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Abstract

In this report, a silver@graphene oxide (Ag@GO) nanocomposite-based optical sensor
was developed for the detection of biomolecules such as dopamine (DA), ascorbic acid (AA),
and uric acid (UA). An aqueous solution of Ag@GO was prepared using a simple chemical
reduction method, and it showed a characteristic surface plasmon resonance (SPR) band at 402
nm. The SPR features of the Ag@GO nanocomposite were used for the detection of DA, AA,
and UA. The SPR intensity-based limits of detection (LODs) of DA, AA, and UA were 49 nM,
634 nM, and 927 nM, respectively. The SPR band position-based LODs of DA, AA, and UA
were 30 nM, 1.64 uM, and 2.15 uM, respectively. The present optical sensor was more sensitive
to DA than to UA and AA. The interactions of the biomolecules with Ag@GO were studied
based on the density functional theory (DFT), and it was found that DA had more interaction
than AA and UA. This novel Ag@GO nanocomposite is simple to prepare and showed excellent
stability and sensitivity toward the detection of biomolecules.

Keywords: Silver Nanoparticles; Graphene; Optical Sensor; Biosensor; Biomolecules
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1. Introduction

For several decades, silver (Ag) nanoparticles have been attracting attention because of
their excellent optical and electronic properties, high catalytic activity, and biocompatibility.
Hence, they are used in a wide range of applications such as catalysis ! solar cells **, and optical
% and electrochemical sensors °. Ag nanoparticles possess a sharp absorption in the visible region
(400-500 nm), depending on the size of the nanoparticles. This absorption feature arises from the
surface plasmon resonance (SPR), which is the absorption of light by the nanoparticles because
of surface vibrations between atoms ®®. This SPR feature allows Ag nanoparticles to be used in
optical sensors for the detection of toxic metals °, biomolecules ', and organic compounds''.
The addition of any analyte to the Ag nanoparticles leads to assembled/aggregated nanoparticles.
This influences the SPR absorption band and is extensively used to follow the molecular

recognition processes.

Dopamine (DA) is an important catecholamine that belongs to the family of excitatory
chemical neurotransmitters. It plays an essential role in the functioning of the drug addiction,
cardiovascular, renal, central nervous, and hormonal systems, and in Parkinson’s disease 12,
Thus, it is very important to develop a simple sensor for the detection of a sub-micro-molar
concentration of DA. In recent years, the detection of biomolecules such as uric acid (UA) and
ascorbic acid (AA) in human fluids such as urine and serum has gained considerable attention '°.
A deficiency or excess amount of UA in the body causes several diseases, including
Lesch/Nyhan syndrome, hyperuricaemia, and gout '*. Cardiovascular disease and kidney damage
result from an elevated UA concentration in serum . Analytical methods such as high-

performance liquid chromatography (HPLC) '°, spectrofluorimetry ', spectrophotometry ',
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mass spectrometry '°, and electrochemical sensors *° have been reported for the detection of
these neurotransmitter molecules. However, the existing detection methods have several
limitations such as the need for expensive equipment, well-trained operators, and tedious
sampling and time-consuming procedures. Alternatively, an optical sensor platform is more
attractive for sensing a wide range of analytes. It is cost effective, portable, has a rapid response,
and can provide real-time analyses. Recently, Ramaraj and his coworker reported a silicate-Ag
nanoparticle-based optical sensor for the detection of DA, UA, and AA with LODs of 5, 5, and 1

nM, respectively ? (Scheme 1).

Most commonly, Ag nanoparticles are synthesized using various chemical and physical
methods, which are not eco-friendly and suffer from problems that include the poor
reproducibility and stability of the Ag nanoparticles due to colloidal aggregation *'. In order to
overcome such limitations, considerable efforts have been made to prepare Ag nanoparticles on
polymer 22 silicate sol-gel " and graphene nanosheets 3, Among these, Ag-graphene has a
large surface area and strong van der Waals force between the graphene and Ag nanoparticles,
which significantly reduces nanoparticle aggregation. In addition, the high interfacial interactions

** In this study, graphene oxide-supported Ag

ensure the stability of the Ag nanoparticles
nanoparticles were prepared using a simple chemical reduction method and used in an optical
sensor for the detection of biomolecules such as DA, AA, and UA (Scheme 2). The present
synthetic method for the for preparation of Ag@GO nanocomposite has advantages over other

11,21-24

methods such as, long term stability, high homogeneity, rapid and ease of preparation and

avoids any surfactant, stabilizers.

