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Abstract

Nanoparticles of noble metals are well known to display unique optical properties due to the localized surface plasmon reso-
nance (LSPR) phenomenon, making them applicable for use as transducers in various nanoplasmonic sensor configurations.
In order to develop a sensor chip, Au nanoparticles (AuNPs) were decorated onto a substrate using a self-assembly monolayer
method. The optimized substrate was subsequently prepared by functionalization with (3-Aminopropyl) triethoxysilane
(APTES), while also being immersed into colloidal AuNPs. Using a uniform layer of graphene oxide (GO) and reduced GO
(rGO), the AuNPs/GO and rGO hybrid structures were employed along with an appropriate optical setup acting as a smart
sensor chip for detection of different concentrations of biomaterials. The optimum sensor chip (0.5% APTES; 12 h immersion
time) resulted in a chip with 29% absorption and sharper plasmon peak. This appropriate condition remained constant after
adding rGO, indicating that Glass/AuNPs/rGO chip will be suitable for sensory applications and detection of biomolecules.
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Introduction

Up to now, numerous novel materials with plasmonic prop-
erties based on graphene have been discovered, demon-
strating very promising application in many fields, such as
energy storage, sensing, and catalysis [1, 2]. The electrical
conductivity, high refractive index, and large surface area
of graphene materials attract widespread studies in the field
of sensing [3]. The graphene-based sensor exhibits excel-
lent performances such as label-free, and real-time detec-
tion manner for the detection of biomolecules, biomarkers,
and gas sensing [4, 5]. Graphene oxide (GO) is one deriva-
tive of graphene which has a dynasty of oxygen-containing
groups such as hydroxyl, epoxy, and carboxyl groups. Gra-
phene oxide has been widely utilized as a biosensor mate-
rial owing to its high electrochemical and chemical activ-
ity. Meanwhile, the 7—z conjugated networks are broken
with these oxidized groups [6]. The graphene oxide can be
changed to the reduced graphene oxide (rGO) by removing
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oxygen-containing groups, which presents different prop-
erties in certain respects. For example, the hydrophobic
rGO tends to aggregation that cause to change its shape and
the specific area, although the oxygen-containing groups
increase the hydrophilicity so it makes GO more stable
greatly in water solution [7]. The well-organized reduction
of GO and restoration of 7—z conjugated network of struc-
ture have provided advantages in electronics and optics fields
[8]. In general, the sensors are arranged by depositing the
GO or rGO suspension and other functional components
such as novel metal nanoparticles on the substrate [9].
Plasmonic nanostructures have unique optical proper-
ties that can be represented by the optical cross-section and
appropriate wide range of applications in biotechnology
[10-12]. Au nanoparticles (AuNPs) have been used in the
field of catalysis, optical sensor, energy storage, and light
absorption [13-19], surface-enhanced Raman scattering
(SERS) [20-22], and biological molecule detection based
on their optical properties, electrical properties, and various
extinction constants [23]. One well-known optical aspect of
AuNPs is the localized surface plasmon resonance (LSPR),
resulting from the interaction of the incident electromag-
netic wave with plasmonic nanoparticles, which causes a
collective oscillation of conduction electrons [24—-27]. The
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wavelength and intensity of LSPR peak in extinction spectra
are highly dependent on geometry, dimension in nanoscale,
and the dielectric environment surrounding the nanoparticles
[28, 29]. The appropriate method emphasized the deposi-
tion of graphene oxide and reduced graphene oxide onto
the AuNPs nanoplasmonic sensor via metal-carbon bonding
with a significantly uniform surface and suitable for binding
biomolecules [30, 31]. The detection principle of the LSPR
sensor chip is the measurement of the change in the refrac-
tive index of environment surrounding the plasmonic nano-
particles, as result can enhance the near-field intensity [32].

