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Surface enhanced Raman spectroscopy (SERS) is an attractive means for trace compound detection
because of its high sensitivity, however, the poor reproducibility is a major challenge. Herein, we
propose a facile SERS strategy employing the several developed test processes to improve the
repeatability of the SERS analysis based on regular nylon membranes as substrates to detect trace
compounds. Various methods, including in situ reduction, immersion adsorption, and filtration, were
first compared to prepare composite substrates using nylon membranes and gold nanoparticles. The
substrates prepared by filtration showed the best test parallelism (RSD = 7.85%). Its limit of detection
(LOD) could reach 1078 g mL™ with a good linear relationship in the range 108 to 1077 g mL™
Finally, three pesticide solutions were tested to verify the substrate applicability. A superior LOD of
108 g mL~* was observed for thiram, whereas the LODs of both phorate and benthiocarb could reach
107% g mL™L. Overall, modifying nylon membrane substrates with gold nanoparticles improves the
repeatability and economic viability of SERS and favors its wider commercial application for detecting

rsc.li/rsc-advances trace compounds.

Introduction

Surface enhanced Raman scattering, the increased Raman
scattering signal caused by the adsorption of molecules on
rough plasmonic metal nanoparticles,' has been well developed
in recent years. Gold and silver nanoparticles have good local-
ized surface plasmon resonance (LSPR)** and are the most
commonly used materials.*® Compared with traditional anal-
ysis methods, SERS has the advantages of being nondestructive
and allowing for fast detection for trace compounds.® The SERS
enhancement factor can reach 10° to 10° and this can be
attributed to the chemical and electromagnetic enhancement
afforded by the metal nanoparticles.”

With growing environmental concerns, the fast detection of
trace pollutants such as pesticides, dyes, and antibiotics using
SERS has attracted growing attention.*® Although nanoparticles in
colloidal solution can be easily obtained for SERS analysis," the
distribution of “hot spots” is not controllable and uniform, which
affects the reproducibility in practical application. Various types of
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SERS substrates have been designed to improve uniformity,
stability, and sensitivity via immobilization of gold or silver
nanoparticles on rigid or flexible substrates." For this, electron
beam etching," electron beam evaporation,* or interface deposi-
tion methods™ have been employed for SERS substrate fabrication.
However, most of these methods are complicated and the
substrates are costly. Compared with the rigid substrate, paper-
based or membrane-based substrates have the superiorities of
portability, low cost, and simple operation, possessing the poten-
tial for practical SERS applications.*>'®

Standardization of testing methods is necessary to reliably
bring the technology to market.'”'®* However, most reports on
flexible substrates provide LODs (limits of detection) of the
extract analyte using unique test methods, and it is rare to see
comparative studies of the different test methods. Fateixa and
co-workers developed a SERS active substrate (Ag/LCP) based
on liquid-crystal polymer (LCP) textile fibers decorated with Ag
NPs, which has satisfactory LODs for thiram (0.024 ppm).*® It
still needs two steps to prepare the substrates and enrich the
analyte for detection. To obtain a fast and reliable SERS test
method, we compared a colloidal test solution and several
nylon membrane substrates immobilized with Au NPs. The
sample loading method, which included the immersion and
drop tests, was also investigated. The stability, repeatability,
and LODs of the test were determined, and the enhancement
mechanisms are explained via appropriate characterization
methods.
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Materials and methods
Materials

The following materials were used as purchased: nylon
membrane (0.1 mm pore diameter, Shanghai Xingya purification
material factory); glass dish (10 mm diameter, Shanghai JingAn
Biological Science and Technology Ltd).; chloroauric acid
(HAuCl,, Macklin) sodium citrate tribasic dihydrate (NazCeHs-
0;-2H,0, 99%, Macklin); p-aminophenol (4-ATP, 97%, Macklin);
thiram (99.2%, Beijing Zhongjian Navigation Mark Metering
Technology Co. Ltd); phorate (100 pg mL™", 95.9%, Beijing
Zhongjian Navigation Mark Metering Technology Co. Ltd); ben-
thiocarb (98.1%, Dr Ehrenstorfer GmbH). The water was ob-
tained from a Milli-Q system. Au NPs were synthesized via the
sodium citrate reduction method, which was modified by Frens
et al.? (details in the ESIT).

