured by the fabrication of
interpenetrating network containing both PANI and rGO in its structure
and the obtained HA/MA-rGO-PANI hydrogel with enhanced mechani-
cal properties have a great potential to employ as a sensing material in
further studies.

3.5. Electrochemical activity and sensor performance of HA-based
hydrogel

The electrochemical behavior of produced HA-based hydrogel sensor
was determined in the absence and presence of glucose through CV
measurement, whose curves were monitored in the voltage range be-
tween — 0.8 V and 0.8 V at a scan rate of 100 mV/s in PBS. As presented
in Fig. 6A, although there is no addition of glucose to the electrolyte at
the beginning of the sensitivity measurement, HA/MA-rGO-PANI
hydrogel sensor showed a pair of reduction and oxidation peak cur-
rent due to the common behavior of PANI-containing networks in
neutral pH medium [49,91]. Upon addition of glucose, the presence of
redox peaks and the noticeable increase in the peak current values
approved the electroactive behavior of the developed
HA/MA-rGO-PANI hydrogel sensor towards glucose.

The plausible glucose detection mechanism based on the chemi-
sorption of the glucose on the surface of HA/MA-rGO-PANI hydrogel
electrode was depicted in Scheme 2. The observed redox current in CV
measurement originated from the transformation from emeraldine state
to leucoemeraldine state of PANI structure, which enables the formation
of an ion-dipole between glucose molecules and ~-HN™ group of PANI
[92,93]. After the addition of glucose solution in PBS, leucoemeraldine
state was converted into the emeraldine state by accepting an electron
and this behavior created an electron transport system supplying the
electron transfer from glucose to the HA/MA-rGO-PANI hydrogel elec-
trode [94]. It is also worth emphasizing that PBS medium used in
sensing measurements has two significant contributions, i) it provided to
detect glucose at physiological conditions, ii) it supplied hydroxyl ions,
which received the electrons from the surface of the HA/MA-rGO-PANI
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PANI hydrogel sensor to increasing glucose concentration in PBS (B) and the calibration curve of current density vs. glucose concentration (C).
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Scheme 2. The schematic representation of the plausible non-enzymatic glucose sensing mechanism of the produced HA/MA-rGO-PANI hydrogel electrode.

hydrogel electrode. And thus, the highly reactive oxygenated sites were
generated which leads to the oxidation of the glucose molecules to the
gluconolactone [95]. Furthermore, the produced HA/MA-rGO-PANI
hydrogel electrode could adsorb more glucose molecules owing to the
3D structure of hydrogel containing both rGO and PANI, the integration
of which might enhance the electrocatalytic activity of the sensing
material.

The glucose sensing characteristic of the sensor was also evaluated
by increasing glucose concentration (Fig. 6B). It is clearly seen that the
redox peaks current gradually increased with the increment of glucose
concentration, attributing electro-oxidation/reduction of glucose and
sufficient electrical conductivity of the produced network. The calibra-
tion curve (Fig. 6C) exhibited a linear response with the correlation
coefficient of 0.993 based on the glucose concentration. The glucose
sensitivity was determined from the linear range of the calibration curve
(0.3-6 uM) by using the following Eq. (6):

A 1(HA
Sensitivity (uAmM ™' cm™) = current(pA)

"~ Aglucoseconcentration(mM )xelectrodearea(cm?)
(6)

The sensitivity value and the detection limit were found as
379.92 pA/mMcm? and 0.3 uM, respectively.

The chronoamperometric characterization of HA/MA-rGO-PANI
hydrogel sensor was also carried out with the consecutive injection of
glucose solution (from 0.3 uM to 5 pM) into PBS medium at a constant
potential of 0.45V. The obtained sensor’s current-time response to
increasing glucose concentration at every 30 s was measured and the
results were plotted as shown in Fig. 7. A linear increase in the current
response within 2-3 s by the increasing glucose concentration demon-
strated the fast glucose sensing ability of the HA/MA-rGO-PANI hydro-
gel sensor. The calibration plot of the glucose concentration vs.
determined current density values presented a wide linear range with
the linear regression coefficient (R) of 0.996. The sensitivity value was
calculated from the linear range of the obtained calibration curve as
421.42 yA/mMcm? in the amperometric measurement. The obtained
higher (about 10%) sensitivity value comparing with the sensitivity
(379.92 pA/mMcmz) found in the CV measurement could be attributed
to the improved mass transfer under the static operation conditions.

As listed in Table 2, the performance of non-enzymatic HA-based
hydrogel sensor is superior from the other reported studies in the liter-
ature. In particular, obtained sensitivity is one of the highest value ever
determined for the non-enzymatic glucose sensors. These remarkable
results could be related to the following aspects: (i) ECM-like nature of
HA supports to easily capture of glucose, (ii) interconnected porous 3D
structure obtained by the incorporation of rGO into polymeric network

4
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Fig. 7. Amperometric responses of HA/MA-rGO-PANI hydrogel sensor to
increasing glucose concentration in PBS at 0.45 V integrated with the calibra-
tion curve of the current density vs. glucose concentration.

