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ABSTRACT: A smart and multifunctional paper-based SERS
sensing card is generated through patterning self-assembled
interfacial arrays of gold nanoparticles (AuNPs) on the tip of
an arrow-shaped paper strip. It is found that the closely packed
monolayer of AuNPs is evenly distributed on the paper sur-
face, resulting in a multitude of SERS hot spots over the
detection zone. The paper card, with its inherent ability to
separate and preconcentrate analytes by the capillary force and
polarity difference between sample components, was exploited
successfully as an integrated platform, allowing for sub-attomolar
(50 x 107'® M) detection from microliter-volume (10 uL)
samples. Furthermore, the simple preparation (lithography-
free process), fast detection (<S5 min), and low cost (<3 cents)
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demonstrate that the paper card is a practical and portable sensing interface for wide application in environmental and food

analysis.
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B INTRODUCTION

Surface-enhanced Raman spectroscopy (SERS) has proven to
be an attractive tool for highly sensitive molecular detection
of tumor-related biomarkers,’ pollutants,2 pesticides,3 and
explosives.4 For practical applications, it is still a basic focus
to fabricate desirable SERS substrates offering multiple
advantages of strong Raman enhancement, good reproduci-
bility, and portability. Up until now, extensive efforts have been
devoted to preparing various nanostructures for SERS
substrates, such as colloidal suspensions of metal nanocrystals
using wet chemical synthesis,” electrochemically roughened
metal surfaces,” and regularly patterned metal particles on solid
surface using vapor deposition,”” lithographic techniques,'’~"*
or template-directed self-assembly.'*"*

Paper, as a versatile and cheap material, has attracted growing
interest in recent years for building portable miniature devices
that are suitable for developing countries, resource-limited
environments, and point-of-care settings.”>~'” Paper-based
SERS substrates have also gained considerable attention since
they are flexible, inexpensive, efficient for sample collection, and
readily disposable. We and others have recently demonstrated
the fabrication of low-cost SERS substrates on paper and other
flexible materials by inkjet printing,'® screenin§ printing,"’
soaking,20 in situ growth,ZI’22 and filtration.>** However,
limitations in existing paper-based SERS sensors still exist. The
inhomogeneous and discrete distribution of nanostructures on
paper led to most of these sensors showing only a moderate
sensitivity with detection limits at the nanomolar level.”*~*
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To improve the signal readout, large sample volumes (milliliter
level) are thus needed to accumulate molecular targets in the
detection zone, which is impractical for biological and clinical
assays.””** Therefore, developing effective and simple access to
closely packed nanostructure arrays uniformly distributed on
the paper surface is still challenging.

The self-assembled arrays of noble metal nanostructures at a
fluid/fluid interface have numerous advantages. They are self-
healing, reproducible, and cost-effective.”® Most importantly,
the metal nanoparticles (NPs) within the self-assembled arrays
are densely packed and show strong plasmonic coupling, which
have been exploited directly into sensitive interfacial SERS
sensors.””>” The direct in situ SERS measurement on an oil/
water interface is limited by the optical configuration of current
commercial Raman spectrometers. To address this issue,
considerable efforts have been devoted to the development of
SERS substrates by transferring the self-assembled NP arrays
on various rigid matrixes.”*">* For example, highly ordered Ag
nanowire films assembled at the chloroform/water interface
were immobilized on the glass slides for the detection of rhodamine
6G (R6G) molecules at concentrations down to 1 X 1077 M.*> We
have recently presented a dimethyl carbonate (DMC)/water
system that can efficiently organize AuNPs at the oil/water
interface without additional “controller” molecules. The formed
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Scheme 1. Schematic of the Sensor Development and Sample Detection: (i—iii) Schematic Illustration for Constructing Paper-
Based Multifunctional SERS Device by Patterning the Paper Surface with Self-Assembled Interfacial AuNP Arrays; (iv—vi)
Simultaneous On-Card Separation, Preconcentration and SERS Detection of Sample Mixture
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interfacial NP arrays were successfully transferred to a glass
substrate and subsequently employed as a simple SERS sensor
capable of sensing explosives at sub-femtomolar concentra-
tions.>® Nevertheless, to the best of our knowledge, there are
few reports on the coupling of liquid/liquid self-assembly of
NPs with cellulose paper or other flexible materials to construct
ultrasensitive SERS-based sensing devices.

