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Smart electrochemical biosensors have emerged as a promising alternative analytical diagnostic tool in recent
clinical practice. However, improvement in the biocompatibility and electrical conductivity of the biosensor ma-
trix and the immobilization of various bioactive molecules such as enzymes still remain challenging. The present
research reports the synthesis of a biocompatible hydrogel network and its integration with gold nanocubes
(AuNCs) for developing a novel biosensor with improved functionality. The interpenetrating hydrogel network
consist of biopolymers developed using graft co-polymerization of 3-cyclodextrin (3-CD) and chitosan (CS).

Keywords: ? L. . . . . .
Hydrogels The novelty of this work is in integrating the CS-g-B-CD hydrogel network with conductive AuNCs for improving
Biosensors hydrogel conductivity, biosensor sensitivity and use of the material for a biocompatible sensor. The present pro-

tocol advances the state of the art for the utilization of biopolymeric hydrogels system in synergy with an enzy-
matic biosensing protocol for exclusively detecting hydrogen peroxide (H,0,). Immobilization of the
mitochondrial protein, cytochrome c (cyt ¢) into the hydrogel nanocomposite matrix was performed via thiol
cross-linking. This organic-inorganic hybrid nanocomposite hydrogel matrix exhibited high biocompatibility
(RAW 264.7 and N2a cell lines), improved electrical conductivity to attain high sensitivity

Biocompatibility
Gold nanocubes
Chitosan
Cytochrome ¢

(1.2mA mM~! cm~2) and a low detection limit (15 x 10~° M) for H,0,.

© 2019 Published by Elsevier B.V.

1. Introduction

Cytochrome c (cyt ¢) is a redox-active heme protein located in the
mitochondrial membrane and participates in electron transfer reactions
of the mitochondria [1,2]. The redox behavior of cyt ¢ has been studied
widely not only for understanding electron transfer dynamics and
redox-induced translational changes [3], but also for creating biosensing
systems for a wide variety of biochemical entities including reactive ox-
ygen species (ROS) [4-7]. Our group and others have investigated the
redox activity of cyt ¢ and developed electrochemical cyt ¢ biosensing
platforms at various nanostructured modified electrode surfaces
[1,8-10]. Recently, we have investigated the structural and mechanistic
aspects of cyt ¢ peroxidase activity through a computational modeling
approach [3]. The focus of the present study was to utilize the peroxi-
dase behavior of the immobilized cyt c for an electrochemical biosensor
that would monitor changes in H,0, levels. H,0, is one of the most
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stable ROS, can readily penetrate biological membranes, reacts with
redox-active molecules, and can cause oxidative protein modification.
Monitoring changes in H,0, levels is important as the changes are
closely associated with the degradation or formation of other ROS,
such as superoxide (03 ) and hydroxyl radical ("OH).

A wide variety of biosensing strategies for detecting H,0, levels, in-
cluding cyt c as bioreceptor, have been reported [6,11,12]. Recently,
core-shell nanoparticles formed using zeolitic imidazolate frameworks
and reduced graphene oxide have been investigated for monitoring
H,0, levels [13]. However, a focus on such biosensors with improved
biocompatibility has received little attention. Immobilization of
bioreceptor molecules into a matrix that preserves native catalytic
properties without compromising structure and conformation while
improving sensor biocompatibility is essential for biosensors for biolog-
ical applications [14-16]. Hydrogels represent a class of soft materials
with unique three-dimensional (3D) polymer networks. These 3D
cross-linked materials are biocompatible and provide an interface to
biosensing systems as a base material [17-21]. Such hydrated gels also
create a suitable microenvironment for enzyme immobilization.
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Hydrogels of CS and its cross-linked derivatives have been explored as a
biocompatible immobilization platform for assessing the direct electro-
chemistry of proteins and for creating sensitive electrochemical detec-
tion systems [16,22]. The functionality of these hydrogel scaffolds
could be considerably improved if their electrical properties are en-
hanced. Approaches including the integration of hydrogels with
conducting polymers, functionalization with electroactive motifs and
incorporation with the nanoelectrical elements have been investigated
for improving the electrical conductivity of the hydrogel networks
[23-27].

