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The potential of thread for use as a substrate for inexpensive, disposable diagnostics for surface-enhanced Raman scat-
tering (SERS) spectroscopy has been showed in this study. Gold-nanoparticle coated thread can be embedded into fab-
rics to detect chemical or biological analytes in military and medical applications through SERS. Using this inexpensive
and widely available material enables reduction in the volumes of nanoparticle solution required compared to alterna-
tives. By testing multiple analytes, it was observed that molecular structure played a significant role in SERS signal
amplification, and hence, the technique is limited to the detection of a small number of analytes possessing highly polar-
izable structures. Although direct chemical bonding between analyte molecules and nanoparticles gives the strongest
signal enhancement, it remains possible to easily discern signals generated by analytes not directly bound, provided
they possess suitable structure. Amplification of SERS signal by controlling the aggregation state of the gold nanopar-
ticles to increase the number of SERS hotspots was observed. © 2014 American Institute of Chemical Engineers
AIChE J, 60: 1598-1605, 2014
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Introduction

Surface-enhanced Raman scattering (SERS) using metallic
nanoparticles is a prominent technique for detecting and analyz-
ing the adsorption of target molecules on substrates, and allow-
ing different orientations and interactions of the molecules with
the substrate to be determined. A highly SERS-active substrate
is the most important factor in producing efficient SERS analy-
sis. Previously, aqueous metal nanoparticle suspension were
used in most SERS techniques, but this limits the applications
of SERS as the specimens analyzed must be water soluble. To
overcome this limitation and enhance the SERS technique, solid
and rough SERS-active surfaces such as silicon wafers, ™ nano-
rod arrays on glass,4 metal island films formed through thermal
evalporation,s’6 and laser ablated metal plates’ were explored
among others. However, these methods involve complex prepa-
ration of substrates and sophisticated instrumentation, thus,
resulting in high costs which limit the applications of SERS.
Therefore, the development of low cost, efficient, reliable, and
reproducible SERS substrates is imperative.
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Performing SERS with metallic nanoparticles coated low-
cost substrate, such as filter paper, has been reportedg; the
use of paper as a substrate eliminates the need for the analy-
tes examined to be water soluble, offering a much simpler
method. The intertwined structure of cellulose fibers in paper
was found to be able to “freeze” the adsorption state of
nanoparticles by rapidly drawing away the water upon dry-
ing, resulting in a uniform distribution of gold nanoparticle
(AuNPs) on paper, which is an important criteria for higher
SERS reproducibility.g’9 Besides that, adsorption of nanopar-
ticles on the three-dimensional (3-D) multilayer cellulose
structure of paper allows interlayer and intralayer plasmon
coupling which is able to amplify the SERS signal'’

Having similar cellulose structure as paper, thread can also be
used as a highly SERS-active substrate. This work demonstrates
the first use of thread as a low cost SERS substrate. Thread is
inexpensive and globally ubiquitous. It possesses excellent color
display properties, physical strength, and wettability. Thread is
able to wick liquids through capillary action due to its porous
structure formed by the spaces between the thread’s fibers.'' ™"
This study used cotton thread exclusively, an ancient material
used for centuries which is also an attractive substrate for the
fabrication of low cost and low volume devices for SERS.' To
the best of our knowledge, no work has reported using cotton or
other multifilament threads for fabricating simple and low-cost
substrates for SERS applications to date.
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This study demonstrates the potential of AuNP treated cotton
thread as a powerful tool for studying the surface configuration
of molecules in SERS applications. The natural, porous mor-
phology and high oxygen density of the thread structure pro-
vides a strong capillary force to adsorb AuNP-solution,
allowing the deposition of AuNPs over a higher surface area
than other flat substrates such as glass or polymer. In addition,
cotton thread is inexpensive and only a tiny volume of AuNPs
deposited on cotton thread can produce a wide range of diag-
nostic devices which show excellent surface-enhanced Raman
scattering (SERS) behavior. Cotton thread has the advantage of
being biodegradable, biocompatible, and renewable, and its
structural morphology and surface chemistry can be readily
engineered. Unlike paper, thread can be used to form fabric,
which can be incorporated into apparel, for instance military
attire, which can potentially be used for detection of biological
hazard or chemical warfare reagents.

