
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
M

ar
ch

 2
01

7.
 D

ow
nl

oa
de

d 
on

 1
/2

0/
20

26
 8

:5
2:

00
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Optimizing the S
aDepartment of Biomedical Engineering, Nat

E-mail: biekahj@nus.edu.sg
bTechnoSpex Pte. Ltd., Singapore
cNUS Graduate School for Integrative Science

Singapore, Singapore

† Electronic supplementary informa
10.1039/c6ra28450g

‡ These authors contributed equally.

Cite this: RSC Adv., 2017, 7, 16264

Received 20th December 2016
Accepted 8th March 2017

DOI: 10.1039/c6ra28450g

rsc.li/rsc-advances

16264 | RSC Adv., 2017, 7, 16264–1627
ERS enhancement of a facile gold
nanostar immobilized paper-based SERS substrate†

Shuai He,‡a Jefri Chua,‡a Eddie Khay Ming Tanb and James Chen Yong Kah*ac

While surface-enhanced Raman scattering (SERS) is a useful technique for the rapid and sensitive detection

of biochemical compounds, conventional SERS chips suffer from high cost, complicated fabrication,

inefficient sample collection processes and being not biocompatible. Here, we developed a facile, low-

cost and highly sensitive gold nanostar (AuNS) immobilized paper-based SERS substrate that can be

easily prepared in any laboratory. We performed studies on the paper materials, immobilization

strategies, and SERS acquisition conditions to optimize the SERS enhancement and demonstrated that an

optimized SERS signal was obtained from a dry substrate and wet analyte configuration suitable for rapid

point-of-care detection. Using crystal violet (CV) as the Raman probe molecule, the optimized SERS

substrate was prepared by having multiple drops of �100 pM of sodium citrate-treated colloidal AuNS

on common laboratory filter paper before acquiring SERS spectra of CV freshly dripped onto the pre-

dried AuNS-filter paper substrate. The optimized AuNS-filter paper substrate exhibited a SERS

enhancement factor higher than that of two commercial Au/Ag-based SERS chips, with a detection limit

of 1 nM CV and a SERS enhancement factor of up to 1.2 � 107. Such an optimized dry substrate and wet

analyte configuration meant that the paper-based SERS substrate could be stored before use and Raman

acquisition could be performed immediately without the need for the sample to dry. This makes the

AuNS-filter paper substrate a simple and low-cost tool for trace level detection of biochemical species in

a rapid, sensitive and non-destructive manner.
Introduction

Surface-enhanced Raman scattering (SERS) is a useful analytical
technique for detecting trace levels of biochemical analytes.1–3

Due to the strong plasmonic enhancement by noble metal
nanostructures, single molecule identication has been
demonstrated with SERS.4,5

Since the morphology of these nanostructures determines
their local electric eld distribution and thereby the SERS effi-
ciency, various morphologies have been studied both theoreti-
cally and empirically for optimization of SERS signals. Amongst
various morphologies, gold nanostars (AuNS) with multiple
branches and sharp tips that serve as SERS “hotspots” have
exhibited higher SERS enhancement factors (EF) compared to
nanospheres and nanorods,6–9 and are thus favored colloidal
SERS substrates.
ional University of Singapore, Singapore.

s and Engineering, National University of
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Numerous solid phase SERS substrates have also been
fabricated from top-down and bottom-up approaches such as e-
beam lithography, colloidal lithography, chemical vapour
deposition and self-assembly,10–14 with SERS EF ranging from
104 to 1010. 3D SERS substrates such as photonic crystal bers
and nanoparticle-decorated porous alumina membranes that
provide additional surface area within the source laser foot-
print11,15,16 and efficient light–matter interaction have also been
developed.

