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Abstract: In this study, surface-enhanced Raman scattering (SERS) scheme is combined with
localized surface plasmon resonance (LSPR) detection on a thin gold film with stripe patterns of
gold nanoparticles (GNPs) via convective self-assembly (CSA) method. The potential of dual
modal plasmonic substrates was evaluated by binding 4-ABT and IgG analytes, respectively.
SERS experiments presented not only a high sensitivity with a detection limit of 4.7 nM and
an enhancement factor of 1.34× 105, but an excellent reproducibility with relative standard
deviation of 5.5%. It was found from plasmonic sensing experiments by immobilizing IgG onto
GNP-mediated gold film that detection sensitivity was improved by more than 211%, compared
with a conventional bare gold film. Our synergistic SERS–LSPR approach based on a simple
and cost-effective CSA method could open a route for sensitive, reliable and reproducible dual
modal detection to expand the application areas.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

High sensitivity sensor platform has played an important role in many interdisciplinary research
fields from medical diagnostics to biophysics and biochemistry [1]. Researchers have investigated
a variety of metallic nanostructures for biosensing applications based on surface-enhanced Raman
spectroscopy (SERS) and localized surface plasmon resonance (LSPR) [2,3]. Two detection
schemes of SERS and LSPR are commonly associated with an amplification of electromagnetic
(EM) fields generated by the excitation of localized surface plasmons (LSPs) [4]. Among various
nanostructures, metallic nanoparticles allowing for simple and low cost manipulation have been
widely used to provide an enhanced sensing performance [5,6].

For decades, a dominant contributor to SERS processes has been known as EM field
enhancement, especially in the nano-sized gaps [7–10] or sharp features [11–14] of plasmonic
materials. While aggregation of metallic nanoparticles is efficient for improving the detection
performance, irregular distribution of nanoparticles often gives rise to poor reproducibility and
repeatability in SERS and LSPR applications [15–18]. In recent years, several strategies of
manipulating nanoparticle patterns have been attempted to realize a high reproducibility as well
as significantly improved sensitivity.

For example, Si at el. introduced Au nanoparticle monolayer with high density sub 1-nm
gaps by taking an advantage of oil-water interfacial self-assembly techniques [19]. Liu el al.
reported Ag nanoplate-built hollow microsphere arrays with controllable structural parameters
and centimeter-squared dimension based on electrodeposition [20]. More interestingly, Farcau
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et al. demonstrated Au nanoparticle clusters on hydrophilic glass substrate using convective
self-assembly (CSA) technique to achieve a notable improvement of reproducibility and sensitivity
in plasmonic detection [21]. Despite a few practical constraints related to evaporation and
convection occurring at a much larger volume than nanoparticle size, CSA method is advantageous
for plasmonic applications due to its versatility and scalability [22,23].

In this study, we proposed dual SERS-LSPR platform with gold nanoparticles monolayer
deposited on a thin gold film. Contrary to other approaches on multi-modal biosensing applications
based on both LSPR and SERS measurement [24–26], we demonstrated for the first time, to our
knowledge, that a nanostructured substrate was developed by employing a CSA-based surface
treatment which has been often used for patterning plasmonic nanoparticles in a controllable
way. Next, we measured sensitivity and reproducibility characteristics obtained from 4-ABT and
IgG experiments after optimizing the density of gold nanoparticles (GNPs). We believe that our
CSA-based plasmonic substrate of combing both SERS and LSPR schemes could be useful for
biomolecular dual modal detection to expand the range of practical sensor applications.

2. Experimental details

2.1. Materials

Distilled water (H2O), acetone (C3H6O) and ethyl alcohol (C2H5OH) were obtained from
DaeJung Chemicals & Metals Co., LTD. (Siheung, Korea). Human immunoglobulin G (IgG),
glutaraldehyde (C5H8O2), cysteamine (C2H7NS) and 4-aminobenzenethiol (4-ABT, C6H7NS)
were purchased from Sigma-Aldrich (St. Louis, MO, USA). NSF10 glass substrate was obtained
from Schott AG (Mainz, Germany). Gold nanoparticle with an average diameter of 30 nm,
polydispersity index (PDI) of 4% was purchased from Nanopartz (Loveland, CO, USA).

2.2. Preparation of GNP dispersion

Since GNP adsorption on the substrate surface was found to be dependent on a concentration of
GNPs, we optimized the concentration of GNP dispersion by using solvent evaporation method.
When the concentration was as small as 1 optical density (OD), GNPs were not adsorbed onto
the substrate efficiently. On the other hand, when the concentration was larger than 10 OD,
aggregated GNPs formed multiple layers on the substrate [27]. The solvent of GNP dispersion
was evaporated on a hot plate at 40 °C and an optimal concentration of 5 OD was determined.