Page 4 of 25



Page 5 of 25

RSC Advances

2. Experimental Methods

2.1. Chemicals and Reagents

Graphite flakes were purchased from Ashbury Inc. USA. Chemical reagents such as
silver nitrate (AgNO3), sulphuric acid (H,SO4, 98%), phosphoric acid (H;PO4, 85%), potassium
permanganate (KMnQOs, 99.9%), hydrogen peroxide (H,O,, 30%), 3-hydroxytyraminium
chloride (dopamine, DA), L(+)-ascorbic acid (AA), and uric acid (UA) were purchased from
Merck. Sodium borohydride (NaBH,4) was received from Systerm. All the other chemicals used
were of analytical grade and used without further purification. All the solutions were prepared

using deionized water.

2.2. Preparation of Ag@GO Nanocomposite

The Ag@GO nanocomposite was prepared as follows. Initially, GO was prepared by
following the well-known simplified Hummer’s method . A 4 mg quantity of GO was
dispersed in 30 mL of DI water. Then, 85 mg of silver nitrate (AgNO;) was separately dissolved
in 10 mL of DI water and mixed with the GO solution, after which the mixture solution was
sonicated for 15 min at 50 W using a horn sonicator in order to homogeneously mix Ag' ions on
GO surface and break GO sheets into smaller pieces in a cool bath. At the end of the sonication,
400 puL of 5 mM of freshly prepared sodium borohydride (NaBH,) solution was added to the
GO-AgNO; solution. After this addition, the color of the solution instantly became dark yellow
as a result of the formation of silver nanoparticles. The prepared Ag@GO nanocomposite was

mixed with 30 mL of DI water and stored in a vial without any washing or purification.



RSC Advances

2.3. Characterization Techniques

The morphologies of the prepared Ag@GO nanocomposite with and without
biomolecules were examined using a JEOL JEM-2100 F high-resolution transmission electron
microscope. The optical absorption in the spectral region of 190-900 nm was assessed using a
Thermo Scientific Evolution 300 UV-vis spectrophotometer. The Raman spectra were collected

using a Renishaw 2000 inVia system with an argon ion laser emitting at 532 nm.

2.4. Optical Detection of Biomolecules

The optical sensing of biomolecules, including DA, AA, and UA, using the Ag@wGO
nanocomposite was performed using the Thermo Scientific Evolution 300 UV-vis absorption
spectrophotometer. The absorption spectra of the Ag@GO nanocomposite were recorded upon
the addition of various biomolecule contents such as DA, AA, and UA. For the optical detection,
10 uM of optimized analyte concentration (DA/AA/UA) was added into 2 mL of the Ag@GO
solution, shaken well, and subjected to a constant resting time. The absorbance spectra of
Ag@GO solution with the addition of different concentration of analyte were recorded. Then, the

difference in the absorbance was monitored by recording the absorbance spectrum.

3. Results and Discussion

The absorbance spectra of the AgNO;, GO, and synthesized Ag@GO nanocomposite are
shown in Fig. 1. The peak at 265 nm for AgNO; corresponds to the absorbance peak of Ag" ions
2627 The visible peak at 230 and a shoulder at 300 nm in the GO absorbance spectrum are
attributed to the m = w* of the aromatic C—C bond and the n = n* of the C=0 bond transition,

respectively 2. The addition of NaBH, to the GO-AgNOj5 solution caused a reduction in the Ag"
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ions into Ag” and resulted in the formation of Ag nanoparticles on the GO. The existence of the
n—>7* transition of the C=0 bond (absorbance at 300 nm) after the addition of NaBH4 to the
GO-AgNO; solution suggested that NaBH,; produced a reduction in the Ag ions to Ag

nanoparticles, but did not reduce the GO to rGO.

3.2. Optical Sensing of Biomolecules using Ag@GO Nanocomposite

The biomolecule sensing abilities of Ag@GO were investigated in absorbance-based
titration experiments with different concentrations of the analytes (DA, AA and UA). The
changes in the SPR band intensity and peak position of the Ag@GO nanocomposite were used
for the sensing of the biomolecules. The absorbance of the Ag@GO sample recorded by the
titration of DA with a concentration range of 100 nM up to 2 uM at intervals is shown in Fig. 2,
along with the obtained absorbance changes by this titration. Fig. 2A shows the decrease in the
absorption intensity and red shift in the absorbance peak from increasing the concentration of
dopamine in 100-nM steps. The decrease in the absorption and red shift in the absorption
maximum can be explained by the Mie theoryzg, which suggests that any changes in the
refractive index of the local environment around the surface of noble metal nanoparticles will
introduce some changes in the absorption intensity and/or position of the SPR absorption band.
An increase in the refractive index usually produces a red shift to a longer wavelength in the SPR
absorption band '**7°. The changes in the absorption intensity and/or position of the SPR of the
Ag@GO sample by the increasing concentration of dopamine are plotted in Fig. 2(B and D). A
linear relationship with a correlation coefficient of 0.9985 (n =20) for the regression equation

(Ashie (nm) = 403 + 0.0065 nM) was obtained for the Ag@GO in the DA concentration range of
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100 nm to 2 uM. The LOD was calculated to be 30 nM from the equation LOD = 3 x standard

deviation of the regression line (c)/slope (S).

