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We developed a simple electrostatic self-assembly strategy to fabri-
cate a kind of 2D Janus PS@Au nanoraspberry photonic-crystal array
with a compelling near-infrared (NIR) SERS performance. Due to the
opposite charges, the small positively-charged Au nanoparticles could
effectively self-assemble on the 2D larger negatively-charged poly-
styrene (PS) latex photonic crystal. The number of Au nanoparticles
deposited on the PS latex was highly controllable after tuning the
ionic strength of the Au nanoparticle solution. These Janus PS@Au
nanoraspberry arrays demonstrate a strong NIR-SERS activity with the
enhanced factor up to 1.44 x 10° and an ultra-low molecular detec-
tion limit of 10~** M. The strongly-enhanced NIR-SERS performance is
ascribed to the high density of hotspots formed in the unique Janus
nanoraspberry structure and the photonic-crystal structure. With the
simplicity of the electrostatic self-assembly strategy, the uniformity
and tunability of the NIR-SERS activity, we envision that this work not
only provides a new way for the fabrication of NIR-SERS substrates
but also paves the way for bridging the light coupling with the matter,
particularly in the NIR wavelength region.

Introduction

Surface-enhanced Raman scattering (SERS) is a powerful non-
destructive analysis technique based on its unique molecular
fingerprint recognition,"” which has been broadly applied in
biosensing,* environmental monitoring,’ medical diagnoses,””®
chemical reaction monitoring,”'® and so on."'* In decades,
achieving a superior SERS activity has been dominantly relied
on the plasmonic nanostructures (i.e., Au and Ag particles) by
taking advantage of the localized surface plasmon resonance
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(LSPR) property.'*'* Moreover, it preferentially requires the match-
ing of the LSPR extinction position with the incident laser wave-
length to excite the strongest electromagnetic field (known as the
‘hotspot’)."> > As the LSPR extinction position of noble-metal
nanoparticles (i.e., Au nanoparticles) is essentially located in the
visible wavelength region, visible-wavelength lasers are thus con-
sidered and widely used as the excitation light source. While the
use of visible-wavelength lasers has some limitations, such as a
short penetration depth in tissues and the signal overwhelmed by
the fluorescent background.** To compensate these shortcomings,
increasing attention has been focused on tuning the LSPR position
of noble-metal nanostructures into the near-infrared (NIR) region
that can realize a NIR-SERS activity, such as tuning the nanostruc-
tures into anisotropic nanorods, nanostars,”>>” nanoshells, or
porosity.**° Although these nanostructures demonstrate a well-
performed NIR-SERS property, their SERS enhancement factors
(EF) still need to be improved due to the low density of ‘hotspots’
generated in these discrete nanostructures.

Assembling the plasmonic nanoparticles into two-dimensional
(2D) periodic arrays is a simple and efficient way to boost the
‘hotspot’ density because numerous uniform interparticle gaps
are formed in the array, which trigger a highly collective-enhanced
electromagnetic field through the near-field plasmonic coupling
effect.®’* However, the controllable self-assembly of the well-
ordered array is always challenging due to massive defects,
dislocations and crystal domains emerged during the assembly,
particularly when assembling anisotropic nanostructures. These
severe spatial defects then result in an unpredictable redshift
evolution and broadening of the LSPR extinction position in the
assembled arrays, which make it extremely difficult in matching
with the NIR-laser wavelength to achieve an excellent NIR-SERS
activity. Therefore, it is urgent to develop an alternative way that
can bridge the coupling between the NIR-laser light and the
optical properties of the assembled arrays.

Photonic crystals with photonic bandgaps for enhancing the
SERS performance have been flourished in recent years**>” as
the bandgaps can guide, localize and manipulate the incident
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light.?"3%3%3% For example, Qi et al reported that the TiO,
inverse opal photonic crystal structure was directly used as a
SERS substrate.’” Chen et al. achieved an outstanding SERS
enhancement by simply sputtered silver islands on silica
photonic crystals.”" All proved that photonic crystals provide
an alternative platform for improving the SERS performance
based on the enhanced light absorption around the edge of the
photonic bandgap. However, current studies are still focused
on visible-wavelength laser excitation. Implementing photonic
crystals into 2D-assembled plasmonic arrays might fill the
coupling blank in the NIR region, but remains elusive so far
due to lack of a controllable self-assembly strategy.

