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ABSTRACT: The development of surface-enhanced Raman scattering (SERS) biosensor platforms based on the sandwich
combination of an SERS substrate and Raman reporter coated gold nanoparticle (AuNP) labeled with antibody has been widely
performed for highly sensitive detection of biomolecules. The size of biomolecules located between these SERS-active materials
dictates the sensitivity enhancement of the sensor. However, no suitable molecular size is provided. In this study, we report the gap-
dependent SERS enhancement model using the combination of two SERS-active materials of 2D arrays of gold core−silver shell
nanoparticles (Au@Ag core−shell NPs) as SERS-active substrates and mercaptobenzoic acid (MBA)-labeled AuNPs as SERS
probes. The distance between these two materials is finely tuned using layer-by-layer assembled polyelectrolyte multilayer films. The
morphology of the polyelectrolyte spacer is controlled into a droplet nanostructure, which is assumed to have a comparable shape
with globular biomolecules. The well-controlled height or thickness of polyelectrolyte nanodroplet was achieved by changing
number of deposition cycles. By increasing the thickness of the polyelectrolyte nanodroplet, MBA SERS intensities gradually
decreased until at 40 nm-thick nanodroplet film and maintained afterward. This spacer thickness defined the limit of plasmonic
coupling effect from this SERS probe−substrate combination. The SERS enhancement capability of this model was compared to
conventional SERS immunoassay using three different antigen−antibody complex sizes of prostate-specific antigen,
carcinoembryonic antigen, and carbohydrate antigen 19-9. Good agreement of the limitation of plasmon coupling as a function
of the distance between the SERS substrate−probe combination using this developed model and SERS immunoassay was found.
The finding provides valuable guidelines for immune-system selection in SERS immunosensors based on SERS substrate−probe
combination.

■ INTRODUCTION

Surface-enhanced Raman scattering (SERS) has been consid-
ered to be one of the most powerful vibrational techniques for
the highly sensitive detection of biological or chemical
molecules adsorbed on metal nanostructure substrates.1−5 The
SERS phenomenon was first discovered by Fleischman and co-
workers who reported extraordinary Raman signals of pyridine
molecules adsorbed on a rough silver electrode.6 Then, two
independent research groups of Van Duyne and Creighton
proposed an explanation of SERS enhancement, which was
affected by not only the large rough surface but also the
electromagnetic field and plasmonic field from nanostructures.

SERS enhancement could be explained by two SERS enhance-
ment mechanisms of electromagnetic enhancement (EM)7,8

and chemical enhancement (CM).9 The EMmechanism, which
is the main enhancement, originates from the oscillation of
electrons in the metal conduction band when nanomaterials are
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irradiated with proper excitation energy. The resultant
oscillation generates a strong electromagnetic field around the
nanoparticle surface so-called localized surface plasmon
resonance (LSPR). The LSPR excitation depends on the
absorption and scattering of resonant radiation, resulting in
strong plasmonic field at the nanostructure surface.10 The CM
mechanism, which is a minor enhancement, relates to the charge
transfer between Raman molecules and metal nanostructures.
The coexistence of the EM and CM enhancements is enabled in
significant amplification of Raman intensity of analytes. This
mechanism preferably occurs when Raman molecules are
directly adsorbed or closely located on the nanostructure
surface.11,12 The EM enhancement strongly relies on the
distance of the target molecule and plasmonic materials. The
relatively long-range effect of the EM mechanism allows analyte
molecules to be adsorbed directly and further away from the
surface in nanometer scale. This is a promising enhancement for
practical applications, especially in biosensors and bio-imaging.
It is well-known that the SERS intensity and sensitivity of
biosensors decrease as a function of distance away from the
plasmonic surface.13 Therefore, to recognize the great sensitivity
enhancement the understanding of gap distance effect should be
realized.
The investigations of distance-dependent SERS enhancement

have been widely reported by various approaches of distance
controllers. For example, Masango et al. reported the distance-
dependent characteristics of SERS signal of trimethylaluminum
(TMA) on silver film-over-nanospheres (AgFONs) as a
function of separation distance.14 The spacer between TMA
and the SERS substrate was controlled by depositing an Al2O3
layer on the AgFON substrate. The intensity of Al−CH3 andC−
H signals of the TMA molecule depended on short- and long-
range distance spacer. In addition, the distance-dependent
characteristics for SERS systems can also be observed by varying
interparticle spacing between two metal nanoparticles (NPs),
combination of metal NPs and metal film, and incorporation of
metal NPs andmetal NP arrays.When thosematerials are placed
in close proximity, the plasmon coupling of their plasmon
resonance can occur via near-field interaction.15,16 The coupled
NP-film platform has been used to investigate the sensitivity of
plasmon coupling as a function of separation distance. Mock et
al. used a flat polyelectrolyte film17 and Hill et al. utilized an
ultrathin molecule18 as a spacer between gold nanoparticles
(AuNPs) and the Au film substrates to reveal the interplay
between LSPR of AuNPs and that the surface plasmon polariton
of Au film was sensitive to the separation distance. Nguyen et al.
and Reinhard et al. reported the distance-dependence of metal
nanoparticles pairing with different spacers of DNA.19,20 The
significant blue shift of the plasmon resonance peak and the
decrease of SERS intensity indicated the lowering of plasmon
coupling between AuNPs at the long separation distance.21−23