This beneficial characteristic allows monitoring of sur-
face states and analysis of intermolecular interactions. Self-
assembly monolayer is molecular layer and it has an appro-
priate performance which is widely used for the spontaneous
arrangement of nanoparticles on the surface of the substrate.
Self-assembly monolayer has been fabricated with coupling
agents such as thiol-terminated, amine-terminated, alkyl-
terminated, and phenyl-terminated silanes in which coupling
agents are attach on various substrates through their terminal
groups and adsorb metal nanoparticles on the surface of the
substrate [33]. Among the coupling agents, (3-Aminopropyl)
triethoxysilane (APTES) is the popular coupling agent that
has been used for surface functionalization. The silanization
process takes place with three hydrolysable groups APTES
which are attach to hydroxyl groups on the glass substrate
surface, therefore another group is the amine (NH,) from
the amino propyl groups that adsorb metal nanoparticles on
the glass substrate [34]. Thus, the functionalization of the
substrate with NH,-terminated on any substrate is exception-
ally important for extra surface modification. Theoretical
and experimental methods have indicated that hybrid struc-
tures combined with noble metals and graphene derivatives
(GO and rGO) can cause an increase in the sensitivity of
nanoplasmonic sensors. In point of fact, the transmission of
surface plasmons has been altered and improved the inten-
sity of the evanescent field at the interface by graphene-
based structures. On this basis, GO/Au nanorods hybrid [35],
TiO,-AgNPs-GO nanocomposite [36], and Au NPs/GO com-
posite [37] have also been utilized for this purpose. These
research studies reveal that AuNPs/rGO hybrid nanostructure
can be utilized as appropriate substrate for increasing Raman
signals of biomolecules and enhancing LSPR peak shift due
to refractive index change of capture-analyte conjugation [38].

In this paper, we thus established a self-assembly mon-
olayer process to deposit of Au nanoparticles on a transpar-
ent glass substrate as a single layer, using the functionaliza-
tion of the substrate with NH,-terminated with 0.1, 0.5, 1, 2,
and 5% APTES solution. A uniform distribution of GO and
rGO was decorated on AuNPs thin film for placing chip in
the optical setup to simply fabricate an nanoplasmonic sen-
sor chip. The optimized substrate was subsequently prepared
by functionalization with an ideal concentration of 0.5%
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APTES, while also being immersed into colloidal AuNPs
12 h. The GO and rGO are very promising for connecting to
AuNPs, and binding biomolecules.

Experimental

Gold (III) chloride trihydrate (HAuCl,-3H,0,>99.9%), Triso-
dium citrate dihydrate (Na;CsHs05,>99%),), (3-Aminopropyl)
triethoxysilane (APTES, >97%), Hydrochloric acid (HCI, 37%),
Ethanol (99%), Methanol (MeOH, 98%), Sulfuric acid (H,SO,,
98%) were purchased from Merck. Ultrapure deionized water
with a resistivity of 18.2 MQ-cm was used. The suspension
of GO sheets of the modified Hummers with 2.7-6.8 pm was
purchased from Namago Co. (Tehran, Iran).

Preparation of Citrate-stabilized Au Nanoparticles

Small AuNPs with a mean diameter of 10-15 nm were syn-
thesized using the Turkevich method [39] as previously
reported [40]. Citrate-stabilized Au nanoparticles were pre-
pared in DI water via reduction of HAuCl4 with trisodium
citrate. First, a 50 ml aqueous solution of 1 mM HAuCl, was
heated in a beaker to boil. 5 ml of 0.5 mM trisodium citrate
solution was added to the HAuCl, solution and homogenized
by gentle stirring. The mixed solution was then heated for
an additional 10 min under vigorous stirring. The color of
the solution immediately changed from pale yellow to red,
indicating the formation of AuNPs. The reduction of Au
ions and capping of resulting nanoparticles both occurred
by citrate ions. Finally, the heating was stopped, and the
solution of Au nanoparticles was stirred and kept in an ice
bath to reach room temperature.

Synthesis of Graphene Oxide Derivatives

There are several ways to reduce graphene oxide, including
chemical, thermal, hydrothermal, and electrochemical tech-
niques, and chemical methods were used for the reduction
of GO and change to rGO [41]. The surface composition in
the method of chemically reduced graphene oxides is due
to the use of different masses of hydrazine hydrate, sodium
borohydride (NaBH4), and this surface composition affect
the electron transfer properties [42].