Due to their high electrical and thermal conductivity, metallic nano-
structures, together with the other materials, are a suitable candidate
for creating an integrated hydrogel platform. When such conductive
nanostructures are embedded or entrapped within a polymeric hydro-
gel network, the conductivity of the matrix can be tuned on the basis
of organic-inorganic hybrid nanocomposite theory [23,26,28]. Gold
nanoparticles and their composites have emerged as a potential candi-
date for electrochemical biosensors due to their important role in
biofunctionalization and improving biocompatibility [29-31]. Several
groups have reported gold nanoparticle based hydrogel systems and
demonstrated their use in biomedical applications [32,33]. In our recent
review article, the application of gold nanoparticles integrated hydrogel
systems for targeted drug delivery are highlighted [34]. Recently,
hydrogels of polyethylene glycol (PEG) have been integrated with
gold nanoparticles and micropatterned onto the electrode surface for
biosensing application [35]. The incorporation of gold nanoparticles in-
creases the conductivity of a hydrogel matrix 5-fold. Enhancement in
the specific surface area to capture a large number of biomolecules
has been demonstrated by integrating a hydrogel matrix with gold
nanoparticles [36]. Gold nanoparticle which are dispersed in a hydrogel
matrix can act as dopant and can improve the optomechanical proper-
ties of a sensor system [37].

Although efforts have been made to integrate hydrogel networks
with different gold nanoarchitecture, so far, integration of a hydrogel
network with gold nanocubes (AuNCs) for biosensing has not been re-
ported. Au nanoparticles with cuboidal shape have been actively stud-
ied in recent years because of their potential applications in
plasmonics, microelectronics and biosensors [38-40]. Compared with
gold nanoparticles, AuNCs exhibit strong multiple plasmon resonance
and local field enhancement. These properties have been utilized for
SERS and for two-photon photoluminescence applications [41]. The ver-
tices and edges present in AuNCs can enhance local electric-field and
optoelectronic properties, which facilitates various applications includ-
ing electron transfer at biomolecules. Although a few reports on hydro-
gel based H,0, sensors are available, none of have demonstrated the
biocompatibility of the immobilization matrix. While the functionality
of a hydrogel can be improved by integrating AuNCs, mechanical prop-
erties can be improved by grafting other biocompatible polysaccharides
such as cyclodextrins (CD). In recognition of these salient features, we
report on the fabrication of hydrogel nanocomposites consisting of
AuNCs, CS, and CDs. A hybrid interlinked hydrogel network was used
to immobilize cyt c to fabricate an enzyme-based biosensor for H;0-.
A further significant aspect was to investigate the biocompatibility of
the hydrogel sensor platform. The nanocomposite hydrogel based on
the host-guest chemistry resulted in high sensitivity and a low detection
limit for the measurement of H,O, with good biocompatibility.

2. Experimental section
2.1. Reagents

Chitosan, B-cyclodextrin (3-CD), cetyltrimethylammonium bromide
(CTAB), gold (III) chloride hydrate, ascorbicacid (AA), sodium borohydride
(NaBHy), glutaraldehyde, hydrogen peroxide, sodium hydrogen phos-
phate, disodium hydrogen phosphate, N-(3-Dimethylaminopropyl)-N’-
ethylcarbodiimide hydrochloride (EDC), 3-mercaptoproponaic acid

(MPA), N-Hydroxysuccinimide (NHS) were purchased from Sigma-
Aldrich. Cyt c was purchased from Alfa Aesar. All other chemicals were of
analytical grade and all solutions were prepared using ultrapure water.