Herein, we design a kind of 2D Janus PS@Au nanoraspberry
photonic-crystal array that can demonstrate a compelling
NIR-SERS performance with highly tunable and reproducible
scattering. This kind of Janus PS@Au nanoraspberry array is
achieved by simply engineering the electrostatic self-assembly
of small positively-charged Au nanoparticles on a 2D larger
negatively-charged polystyrene (PS) latex photonic crystal.
Further tailoring the ionic strength of the Au nanoparticle
solution could realize the controlling of the number of Au
nanoparticles adsorbed on the PS latex in the array. When each
PS latex was fully covered with a close-packed monolayer of Au
nanoparticles, the PS@Au nanoraspberry array demonstrated
the strongest NIR-SERS activity with an enhanced factor up to
1.44 x 10° and an ultra-low molecular detection limit of 10~"
M. The reason for the highly-enhanced NIR-SERS performance
is ascribed to the high-density hotspots of the 2D photonic
crystal. This work can not only provide a simple strategy to
fabricate NIR-SERS substrates but can also pave a way for
enhancing the coupling interaction between light and matter,
particularly in the NIR wavelength region.

Results and discussion

2D Janus PS@Au nanoraspberry photonic-crystal array

Fig. 1a shows the digital photographs of the assembled PS@Au
nanoraspberry photonic-crystal array observed from different
angles. The color displayed from the PS@Au nanoraspberry
array is angle-dependent, indicating that the PS@Au array
retains the photonic crystal arrangement after the self-
assembly.*? Fig. 1b presents the typical SEM image of the 2D
PS photonic crystal array with a diameter of 500 nm in a
hexagonally close-packed (HCP) arrangement used for the
electrostatic self-assembly, which was fabricated through the
air/water interfacial self-assembly.®'*2%43~%5 Fig. 1¢ and d show
the SEM images of the PS@Au nanoraspberry photonic-crystal
array, where the small Au nanoparticles (55 + 5 nm, as
confirmed from the TEM image in the Fig. S1, ESIf) are
adsorbed on each PS latexes through the electrostatic attraction
force, forming a monolayer of Au nanoparticles densely covered
the upper hemisphere of the PS latexes. This PS@Au nanor-
aspberry photonic-crystal array still maintained the hexagonal
close-packed arrangement after the self-assembly (the low-
magnification SEM images of the PS array before and after

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Materials Advances

90 ° 80° 70 50° 30° 20° 100 fem
—

|8

— AuNPs
——PS@AuNPs amay

Reflection Intensity (%)

Absorbance Intensity (a.u.)

&

& & £

% 7o g
Wavelength (nm) Wavelength (nm)

Fig.1 (a) Digital photographs of the 2D Janus PS@Au nanoraspberry
photonic-crystal array observed from different angles. (b—d) SEM images
of the PS photonic crystal array before (b) and after (c and d) the
electrostatic self-assembly. (e) The cross-sectioned SEM image of
the Janus PS@Au nanoraspberry photonic-crystal array, and inset showing
the corresponding TEM image. (f) The absorption spectrum of the PS
array, the colloidal Au nanoparticle solution and the Janus PS@Au
nanoraspberry array. (g) The reflection spectrum of the PS array and
PS@Au NP PC array.

loading Au nanoparticles, as shown in Fig. S2, ESIt), which was
well consistent with the photonic crystal color in Fig. 1a. The
interparticle gaps formed between the adjacent Au nano-
particles can induce a strong near-field plasmonic coupling,
which then will provide a greatly-enhanced electromagnetic
field for the SERS activity."> Further cross-sectioned SEM
image (Fig. 1e) and TEM image (inset in Fig. 1e) confirm that
the Au nanoparticles are densely deposited on the upper hemi-
sphere of the PS latexes, forming a Janus-like nanoraspberry
structure.