2.3. Fabrication of GNP stripe-patterned substrates using the CSA technique

NSF10 glass substrate was employed for multi-functional optical biosensing platform. An organic
cleaning was performed to remove any organic residues on a glass surface. The glass substrate
was cleaned by sonication in acetone and ethyl alcohol sequentially for 10 min, and rinsed with
distilled water and ethyl alcohol for 5 min, and then dried with nitrogen gas. 5 nm-thick titanium
adhesion layer and 45 nm-thick gold layer were deposited onto the glass substrate at a deposition
rate of 0.1 nm/s via electron beam evaporator, respectively. Before applying CSA technique, the
substrate was immersed in 1 mM cysteamine with thiol [-SH] and amine [-NH2] groups, for 24 h
to convert surface characteristics from hydrophobic to hydrophilic.

Figure 1 displays fabrication processes for GNP stripe-patterned plasmonic substrates. First,
hydrophilic cysteamine-treated gold substrate was vertically immersed into GNP suspension
whose temperature was maintained at 40 °C. To avoid an adsorption of GNPs onto the side
of glass substrate, Kapton tape was used as a protection layer. We could observe a specific
CSA feature of meniscus tip at the interface between substrate surface and GNP suspension.
GNPs were deposited at the meniscus tip region via evaporation, which is associated with
evaporation-induced upward convection [28,29]. During the evaporation process, liquid level was
manipulated by use of syringe pump to control the distribution and density of GNPs deposited
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onto a gold surface. Withdrawal rate for liquid level manipulation was set to be 15.12 µm/h
(Sample A), 7.56 µm/h (Sample B) and 5.04 µm/h (Sample C), respectively. Then, vertical
position of the substrate was adjusted via motorized z-axis stage at regular intervals. Finally, the
two processes were sequentially repeated for achieving a stripe pattern, which was designed to
confirm the possibility of controlling a particle distribution effectively. Note that attached GNPs
were strongly bound to a gold surface and any destruction or damage of the stripe pattern was not
found during or after washing, cleaning and binding processes.

Fig. 1. Scheme of CSA techniques for GNP stripe-patterned plasmonic substrate. (Step
1: Hydrophilic cysteamine-treated gold substrate immersion in GNP solution, Step 2:
Evaporation and liquid level manipulation for GNP deposition onto gold surface, Step 3:
Lifting the substrate up using a motorized z-axis stage, Step 4: Repetition of steps 2 and 3
for stripe pattern formation)

2.4. Sample preparation for SERS and LSPR measurement

For SERS detection, we measured sensitivity, reproducibility and linearity performance using
4-ABT analytes as Raman probe molecules and compared the results with those of a conventional
bare gold film. Substrates were immersed in various concentrations of 4-ABT solution in the
range of 10−8 to 10−4 M for 30 min. After 4-ABT immobilization, the substrates were rinsed
with ethyl alcohol and distilled water for 5 min to remove non-immobilized 4-ABT analytes.
Raman signals of 4-ABT were measured at 10 different points with acquisition of 10s with
100× objective lens. Raman spectroscopic system consists of a microscope (BX43, Olympus), a
continuous-wave laser (785 nm, 350 mW, I0785MM0350MF, Innovative Photonic Solutions),
a spectrometer (SR-303i-A, Andor Technology) and a low dark current deep-depletion CCD
detector (iVac, Andor Technology).

For LSPR detection, each substrate was immersed in 1 mM cysteamine solution for 24 h,
and then immersed in glutaraldehyde solution for 30 min. After 500 nM IgG was immobilized
onto the substrate surface, the substrates were rinsed with ethyl alcohol and distilled water for
10 min. SPR signals were scanned before and after IgG binding interaction using an angle
interrogation setup based on the Kretschmann configuration. Experimental set-up was based on
dual concentric motorized rotation stages (URS75PP, Newport, Irvine, CA) for angle scanning
measurement with a nominal angular resolution at 0.002°. The LSPR detection scheme employed
a polarized 10 mW He–Ne laser (λ= 632.8 nm, 25-LHP-991, Melles-Griot, Carlsbad, CA) as
a light source and a calibrated photodiode (818-UV, Newport, Irvine, CA) as a photodetector.
Multiple (typically five) sites in a given sample were measured by translating the sample spatially
to ensure consistency and thereby to reduce the standard variation.
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3. Results and discussion

First, we measured a change of surface characteristics via contact angle. Contact angle test
has been often used to evaluate the wettability of substrate surface [30]. To measure a contact
angle, water droplet was applied onto the substrate surface, and then the angle difference between
substrate surface and droplet was calculated via a contact angle analyzer (Phoenix 300, S-EO
Korea). Figure 2 shows that contact angles, 29.03° for cysteamine-treated gold substrate and
33.67° for NSF10 glass substrate are much smaller than 63.19° for a bare gold substrate. The
hydrophilic feature for cysteamine-treated gold substrate is attributed to adhesive force by
hydrogen bond, which was induced by hydrogen atom of amine group of cysteamine [31–33].