2.2. Instrumentation

UV-vis absorption characteristics were performed using spectro-
photometer (Agilent Technologies 8453). X-ray diffraction (XRD) pat-
terns of the AuNCs were analyzed using XPERT-PRO diffractometer (N
= 1.54060 A). The morphologies and elemental analysis of the hybrid
hydrogel network were carried out using FE-SEM (FEI Quanta-250
FEG) integrated with EDS. FT-IR analysis of the hydrogel material was
carried out using FT-IR spectrometer (Bruker Tensor 27, Germany).
High-resolution transmission electron microscopic (HR-TEM) images
of the AuNCs were recorded using an FEI TECKNAI-F20 Super-Twin in-
strument operated at 200 kV. Electrochemical experiments were per-
formed using Potentiostat-BAS 100B (Bioanalytical Systems Inc.).
Screen-printed carbon electrodes (SPCE) consisting of carbon as work-
ing and reference electrodes and Ag/AgCl as a reference electrode (CH
Instruments, Inc., USA) was used for fabricating the sensor.

2.3. Synthesis of AuNCs

A seed-mediated growth method was used for synthesizing homo-
geneous AuNCs [42]. First, the gold seeds were synthesized by adding
freshly prepared ice-cold solution of NaBH4 (0.01 M, 0.3 mL) into a sol-
vent mixture composed of CTAB (0.1 M, 3.75 mL) and HAuCl,
(0.01 M,0.125 mL), followed by immediate inversion mixing of the re-
sultant solution for 2 min. The seed solution was kept at room temper-
ature for 60 min to decompose excess borohydride. Growth solution
was then prepared by adding CTAB (0.1 M, 3.2 mL), HAuCl, (0.01 M,
0.4 mL), and ascorbic acid (0.1 M, 1.9 mL) sequentially into the water
(16 mL). The seed solution stabilized with CTAB was further diluted
with water (5-fold). The diluted seed solution (0.01 mL) was mixed
slowly with the growth solution. In the final step, the resultant solution
mixture was mixed gently for 10 s and kept at room temperature for
overnight.

2.4. CS-g-3-CD hydrogel synthesis

CS-g-3-CD hydrogel networks were synthesized using free radical
polymerization. First, a clear solution of CS was obtained by dissolving
0. 5% (w/w) of CS in 1% of glacial acetic acid. Subsequently, a 0.5%
-CD crystal clear solution (10 mL) was prepared in double-distilled
water and mixed with the CS solution at 1:3 (CS:B-CD) ratio. The
grafting mixture was further blended for 1-2 h at 500 rpm speed on a
magnetic stirrer. 3-CD was included for improving the mechanical char-
acteristics of the CS film. The reaction mixture was then kept aside at
room temperature for gelation.

2.5. Biosensor fabrication

The AuNCs were first functionalized with cyt c before being intro-
duced into the hydrogel network. In order to conjugate protein mole-
cules, AuNCs were initially functionalized with —-COOH moieties using
MPA as a cross-linker. The concentration of AuNC solution used for pre-
paring the nanocomposite was 0.19 mM. Attachment of cyt ¢ molecules
to the MPA modified AuNCs was performed using standard EDC/NHS
conjugation chemistry [43]. Briefly, 1 mL MPA/AuNCs solution was incu-
bated with 200 mM EDC and 100 mM NHS solution for 2 h whilst stir-
ring. The mixture was then added to 100 mL cyt c solution
(12.5 mg/mL in 10 mM of PBS) and magnetically stirred overnight at
room temperature to form cyt c cross-linked AuNCs. 20 pL of the cyt ¢
cross-linked AuNCs were mixed with the hydrogel blend and stirred
again for an hour to obtain a homogeneous solution. The
nanocomposite-hydrogel blend was then drop cast onto the electrode
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Schematic 1. Steps involved in the fabrication of the AuNCs integrated hydrogel biosensor system: Immobilization of the cyt c on AuNCs (A), and integration of the enzyme immobilized

AuNCs into the hydrogel network.

surface and used as a biosensor for monitoring H,0, levels. The stepwise
fabrication of the biosensor is shown in Schematic 1.