In this work, we have explored the optimum conditions to
produce SERS-active AuNPs treated cotton thread by study-
ing effect of size, concentration, and aggregation state of
AuNPs on the SERS activity of the thread. The application
of AuNP-functionalized thread in analyzing different mole-
cule structures through SERS was demonstrated. This study
also investigated the impacts of analyte polarizability and
nanoparticle binding on SERS signals, results which are no
doubt applicable to other substrates apart from thread.

Experimental Section
Materials and instrumentation

Hydrogen tetrachloroaurate trihydrate (HAuCl4.3H,0),
sodium citrate tribasic dihydrate (NazCgHsO07.2H,O) and 4-
aminothiophenol (4-ATP), 1-Decanethiol (1-DT), L-Methionine
(LM), and Phenolphthalein were purchased from Sigma-
Aldrich. Ninhydrin reagent was provided by CSIRO, Clayton.
Cationic polyacrylamide (CPAM) of high molecular weights
(~13 M Da) and charge densities at 40% wt (F1, SnowFlake
Cationics) was purchased from AQUA+TECH, Switzerland.
Ultrapure water purified with a Millipore system (18 MQ cm)
and Absolute ethanol were used in all aqueous solutions and
rinsing procedures. Precut 5 mm X 7 mm silicon wafers were
purchased from ProSciTech as a solid support for SERS.

Cotton thread was kindly provided by the school of Fash-
ion and Textiles, RMIT University, Melbourne, Australia.
Natural cotton thread is not wettable by aqueous liquids due
to the presence of naturally occurring waxes on the surface
of fibers and within the fiber wall. As such, natural cotton
thread needs to be dewaxed, or surface treated, to allow the
wicking of aqueous liquid.11 In this study, natural cotton
thread was rendered hydrophilic by exposure to plasma in a
vacuum plasma reactor (K1050X plasma asher (Quorum
Emitech, UK)) for 1 min at an intensity of 50 W. The vac-
uum level for the treatment was 6 X 10~ ' mbar.

The morphology of the AuNP-functionalized thread was
observed via field emission scanning electron micrograph
(FESEM) using a JEOL 7001 FEG system operating at 5 kV
and 180 pA. The Zeta potential measurements of the AuNP
in the suspension form were performed with a Zetasizer
Nano ZS (Malvern Instruments) in a Folded Capillary cell
(DTS1060) at 25°C. All Raman and SERS spectra were
obtained in the air on a Renishaw Invia Raman microscope
equipped with 300 mW 633 nm laser. Typically, the laser
was set to 10% of maximum power. The laser beam was
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positioned through a Leica imaging microscope objective
lens (50X), whilst the instrument’s wavenumber was cali-
brated with a silicon standard centred at 520.5 cm™' shift.
Due to the smaller spot size of the laser compared with the
large surface area of the samples, spectra were obtained at
different points along the thread surfaces, and were the same
shape, differing only in intensity. The average intensity (of
five measurements) was presented as the final result.

Methods
Preparation of AuNPs

AuNPs were synthesized using 1 mM of hydrogen tetrachlor-
oaurate, HAuCl,.3H,0, and 1% aqueous sodium citrate accord-
ing to the Turkevich method."” To synthesize a stock solution
of larger AuNPs (approximately 40 nm in diameter), a modified
version of the Turkevich method was performed using 0.65
mM HAuCl,.3H,0 and 0.5% aqueous sodium citrate. A 20-mL
solution of 1 mM of aqueous hydrogen tetrachloroaurate was
heated to 100°C. 2 mL of 1% aqueous sodium citrate was then
added to the heated aqueous hydrogen tetrachloroaurate. The
mixture was then stirred and heated until its color transitioned
from pale yellow to pale blue, and then into a brilliant red on
completion. The AuNPs solution obtained was then allowed to
cool to room temperature and stored at 4°C. To obtain a con-
centrated AuNPs solution, the original AuNPs solutions were
concentrated 10x by centrifugation at 6000 g for 20 min.

