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This report describes the systematic combination of structurally diverse plasmonic metal nanoparticles
(AgNPs, AuNPs, Ag core—Au shell NPs, and anisotropic AuNPs) on flexible paper-based materials to
induce signal-enhancing environments for surface enhanced Raman spectroscopy (SERS) applications.
The anisotropic AuNP-modified paper exhibits the highest SERS response due to the surface area and
the nature of the broad surface plasmon resonance (SPR) neighboring the Raman excitation wavelength.
The subsequent addition of a second layer with these four NPs (e.g., sandwich arrangement) leads to the
notable increase of the SERS signals by inducing a high probability of electromagnetic field environments
associated with the interparticle SPR coupling and hot spots. After examining sixteen total combinations,
the highest SERS response is obtained from the second layer with AQNPs on the anisotropic AUNP paper
substrate, which allows for a higher calibration sensitivity and wider dynamic range than those of typical
AuNP-AuNP arrangement. The variation of the SERS signals is also found to be below 20% based on
multiple measurements (both intra-sample and inter-sample). Furthermore, the degree of SERS signal
reductions for the sandwiched analytes is notably slow, indicating their increased long-term stability. The

optimized combination is then employed in the detection of let-7f microRNA to demonstrate their

iii:;i% ﬁ;hézi);igrlgolg practicability as SERS substrates. Precisely introducing interparticle coupling and hot spots with readily
available plasmonic NPs still allows for the design of inexpensive and practical signal enhancing

DOI: 10.1039/c9ra05399a substrates that are capable of increasing the calibration sensitivity, extending the dynamic range, and
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Introduction

Surface enhanced Raman scattering (SERS) spectroscopy is
a powerful analytical tool that has received much attention
because of its simplicity, high sensitivity and selectivity."* SERS
involves a Raman scattering signal associated with small energy
changes of the light scattered from a vibrating molecule
adsorbed on a metallic surface. The use of plasmonic metal
nanostructures has readily improved these vibrational signals
by providing both chemical and electromagnetic enhance-
ments.>*® Although the SERS enhancement mechanisms are
complicated, the electromagnetic enhancement (EM) effect is
thought to explain the strongest contribution of the molecular
vibration at the surface of metal particles by plasmon resonance
excitation. Further signal enhancement can be achieved by
properly controlling the interparticle coupling environments
and multiple junctions between nanoscale structures (i.e., hot
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lowering the detection limit of various organic and biological molecules.

spots), where extraordinarily strong local electric fields are often
generated near the vicinity of nanoscale materials possessing
surface plasmon resonance (SPR).>***°

The signal enhancements by SERS have been highly tuned by
the characteristics of the substrates associated with the plas-
monic properties and morphology of the nanostructures.*****
As such, enormous efforts have been made to the development
of structurally diverse plasmonic materials and new fabrication
strategies capable of finely tuning their arrangements for SERS
enhancement. These approaches readily improve the SERS
sensitivity, but often require complicated multiple steps to
control morphological features, significantly limiting their
practical use as rapid and inexpensive SERS substrates.
However, little attention has been paid to the further improve-
ment of currently-available, simple systems and/or easy modi-
fication strategies using conventional plasmonic nanomaterials
to generate the proper environment for SERS enhancement,
where the probability of SPR coupling and hot spots could be
maximized.

The critical requirements for designing practical SERS
substrates for routine analytical measurements include cost-
effectiveness, high sensitivity, reproducibility, and long-term
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stability. The immobilization of plasmonic nanoparticles (NPs)
onto flexible solid surfaces has shown the possibility to fulfil
these requirements.”*° The use of paper-based materials could
potentially bring interesting features, including high flexibility,
biocompatibility, and biodegradability, while providing
minimal background interference upon the incorporation of
plasmonic metal NPs. In addition, properly modifying paper
with plasmonic NPs can readily reduce uncertain fluorescence
in the visible wavelength area (e.g., ~440 nm) during SERS
measurements,'*** which may be an extra benefit of utilizing
inexpensive paper-based materials as SERS substrate.