Moreover, the sensitivity of SERS immunosensors changed
when the distance between two plasmonic nanomaterials was
varied. Nguyen et al. utilized Fab segment and whole antibody to
control the distance between the SERS substrate and SERS tags
to confirm the reduction of sensitivity as antibody length
increased.24 In addition, Karn-orachai et al. investigated the
increment of SERS immunosensor sensitivity enhancement by
using small antigen−antibody complexes compared to those of
large molecular sizes.25 These studies revealed useful
information for choosing suitable sizes of biomolecules in
SERS detection. However, the limitation of SERS enhancement
in each report was quite different because of the variation of

metal types, shapes, and metal compositions, and Raman
measurement conditions. Although, variousmodels for distance-
dependent SERS enhancement have been widely investigated.
Only continuous thin films of distance controlled over flat and
nanostructured substrates were fabricated, whose morphology
was unlike the globular shape of biomaterials. The plasmon
coupling effect with respect to the separation distance of both
platforms cannot be directly compared. However, the direct
comparison of plasmon coupling efficiency regarding the
globular-shaped gap spacer from the model and real
immunosensor has not been investigated.
In this study, the model for investigation of the plasmon

coupling efficiency as a function of separation distance between
the SERS substrate and the probe was studied. A polymer
multilayer film was created as a tunable spacer between the
SERS substrate−probe combination. The morphology of this
polymer film was controlled to be nanodroplet structure because
this structure was designed to mimic the globular morphology of
the antigen−antibody complex. The fabrication of polyelec-
trolyte nanodroplet arrays was achieved by introducing the
conventional layer-by-layer (LbL) assembly of the positively
charged polyallylamine hydrochloride (PAH) and negatively
charged polyacrylic acid (PAA) at a certain concentration on the
SERS-active substrate (2D arrays of gold core−silver shell (Au@
Ag core−shell NPs)). The gap spacer between the SERS
substrate−probe combination could be precisely controlled by
varying the thickness of the nanodroplet of polyelectrolyte
multilayers. The polyelectrolyte-deposited SERS substrates
could be applied in this study because no peak interferes with
the Raman signals of the Raman reporter molecules.26 The
SERS probes were the AuNPs labeled with mercaptobenzoic
acid (MBA), which are negatively charged particles. The self-
assembled SERS probe could electrostatically adsorb on the
PAH outermost layer of the SERS-active substrate. The decrease
of SERS intensity as a function of the separation distance
between the SERS substrate and the probe was related to the
decrease of plasmon coupling strength between the substrate
and the probes. This work presents experimental results of a
novel design to investigate the potential limits of SERS
enhancement in the combination of SERS substrates and the
probe. It is believed that this nanodroplet structure of
polyelectrolyte film on the substrates would mimic the
morphology of biomolecules deposited on that substrate in
SERS biosensor systems.27 Moreover, the SERS immunosensors
with three different sizes of antigen−antibody complexes of
prostate-specific antigen (PSA), carcinoembryonic antigen
(CEA), and carbohydrate antigen 19−9 (CA 19−9) were also
performed to compare the plasmon coupling efficiency. It was
found that the sensitivity enhancement decreases as the
molecular size of antigen−antibody complexes increased. This
finding can be used as a comparative model with the SERS-based
immunosensor for the prediction of the sensitivity enhancement
at a certain spacer distance and it is useful for selecting the size of
antigen/antibody in SERS immunosensors.

■ EXPERIMENTAL SECTION
Chemicals. Chloroauric acid (HAuCl4·3H2O), MBA, 16-mercap-

tohexadecanoic acid (MHDA), PAA (Mw 1.8 kDa), PAH (Mw 56
kDa), poly (dimethyl diallyl ammonium chloride) (PDADMAC,Mw≈
400−500 kDa, 20% in H2O), silver nitrate (AgNO3), sodium citrate,
ascorbic acid, dodecanethiol, octadecanethiol, (3-mercaptopropyl)
trimethoxysilane (MPTMS, 98%), sodium chloride (NaCl), potassium
chloride (KCl), sodium phosphate dibasic (Na2HPO4), and potassium
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phosphate monobasic (KH2PO4), 1-ethyl-3[3-dimethylaminopropyl]-
carbodiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS),
and bovine serum albumin (BSA) were obtained from Sigma-Aldrich.
Toluene and acetone were purchased from Carlo Erba. The
immunocomplex of PSA was obtained from Anogen and consisted of
PSA monoclonal capture antibody (MO-T40081A), PSA monoclonal
capture antibody (MO-T40081B), and PSA antigen (EL05−3). The
immunocomplex of CEA provided from Anogen comprises CEA
monoclonal capture antibody (MO-T40051A), CEA monoclonal
detection antibody (MO-T40051B), and CEA antigen (MA1009).
The immunocomplex of CA 19−9 received from Fitgeraldz comprises
CA 19−9 monoclonal capture antibody (10-CA19A, clone M201214),
CA 19−9 monoclonal detection antibody (10-CA19B, clone
M201213), and CA 19−9 antigen (30-AC14) All chemicals and
solvents were used as received without further purification. Distilled
water (18.2 MΩ. cm) was used in all experiments.
Fabrication of the SERS Substrate−Probe Combination. The