Chemical Reduced GO

Initially, 20 mg/ml of graphene oxide suspension in DI water
was sonicated for 1 h to disperse the suspension. The chemical
reaction was performed at 90 °C. 0.16 g of NaBH, was added
to the above mixture under continuous stirring. The reaction
ended after 48 h. Finally, the product was washed with DI water
until the pH reached neutral and dried in an oven at 65 °C [43].
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Fig.1 The FESEM image of
colloidal Au nanoparticles and
size distribution diagram of
nanoparticles
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Chip Fabrication and Optimization of APTES
Concentration

The nanoplasmonic sensor chip was fabricated in three steps:
hydroxylation of the glass substrate (-OH), silanization of
the glass substrate (-NH,), and attachment of colloidal
gold nanoparticles on the glass surface. In the first step, for
hydroxylation of the microscope substrate, the glass slides
were cut into 7 X 1 cm? pieces and cleaned by immersion in
freshly prepared 1:1 MeOH:HCI solution for 30 min, after
that immersed in H,SO, for 30 min, followed by rinsing in
distilled water and ethanol in an ultrasonic bath, and dry-
ing under a stream of N,. After cleaning, for silanization
process, the hydroxyl-functionalized slides were immersed
in 0.1, 0.5, 1, 2, and 5% APTES solution in ethanol for 1 h,
rinsed with ethanol, and dried with N, gas.

In the third step, AuNPs immobilization was achieved by
immersing the silanized slides in a colloidal citrate-stabilized

SEM MAG: 200 kx Det: InBeam
WD: 5.28 mm BI: 7.00
View field: 1.04 ym  Date(m/dly): 01/26/20
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AuNPs at various times. By immersion in the colloidal gold
nanoparticle solution for 1 and 12 h, two types of nanoplas-
monic sensor chips were prepared, and entitled type 1 and
type 2, respectively. The sensor chips were then rinsed with
water to remove the unbinding AuNPs. A uniform layer of
GO and rGO sheets was dip-coated on the AuNPs thin films.
At this step, the AuNPs thin films were first immersed in a
colloidal solution of GO or rGO for 1 min and drawn upward
at a constant rate of 187.5 mm min™! for 3 min.

Characterization

The nanoplasmonic sensor chip includes citrate-stabilized
AuNPs immobilized on a glass substrate modified with the
organic adhesion layer. The morphology of Au nanoparticles
and thin films was visualized by a field emission scanning
electron microscope (FESEM) to study the uniformity of
the AuNPs monolayer (TESCAN-MIRA3). The UV-Vis
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Fig.2 The FESEM image of Au nanoparticles on glass surface after annealing and size distribution diagram of nanoparticles
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Fig. 3 X-ray diffraction pattern of AuNPs thin film on glass substrate

spectrum was measured for plasmon absorption analy-
sis (Spectronix Ar 2015). XRD pattern was registered by
employing an X-ray diffractogram (Philips) with copper K,
irradiation (A= 15.4 nm). FT-IR spectrum was measured by
the Shimadzu Varian 4300 spectrophotometer in the range
of 4004000 cm™!. Raman spectra were recorded using Lab
Ram HR Raman microscope (Horiba) with 50 x/0.50NA
objective, and a source excitation was 532 nm of green laser.

Results and Discussion
Morphological Study

Figure 1 shows that the colloidal AuNPs are close to spheri-
cal Au nanoparticles with citrate stabilized. After assembly
of AuNPs monolayer on the substrate, annealing at tempera-
tures close to Tg (the glass transition temperature is the tem-
perature at which the molecular structure shows molecular
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Fig.4 The absorbance of colloidal AuNPs, the AuNPs on glass sur-
face before and after annealing
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Fig.5 The extinction of nanoplasmonic sensor chips (type 1), 1 h in
APTES with different concentration 0.1, 0.5, 1, 2, 5% and 1 h immer-
sion in colloidal AuNPs

mobility) of the AuNPs thin films (557 °C) results in sig-
nificant enhancement of the adhesion between the AuNPs
and the substrate. Therefore, sensor chips were annealed at
550 °C at a rate of 5 °C/min and stayed at this temperature
for 4 h. The FESEM image illustrates the size distribution of
10-15 nm for the nanoparticles (Fig. 1). After the annealing
process, the AuNPs were deposited uniformly and densely
on the substrate. Because of the aggregation of nanopar-
ticles, the size distribution increased to about 15-20 nm
(Fig. 2).