2.6. In vitro cytotoxicity
In order to investigate the biocompatibility of the hybrid hydrogel

materials, in vitro cytotoxicity was performed using MTT assay on two
different cell lines (RAW 264.7-mouse leukemic monocyte-
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macrophage cells and N2a-mouse neuroblastoma (N2a) cells). The cell
lines were maintained in 75 cm? culture flasks in DMEM medium con-
taining 10% streptomycin (100 pg/mL), fetal bovine serum (FBS), and
penicillin (100 U/mL) under humidified incubator chamber at 37 °C.
Following this, 1.5 x 10? cells/well were seeded in a 96-well plate and
allowed to attach for 6 h. Subsequently, the cells were exposed with dif-
ferent concentrations of AuNCs integrated CS-g-3-CD and CS-g-3-CD
hydrogels in DMEM lacking FBS for the duration of 24 h. The cells not

B

0 2 4 6 8 10 12 14

Fig. 1. TEM image (A), EDX spectrum (B), XRD pattern (C) of AuNCs; (D) UV-vis absorption spectra of AuNCs (curve a), MPA/AuNCs (curve b), and cyt ¢/MPA/AuNCs (curve c).
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exposed to the hydrogels and exposed to doxorubicin were used as con-
trol and positive control, respectively. Following treatment, cell mor-
phologies were examined using an Olympus CKX41 microscope and
photographed using Olympus imaging corp. Digital camera (Model E-
330). The MTT assay was performed using a reported protocol [35]
and the optical density of formazan dissolved in DMSO was determined
at 570 nm using a multi-plate reader (Synergy H1, BioTek, USA).

3. Results and discussion
3.1. Structural characterization of AuNCs and conjugation of cyt ¢

The synthesized AuNCs were characterized using TEM, UV-vis spec-
troscopy, and XRD. Fig. 1A shows the TEM images of CTAB stabilized
AuNCs. The AuNCs structures were uniformly distributed and had a
mean edge length of 40.2 nm, with a standard deviation of 5.7 nm.
Fig. 1B shows the EDS spectrum recorded for the AuNCs and confirmed
the presence of elemental gold. The XRD patterns recorded for the
AuNCs are displayed in Fig. 1C. Peaks corresponding to the (111),
(200), and (220) planes of a face-centered cubic lattice of gold were ob-
served for AuNCs [44]. The XRD data thus revealed that the gold nano-
structure formed is crystalline cubic, as supported by Fig. 1A. Fig. 1D
depicts the UV-vis absorption spectra of AuNCs (a), MPA modified
AuNCs (b), and cyt ¢/MPA/AuNCs (c). AuNCs exhibited a strong local-
ized surface plasmon resonance (LSPR) at 538 nm [38] (curve a). After
modification with MPA (curve b) the absorption peak intensity of the
LSPR band associated with the AuNCs decreases. This could be
interpreted as MPA assembling and creating a dielectric layer on the
AuNCs. When cyt ¢ was conjugated with the MPA, new peaks located
at 409, 520 and 550 nm (curve c) corresponded to cyt c, indicating

Soret bands resulting from n-n* transition of the heme-porphyrin ring
and confirming enzyme conjugation to AuNCs [45]. These results con-
firm that cyt ¢ was successfully conjugated to the MPA/AuNCs. After
modification with MPA and cyt c, the diameter of the AuNCs increased
to ca. 200-250 nm (Fig. S1). This change in particle size could be attrib-
uted to the successful assembly of MPA and cyt ¢ molecules onto the
AuNCs. The absorption properties of the heme present in native cyt ¢
can be used to confirm the conjugation of cyt ¢ to AuNCs (Fig. S2).

