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KEYWORDS Abstract In this study, we present a novel approach to prepare of a colorimetric chemical sensor
Silver nanoparticles-reduced for H,O, and a glucose biosensor basing on the use of peroxidase-like activity of silver nanoparti-
graphene oxide (AgNPs/ cles decorated on reduced graphene oxide sheets (AgNPs@rGO) nanocomposite. Herein,
rGO) nanocomposite; AgNPs@rGO nanocomposite was synthesized by a one-step hydrothermal reducing method and
Peroxidase-like activity; its physico-chemical properties were characterized by X-ray diffraction (XRD), Transmission Elec-
Hydrogen peroxide (H20,); tron Microscopy (TEM), Ultraviolet-visible spectroscopy (UV-Vis), Fourier-Transform Infrared
Glucose Biosensor; spectroscopy (FT-IR) and Energy Dispersive X-ray spectroscopy (EDX). Obtained evaluation

Colorimetric assay;
Glucose Oxidase (GOx);
Horseradish Peroxidase
(HRP)

results shown that the synthesized AgNPs/rGO nanocomposite has performed an efficient
peroxidase-like activity for the oxidation of 3,3’,5,5-tetramethylbenzidine (TMB,q) by H,0,, lead-
ing to the oxidized form (TMB,y) which presents a typical blue color (maximum of absorbance at
Amax = 655 nm). A colorimetric assay for H,O, detection was designed and fabricated with a
limit of detection of 20 uM. Moreover, we have used of AgNPs/rGO nanocomposite combining
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with glucose oxidase (GOx) to develop of a colorimetric glucose biosensor with a low limit of detec-
tion of 40 pM and a linear dynamic range from 125 uM to 1 mM. This glucose test was applied to
the detection of glucose in human serum samples.

© 2020 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Diagnosis and treatment of diabete has become a major con-
cern because more than 117 million people suffer from diabete
around the World, and it is forecasted that this figure will
reach 300 million by 2025. The most significant goal in the
treatment of diabetes is the tight control of blood glucose con-
centration, which is about 3.9-5.0 mM and 7.8-11.0 mM for
healthy and diabetic persons, respectively (Association,
2010), which implies that reliable, widely available and easy
to use tests or sensors are available on the market. In the gen-
eral, glucose oxidase (GOx) is commonly used for glucose
monitoring since it presents an incomparable selectivity in
the catalytic oxidation of this molecule by oxygen, yielding
gluconic acid and hydrogen peroxide (H,0») (Eq. (1)).

Glucose Oxidase (GOx
—

) Gluconic Acid+ H>O,
(1)
For experimental conditions where glucose concentration is
rate-limiting, it can be estimated from the rate of H,O,
production, which can be measured by several techniques such
as fluorescence spectroscopy, surface plasmon resonance,
Raman spectrometry, electrochemistry, or colorimetry
(Zhang et al., 2018; Zhang et al., 2017; Jabariyan et al.,
2018; Chen et al., 2018; Gao et al., 2017; Pang et al., 2018;
Sooraj et al., 2018). In this latter case, the current strategy
consists in the quantification of H,O, production with a fast
secondary enzymatic reaction based on the Horseradish Perox-
idase (HRP) enzyme (simplified reaction given as Eq. (2)).

Glucose + O, + H,O

H,0, + TMB o) — Hy0 + TMB 4 2)

In the glucose test, glucose oxidase (GOx) enzyme has to
use to generate the unique selectivity for glucose; it is not the
case for HRP, however, and it may be of high interest to
replace it with a non-enzymatic catalyst in commercial sensors.

The literature is now rich with examples of catalytic com-
pounds which are able to mimic efficiently natural peroxidase,
for a wide range of applications. In particular, nanomaterials
and their composites have received considerable attention as
catalysts, due to their unique composition-dependent and
structure-dependent properties, as well as high stability and
low cost. Mimicking enzymes such as catalases, oxidases,
super-oxide dismutases and peroxidases are the major features
of such nanomaterials. Wei and co-workers (Wei and Wang,
2008) reported for the first time in 2008 that Fe;04 nanoparti-
cles present a peroxidase-like activity similar to the horseradish
peroxidase (HRP) enzyme, which was a real breakthrough for
developing nanomaterials for biochemical applications. Since
that date, many other nanomaterials have been reported for
their peroxidase activity, including transition metal oxides
and their nanocomposites such as Co;O4 (Liu et al., 2020),
NiO (Yan et al., 2019), MnO, (Han et al., 2017; Han et al.,
2017; Liu et al, 2018), MoOs; (Ren et al., 2019),