SERS substrate−probe combination was fabricated in three steps: (I)
SERS substrate fabrication, (II) formation of polyelectrolyte nano-
droplet on SERS substrates by LbL assembly, and (III) SERS probe
deposition. Each fabrication step was explained separately as follows
and a schematic illustration of each step is provided in Figure 1.
SERS Substrate Fabrication. A commercial 310−370 nm-thick

indium tin oxide (ITO) sputtered-glass substrate (50 × 50 × 0.7 mm3,
Lumtec, Luminescence Technology Corp (Lot No.G002-160325006))
was chosen as a solid supporter for further SERS substrate fabrication.
The ITO substrates were cut into square pieces of ∼1 × 1 cm2. The
substrates were sonicated in acetone and washed with deionized (DI)
water thoroughly followed by drying under nitrogen. The substrates
were thiolated by immersing in 1% v/v MPTMS in toluene for 24 h,
washed with methanol three times, and finally dried under nitrogen
blow. These thiolated ITO substrates were used for further arraying of
Au@Ag core−shell NPs by a sonication method.28

The sodium citrate-capped 40 nm Au core and 5 nm Ag shell
nanoparticles were synthesized by a seed-mediated growthmethod.29,30

The morphology and EDS mapping images of Au@Ag core−shell NPs
are shown in Figure S1. The Au@Ag core−shell NPs were capped with
a mixture of dodecanethiol and octadecanethiol (6:1 molar ratio).
These thiolated nanoparticles were dispersed in 2 mL of a 4:1 v/v
mixture of hexane and acetone. The details of the synthesis are shown in
ref 25. The solution was used to fabricate 2D arrays of Au@Ag core−
shell NPs on the ITO substrate by using a sonication method with a
minor modification.27 The ultrasonic bath obtained from Elmasonic S

30 H was used in the fabrication of this 2D array. The dried Au@Ag
core−shell NP powder (obtained from 30 mL of Au@Ag core−shell
NP colloid) was re-dispersed in 1 mL of n-hexane in a glass vial (inner
diameter = 2.3 cm) by sonication for several seconds. The MPTMS-
treated ITO substrate was put in the resultant dark brown suspension,
sonicated for 2 s and left for 2 s. The same steps were repeated 10 times.
After the previous sonication step, the substrate was kept immersed in
the suspension for 5 min, and then was moved to immerse in another
glass vial containing 1 mL of n-hexane followed by a second sonication
step for 10 s. Finally, a monolayer of Au@Ag core−shell NP arrays on
the ITO substrate was achieved. After the deposition process, the 2D
array samples were annealed at 60 °C overnight to introduce the
chemisorption of the Au-S bond. The substrates were kept under a
nitrogen box until further measurement.

Polyelectrolyte Nanodroplet Assembly on Substrates. In this
study, two kinds of substrates were utilized including Au film and SERS
substrates. Au film substrates were used as SERS-inactive materials,
whereas, Au@Ag core−shell NP arrays served as SERS-active
substrates. Before polymer deposition, these substrates were function-
alized with 15 mM MHDA in ethanol solution at 50 °C for 12 h to
introduce COOH ending groups at the outermost layer. To fabricate a
certain barrier between the SERS substrate and the SERS probe, a
sequential LbL deposition was performed based on our previous
report.31 TheMHDA-treated substrates were immersed in PDADMAC
solution (0.5 mg/mL, pH 6.0) for 10 min to introduce enough charges
on the substrates and the excess amount of polymer was washed by
immersing substrates into DI water under vigorous stirring for 10 min.
This substrate was soaked in PAA solution (0.5 mg/mL, pH 6) for 10
min and then washed with DI water for 10 min to remove the excess
PAH on the surface. After that, the sample was subjected to PAH
solution (0.5 mg/mL, pH 3.5) for 10 min and washed with DI water
while stirring for 10min (Figure 1). This step resulted in a single bilayer
or (PAA/PAH)n = 1 film. The deposition cycle was done alternately
between PAA and PAHuntil the desired thickness was obtained and the
substrate surface was covered with the positively charged PAH
outermost layer. The thickness of the polymers was measured from
dried samples using atomic force microscopy.

SERS Probe Deposition. First, 51 nm AuNPs were synthesized by a
seed-growth mediation method.25 Briefly, Au seeds (13 nm in
diameter) were synthesized by reducing 20 mL of 0.5 mM HAuCl4
with 1 mL of 38.8 mM sodium citrate and continued in boiling solution
at 100 °C for 30 min to complete the reaction.29 Then, 51 nm AuNPs
were synthesized by adding 0.6 mL of Au seed colloid into 34 mL of

Figure 1. Fabrication process of the SERS probe−substrate combination consisting of three steps: (I) SERS substrate fabrication, (II) nanodroplet
LbL assembly on SERS substrates, and (III) SERS probe deposition.

Langmuir pubs.acs.org/Langmuir Article

https://doi.org/10.1021/acs.langmuir.1c01556
Langmuir 2021, 37, 10776−10785

10778

https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.1c01556/suppl_file/la1c01556_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c01556?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c01556?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c01556?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c01556?fig=fig1&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.1c01556?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


deionized water in a vessel under constant stirring. After that, 0.8 mL of
20 mMHAuCl4 solution was added and subsequently 80 μL of 10 mM
AgNO3 solution was added. The solution was mixed for a few minutes
and finally, the ascorbic acid solution was added with a constant feeding
rate of 0.61 mL/min.29 The solution was continuously stirred for 5 min
after the ascorbic acid solution was added to complete the reduction
process. These AuNPs served as supporting material for Raman
reporter molecule functionalization. MBA was chosen to be a Raman
reporter. 8 μL of 1 mMMBA in ethanol solution was mixed with 1 mL
of Au colloid with optical density adjusted to unity under vigorous
stirring for 3 h at room temperature. The excess amount of MBA was
removed by two cycles of centrifugation at 6000 rpm for 5 min.
Hereafter, the MBA-AuNPs were called SERS probes.
Since the polyelectrolyte-coated SERS substrates and SERS probe