Current efforts to develop paper-based SERS substrates have
established proof of principle and address many fabrication
needs. However, the inability to control the nanostructure
architecture limits the overall enhancement factors achieved
with these paper-based substrates. Numerous studies have
established that molecules located in the gap between closely
spaced NPs experience the greatest SERS enhancement. Thus,
an ideal SERS substrate would incorporate the attributes of
a paper-based substrate and capitalize on the enhancement
generated by precise control of NP spacing to generate hot
spots. In this work, we explore the direct application of an
additional layer of metal nanostructures onto plasmonic paper
substrates to induce a new environment where the SPR and
interparticle coupling can further improve SERS responses.
This approach is attractive since it simplifies the entire fabri-
cation strategy in a controlled manner with readily available
plasmonic particles on filter paper.

Here we compared SERS responses using four types of
conventional metal NPs (e.g., AgNPs, AuNPs, Ag core-Au shell
NPs, and anisotropic AuNPs) after loading them onto filter
paper. Another layer of these NPs was then applied to each of
the different plasmonic papers to form a sandwich-like struc-
ture, which introduced a stronger EM field environment across
the filter paper for SERS measurements (Fig. S1t).>'***** This
sandwich geometry creates additional local aggregates to
induce a high probability of having sensing molecules reside
between the NP gaps and junctions (i.e., NP-analyte-NP
arrangement), thereby notably improving the SERS sensitivity.
Thus, we thoroughly examined the degree of the SERS
enhancements of the initial and sandwiched analytes on plas-
monic papers to understand not only the amplified EM effect
associated with abundant interparticle SPR coupling and hot
spots, but also the structural impact on long-term stability,
reproducibility, and applicability in biological systems. Based
on 16 combinations using the four different NPs, the sandwich
arrangement from the first layer with anisotropic Au and the
second layer with AgNPs responded to give the highest SERS
signals, which were presumably due to the large surface areas
and enhanced EM effect. This improved system was employed
in SERS-based biological molecule detection (let-7f microRNA),
which was compared to the sandwich structures using typical
AuNPs. Our study readily allows for understanding the capa-
bility of further improving SERS upon precisely modifying
a fabrication strategy even with conventional NPs. The high
simplicity and applicability of sandwiching analytes with
structurally diverse plasmonic NPs on paper-based materials
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supports the development of inexpensive and practical signal
enhancing systems equipped with minimal background noise
and a low detection limit for various molecules.

Experimental
Materials and methods

Hydrochloric acid, nitric acid, trisodium citrate, potassium
hydroxide, isopropyl alcohol, hydrogen tetrachloroaurate(ur)
trihydrate (HAuCl,-3H,0), sodium borohydride (NaBH,),
potassium carbonate (K,COj3), L-ascorbic acid sodium salt (AsA),
hexadecyltrimethylammonium bromide (CTAB, =99.0%), silver
nitrate (AgNOj;), 4-nitrobenzenethiol (4-NBT), and Whatman
filter paper (grade 40) were purchased from Fisher Scientific; all
of the chemicals were used without purification. microRNA, let-
7f, was purchased from Integrated DNA Technologies (IDT), and
resuspended in RNase- and DNase-free water to a final
concentration of 100 uM. The pure water was obtained from the
Nanopure Water System (Barnstead/Thermolyne).

Synthetic procedures for the four different types of plasmonic
nanoparticles

AuNPs and AgNPs with ~60 nm diameters were prepared by the
modified thermal reduction method.>*¢ An aliquot (2.0 mL) of
gold (1 wt% HAuCl,-3H,0) or silver (0.5 wt% AgNOj3) solution
was diluted in 100 mL of water in a 250 mL Erlenmeyer flask
containing a magnetic stirring bar. After vigorously stirring the
solution for 15 min, the flask was heated to boiling. 1 wt% tri-
sodium citrate (1.5 mL for gold and 4.0 mL for silver) was
quickly added to the boiling solution, which led to the forma-
tion of spherical AuNPs or AgNPs. After completing the reac-
tion, the final solution was adjusted to ~80 mL in total volume
(exhibiting an extinction maximum of ~2.4) and stored at room
temperature without further purification prior to use.