While these solid phase SERS substrates exhibit excellent
enhancement, their fabrication is sophisticated and costly. In
addition, conventional SERS substrates based on silicon, glass,
and porous alumina do not allow for easy and efficient sample
collection process such as physical swabbing due to their non-
conformal, rigid, and brittle nature.1

Solid phase SERS substrates based on paper with immobi-
lized plasmonic nanostructures have been recently developed as
a exible, cost-effective, biodegradable, robust and disposable
alternative with high sample collection efficiency and easy
fabricationmethodology.17,18 The porous surface of paper allows
a higher adsorption of nanostructures compared to conven-
tional 2D silicon and glass substrate.

Most studies use either laboratory lter paper17,19,20 or inkjet
printing paper18,21 as the substrate material for various paper-
based SERS applications, including a Pen-on-Paper scheme
This journal is © The Royal Society of Chemistry 2017
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Scheme 1 Study to optimize the Surface Enhanced Raman Scattering (SERS) enhancement factor (EF) of a low-cost and facile gold nanostars
(AuNS)-based paper-SERS substrate through optimizing the paper materials, immobilization strategies, and SERS acquisition conditions.
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where plasmonic nanostructures are drawn and immobilized
on the paper.22 Both types of paper comprised largely cellulose
with small differences in composition and surface chemistry
between them. Filter paper is generally more porous and less
hydrophobic than printing paper. While a porous substrate
provides a large surface area for immobilization of plasmonic
nanoparticles (NPs) for SERS, a hydrophobic surface contains
the plasmonic NPs in a localized spot to increase the concen-
tration of immobilized NPs. No conclusion was made on which
was a better choice as a substrate material since no study
comparing the two paper materials18 for SERS optimization was
made to date.

Despite the promise of paper-SERS substrates to replace
commercial 2D SERS chips, no study on the immobilization
approaches of plasmonic nanostructures and their SERS acqui-
sition conditions for optimizing the SERS enhancement from
paper-SERS substrates was also reported to date. These congu-
rations could affect the translational value of paper-SERS
substrate for rapid point-of-care detection. To elucidate these,
we immobilized AuNS on both lter and printing paper either by
varying the concentration of the AuNS colloidal solution dripped
or the number of drips on paper. We used Crystal Violet (CV) as
the Raman probe molecule, and acquired its SERS spectra on
either the damp or dried AuNS-paper substrate (Scheme 1).

We found that lter paper substrates with AuNS immobi-
lized from multiple drips on paper resulted in a SERS EF higher
This journal is © The Royal Society of Chemistry 2017
than that of printing paper, as well as two commercial Au/Ag-
based SERS chips. SERS enhancement was also the highest
when AuNS-lter paper substrate was dried and CV was wet
during Raman acquisition, demonstrating commercial viability
where the dried substrates could be stored and rapid SERS
measurement could be acquired immediately without the need
to dry the analyte. This makes the AuNS-paper substrate
a promising platform for easy-to-prepare and cost-effective
Raman analytics.

Materials and methods

All reagents were purchased from Sigma Aldrich unless speci-
ed otherwise. Milli-Q water with a resistivity of 18.2 MU cmwas
used for all experiments. Laboratory lter discs (FT-3-205-240,
Sartorius AG, Germany) and A4 printing paper (Double A, Sin-
gapore) were used as the substrate material for immobilization
of AuNS. Each paper substrate has a dimension of 0.8 cm �
1.5 cm. Two commercial Au/Ag-based SERS chips (silver
substrate “RANDA”, ATO ID, Lithuania; paper-based gold
nanoparticle substrate “RAM-SERS-Au”, Ocean Optics, USA)
were purchased for benchmarking purpose.

Synthesis and characterization of AuNS

AuNS were synthesized using an SERS-optimized one-pot
seedless protocol by reducing gold(III) chloride (HAuCl4) with
RSC Adv., 2017, 7, 16264–16272 | 16265
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L-ascorbic acid (C6H8O6) in the presence of silver nitrate
(AgNO3).9 Briey, 36 mL of 10 mM HAuCl4 and 2 mL of 10 mM
AgNO3 (Au

3+/Ag+ ¼ 18) were added into 1 mL of Milli-Q water.
The solution was mixed under vortex for 10 s before 6 mL of
100 mM aqueous C6H8O6 was added rapidly to the mixture and
vortexed for another 20 s. The solution turned from colorless to
greenish blue as the AuNS were formed by reduction of HAuCl4
with C6H8O6.