MoS,-decorated MgFe,O,4 nanoparticles (Zhang et al., 2018),
graphene quantum dots-copper oxide nanocomposites
(GQDs/CuO) (Zhang et al., 2017), Fe(Ill)-based containing
nanomaterials such as Fe304 (Wei and Wang, 2008), MFe,O4
(M = Mg, Ni, Cu) (Su et al., 2015), graphene/Fe;O04 (Dong
et al., 2012), FeOOH/N-doped carbon nanosheets (Tran
et al.,, 2016) or sulphur-based nanomaterials for example,
vanadium(IV) disulfide (VS,) nanosheets (Huang et al.,
2018), FesS4 (Ding et al., 2016), or noble metal nanoparticles
such as AgNPs (Nguyen et al., 2018), Au@Ag (Han et al.,
2015), Pt nanoclusters (Jin et al., 2017). Recently, carbon-
based nanomaterials and their derivatives such as Cgo-
carboxyfullerenes (Li et al., 2013), graphene quantum dots
(Lin et al., 2015) are used as peroxidase-like activity materials
for biosensor applications.

In this work, we decorated reduced graphene oxide sheets
with silver nanoparticles (AgNPs@rGO) synthesized by the
hydrothermal route and we demonstrated that such nanomate-
rial possesses a peroxidase-like activity. AgNPs@rGO has per-
formed an excellent catalystic activity for oxidation of 3,3',5,5'-
tetramethylbenzidine (TMB) in a presence of hydrogen perox-
ide. As an example of application, we included this catalyst in
a costless colorimetric assay for glucose monitoring and we
demonstrated that such a method is as efficient as actual rou-
tine (but costly) hospital tests to determine glucose in human
blood serum.

2. Experimental

2.1. Chemicals

Graphene oxide (GO) was synthesized in our laboratory by
Hummer’s method as previously reported (Tran et al., 2017)
and characterized by UV-Vis, FT-IR, XRD and SEM/TEM
(results shown in Fig. SI.1). Glacial acetic acid (CH;COOH),
sodium acetate (CH3COONa, 3 H,0), silver nitrate (AgNO3),
ammonia solution (NH3), hydrogen peroxide (H,O,) solution
30% v/v., glucose oxidase (GOx) (type VII, lyophilized pow-
der, >100,000 units g{1 solid), glucose, galactose, fructose,
sucrose, lactose, ascorbic acid, phosphate buffered saline
(PBS) and 3,3,5,5 - tetramethylbenzidine (TMB) were pur-
chased from Sigma-Aldrich.

2.2. Synthesis of silver nanoparticles-decorated reduced
graphene oxide (AgNPs@rGO) nanocomposite

15 mL of 0.02 M AgNOj; were stirred with 16 mL of graphene
oxide dispersed in water (1 mg mL~" GO) for 30 min at room
temperature to obtain a homogeneous solution. Then, was
added 130 pL of a 13.9 M NHj; solution + 10 mL of a 3 mM
glucose solution. The mixture was heated in an autoclave at
90 °C for 2.5h, then cooled down to room temperature.
Finally, the reacted mixture was centrifuged at 10,000 rpm
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for 30min to collect AgNPs@rGO as a dark-yellow
precipitate, which was re-dispersed into 20 mL distilled water
and stored at 4 °C before use. The final concentration of AgNPs
in AgNPs@rGO suspension was estimated of ca. 1.6 mg mL ™.