Nylon membrane composite substrates

In situ reduction substrates (NL-R group): the nylon membrane
was cut into small pieces and soaked in a chloroauric acid
solution and then boiled. After adding Na;Cit-2H,O for a period
of time, the reduction reaction was terminated. Finally, the
nylon membrane was taken out and air-dried.

Immersion adsorption-substrates (NL-A group): the nylon
membrane was completely immersed in the prepared Au NPs
solution for 24 h for sufficient adsorption. Then, they were air-
dried for testing.

Filtration-substrates (NL-F group): for filtration using
a purchased nylon membrane, the red color of the Au NPs
disappeared. Filtration was stopped when the color reappeared
in the filtrate, which indicated that the largest amount of Au
NPs was trapped in the nylon membrane. Then, the filtered
membrane was air dried for testing.

Characterization methods

The morphology of the Au NPs filtration substrates were char-
acterized by the field emission scanning electron microscopy
(SEM) (Hitachi, SU8020) and the atomic force microscopy (AFM)
(Bruker, Multimode 8). The charged property of the surface of
the gold nanoparticles (pH = 4.16 + 0.02) was determined using
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a Zeta potentiometer (Malvern, Zetasizer Nano). Ultraviolet-
visible light spectroscopy (UV-Vis) was used to characterize
the Au NP surface plasmon resonance (SPR) information. The
FDTD solutions software was used as the simulation software to
investigate the enhancement effect with the Au NPs.

Acquisition and pre-processing of the SERS

The SERS were acquired using a confocal Raman spectral
system (Bruker, SENTERRA II). Before analysis, methanol
solutions of 4-ATP with concentrations between 10™* g mL ™"
and 10"® ¢ mL " were prepared. The Au NPs were mixed with
the sample at a volume ratio of 1: 1 and 100 pL of the mixed
liquid was added to a clean glass dish (¢ = 10 mm) for testing;
this sample is referred to as the L group. The air-dried filtration-
substrates were fixed on the glass slide. Then, the sample (100
uL) was dropped on the substrates and air-dried for testing
(referred to as the drop-test sample). The air-dried filtration-
substrates were immersed in the sample (1.5 mL) for 480 min
for full adsorption. The substrates were then removed and air
dried (referred to as the immersion-test samples). The air-dried
filtration-substrates were cut into 13 and were put in the
corresponding removable filter. Then the sample (5 mL) was
filtered through the substrates and air-dried for testing (referred
to as the filter-test sample). The laser power was 100 mW for
the L group and 10 mW for the drop-test, the immersion-test
and the filter-test sample. Specific test conditions were
showed in the ESL.}

Detection of the pesticides

Before analysis, methanol solutions of thiram with concentra-
tions between 1077 g mL™ " and 10~ ® ¢ mL ™" were prepared. The
methanol solutions of phorate and benthiocarb with concen-
trations between 10> g mL ™" and 10~ ° g mL ™" were prepared as
well. The acquisition of SERS spectrum was consistent with the
filter-test sample as mentioned above.

Data analysis

After baseline correction and smoothing of spectral data by
system software (Bruker, SENTERRA II), the calibration curves
were generated by monitoring the intensity of the band at
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1080 cm ™ * (C-S bond) and 1588 cm ™" (C-C bond) as a function
of analyte concentration. Each point on the calibration curve
represents the average value of Raman measurements with
error bars representing the standard deviation. The coefficient
of determination (R?) for each calibration curve was calculated
using the Excel. The figures were described by Origin 8.

