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ABSTRACT: The present study was conducted to prepare and
investigate large-area, high-sensitivity surface-enhanced Raman
scattering (SERS) substrates. Organic/inorganic nanohybrid . ™ ===
dispersants consisting of an amphiphilic triblock copolymer ;i i
(hereafter referred to simply as “copolymer”) and graphene -7 -

oxide (GO) were used to stabilize the growth and size of gold
nanoparticles (AuNPs). Ion—dipole forces were present between
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electron microscopy (TEM) revealed that the AuNPs had particle
sizes of 25—35 nm and a relatively uniform size distribution. The
AuNP/GO nanohybrids were deposited onto the glass substrate by using the solution drop-casting method and employed for SERS
detection. The self-assembling properties of two-dimensional sheet-like GO led to a regular lamellar arrangement of AuNP/GO
nanohybrids, which could be used for the preparation of large-area SERS substrates. Following removal of the copolymer by
annealing at 300 °C for 2 h, measurements were obtained under scanning electron microscopy. The results confirmed that 2D GO
nanosheets were capable of stabilizing AuNPs, with the final size reaching approximately 40 nm. These AuNPs were adsorbed on
both sides of the GO nanosheets. Because the GO nanosheets were merely S nm-thick, a good three-dimensional hot-junction effect
was generated along the z-axis of the AuNPs. Lastly, the prepared material was used for the SERS detection of rhodamine 6G (R6G),
a commonly used highly fluorescent dye. An enhancement factor (EF) of up to 3.5 X 10° was achieved, and the limit of detection
was approximately 107" M. Detection limits of 107" M and < 107" M were also observed with the detection of Direct Blue 200
and the biological molecule adenine. It is therefore evident that AuNP/copolymer/GO nanohybrids are large-area flexible SERS
substrates that hold great potential in environmental monitoring and biological system detection applications.

1. INTRODUCTION facilitated their widespread application in SERS detection.”
However, the chemical synthesis method poses certain
challenges for the control of stable nanoparticle growth.
Therefore, the present study was conducted to design a novel
type of nanohybrid material to address the issues of high
aggregation tendency and instability in nanoparticles.

In the fields of nanotechnology and materials science,
organic/inorganic hybrids are regarded as some of the most
important materials of the 21st century.m_23 Many recent
studies have explored the combination of metal nanoparticles

Surface-enhanced Raman scattering (SERS) is a promising
analytical technique that has rapidly developed because of
extensive research,' > having been employed for molecular
detection, quantitative analysis,‘*’5 and rapid biomedical
testing.”"® The localized surface plasmon resonance (LSPR)
generated by most noble metals — including gold,9 silver,'® and
copper'' — has demonstrated superior effects on the
enhancement of SERS signals.'> Although silver has exhibited
the most pronounced enhancement effect,” the instability of
silver nanoparticles during long-term storage and high
antibacterial activity have limited their applications."* In Received:  October 31, 2023
contrast, gold has high chemical stability, making it extremely Revised:  November 26, 2023
useful in chemical synthesis and manufacturing."> Recently, Accepted: December 12, 2023
researchers have begun to explore the use of gold nanoparticles Published: December 26, 2023
(AuNPs) in SERS substrates.'°™"® The favorable properties of

AuNPs, such as low toxicity and high biocompatibility,'” have
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with other organic/inorganic nanomaterials to improve SERS
signals.”¥*> Common materials can be classified accordingly to
form into sphere-like materials such as $i0,”° and Fe,0,%
thread-like materials such as carbon nanotubes (CNTs)*® and
polyvinyl alcohol (PVA) nanofibers,” and sheet-like materials
such as nanoclays™ and graphene.”’ The use of nanohybrids
increases the dispersibility of nanoparticles, as well as the
electric field strength between metal particles. In the present
study, graphene oxide (GO) was used as a substrate to
enhance the SERS signals of the analyte molecules. GO is a 2D
planar material composed of sp>-hybridized carbon atoms
arranged in a hexagonal honeycomb lattice, with the thickness
of a single layer being 1—5 nm. When hot-junctions are
generated following the adsorption of metal particles onto one
side of GO, the hot-junction effect along the longitudinal axis
is not blocked by GO. The self-assembling properties of GO
also cause the generation of a good three-dimensional hot-
junction effect along the z-axis by the metal particles.”” The
hot-junction effect, a theory commonly employed in the
enhancement of Raman signals, is often used to explain the
influence of distance between metal nanoparticles on SERS
enhancement.”® Specifically, the SERS signal intensity is
considered to increase with a decrease in interparticle distance.
However, the enhancement effects of rough noble metal
surfaces and noble metal nanoparticles are often exerted in a
unidimensional fashion. Based on the extreme thinness of GO,
the interparticle distance of AuNPs was controlled within a
range of 1—5 nm. Simultaneously, the self-assembling proper-
ties of GO were harnessed to achieve the adsorption of AuNPs
on both sides of the GO, generating a 3D hot-junction effect.
Molecules of analytes can also be adsorbed onto aromatic rings
on the surfaces of GO by z—7 stacking,*” thereby increasing
the stability of molecular structures to achieve immense
improvement of SERS signals.