2.3. Characterizations

Absorbance measurements (UV—Vis) spectra were measured
using an Agilent 8453 UV-Vis spectrophotometer. X-ray
Diffraction (XRD) patterns of rGO and AgNPs@rGO sam-
ples were obtained at room temperature on a D8 Advance Bru-
ker ASX, using the CuKa radiation (A = 1.5406 A) in the
range of 20 = 10°-60°, at a scanning rate of 0.02s~'. Mor-
phology and crystal structure of nanoparticles were character-
ized by Transmission Electron Microscopy (TEM, JEOL,
Voltage: 100 kV, magnification: x 200,000). The chemical

composition of samples was determined on a JEOL Scanning
Electron Microscope (SEM) equipped with an Energy Disper-
sive X-ray (EDX) analysis module (JSM-5410). Infrared (IR)
spectra were recorded with KBr pellets in transmission mode
on a Nicolet FT-IR Spectrometer model 205.

2.4. Procedure for detection of hydrogen peroxide

A mixture of 440 pL of acetate buffer (pH = 3), 250 uL of
AgNPs@rGO suspended in water, 112.5 uL of 20 mM TMB
and 100 pL of H,O, at different concentrations was added into
a 1.5 mL Eppendorf, thoroughly vortexed and left to react for
30 min. Finally, the mixture was transferred to a spectrophoto-
metric cuvette for the measurement of the optical density at
652 nm (ODgs;). Optimization experiments for H,O, detection
were described in Section SI.II.
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2.5. Procedure for detection of glucose

50 uL of glucose solutions (variable concentrations of glucose
in PBS buffer at pH = 7) and 100 pL of GOx (2mgmL™! in
0.01 x PBS) were added into a 1.5 mL Eppendorf. The mixture
was vortexed and incubated at 37 °C in a water bath for
40 min. Then, 250 pL of AgNPs@rGO suspension, 440 pL of
acetate buffer (pH = 3) and 112.5 pL of 20 mM TMB were
added to the Eppendorf, vortexed and incubated at 50 °C in
a water bath for 30 min. Finally, the mixture was transferred
to a spectrophotometric cuvette for the ODgs, measurement.

2.6. Application for glucose detection in human serum samples

Human sera from volunteers were collected from blood sam-
ples by a local hospital M.D. Human sera were diluted 10
times with 0.01 x PBS then used following the test procedure
described in Section 2.5.

3. Results and discussions

3.1. Characterization of silver nanoparticles-decorated reduced
graphene oxide (AgNPs@rGO)

Fig. la presents the XRD spectra of rGO (curve i) and
AgNPs@rGO (curve ii). The XRD pattern of rGO shows that
the peak at 11.51° completely disappeared and is replaced by a
broad peak at 20 = 25.53° corresponding to a d-spacing of
0.39 nm. The XRD spectrum of GO (Fig. Sl.Ic) presents a
sharp single peak at 26 = 11.51° (d-spacing: 0.89 nm), which
is attributed to the introduction of oxygenated functional
groups on the surface of carbon sheet. Decrease of the d-
spacing between GO and rGO sheets is attributed to the
removal of the oxygen-containing groups and confirms that
GO has been reduced to rGO (Kosowska et al., 2018). The
XRD pattern of the AgNPs@RGO (curve ii) shows three main
characteristic peaks at 20 = 37.5°, 43.1° and 64.8°, which
match very well with those of the standard AgNPs (PCPDF
card number 40783) (Mamatha et al., 2017) with Miller indices
(111),(200) and (2 2 0), respectively. The broad diffraction
peak at 20 of 22.56° is attributed to rGO. FTIR spectra of
rGO and AgNPs@rGO (Fig. 1b) shows a strong band
at ~ 3500 cm™! attributed to vy and a band at 1641 cm™!
attributed to vc—o, that shows that rGO still carries oxy-
genated species such as carboxylic, carbonyl and hydroxyl
groups which can contribute as Ag" binding sites. These
groups also contribute to the hydrophilicity of rGO. Interest-
ingly, compared with rGO, the absorption band attributed to
the O-H group at 1064cm™' almost disappears for
AgNPs@rGO, which may indicate that Ag™ can be reduced
by O-H groups of rGO to form AgNPs, resulting in O-H
groups being converted into —-COOH groups. On the FT-IR
spectrum of GO (Fig. SI.1b), the peaks at 1739, 1610 and
1463 cm™! are due to the stretching vibration of C = O bond
from carboxyl groups, the skeletal C—C vibrations of un-
oxidized graphene domains and the alkoxy C-O vibrations,
respectively (Liu et al., 2013). The adsorption at 3568 cm™"
is attributed to the stretching vibration of O-H group from
adsorbed water and a sharp absorption peak at 3371 cm™
depicts the stretching vibrations of the surface hydroxyl