The adsorption of AuNPs to cotton-thread substrate

CPAM is among the most extensively used cationic polyelec-
trolyte flocculants for liquid/solid separation, retention and
drainage aids in papermaking and flotation aids.*'® To induce
more adsorption and aggregation of AuNPs in an effort to pro-
mote SERS signal amplification, thread substrates were treated
with CPAM to engineer their surface charge. A stock solution
of CPAM was prepared on the day of experiment by diluting
dry powder to 0.01% with Ultrapure water purified with a Milli-
pore system (18 MQ cm) and the dispersions were gently
shaken for 1 h to facilitate the dissolution process. Plasma-
treated cotton-thread substrates of 10 mm length were dipped
into the CPAM solution for 1 h, rendering the thread cationic.
The treated cotton threads were then rinsed with distilled water
and left to air dry. The treated cotton threads were then soaked
individually in solutions of AuNPs. After soaking, the AuNP-
treated cotton threads were rinsed thoroughly with distilled
water to remove loosely bound AuNPs, and then air dried.

Preparation of Raman active cotton-thread substrates
and silicon wafers

Solutions of different concentrations of 4-ATP, 1-DT, Nin-
hydrin reagent, and Phenolphthalein were prepared in etha-
nol, whereas LM was prepared in distilled water. The dried
nanoparticle-deposited thread substrates (both untreated and
pretreated with cationic polymers) were dipped into a solu-
tion of analyte molecules for 5 min. After thorough rinsing
with MilliQ water and drying, they were subjected to Raman
characterization.

Silicon wafers with dimensions of 10 X 10 mm® were
cleaned with “piranha” solution (mixture of sulfuric acid and
hydrogen peroxide) and ultrasonicated before use. Silicon
wafers were also treated in the vacuum plasma reactor for 1
min at an intensity of 50 W. The vacuum level for the
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Figure 1. FESEM images of (a) cotton thread and (b)
filter paper.

treatment was 6 X 10~' m bar. 5 uL of AuNPs was applied
to each silicon wafer and dried in air before analysis.

Results and Discussion

Cotton threads were analyzed under SEM to study their
structure and morphology. It was found that cotton thread is
composed of many cellulose fibers which are similar to those
found in filter paper. However, the cellulose fibers of cotton
thread (Figure la) are arranged in a twisted structure, as
opposed to paper (Figure 1b) which has a layered cellulose
fiber structure.

Analyte testing

Proof of Concept. To assess the SERS potential of these
AuNP-CPAM treated threads, the aromatic thiol known as 4-
ATP (molecular structure shown in Figure 2b) was chosen as a
probe molecule for the Raman analysis due to its distinct
Raman features, strong affinity for metal surfaces, and forma-
tion of self-assembled monolayers.'” Figure 2a shows the SERS
spectra obtained from AuNPs-CPAM treated threads which
were exposed to different concentrations of 4-ATP. Overall, the
spectral features of 4-ATP are clearly shown, as opposed to the
Raman spectrum of 4-ATP on untreated, plain thread. These
spectra are dominated by six strong bands: §(C—S) at 387
cm” L, 0(C—S) at 1077 cm™ !, and v(C—C) at 1584 cm ™! (in-
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plane, in-phase modes) and J(C—H) at 1137 cm !
3(C—H) + v(C—C) at 1386 cm ', and 5(C—H) + v(C—C) at
1433 cm™! (in-plane, out-of-phase modes) of the 4-ATP mole-
cules.'® By increasing the concentration of 4-ATP, the SERS
intensity is increased accordingly and their characteristic peaks
become more prominent (Figure 2a). The average intensity of
the peak heights obtained using this technique were comparable
to those achieved using a paper substrate under similar condi-
tions,” albeit with greater variation between locations on the
same thread, as shown in the calibration curve in Figure 2¢c. On
one hand, this result suggests that a semiquantitative correlation
may be established for concentration analysis of SERS active
analytes, which is in qualitative agreement with our previous
report for the paper-based SERS platform.® Conversely, the
error bars (established by five repeat measurements) are quite
large, much larger than those obtained from the paper-based
SERS device.® The most likely reason for the more significant
signal intensity variation on thread may be due to the fiber mor-
phology in thread being so different from that in paper. While
fibers in thread are not bound to one another and form a twisted
helical bundle, those in paper bond to one another in a random
crisscrossed fashion. Due to the small laser spot, the laser may
only cover a small section of a substrate. As in different SERS
measurements the laser hits different locations on the substrate,
on a less compact fiber bundle of a thread the SERS signals
show a greater variability.