possessed positively and negatively charged nanomaterials, the SERS
substrate−probe combination was created by electrostatic attraction.
The corresponding substrates were immersed in SERS probe colloid
(absorbance at 548 nm, optical density = 2) for 30 min. Then, the
substrates were washed three times by rinsing with DI water and dried
under nitrogen blow. After this step, the SERS substrate−probe
combination was obtained. Figure 1 shows the fabrication process of
the SERS substrate−probe combination in this study.
Sandwich Immunoassay Protocol for PSA, CEA, and CA 19−9

Detections. The sandwich immunoassays for PSA, CEA, and CA 19−
9 detections were performed on the SERS substrates and Au film
substrates (reference substrates). The sandwich immunoassay protocol
was adapted from our previous report with minor modification.25

Before the immunoassay step, the MHDA-treated SERS and Au film
substrates were reacted with a mixed 15 mM EDC/NHS solution (1:1
v/v ratio) in a dark chamber for 30 min. The reaction was washed using
PBS solution for three cycles. In the immunoassay for all systems, 20 μL
of 1 μg/mL of capture antibody was dropped on the substrates and
incubated overnight at room temperature. Then, unbound antibodies
were washed by phosphate buffer saline solution (10 mM PBS, pH 7.4)
three times. The nonspecific binding sites were blocked with BSA,
which was conducted by immersing the substrates in a PBS solution
with 0.05% (w/v) BSA for 30 min. The free BSAs were removed by
rinsing with PBS solution. The immunosubstrates were stored in a PBS
solution at 4 °C until being used. The antigen immobilization was
performed by dropping 20 μL of antigen solution onto the
immunosubstrates and kept in a moist chamber at RT for 20 min.
The unbound antigen was removed by rinsing with PBS solution. Next,
20 μL of SERS probes conjugated with detection antibody was pipetted
onto the immunosubstrates, and the solution was kept on the substrates
for 30 min to complete the antigen−antibody binding. To remove
unreacted SERS probes, the substrates were rinsed sequentially with
PBS solution, and DI water and dried under N2 gas flow. Finally, the
Raman spectra of the samples were acquired.
Characterization. Scanning electron microscopy (SEM SU8230,

Hitachi) was used to examine the morphology and coverage of particles
on the samples. A UV−vis spectrophotometer (Lambda 650, Perkin
Elmer) was used to observe the optical property of the samples. UV−vis
spectra in the wavelength range of 300 to 800 nm were recorded with a
scanning step of 0.5 nm. Raman spectra of the SERS probe were
collected by a Raman spectrometer with a He-Ne laser (633 nm) and
charge-coupled device detector (NT-MDT NTEGRA spectra). The
633 nm excitation laser was focused on the substrate surface by a 40×
objective lens with a numerical aperture of 0.65 and the laser power at
the sample surface was 100 μW. Raman shift spectra in the range of
300−2000 cm−1 were obtained with 10 s acquisition time. Typically,
five spectra were averaged to improve the signal-to-noise ratio. For
Raman mapping measurement, 100× objective lens (NA 0.85) was
used to focus the laser on the sample surface. The Raman mapping
image was built by integrating the major Raman signal of MBA at 1080
cm−1 from 50 × 50 μm2 analysis area of point-by-point scanning. The
exposure time was fixed to 1 s and resolution of mapping image was 64
× 64 pixels. Moreover, atomic force microscopy (AFM 5300E, Hitachi)
was used to determine polymer thicknesses. The standard dynamic
tapping mode was conducted under vacuum by using a cantilever with a

spring constant of 33 N m−1. The resolution of images was fixed at 512
× 512 and the scan rate was 0.3 Hz.

■ RESULTS AND DISCUSSION
Optimization of Concentrations of Polyelectrolytes.

The concentration of polyelectrolyte solution is a crucial factor
for nanodroplet polyelectrolyte multilayer (PEM) film for-
mation on SERS substrates. In this study, the concentration of
PDADMAC, PAA, and PAH was varied in the range of 0.5 to 2
mg/mL. The polymers were deposited for 9 to 33 bilayers for
investigating the concentration effect as a function of polymer
thickness. After the drying process, these polymer-coated
substrates were characterized using SEM to investigate the
morphology of the polymer on SERS substrates. Figure 2 shows

SEM images of the (PAA/PAH)n = 9−33 film deposited on SERS
substrates with different concentrations of polyelectrolytes. It
was found that the morphology of thin (PAA/PAH)n < 20 films
on SERS substrates with three different polyelectrolyte
concentrations appeared almost the same. It showed non-
contiguous polymer nanodroplets and cobweb-like structures on
the substrates as seen in the growth of polymer film on the SERS
substrates in SEM images. These structures were originated
from dewetting of liquid polyelectrolyte solution on the SERS
substrates.32 On the other hand, the morphology variation of
thicker (PAA/PAH)n > 20 films was observed. The nanodroplet
structure of the polyelectrolyte concentration of 0.5 mg/mL and
continuous film with cracks or coalesced droplets at higher
concentrations of polyelectrolytes (1 and 2 mg/mL). For a low
polyelectrolyte concentration of 0.5 mg/mL, the nucleation of
the nanodroplet in an early stage (PAA/PAH)n < 20 of
deposition was formed, resulting from spinodal dewetting.32