Fig. 2. Contact angle test results for (a) bare gold substrate (average contact angle= 63.19°),
(b) NSF10 glass substrate (average contact angle= 33.67°) and (c) cysteamine-treated gold
substrate (average contact angle= 29.03°).

Figure 3 presents the field-emission scanning electron microscope (FE-SEM) images for three
GNP stripe-patterned substrates. The stripe patterns of individual substrates indicate that the
distribution of GNP can be effectively controlled through CSA techniques combined with liquid
level manipulation. For periodic pattern, bright lines mean the places where GNPs were adsorbed,
while dark lines imply the empty spaces where no GNPs were found. By using the motorized
z-axis linear stage and syringe pump, we could change the period and width of the stripe pattern
in a controllable manner.

Fig. 3. FE-SEM images of GNP stripe-patterned plasmonic substrates. (a, d) Sample A
(withdrawal rate: 15.12 µm/h), (b, e) Sample B (withdrawal rate: 7.56 µm/h) and (c, f)
Sample C (withdrawal rate: 5.04 µm/h).

Figures 3(d)-(f) show that the number of GNPs per unit area was increased as withdrawal rate
was decreased from 15.12 µm/h to 5.04 µm/h. In particular, when the withdrawal speed became
very slow, multilayered GNP structure was observed as shown in Fig. 3(f). While the results
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are not shown, multiple GNP layers thicker than 30 nm produced complex interactions between
SPR and LSPR modes and finally lead to a significant distortion in SPR characteristics. For that
reason, we could not find any resonance signal in Sample C and thus, we chose Samples A and B
for investigation of dual modal detection. Such trend is consistent with our previous theoretical
and experimental results that ordered or non-ordered gold nanostructures with a thickness larger
than 30 nm produced highly broad and shallow SPR curves [34–36].

In Fig. 4, SERS spectra of 4-ABT for GNP stripe-patterned substrates were measured at
concentrations varied in the range of 10 nM to 100 µM. 4-ABT analyte is one of the most
commonly used molecules because of its strong adsorption on a gold surface by gold-thiol bonds
[37]. Even at the concentration as small as 10 nM, the characteristic Raman peak at 1076 cm−1,
which is associated with the a1-type vibrational mode, was distinguishable. Also, we performed
linear regression analysis between SERS intensities and concentration of 4-ABT to analyze both
limit of detection (LOD) and limit of quantification (LOQ) using the relations of LOD= 3Sb /
a and LOQ= 10Sb / a, where Sb and a are the standard deviation of intercept and the slope of
linear fitting curve [38].

Fig. 4. Experimental results of sensitivity and linearity performance for Sample A (a, b)
and sample B (c, d); SERS spectra of 4-ABT at various concentrations (a, c) and linear
regression analysis of SERS intensities of 4-ABT at 1076 cm−1 at various concentrations (b,
d)

For Sample A, the LOD and LOQ values were determined to be 8.4 and 28.1 nM, respectively.
On the other hand, LOD of 4.7 and LOQ of 15.7 nM were measured for Sample B, implying
that the performance of Sample B is about 2 times better than that of Sample A. Since the slope
and coefficient of determination (R2) are highly associated with sensor sensitivity and linearity,
it is interesting to note that the slope of 6508.9 for Sample B was almost twice as large as that
of 3244.5 for Sample A. Such enhancement in LOD, LOQ and sensitivity can be explained by



Research Article Vol. 29, No. 4 / 15 February 2021 / Optics Express 6184

an increase in the numbers of GNPs and hot-spots between adjacent GNPs [39,40]. In general,
hot-spots occur between nanoparticles or in the crevice of nanoparticles that supports intense and
highly localized electromagnetic fields. When target molecules are positioned near the regions of
hot-spots, Raman scattering signals could be boosted prominently at the nano-featured plasmonic
substrates.