In this study, we report the preparation of large-area, flexible,
and high-sensitivity SERS substrates. Organic/inorganic nano-
hybrids — which demonstrated superior properties and a
certain level of sensitivity in SERS detection after being
developed in our previous work — served as the bases for SERS
substrates.*°™** An amphiphilic triblock copolymer with
excellent dispersibility and applicability was also developed in
this study.’”** However, the presence of strong sp*hybridized
bonds in the 2D hexagonal honeycomb lattice of GO poses a
considerable challenge to the production of stable AuNP/
copolymer/GO nanohybrids. We first stabilized the growth of
AuNPs and enhanced their dispersibility by using a PIB—ED—
PIB copolymer. Subsequently, the AuNP/copolymer was
dispersed in inorganic 2D GO, and different weight ratios
were assigned to determine the optimal ratio for the AuNP/
copolymer/GO nanohybrids. The copolymer was then
removed by heat treatment to increase the sensitivity of the
SERS signals. Lastly, the prepared material was used for the
SERS detection of rhodamine 6G (R6G), Direct Blue 200, and
adenine. These large-area, flexible, and low-cost AuNP/
copolymer/GO nanohybrids may potentially possess broad
applicability when used as SERS substrates.

2. EXPERIMENTAL SECTION

2.1. Materials. The following materials and reagents were
used in the present study: graphene oxide (GO, oxygen
content of approximately 40%; E WAY Technology Co.
(Taiwan)), tetrachloroauric acid (99.9% purity; Echo Chem-
ical Co. (Taiwan)), polyisobutylene-g-succinic anhydride
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(PIB—SA, Mw = 1,33S; Chevron Corp.), poly(oxyethylene)-
diamine (POE—diamine or POE-ED2003, Mw = 2,000;
Huntsman Chemical Co. (USA)); dimethylformamide
(DMF) and rhodamine 6G (R6G) (Echo Chemical Co.
(Taiwan)); Direct Blue 200 (Nippon Kayaku Co. (Tokyo,
Japan)), adenine (CsHN;, 99.9% purity; Sigma-Aldrich
Chemical Co., USA).

2.2. Preparation of AuNP/Copolymer/GO Nanohy-
brids. Using DMF as the reducing agent, tetrachloroauric acid
was reduced to stable AuNPs with the addition of an
amphiphilic triblock copolymer (PIB—ED—PIB).*' First, 0.1
g of HAuCl, powder was dissolved in 10 mL of deionized
water (DIW) and slowly added dropwise into the copolymer
solution prepared according to a previously described
method,** with the DIW/DMF solvent weight ratio controlled
at 2/1. The mixture was maintained at 80 °C and stirred
continuously for several hours. Color changes in the mixture
were observed, and microscopic images were examined by
ultraviolet—visible-light (UV—vis) spectroscopy and trans-
mission electron microscopy (TEM). For the preparation of
AuNPs/copolymer/GO nanohybrids, GO powder and the
copolymer were dispersed in a DIW/DMF solvent at a weight
ratio of 2/1 and ultrasonicated for 10 min. AuNP/copolymer/
GO nanohybrids of different weight ratios prepared using the
one-step synthesis method were separately stirred with a
magnetic stirrer at 80 °C for 4 h, and a color change from light
yellow to pink was observed. However, the solution color
became darker with an increase in the weight ratio of GO. The
strongest absorption peak of the nanohybrids was measured by
UV—vis spectroscopy to confirm the reduction of Au** to Au’.
Characteristic peaks of surface plasmon resonance (SPR) were
observed in the synthesized nanohybrids, and microscopic
images were examined by TEM.