Herein, we demonstrate a simple and facile way to construct
the SERS-based paper test card by patterning self-assembled
AuNP arrays on common chromatographic paper with well-
designed geometry. Self-assembly of AuNPs at the DMC/liquid
interface was used to conveniently produce a large number of hot
spots evenly spread over the paper surface. In realistic situations,
the target signals may be interfered with or overwhelmed by
coexisting foreign substances with a large Raman cross-section or
strong fluorescence emission. Therefore, integrating some impor-
tant functions such as separation and preconcentration on SERS
substrates is highly desirable. In this paper card implementation,
the target component can be efficiently separated from sample
mixtures based on the polarity differences, and concentrated at the
sharp tip of the card by lateral flow when dragged along the paper
surface by capillary forces. Considering its high sensitivity, good
reproducibility, and low cost, the established SERS-based paper
card can be used as a promising multifunctional device for real
sample analysis through simultaneous on-card separation, pre-
concentration, and optical detection.

B EXPERIMENTAL SECTION

Reagents and Materials. Chromatography paper (Whatman
1CHR No. 3001-917), chloroauric acid (HAuCl,-4H,0), sodium
citrate dihydrate (Na;C¢H;O,-2H,0), dimethyl carbonate (DMC),
absolute ethanol, acetonitrile, 2,2"- bipyridyl (bpy), rhodamine 6G
(R6G), fluorescein, and malachite green (MG) were all purchased
from Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China). All of
the chemical reagents were of analytical grade and used without any
further purification. Ultrapure water (18.2 MQ-cm) was used through
the experiments.

Nanoparticles Preparation. Citrate-stabilized AuNPs were syn-
thesized according to Frens’ method.>* A 50 mL aliquot of HAuCl,
aqueous solution (0.01% by weight) was heated to boiling, and then
0.4 mL of citrate solution (1% by weight) was added under strong
stirring. The boiling mixture was continually heated for 15 min to give
a brilliant red color indicating the complete reduction of gold(III) ions.

The as-prepared AuNPs had a plasmonic band at around 534 nm and
an average diameter of 56 nm.

Sensor Fabrication and in Situ SERS Analysis. For con-
struction of the paper-based SERS sensor, we first cut the chro-
matographic paper into an arrow-shaped geometry (width, 6 mm;
length, 20 mm) as the matrix with a sharp tip around 30°. AuNPs were
then self-assembled into closely packed arrays by using our previously
established DMC/water interfacial system. Typically, AuNPs initially
dispersed in water (0.5 mL, ~35 pM) were induced to migrate toward the
oil/liquid (V3/Vigyen 2:1) interface through a simple emulsification
process. After transferring the produced plasmonic droplet with AuNPs
confined at the oil/liquid interface on a cleaned glass slide, the paper
substrate was carefully pushed into the droplet followed by removing the
extra fluids. The paper-based sensor covered with AuNP arrays was dried
sufficiently in air and used in the next-step SERS experiment. A 10 yL
aliquot of the sample solution was spotted on the main body of the paper
strip followed by drying in air. Afterward, the arrow-like test card was
dipped in an appropriate solvent with the rectangular bar to simultaneously
separate components with different polarities from the sample mixture
and preconcentrate target molecules at the card tip owing to the shape-
enhanced capillary-driven flow; ie., the small tg) area resulted in a much
faster drying of the solvent at the card tip®>*° The paper-based sensing
device with target molecules effectively concentrated at the plasmon-active
top front was then used to conduct the in situ SERS detection by using
near-infrared laser (785 nm) excitation as illustrated in Scheme 1.

Characterization. SERS spectra were collected using a Horiba
XploRA confocal Raman microspectrometer with 785 nm excitation
laser (S mW laser power). The integration time for each spectrum was
set to 10 s with no signal accumulation unless specified otherwise.
UV—vis extinction spectra were measured on a PerkinElmer Lambda
750 UV-—visible spectrophotometer. Fluorescence spectra were
recorded on a Varian Cary Eclipse fluorescence spectrophotometer.
Fluorescence images were obtained using a Nikon TE 300 inverted
fluorescence microscope. Transmission electron microscopy (TEM)
images were obtained using a JEOL JEM-2011 electron microscope at
an accelerating voltage of 200 kV. Scanning electron microscopy
(SEM) images were obtained using a Hitachi S-4800 filed emission
scanning electron microscopy at an accelerating voltage of 1 kV.
Atomic force microscope (AFM) images were measured using a
Bruker Nanoscope multimode 8 microscope in tapping mode.