Ag core-Au shell NPs were prepared by our in situ method.””
Initially, K,COj3 (0.025 g) was fully dissolved in 100 mL water in
a 150 mL Erlenmeyer flask. A 1 wt% HAuCl,-H,O solution (2.0
mL) was then added to this solution, whose solution color
changed from light yellow to colorless within 30 min (K-gold
solution). Similarly, 0.5 wt% AgNO; was prepared in an aqueous
solution of K,COj3, which exhibited a color change from color-
less to bright yellow in a few seconds (K-silver solution). These
two solutions were stored in a refrigerator overnight prior to
use. An aliquot (10 mL) of the aged silver solution was placed in
a 24 mL glass vial containing a magnetic stirring bar. The
sequential addition of AsA (0.6 mL of 100 mM) and the aged
gold solution (6.0 mL) to the silver solution led to the gradual
color changes from yellow, green, and brownish-blue in 5 min.
The final solution was centrifuged at 3000 rpm for 20 min
(Sorvall Legend X1 Centrifuge Series) and the precipitates were
re-suspended in ~10 mL water to exhibit an extinction peak of
~2.4.

A seed-growth method was used to prepare the anisotropic
AuNPs.”® The aged K-silver solution (10 mL) was placed in
a 24 mL glass vial containing a magnetic stirring bar. The
sequential addition of NaBH, (0.04 mL of 3.2 mM) and AsA

This journal is © The Royal Society of Chemistry 2019
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(0.6 mL of 100 mM) to the silver solution resulted in the
formation of dark yellow Ag seeds. The aged K-gold solution (6.0
mL) was then added dropwise into this mixture, leading to the
formation of small seed NPs with a brownish-purple color. After
aging the seeds for a few hours, a preheated CTAB solution
(10 mL of 10 mM, = 35 °C) containing 1 wt% HAuCl,-H,O
solution (0.2 mL) and 100 mM of AsA (0.6 mL) was placed in
a 15 mL polystyrene centrifuge tube. Shortly afterwards, an
aliquot of the seeds (1.75-2.0 mL) was added to the colorless
CTAB solution, which was placed under a fluorescent light (a
35 W desk lamp providing ~80 mW cm 2, measured by
a handheld optical powder meter; Newport Corp.) for 40 min.
The final solution was centrifuged at 3000 rpm for 20 min twice,
and the precipitates were re-suspended in water to exhibit an
extinction peak of ~2.4 (e.g., typically a 6-fold dilution based on
the volume of the seed solution).

Preparation of paper-based plasmonic substrates and their
photothermal heating properties under a broadband light
source

The four different types of plasmonic NPs prepared above were
loaded onto filter papers by a dipping method.'*****3® Filter
papers (Whatman grade no. 40, 55 mm in diameter) that were
dried at 50 °C in an oven overnight were immersed in 10 mL of
the NP solution in plastic Petri dishes (60 mm x 15 mm). After
soaking for 24 h, the filter papers were dried in the oven. The
loading efficiency of the NPs onto the filter papers was esti-
mated by monitoring the changes of the extinction of the initial
and remaining NP solutions. In addition, the photothermal
heating profiles of these filter papers (~1 cm x 1 cm) was
examined under a solar-simulated light (providing ~100 mW
cm ™2, a continuous Xe arc lamp equipped with an optical filter,
Newport Inc.). As our previous work demonstrated the linear
relationship between the output temperature and the loaded
amount of NPs onto filter paper,* the photothermal heating of
these four different plasmonic papers under comparable NP
loading could directly explain their structure- and/or packing-
dependent properties. As a comparison, unmodified glass
slides (18 mm in diameter, G CVR glass, Fisher Scientific) were
treated under the same preparation conditions. In addition,
similar amounts of NPs as were loaded onto the filter paper
were dropped and dried on the glass slides to examine their
photothermal heating and SERS responses.