(-OH) groups on GO (Tran et al., 2018). The UV-Vis spectra
of AgNPs@rGO (Fig. l¢; curve ii) shows the adsorption band
at 425 nm which is attributed to the characteristic surface plas-
mon absorption of AgNPs, while this absorption is not
observed for rGO (Fig. le¢, curve i). A peak at 260 nm in
UV-Vis spectrum of rGO solution indicates the restoration
of the extensive conjugated sp> carbon network within the gra-
phene sheets upon reduction of exfoliated GO. However, this
peak has been changed to a shoulder in AgNPs@rGO (curve
i), due to the reduction of Ag " into AgNPs. The EDX spectra
of AgNPs@rGO (Fig. 1d) shows the peaks of C, N and O at
285, 400 and 531 eV, respectively and three strong peaks at
2.99, 3.17 and 3.20 keV which confirmed the presence of
AgNPs (Nguyen et al., 2018; Li et al., 2018) on rGO. The
TEM picture (Fig. le) revealed that rGO presents a layered-
like structure with some wrinkled edges; the layer is very thin
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Fig.2 (A) UV-vis spectra of the mixture after 30 min reaction at

40 °C of (a) rGO + TMB; (b) rGO + H,0, + TMB; (c) AgNPs

+ TMB; (d) AgNPs + H,O, + TMB; (e) AgNPs@rGO +
H,O0, + TMB; (f) AgNPs@rGO + TMB; (g) AgNO; +

H,0, + TMB; (h) AgNO; + TMB, (i) H,O0, + TMB ; and
(G) AgNPs@rGO + H,0,; (B) UV-vis spectra after 30 min.
reaction of a mixture of AgNPs@rGO + TMBgreq containing
(a) saccharose; (b) lactose; (c) ascorbic acid; (d) galactose;
(e) fructose; (f) glucose; (g) H,O, and (h) water (blank sample).
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and transparent. TEM of AgNPs@rGO (Fig. 1f) shows spher-
ical AgNPs particles attached onto rGO, with a diameter from
18 to 30 nm, uniformly distributed on the rGO flakes. All these
results clearly indicated the successful hydrothermal synthesis
of AgNPs@rGO.

3.2. Hydrogen peroxide detection

3.2.1. Peroxidase — Like catalytic activity of AgNPs@rGO

To understand the role of AgNPs@rRGO as catalyst for the
oxidation of TMB by H,0,, we prepared several solutions of
different compositions and characterized them by UV-Vis
(Fig. 2A). In the case of a solution containing rGO and
TMB (curve a), or AgNPs and TMB (curve c), or
AgNPs@rGO + TMB (curve f), there is no peak at 652 nm
corresponding to TMBg, (corresponding to Eppendorfs
labelled a, c, fin the inset, respectively). Other control samples,
e.g'H,O, + TMB (curve i) and rGO + H,0, + TMBgreq
(curve b) revealed a slight blue color, indicating that H>O, oxi-
dized TMBg.q into TMBg, even without catalyst, even if this
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Fig.3 (A) UV-vis spectra of AgNPs@rGO + H;0, + TMBgeq

system with different concentrations of hydrogen peroxide from
0.1 to 1 mM; (B) Corresponding calibration curve for H,O,
detection using AgNPs@rGO to replace of peroxidase enzyme.

reaction is very slow in these conditions. In contrast, with mix-
tures of AgNPs + H,O, + TMBgreg (curve d) or
AgNPs@rGO + H,0, + TMBg.q (curve e), a strong absor-
bance peak centred at 652 nm was observed, corresponding
to a deep blue color (Eppendorfs d and e, inset), which demon-
strates the catalytic activity of AgNPs, even stronger with
AgNPs@rGO (curve e). This can be attributed to the high
active surface area of the AgNPs@rGO nanocomposite, possi-
bly completed by the role of rGO as electron shuttle between
the donor (TMBg.y) and the acceptor (Ag"). The catalysed
reaction mechanism can be described by the following steps:
(i) AgNPs are first dissolved by H,0, to release Ag™ (at pH
7) (Eq. (3)) (Nguyen et al., 2018).
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Fig. 4 (A) UV-Vis spectra, after 30 min reaction, of mixtures of