Table 2
Comparison of the analytical performance of non-enzymatic glucose sensors.
. Sensitivity LOD
Working electrode (uAmM lem2) M) Reference
Pdnanowire-PANI 146.6 0.7 [53]
PPDA(p-phenylene -
diamine)-GO 24.81 NR [52]
Pt-GO 137.4 NR [56]
Pd-Ni-rGO 37.5 0.15 [55]
Pd-Mn-rGO 52.16 1.25 [57]
CTS-CST(cadmium 3
. B 1
stannate)-PANI 1.32x10 05 151
PANI-CNT (carbon 10.89 13 [54]
nanotubes)
HA/MA-rGO-PANI 421.42 0.3 Current
study

offers open channels for the permeability of glucose molecules, and (iii)
the combination of rGO and PANI as the conductivity sources promotes
the electron transfer rate [37,96,97].

The stability, reproducibility and storage tests were performed to
examine the usage of HA-based hydrogel in practical sensor
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applications. The stability of the HA-MA/rGO/PANI hydrogel sensor
was evaluated by running CV measurement for 100 consecutive cycles at
100 mV/s containing 100 uL glucose solution in PBS. As demonstrated
in Fig. 8A, there was no significant change of the current response of the
sensor after long-term cycling, indicating that fabricated HA-MA/rGO/
PANI hydrogel sensor has excellent stability. Additionally, the storage
stability of the produced HA-MA/rGO/PANI hydrogel biosensor was
observed over a 30-day period. The prepared sensor was kept in PBS
solution at room temperature. The sensitivity values were calculated
once a week to determine relative sensitivity (Fig. 8B) for the fabricated
sensor. Obtained results revealed that the sensitivity value of the sensor
remained nearly 93.6% of its initial sensitivity value even after 30 days,
which could be also attributed to the synergistic effect of the rGO and
PANI on the mechanical performance of the hydrogel network. It is
worth to emphasize that obtained storage stability is better than the
many previous studies about the glucose sensing in the literature. For
example, Li et al. reported that PANW (nanowire)-PANI network
retained 93.4% of its stability after just 7 days and another study pre-
sented 5.6% of stability loss over only 2 weeks period that were rela-
tively low storage performances comparing that of our study [53,56].

For the reproducibility test, five identical HA-MA/rGO/PANI
hydrogel biosensor were prepared. Following that, they were tested by
adding a series of concentrations of glucose. The sensitivity values of
each hydrogel sensor were calculated and demonstrated in Fig. 9. The
relative standard deviation (RSD) was found as 4.8% (n = 5), confirm-
ing adequate reproducibility in the formation of HA-based hydrogel
sensor.

The non-enzymatic glucose detection could be disturbed by several
interfering species such as uric acid, ascorbic acid and sorbitol, which
are normally present with glucose in human blood. Despite the con-
centration of these electroactive compounds is lower compared to
glucose concentration in blood sample, they could also generate an
electrochemical signal because of the structural resemblance and com-
mon ion effect. Thus, the anti-interference test (Fig. 10A) was carried out
with the successive addition of 4.0 mM of glucose and 0.1 mM of uric
acid, ascorbic acid and sorbitol in order to observe the effect of these
interfering reagents. As shown in Fig. 10B, the interfering species
induced negligible responses (about 2.5-5% of that produced by
glucose) in the amperometric test. These observations confirmed that
developed HA/MA-rGO-PANI hydrogel sensor have good selectivity and
excellent anti-interference performance for glucose detection owing to
the recognition ability of HA for biomolecules as well as its favorable
interactions with target analytes [41,47].

Based on the all results, it was concluded that HA-based hydrogel
could be utilized as a promising non-enzymatic sensor with excellent
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Fig. 9. Sensitivity values of the identical HA-MA/rGO/PANI hydrogel sensors.

selectivity, sensitivity, low detection limit and long-term stability and
storage performance for glucose detection in future studies.

4. Conclusion

ECHs have received a great deal of attention for sensor applications
since they integrate remarkable features of the hydrogel network and
the electrochemical properties of conductive materials. In this study,
HA-based ECH was successfully produced by photocrosslinking mecha-
nism by the incorporation of rGO and then loading of PANI as con-
ducting materials into the polymeric network. While numerous studies
have reported to fabricate ECHs employed as biosensing materials in the
literature, HA-based ECH consisting of the HA-rGO-PANI ternary com-
bination was used as a non-enzymatic glucose sensor for the first time in
the current study. Introducing rGO and PANI into hydrogel structure not
only endowed efficient electrical conductivity to hydrogel but also
provided improved mechanical performance in terms of compressive
strength and elastic modulus, which are critical requirements for sensor
applications. The developed HA-based hydrogel sensor exhibited good
electrochemical activity to glucose molecules with a low detection limit
(0.3 uM), high sensitivity (421.42 pAmM~'cm™2) and selectivity in the
presence of various interfering species such as uric acid, ascorbic acid
and sorbitol and also excellent long-term stability. It should be clearly
pointed out that these promising sensor performances of the novel HA/
MA-rGO-PANTI hydrogel are superior to those of great numbers of sensor
materials previously reported and employed for non-enzymatic glucose
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Fig. 8. The long-term stability test of HA-MA/rGO/PANI hydrogel sensor over 100 cycles (A) and the storage stability of HA-MA/rGO/PANI hydrogel sensor for 30

days (B).
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Fig. 10. Amperometric response of HA-MA/rGO/PANI hydrogel sensor after the successive addition of glucose, uric acid, ascorbic acid and sorbitol in PBS at 0.45 V
(A) and the selectivity study involving glucose with different interfering reagents (B).

detection in the literature. All acquired results showed that HA/MA-
rGO-PANI hydrogel would be an attractive candidate for further sensi-
tive non-enzymatic glucose detection applications. Furthermore, this
study offers broad-visioned and new opportunities for HA-based
hydrogels systems in the sensor field.
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