Results and discussion
Characterization of the filtration-substrates and the Au NPs

The surface plasmon resonance peak of the Au NPs in the UV-
Vis spectrum was at 535.3 nm (Fig. S1}). Considering the
study of Haiss et al.,** it could be calculated that the concen-
tration was ~0.0593 nM. The {-potential values for the Au NPs
was affected by the added citrate and determined to be —23.4 &+
4.4 mV, and the surface was negatively charged. This electro-
static phenomenon results in mutual repulsion of the Au NPs in
the colloid and enables a stabilized suspension, which extends
their preservation time.*> When the analyte was mixed with the
Au NPs for testing, the introduction of the analyte would destroy
the electrical equilibrium in the solution to a certain extent.>**
The color of the solution then changed from red to gray as the
Au NPs aggregated, resulting in the formation of “hot spots”.*
FDTD simulations can theoretically explain the enhancement of
the electric field around the Au NPs.”’**” From the simulation
results (Fig. S2 and S3t), it can be seen that a smaller distance
between the particles results in a larger electric field enhance-
ment. The Raman scattering signal was positively correlated
with the electric field enhancement. Therefore, increased
aggregation is conducive to signal enhancement. It is difficult to
control the aggregation process of Au NPs. The aggregates
undergo Brownian motion®® and are randomly distributed in
the mixed solution, which decreases the reproducibility of the
test. Finally, this leads to the high RSD value and poor repro-
ducibility, which means that it cannot be used as a reliable
quantitative detection method. If measurements are carried out
after the mixture is air-dried in the cell culture dish, the “coffee
ring” phenomenon occurs,* which is conducive to reducing the
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LODs. However, there remains the issue of poor reproducibility
and a time-consuming experimental procedure for quantitative
analysis (Fig. 1).

The distribution of the Au NPs on the nylon membrane after
filtering and air-drying is shown in Fig. 2. The Au NPs are
uniformly attached to the surface of the nylon fiber, and there is
a certain interval between the particles and the formation of
a considerable number of “hot spots”. The main component of
nylon membrane is polyamide, which contains carbon chains of
different lengths and aromatic rings, and the main functional
groups are —(CH,),— and -NH-CO-. Hydrogen bonds, which are
both hydrophilic and hydrophobic, can be easily formed.
Because the surface of nylon fiber is positively charged, it can
trap the Au NPs via electrostatic adsorption. Compared with the
liquid test (L group), the filtration substrates trap the increased
“hot spots” on the nylon fiber, reducing randomness in the
measurement caused by motion of the “hot spots”. This can
decrease the RSD value and enable quantitative analysis.

SERS measurement of several nylon membrane composite
substrates and Au NPs

The standard spectra of 4-ATP were investigated using the
pressed disc method, and the results are shown in Fig. 3.
Characteristic peaks can be observed at 1080 cm ™" (C-S bond)
and 1588 cm ™' (C-C bond), which could be observed in the
SERS measurements as well. The SERS sensitivity of the Au NPs
for detection of 4-ATP can be seen in Fig. S4.1 In this experi-
ment, 4-ATP was loaded in the mixture and then analyzed via
SERS (785 nm laser). Methanol was used instead of water
because 4-ATP is more soluble in methanol.” Although the
methanol has very defined Raman bands (1020 cm "), the SERS
substrates were air dried after being in contact with the 4-ATP
methanol solution and no Raman bands could be observed for
methanol. Additionally, the Raman signals at the different
wavenumbers did not affect each other. The relative standard
deviation (RSD) of the characteristic peak was calculated to
determine the reproducibility of the method. The RSD values

Fig. 2 SEM characterization of gold nanoparticles (a) and the filtration substrates (b).
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were high for the signals at both 1080 and 1588 cm ',
demonstrating poor reproducibility. Table 1 shows the RSD
values of several nylon membrane composite substrates. The
filtration-substrates (NL-F group) had the smallest RSD value in
the groups (Fig. 4) at 7.85%, and the error between the groups
was 1.77%, indicating that the preparation method for this
substrate was relatively stable. Therefore, the filtration-
substrates have better reproducibility and are more suitable
for quantitative analysis than the adsorption substrates (NL-A
group) and the in situ reduction substrates (NL-R group). The
analytical results in Fig. 5a show that the spectral intensity at
both characteristic peaks had a good linear correlation with the
solution concentration in the range 10> to 5 x 10™* g mL ™",
suggesting that the established filtration-substrates can be
applied for quantitative trace detection of 4-ATP.