2.3. Preparation of Large-Area SERS Substrates.
AuNP/copolymer/GO nanohybrids were poured into a glass
Petri dish and allowed to self-assemble into a large-area SERS
substrate at room temperature. The lamellar structure of the
resultant substrate was examined by field emission scanning
electron microscopy (FESEM). Subsequently, the substrate
was sintered at 300 °C for 2 h to remove the copolymer and
used for SERS detection of three analytes: R6G, Direct Blue
200 (10 pL), and adenine (10 yL). Molecules of each analyte
were separately added dropwise to an SERS substrate and
allowed to dry. Differences in Raman signals were compared
between nanohybrids with different weight ratios, as well as
between pre- and postannealed nanohybrids. The prepared
concentrations and observed wavelengths (characteristic
peaks) of the three analytes were as follows: R6G: 10—
107 M, 613 cm™! and 774 cm™!; Direct Blue 200: 1073—
107" M, 590 cm™! and 1320 cm™'; adenine: 107*—10""' M,
733 cm ™.

2.4. Characterization and Instruments. UV—vis spec-
trometry was performed on a Shimadzu UV-2450 spectropho-
tometer (Kyoto, Japan). The synthesized AuNP/copolymer
and AuNP/copolymer/GO nanohybrid suspensions were
diluted with DIW at a ratio of 1:1, and absorption at specific
wavelengths in the UV—vis spectrum was observed to identify
the reduction reaction of the AuNPs. TEM was performed by
using a Zeiss EM 902A transmission electron microscope
(Tokyo, Japan). 10 uL of the AuNPs/copolymer and AuNPs/
copolymer/GO nanohybrid suspensions was separately added
dropwise to a carbon-coated copper grid and dried at 80 °C for
at least 24 h before TEM imaging. Samples were subjected to
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Figure 1. (a) Schematic of the dispersion mechanism in AuNP/copolymer/GO nanohybrids. Dispersion was primarily caused by noncovalent
intermolecular interactions — such as ion—dipole interactions, lone pair—7z stacking interactions, hydrophobic interactions, and hydrogen bonds —
which prevented the aggregation of GO and stabilized the AuNPs; (b) UV—vis spectra of AuNP/copolymer nanohybrids synthesized using
different weight ratios: (1) 1/1, (2) 1/2, (3) 1/5, and (4) 2/1; (c) TEM images of AuNP/copolymer nanohybrids synthesized using different
weight ratios: (1) 1/1, (2) 1/2, (3) 1/5, and (4) 2/1. Insets: photographs of corresponding AuNP/copolymer solution samples.

high-resolution FESEM using a Zeiss EM 902A system
(Tokyo, Japan). The sample to be tested was mounted onto
conductive carbon tape and coated with a thin layer of
platinum (Pt) for FESEM imaging. Thermogravimetric
analysis (TGA) was performed using the TA Instruments Q-
500 thermogravimetric analyzer (New Castle, DE, USA), with
measurements made by heating from 100 to 700 °C at a
heating rate of 10 °C/min under airflow conditions. An X-ray
photoelectron spectroscopy (XPS) analysis was carried out
with a Thermo Fisher Scientific (VGS) spectrometer
(Waltham, MA, USA). Using the Al Ka anode as the X-ray
source (1486.6 eV), a binding energy range of 0—1400 eV was
selected for analysis. Samples were subjected to micro-Raman
spectroscopy using a HORIBA iHRSSO spectrometer (Pro-
trustech Corp., Ltd.,, Tainan, Taiwan). 633-nm laser light was
used as the excitation source, with the exposure time and
power being 10 s and 20 mW, respectively. The excitation light
was focused on an area of approximately 4 ym” using a 50X
objective lens.
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3. RESULTS AND DISCUSSION