Like conventional Raman spectrometry and Fourier Trans-
form Infrared spectroscopy (FTIR), the advantage of SERS is
more in the identification of qualitative information of the
molecular structure through the enhancing effect of the hot-
spot, not in its quantitative value. This is because the signal
intensity is strongly related to the matching of the electric field
direction in the hotspot and the vibrational co-ordinate of the
analyte. This in turn implies that the matching of incident laser
polarization plane and orientation of hotspots is important.'®
Although it could be generally assumed that the distribution of
AuNPs on a surface is random and the matching of the laser
polarization plane with the orientation of hotspots would be
relatively constant, for substrates that have grain structures
such as thread, this assumption may not be reliable.

The most salient advantage of thread is the significant reduc-
tion in the volume of AuNP solution required to treat the sub-
strate, due to the compact size and lower absorbency of the
thread.'”® As the nanoparticles are composed of a precious
metal it is desirable that their consumption should be limited as
much as possible to reduce the cost-per-test. This effect also
results in a reduction of the volume of sample required for test-
ing, which may be useful in certain applications. The smaller
thread substrate is also lighter and more robust, making it more
suitable for transportation from the sample location to external
testing facilities. There is also the possibility that testing threads
could be mass-produced using a roll-to-roll format by separat-
ing the wettable testing zones via the application of hydropho-
bic reagents or other substances which block the porous
structure of the thread (but are suitably SERS inactive). This
result demonstrates the potential of thread to be developed as a
SERS active substrate like paper for qualitative and semiquanti-
tative analysis of analyte concentration.

Parameters affecting SERS performance of AuNP
treated thread

Following initial proof of concept studies, experiments
were performed to determine if the size or concentration of
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Figure 2. (a) SERS spectra of 4-ATP at varying concentrations on both plain and CPAM treated threads.

(1) Spectrum of 1 mM 4-ATP on plain thread, SERS spectra of, (2) 0.1 mM, (3) 1 mM, and (4) 5 mM of 4-ATP on AuNP-CPAM
treated thread, (b) Molecular structure of the 4-ATP molecule, and (c) Calibration curve of the Raman intensity at the location of
the 1077 cm™" peak, with bars showing the standard error over five repetitions.

the NPs played a role in the enhancement achieved during
SERS. To determine the effect of NP size, threads were
treated with AuNPs of different sizes: 20 and 40 nm. After
soaking in the AuNP solution for 24 h, the color of the cot-
ton thread changed from a cream white to dark purple/red as
a result of the plasmon absorption of the AuNPs assembled
on the substrates. The FESEM image shows that the adsorp-
tion of AuNPs is well dispersed on the surface of thread
(Figures 3a and b). Figures 4b and ¢ shows the SERS spectra
obtained from threads which were treated with AuNPs of
two different sizes and exposed to 1 mM of 4-ATP. Both
SERS spectra clearly show the spectral features of 4-ATP, as
opposed to the Raman spectrum of 4-ATP on untreated
thread (Figure 9a), and are very similar in terms of their
intensity.

To study the effect of AuNP concentration, the 20 nm
AuNPs were concentrated using an ultracentrifuge (by 10
times). FESEM analysis (Figure 3c) showed that a higher
surface coverage of AuNPs was achieved on the thread
surfaces when the thread was treated with the concentrated
AuNPs. Additionally, the SERS intensity increased and the
characteristic peaks of the 4-ATP became more distinct (Fig-
ure 4d). This suggests that the concentration of AuNPs has
more impact on the SERS signal enhancement compared to
their size.

According to the literature, aggregates of nanoparticles
have higher SERS efficiency than individual nanoparticles
due to increased enhancement at the junctions between nano-
particles.”'** To amplify the SERS signal of the concen-
trated 20 nm AuNP treated thread, the aggregation of AuNPs
was induced by pretreating the thread with 0.01% CPAM.
This is able to produce a positive surface charge on cotton
thread substrates and then promote the aggregation of the
negatively charged AuNPs. As shown in Figure 3d, there
was a significant increase in the adsorption and aggregation
of AuNPs when the thread was pretreated by CPAM. The
assembly of the AuNPs is brought into closer vicinity by
forming a random distribution of 2-D and 3-D clusters, com-
pared to the AuNP thread without CPAM (Figure 3c). As

AIChE Journal May 2014 Vol. 60, No. 5

Published on behalf of the AIChE

AuNPs come in close contact when aggregated, their transi-
tion dipoles become coupled to each other and the enhanced
fields of each nanoparticle start to coherently interfere at
their contact point. Hence, their SERS signal is significantly
enhanced (Figure 4e).

