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Surface-enhanced Raman spectroscopy (SERS) has been one of the most promising analytical tools.

Despite many efforts in the design of SERS substrates, it remains a great challenge for creating a general

flexible substrate that could in situ detect analytes on diverse objects. Herein, we report our attempt to

address this issue by developing a facile and versatile method capable of generating silver/gold
nanoparticles in situ on the surface of a cellulose acetate (CA) polymer in a simple, cheap, practical, and
capping agent-free way. The as-prepared substrates exhibit excellent sensitivity, which enabled

detection of Rhodamine 6G at concentrations as low as 107 M. Taking advantage of the excellent

flexibility and optical transparency of the CA matrix, the highly SERS-active substrate was applied for in
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identification and detection of pesticide

residues on fruits. The results indicated that

tetramethylthiuram disulfide (TMTD) and thiabendazole (TBZ) can be clearly identified at concentrations
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1. Introduction

Surface-enhanced Raman scattering (SERS) is recognized as one
of the most promising sensing techniques due to its ultrasen-
sitive, nondestructive and fingerprint-type way of sensing.'” It
is generally accepted that the strong electromagnetic field
enhancement near metallic nanoparticles is mainly responsible
for the occurrence of SERS.*® Due to this, current research
about SERS has focused on the design and fabrication of highly
sensitive SERS substrates.”'* Metallic colloids were one of the
most commonly used substrates mainly due to their ease of
preparation.”*™” However, the uncontrollable aggregation
associated with metallic colloids makes the stability and
reproducibility a major challenge in real applications. For this
reason, SERS substrates supported by solid matrices are gaining
increasing attention. Directly depositing nanostructures on
hard templates (e.g. glass, quartz, silicon, etc.) using techniques
such as e-beam lithography, colloidal lithography, and vapor
deposition has been one of the most commonly used
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as low as 18.05 ng cm™2 and 15.1 ng cm
permitted residue doses with respect to food safety.

~2, respectively, which were much lower than the maximum

18-21

strategies. Although these substrates offer increased
stability and higher tailorability, they suffer from high cost and
great deal of skills; especially, they cannot be attached to
irregular surfaces due to the lack of flexibility, thereby making
in situ surface Raman analysis impossible.

Compared with the traditional rigid substrates, flexible
substrates are not only light weighted and portable, but also,
most importantly, can be easily wrapped and swabbed onto
diverse irregular, nonplanar substrates, which facilitate the
detection of toxicants from food surfaces and benefit food safety
inspection. With all the advantages offered by flexible SERS,
materials such as cotton, paper, textile, and electro-spun fiber
have been explored to serve as building blocks.***® Neverthe-
less, a nanoparticle concentration and a template-modification
step are normally required so as to obtain enough hot spots and
to fix the nanoparticles firmly; moreover, the poor optical
transparency of the above-mentioned substrates will block the
light from direct excitation of SERS on the opposite side, which
prevents their applications in direct analysis of molecules
adsorbed on the arbitrary substances. To address this dilemma,
flexible substrates with transparent polymers (e.g. PE, PET,
PDMS, etc.) as scaffolds have been reported.”’** For example,
owing to the nanoparticle self-assembly on the water/oil inter-
face and the physical constraint of PMMA and PE, highly active,
flexible and transparent substrates have been developed
recently.*>** However, the requirement of volatile organic
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solvents is environmentally unfriendly. In many cases, obtain-
ing a perfect self-assembled film is not a facile work, requiring
careful control of the experimental parameters. Some other
groups have reported the fabrication of SERS substrates based
on PDMS and commercial tapes.®”"*° These flexible and trans-
parent substrates enable new functionalities and applications
that were not possible previously, but in these cases, the
nanoparticles could be synthesized preliminarily, which faces
a high risk of particle aggregation in the following decorating
step due to the change in environmental conditions.***
Moreover, the particles synthesized by the wet-chemistry
methods usually contain surfactant ligands on their surface,
which may induce noisy SERS signals. To solve this problem,
Hasell reported an in situ synthesis approach. Unfortunately,
this method requires 24 h heating under high pressure and
most of the formed nanoparticles are embedded inside the
polymer film, inducing limited exposure to the analyte.*
Recently, Fortuni presented the in situ formation of gold
nanostars on the surface of the pre-cured PDMS film.** The
main disadvantage of this method is the low nanoparticle
covering density, which influences the SERS enhancement
effect.