Comparation among three test methods

After the preparation and selection of the substrates, the
different test methods were investigated. Compared with the
drop test, the immersion test had a larger enhancement of the
Raman intensity for the same 4-ATP concentration. The drop-
test method has a characteristic peak signal at a concentra-
tion of 107® ¢ mL™", while the immersion test had a signal at
a concentration of 10~7 ¢ mL™", which is almost an order of
magnitude lower than the drop test. The analytical results of the
immersion tests in Fig. 5b show that the spectral intensity at
both characteristic peaks had a good linear correlation with the
solution concentration in the range of 10”7 to 10 ® g mL™". The
mercapto group of 4-ATP has specific adsorption to the Au
NPs.** In the drop test, the drop volume of the analyte was only
100 pL, and the number of molecules to be measured per unit
area was much less than that for the immersion test. Therefore,
the immersion-test has a lower LOD.

To reduce the test time, we investigated the influence of the
immersion time on the SERS intensity of 4-ATP. Fig. S71 shows

8000

6000

4000

2000

T T T T T
1000 1100 1200 1300 1400 1500 1600

Wavenumber(cm™)

Fig. 3 Raman spectra of 4-ATP (excitation wavelength: 785 nm; laser
power: 100 mW).
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Table 1 RSD value of several different substrates

Characteristic NL-F (between
peak (em™") L (%) NLR (%) NL-A (%) NL-F (%) group) (%)
1080 19.66 33.35 10.49 8.03 4.46
1588 25.34 33.66 10.36 7.85 1.77

the intensity of the characteristic peak at different concentra-
tions and for different immersion times. It can be seen that with
increasing time, the measured SERS intensity increased and
then tended to stabilize. During the immersion process, the 4-
ATP molecule adsorbed on the Au NPs trapped on the nylon
membrane, and the characteristic peak intensity can represent
the number of adsorbed molecules. For adsorption durations
>480 min, the SERS intensity remained basically stable and did
not increase, which indicated adsorption saturation. The signal
was not observable until 30 min after adsorption with 10~ g
mL ™" 4-ATP. Therefore, for quantitative analysis, immersion for
a sufficient period of time is necessary. The consumption of
time makes this test method not fast enough to show the
advantage in detection.

The filter tests can reduce the test time through filtration
operations, while reducing the detection limit due to forced
enrichment. The analytical results of the filter tests in Fig. 5¢
show that the spectral intensity at both characteristic peaks had
a good linear correlation with the solution concentration in the
range of 10 ®t0 10”7 g mL™ . The LOD was 10~ ® g mL ™" (S/N > 3).

Filter tests for different pesticides detection

As a newly developed test method, SERS has been applied in
many fields, especially for medical monitoring and environ-
mental pollutant detection. Thiram, phorate and benthiocarb
are often used in the cultivation of rice, vegetables and fruits.
The residues of these pesticides threaten food safety and cause
environmental pollution.*>** Compared with traditional detec-
tion methods such as liquid mass spectrometry (LC-MS) and gas
mass spectrometry (GC-MS), the method proposed in this study
has advantages of fast, efficient and low cost. Therefore, the
detection of the pesticides was evaluated. As shown in Fig. 6a,
thiram has a characteristic peak at 1380 cm™'; phorate has
a characteristic peak at 630 cm™ ' and benthiocarb has a char-
acteristic peak at 1264 cm ™. The intensity of the SERS all had
a good linear correlation with the solution concentration which
was shown in Fig. 6b-d. According to the criterion of the LOD,
the signal can still be detected at the concentration of 10™% g
mL ™' for thiram, while 107° ¢ mL™" for both phorate and
benthiocarb (S/N > 3). In the future, expansion of the analyte
range and test conditions will need to be supplemented by
further research.