3.1. Dispersion Mechanism, Preparation, and Struc-
tural Identification of AuNP/Copolymer/GO Nanohy-
brids. GO is a 2D sheet-like material composed of carbon
atoms bonded by covalent bonds, with an oxygen content of
approximately 40%. A large number of epoxy functional
groups, hydroxyl groups, and carboxyl groups are present on
the edges and surfaces of the GO sheets. The GO used in the
present study was examined by FESEM (see Figure S1 of
Supporting Information), TEM (see Figure S2 of Supporting
Information), and Raman spectroscopy (see Figure S3 of
Supporting Information). In the Raman spectrum shown in
Figure S3 of the Supporting Information, the D-band and G-
band peaks of GO are, respectively, located at 1330 and 1600
cm™!, with the D-band-to-G-band intensity ratio (Ip/I;) being
1.16. These measurements indicate the presence of many
defects on the surface structure of GO, which can be regarded
as oxygen-containing functional groups. GO is composed of
benzene ring structures bonded with other functional groups
that are surrounded by a large number of delocalized electrons.

https://doi.org/10.1021/acsomega.3c08608
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Previous studies have reported that vibrations of delocalized
electrons contribute to the enhancement of Raman scattering
signals.**~* The main forces of attraction between AuNPs and
the copolymer were ion—dipole interactions, which enabled
the stable growth of AuNPs. Between GO and the copolymer,
certain noncovalent bonds — such as lone pair—z stacking
interactions, hydrophobic interactions, and hydrogen bonds,
were present, preventing the aggregation of GO. Figure la
illustrates a schematic of the interactions present in the AuNP/
copolymer/GO nanohybrids. The copolymer served as a key
link between GO and the AuNPs. Hydrophobic PIB blocks on
both ends of the copolymer possessed polar carbon rings that
interacted with the benzene rings of GO, while the central
hydrophilic POE-ED2003 block contributed substantial ion-
charge interactions, leading to the close proximity of carbonyl
groups on AuNPs and both sides of the GO sheet and giving
rise to van der Waals and ionic charge interaction forces that
provided further stabilizing effects. Subsequently, the AuNP/
copolymer/GO nanohybrid system was investigated in two
aspects. First, the effects of different AuNP/copolymer weight
ratios (1/1, 1/2, 1/S, and 2/1) were examined. Figure 1b
shows the UV—vis absorption spectra to determine the
completion of the synthesis reaction under the different weight
ratios. It can be observed that a lower copolymer content led to
greater instability in the absorption spectrum generated by the
AuNPs. Figure 1c presents TEM images indicating the particle
size and distribution of AuNP/copolymer nanohybrids
synthesized by using different weight ratios. At a weight ratio
of 1/1, a certain degree of AuNP aggregation was observed
(Figure 1c-(1)), as the copolymer content was insufficient for
the stabilization of AuNPs. The same phenomenon was also
observed at a weight ratio of 2/1, as shown in Figure 1c-(4).
Our TEM images also reveal an evident increase in the average
size of AuNPs and different shapes formed from precipitation
(see Table S4 of the Supporting Information). However, at a
weight ratio of 1/2, the AuNPs exhibited an average particle
size of 27 nm under the microscope and a narrow distribution
at the maximum absorption peak at 528 nm in the UV—vis
spectrum. This finding demonstrates that addition of the
copolymer protected the AuNPs and prevented their
aggregation. Meanwhile, the low-magnification TEM image
in Figure S4 of the Supporting Information shows that the
AuNPs/copolymer at a ratio of 1/2 exhibit excellent
dispersion. Ultimately, the optimal AuNPs/copolymer weight
ratio of 1/2 was selected for further experimentation.
Different weight ratios of AuNP/copolymer/GO nano-
hybrids were subsequently investigated based on the
experimental results described above, as shown in Table 1.

Table 1. Reduction of AuNPs with Different Amounts of
Copolymer/Graphene Oxide (GO)