The optical properties of AuNS were characterized by UV-Vis
spectroscopy (MultiSkan GO, Thermo Fisher Scientic Inc.,
USA). Their zeta potential (z) and hydrodynamic diameter (DH)
were measured at 25 �C using a Zetasizer (Nano ZS, Malvern,
UK). The morphology of AuNS was characterized using trans-
mission electron microscopy (TEM) (JEM-1220, JEOL Ltd.,
Japan). The concentration of AuNS in the solution was esti-
mated by mass calculation to be z10 pM. Briey, Au3+ ions
were assumed to be completely reduced to AuNS, hence the
approximate concentration was determined by dividing the
total mass of available Au by mass of one AuNS, whose size was
obtained from the DH and density was known to be 19.3 g cm�3.

The AuNS were washed and concentrated in 100 mL of water
by centrifugation at 1500 rpm for 20 min. The concentration of
nal AuNS solution before immobilization onto paper
substrates was �100 pM.

Sodium citrate capping of synthesized AuNS

Trisodium citrate (Na3C6H5O7) was added to the synthesized
AuNS following a reported protocol20 with slight modications
before immobilizing the AuNS onto the paper substrates to
improve their adsorption on paper. Briey, 100 mL of 34 mM
Na3C6H5O7 was added into 1 mL of synthesized AuNS solution
and kept for 30 min. AuNS was then centrifuged at 1500 rpm for
20 min. The supernatant was removed and the AuNS were
resuspended in 100 mL of 68 mM Na3C6H5O7 for subsequent
immobilization on paper.

Immobilization of AuNS on paper substrate

100 mL of 100 pM AuNS solution, with or without Na3C6H5O7,
was dripped onto each paper substrate (both lter and printing
paper) kept in a Petri dish, which could completely cover a 0.8 cm
� 1.5 cm paper substrate (Fig. 1A). The Petri dish was then
covered and le overnight at room temperature before the
Raman spectra of crystal violet (CV) as our model Raman probe
analyte was acquired.

CV is a common Raman reporter with a molecular structure
shown in Fig. 1D. It possessed a strong Raman signature aer
laser excitation at the visible-near infrared (Vis-NIR) region. Two
groups of modes were observed in the Raman spectra of 10 mM
CV on both types of paper, including modes associated with (1)
nitrogen atoms (N-phenyl stretching, 1350–1400 cm�1), and (2)
phenyl rings (skeletal ring vibrations and ring C–H deforma-
tions at 700–1300 cm�1, and ring C–C stretching modes above
1400 cm�1)6,23 (Fig. 1B and C).

The characteristic CV peak at 1171 cm�1 (ring C–H defor-
mations) was used as the reference to calculate the SERS EF.
Raman spectrum of CV on lter paper also presented two strong
16266 | RSC Adv., 2017, 7, 16264–16272
peaks at 1095 and 1122 cm�1 (Fig. 1B, unlabeled) corresponding
to ring and C–O stretching modes in the structure of cellu-
lose.24,25 To ensure observable CV peak at 1171 cm�1 for all
experiments, 10 mM CV was used for SERS measurements.

While a number of paper-based SERS studies have been re-
ported, the Raman acquisition conditions were not studied. The
effect of wet or dry acquisition conditions on the SERS
enhancement remained unknown and we therefore examined
the SERS EF of AuNS-paper substrate in two (damp or dried)
congurations. In the rst conguration, the damp AuNS-paper
substrate was used for SERS. Briey, 5 mL of 10 mM CV solution
was dripped in the center of the substrate, prepared from either
laboratory lter discs or printing paper, while the substrate was
still damp aer overnight soaking of paper in AuNS colloid. In
the second conguration, the AuNS-paper substrate was dried
completely in a vacuum pump for 1 h before 5 mL of 10 mM CV
solution was dripped on the substrate.