Effect of polarizability on SERS signal

In this study, 1-DT and LM were also selected to be stud-
ied. The purpose of selecting these two molecules was to
evaluate the practical SERS effects on molecules with struc-
tures that are dominated by o-bonds and localized valence
electrons, and are also lacking of high level symmetry. As
the surface enhanced Raman effect is proportional to the
square of molecular polarizability change caused by changes
in the vibrational co-ordinates of the molecule, highly local-
ized valence electron structures would be less active to
SERS. This study aims to provide an experimental evalua-
tion to this point, which can be used as a practical guide for
future SERS analysis. Threads were treated with 1-DT (Fig-
ure 5a) and LM (Figure 5b) to study their SERS properties.
Interestingly, the SERS spectrum of 1-DT in Figure 6 does
not show the characteristic peaks expected which are
3(C—H,) at 1450 cm ™', ©(CH,) and p(CH,) at 1280 cm ',
v(C—C) at 1050 cm™ ', p(CH;) at 880 cm ', ©(CH,) and
p(CH,) at 720 cm ™', and d(S—S—C) at 370 cm ™~ '.** Besides
that, the spectra are irreproducible and their intensity is simi-
lar to that of the blank AuNP-CPAM treated thread even
though the concentration of 1-DT was increased up to 5
mM. The SERS spectrum of LM (spectra not shown) also
follow the same trend as 1-DT; the characteristic peaks of
(C*—=S) at 680 cm ™', v (C>—C’) at 860 cm ™', v (C'—C?)
at 945 cm ™', v (C*—N) at 1040 cm ™', and v(COO") at 1400
cm~ " ?* are not visible and similar to the plain thread.

As there is no SERS signal coming from both 1-DT and
LM on the AuNPs-CPAM treated threads, it is important to
make sure these molecules are attached and reacted to
AuNPs on the thread substrates. Therefore, 1 mM of 1-DT
was mixed with AuNPs and dropped on silicon substrate. As
observed on Figure 6, the SERS spectrum of 1-DT clearly
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Figure 3. FESEM image of (a) 40 nm, (b) 20 nm, (c) concentrated 20 nm AuNPs on cotton thread, and (d) 20 nm
concentrated AuNPs on CPAM pretreated cotton thread.
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Figure 4. Comparison of Raman Spectra for 1mM
4-ATP on cotton threads coated with varying
sizes of AuNPs and with or without CPAM.

(a) untreated thread, (b) 40 nm AuNPs, (¢) 20 nm
AuNPs, (d) concentrated 20 nm AuNPs, and (e) concen-
trated 20 nm AuNPs and CPAM. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Figure 5. (a) Molecular structure of 1-DT, (b) Molecular
structure of LM, and (c) SERS spectra of
1-DT at varying concentrations on AuUNP-CPAM
treated thread (0, 0.1mM, 1mM, and 5mM).

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 6. SERS spectra of AuNPs-CPAM treated silicon
wafer without 1-DT and with 1 mM of 1-DT.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

show a difference compared to the SERS spectrum of
AuNPs treated silicon without 1-DT. The Raman peak for
silicon at 520.5 cm~ ' is absent, when 1-DT was deposited
on the silicon substrate. This could be due to the background
signal from 1-DT which overcomes the signal from the sili-
con substrate. The spectrum of 1-DT does not show the char-
acteristic peaks and is similar to those that are obtained from
the thread substrates (Figure 5c). It is well known that thiol
molecules can easily form a self-assembled monolayer on
AuNPs through the strong S—Au bond.>>® The sulphide
group is also highly reactive to goldzg; it is therefore,
expected that LM will also chemically bond to the AuNP
surface. Our results for 1-DT and LM, therefore, suggest that
other factors are at play which prevent the enhancement of
the Raman signals for these particular analytes.