Surface enhanced Raman spectroscopy (SERS) measurements
under various conditions

A series of filter papers loaded with different types of plas-
monic NPs were cut into ~1 x 1 em?® squares and treated with
2.0 mL of the 4-NBT solution (the concentration ranged from
1 mM to 1 nM of 4-NBT in acetonitrile) in glass vials for
30 min. These filter papers were then rinsed with acetonitrile
and allowed to dry prior to the SERS analysis (785 nm laser
with ~5.5 mW intensity). A subsequent second layer was
formed by applying an aliquot of the metal NP solution (0.5
mL) onto half (0.5 cm x 1.0 cm) of the initial plasmonic paper
for 30 min (4 types of paper x 4 types of metal NPs in
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triplicate). The final papers were then dried prior to the SERS
analysis. At least 3 pieces of paper were tested at a minimum
of 3 spots per sample. To calculate the SERS enhancement
factors (EFs), the most common method utilizing the
following equation was used, EF = (Isgrs X Craman)/(Traman X
Csgrs)-*""*? Iraman Was collected from the bare filter paper (1 x
1 cm®) soaked in an aliquot of highly concentrated 4-NBT
(2.0 mL of 100 mM) in acetonitrile and Isgrs Was acquired
from the plasmonic paper soaked in an aliquot of 1 uM of 4-
NBT solution. To demonstrate the applicability of sandwich-
ing analytes with plasmonic NPs for the detection of biolog-
ical molecules by SERS, an aliquot of let-7f microRNA
suspended in HyPure molecular grade water (50 pL of 1 uM)
was applied to the filter paper (~1 x 1 cm?) loaded with
spherical and anisotropic AuNPs (3 mm diameter, prepared
by a single-hole punch). After 10 min of incubation, the
plasmonic paper was dried with a stream of N, gas. The
second layer was subsequently formed with spherical AuNPs
and AgNPs (50 pL) to examine the signal enhancements by
SERS. All spectra were averaged after measuring a minimum
of ten different spots.

Instrumentation

An environmental scanning electron microscope (SEM, FEI-
Quanta 450 instrument at operating at a voltage of 20 kV) was
used to analyze the general size distribution and evaluate the
overall morphology and compositions of plasmonic NPs on the
filter paper. The paper samples were coated with a thin gold film
using a Denton vacuum sputter coater (DESK II) to avoid
charging problems during image analysis. A transmission elec-
tron microscope (TEM, Hitachi H8100 operating at an acceler-
ating voltage of 200 kV) was used to examine the structural
properties of the plasmonic NPs after depositing them on a 300-
mesh carbon-coated copper grid. A UV-Visible spectrometer (UV-
Vis, Agilent) was used over the wavelength range of 200 to
1100 nm to characterize the absorption property of the metal
NPs. All plasmonic NPs were suspended in water and transferred
to a quartz UV-Vis cell. The amount of NPs loaded onto each filter
paper was calculated by using the standard solutions of metal
NPs via the Beer-Lambert law. A surface UV-Vis-IR spectropho-
tometer equipped with a reflectance probe (StellarNet) was used
to examine the absorption property (300 nm-1700 nm) of the
resulting plasmonic paper. A dynamic light scattering and zeta
potential instrument (DLS, ZetaPALS, Brookhaven Instruments
Corp.) equipped with a 35 mW solid state laser at 90° was used to
measure the hydrodynamic diameter and polydispersity as well
as the surface charge of the plasmonic metal NPs at 20 °C. All
samples were diluted in pure water. The data were collected from
an average of five measurements. Real-time temperature profiles
of the plasmonic samples were collected by an infrared thermal
image analyzer (Fluka FLIR40, Global Test Supply). The intensity
of the solar-simulated light source was estimated by a handheld
optical power meter (1916 C Power Meter, Newport Inc.). For
typical SERS measurements, all samples were scanned for 1
second or 3 seconds using a benchtop ProRaman-L (Enwave
Optronics) equipped with a 785 nm laser. The intensity of the
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Fig. 1 SEM and TEM images of the four types of plasmonic NPs on
filter paper and their corresponding SPR patterns before and after the
loading of NPs using a two-fold diluted solution.

laser source was adjusted ~5.5 mW by measuring with the
PM100USB power meter (Thor Labs).