Figure 2. SEM images of (PAA/PAH)9−33 film deposited on SERS
substrates with different concentrations of polyelectrolytes. Schematic
illustration of polymer films with three polymer concentrations at 33
bilayers on SERS substrates.
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These nanodroplets served as templates for further alternate
adsorption of oppositely charged polyelectrolytes to finally
produce larger nanodroplets on the SERS substrates. The
dewetting behavior occurred promptly at this condition, which
was in good agreement with previous reports. The higher
polyelectrolyte concentrations (1, 2 mg/mL) gave relatively flat
thin films, unlike the low concentration of 0.5 mg/mL. The
schematic of polymer film formation at different polyelectrolyte
concentrations and numbers of (PAA/PAH) bilayers is shown
in Figure 2.
In addition, the formation of polyelectrolytes nanodroplets

was performed on both SERS and Au film substrates to compare
the effect of roughness of the substrates. The thick (PAA/
PAH)n=33 films were used to compare nanodroplet morphology
on both substrates because the nanostructure was observed. It
was found that the morphology of (PAA/PAH)n = 33 film on
both SERS and Au film substrates was the same as those shown
in Figure 2 and S2, respectively. It was confirmed that the
dewetting behavior of polyelectrolytes took place on both
nanorough and flat substrates. In comparison to all PEM
structures on substrates, (PAA/PAH)n films at the concen-
tration of 0.5 mg/mL showed interesting nanostructures. This
nanodroplet polyelectrolyte was easily built up by an alternate
dip-coating method. Polyelectrolyte dewetting enabled to
produce a large area of uniform nanodroplets on the substrates.
Therefore, this condition was chosen to further study in more
detail.
Physical Properties of Polyelectrolytes Nanodroplets

at a Concentration of 0.5 mg/mL on SERS Substrates.
The characteristics of polyelectrolytes nanodroplet films

including morphology, thickness, and diameter of nanodroplet
were investigated from dried polymer films on SERS substrates
using AFM and SEM. The evolution of polymer nanodroplet
thickness and diameter as a function of the number of PAA/
PAH bilayers was studied. The SEM images of the entire
fabrication of polyelectrolyte nanodroplet on SERS substrates at
0 to 45 bilayers are provided in Figure S3. The diameter and
height of isolated nanodroplets were gradually increased as the
increment of deposition cycles (Figure S3). Interestingly, the
diameter of nanodroplets was decreased again after the
deposition cycle increased up to 45 bilayers. This is because
the new small nanodroplets were built up again on the
continuous film with cracks at 42 bilayers of the PAA/PAH
film (Figure S3). Moreover, the particle size distribution of the
polyelectrolyte nanodroplet at 21 to 45 bilayers was also
analyzed from 100 different droplet nanostructures from SEM
images. Figure S4 reveals the histogram of size distributions of
polyelectrolyte nanodroplets at 21 to 45 bilayers on the SERS
substrates. It was found that the nanodroplets were not entirely
uniform for all thicknesses of polyelectrolyte nanodroplets. The
uniform polyelectrolyte nanodroplets with narrow size distri-
bution were found for 21 and 45 bilayers, which have a small
particle size. However, the increment of deposition cycles (27 to
39 bilayers) gave a broad size distribution of polyelectrolyte
nanodroplets.
Figure 3(a) exhibits the double y-axes: thickness (on the left)

and diameter of nanodroplet (on the right) versus numbers of
PAA/PAH bilayers. The thickness and diameter of each droplet
were estimated from AFM and SEM images, respectively. The
AFM topography and height profile images of polyelectrolyte

Figure 3. (a) Plot with double y-axes: thickness (on the left) and diameter of nanodroplet (on the right) versus the number of PAA/PAH bilayers.
Dashed line represents the linear range from 21 to 45 bilayers with R2 of 0.97. (b) Growth model of polyelectrolyte nanodroplet on the SERS substrate.

Figure 4. (a) Raman spectrum of MBA-AuNPs. Inset shows a SEM image of the corresponding AuNPs having 51 ± 4 nm average diameter. (b)
Extinction spectra of the as-prepared AuNPs and MBA-labeled AuNPs.
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nanodroplet-coated SERS substrates are shown in Figure S5.
The diameter and height of nanodroplets were averaged from 50
different nanodroplets. Since the nanodroplet structure was
observed from 21 to 45 bilayers, the characteristics diameters of
the (PAA/PAH)n = 21−45 film were plotted as a function of
numbers of (PAA/PAH) bilayers. The linear relationship
between thickness and the number of PAA/PAH bilayers was
in the range of 21 to 45 PAA/PAH bilayers, which was fitted as y
= 1.7x− 8, R2 = 0.97. The increment of thickness corresponds to
the molecular arrangement of the polymer chain on the
substrate. The thickness of PDADMAC pretreatment was also
included in the obtained thickness from AFM image analysis.
According to the thickness result from linear regression, the
average thickness of one bilayer was determined to be 1.7 ± 0.4
nm. In addition, the measured diameter of polyelectrolyte
nanodroplets increased as the number of deposition steps
increased from 21 to 39 bilayers and decreased at 45 bilayers.
Illustrations shown in Figure 3(b) represent top and side views
of the growth model of these polyelectrolytes nanodroplet films
on SERS substrates, respectively. Because of the advantages of

the LbL process being easy and offering precise control of the
film thickness, this method was chosen to make a controllable
surface barrier between SERS-active substrate and the probe by
varying the number of deposited PAA/PAH bilayers on the
SERS-active substrate.