With this in mind, we propose herein a facile strategy, which
offered opportunities to circumvent these problems. The
strategy depends on the in situ fabrication of Ag nanoparticles
(AgNPs) on a cellulose acetate (CA) polymer film by using
hydrazine as the reducing agent and an ethanol/water binary
solution as the reaction medium. It was found that the choice of
the reaction medium is the key to obtain high-performance
SERS films. Several features of such a strategy make it particu-
larly attractive for in situ detection applications: (1) it is simple
and convenient, which can be easily scaled up with a low cost;
(2) no capping agent is needed, thus avoiding the potential
noise signal interference and facilitating their further func-
tionalization for specific detection purposes; (3) thanks to the
high flexibility of the CA matrix, the obtained substrate can
conform to diverse objects, while its excellent optical trans-
parency ensured efficient passing through of light, which makes
in situ and non-intrusive detection of analytes on the arbitrary
surface possible. The proof-of-concept experiments demon-
strate that the substrates can be used for simultaneous quan-
tification of different pesticide residues on apples from one
measurement. Additionally, the proposed strategy can be
extended to synthesize other noble metal nanomaterials, thus
opening up new avenues for constructing metal nanoparticle—
polymer composite films.

2. Materials and methods

2.1. Materials

All reagents were of analytical grade and used without further
purification. Silver nitrate (99%) was purchased from Alfa Aesar.
Gold(m) chloride trihydrate (HAuCl,-3H,0), hydrazine, cellu-
lose acetate, P-aminothiophenol (p-ATP, 97%) and Rhodamine
6G (R6G, 99%) were purchased from Sigma-Aldrich. Tetrame-
thylthiuram disulfide (TMTD), thiabendazole (TBZ), ethanol
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and nitric acid were obtained from Aladdin-Reagent Co., Ltd.
Deionized water was used throughout the experiment.

2.2. Instruments

Scanning electron microscopy (SEM) images were obtained
using SU8020 (Hitachi, Japan) at an accelerating voltage of 1 kv.
SERS spectra were recorded using a portable Raman spec-
trometer (B&W Tek Inc., USA) at an excitation wavelength of
785 nm. The spreader (MSK-AFA-ES200) was purchased from
Shenzhen Kejing Star Technology GO., LTD.

2.3. Fabrication of SERS substrates

Cellulose acetate (CA) powder (0.6 g) was added into a DMF
solution of AgNO; (0.05 M, 4 mL). Then, the mixture was stirred
at room temperature for 1 h until a transparent solution was
formed. Subsequently, 0.3 mL of the resulting solution was
coated on a clean glass slide to a final area of 2 x 3 cm with
a thickness of 300 pm using a spreading machine. Then the
slide was dried at 80 °C for 30 min to promote the solidification
of the coated polymer, and during this process, the metal
precursor was uniformly doped within the polymer. Finally, the
in situ fabrication of Ag nanoparticles was initiated by
immersing the slide into an ethanol/water (5 : 1) binary solution
containing 4 mM hydrazine for 30 min. The obtained
AgNPs@CA composite film was exfoliated from the glass slide.
The side of AgNPs layer of AgNPs@CA film exhibits a metallic
luster because of electronic coupling of closely packed AgNPs.*”
The other side of AgNPs@CA film is transparent, and laser can
pass through it to reach the AgNPs layer; herein, we define the
AgNPs@CA film as transparent SERS substrate. After washing
with water for several times, the films were stored in water for
further use.

2.4. SERS measurements

To test the sensitivity of the as-prepared substrate, R6G was
selected as the Raman model probe. In brief, small pieces of the
AgNPs@CA composite films were immersed in 2 mL of aqueous
R6G solution of different concentrations for 3 hours, then taken
out and dried in air. Afterwards, SERS spectra were obtained
from the substrate with a laser power of 40 mW and an inte-
gration time of 2 s. To evaluate the reproducibility of the
substrate, the AgNPsS@CA composite film was incubated in
2 mL of the 1 x 10~ ° M p-ATP ethanol solution for 2 h, followed
by rinsing with ethanol and drying in air. Then SERS spectra
from 30 randomly selected spots were recorded.