Optical Properties and Characterization of GNPs

Figure 3 reveals the XRD pattern of metallic Au nanopar-
ticles on the glass substrate. All diffraction peaks corre-
sponding to face-cantered cubic (fcc) (111), (200), (220),
and (311) crystalline planes were well-matched with the
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Fig.6 The extinction of nanoplasmonic sensor chips (type 2), 1 h
in APTES with different concentration 0.1, 0.5, 1, 2, 5% and 12 h
immersion in colloidal AuNPs
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Table 1 The extinction
wavelength, FWHM and
intensity of nanoplasmonic

1 h immersion in colloidal
AuNPs(type 1)

12 h immersion in colloidal
AuNPs(type 2)

sensor chips (according to

APTES (1 h) 0.1%

05% 1% 2% 5% 01% 05% 1% 2% 5%

Figs. 5 and 6)

Wavelength (nm) 530
Intensity of extinction (a. b.) 0.175 0.226 0.216 0.199 0.25
55.62 55.36 55.47 5593 60.27 5592 5542 56.56 57.74 62.75

FWHM (nm)

535 534 533 543 533 537 534 537 539
0.241 0295 0.261 0.262 0.271

JCPDS No. 03-065-8601 of Au metal. The XRD pattern
of Au with the background of glass pattern confirms the
distance between Au nanoparticles on the surface. The
extinction spectrum of nanoplasmonic sensor chips before
and after annealing was characterized by UV—Vis spectros-
copy and shown in Fig. 4. The UV-Vis spectrum of colloi-
dal AuNPs exhibits a plasmon resonance peak at 522 nm.
Annealing of AuNPs thin films leads to an enhancement in
the extinction intensity and 10 nm LSPR red-shift. As the
nanoparticle size increases, not only does the adsorption rate
increase but also the position and width of the LSPR shift.

Nanoplasmonic sensor chips were performed to optimize
the immobilization of amine functional groups on the glass
substrate with different concentrations and immersion time
of APTES, which attends as a linking molecule between the
glass and the AuNPs. The self-assembly takes place through
electrostatic interaction between the positively charged
amine group and negatively charged AuNPs.

Figures 5 and 6 depict the surface plasmon peak changes
of the sensor chips to determine the optimal APTES con-
centration and immersion time in colloidal AuNPs. As
shown in Fig. 5, increasing the APTES concentration not
only enhances the extinction intensity of the sensor chip but
also causes an LSPR red-shift. However, this treatment has
not been followed in Fig. 6. Based on the results shown in
Table 1, 0.5% APTES and 12 h immersion time in AuNPs
were selected as the optimal condition for the sensor chip.
Since this chip demonstrates the highest extinction intensity
and sharp plasmon peak (smaller FWHM), it is highly sensi-
tive for detection of biomolecules.

% Transmittance

0 -OH
4000 3500 3000 2500 2000 1500 1000 500

‘Wavenumbers (cm'l)

Fig.7 FT-IR spectra of GO and rGO sheets

Due to the synergistic effects, novel metal/graphene
nanostructure hybrids exhibit advanced performance in bio-
sensors compared to NPs and graphene derivatives taken
independently. Hence, attempts have been focused on the
decoration of GO/rGO surfaces with AuNPs, which have
applications in various fields such as catalysts, biosensors,
surface-enhanced Raman scattering (SERS), and surface-
enhanced infrared absorption (SEIRA). Recently, the coating
of GO and rGO has improved the sensitivity of SERS sub-
strates and LSPR sensors by absorbing more capture probe
from biomolecules. We adopted the dip-coating method, one
of the simplest methods, to coat GO and rGO on the surface
of AulNPs thin films. In continuance, we compared two types
of nanoplasmonic sensor chips, comprising either GO or rGO.

Figure 7 shows the FTIR spectra of GO and rGO in
which the GO spectrum contains the absorption bands cor-
responding to —OH stretch at 3428 cm™!, the C=0 carbonyl
stretching vibrations at 1602 cm™, the C—OH stretching at
1384 cm™!, and the epoxy C—O stretching at 1014 cm™!. The
spectrum of rGO shows peaks at 3428 cm™!, corresponding
to —OH stretch, while the bands of carboxyl, epoxy, and car-
bonyl were removed after the reduction [44, 45].