In both congurations, the Raman spectra of CV were
acquired either immediately while the CV was still wet on the
AuNS-paper substrate or aer CV was dried on the AuNS-paper
substrate in a vacuum pump for 1 h. In summary, there were
a total of four conditions for SERS acquisition: dry substrate-dry
CV, dry substrate-wet CV, damp substrate-dry CV and damp
substrate-wet CV.

Varying amount of AuNS immobilized on paper substrate

We also compared two approaches to increase the immobili-
zation of AuNS on the paper substrate for further SERS
enhancement. First, we double-immobilized AuNS on paper by
dripping another 100 mL of 100 pM AuNS solution on a previ-
ously dripped AuNS-paper substrate, and allowing another
overnight immobilization of AuNS on the AuNS-paper substrate,
followed by a repeated drying process. Second, we repeated the
single AuNS drip immobilization process with a doubled AuNS
concentration of�200 pM instead of 100 pM. This allowed us to
compare if multiple drips of a lower AuNS concentration is
more effective than single drip of a higher AuNS concentration
in enhancing the Raman signal of CV.

Acquisition of Raman spectra and SERS enhancement factor

All the Raman spectra in this study were acquired using
a Raman spectroscopy system (uRaman-785 -Ci, TechnoSpex
Pte. Ltd., Singapore) (Fig. S1†). Frequency stabilized laser at
wavelength of 785 nm with linewidth approximately 100 MHz
was used to excite the sample. This laser wavelength, which is
far from the uorescence excitation wavelength of paper, could
minimize the generation of unwanted autouorescence.17 The
system was equipped with a TEC-cooled 2048 pixel CCD
detector. The spectral resolution of the system was measured to
be�8.6 cm�1 and the spectra range span between 150 cm�1 and
2400 cm�1. The laser optical power at the sample was �13 mW
using the Plan Apo Lambda 20� objective with a numerical
aperture of 0.75.

In acquiring the Raman spectra, the AuNS-paper substrate
with CV was xed on a quartz glass slide (SLID-Q-0762-0254-
0100, Singapore Optics Shop, Singapore) and the laser beam
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 (A) Immobilization of AuNS onto paper substrates by dripping. Raman spectra of 10 mM CV on a 0.8 cm � 1.5 cm (B) filter paper and (C)
printing paper substrate acquired with an integration time of 10 s (l¼ 785 nm, laser power at sample¼ 13mW, 20� objective, NA¼ 0.75). (D) The
molecular structure of CV.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
M

ar
ch

 2
01

7.
 D

ow
nl

oa
de

d 
on

 1
/2

0/
20

26
 8

:5
2:

00
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
was focused at the CV spot with an integration time of 10 s. The
acquisition process was repeated multiple times (N ¼ 8) at
different regions of the analyte spot to determine the average
Raman spectrum under each condition so as to account for
small variations in the concentration of immobilized AuNS on
paper. The bulk Raman spectra of CV on the paper substrate
without immobilized AuNS were acquired in the same manner.
The raw Raman spectra were processed using MATLAB to
remove the autouorescence by third order polynomial tting.
The SERS EF was then determined as shown below:6,20,26

EF ¼ ISERS

IRaman

� NRaman

NSERS

where ISERS and IRaman are Raman signal intensities of CV at
1171 cm�1 with and without SERS from AuNS aer auto-
uorescence removal respectively; and NRaman and NSERS are the
number of CV molecules in bulk solution being dripped and
adsorbed on paper without and with AuNS within laser spot
respectively. Here, NRaman ¼ 7.95 � 108 and NSERS ¼ 7.95 � 105

(see ESI† on the derivation of these values), which is below the
estimated saturation adsorption capacity of AuNS at 505109 CV
molecules per AuNS, with size of CV molecule known to be
around 120 Å2 (ref. 27) and surface area of AuNS calculated from
hydrodynamic diameter (DH). Hence, the formula above can be
simplied as follow:

EF ¼ ISERS

IRaman

� 103

This simplied formula was also applied to calculate the
SERS EF of CV obtained from two commercial Au/Ag-based
SERS chips (silver substrate “RANDA”, ATO ID, Lithuania;
This journal is © The Royal Society of Chemistry 2017
paper-based gold nanoparticle substrate “RAM-SERS-Au”,
Ocean Optics, USA) for comparison. Here, the SERS spectra of
10 mM CV on commercial SERS chips were acquired and the
Raman intensity of CV at 1171 cm�1 aer autouorescence
removal was used for calculation of SERS EF.
Results and discussion
Synthesis and characterization of AuNS

AuNS were synthesized by a SERS-optimized one-pot protocol
using ascorbic acid as the reducing agent and silver nitrate as
the shaping agent.9 The synthesized AuNS showed a surface
plasmon resonance (SPR) peak at 677 nm, with a DH of 105.12�
1.13 nm, and surface charge of �29.30 � 1.17 mV (Fig. 2A). The
SPR of AuNS was determined by a series of parameters
including their size, shape and dielectric property of
surrounding medium.13,28 In most applications, the SPR peak
was typically near to the laser excitation wavelength for strong
plasmon excitation and high local eld enhancements.29 While
perfect matching would induce strong resonance effect, the
SERS enhancement would suffer from signal loss due to the
background absorption and presence of unwanted uores-
cence. On the other hand, AuNS with a SPR slightly blue-shied
from the optical excitation of 785 nm has been reported to
generate the strongest SERS enhancement.8 The negative
surface charge provided charge stabilization on colloidal AuNS,
although this might hinder their immobilization on paper
substrate subsequently.

Multiple sharp spikes of synthesized AuNS were observed
under TEM (Fig. 2B). As SERS from plasmonic nanostructures
originates predominantly from electromagnetic enhancement
RSC Adv., 2017, 7, 16264–16272 | 16267
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Fig. 2 Characterization of AuNS synthesized from an optimized one-pot protocol, showing the (A) UV-Vis absorption spectrum with a peak
absorbance at 677 nm and (B) the histogram size distribution from dynamic light scattering (DLS), with a mean hydrodynamic diameter, DH of
105.12 � 1.13 nm. The TEM image of the synthesized AuNS is shown as inset.
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and to a lesser extent from chemical enhancement,30 the sharp
spikes on AuNS were morphological features with a strong
localized electromagnetic eld and thus served as SERS “hot
spots”.6 Studies have shown that AuNS exhibited a higher SERS
enhancement both in colloid and aer immobilization on paper
substrate compared to gold nanospheres or gold nanorods.6,20

Therefore, we chose the AuNS which we optimized previously9

as the plasmonic nanoparticles to immobilize for paper-SERS
substrate in this study.

SERS on AuNS-paper substrate

The use of paper as a low-cost, biocompatible, and biodegrad-
able diagnostic platform suitable for resource-scarce regions
and point-of-care detection has gained much interest.31,32 Filter
paper and printing paper are two commonly used materials for
preparing paper-SERS substrate. We measured the SERS
enhancement of AuNS-paper substrate made from these two
materials for all four congurations. Except for the damp
substrate-wet CV conguration where SERS enhancement was
comparable, lter paper substrates, in general, generated
signicantly higher SERS enhancement than printing paper (p <
0.005, student's t-test) (Fig. 3A). While both types of paper
consisted of interwoven brous strands, there were differences
in the micro-scale morphology between lter and printing
paper,18 where lter paper showed a larger pore size and lower
microber density (Fig. 3B) compared to printing paper
(Fig. 3C). Filter paper with high porosity increased the absor-
bency of AuNS colloid, while printing paper with lower porosity
increased AuNS holdout in the paper, ensuring that the colloid
seep less easily into the paper. The higher porosity in lter
paper favored not just the penetration of AuNS into the paper
ber for immobilization, but also the penetration of light into
the ber to optically excite the AuNS immobilized deeper in the
microbers, thus generating higher SERS EF.