B RESULTS AND DISCUSSION

Laboratory chromatographic paper (Whatman grade 1) used in
this study was composed of microscale (~15 pym) cellulose
fibers interwoven together (Supporting Information Figure S1a).
The AFM image demonstrated that the chromatographic paper
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had a hierarchical fibrous morphology with cellulose nanofibers
(~20 nm) braided into the large microfibers (Figure S1b). The
root-mean-square (RMS) surface roughness of the paper was
measured to be 72 nm over a § X 5 um® area, well-agreed with
the previously reported values,” indicating the large surface
area of the paper.

Self-assembly of AuNPs at liquid/liquid interfaces was
employed to create a uniform plasmon active layer on the
paper surface. The citrate-stabilized AuNP suspension had a
brilliant red appearance (Figure la). After emulsification
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Figure 1. Photographs of AuNPs before (a) and after (b) self-assembly
at the DMC/water interface. (c) Photographs of the arrow-like paper
card before (top) and after (bottom) loading of AuNP arrays on the
top front. (d) Oil phase after coating the paper tip with the self-
assembled AuNP arrays. (e) Extinction spectra of individual AuNPs
(i), and the interfacial self-assembled AuNP arrays before (ii) and after
(iii) loading on the paper tip. Curve ii was obtained by transferring the
plasmonic droplet onto a glass slide followed by solvent evaporation.
The insets show the corresponding pictures.

(shaking the tube for several seconds) and concentration
(pipetting out most of the aqueous phase), nearly all of the
particles migrated toward the two-phase interface owing to the
minimization of the interfacial energy. This was visually ob-
served by the formation of a water-in-oil droplet with an intense
golden metallic appearance in reflected light (Figure 1b) but
gray blue when viewed in transmission against a white back-
ground (picture not shown). The droplet with AuNPs confined
at the interface was easily isolated from the oil as demonstrated
previously in our laboratory (Figure 1d). Inserting the
chromatographic paper to the interfacial assemblies led to
uniform deposition of AuNPs on the paper surface and a color
change from white to gray blue (Figure lc). Figure le shows
the UV—vis spectra of the interfacial assemblies of AuNPs
before and after patterning on the paper surface. The
remarkable decrease of the plasmon peak at around 534 nm
accompanying the appearance of an intense broad band after
600 nm indicated strong interparticle electronic coupling due to
the close arrangement of AuNPs when self-assembling at the
DMC /water interface (Figure le, curves i and ii. The spectral
signature of the NP assemblies-covered paper strip was almost
the same as that of the interfacial assemblies (Figure le, curve
iii, and was totally different from that of bare paper (Figure S2),
which implied that AuNPs could be still packed densely after
depositing the assemblies on the surface of the paper. This was

Figure 2. SEM image of the paper substrate coated with interfacial
self-assembled AuNP arrays. A zoom at the strip surface shows the
close arrangement of nanoparticles at three different spots labeled 1, 2,
and 3.

directly revealed by the FE-SEM measurement. As shown in
Figure 2, AuNPs covered on the paper surface were closely
arranged to form a monolayer of two-dimensional arrays. The
surface coverage was estimated to be around 92% by analyzing
the SEM image with Image] software (U.S. National Institutes
of Health). No evidence of the density difference could be
clearly observed from different positions on the paper. All of
these observations suggested that plenty of electromagnetic hot
spots were created and uniformly distributed over the surface of
the paper. The entire process for realizing such a high density
of particles took less than 3 min, nearly 500 times faster than
the conventional immersion method,””** and involved no ex-
pensive, electrically powered equipment. It is also of note that
autofluorescence of the chromatographic paper was observably
suppressed by decoration of the self-assembled AuNP arrays.
As can be seen from Figure S3a, the fluorescence spectrum of
the paper had two characteristic bands centered at around
487 and 546 nm, respectively, and the fluorescence intensity
was quenched by nearly 74% after introduction of the plas-
monic layer on the paper. This was further observed by the
color variation of the corresponding fluorescence images from
green to black (Figure S3b,c). We speculated that the following
reasons might contribute to autofluorescence suppression. First,
AuNPs could decrease the intrinsic emission of paper via
nonradiative energy transfer.”””® On the other hand, AuNP
assemblies, covered on the paper surface, might inhibit the
excitation as well as the collection efficiency of emission
photons. All of these were helpful in developing paper into a
SERS substrate because the interference coming from the
background fluorescence was self-eliminated.