Fig. 1f compares the absorption spectrum of the PS@Au
nanoraspberry array with the pure PS array and the colloidal Au
nanoparticle solution. It can be found that the pure PS arrays
did not have any absorption peak, and the colloidal Au nano-
particles possessed one sharp LSRP extinction peak centered at
520 nm. While for the assembled PS@Au nanoraspberry array,
besides the slightly-shifted LSPR extinction peak of Au nano-
particles, it exhibited a wide and broad extinction peak ranging
from 650 nm to 900 nm. The slight shifting of the LSPR peak is
attributed to the dielectric constant change around the Au
nanoparticles, and the emergence of a broad extinction can
be ascribed to the interparticle plasmonic coupling among the
adjacent Au nanoparticles absorbed on the PS latexes. Fig. 1g
presents the reflectance spectrum of the PS@Au nanoraspberry
array before and after the electrostatic self-assembly. Evidently,
with the Au nanoparticles absorbed on the PS latexes, the
scattering of the PS photonic crystal array was strongly
enhanced due to the strong cross-sectional coefficient of Au
metal.** Moreover, for these Au nanoparticles deposited on the
photonic crystal array, the photonic bandgaps of the array will
enhance the multiple scattering of the light among the Au
nanoparticles, which will further improve the SERS activity.***®
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Therefore, 2D Janus PS@Au nanoraspberry photonic-crystal
arrays have been fabricated through an electrostatic self-
assembly process, which demonstrated a strong near-field
plasmonic coupling and enhanced reflective scattering.

The electrostatic self-assembly mechanism

Since the surfactant ligands for the PS latexes and the Au
nanoparticles were the sulfonate group and the PDDA with
the amino group, respectively, they demonstrated the opposite
surface charges in an aqueous solution. The zeta potentials of
the PS latexes and Au nanoparticles were —27 mV and 20 mV,
respectively, as confirmed in Fig. S3 in ESL.{ By design of the PS
latexes and the Au nanoparticles with opposite charges, the
self-assembly of the 2D Janus PS@Au nanoraspberry photonic-
crystal array can be achieved through an electrostatic
interaction, where their possible electrostatic self-assembly
mechanism is illustrated in Fig. 3. Initially, when the PS
photonic-crystal arrays were immersed in the aqueous Au
nanoparticle solution, the Au nanoparticles will be sponta-
neously adsorbed to the PS latexes through an electrostatic
attraction (Fig. 2a). While on the other hand, with the Au
nanoparticles gradually absorbed on the PS latexes, they will
neutralize the surface charges of the PS latex array, turning the
electric double layer around the PS latexes from negative to
positive charge. This positive double-layer then builds an
electrostatic-repulsion potential barrier, which prevents further
absorption of the Au nanoparticles. In that case, only a few Au
nanoparticles can be sparsely absorbed on each PS latex in the
array (Fig. 2b). According to the DLVO (Derjaguin, Landau,
Verwey and Overbeek) theory, the electrostatic potential barrier
is correlated with the ionic strength of the aqueous solution
(see ESIt for more details). A simple and well-known method to
tailor the ionic strength is to add extra salt into the aqueous
solution. Therefore, additional NaCl salt was then used to
decrease the electrostatic potential barrier of the system, allow-
ing more Au nanoparticles to absorb onto the PS latex array
(Fig. 2c). Finally, under an optimal amount of the NaCl salt
addition, we can achieve a densely-packed monolayer of Au
nanoparticles absorbed on each PS latex, forming the 2D Janus
PS@Au nanoraspberry photonic-crystal array with a huge num-
ber of hotspots.

> Na+

. = PS Microsphere *é* Au NP C1-

Fig. 2 Schematic of the electrostatic self-assembly process of the 2D
Janus PS@Au nanoraspberry photonic-crystal array triggered by NaCl
addition.
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The electrostatic self-assembly mechanism can be further
verified from the tuning of the NaCl concentration in the
aqueous Au nanoparticle solution, as shown in Fig. 3a-e.
Without adding the NaCl salt, only several Au nanoparticles
were sparsely deposited on each PS latex (Fig. 3a). As the
concentration of NaCl increased from 0 to 6.6 mM, the number
of Au nanoparticles attracted to the PS latexes climbed
(Fig. 3b and c), and reached a maximum value at the concen-
tration of 6.6 mM. However, further increasing the NaCl
concentration (e.g., 13.2 mM) causes severe Au nanoparticle
aggregations both in the solution and on the PS latex-array
substrate. The relation between the number of Au nano-
particles absorbed on each PS latex and the NaCl concentration
is summarized in Fig. 3e, which indicates that the NaCl salt can
efficiently lower the electrostatic potential barrier for the
electrostatic self-assembly. Moreover, as the number of Au
nanoparticles deposited on the PS latexes increases, the corres-
ponding absorption spectrum of the Janus PS@Au nanorasp-
berry photonic-crystal array also varied, as shown in Fig. 3f. The
LSPR peak of Au nanoparticles gradually broadened, and a new
wide extinction peak emerged in the near-infrared region. This
phenomenon was simply attributed to the surging of the
interparticle gaps among the adjacent Au nanoparticles, which
then induced a strong plasmonic coupling effect. Furthermore,
the severe Au nanoparticle aggregation caused a dramatically

Number
8
Absorbance Intensity (a.u.)