3.2. Characterization of CS-g-3-CD hydrogel

The prepared CS-g-3-CD hydrogels were characterized using FT-IR,
EDS, and FE-SEM. Spatial distribution studies of AuNCs integrated into
the hydrogel was also performed using elemental mapping analysis.
FE-SEM image reveals a porous morphology in the inter-linked CS-g-
3-CD hydrogel network (Fig. 2A). Fig. 2B shows the FT-IR spectra ob-
served for CS, 3-CD, and CS-g-3-CD hydrogel. In the FT-IR spectrum of
CS, the 0—H and N—H stretching bands are overlapped into a broad
peak at 3000-3600 cm™'. Bands corresponding to the amide and
amine group of CS were observed at 1630 and 1524 cm™ !, respectively.
The saccharide oxygen bridge peaks of the skeletal vibrations involving
the C—O stretching appeared between 1152 and 1090 cm ™ '. The FT-IR
spectrum of p-CD showed that the peaks correspond to the O—H
stretching vibration, C—H stretching vibration, C—O stretching vibra-
tion, and —-OH bending vibration were observed at ~3386 cm™,
2925 cm™ !, 1028 cm ™! and 1418 cm™! respectively [22]. The FT-IR
spectrum of the CS-g-3-CD hydrogel shows that the C—H stretching vi-
bration peak observed for 3-CD (2925 cm™!) disappeared while the
C—O stretching band for CS (1152 and 1090 cm~!) decreased after
the gel formation. FT-IR results confirmed that the structures of both
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Fig. 2. FE-SEM image of CS-g-3-CD hydrogel (A), FT-IR spectra of CS, 3-CD, and CS-g-3-CD hydrogel (B), elemental mapping analysis (C) and EDS spectrum of AuNCs integrated CS-g-3-

CDhydrogel (D).
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-CD and CS were altered and that ionic interaction resulted during the
preparation of the interpenetrating hydrogel network. The formation of
a broad band (O—H) indicated the formation of strong intermolecular
and intramolecular H-bonding [46].

As shown in Fig. 2A, the 3D-porous morphology of the intercon-
nected hydrogel network is comprises of pores with diameters ranging
from 5 to 20 um. However, the diameter of the AuNCs conjugated cyt ¢
ranged from 200 to 250 nm. During the integration, enzyme-conjugated
AuNCs were embedded homogeneously in the hydrogel matrix (incor-
porated both within the matrix and also attached to the surface of the
hydrogel matrix) with high density. EDS elemental analysis (Fig. 2D)
confirmed the presence of elemental gold in the hydrogel network
and the color differences observed from the mapping analysis
(Fig. 2C) further confirmed the homogeneous loading of AuNCs.