In point-of-care detection, it is oen important that
a reading can be acquired as soon as the sample is applied to
minimize waiting time. In this case, the acquisition of SERS
while CV was still wet on paper resulted in signicantly higher
SERS enhancement compared to CV that was dried in vacuum
16268 | RSC Adv., 2017, 7, 16264–16272
pump (p < 0.05, student's t-test). This was true for both lter and
printing paper, and could be attributed to a decrease in the
dielectric constant, 3r around AuNS upon dehydration of the CV
(3water ¼ 1.77; 3air ¼ 1.00), which resulted in a blue-shied SPR33

of AuNS away from the laser excitation wavelength and thus
a lower SERS EF. The dehydration of CV could have also
decreased the specic heat capacity of the substrate, which led
to overheating of the paper substrate due to the photothermal
effect of AuNS, and consequently reduction in the SERS
enhancement.34 This meant that rapid acquisition of the Raman
spectrum could be achieved without having to wait for the
samples to dry on the AuNS-paper substrate.

In acquiring the SERS of wet CV on lter paper, we also
found that the EF was not affected by the hydration of AuNS-
paper substrate (EF for both cases z 1.84 � 104). This
showed that the AuNS-lter paper substrate could be prepared
and stored in dry form for point-of-care use without compro-
mising its EF. The independence of EF from the hydration of
AuNS-paper substrate could be due largely to the porosity and
hydrophilicity of the lter paper where the CV solution could
penetrate the bers and interact with the AuNS even if the
AuNS-paper substrate was previously dried. In contrast, the
SERS EF of wet CV on printing paper was higher on a damp
AuNS-paper substrate (EF ¼ 1.88 � 104) compared to the dried
one (EF ¼ 0.66 � 104). This could be due to the denser micro-
bers and hydrophobic surface of dried printing paper that
slowed the penetration of CV solution and subsequent inter-
actions with the immobilized AuNS. The presence of moisture
in the damp AuNS-paper substrate presented a continuous
medium that facilitated the penetration of CV solution.

Effect of sodium citrate capping on AuNS

Using a dry substrate-wet CV conguration in Raman acquisi-
tion, we examined the effect of sodium citrate on the SERS
enhancement of CV by AuNS. In the synthesis of small spherical
gold nanoparticles (AuNPs), sodium citrate was oen used both
as a reducing and capping agent on AuNPs due to the negatively
charge cloud of citrate ions that conferred charge stabilization.
The presence of citrate as a capping agent on AuNS has been
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Effect of dry and wet conditions of both the paper substrate and CV analyte on SERS. (A) Overall SERS EF of the Raman peak of CV at 1171
cm�1 under the four SERS conditions, showing that the filter paper generally had a higher EF than printing paper (p < 0.005, student's t-test)
except for the condition of damp substrate-wet CV configuration where SERS enhancement was comparable. Bright-field microscopic images
of (B) filter paper and (C) printing paper substrate, showing the AuNS immobilized on the paper microfibers as dark spots.
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shown previously to improve the adsorption of AuNS on paper
and increase their SERS enhancement.20

On addition of sodium citrate to AuNS, we observed that the
citrate-treated AuNS immobilized on lter paper substrate was
paler and less uniformly distributed on the papers compared to
non-citrate treated AuNS immobilized on the same paper
substrates (Fig. 4A). We observed larger andmore AuNS clusters
(indicated by the black spots) on the microbers of lter paper
under the microscope when sodium citrate was incorporated
(Fig. 4B, right). Similar observations were made for AuNS-paper
SERS substrates prepared from printing paper (data not shown).