Concentration (uM) Wavelength (nm)

Fig. 3 (a—d) The SEM images of the 2D Janus PS@Au nanoraspberry
photonic-crystal array fabricated under adding different concentrations
of NaCl in the aqueous Au nanoparticle solution, including 0 mM (a),
3.30 mM (b), 6.60 mM (c) and 13.2 mM (d). (e) The average number of Au
nanoparticles adsorbed on each PS latex versus the concentration of NaCl
salt. (f) The corresponding absorption spectrum of the Janus PS@Au
nanoraspberry array under different concentrations of NaCl salt.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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weakened and broadened extinction peak in the whole range
(Fig. 3d). All the above-mentioned results indicated that the
electrostatic self-assembly of PS@Au nanoraspberry photonic-
crystal array was highly controllable based on the tuning of the
ionic strength of the aqueous Au nanoparticle solution.

The NIR-SERS activity of the 2D Janus PS@Au nanoraspberry
array

Fig. 4 studies the NIR-SERS performance of these 2D Janus
PS@Au nanoraspberry photonic-crystal arrays. 4-ATP molecules
were selected as the typical detecting molecules, and a NIR-
wavelength laser of 785 nm was used as the incident excitation
light source.?® Since the number of Au nanoparticles absorbed
on the PS latexes was tuned by the NaCl concentration, Fig. 4a
compares the SERS activity of PS@Au nanoraspberry photonic-
crystal arrays fabricated under different concentrations of the
NaCl-induced self-assembly. With the increase in the NaCl
concentration, the NIR-SERS activity of the substrate dramati-
cally enhanced and demonstrated the strongest SERS perfor-
mance at a concentration of 6.6 mM. The EF of this NIR-SERS
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Fig. 4 (a) SERS spectra of 4-ATP molecules (1078 M) detected on the 2D
Janus PS@Au nanoraspberry arrays assembled under different NaCl con-
centrations. (b) SERS spectra detected on the densely-packed PS@Au
nanoraspberry arrays after soaking in different concentrations of 4-ATP
molecules. (c) The linear relationship between the intensity of the
characteristic peak at 1078 cm™* and the logarithm of the concentration
of 4-ATP molecules. (d) SERS intensity mapping of 4-ATP molecules on
the densely-packed PS@Au nanoraspberry arrays at a scanning step size of
2 um based on the characteristic peak of 1078 cm™. (e) SERS spectra
randomly collected from five different substrates (the concentration of
4-ATP was 1078 M). (f) The relative intensity standard deviation of the
characteristic peak of 1078 cm™tin (e).
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substrate was about 1.44 x 10° (the calculation details are
shown in ESIt). These results are well consistent with the
increasing number of Au nanoparticles absorbed on the PS
latexes that dramatically soared up the hotspots in the sub-
strate. However, the NIR-SERS performance got worse when a
high concentration of NaCl (13.2 mM) caused severe Au nano-
particle aggregation on the substrate. We further investigated
the detection limit of the 2D Janus PS@Au nanoraspberry
photonic-crystal arrays fabricated under the NaCl concen-
tration of 6.6 mM, as shown in Fig. 4b and c. Distinct finger-
print peaks of 4-ATP at 1007 cm ™' (C-C bending vibrations),
1078 cm™' (C(benzene ring)-S stretching vibrations) and
1590 cm ™' (C-C stretching vibrations) are clearly observed.*”
Moreover, the SERS performance of the PS@Au nanoraspberry
array had a linear relationship with the logarithm of the con-
centrations of the 4-ATP molecules (Fig. 4c) and demonstrated a
detection limit as low as 10~"* M. Moreover, by taking advantage
of the HCP arrangement of the photonic-crystal array, the
SERS performance of this NIR-SERS substrate exhibited high
uniformity and reproducibility, as embodied from the SERS
signal mapping of the characteristic peak of 1078 cm™" of the
4-ATP molecule in Fig. 4d. The uniform and stable NIR-SERS
performance can be further confirmed by detecting 50 random
points from five different substrates, which demonstrated a low
relative standard deviation (RSD) of 9.65% (Fig. 4e and f).
Moreover, another kind of molecule (Rhodamine-6G, R6G)
was also used to test the SERS enhancement effect without a
sulfhydryl group that can facilitate the molecules absorbing on
the Au nanoparticle surface. The fingerprint signals of the R6G
molecules were around 613 cm™" (in-plane C-C-C bending),
1361 cm ' (xanthene ring stretching) and 1508 cm ' (C-C
stretching).*®*® Moreover, there was a good linear relationship
between the peak intensity at 613 cm™ " and the logarithm of
the R6G concentrations, as shown in Fig. 5b. The LOD was
estimated to be as 2.83 x 10 "' M (signal-to-noise ratio of
S/N = 3). This substrate can be used to detect the pesticide
molecules; for example, the fingerprint peak of thiram at
1380 cm™ ' (C-H wagging) is also clearly detected, as shown in
Fig. 5¢c. Therefore, this kind of 2D Janus PS@Au nanoraspberry
photonic-crystal array displays a compelling NIR-SERS activity.