Furthermore, to verify the applicability of the as-prepared
film as a SERS substrate for in situ analyte detection, 15 pL
tetramethylthiuram disulfide (TMTD) and thiabendazole (TBZ)
with different concentrations were introduced dropwise onto
apple peels (1 x 1 cm?) using a pipettor. After the solution was
dried, the AgNPs@CA composite film pre-stored in water was
pasted on the contaminated area and was pressed with a certain
pressure for 5 s to enable close conformal attachment of the
film to the contaminated samples. The SERS signals were
directly collected from the opposite side of the composite film 5
minutes later. The reproducibility of the SERS signals for in situ

This journal is © The Royal Society of Chemistry 2019
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TMTD and TBZ detection was carried out using a pesticide
concentration of 5 x 10> M. Each pesticide was detected five
times, and Raman spectra from 20 randomly selected spots
were recorded in each measurement. The corresponding
average value was used to represent the result of each
measurement.

3. Results and discussion

3.1. Fabrication and optimization of the substrate

The substrates were successfully synthesized on a large-scale
using silver nitrate and cellulose acetate (CA) as starting mate-
rials via a facile in situ reduction process. Briefly, CA powder was
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first mixed with sliver nitrate in DMF solution to form a viscous
solution. Then the viscous solution was spread onto a clean
glass slide using a spreading machine. Afterwards, the film was
dried at 80 °C for 30 min. During this process, the DMF solution
was evaporated and the CA was solidified, affording a trans-
parent film with silver nitrate uniformly embedded inside.
Finally, the reduction of silver nitrate was initiated by
immersing the film directly into a hydrazine in ethanol/water
mixture solution. In this case, ethanol was chosen as the
main reaction medium because: (1) hydrazine in ethanol
exhibits a lower reduction rate when compared with that in
water, thus enabling the formation of nanoparticles in a more
controlled way, affording good uniformity and (2) silver nitrate
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Fig. 1 SEM images of the AgNPs@CA films that were prepared in pure ethanol (A) and in ethanol/water binary solution with a volume ratio of

ethanol/water of 7:1(B), 5:1(C), 3:1(D), 2 :1(E), and pure water (F).
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Fig. 2 SERS signals of 1 x 107® M p-ATP on the AgNPs@CA films
prepared at different ethanol/water ratios.

600

has poor solubility in ethanol, thus preventing them from
leaking into the reaction solution. Moreover, it was noted that
the presence of little amount of water was essential as in
a compared experiment where the film was prepared in ethanol
alone, no SERS enhancement was observed. To demonstrate the
role of water, the film was prepared at different ethanol/water
volume ratios. The SEM results prove that the size and density
of the nanoparticles are highly dependent on the initial volume
ratio of water in the reaction solution. As shown in Fig. 1A-D,
only sparse particles were observed for the film prepared in
ethanol alone, but a compact nanoparticle distribution was
observed for the film reduced in the ethanol/water binary
solution. We suppose that the presence of little amount of water
promotes the Ag' inside the film to diffuse to the surface,
affording a high surface Ag" concentration and finally a higher
particle density. However, further increasing the water content
induces a drastic decrease in the uniformity (Fig. 1E and F),
which could probably be attributed to the increased Ag" leaking.
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The increased turbidity of the reduction medium verified this
hypothesis (Fig. S1f). The SERS performance of the films
prepared at different ethanol/water contents was evaluated. As
displayed in Fig. 2, the film that was prepared at a ethanol/water
ratio of 5 : 1 possesses the highest SERS enhancement. Based
on the above-mentioned result, the volume ratio of ethanol/
water was set as 5 : 1.

Furthermore, the amount of Ag element was also optimized.
As displayed in Fig. S2A,T a weak SERS signal of p-ATP was
initially observed from the film prepared with an Ag content of
1.25 mg g~ '. As the amount of Ag element gradually increased
from 1.25 to 5.0 mg g~ ', the Raman signal markedly enhanced.
However, any further increase in the amount of Ag element gave
rise to a decreased Raman signal. This observation can be
understood by comparing the scanning electron microscopy
(SEM) images of the samples prepared with different Ag
contents. As shown in Fig. S3A-D, increasing the gross amount
of the Ag element tends to increase the coverage density of
AgNPs. This increased coverage density, which is supposed to
deliver a higher density of “hot-spots”, is probably responsible
for the increased SERS signal intensities. In contrast, the weak
SERS signals observed from the samples prepared at higher Ag
content are probably caused by the agglomeration phenomenon
(Fig. S3At). Furthermore, to increase the surface roughness of
the AgNPs, the films were treated with nitric acid at different pH
values. As demonstrated in Fig. S2B,7 the maximum SERS
enhancement was observed at a pH value of 5; nevertheless,
further enhancing the acidity lead to a drastic decrease in the
SERS signal intensity, which may be attributed to the dissolu-
tion of AgNPs under strong acidic conditions.