With a dry substrate-wet CV conguration in Raman acqui-
sition, we found that the presence of sodium citrate as
a capping agent on AuNS increased their SERS enhancement of
CV on both lter and printing paper (Fig. 4C). For lter paper,
the EF increased from 1.85 � 104 without sodium citrate to 2.63
� 104 in the presence of sodium citrate. Such an increase in the
EF could be attributed to more large AuNS clusters immobilized
Fig. 4 (A) Macro-scale and (B) micro-scale images of AuNS-filter pap
a capping agent on the AuNS (right). (C) Effect of sodium citrate on SERS E
prepared from filter paper and printing paper.

This journal is © The Royal Society of Chemistry 2017
on paper microbers aer citrate treatment as observed under
the microscope (Fig. 4B). Furthermore, aggregation of nano-
particles was also known to produce SERS “hotspots” with
strong SERS enhancement,4,35,36 where the nanogaps formed in
the AuNS clusters from aggregation induced by sodium citrate
created regions of intense SERS hotspots. Similar increase in EF
from 0.66 � 104 to 0.83 � 104 was also observed for printing
paper, although the increase in EF was less signicant due to
more compact microstructure and smaller pore size of printing
paper, which hindered the immobilization of aggregated AuNS
clusters on deeper microbers.
Increased immobilization of AuNS

We next examined two approaches to further increase the
amount of AuNS immobilized on lter paper substrate and
thereby further enhancing SERS. First, we double-dripped 100
pM of citrate-capped AuNS on lter paper with vacuum drying
of the AuNS-paper substrate aer each drip. Despite a longer
er substrates without (left) and with sodium citrate incorporated as
F of Raman peak of CV at 1171 cm�1 acquired on AuNS-paper substrate
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substrate preparation time of more than a day to allow drying of
the previous drip, the SERS EF increased from 2.63 � 104 for
single drip to 3.18 � 104 for double drip (Fig. 5A). This was due
to the noticeably higher density of AuNS immobilized on the
microstructures of the lter paper from double dripping
(Fig. 5B) compared to a single drip (Fig. 5C).

In the second approach, we doubled the AuNS concentration
in a single drip to 200 pM. In this case, we observed an unex-
pected decrease in SERS EF from 2.63 � 104 for 100 pM to 0.84
� 104 for 10 mM of CV (Fig. 5A). This drop in SERS EF was likely
due to the AuNS aggregating out of solution at a higher
concentration in the presence of sodium citrate before they
were immobilized on the paper substrate. Aggregation has been
shown to increase with higher nanoparticle concentration due
to increased collision frequency between nanoparticles.37 The
large AuNS precipitates were unable to penetrate through the
pores between paper microbers and immobilize efficiently on
paper microbers, resulting in a much lower effective concen-
tration of AuNS loaded on the paper microbers, and a conse-
quently weaker SERS enhancement than expected.
Comparison to commercial SERS substrates

The SERS EF of 10 mM CV obtained from AuNS-lter paper
substrate prepared using double drip of 100 pM citrate-capped
AuNS was compared to that of two commercially available Au/
Ag-based SERS chips, to demonstrate the performance of our
AuNS-paper SERS substrate over commercial SERS substrates.
In contrast to the facile preparation of our AuNS-lter paper
substrate, the preparation of commercial SERS substrates was
more complex. The active SERS area of silver substrate “RANDA”
from ATO ID was fabricated using an ultra-short pulse laser
ablation directly on a silver-coated soda-lime glass substrate to
produce stochastic nanopattern. The active SERS area of gold
substrate “RAM-SERS-Au” from Ocean Optics was fabricated
using industrial deposition techniques to deposit gold nano-
particles onto paper followed by immobilization on borosilicate
glass substrate.
Fig. 5 Effect of increasing the amount of AuNS immobilized on filter pape
cm�1 for AuNS-filter paper substrates prepared from either double drip o
paper substrate and wet CV, and with citrate treatment on AuNS. Bright-fi
drip and (C) single drip of AuNS colloid.