(a) glucose + GOx + TMB + AgNPs/rGO; (b) glucose + TMB
+ AgNPs/rGO; (¢) GOx + TMB + AgNPs/rGO and (d) glucose
+ GOx + TMB. (Inset: the corresponding Eppendorfs. (B) UV—
vis spectra after 30 min reaction of mixtures of GOx + TMB
+ AgNPs/rGO + 50 pL of: (a) lactose, (b) fructose, (c) saccha-
rose, (d) galactose, (e) glucose and (f) acid ascorbic. Experimental
conditions: 2 mg mL~" GOx in 100 pL solution at pH 4.5.
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This reaction is confirmed by the disappearance of the peak
at ~ 425 nm, specific peak of AgNPs (curve j). Then (ii),
Agt oxidizes TMBgreq into TMBoy (sngAg =08V >
&, Tms,, = 0-22V) (Liu et al., 2012; Jang and Roper, 2011),
leading to the blue color caused by TM B, as describing in Eq.
).
Ang + TMB(red) — Ago + TMB(OX) (4)

Two Eppendorfs containing AgNO; + TMBg.q4 (curve h)
and AgNO; + H,O, + TMBgy (curve g) demonstrated a
depth blue colour and a strong maximum absorbance peak
at 652 nm, indicating that Ag" ions are able to oxidize
TMBg.q efficiently following Eq. (4).

3.2.2. Selectivity of the H>0, test

For the selective test, we first optimized working conditions for
the oxidation reaction between TMB and H,O, in presence of
AgNPs@rGO by changing pH, temperature and concentra-
tions, and measuring the absorbance at 652 nm after a fixed
incubating time (30 min). Detailed results are presented in Sec-
tion SLII and Fig. SI.3. Obtained results suggested that the
highest absorbances at 652 nm (AAgsy) were obtained at pH
3, at a temperature of 50 °C, for 5mM TMB and 250 uL of
AgNPs@rGO. Therefore, these parameters are used for fur-
ther test. Fig. 2B shows UV-vis spectra after 30 min reaction
of a mixture of AgNPs@rGO + TMBgeq + 5 mM of some
saccharides including saccharose, lactose, galactose, fructose,
glucose, ascorbic acid and distillated water (blank sample),
compared to 0.5 mM H,0, (Fig. 2B, curve a to curve h, respec-
tively). As shown, TMB oxidation occurs only in presence of
H,0,, which indicates an excellent selectivity.

3.2.3. Sensitivity of the H,0,; test

Fig. 3A presents UV-Vis spectra after 30 min reaction for the
AgNPs@rGO + TMB system with H,O, concentrations from
0.1 mM to 1 mM. Obtained calibration curve for H,O, is given
on Fig. 3B, with an absorbance at 652 nm which follows Eq.
(5) (R? = 0.984).

Glucose

Gluconic Acid

’

GO:
: Glucose + O, + H,0 =" Gluconic Acid + H,0,
1
'@ H,0, + 2AgO(AgNPs/rGO)— Ag*(Ag*/rGO) + 2 OH-

i Ag*(Ag*/rGO) + TMB .4~ Ag°(AgNPs/rGO) + TMB,,

\ (colorless) (blue)

Fig. 5

Agsoum (A U) = (1.375 £ 0.036).Cya0(mM) — (0.014 £+ 0.018)
®)
From the calibration curve and the absorbance obtained
with blank samples, we estimated a limit of detection (LOD)
of 20 uM H,O, based on three times the standard deviation
of the blank tests. The change in color of the reaction mixture

can be seen by naked eyes even for that low H,O,
concentration.