Further, the decrease in the absorption intensity is plotted against the DA concentration
(Fig. 2B). It can be seen that the absorbance intensity of the Ag@GO nanocomposite decreased
linearly upon the addition of DA in the concentration range of 100 nm—2 uM. Fig. 2C was
plotted by assuming that I is the difference in the SPR absorption intensities of the Ag@GO
nanocomposite in the absence and presence of DA at a given concentration. The decrease in the
absorbance peak intensity follows two different linear proportional trends for a concentration
below 1 uM and one of 1 to 2 uM. To make it easier to formulate the absorbance reduction, the
absolute amount of reduction was calculated and plotted in Fig. 2D. In addition, two different
linear segments were observed in the calibration plots of Iy versus the DA concentration,
corresponding to two different ranges of substrate concentration. The correlation coefficient of
0.9966 (n = 10) for the regression equation I3 = 0.00409 + 7.45455E-5 nM was obtained for the
Ag@GO in the DA concentration range of 100 nm to 1 uM, and the LOD was found to be 49
nM. The DA concentration range of 1 to 2 uM showed a correlation coefficient of 0.9991
(n=10) for the regression equation I4=-0.0315 + 1.08455E-4 nM, and the LOD was found to be
62 nM. Thus, the results indicated that Ag@GO is able to detect a very small amount of
dopamine, ether by its reduction effect on its absorbance or/and red shift in the absorbance. A
progressive increase in the DA concentration consequently decreased the absorption intensity
and red shifted to a longer wavelength, due to the molecular bridging effects between the Ag

nanoparticles and DA molecules.
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Moreover, the addition of AA to the Ag@GO significantly influenced the SPR absorption
features. The absorption spectra of Ag@GO with different AA concentrations are shown in Fig.
3A. The addition of AA to the Ag@GO decreased the absorbance intensity and also shifted the
SPR maximum. Increasing the ascorbic acid to very high concentrations (more than 30 pM)
caused a decrease in the pH of the solution, which led to a decrease in the surface charge of the
GO sheets and the agglomeration of the Ag@GO nanocomposite >'. This could be confirmed
from the increased and broadened Ag peak in the absorption spectrum (Fig. 3A). The correlation
coefficient of 0.9978 (n = 5) for the regression equation I3=0.00196 + 0.00928 uM was obtained
for the Ag@GO in the AA concentration range of 5 to 30 uM, and the LOD was found to be 634
nM. Based on the SPR band shift, a correlation coefficient of 0.9977 (n =5) for the regression

equation Agpig (nm) =403 + 0.3038 uM was obtained, and the LOD was found to be 1.64 uM.

Fig. 4A shows the absorption spectra of Ag@GO with different UA concentrations. It
can be seen that there was a decrease in the absorption intensity and red shift in the SPR band by
increasing the concentration of UA in 5 uM additions. It can be observed that the intensity of the
SPR band decreases gradually with an increase in the UA concentration, and it is accompanied
by a slight red shift in the absorption maxima of the band, which is attributed to the partial
oxidation of Ag nanoparticles **. The correlation coefficient of 0.9998 (n = 10) for the regression
equation Ig= 0.00268+ 0.00254 uM was obtained for the Ag@GO in the UA concentration range
of 5 to 50 uM, and the LOD was found to be 927 nM (Fig. 4C). Based on the SPR band shift, a
correlation coefficient of 0.9973 (n = 10) for the regression equation Agip (nm) =403 + 0.11 uM

was obtained, and the LOD was found to be 2.15 uM (Fig. 4D).
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The obtained results suggest that the carbonyl and amino groups present in UA and
hydroxyl groups in AA and DA could interact with the Ag nanoparticles and influence the SPR
band. The possible interactions of UA, AA, and DA with Ag nanoparticles were explored using
computational studies (explained later), which suggested that the Ag nanoparticles prefer to bind
with the N-site of DA molecules. Hence, the sensitivities and interaction strengths of the UA,
AA, and DA on Ag@GO nanocomposite could be explained using the molar absorption
coefficient values and SPR band position of the Ag@GO nanocomposite upon its interaction

with the UA, AA, and DA.