before after
annealing annealing

AuNPs/ zeta UV—vis particle  particle
copolymer/GO  solution  potential  absorption size size
(weight ratio) Color (mV) (nm) (nm) (nm)
10/20/1 scarlet 4.1 533 32.1 63.2
5/10/1 pink 3.7 530 213 479
2/4/1 pink 1.8 534 42.0 52.3
1/2/1 wine 0.9 544 35.1 68.2
1/2/2 wine 0.1 557 40.1 S1.4
1/2/5 black -2 557 33.3 61.0
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The zeta potential of pristine GO was —5.4 mV, whereas the
zeta potential of AuNPs obtained by reduction with DMF/
DIW was 0.9—4.1 mV. These results indicate that in addition
to the copolymer, the zeta potential of GO may also serve as a
stabilizing agent. The changes in zeta potential also indirectly
demonstrate the stable adsorption of AuNPs on the surfaces of
GO. Figure 2a shows the absorption spectrum of AuNP/
copolymer/GO at a weight ratio of 5/10/1, with the
absorption peak located at 530 nm and a reaction time of 6
h. The TEM images shown in Figure 2b reveal that AuNPs
possessed a smaller size distribution and uniform shape on the
surfaces of GO, with the average particle size being
approximately 30 nm. The AuNPs also exhibited a greater
tendency to aggregate when a lower GO content was present.
The wavelength values of the UV—vis absorption peak, listed
in Table 1, indicate that an increase in the weight ratio of GO
was associated with a significant red shift in absorbance.
Therefore, controlling the AuNP/copolymer/GO weight ratio
is key to modifying the dispersion of AuNPs on the GO
surfaces and the polymer chain. The AuNP/copolymer/GO
weight ratio of 5/10/1 exhibited the optimal dispersion and
aggregation properties and was accordingly selected for
subsequent experimentation. When used as Raman substrates,
AuNP/copolymer/GO nanohybrids can enable the binding of
hydrate model molecules onto the surfaces of GO through
m—m-stacking and hydrogen bonding. Subsequently, the
electron charge transfer between graphene and AuNPs
increases the Raman intensity and LSPR. In addition, the
high aspect ratio of GO, with a plane area of 100—300 nm and
thickness of merely 5 nm, favors the preparation of large-area,
flexible SERS substrates. Upon the complete removal of
solvent in the AuNP/copolymer/GO solution by evaporation
at 50 °C, GO exhibited self-assembling properties, as shown by
the schematic diagram in Figure 2c. At low concentrations, GO
is capable of moving randomly within a solution. However, the
solvent evaporation process restricted the range of movement
of GO. When the solvent was completely removed, GO tended
to deposit onto the base of the substrate scaffold, forming a
dense thin-film structure (Figure 2d). In Figure SS of the
Supporting Information, it is clearly visible that AuNPs are
evenly attached to the surface of GO. This allowed the AuNPs
to stably exist within the spaces of the 3D structure and created
more 3D hot-junctions on both sides of GO, thereby
enhancing SERS signal strength. With this simple templating
method, substrates with regular structures can be easily
fabricated, and SERS substrates of different shapes and sizes
can be prepared using different containers.

3.2. Preparation of AuNP/GO Nanohybrid SERS
Substrates. SERS performance is dependent on the strength
of the electromagnetic field on the surfaces of noble metal
particles, as well as chemical interactions between the analyte
and SERS substrate.”” >’ Although GO is believed to enhance
SERS signal intensity through chemical effects, the contribu-
tion of chemical effects to signal enhancement is usually only
10—10%fold.**™** Compared with that provided by the
electromagnetic effect, the enhancement factor provided by
the 3D hot-junction effects of AuNP/copolymer/GO may be
as high as 10*—107. However, in the AuNP/copolymer/GO
system, the copolymer is used for the prevention and control of
aggregation. Although this enhances the stability of AuNPs, it
also decreases the corresponding electromagnetic enhance-
ment effect. This phenomenon also reduces free electron
vibrations in AuNPs at a laser wavelength of 633 nm and
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Figure 2. (a) UV—vis spectra showing absorption peak data collected every minute during the reduction process for AuNP/copolymer/GO at a
weight ratio of 5/10/1; (b) TEM images showing the morphology and distribution of AuNPs and GO at different AuNP/copolymer/GO weight
ratios: (1) 10/20/1, (2) 5/10/1, (3) 2/4/1, (4) 1/2/1, (5) 1/2/1, and (6) 1/2/S; (c) schematic representation of the formation of a thin film-like
structure of nanohybrids through their layer-by-layer self-assembling properties as a result of solvent evaporation in the AuNPs/copolymer/GO
nanohybrid dispersion liquid; (d) 2D sheet-like characteristics of GO in nanohybrids can be utilized for deposition to the base of the substrate
scaffold followed by stacking to form a dense thin-film structure. The cross-sectional SEM image indicates a distinct stacked lamellar structure.
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of thermal degradation; (c) XPS spectra of AuNP/copolymer/GO substrates: (1) pure GO; (2) preannealed AuNP/copolymer/GO nanohybrids;
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annealing temperatures.