Results and discussion

Fig. 1 shows the images of the four types of plasmonic NPs with
comparable sizes that were loaded onto filter paper by dip
coating. Both the AgNPs and AuNPs were prepared by the
thermal reduction method using trisodium citrate, and the
AgNPs were slightly less uniform and had a higher tendency to
form more aggregates on the filter paper. The Ag core-Au shell
NPs exhibited the presence of some cavities near the inner cores
(TEM image) due to the contribution of the galvanic reaction
during the sequential reduction of the silver and gold ions with
AsA.”” The absence of strong stabilizing agents around these
core-shell NPs resulted in the formation of relatively large
aggregates on the filter paper. This speculation was supported
by the surface charge of these NPs, where the zeta potential
measurements showed = —35 mV for both citrate-stabilized
AgNPs and AuNPs, = +30 mV for anisotropic AuNPs, and
around —17 mV for Ag core-Au shell NPs. The anisotropic
AuNPs were prepared by a seed growth method and showed
slightly rough surfaces compared to the rest of the NPs, but were
well distributed with local aggregates (e.g., clustering of a few
NPs) on the filter paper. The corresponding extinction patterns
(i.e., SPR) elucidated the structural features and distribution of
these NPs in solution. For example, the AgNPs with the broader
SPR band implied a much higher polydispersity than the AuNPs
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with a narrower SPR band. The Ag core-Au shell NPs exhibited
a slightly longer and broader SPR band than that of the spher-
ical AuNPs, which indicated the presence of a phase boundary
between the two metals and a slightly higher polydispersity.>”
The anisotropic AuNPs exhibited a relatively broader and longer
SPR band than the Ag core-Au shell NPs because of their surface
roughness with the wide size distribution. To prepare the
plasmonic paper, filter paper that was dried in an oven was
soaked in the NP solutions overnight at room temperature. The
loading process onto the filter paper was almost identical for all
NP solutions with an extinction maximum of ~2.4. However,
the loading efficiency of the NPs varied slightly within the
extinction of ~0.12, which was estimated by the SPR band
reduction before (solid lines) and after (dotted lines) the dip
coating (shown in Fig. 1).

Fig. 2 shows the digital photos of the plasmonic paper
loaded with these four types of NPs and their corresponding
photothermal heating property and absorption pattern. The
color of the paper clearly indicated the formation of distinc-
tively different plasmonic papers whose surfaces were
uniformly packed with the NPs. The photothermal heating
property of these plasmonic papers was then examined under
a broadband light source (~100 mW cm ). Although the
heating efficiency of substrates is often affected by the loaded
amount of plasmonic NPs,****7 the temperature profiles of the
plasmonic paper (1 x 1 cm?) loaded with comparable amounts
of NPs could explain the structural property and packing
pattern of the NPs. The anisotropic AuNPs and AgNPs showed
the highest and lowest heating profiles, respectively, as moni-
tored by an IR thermal camera in real time; these light-induced
heating patterns were presumably due to the surface areas and
absorption properties, as well as the way the NPs were packed
onto the filter paper. The higher temperature distribution for
the anisotropic AuNPs could have been caused by the increasing
Coulomb interaction of the NPs and/or interparticle coupling of
SPRs (e.g., accumulative effect) on the paper supported
systems.>*****3” The entire area of the plasmonic paper
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Fig.2 Digital photos of the four types of plasmonic NPs on filter paper
and their corresponding absorption patterns.
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displayed moderate heating, but the actual temperatures near
the surface of the NPs were expected to be much higher given
their photothermal heating capability. This heating behavior
(e.g., local heating of the plasmonic paper) could contribute to
the sensing capability of SERS-based molecular vibrational
spectroscopy.>>*** This is because SERS utilizes a coherent
laser source in the near infrared (e.g., 785 nm) that enhances the
local electromagnetic (EM) field due to the SPR of plasmonic
NPs induces the photothermal heating of the plasmonic
substrates, thereby impacting the adsorption configuration and
vibration of the sensing molecules. Loading these NPs onto the
filter paper readily facilitated local aggregation, which could
make these prepared papers suitable as SERS substrates. Unlike
well-dispersed plasmonic NPs in solution, the degree of local
aggregation and/or plasmonic coupling was also examined by
the surface UV-Vis-IR absorption patterns based on the way
these plasmonic NPs were packed on the paper substrates.
Although obtaining strong absorption patterns from 2-dimen-
sional substrates is difficult due to the nature of reflectance
measurement conditions particularly with a strong absorber
paper surface,’®** the appearance of detectable additional peaks
at longer wavelengths with respect to the NPs in solution clearly
indicates the presence of local aggregates of plasmonic NPs on
the filter paper (Fig. S21).*** These phenomena have been
explained by the formation of small gaps between adjacent
particles to induce interparticle plasmonic coupling whose
spacing governs the degree of the wavelength shift. Specifically,
the silver plasmonic paper displayed one intense peak at
400 nm and a small band at 700 nm where the latter peak might
arise from the strongly induced NP interactions in the large
areas of randomly aggregated AgNPs.*®* The gold plasmonic
paper only showed one peak, which became broader in the
entire visible range, probably due to the somewhat uniform
formation of local aggregates. The absorbance of the core-shell
plasmonic paper almost disappeared due to the severe aggre-
gation of NPs, whereas the anisotropic plasmonic paper with
a detectable broad peak over 950 nm implied the presence of
plasmonic coupling caused by locally clustered anisotropic NPs
along with their inter-cluster coupling. The packing and
distribution pattern of the NPs confirmed by the surface
absorption patterns were notably different from the NPs in
solution and could influence the degree of the SERS
enhancements.