The plasmonic property of metal nanoparticles is known to
be highly dependent on the size, shape, and element. Here,
ellipsoidal-shaped AuNPs with an average diameter of 56 nm
were used as basic units for enabling SERS because of their
superior enhancing capability compared with the smaller
spherical particles. Figure S4 shows the SERS spectra of 2,2'-
bipyridyl collected from the paper surfaces covered respectively
with self-assembled arrays of different sizes of AuNPs.
Unsurprisingly, the average signal enhancement produced by
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Figure 3. SERS spectra of bpy (1 mM) collected from the surfaces of
different substrates. (i) Silicon slide functionalized with AuNPs. (ii)
paper-based substrate prepared by immersing paper in the Au colloidal
solution for 24 h. (iii) Paper-based substrate fabricated with the
interfacial assembled AuNP arrays. The spectra have been vertically
offset for clarity.

the 56 nm AuNPs was around 2.5-fold and 8.1-fold larger
than that given by 30 and 16 nm AuNPs. It is generally
accepted that AgNPs have better SERS performance. In order
to elucidate the reason why AuNPs instead of AgNPs were used
for the substrate preparation, SERS performance of the paper
coated with interfacial assembled AgNP arrays was also
investigated. The NP assembly coated paper substrate (around
1.5 X 3 mm?) was cut off and immersed in the ethanol solution
of bpy (1 mM, 100 uL) for 1S min. The substrate was then
dried in air and used for SERS analysis with a time interval of
8 days. The SERS intensity of the bpy molecules in this case
was about 4-fold less than that from the Au-based surface and
showed a continuous decrease to 15% of the initial values after
storage for 16 days (Figure SSb). The relatively low signal was
presumably because of the lack of coupling of the localized
surface plasmon resonance (LSPR) to the laser excitation
(785 nm), as these Ag-based structures had LSPRs closer to the
shorter wavelength (e.g, S14 nm) in the visible spectral
region.”” The Raman signal attenuation was probably due to
the surface oxidation of the patterned Ag arrays under ambient
conditions. Conversely, owing to the chemically inert character
of AuNPs and the high coverage of them on the paper surface,
little change in the intensity of bpy SERS spectrum could be
observed even when the substrate was stored in open air for a
half-month, indicating excellent stability of the AuNP arrays
deposited flexible SERS substrate (Figure SSa).

Figure S6 shows the reproducibility of the paper-based SERS
substrate. The SERS spectra of bpy (100 yM) were measured
from five randomly selected positions over the NP assembly
covered paper surface. The SERS intensity of the band of bpy
centered at 1612 cm™" was used for the quantitative evaluation
of the signal fluctuation. A relative standard deviation (RSD) of
8.7% for Raman intensities at different positions was obtained,
demonstrating the good reproducibility of the plasmonic device
described here due to the even coverage of AuNPs on the paper
surface. This result was further demonstrated by the highly
reproducible signal values measured from different batches of
the device (Figure S6b,c) and was comparable to or even better
than prelgig)sufgy reported literature values for paper-based SERS
sensors.

Having demonstrated the stability and reproducibility of
such SERS substrate, we next investigated the signal enhancing
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Figure 4. Ultrasensitive SERS analysis of molecules with different
Raman sections. (a) Detection of different concentrations of R6G.