3.3. Electrochemical characterization of hybrid hydrogel enzymatic
biosensor

To investigate the effect of AuNCs in improving the conductivity of
the CS-g-R-CD hydrogel, electrochemical impedance spectroscopy
(EIS) measurements were performed in PBS containing 5 mM Kjs[Fe
(CN)g]/K4[Fe(CN)g] as redox reporter. Fig. 3A compares the Nyquist
plot (Z" vs. Z') observed for the CS-g-B3-CD hydrogels with and without
the incorporation of AuNCs. The Nyquist plot includes a semicircular
portion and a linear portion. The semicircle portion corresponds to elec-
tron transfer resistance (R.) at the electrode surface and can be used to
probe interfacial properties of the modified electrode. As seen from the
figure, the R value decreases when the gels were integrated with
the AuNCs (curve b), indicating that the embedded AuNCs increases
the electron transfer characteristics of the inter-linked hydrogel net-
work. The R values were measured to be 1.4 kQ) for the AuNC incorpo-
rated CS-g-B-CD hydrogel and 5.6 kQ for CS-g-B-CD alone. A 4-fold
enhancement in the conductivity of the CS-g-3-CD hydrogel was
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observed after the inclusion of AuNCs. Overall, the results indicate that
incorporating AuNCs enhanced electron transfer characteristics and im-
proved the conductivity of the hydrogel. Immobilization of cyt ¢ in the
AuNCs/hydrogel network was studied using cyclic voltammetry.
Fig. 3B shows typical voltammograms obtained at (a) bare SPCE,
(b) CS-g-p-CD hydrogel, and (c) cyt c/MPA/AuNCs/CS-g-3-CD modified
SPCE in 0.1 M PBS (pH 7.0). A pair of well-defined characteristic revers-
ible redox peaks were obtained for cyt ¢ modified electrodes, while only
non-Faradaic currents were detected at a bare SPCE and CS-g-3-CD hy-
drogel modified electrodes, indicating cyt ¢ undertakes direct electron
transfer reaction in the molecular hydrogel matrix. The electrochemical
results complement the results of the optical studies (Fig. 1D)
confirming successful immobilization of cyt c. The formal redox poten-
tial (E° = (Ep. + Epc)/2) observed for cyt ¢ at the MPA/AuNCs/CS-g-
[3-CD modified electrode was estimated to be 110.5 mV (vs Ag/AgCl),
which is comparable to the results obtained in other reported studies
[16]. This confirms that the porous inter-linked hydrogel network inte-
grated with AuNCs favored the attachment of cyt c and provided native-
like micro-environment for covalent immobilization. Cyt ¢ based bio-
sensor could be used as an optimized model system for investigating
the peroxidase reaction as it can avoid O, interferences under a con-
trolled biased voltage. The redox activity of cyt ¢ involves a single elec-
tron transfer, in which the heme iron is switched between a reduced
ferrous (Fe?") state and an oxidized ferric (Fe**) state leading to
H,0, reduction to water. Electrochemical and optical UV-vis measure-
ments were used to investigate the peroxidase activity of cyt c. Dose-
dependent oxidation modification of cyt ¢ induced by H,0, studied at
wavelengths ranging from 300 to 650 nm is shown in Fig. 3C. The UV-
vis spectra observed for cyt ¢ (curve a) shows two distinct UV absorp-
tion peaks at 419 and 545 nm, corroborated as Soret and Q-bands of
cyt ¢, respectively (vide supra). The intensity of the absorption peaks de-
creased sharply when H,0, was added and decreased further when the
concentration of H0, was increased, indicating binding of H,0, and its
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Fig. 3. (A) Electrochemical impedance spectroscopy of hydrogel/AuNCs modified electrodes. Nyquist plots for CS-g-3-CD hydrogels in the presence (b) and absence of (a) of AuNCs.
B) Cyclic voltammograms(CVs) obtained for (a) bare SPCE (b) CS-g-3-CD hydrogel/SPCE and (c) cyt ¢/MPA/AuNCs/CS-g-3-CD/SPCE in 0.1 M PBS (pH 7.0) at scan rate of 50 mVs~".
C) Absorption spectra measured for cyt ¢ in the presence of different H,O, concentrations (0 mM (a), 0.1 mM (b), and 1 mM (c). D) Amperometric curves obtained for the cyt ¢
integrated hydrogel with increase in H,0, concentration from 100 to 1000 uM (inset: amperometric curves obtained for the low H,0, concentrations).
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catalytic reaction with cyt c. To investigate the electrocatalytic reaction
of cyt c integrated hydrogel, CV measurements were recorded in 0.1 M
PBS (pH 7.0) saturated with oxygen using a scan rate of 50 mVs~! in
the presence of various H,0, concentrations. Fig. 3D shows the amper-
ometric curves observed for successive additions of H,O,. The ampero-
metric current response changes progressively upon successive
addition of H,0,, exhibiting a linear range between 0.1 and 1000 pM.
The current responses observed for low concentrations of H,0, are
shown in Fig. 3D (inset). The calibration curve plotted for the different
concentrations of H,O, vs. current is shown in Fig. S3 (inset). Data
from Fig. 3D was used for plotting the calibration curve (9 points). Bio-
sensor sensitivity was found to be 18.9 uA uM~! cm~2. The detection
limit was estimated to be 1.5 x 10~° M at a signal-to-noise ratio of 3.