Characterization of SERS Probe. The physical properties
of the SERS probe were characterized by SEM and Raman
spectroscopy. Figure 4(a) shows the Raman spectra of AuNPs
labeled with MBA. The characteristic Raman peaks of MBA-
labeled AuNPs were found at 1079 and 1587 cm−1, which
corresponded to benzene ring breathing and CC ring
vibration mode, respectively.33−35 These intense peaks were
used to determine the plasmon coupling efficiency between the
SERS substrate and the probe when the spacer distance was
varied. The SEM image of the SERS probe is shown in Figure
4(a, inset). They were spherical with a uniform size of 51± 4 nm
average diameter. The extinction spectra of 51-nm-AuNPs and
MBA-labeled AuNPs are shown in Figure 4(b). The maximum
plasmon band attributed to the LSPR of bare AuNPs, and SERS
probe was located at 532, and 543 nm, respectively. A redshift of

Figure 5. (a) Relationships between the averaged intensity of Raman signals of SERS probe and numbers of PAA/PAH bilayers on non-SERS
substrate: Au film (■ at 1080 cm−1) and SERS substrate (● at 1080 cm−1). (b) Extinction spectra of SERS substrate−probe combination at different
numbers of PAA/PAH bilayers. (c) 2D distribution of hotspot localization of the SERS substrate−probe combination at different numbers of PAA/
PAH bilayers.
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LSPR was found after deposited MBA molecules on AuNPs
through Au-S linkage because of a change of the refractive index
in the AuNP colloids.
Dependence of SERS Enhancement on the Distance

Separation between the SERS Substrate and the Probe.
It has been reported that the strength of the electromagnetic
field produced from the substrate decreases with increasing
distance away from the surface.17,20,21 To explain this
phenomenon, it was hypothesized that polyelectrolyte nano-
droplets dictated the gap size, thereby controlling the SERS
signal and enhancement. The distance between the SERS
substrate and the probe was controlled by changing the
thickness of the polyelectrolyte nanodroplet structure to fine-
tune the strength of plasmon coupling between those SERS-
active materials. The SERS probe directly situated on the
polyelectrolyte nanodroplet-coated SERS substrate via electro-
static attraction force. The SERS probe-polyelectrolyte nano-
droplet-coated SERS substrate system so-called SERS sub-
strate−probe combination was constructed. To have different
spacers, the thickness of polyelectrolyte nanodroplet was
adjusted in the range of 17 to 71 nm, which corresponded to
9 to 45 PAA/PAH bilayers. Raman spectroscopy, UV−vis
spectrometer, and SEM were conducted to investigate the
properties of this model. Polyelectrolyte-coated SERS substrates
had no interference signal, which did not change both Raman
signals as seen in the similar pattern of SERS spectra from both
SERS substrate−probe combination and individual SERS probe
(Figure S6). Moreover, the MBA intensity from SERS
substrate−probe combination was much higher than that from
only the SERS probe because SERS substrate−probe combina-
tion provides strong electromagnetic field enhancement to
emphasize the MBA signal.
Before determination of the plasmon coupling efficiency as a

function of separation distance from the SERS-active substrates,
a similar experiment was also performed on a flat Au film as a
reference. The SERS probe was coated on polyelectrolyte
nanodroplet-coated SERS and Au film using different PAA/
PAH bilayers from 3 to 45 bilayers. The Raman signal of MBA
on both SERS and Au film substrates was monitored and
compared. The representative SERS spectra on both SERS and
Au substrates are shown in Figure S7. The corresponding SEM
images of SERS substrate−probe combination at different
thicknesses of polyelectrolyte layers are shown in Figure S8.
Figure 5(a) shows a plot between MBA intensities at 1080 cm−1

against the number of PAA/PAH bilayers, which represents the
distance separation between the SERS probe and substrates. For
the reference system (Au film), the Raman intensities at 1080
cm−1 of the SERS probe deposited on PAA/PAH bilayer treated
Au film were not varied with the change of polymer thickness. It
indicates that no influence of the separation distance on the
intensity of SERS probe-Au substrate combination. In the case
of SERS substrate−probe combination, the intensity of MBA
was gradually decreased with increasing number of PAA/PAH
bilayers. The strong electromagnetic field coupling between the
SERS probe and the SERS substrate occurred when a small
number of PAA/PAH bilayers was deposited as intense MBA
intensity. The less plasmonic coupling between the SERS probe
and the SERS substrate was found by observing low MBA signal
when thick polymer nanodroplet was used as a barrier on the
SERS substrate. The SERS intensity of MBA molecules trailed
off at 33 (PAA/PAH) bilayers (45 nm), which defined the limits
of plasmon coupling efficiency from this combined SERS
substrate and probe. After the distance separation was over 45

nm, no coupling or fewer SERS-enhancing effects were found
because of too far distance. Our findings showed the same trend
as previous reports that studied the SERS intensity reduction of
metal nanoparticle pairs against separation distance controlled
by DNA.19,20 However, the limitation of plasmon length
obtained from this study was different from other reports
because of the different SERS systems including particle size of
AuNPs, type of Raman reporter molecule, and detection
conditions.
The evidence to confirm the plasmonic coupling in the SERS