In order to estimate the sensitivity improvement more quantitatively, we calculated SERS
enhancement factor (EF) for 4-ABT as follows

EF =
ISERS/NSERS

IRaman/NRaman

where ISERS and IRaman are the SERS and normal Raman intensities of 4-ABT peak at 1076 cm−1

and NSERS and NRaman are the numbers of 4-ABT molecules on the SERS substrates and 4-ABT
powders [41]. In our experiments, normal Raman intensity of 4-ABT peak at 1076 cm−1 for
4-ABT powders was measured to be 918.1 and SERS Raman intensities of 4-ABT peak at
1076 cm−1 for Samples A and B were measured to be 12511.3 and 24152.0, respectively. Using
the beam spot size of ∼10 µm and 4-ABT molecule size of ∼0.2 nm [42], the EF values were
obtained to be 7.27 × 104 for Sample A and 1.34 × 105 for Sample B, respectively. Sample B
was still favorable and SERS EF characteristics were in good agreement with previous results
obtained from aggregated nanoparticles [43,44].

Next, it is necessary to present Raman mapping data to prove the uniformity of SERS substrates.
Reproducibility in SERS detection was evaluated by 2D SERS mapping of 4-ABT in a square
area of 100× 100 µm2. Figure 5 shows the SERS mapping results and SERS intensities of 100
data points. For Sample A with a relatively sparse GNP distribution, relative standard deviation
(RSD) was determined to be 8.6%. On the other hand, for Sample B, RSD was significantly
decreased to be 5.5%. It is likely for Sample A that sparse and irregular GNP distribution with
non-uniform nanogap formation contributed to an increase of RSD [45], while closely packed
GNPs in Sample B was advantageous for realizing better spatial uniformity. Also note that no
Raman signal was obtained for bare gold substrate.

Finally, as for another detection scheme, SPR characteristics were measured by scanning
reflection angles before and after IgG binding reaction. Figure 6 presents SPR curves before
and after 500 nM IgG binding for bare gold film and Samples A and B. SPR angle shift was
determined to be for 0.41°±0.08° for Sample A, 0.59°±0.14° for Sample B, and 0.28°±0.01° for a
conventional thin gold film, respectively. The overall enhancement of GNP-based LSPR substrate
relative to a conventional SPR substrate was evaluated by the sensitivity enhancement factor
(SEF), defined as the ratio of resonance angle shift by the IgG target on a GNP-based LSPR sample
(∆θLSPR) to that on a control sample with no nanoparticles (∆θcontrol), i.e. SEF=∆θLSPR/∆θcontrol.
Using average value of ∆θcontrol = 0.28° and two ∆θLSPR data of Samples A and B, maximum
sensitivity enhancement of 211% was obtained for Sample B [46].

The plasmonic interpretation based on a surface-limited increase of interaction area and
excitation of LSPs could be adopted to explain the enhanced sensitivity. An increment of
interaction area, induced by GNPs on a gold film, resulted in an additional resonance shift in
response to the changes in local environments that surrounded the substrate surface. Moreover,
enhanced fields from excited LSP modes were attributed to the sensitivity enhancement [35,47].
An incident beam and propagating surface plasmons could directly interact through metallic
nanoparticles, which produced LSPs and hot-spots. The existence of plasmonic nanostructures
near a gold film lead to a perturbation of the dispersion relation dictated by a conventional SPR
structure and contributed to the sensitivity improvement by means of LSPs, although the LSP
modes often accompanied broad SPR curves.
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Fig. 5. Raman mapping images and SERS intensities obtained from SERS mapping images;
(a), (b) Sample A and (c), (d) Sample B

Fig. 6. SPR curves of a bare gold film and Sample A and B for IgG detection and the
averaged SPR angle shifts of (a) 0.28° for a bare gold film, (b) 0.40° for Sample A and (c)
0.59° for Sample B.

4. Conclusion

In this study, we presented SERS-LSPR detection platform by depositing gold nanoparticle
monolayer on a thin gold film with the aim of improving both sensitivity and reproducibility
performance. Using simple and cost-effective CSA technique, we successfully realized a stripe
patterns onto a hydrophobic gold surface. We found that distribution of GNP of stripe patterns
could be adjusted reliably through liquid level manipulation based on withdrawal rate control. In
both SERS and LSPR experiments, the proposed plasmonic substrates presented an enhanced
detection performance in sensitivity and reproducibility as well as in LOD and LOQ. We strongly
believe that our approach has a potential of contributing to the development of multifunctional



Research Article Vol. 29, No. 4 / 15 February 2021 / Optics Express 6186

biosensing platform with high sensitivity, reliability and reproducibility for expanding the range
of practical applications.
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