These four types of plasmonic filter papers were initially
dropped with an aliquot of a Raman reporter (1 mM of 4-NBT) to
examine their SERS responses using a 785 nm Raman laser
source (Fig. 3). Upon the chemical adsorption of 4-NBT by self-
assembly, all these substrates clearly provided intense signals at
1078 cm ™~ * for the C-S vibration, 1106 cm™ /1180 cm™* for the
C-H bending and stretching, ~1336 cm ™' for the N-O vibration,
and 1570 ecm " for the ring C-C stretching.”*> Among these
peaks, the most intense peak corresponding the N-O vibra-
tional mode of the NO, group was compared to another peak
where the maximum peak position of NO, was slightly shifted
depending on the type of plasmonic paper. In addition, the
percent relative standard deviation (% RSD) of the SERS signals
was below 15% (except the silver plasmonic paper with ~20%),
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Fig. 3 Representative (a) SERS spectra with four different plasmonic
papers and (b) their most intense peak wavenumber (average of
minimum 9 spots from 3 plasmonic papers under single scan).

based on several intra-sample (within a sample substrate) and
inter-sample (sample-to-sample) measurements. This observa-
tion and the way the plasmonic NPs were packed across the
filter paper strongly indicated that the entire preparation
process of these plasmonic papers was reproducible. The
anisotropic AuNPs on the filter paper exhibited the greatest
SERS response, which was typically 2-4 times higher than the
rest of the plasmonic papers due to the increased surface area,
EM effect from the sharper structural features (corners and
edges), and the nature of the broad SPR band.

Additional plasmonic NPs were then applied to form
a sandwich geometry to introduce the increased probability of
placing the analyte between the NPs on the paper substrates,
which could additionally create interparticle coupling environ-
ments (e.g., a high density of SPR coupling and hot spots) to
take full advantage of the EM effect (Fig. 4). As expected, all
SERS signals were detectably improved after applying the
second layer with these four plasmonic NPs along with the
corresponding SERS enhancement factors (EFs) regardless of
the types of NPs. Among the 16 combinations of plasmonic NPs,
the anisotropic AuNP-loaded paper greatly improved the SERS
signals, particularly with the second layer of AgNPs. The first
layer of anisotropic AuNPs with the rough surfaces could have
allowed for the greater adsorption of analytes to exhibit initially
higher SERS signals by the chemical and EM enhancements."*
Applying the second layer with the AgNPs resulted in much
higher enhancements by inducing stronger EM fields due to the
high extinction coefficient of silver, compared to the gold-
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AuNP plasmonic paper treated with 1 pM of 4-NBT (average of minimum 9 spots from 3 plasmonic papers).

derived materials.**>* Interestingly, the inverse sandwich
arrangement (i.e., the first layer of the AgNPs and the second
layer of the anisotropic AuNPs) showed a detectably lower SERS
response, which might be associated with the slightly poor
adsorption of 4-NBT onto the AgNP-loaded paper substrate
under the same treatment. The smooth surface of the spherical
AgNPs with relatively smaller surface areas could limit the
efficient uptake of the analytes. The overall EFs of the sand-
wiched NPs on the filter paper with the treatment of 1 pM
analyte solution were comparable or superior to the results
shown in the literature without the need for extensive structural
modification or precise arrangement of plasmonic NPs."*?3>%¢
Even when we used the readily available plasmonic NPs, the way
the plasmonic NPs were treated still allowed for the significant
improvement of the SERS signals by introducing rich environ-
ments for abundant interparticle coupling and a high density of
random hot spot sites.