16270 | RSC Adv., 2017, 7, 16264–16272
Both commercial SERS chips had a lower SERS EF of 2.31 �
104 for “RANDA” from ATO ID and 1.39 � 104 for “RAM-SERS-
Au” from Ocean Optics compared to the AuNS-lter paper SERS
substrate prepared from double dripping of 100 pM AuNS (EF¼
3.18 � 104) (Fig. 6A). The high SERS EF of AuNS-lter paper
substrate came from a good combination of citrate-capped
AuNS as the plasmonic nanoparticles and lter paper as the
substrate material that allowed good immobilization of the
AuNS in a 3D paper matrix as opposed to a 2D glass substrate in
the commercial SERS chip. Here, the spiky morphology of AuNS
compared to roughened Ag surface and spherical AuNPs
generated stronger localized electromagnetic eld for SERS
enhancement. Furthermore, the numerous cellulose micro-
bers of lter paper could extend the surface area for AuNS
immobilization and the 3D microstructure could enable more
efficient interaction between light and AuNS, as well as AuNS
and CV molecules for SERS enhancement.

Based on our optimized SERS acquisition conguration of
dry substrate-wet CV with incorporation of sodium citrate on
AuNS-lter paper substrate, we further decreased the CV
concentration in SERS measurements to determine the detec-
tion limit of our AuNS-lter substrate. We found that the
characteristic Raman peak of CV at 1171 cm�1 was still detect-
able at a CV concentration of 1 nM (Fig. 6B). Based on this
reduced concentration of 1 nM instead of 10 mM, we achieved an
EF of 1.2 � 107. This level of enhancement made the AuNS-lter
paper substrate an attractive SERS substrate that can be easily
prepared in any laboratory for sensitive detection of trace ana-
lytes. We showed also that strong SERS enhancement was
achieved with another analyte probe, doxorubicin, a small
molecule anti-cancer drug, where all the Raman peaks known to
be present in the molecule were strongly enhanced38–40 (Fig. S2
and Table S1†). By mixing doxorubicin with CV, we were still
able to analyze the characteristic Raman peaks of both analytes
(Fig. S2†). This demonstrated that the facile AuNS immobilized
paper-based SERS substrate was not only applicable to other
molecular analytes apart from CV, but was also feasible in
analyzing a panel of analytes in multiplex.
r substrate by two approaches. (A) SERS EF of Raman peak of CV at 1171
f 100 pM AuNS or single drip of 200 pM AuNS, and acquired from a dry
eld microscopic images of AuNS-filter paper substrate with (B) double

This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ra28450g


Fig. 6 (A) Comparison of SERS EF of 10 mM of CV obtained from AuNS-filter paper substrate prepared by double dripping of 100 pM citrate
treated AuNS colloid against two commercial SERS chips: Ag-based substrate “RANDA” from ATO ID and Au-based substrate “RAM-SERS-Au”
from Ocean Optics. (B) SERS spectra of different concentrations of CV on AuNS-filter paper substrate under the optimal SERS acquisition
configuration with double dripping strategy and sodium citrate as in (A) to show a detection limit of CV down to 1 nM. SERS spectra of AuNS-filter
paper substrate were acquired under optimal condition of dry substrate-wet CV configuration. SERS EF was calculated based on Raman peak of
CV at 1171 cm�1.
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Conclusion

We have demonstrated that a low-cost AuNS-paper SERS
substrate prepared by immobilizing AuNS on common laboratory
lter paper was able to achieve a SERS EF that was higher than
two commercial SERS substrates. This was achieved by dripping
100 pM of citrate-capped AuNS twice on the lter paper and
allowing the substrate to be dried completely before dripping the
analyte on the substrate and acquiring the SERS immediately.
With this setup, we were able to achieve an EF of up to 1.2 � 107

using CV as our test analyte. While many paper-based SERS
studies dried the analytes before Raman acquisition, we found
that the SERS enhancement was stronger when the analyte was
still wet. The low cost and ease of preparation make this AuNS-
paper substrate a convenient and attractive alternative substrate
which every common laboratory can prepare for rapid and
sensitive trace level detection of chemical analytes or biological
diagnostic applications in a non-destructive manner using SERS.
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