substrate−probe combination was revealed by monitoring the
plasmon shift as a function of the number of PAA/PAH bilayers
using UV−vis spectroscopy. To confirm that the plasmon shift
comes from the increment of separation distance, extinction
spectra of the as-prepared, and polyelectrolyte-coated SERS
substrates were measured. Both substrates gave comparable
spectra with the same absorptionmaxima at 638 nm (Figure S9),
indicating that polyelectrolyte nanodroplet does not affect the
plasmon resonance of SERS substrate. After SERS substrate−
probe combination was fabricated, plasmon resonance inter-
action was monitored by investigating the LSPR wavelength
shift of the SERS substrate. As our substrate comprising of Au@
AgNPs arrays, polyelectrolyte layer, and SERS probes, the
absorption peak of this substrate would affect by the plasmon
resonance of both SERS substrate and probe. Therefore, the
detected spectra will be the superposition of both components
with various separation distances. Figure 5(b) shows the
extinction spectra of SERS substrate−probe combination at
various thicknesses of polyelectrolyte nanodroplets. As the
thickness of polyelectrolyte nanodroplet increased from 0 to 15
bilayers, the LSPR of SERS substrate slightly shifted to longer
wavelength (from 638 to 651 nm). It is caused by the strong
plasmon coupling between SERS substrate and probe. This
behavior was also found byWu and coworkers.36 They observed
the coupling of plasmon oscillation of two adjacent AuNPs via
near-field interaction, which showed that LSPR shifted to longer
wavelength comparing with the LSPR of individual AuNPs. The
LSPR of SERS substrate−probe combination having (PAA/
PAH)n = 18−33 films was slightly redshifted from 651 to 633 nm,
indicating the reduction of plasmon coupling between the SERS
substrate and probe regarding the separation distance between
the SERS substrate and probe.37 Then, a large blue shift to∼614
nm in plasmon band of SERS substrates was induced after
increase of number of PAA/PAH films from 36 to 45 bilayers.
The thick distance controller could conceal the electromagnetic
coupling. Zeng and coworkers have reported the blue shift of
plasmon resonance of Au nanodiscs (75 nm in diameter) when
the interparticle spacing between nanodiscs was fixed from 35 to
160 nm. The blue-shift LSPR of Au nanodiscs is caused by the
generation of bonding and antibonding from LSPR hybrid-
ization and electrostatic repulsion force.38 The trend was
consistent with that observed exponential reduction of MBA
signal from Raman measurement. Owing to the nature of
electromagnetic near-field concentration at the SERS substrate
surface, the limitation of plasmon coupling was defined by the
separation distance of polyelectrolyte nanodroplet.
Moreover, the electromagnetic field distribution of this

system was proved by performing Raman mapping measure-
ment. It is supposed that the enhancement efficiency of the
SERS substrate will be predicted from the SERS hotspot
localization on the SERS substrate. Raman measurement was
performed using SERS substrate−probe combination under
dried condition. The Raman mapping image shows the

Langmuir pubs.acs.org/Langmuir Article

https://doi.org/10.1021/acs.langmuir.1c01556
Langmuir 2021, 37, 10776−10785

10782

https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.1c01556/suppl_file/la1c01556_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.1c01556/suppl_file/la1c01556_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.1c01556/suppl_file/la1c01556_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.1c01556/suppl_file/la1c01556_si_001.pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.1c01556?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


localization of strong and weak electromagnetic field regions of
each model coated with different thicknesses of polyelectrolyte
nanodroplet. The Raman signal at 1080 cm−1 of MBA molecule
deposited on the SERS probe was used to track the hotspot
region. Figure 5(c) illustrates the 2D distribution of hotspot
localization of the SERS substrate−probe combination at
different numbers of PAA/PAH bilayers. The bright region of
the Raman mapping image corresponds to the SERS hotspot
localization or high SERS intensity. The hotspot of this sample
was generated by plasmon coupling of electromagnetic fields
originated from both SERS substrate and probe. It was found
that the hotspot density decreased with increasing numbers of
PAA/PAH bilayers. The Raman signal of substrate−probe
combination using thin PAA/PAH bilayers was more intense
than that using thin PAA/PAH bilayers. This confirmed that the
propagation of the electromagnetic field strongly depends on the
separation distance.
Comparative Study of SERS Enhancement from

Nanodroplet-Coated SERS Substrate and SERS Immu-
nosensors at Certain Spacer Distances. To compare our
findings to typical SERS immunosensors with different distance
spacers between the SERS substrates and probes, sandwich
antigen−antibody complexes with different molecular sizes were
utilized for SERS immunosensor fabrication. Three types of
sandwich antigen−antibody complexes with different sizes of
antigen of PSA, CEA, and CA19−9 were selected to compare
with the corresponding polyelectrolyte nanodroplet spacers at
21, 27, and 33 PAA/PAH bilayers. The distance spacer in SERS
immunosensors was defined by the molecular size of each
biomolecule in the sandwich complexes, which is assembled in
the vertical axis of the capture antibody−antigen-detection
antibody. The molecular size estimation of antigen−antibody
complexes was calculated according to the previous report.25