Based on the outcomes, the AuNPs thin film for deposit-
ing GO and rGO was selected with 0.5% APTES and 12 h
immersion in colloidal AuNPs as the optimal condition
for the sensor chip. The GO and rGO layers were used owing
to their inherent properties of binding the biomolecules and
increasing the interaction light with structure [46, 47]. The
morphology of sensor chips (AuNPs/GO and AuNPs/rGO)
was observed using SEM. As shown in Fig. 8A, the GO

Fig.8 The FESEM image of LSPR chip of A AuNPs/rGO sheets, and
B AuNPs/GO sheets

@ Springer



Plasmonics (2022) 17:1437-1444

1442
0.5
Glass/AuNPs
Glass/AuNPs/GO
0.4 Glass/AuNPs/rtGO

0.3

0.2

Absorbance (a. u.)

0.1

0.0 - T T T - T b
300 400 500 600 700

Wanelength(nm)

Fig.9 The absorbance spectra of Glass/AuNPs, sensor chip of AuNPs/
GO, and sensor chip of AuNPs/rGO

sheets were recognized in the SEM image. Similarly, the
SEM images of AuNPs/GO and AuNPs/rGO are presented,
demonstrating the uniform distribution of paper-like GO and
rGO sheets on AuNPs thin film. In Fig. 8B, it was found that
rGO with sheet morphology has an appropriate length and
interlayer spacing.

According to Fig. 9, all absorption peaks associated
with the GO and rGO sheets are in the visible range of
400-900 nm, which is the wavelength range of AuNPs
LSPR [48]. Detection of the local index of refraction using
UV-Visible spectrum corresponding to sharp plasmon peaks
for high sensitivity. In this case, sensor chip of AuNPs/rGO
has sharp plasmon peaks rather than other chips, and red-
shift confirms the binding of AuNPs and rGO.

Figure 10 shows the Raman spectra of the AuNPs/GO
and the AuNPs/rGO sensor chips displaying the G band
(1593 cm™!) for vibration mode in-plane of sp* carbon

400
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300 ~
)
=
E
3 200 A
=
o
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Raman shift (cm‘l)

Fig. 10 The Raman spectra of sensor chip of AuNPs/GO and sensor
chip of AuNPs/rGO
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domains and D band (1347 cm™!) associated with structural
defects indicating the reduction in the size of sp®> domains
and increasing of out-plane of sp> domains. The I;y/I; ratio
can be described as the number of defects of GO and rGO
in the sensor chips. For the sensor chip of AuNPs/GO,
the value of I/ is equal to 0.78, while for AuNPs/rGO
it increases to 0.81. An increase in Ip/I; shows that partial
reduction has increased structural defects in the GO carbon
plane [49]. Significant differences in intensity peaks can con-
firm the widespread coupling of AuNPs with rGO, which
increases the light interaction in the advanced SERS con-
figuration. Consequently, the fabricated AuNPs/rGO hybrid
structure can serve as a nanoplasmonic sensor chip to detect
refractive index change of receptor-analyte conjugation, being
a more capable SERS substrate for the detection of biomol-
ecules. This hybrid structure will have great potential for the
detection of capture probe-target analyte conjugation (aptam-
ers, proteins and antibodies as capture probes), and eventually
biomolecules such as DNA, protein and any antigens [50].

Conclusions

The AuNPs thin films were prepared by electrostatic binding
of citrate-stabilized NPs on amino silane-terminated glass
substrates. Those were fabricated with different concentra-
tions of APTES and immersion time in colloidal AuNPs
to enhance the sensitivity of the nanoplasmonic sensor
chip. After annealing of the AuNPs thin films at 550° C,
the AuNPs were deposited most uniformly and densely.
The extinction of the sensor chip demonstrated that the
best condition in the fabrication of sensor chip was 0.5%
APTES and 12 h immersion time in AuNPs (type 2). The
GO and rGO were found to be very promising for connect-
ing to AuNPs and binding biomolecules, so that AuNPs/GO
and AuNPs/rGO hybrid nanostructures could be employed
as efficient biosensor chips. By evaluating the two chips, it
is found that the Glass/AuNPs/rGO as an nanoplasmonic
sensor chip will be suitable for sensory applications, adsorb-
ing capture probe-target analyte conjugation, and detecting
biomolecules.
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