(b) Molecular structures of R6G and bpy. (c) Detection of different
concentrations of bpy.

capability of this paper device by comparing its SERS response
with two other types of SERS substrates (silicon slide-based 2D
rigid substrate and filter paper-based flexible substrate prepared
by the immersion method). The silicon-based substrate was
fabricated according to a reference method"' and was char-
acterized by AFM as shown in Figure S7. The paper substrate
made from the self-assembled AuNPs gave highly strong and
abundant Raman signals. The band intensity at 1612 cm™" was
8.3-fold larger than that from the immersion-based paper sub-
strate and 36-fold larger than that from the AuNPs-functionalized
silicon slide (Figure 3). The superior SERS enhancement was
possibly ascribed to the combination of the close proximity
induced interparticle coupling and the improved sample
collection provided by the flexible cellulose paper.

In order to facilitate the device fabrication and sample
detection, the paper card was cut into an arrow-like geometry
with a 30° sharp tip down to single fibers. The entire card was
6 mm X 20 mm (maximum width X length). The rationale of
this design was that the large area of the main body is con-
venient for sample loading and migration through the capillary
force, whereas the triangular-shaped sharp point is not only
beneficial for increasing the local concentration significantly of
the analyte of interest but also helpful in eliminating uneven
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Figure S. Separation of R6G and fluorescein by the polarity difference and capillary force. Photographs of the paper card after the separation under
visible light (a) and UV light (b). Fluorescence images obtained from different positions labeled as 1 and 2 on the paper surface with an excitation
filter of 570/40 nm. (c) Fluorescence spectra of fluorescein and R6G measured respectively from the paper surface as shown in b. (d) SERS

spectrum of R6G measured from the paper tip after separation.

distribution of detected molecules caused by the coffee ring
effect, which is considered as a serious problem for conven-
tional paper-based analytical devices.** Thus, the detection
ability of the established paper substrate could be further
improved by concentrating target molecules to the tiny tip
of the plasmonic strip through the lateral flow assay. When
the paper strip was wicked up by the capillary action of the
cellulose fibers, the analyte molecules were transported to the
small detection area (paper tip). R6G was initially used as a
model analyte to investigate the effect of preconcentration on
the limit of detection (LOD). A 10 uL aliquot of R6G was
spotted on the main body of the paper device which was driven
to the paper card tip by using acetonitrile as a mobile phase.
After drying in air to remove the residual organic solvent, the
SERS spectrum was collected on the tip of the paper substrate.
As can be seen in Figure 4a, R6G with concentration as low as
50 aM was still clearly detectable, which corresponds to around
300 molecules in the sample solution. To further verify this
excellent detection result, bpy with a decreased Raman section
was then employed as another analyte. In this case, ethanol was
used as the mobile phase considering the lower polarity of bpy.
Figure 4b shows the molecular structures of the two com-
pounds. As in the case with R6G, the detection sensitivity was
greatly improved with LOD down to 1 fM corresponding to
around 6000 molecules, which was lower than the reported values
determined from paper-based substrates (Figure 4c).”>*>*

The paper-based SERS substrate has also been reported to
be used as a simple swab to make the detection of trace
analytes feasible.””’® Apart from the aforementioned lateral
flow concentration-based SERS assay, the developed plasmonic
paper card also could be directly used as a SERS swab.
Malachite green was first pipetted on the surface of a glass slide,
which immediately spread over a circle area with a diameter of
around 1 cm. Evaporation of ethanol left residue of MG. A drop
of ethanol was placed on the tip of the paper substrate to wet,
and then the surface of the glass slide was swabbed to pick up

16771

the residue of MG. We collected Raman spectra of the swabbed
SERS substrate on six different spots. Figure S8 shows the
SERS spectra of MG (1 uM, 10 pL) measured from the two
signal acquisition ways. The spectral signatures obtained after
the lateral-flow concentration were much stronger than that of
the swabbing mode. The band intensity at 416 cm™ clearly
revealed that the Raman signal was improved at least 20-fold
when determined through the aforementioned microflow
mode, which further confirmed the contribution of preconcen-
tration to the increase in the detection sensitivity.