! under different

simultaneously decreases the intensity of the Raman signals.
Therefore, the elimination of the copolymer’s effects upon
obtaining a stable lamellar structure is a critical issue in the
preparation of high-sensitivity Raman substrates. Figure 3a
presents TGA results of thermal degradation in the copolymer,
GO, and AuNP/copolymer/GO. The copolymer began losing
weight at approximately 200 °C, with the maximum weight
loss rate observed at 295 °C on the derivative thermogravim-
etry (DTG) curve shown in Figure 3b. The TGA curve of
AuNP/copolymer/GO indicates the occurrence of two-step
thermal degradation at 300 and 432 °C. Heat treatment was
subsequently applied at 300 °C to remove the copolymer from
the AuNP/copolymer/GO film prepared with a weight ratio of
5/10/1. An XPS analysis was then conducted to confirm
changes in bonding for pure GO and AuNP/copolymer/GO,
as shown in Figure 3c. The full range spectra indicate the
formation of AuNPs at 84—88 eV. In pure GO, C and O were
located at 284 and 560 eV with atomic percentages of 73% and
26%, respectively. The incorporation of AuNPs into GO led to
an increase in the oxygen content to 31.8%. After annealing,
the aliphatic bonds of POE decreased to 0%, and the relative
atomic percentage was 95.1%. The Cls XPS spectra were fitted
to different functional groups corresponding to the different
peak values of C atoms, with the nonoxidative C—C bond
located at 284.6 eV, C—N bond located at 285.7 eV, and C—
OH and C=0 bonds located at 286.8 eV. The peaks at 286.8
and 288.4 eV in the spectrum for GO indicate the presence of
many atomic defects (e.g.,, C=0, C—OH). Upon the addition
of AuNPs and the copolymer, the intensity of the C—N peak
was significantly increased, and a peak corresponding to the
Au—N-C bond appeared at 284 eV (Figure 3c-(2)). Peak
values for C—N and Au—N-C were reduced following the
removal of the copolymer. This indicates a decrease in valence-
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bond interactions, which affected free electron vibrations and
effectively enhanced the SERS intensity. When the thermal
degradation temperature was within the range of approximately
250—300 °C, the removal of the copolymer by heat treatment
in a high-temperature furnace was associated with an increase
in the size of AuNPs. However, lamellar stacking in the GO
restricted the movement of AuNPs and exerted control of their
particle size. AuNP/copolymer/GO at a weight ratio of 5/10/1
was subjected to annealing at 350 °C for 30 min, cooled
slowly, and examined by TEM and SEM, as shown in Figure
3d, revealing that the average particle size of AuNPs increased
from 21.3 to 47.9 nm (Figure 3e). Table 1 lists the detailed
changes in the particle size. A possible explanation is that some
of the AuNPs were transformed into a molten state at 350 °C,
and the remaining AuNPs underwent a certain extent of
growth during the slow cooling process owing to the self-
assembling properties of GO.

3.3. Molecular Detection and Applications of AuNP/
GO Nanohybrid SERS Substrates. The enhancement effect
of AuNP/copolymer/GO nanohybrids on SERS was further
assessed using R6G as an analyte. R6G molecules were
dissolved in an ethanol solution to a concentration of 10—
107" M, and 10 uL of the aqueous solution was added
dropwise onto the AuNP/copolymer/GO nanohybrid SERS
substrate and allowed to dry at room temperature. In general,
the SERS signals of R6G are generated by specific chemical
bond vibrations, with the peaks at 613 and 774 cm™" attributed
to C—C—C and C—H vibrations, respectively.*’ =" However,
the Raman signals of GO at 1330 and 1600 cm™, which,
respectively, belong to the D and G bands, overlap with certain
signals of the R6G molecules. Figure 4a depicts a comparison
of SERS spectra for 10 M R6G obtained with pre- and
postannealed AuNP/copolymer/GO, indicating that the
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1

postannealed SERS substrate led to an approximately 3-fold
increase in signal intensity. The enhancement factor (EF) was
calculated using the following formula:>*™%°

EF = (Ligrs/Nsgrs) / (Ler/ Net)

where Isgrg and I are the integration of the signals of R6G at
613 cm™' on glass and substrate, respectively, and Nggps and
N,.¢ are the corresponding detected concentrations of R6G.
The EF achieved with AuNP/copolymer/GO annealed at 300
°C was 3.5 X 10° (Figure 4b). Figure 4c,d shows the effects of
different annealing temperatures on the detection results of
R6G. It can be seen that EF values of 3.3 X 10° and 1.6 X 10°
could also be achieved at temperatures of 200 and 250 °C.
However, incomplete copolymer degradation resulted in
relatively lower SERS signal intensities on the same substrate.