The enhanced NIR-SERS mechanism of the 2D Janus PS@Au
nanoraspberry photonic-crystal arrays

The compelling NIR-SERS activity of the 2D Janus PS@Au
nanoraspberry photonic-crystal arrays can be ascribed to the
following two aspects: a high hotspot density in the Janus
nanoraspberry structure and the enhanced light absorption
around the photonic bandgaps. Since the PS latex photonic-
crystal array serves as the assembling template, the Au nano-
particles assembled on each PS latex can be equivalent to a
three-dimensional (3D) hemispherical cluster shell, which can
produce a large number of denser hotspots. In contrast, PS
photonic crystal arrays sputtered with a thin layer of gold film
with a period of 500 nm (Fig. S5, ESIt) and the flat monolayer of
Au nanoparticles assembled on silicon wafers (Fig. S6, ESIT)
had a relatively-weak SERS performance, as presented in
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Fig. 5 (a) The SERS spectra detected on the densely-packed PS@Au
nanoraspberry arrays after soaking in different concentrations of R6G
molecules. (b) The linear relationship between the intensity of the char-
acteristic peak at 613 cm™* and the logarithm of the concentration of R6G
molecules. (c) The SERS spectra of thiram molecules (1076 M to 1078 M) on
the 2D Janus PS@Au nanoraspberry array. (d) The SERS spectra of 4-ATP
molecules (1078 M) on the 2D Janus PS@Au nanoraspberry array, the flat
Au nanoparticle array obtained by the interfacial self-assembly method
and the PS photonic crystal array sputtered with a thin layer of the gold
film.

Fig. 5d. In addition, the excellent NIR-SERS performance of the
PS@Au nanoraspberry photonic-crystal arrays under 785 nm
excitation light source can be attributed to the matching of the
LSPR excitation position of the substrate and the excitation
light source wavelength, which can produce a strong electro-
magnetic field enhancement and lead to an excellent NIR-SERS
performance. More importantly, these 3D hemispherical Au
nanoparticle clusters are arranged in a well-ordered photonic
crystal structure, which can improve the light interaction with
matter and enhance the light utilization. This enhanced light
utilization directly facilitates the coupling of light with Au
nanoparticles, which in turn induced a much stronger electro-
magnetic field for improving the NIR-SERS activity.

Conclusions

In summary, we proposed an effective route for the fabrication
of a 2D Janus PS@Au nanoraspberry photonic-crystal array
based on the electrostatic interactions between positively-
charged Au nanoparticles and the 2D negatively-charged PS
latex photonic crystal. This kind of 2D Janus PS@Au nanor-
aspberry array demonstrated a compelling NIR-SERS activity
with an enhanced factor up to 1.44 x 10°. The strongly-
enhanced NIR-SERS performance was contributed to the high
density of hotspots formed in the unique Janus nanoraspberry
structure and the enhanced light absorption originated
from the photonic crystal structure. With the simplicity of
the electrostatic self-assembly method and the uniformity and
tunability of the NIR-SERS activity, we envision that this
study not only provides an alternative way for the fabrication
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of NIR-SERS substrate, but also paves the way for bridging the
light coupling with the matter, particularly in the NIR wave-
length region.
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