As the above experiment verified the apparent SERS
enhancements from sandwiching the analytes with the plas-
monic NPs, the sensing capability of the plasmonic paper
loaded with the AuNPs and anisotropic AuNPs was then
compared as a function of the 4-NBT concentration (SERS
intensities vs. logarithm of 4-NBT concentrations shown Fig. 5).
The anisotropic AuNP-loaded papers exhibited notably higher
signals than those of the spherical AuNPs, regardless of the
concentration of 4-NBT (1 nM-1 mM). This pattern clearly

32540 | RSC Adv., 2019, 9, 32535-32543

explained the importance of the type of plasmonic NPs on the
SERS sensitivity, where the linear dynamic range for the
anisotropic AuNP paper (~6 orders of magnitude) was relatively

50000 4 @) =AUNPs on AuNPs

(cts;

= * AuNPs
= 40000
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Fig. 5 SERS intensity of 4-NBT as a function of the concentration
before and after applying another layer of NPs and their representative
SEM images; (a) AuNPs on AuNP plasmonic paper and (b) AgNPs on
anisotropic AUNP plasmonic paper.
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wider than that of the typical spherical AuNP paper (~4 orders
of magnitude) under the same treatments.'****” To amplify the
EM effect,>*”® the second layer of plasmonic NPs resulted in
a much higher calibration sensitivity (~2-fold) and a wider
dynamic range, particularly for the combination of AgNPs and
anisotropic AuNPs. Interestingly, the signal enhancements
before and after applying the plasmonic NPs on the filter paper
steadily decreased with a decrease in the concentration of 4-
NBT. Specifically, the anisotropic AuNP-plasmonic paper
treated with the concentrations of the 4-NBT solution between
1 mM and 1 uM led to the improvement of the SERS signals at
a minimum of 2-3 times upon the formation of the sandwich
layers. However, the same system marginally increased the
SERS signals at the 4-NBT concentrations of 10 nM and 1 nM.
This disproportional enhancement was possibly due to the
presence of fewer molecules by slower/limited adsorption
kinetics onto the plasmonic paper at the low concentrations
(Fig. S3t), which could also have reduced the EF effect envi-
ronments after the NPs were sandwiched. Similarly, the limited
SERS enhancements from the plasmonic paper loaded with the
spherical AuNPs (even after applying another layer of spherical
AuNPs) were possibly caused by the low coverage of 4-NBT at low
concentrations compared to the anisotropic AuNPs in a given
time period. The spherical AuNPs with relatively low surface
areas required a long interaction time with 4-NBT to improve
their SERS sensitivity. All experimental conditions were iden-
tical (except for the concentration of 4-NBT) to minimize the
variables in this study. The representative low and high
magnification SEM images (prepared after applying another
layer of plasmonic NPs) shown in Fig. 5 and S47 clearly display
an additional number of NPs and locally aggregated clusters
across the paper substrates which positively contributed to the
SERS enhancements.

The control experiment, applying the 4-NBT analyte onto the
pre-sandwiched layers of AuNPs, resulted in the appreciable
reduction of the SERS intensity with a slight rise of the back-
ground baseline, particularly at low concentrations of SERS
analytes and/or without a baseline correction (Fig. S51). This
trend was often observed when the substrate was treated with
relatively low concentrations of the analytes and measured
without using a baseline correction function. The substrate
might have behaved similarly to the plasmonic paper loaded
with excess NPs because the formation of large colloidal
aggregates beyond the optimal cluster limit could have blocked
the hot spot areas and resulted in detrimental SERS effects
(Fig. S67).">* Forming multiple layers on the filter paper could
have also decreased the surface area and maximum electrical
fields of the plasmonic NPs and their clusters prior to the
treatment with the sensing molecules, which could have
diminished the overall SERS enhancement and reproducibility.
The light-induced temperature changes also showed a some-
what linear relationship as a function of the plasmonic NP
loading and gradually reached a plateau. Thus, maintaining the
cluster size of the NPs below the maximum limit plays an
important role in photothermal heating and SERS applications,
although the sandwich arrangement readily creates a new
environment for analytes to reside near strong EM fields.