The detection limit for R6G was further investigated to
examine the sensitivity of the prepared substrates. As shown in
Figure Sa, a detection limit of approximately 107 M was
achieved by the postannealed AuNP/copolymer/GO. R6G
characteristic peak intensities at 613 cm™' were arranged in
ascending order and subjected to a linear regression analysis.

1900

Figure 5b shows that a standard error (R?) value of 98% can be
achieved. To expand the applicability of the prepared AuNPs/
copolymer/GO substrate in the field of SERS detection, we
also used the substrate for the detection of Direct Blue 200
under laser excitation at a wavelength of 633 nm. As shown in
Figure Sc, a detection limit of 107'° M was attained for Direct
Blue 200, which adsorbed to the surfaces of GO through N
and S atoms. Significant signal enhancements were also
observed at 1320 and 1424 cm™', and a high R* value of
98% was obtained via linear regression at 1424 cm™" (Figure
5d). Lastly, we analyzed the biological molecule adenine, a
basic component of DNA, which is commonly used to
demonstrate the feasibility of biological testing. Figure Se
shows that a detection limit of 107'° M was achieved for
adenine, and an R* value of 99% was obtained via linear
regression at 733 cm™" (Figure 5f). The SERS detection results
for the aforementioned analytes jointly demonstrate that the
SERS substrate prepared using AuNP/copolymer/GO nano-
hybrids yields excellent detection performance with character-
istics of rapidity and high sensitivity. Typically, environmental
and biological analyses are performed in liquid condition.
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Conventional SERS substrates often use drop-casting methods
for liquid analyte detection, but during the drying process, they
tend to induce the coffee ring effect,”” causing the analytes to
concentrate around the edges. Producing AuNPs/GO as thin
films effectively mitigates this phenomenon and substantially
increases the contact area between analytes and the nano-
particles. Therefore, the potential for broad applications in the
field of SERS has been successfully realized.

4. CONCLUSIONS

In the present study, we successfully prepared AuNP/
copolymer/GO nanohybrids that demonstrated excellent
detection performance and high sensitivity when used as
SERS substrates. The AuNP enhanced the stability of the GO
through anchoring on both sides of the 2D GO material. The
copolymer further facilitated AuNP stabilization and dis-
persion, and the hydrophilic block at the center and
hydrophobic blocks at the ends of the triblock polymer
provided a linking effect between the AuNPs and GO. By
variation of the weight ratio of the nanohybrids, the optimal
parameters were identified for further application to SERS
detection. At a AuNP/copolymer/GO weight ratio of 5/10/1,
uniform particle sizes and similar particle shapes could be
achieved. GO was also observed to assist in increasing the
particle sizes of AuNPs to approximately 25 nm, which further
increased to 47—58 nm following removal of the copolymer
through annealing at 300 °C. The self-assembling behavior of
GO contributed to the formation of a lamellar structure in the
substrate, thereby generating a 3D hot-junction effect and
increasing the intensity of SERS signals. Aside from having a
novel lamellar arrangement, the AuNP/copolymer/GO-based
SERS substrate can also be easily fabricated through a process
that favors the production of large-area substrates. The
prepared substrate demonstrated superior performance in the
SERS detection of R6G, Direct Blue 200, and adenine. A high
EF value of 3 X 10° and detection limit of 107" M were
achieved for R6G detection, and detection limits of 107 M
and < 107 M were obtained with Direct Blue 200 and
adenine, respectively. These findings amply indicate the
extremely high detection sensitivity of the AuNP/copolymer/
GO nanohybrids. We expect this novel material to serve as an
environmentally friendly, low-cost, and mass-producible SERS
substrate for the partial replacement of existing SERS
substrates that require high precision of detection.
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