3.3. Glucose detection

3.3.1. Control reactions and selectivity of the glucose test

A colorimetric glucose test has been developed based on the
above-described H,O, test, by combination with glucose oxi-
dase (GOx). This enzyme is known to catalyse the oxidation
of glucose by O,, leading to gluconic acid and H,O, (Eq.
(1)). H>O» can therefore be detected as a product of the reac-
tion. Results from Fig. 4A show that a change in colour is
obtained only when glucose, GOx and AgNPs@rGO are put
together (curve a). In contrast, the reaction mixtures without
one of the substances such as GOx (curve b), glucose (curve
c) or AgNPs@rGO (curve d) did not lead to any change in
absorbance, which demonstrates that no side-reactions occur.
The selectivity of the colorimetric glucose test was investigated
by conducting control experiments with lactose, fructose, sac-
charose, galactose and ascorbic acid, all at a concentration of
0.8 mM.

As shown on Fig. 4B, no change in absorbance was found,
except for galactose with an absorbance change which repre-
sents 9.1% of the change obtained for the same concentration
of glucose. This is due to the fact that the GOx used contained
ca. 3% of galactose gxidase, however, as results show in
Fig. 4B clearly prove the excellent selectivity of our colorimet-
ric test. Therefore, above results demonstrated AgNPs@rGO
can play the role as an artificial peroxidase enzyme to develop
a selective colorimetric glucose biosensor with working princi-
ple is proposed in Fig. 5.

Ag*/rGO

Glucose Oxidase (GOx)

s=zs Silver Nanoparticles-decorated Reduced
72 Graphene Oxide (AgNPs/rGO)

. Silver —lons on Reduced Graphene
g Oxide (Ag*/rGO)

Illustration of working principle of glucose biosensor based on AgNPs/rGO —a novel peroxidase-like activity nanomaterial.
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Fig. 6 (A) UV-Vis spectra of the AgNPs@rGO/GOx/TMB test

for various glucose concentrations; (B) Corresponding calibration
curve. Experimental conditions: 2mgmL~" GOx in 100 pL
solution at pH 4.5. Reaction time: 30 min, (C) UV-vis spectra
obtained from the AgNPs@rGO/GOx/TMB glucose test for (a)
0.575 mM glucose added in 50 pL PBS; (b) 50 uL of 10 times
diluted human serum; (c) 50 uL. H>O (Inset: color of solution in
corresponding Eppendorfs).

3.3.2. Sensitivity of the glucose test

UV-Vis spectra obtained with increasing glucose concentra-
tions from 0.125 mM to 1.25 mM are shown in Fig. 6A, along

with the calibration curve (Fig. 6B). The absorbance varies lin-
early for glucose concentrations within the range 125 uM to
1.0 mM, with a regression equation Eq. (6):

Agsanm (a.1) = (1.032 £ 0.037).Cyiyeose (MM) — (0.054
+0.027)(R? = 0.995) (6)

The limit of detection (LOD) is estimated to be 40 uM
based on three times the standard deviation of the blank tests.
These results are therefore fully compatible with blood analy-
sis, after dilution of the samples.

3.3.3. Application of the glucose test on human serum samples

To evaluate the ability of our glucose test to work with real
samples, we used human sera from volunteers, diluted 10 times
with PBS. Glucose-free PBS was used as blank sample and a
0.575 mM glucose solution in PBS was used as control.
Detected results are shown on Fig. 6C. The glucose concentra-
tion in the diluted serum sample was extracted using Eq. (7):

A]XAZ
G == 7
2=, ()

where A; and A, are absorbances (at 652 nm) of the reference
sample and of the positive sample, respectively, while C; and
C, are the glucose concentration (mM) in the reference and
positive samples, respectively. We found A; = 0.52 and
A, = 0.35. With C, = 0.575mM, we deduced
C, = 0.387 mM glucose in the non-diluted serum sample,
which is fully compatible with that provided by the hospital
service (i.e. 3.9 mM).

4. Conclusions

Silver nanoparticles-decorated reduced graphene oxide
(AgNPs@rGO) was successfully synthesized and applied for
the fabrication of a hydrogen peroxide colorimetric test.
Beyond hydrogen peroxide, a glucose test was also obtained
by combining AgNPs@rGO with glucose oxidase. The results
demonstrated a linear operation range between 0.125 and
1.25 mM with a LOD of 40 uM. This single-enzyme glucose
test was successfully applied to measure glucose concentrations
in human serum. It proved to be sensitive, selective, low-cost
and easy to use and therefore could be easily implemented
for third world populations which have a limited access to clin-
ical premises.
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