This journal is © The Royal Society of Chemistry 2019
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Additionally, the SERS signals of the anisotropic AuNP plas-
monic paper and its sandwiched layers with the AgNPs were
examined as a function of time (Fig. S7f). Although nano-
structured gold has shown a higher resistance to thiolate
degradation, the reduction of the SERS signals for both
substrates indicated the decomposition/desorption of 4-NBT at
ambient conditions.®*** The degree of the SERS signal reduc-
tions was notably slower for the sandwiched molecules on
plasmonic paper, implying the increased stability of the thio-
lated analyte. This observation could provide a useful clue for
the surface chemistry community, which has explored diverse
strategies for enhancing long-term stability of adsorbed mole-
cules for practical applications. As a control experiment, treat-
ing unmodified glass slides with the four types of plasmonic
NPs under the same preparation process resulted in very poor
adsorption of the NPs which was visually observed and
confirmed by their inefficient photothermal heating properties
(Fig. S8at). In addition, similar amounts of plasmonic NPs
loaded onto the filter paper were dropped and dried on the glass
slides. A droplet of NP solution on the glass slides took a long
time to dry and visually formed a ring by random aggregation
(e.g., NP-dependent irregular surface coverage and coffee ring
patterns to show inhomogeneous distribution), which were
certainly different from the controlled assembly and packing of
NPs on surface-modified glass substrates.®”*® Given the
heterogeneous loading of the NPs, the overall SERS responses
were slightly weaker and notably inconsistent across the glass
substrates. Specifically, the signal intensity at the edge was
much higher than the center of the droplet regardless of NP
types, giving notably high % RSD (Fig. S8bf), which was
detectably different from the plasmonic paper substrates
(Fig. S9t). This observation clearly suggests that handling
paper-based materials with plasmonic NPs under our method is
relatively easy to prepare highly uniform SERS substrates. In
addition, considering cost-effectiveness and flexibility as well as
sampling efficiency of diverse analytes, paper-based materials
can be better suited to develop practical plasmonic papers for
SERS substrates.

As this simple sandwich process notably improved the SERS
signals by the EM effect, our system was employed in the
detection of let-7f microRNA (1 puM) as a model biological
molecule (Fig. 6). The spectral signature is characteristic of
nucleic acid bands. The distinctive peaks at 734 ecm™* and
1330 cm ™! are attributed to adenine, whereas strong bands at
1338 cm™ ' and 1461 cm ™! are characteristic of guanine.®”-*° The
intense bands at 802 cm ™" and 1279 cm™ " are unique to uracil
in these three sequences. Given the high molecular weight,
relatively strong Raman signals were observed even with a small
drop of RNA solution (50 uL) on the plasmonic paper. By simply
applying the second layer of plasmonic NPs, substantial SERS
enhancements clearly indicated that these macromolecules
were readily retained and sandwiched near the newly-formed
EM field areas. Generally, the combination of the anisotropic
AuNPs and AgNPs was appreciably much higher than that of the
spherical AuNPs and AuNPs. This additional experiment
demonstrated the applicability of sandwich structure of plas-
monic NPs in the detection of biological molecules. Our strategy

RSC Adv., 2019, 9, 32535-32543 | 32541
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readily shows how to develop inexpensive substrates utilizing
easily available plasmonic NPs and filter paper to greatly
improve SERS performance for a wide range of molecules by
precisely controlling the degree of hot spots and interparticle
coupling.

Conclusions

Four types of plasmonic paper loaded with spherical AgNPs,
AuNPs, Ag core-Au shell NPs, and anisotropic AuNPs were
reliably prepared and characterized to serve as SERS substrates.
The anisotropic AuNP-loaded papers exhibited a notably high
SERS response due to their surface areas and structural char-
acteristics along with a broad SPR band near the Raman exci-
tation wavelength. Upon the addition of a second layer of
plasmonic NPs to form the sandwich arrangement, the overall
SERS signals were significantly enhanced by the EM effect
associated with the increased probability of SPR coupling and
number of hot spots. Particularly, applying the AgNPs on the
anisotropic AuNP plasmonic surface resulted in the highest EM
enhancement, whose calibration sensitivity and dynamic range
were much higher and wider than typical AuNP-AuNP systems.
Given the packing and structural properties of plasmonic NPs,
the SERS-based signal enhancing patterns were greatly affected

32542 | RSC Adv., 2019, 9, 32535-32543
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by the way the plasmonic NPs were designed and sandwiched
onto a paper surface. The subsequent application of this
sandwich geometry to the detection of biomolecules, such as
RNA, demonstrated the possibility of developing biologically
relevant signal enhancing substrates possessing important
features, including high flexibility, simplicity, and cost-
efficiency. Introducing a new environment for interparticle
coupling and hot spots, even with readily-available plasmonic
nanoparticles, still allows for highly improved SERS-based
sensing capability.
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