Raman spectroscopy (and therefore, SERS) measures the
wavelength and intensity of light scattered from a molecule due
to the excitation of the molecular vibration modes of chemical
bonds. The intensity of Raman scattering I is given by

I o V' IoN A\? 1
R X Vi E ()

where [y is the incident laser intensity, N is the number of
scattering molecules in a given state, v is the exciting laser
frequency, o is the polarizability of the molecules, and Q is
the vibrational amplitude.®® It is therefore, follows that only
molecular vibrations which cause a change in polarizability
(Ax) are Raman active. Polarizability describes the deform-
ability of the electron cloud about a molecule by an external
electric field, and is strongly influenced by how tightly the
electrons are bound to the nuclei. The absence of SERS sig-
nals from the adsorbed 1-DT and LM on AuNPs could be
due to the lack of significant changes in polarizability of
these molecules by the plasmonic effect of AuNPs. The
main molecular structure of 1-DT is a straight aliphatic chain
consisting of saturated sigma C—C and C—H bonds. The
large number of covalent bonds gives the saturated aliphatic
structure a relatively high polarizability; this property could
be understood by considering the high polarizability of alka-
nes.’! However, the highly localized bonding electrons of
the covalent bonds in the molecule do not provide the satu-
rated structures with the possibility of large changes in polar-
izability when excited by the plasmon at the surface of
AuNPs, as the electrons are restricted in between the two
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bonding atoms. A secondary reason is that the localized
valence electrons of C—H bonds may not be effectively
excited by the enhanced electromagnetic field at the surface
of AuNPs. Normal alkyl thiols tend to form self-assembled
layers, with the alkyl chains oriented at an angle near 30°
away from the surface normal (i.e., direction perpendicular
to the surface).’® In this self-assembled molecular layer the
H—C—H bonding planes of the alkyl chain are 60° away
from the surface normal of AuNPs (which is also the direc-
tion of the plasmonic electric field in the hot spots). As hot
spots in the plasmonic electric field induces the bond vibra-
tion most effectively when the bond orientation is parallel to
the direction of the field, molecular bonds that are strongly
off-parallel will not be effectively excited. Therefore, all
vibration modes within the H—C—H bond plane of 1-DT
(i.e., stretching and bending) would be further reduced.

Compared to 1-DT and LM which are molecules dominated
by highly localized sigma bonds, 4-ATP consists of a benzene
ring; its six 7 electrons are delocated and form a conjugated n-
bond with the amine group in the fourth position. The electrons
in conjugated m-bonds are more easily displaced from their
equilibrium positions by an external electric field. This could
lead to a large change in molecular polarizability when excited
by electric fields in hotspots. Besides, the adsorbed 4-ATP mol-
ecules also form self-assembled layers on metal surfaces. The
molecular orientation of 4-ATP in the self-assembled layer has
a small angle from the metal surface normal; thus, the molecu-
lar orientation strongly favors all the in-plane vibration modes.
Therefore, 4-ATP shows a more intense result during SERS and
almost all vibrational modes shown in Figure 2 are in-plane
modes.'® This effect explains why the presence of CPAM on
the threads does not have a significant impact on the Raman
spectra generated. CPAM (Figure 7) has a saturated hydrocar-
bon backbone and the molecular structure is dominated by
localized covalent sigma bonds, and this explains how it can
have such a negligible effect on the SERS signal despite being
directly adjacent to the AuNPs.

Our results show that SERS is likely to be more useful for
analysing molecules that have aromatic structures and delo-
calized valence electrons. Almost all articles in the literature
on SERS have reported high Raman enhancement of mole-
cules with such structures.*°

Unbound analyte testing

The traditional SERS model suggests that analyte mole-
cules should be chemically bound to nanoparticle surfaces
for signal enhancement to be achieved. While it is true that
analyte molecules must be located within the enhanced

s 3\
—4—CH—CH,——CH—CH,—
| |
C=0 C=0
| |
NH; 0]
|
(CH;),
i
|
HsC — N —-CHs
|
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Figure 7. Molecular structure of CPAM.
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Figure 8. (a) Raman spectrum of 1mM Ninhydrin (with
molecular structure overlaid) on plain thread
and (b) SERS spectrum of 1mM Ninhydrin on
of AUNP-CPAM treated thread.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