Typically, the intact antibody has a molecular weight of 150 kDa
with approximately 13 nm length. The antigen for PSA, CEA,

and CA 19−9 has a molecular weight of about 34, 180, and 210
kDa, which is assumed to have the molecular size of about 2.9,
15.6, and 18.2 nm in length, respectively. Therefore, the total
size of sandwich immunocomplexes for PSA, CEA, and CA 19−
9 is approximately about 28.9, 41.6, and 44.2 nm. The SERS
enhancement obtained from the average thickness of nano-
droplets at about 29, 41, and 45 nm from 21, 30, and 33 bilayers
was selected to compare with the sensitivity enhancement
obtained from SERS immunosensors. It was believed that the
morphology of this polyelectrolyte nanodroplet and sandwich
immunocomplexes was comparable since the structure of both
nanodroplet and antigen−antibody complexes were assumed to
have a globular shape.
The sensitivity study of SERS immunosensors of those

selected antigen−antibody complexes was performed by
measuring MBA signal on SERS probe after the final step of
immunoassays. For sensitivity study, different concentrations of
the PSA, CEA, and CA 19−9 antigens were prepared via serial
dilution into a final concentration range of 1 ng/mL to 1 pg/mL
for PSA andCEA systems and 10 to 40 unit (U)/mL for CA 19−
9 immunoassay. This concentration range was selected to
perform SERS immunosensors because it was slightly lower than
the normal range at 4 ng/mL, 2.5−5 ng/mL, and 37 U/mL for
PSA, CEA, and CA 19−9, respectively.39−41
The representative SERS spectra of PSA, CEA, and CA 19−9

immunoassay systems with different antigen concentrations on
both SERS and Au film substrates are shown in Figure S10. The
sensitivity curves were obtained by plotting the intensity of the
1080 cm−1 band as a function of the concentration of antigen
protein. The sensitivity curves of PSA, CEA, and CA 19−9
immunoassay systems with different antigen concentrations on
both SERS and Au film substrates are shown in Figure 6(a-c).
The sensitivity enhancement of each immunoassay was
calculated by the slope from SERS systems divided by the
slope from the Au film system. It was found that the sensitivity

Figure 6. Sensitivity curves of sandwich-based SERS immunosensors for (a) PSA, (b) CEA, (c) and CA 19-9 performed on SERS (circle) and Au film
substrates (square).Dashed lines are obtained by the method of least squares.
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enhancement of PSA on SERS substrate was approximately
three times higher than that on Au film substrate. Moreover, low
sensitivity enhancement of about 2 and 1.6 times was achieved
from CEA and CA 19-9 immunoassay, respectively, by
comparing sensitivity from SERS and Au film system. As the
size of immunocomplexes increased more than 40 nm, no
significant SERS sensitivity amplification compared to the flat
Au substrates was found. It indicates that the distance between
the analyte and the SERS substrate is too large to produce
enough SERS-enhancing effect. These findings proved that the
sensitivity enhancement is strongly related to the size of
immunocomplexes. Based on the discussion above, the
combination of SERS substrate and the probe showed a good
enhancement in the immunosensor application with biomo-
lecular size up to 40 nm. However, the sensitivity enhancement
from the immunoassay system could not be directly compared to
the enhancement achieved from the model of the SERS
substrate−probe combination. It was because the density of
biomolecule and polyelectrolyte nanodroplet was not the same,
which strongly affected the density of probe and SERS
enhancement. Notwithstanding, a similar trend of less SERS
enhancement and low sensitivity amplification was found at
larger spacer (>40 nm) between the SERS probe and the
substrate. These findings confirmed that the polyelectrolyte
nanodroplet and biomolecular size in immunoassays dictate the
gap size, which affected the SERS signal and enhancement.

■ CONCLUSIONS

The distance-dependence SERS enhancement model was
successfully fabricated by electrostatic attraction force of three
components including Au@Ag core−shell NP array substrate,
polyelectrolyte nanodroplet, and MBA coated AuNPs. The
polymer with droplet morphology was controlled by using a
proper concentration of polyelectrolyte solution (0.5 mg/mL).
The thickness of nanodroplet multilayers was tuned by varying
alternate adsorption of oppositely charged polyelectrolytes. The
polyelectrolyte nanodroplet was recognized as a well-controlled
linker between two SERS-active materials for understanding the
strength of plasmon coupling between those SERS-active
materials. The distance-dependent SERS enhancement model
was constructing through alternated electrostatic deposition of
polyelectrolytes on charged SERS substrates followed by
dipping in negatively charged SERS probe. By considering the
relationship between MBA intensities of the SERS probe as a
function of the number of PAA/PAH bilayers on the substrate,
the SERS intensity gradually decreased with increasing
separation distance (thickness of PAA/PAH bilayers) between
the SERS probe and the substrate. The plasmon coupling was
negligible when the distance separation between the probe and
substrate was longer than 45 nm or 33 PAA/PAH bilayers.
Moreover, the combination of the SERS substrate and probe was
also used for demonstrating three types of sandwich immuno-
assays, which have an antigen size about 2.9, 15.6, and 18.2 nm
for PSA, CEA, and CA 19−9, respectively. A sandwich
immunoassay consists of two antibodies and one antigen, the
total size of sandwich immunocomplexes for PSA, CEA, and CA
19−9 was about 28.9, 41.6, 44.2 nm, respectively. The highest
SERS amplification was found when using the smallest antigen
size (PSA system). The less sensitivity enhancement was
obtained when the antigen−antibody complex size was larger
than 40 nm, which showed good agreement of plasmon coupling
capability as obtained from this developed model. This finding

can be useful to explain the limitation of targeted biomaterial
size that was applied between SERS probe-SERS substrate.
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