Paper chromatography has been well-established as a quick,
facile, and inexpensive way to separate and analyze complex
samples.*”** Similar to other chromatography techniques, the
principle of the separation of components is based on their
different affinities for the stationary and mobile phases. To
further investigate the separation ability of this platform, we
first analyzed a mixture of R6G and fluorescein. A small portion
of the mixture (10 uL) was pipetted on the main body of the
paper card. After chromatographic separation using a mixed
solvent of methanol and water (3:7, v/v) as the mobile phase,
the fluorescence spectra and SERS signal were collected to
characterize the separation result. It is known that the polarity
of R6G is higher compared to that of fluorescein. This polarity
difference enables spatially isolating the two dyes on the paper
substrate as shown in Figure 5. R6G tends to migrate along
the paper surface and concentrate at the tip end owing to the
strong interaction with the polar eluent. On the other hand,
fluorescein with a decreased polarity has less solubility in the polar
mobile phase, resisting any capillary-driven motion to the tip.
Interestingly, by simply adjusting the polarity of the mobile phase
(methanol/water (7:3, v/v)), we could rapidly separate and
concentrate the less polar compound fluorescein from the dye
mixture as demonstrated in Figure S9 of Supporting Information.

Based on this principle, a more complex sample composed of
R6G spiked in chrysanthemum greens extract was prepared to
demonstrate the separation ability of the device for real world
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Figure 6. Separation of R6G (1 uM) from the extract of
chrysanthemum greens. (a) Photographs of the paper card, either
with or without the addition of R6G, after the separation under visible
light. (b) SERS spectra obtained from different positions labeled as
1, 2, and 3 on the surfaces of the paper substrate shown in a.

samples. As can be seen in Figure 6, R6G was completely separated
from the greens concentrate and dragged to the SERS-active tip by
the capillary force, which was clearly observed from the digital
photograph and SERS spectra. A control experiment demonstrated
that no signals of components of the greens concentrate were
detectable at the tip area, suggesting the effectiveness of the device
for the separation of more complex samples.

In order to evaluate its application in real samples, the
developed SERS-based paper card was used to detect MG in
fishpond water, which is a triphenylmethane dye that has been
extensively used in aquaculture for prevention and treatment of
external fungal and parasitic infections in fish. MG can be
readily absorbed by fish tissue and persists in fish muscle and
tissues for months, causing carcinogenesis, mutagenesis,
chromosomal fractures, teratogenesis, and respiratory toxicity
in animals.”> Conventional methods including HPLC* and
LC-MS" are more instrumentally demanding and expensive to
be used for on-site applications. We show the paper card
described here as a good alternative to solve those short-
comings. The MG-doped fishpond water was first filtered by
passing through a 0.45 pm membrane to remove insoluble
particles before the measurement. Figure 7 depicts the SERS
spectra of MG with concentrations ranging from 10 fM to
1 uM added in fishpond water. As can be seen from the data,
the characteristic peaks at 416 and 433 cm™" assigned to MG
could still be clearly identified even at a concentration as low as
10 fM (about 0.004 ppt), which is several orders of magnitude
lower than the minimum required performance limit of 2 ppb
for the sum of MG and its main metabolite leucomalachite
green.”® Notably, although the SERS intensities were generally
positively correlated with the concentrations of MG, the signal
fluctuation could be observed from Figure 7. That was probably
caused by the complex morphology (3D porous structures) of
the paper surface where some AuNP clusters with much
enhanced SERS activity might exist and induce the Raman
burst at specific locations. Figure S10 shows the UV-—vis
absorption spectrum of MG aqueous solution; the absorbance
maximum was at 619 nm and decreased rapidly to nearly zero
as the wavelength increased to around 700 nm that was so far
away from the laser wavelength (785 nm) used for SERS
excitation. That was to say, the contribution of resonance
Raman scattering for the signal amplification of MG molecules
could be excluded in our SERS measurements. The high
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Figure 7. Optical detection of different concentrations of MG in
fishpond water using the SERS-based paper test card.

sensitivity mainly came as a result of exciting the surface
plasmon resonance of our paper-based SERS substrates.

B CONCLUSIONS

In summary, we present a rational designed paper-based
sensing device that allows the simultaneous on-card separation,
concentration and label-free SERS detection of target molecules
from complex samples in a small surface area. The SERS-based
paper card has an ultrahigh sensitivity (50 aM of rhodamine can
be unambiguously identified) and good separation ability. In
addition to the favorable analytical performances, the
preparation of the multifunctional SERS sensor is remarkably
simple (no sophisticated equipment involved), fast, and cost-
effective. Therefore, it has a great potential as a practical sensing
platform for applications in environmental and food analysis.
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