The Ag@GO nanocomposite was further used to measure DA (2 uM), UA (5 uM) and
AA (5 uM) in non-diluted human urine sample. A specified amount of standard DA, UA and AA
were added, separately into urine sample. Table 1 depicts that the recovery of the urine sample
containing 2.25, 5.45 and 5.63 uM are 112, 109 and 113 % for DA, UA and AA, respectively,
indicating that the analytical procedures are free from the interferences in the urine sample.
Several analytical methods used for the detection of biomolecules including electrochemical,
SERS, and fluorescence method. Since each analytical methods have their own limitations. In the
case of electrochemical method, fabrication of stable and reproducible sensor electrode is very
difficult™. In fluorescence method, sensor materials must possess fluorescence property which is
essential for the fluorimetric detection of biomolecules, if the property is absence in the sensor
materials and this method cannot be used®*. Other method reported for detection of biomolecules
is surface-enhanced Raman scattering (SERS) and it is based on the interaction of groups on

molecules between the sensor materials, however this method provides qualitative information

9
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about the analytle but not a quantitative manner. Since the detection will be always carried out
on the thin film and it may not have uniform distribution of sensor materials and analyte *°.
Present optical sensor possess merit such as very simple, easy to use, low-cost, ease of sample
preparation and real time measurements in the detection of biomolecules when compared to the

other analytical methods.

3.3. Morphological Studies of Ag@GO after Addition of Biomolecules

TEM images were recorded for the Ag@GO nanocomposite before and after the addition
of AA, DA, and UA and are shown in Fig. S1. Upon the addition of UA and AA, the size of the
Ag nanoparticles was decreased, which may have been due to the reducing effect of UA and AA
on the Ag nanoparticles. However, even though UA and AA reduced the particle size, they could
interact with the Ag nanoparticles and change their refractive index, which resulted in a red shift
in their SPR absorbance peak. The other reason for the red shift in the SPR band of the Ag
nanoparticles in the presence of AA and UA was the aggregation of the GO sheets due to the
acidic media, because UA and AA are acidic in nature. On the other hand, the DA could not
reduce the Ag nanoparticles, but it strongly interacted with the Ag nanoparticles through the
amine group (Ag—NH,) and caused aggregation of the Ag nanoparticles. It influenced the
refractive index of the Ag nanoparticles and caused a change in the SPR band position and
intensity 3% The interaction between the DA and Ag nanoparticles was strong enough to bring

the Ag NPs close to each other, which led to particle aggregation.

10
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3.4. Raman Studies of Ag@GO Nanocomposite

Raman spectroscopy results for the pure Ag@GO and Ag@GO solutions containing 1
uM of DA, AA, and UA are shown in Fig. S2. Two major peaks are observed for all the samples
at 1350 and 1590 cm™, which correspond to the D and G bands of graphene oxide, respectively.
Fig. S2a shows that the pure Ag@GO sample does not have any peak for Ag nanoparticles. It
can be seen from Fig. S2(b-d) that the addition of DA, UA, and AA to the Ag@GO composite
leads to an increase in some of the Ag peaks and makes them more pronounced. This effect is
due to enhancement in scattering of Ag particles in Ag@GO sample due to charge transfer (CT)
and electromagnetic (EM) mechanism occurs after addition of analyte. The signal enhancement
in electromagnetic mechanism is attributed to a strong amplification of the electromagnetic fields
near the plasmon resonances of metal substrates after interaction of analyte with Ag NPs. Charge
transfer mechanism is attributed to enhancement in Raman scattering of analyte molecules by
electron transferred from SERS substrate to the neighbor molecule >’ >’ . The higher abilities of
AA and UA to transfer electrons are related to their higher reactivity compared to DA. The
SERS method was used for tracing the amount of molecules, which is based on the increasing
Raman intensity of noble metals in the presence of different amounts of investigated molecules
442 The enhancement of SERS is attributed to electromagnetic field enhancement due to
localized surface plasmon resonance (LSPR). The chemical interaction of Ag with the DA,UA,
and AA causes easier electron transfer and also enhances the SERS ***. The peaks at 460, 800,
950 and 1050 cm™ were attributed to Ag nanoparticles; the observed enhancement was after
addition of analytes ***. Some reports state that SERS can occur by the interaction of the

additive molecules and Ag nanoparticles 2346-99.