“hotspots” between adjacent nanoparticle clusters to achieve
stronger Raman signal enhancement, this study investigated
whether or not it was necessary for them to be strongly
chemically bound to the nanoparticle surfaces. The three test
molecules used in the proof of concept study, 1-DT, LM,
and 4-ATP, all possess strong gold-binding thiol or thioether
groups. The presence of this functional group ensures that
these molecules will be chemically bound to the surface of
the AuNPs. To evaluate whether this was necessary for
achieving enhancement or not, testing of analytes which do
not possess the thiol or thioether group or any other strongly
gold-binding groups was required. Ninhydrin reagent and
phenolphthalein (structures shown in Figures 8 and 9) were
selected for this purpose as their structures not only lack any
strongly gold-binding groups but also contain benzene rings
which were expected to produce easily visible Raman sig-
nals. SERS analysis of the two analytes was performed on
both plain, untreated thread and on thread treated with
AuNPs. Figure 8 shows the combined spectra from the
SERS analysis of ninhydrin (v(C—C) aromatic ring vibration
at 790cm” ! and 906cm ', (CH)p, 1103cm ', v(C=0)
1679cm ™" and 1818cm ™ '),*° clearly displaying an enhance-
ment due to the AuNPs on the thread substrate. This result is
mirrored in the spectra of phenolphthalein (v(CC) aromatic
ring vibration at 411 and 468, v(C—O—C) at 830cm ',
v(C—0) at 1016cm ™!, 6(CH)py at 1163cm ', v(C=C) and
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Figure 9. (a) Raman spectra of 1mM of Phenolphthalein
(with molecular structure overlaid) on plain
thread and (b) on AuNP-CPAM treated thread.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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S(OH) at 1415cm ™', v(C=0) at 1700cm ™ ")*>*"¥ in Figure
9 with a significant increase in the height of the signal peaks
due to the presence of the AuNPs. These results strongly
suggest that the enhancement effect of SERS is not entirely
dependent on whether the analyte molecules are chemically
bound to the AuNPs. It is instead likely that weaker forces
of attraction are at work and acting to position analyte mole-
cules within the hotspot enhancement regions, such as van
der Waal’s forces, for example. These weaker forces result
in analyte molecules being located further away from the
hotspots compared to those which can chemically bind, and
therefore, lower signal intensity was observed. Despite this,
unbound molecules still achieved sufficient enhancement to
allow their identification by SERS.

Conclusions

This study shows the viable potential of AuNP-
functionalized thread substrates to be used and optimized as
disposable, low-cost-per-test diagnostics, for routine SERS
spectroscopy. The threads used were inexpensive and
required only small volumes of both sample solution and
treatment solution to produce strong results, an inherent
advantage over alternatives such as paper. The low volume
requirement for AuNP treatment solution coupled with the
almost insignificant cost of a small piece of cotton thread
mean that despite the high fixed costs of the SERS equip-
ment, the cost per test using this platform is extremely low.
The flexibility of the platform was illustrated by the varied
range of analytes that were successfully tested. Overall, a
novel, low-cost platform for SERS analysis has been devel-
oped which possesses several desirable advantages over con-
temporary alternatives.

This presents the first use of cotton thread as an efficient
SERS active substrate for probing 4-ATP. By controlling the
aggregation state of the AuNPs on thread using cationic
polymer, greatly amplified SERS signals were achieved for a
range of analytes. Additionally, this study also demonstrated
that molecules with highly localized valence electrons and
o-bonds receive much lower signal enhancement from SERS
as the change in polarizability of such analyte molecules by
the enhancing plasmonic electric field is limited for these
analytes. It was observed that SERS analysis was effective
for detecting certain types of analyte molecules such as those
which possess aromatic structures with delocalized valence
electrons. Molecules with delocalized m-bonds may have
greater changes in polarizability when excited by the plas-
monic electric field. This study experimentally observed that
1-DT, LM and CPAM, which have the main molecular struc-
ture of saturated C—C and C—H o-bonds, display little
Raman activity. This may be related to the fact that bonding
electrons in those molecules are highly localized and have
weak changes in polarizability when interacting with the
plasmonic electric field.

This study illustrated that analytes do not have to be chemi-
cally bound to the surface of the Au-NPs to generate an
enhancement of Raman signal. Analyte molecules which lack
gold-binding functional groups but are able to acquire big
changes in polarizability, when excited in the hotspots are still
subject to signal enhancement. It was observed that the struc-
ture of the analyte molecules played a significant role in the
level of SERS signal achieved, and as a result the technique
is limited to the detection of only a small number of analytes,
which possess highly polarizable molecule structure.
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