To evaluate stability, the sensor was stored at 4 °Cin 0.1 M PBS after
use and tested every day for the current response to 1 mM H,0, for a
week. The biosensor retained approximately 80% of its original response
over 7 days, indicating excellent stability. Addition of different interfer-
ence substances such as 1 mM ascorbic acid, citric acid, uric acid, and
lactic acid resulted in negligible change (< 2%) in the reduction current,
at a negative biasing voltage (—0.15 V). The CV curves obtained for dif-
ferent concentrations of H,O, with the proposed hydrogel-based bio-
sensor are given in fig. S3. A graphic representation of electrochemical
reduction reaction occurring at a cyt c modified electrode is represented
in fig. S3 (inset). Analytical characteristics of the proposed hydrogel-
based biosensor, compared with other previously reported H,O, bio-
sensors based on hydrogels is shown in Table S2. Compared to the ear-
lier H,0, biosensors based on hydrogels, the proposed H,0, biosensor,
showed a lower detection limit, wider linear range and excellent
biocompatibility.

100 -
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Fig. 4. Morphology of RAW 264.7 and N2a cell lines under fluorescence microscopy.
Normal RAW 264.7 cells (A), RAW 264.7 cells treated with 25 pg/mL (B), and IC50 value
of AuNCs/CS-g-3-CD hydrogel (127 + 1.32 pg/mL) (C). Control N2a cells (D), N2a cells
treated with 25 pg/mL (E), and IC50 value of AuNCs/CS-g-3-CD hydrogel (110.90 + 2.52
pg/mL) (F). All images were captured at a magnification of 600x. Cell viability
measurement assessed by MTT assay for AuNC incorporated CS-g-3-CD hydrogel.

3.4. Cell viability and in-vitro cytotoxicity analysis

The in-vitro cytotoxicity and cell viability of the synthesized hybrid
hydrogel materials (AuNCs/CS-g-3-CD and CS-g-3-CD hydrogel) were
investigated using MTT assay. Results indicated that the AuNCs inte-
grated CS-g-3-CD hydrogel at concentrations up to 100 pg/mL, had no
significant cytotoxicity for N2a cells (< 20% reduction in cell population)
after 24 h of incubation. However, for the RAW 264.7 cells, which ap-
peared to be more sensitive to the hydrogel exposure, cell viability de-
creased to 65%. When the cells were incubated with AuNCs/CS-g-3-CD
hydrogels at concentrations >100 pg/mL, cell viability decreased to al-
most 50%. However, pristine CS-g-3-CD hydrogel did not show any sig-
nificant cytotoxic effect up to 1 mg/pL for either cell lines (Table S1).
AuNC integrated hydrogel showed higher cytotoxicity compared to
their non-AuNCs containing polymer counterparts. This is probably
due to the AuNCs. Notably, AuNC integrated hydrogels at high concen-
tration (100 pg/mL) were biocompatible with negligible cytotoxicity
and could be utilized as an immobilization platform for biocompatible
biosensors. Optical microscopy images were also acquired to directly
evaluate the cytotoxicity of the hybrid hydrogel networks (Fig. 4). The
optical images of RAW 264.7 and N2a cell lines exposed to different con-
centration of hydrogels are shown in Fig. 4. After incubation with 25
pg/mL AuNCs/CS-g-3-CD for 24 h, the cell lines retained a similar mor-
phology to control groups. However, at 125 pg/mL, the hydrogel pro-
duced notable toxicity to the cells as observed in Fig. 4.

4. Conclusion

In this study, we investigated an AuNC integrated CS-g-3-CD hydro-
gel network as an advanced biocompatible platform for an enzymatic
biosensor. Integration of conducting AuNCs structures within the
three-dimensional inter-linked hydrogel network improved electrical
conductivity as well as the electron transfer characteristics of the
immobilized enzyme for biosensing. Inclusion of AuNCs increased the
conductivity of the CS-g-p-CD hydrogel 4 fold. A higher concentration
of AuNCs integrated hydrogels (100 pg/mL) were found to be less-
cytotoxic to cells (almost 100 times less cytotoxic) than conventional
chemotherapeutic drug. As these hybrid hydrogels offer a non-fouling
matrix, they have a great potential in eliminating biosensor fouling in
complex samples including physiological fluids such as blood or cell cul-
ture media.
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