11
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3.5. Computational Studies

Molecular orbital (MO) study can be used to investigate the interaction force between Ag
nanoparticles and analytes (DA, AA and UA). By examining the location of highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) in the system, and
the HOMO-LUMO energy gap, the affinity pattern of the molecules can be determined. In order
to account for the changes in the photophysical properties of Ag nanoparticles interacting with
UA, AA, and DA, DFT-B3LYP/LANL2DZ level calculations were carried out using the
Gaussian 09 program®. The UA, AA, and DA were optimized on the Ag nano-array
substrates, and DFT B3LYP/LANL2DZ basis sets and their absorption behavior from the
optimized structures were calculated using time dependent density functional theory (TDDFT)
calculations with the above-mentioned sets. The lowest energy minimized structures for the Ag
nanoparticles with DA, UA, and AA are shown in Fig. 5 The electron density separation for the
HOMO and LUMO are shown in Fig. 5 for DA, UA, and AA, and it is observed that the HOMO
resided mainly on the silver clusters. In the Ag-DA adduct, LUMO is located on the dopamine
molecule, whereas in the Ag—UA, the corresponding LUMO population is located mainly on the
uric acid group, as well as the Ag clusters. In Ag-AA, LUMO is found on silver clusters with
little contribution from the AA moiety. The HOMO-LUMO energy separation has been used as
a simple indicator of kinetic stability and could indicate the affinity pattern of the molecule. A
reasonable HOMO-LUMO energy gap (3.8214 eV for Ag-DA, 3.9220 eV for Ag-UA, and
3.9293 eV for Ag-AA) showing that the reasonably high affinity for DA with Ag and lower
affinity for UA and AA agree with the fact that it is energetically unfavorable to add electrons to
a high-lying LUMO or to extract electrons from a low-lying LUMO. The simulated spectra of

the Ag nanoparticles with DA, UA, and AA obtained from the TD-DFT calculations concur with

12
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the experimental absorption spectra. Hence, it is clear that the changes in the SPR responses of
Ag nanoparticle clusters with DA, UA, and AA due to the binding of these species lead to the
formation of an internal charge transfer (ICT) complex. DFT studies gave further evidence for
the higher detection limit of DA due to the higher binding with Ag nanoparticles compared to the

others, as confirmed by the energy gap *.

4. Conclusions

In the present study, we demonstrated a facile method for the synthesis of a Ag@GO
nanocomposite via the chemical reduction of Ag ions in the presence of GO. The graphene oxide
stabilized the Ag nanoparticles in an aqueous solution and prevented the aggregation of these
particles. The nanocomposite showed an SPR band at 402 nm due to the Ag nanoparticles. An
SPR-based optical sensor was developed with Ag@GO for the detection of DA, UA, and AA.
This SPR-based optical sensor showed a very high sensitivity without requiring tedious
pretreatment and the use of expensive devices. The selectivity of this nanocomposite was also
investigated using other biological molecules, AA and UA. The SPR absorbance peak changes
toward UA and AA were not comparable with DA, which proved its excellent selectivity. The
SPR intensity-based LODs of DA, AA, and UA were 49 nM, 697 nM, and 927 nM, respectively.
The SPR band position-based LODs of DA, AA, and UA were 30 nM, 1.64 uM, and 2.15 uM,
respectively. The adsorption and sensing ability of the Ag@GO nanocomposite mainly depended
on the nature of the adsorption site and its interaction with the functional groups of the
molecules, along with the aggregation of GO in an acidic solution. Further, DFT studies proved

that DA had more affinity with Ag@GO than UA and DA. This approach can be applied to

13
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design and optimize SPR-based chemical and biological nanosensors for the detection of other

biomolecules.
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Figures and caption

a b C

HO NH,

0 |K
HO N fo)

ZT

Iz

Biomolecules (DA, UA, AA)

Scheme 2. Schematic representation of optical sensing of biomolecules with Ag@GO

nanocomposite.
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Fig. 1: UV-vis absorption spectra of (a) AgNO; (b) GO, and (c) Ag@GO nanocomposite. Inset:

Photograph obtained for the aqueous solution of synthesized Ag@GO nanocomposite.
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concentration. (D) Plot of A« vs. DA concentration.
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Fig. 3: (A) Absorption spectra obtained for Ag@GO nanocomposite upon each addition of 5 uM
AA. (B) Plot of absorption intensity vs. AA concentration. (C) Plot of I3 vs. AA concentration.

(D) Plot of Amax vs. AA concentration.
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Fig. 5: Electron density map and energy gap of HOMO and LUMO energy levels for Ag and DA, UA,

and AA adducts, respectively calculated by DFT methods.
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Table

Table 1: Analytical performances of Ag@GO nanocomposite for the detection of DA, UA and

AA in human urine sample.

Analyte Spiked (uM) Found (uM) *Recovery (%)

DA
UA
AA

*Recovery = (Cgound/Csipkea) x 100.