Comparison of various test substrates based on SERS

With the continued development of the SERS technique,
a variety of advanced substrate materials have been reported in
laboratory research. Commonly used AuNPs* and AgNPs** are

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 RSD value of the NL-F group with the drop test ((a): SERS spectra of 25 tests; (b): RSD value at 1080 cm™; (c): RSD value at 1588 cm™3).

suitable for qualitative analysis, and the heterogeneity of “hot
spots” in the solution results in high RSD values. To ensure
uniformity of the tests, commercial substrates are prepared via
photolithography* or interfacial deposition.*® The controlla-
bility of the metal organic framework®” greatly improves the
uniformity of the measurements. The addition of molecularly
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imprinted polymers®® also allows for specific detection and
reduces the LOD. However, the preparation of these substrates
is a very complex and expensive process. Applications in bio-
logical or screening tests (such as cancer cells or COVID-19)
could justify the cost of these substrates, but the cost for
applications such as water pollution testing would be
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Fig. 5 Quantitative analysis of the NL-F group by three different test methods ((a): the drop-test; (b): the immersion-test; (c): the filter-test; (d):

SERS of the filter-test between 1078 to 1077 g mL™! 4-ATP).
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Fig. 6 Quantitative analysis of three different pesticides ((a): characteristic peak selection; (b): thiram; (c): phorate; (d): benthiocarb).

Table 2 Comparsion of various test substrates based on SERS

Pesticides Substrates LODs (g mL™')  Range of linearity (g mL™")  Reference

Thiram AuNR@Ag substrate 2.41 x 10°° — Pastorello, et al., 2020 (ref. 39)

Thiram PMMA/AgNP/graphene substrate 2.41 x 1077 — Sun, et al., 2017 (ref. 40)

Phorate Ag dendrites/aptamer substrate 1.04 x 10°® 0t09.89 x 10°* Pang, et al., 2014 (ref. 41)

Chlorpyrifos AgNPs 3.51 x 1071 3.51 x 10°* Ma, et al., 2020 (ref. 34)

t0 3.51 x 107"

R6G AuNP substrate with 2.21 x 10°° — Gorbachevskii, et al.,
hydrogen peroxide treatment 2018 (ref. 42)

Various opiates median  AuNP substrate 5x10 " — Ding, et al., 2020 (ref. 37)

Imidacloprid Paper + 3D silver dendrites + MIP 2.81 x 10" 2x10 to8 x 1077 Zhao, et al., 2020 (ref. 38)

Thiram Nylon membrane modified by gold ~ 10™* 1077 to 107° This work

Phorate nanoparticles 10°° 107> to 10°°

Benthiocarb 10°° 10°to10°°

unfeasible. Because of the complexity of the variables, most of
the methods cannot be used in unstable environments outside
the laboratory. This makes it difficult to translate these research
methods into practical applications as well.

Therefore, paper-based or
substrates are one of the avenues for such tests.*** In this
study, the filtration-substrates were used for SERS measure-
ments. A deviation in the characteristic peak intensity was
observed between test batches. The substrates had almost
similar LODs as the commercial substrates. The issue with test
uniformity was addressed using a very low-cost commercial

low-cost membrane-based

24188 | RSC Adv, 2021, 11, 24183-24189

nylon membrane combined with a simple filtration method,
however, this process sacrificed the “hot spots”. This loss was
compensated for by using the filter test. The suitable test
uniformity and LODs reflect the advantages of the filtration
substrates (Table 2).

Conclusion

To find a low-cost and reliable SERS testing strategy for quali-
tative and quantitative analysis of trace compounds, we used
a nylon membrane to trap Au NPs via filtration. The

© 2021 The Author(s). Published by the Royal Society of Chemistry
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reproducibility was considered for several nylon membrane
composite substrates. The results showed that the filtration
substrates had a lower RSD value, which indicated viability for
quantitative analysis. Further investigation showed that the
filter test had a better LOD (10 % ¢ mL™") and a good linear
correlation within the range of 10”7 to 10~® g mL™" for 4-ATP.
Three pesticides were investigated to explore the applications.
The LOD of thiram was 10~® ¢ mL™", while both phorate and
benthiocarb could reach 10™® g mL ™. This study demonstrated
a facile SERS testing process for trace compounds with good
stability and repeatability. In the future, further studies are
needed to expand detection to a variety of compounds.
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