3.2. SERS performance of the AgNPs@CA film

To investigate the SERS sensitivity of the AgNPs@CA film, R6G
with different concentrations was adsorbed on the AgNPs@CA
film, and their corresponding SERS spectra were obtained as
shown in Fig. 3A. As for all the concentrations, the characteristic
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Fig. 3 (A) SERS spectra of R6G with different concentrations. (B) Calibration plot of the SERS intensity at 769 and 1650 cm™* of R6G introduced

dropwise onto the substrates at different concentrations.
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bands of R6G at 612 and 769 cm ™' corresponding to the C-C-C
ring in-plane and out-of-plane bending vibrations and the bands at
1183, 1362, 1508, and 1650 cm™ ' corresponding to the aromatic
C-C stretching vibrations are observed,” but the intensity and the
resolution of the R6G signal declined with the decrease in R6G
concentration. When the R6G concentration was reduced to
107" M on the AgNPs@CA film, Raman signals could be still
identified clearly, indicating a high sensitivity of the AgNPs@CA
film. Furthermore, the Raman bands at 769 and 1650 cm™* were
employed for the quantitative evaluation of SERS sensitivity.
Fig. 3B presents the linear correlation between the peak intensity
and the logarithmic concentration of R6G, which indicated
a monotonic increase with the logarithmic concentration of R6G
from 1 x 107"* to 1 x 10~°. To further demonstrate the detection
universality, the film was incubated with different concentrations
of p-ATP. The characteristic modes observed at 1076 and
1581 cm ™' can be assigned to the C-S and C-C stretching vibra-
tions of p-ATP. The other distinct peaks at 1141, 1388 and
1435 cm ™" can be attributed to the fundamental benzene ring
vibrations (Fig. S41).* It is shown that with the decrease in the
concentration of p-ATP, the intensity of the Raman vibration
signals decreases gradually. It should be noted that the vibration
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modes can still be observed when the concentration of p-ATP
decreased to 10~ "', indicating the excellent SERS activity of the
present AgNPs@CA composite film substrate.

Benefiting from the good optical transparency of the CA
matrix (~93% at an excitation wavelength of 785 nm), the laser
can easily penetrate through the CA template to arrive at the
assembled AgNPs layer, and consequently motivate the SERS
effect. As demonstrated in Fig. 4A and B, the SERS signals
collected from both sides (20 points, respectively) of the film
were almost identical, and the RSD for the band vibration of p-
ATP at 1388 cm ™' was 15%, suggesting that the excitation and
collection of the Raman signal from the backside are as efficient
as from the front side. Notably, this is especially important for
noninvasive and direct quantification of contaminant on the
object surface. To further analyze the homogeneity and repro-
ducibility, SERS of 1 x 10~ ° p-ATP from 10 different AgNPS@CA
composite films were recorded. Fig. 4C and D show the Raman
waterfall plots and the corresponding contour plots of 10
different AgNPs@CA composite films. The RSD for the
1388 cm ™' band vibrations of p-ATP was 16.3%, demonstrating
that the enhancement achieved with the AgNPs@CA film is
highly reproducible. In addition, the enhancement factor of the
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Fig.4 Reproducibility of the SERS signals on AgNPs@CA films. (A) SERS spectra of 1 x 10~6 p-ATP recorded from 20 different positions on both side
of the AQNPs@CA composite film, respectively. (B) The SERS intensity distribution of the 1388 cm ™! bands. (C) SERS spectra of p-ATP (1 x 1076 M)
recorded from 10 different AQNPs@CA composite films. (D) The corresponding SERS intensity distribution of the 1388 cm™* bands. The average
intensity value is indicated by the red line; intensity variations of £8% and £8-15% are indicated by the cross grain and light green zones, respectively.
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Fig. 5 Raman spectra of (A) TMTD and (B) TBZ: (a) normal Raman band of solid pesticides powder, (b) normal Raman band of 0.1 mM corre-
sponding pesticide on the surface of the apple pieces, (c—f) SERS spectra of different concentrations of TMTD ((c) 18.05 ng cm™2, (d) 36.10 ng
cm~2, () 180.5 ng cm~2, (f) 360 ng cm~2) and TBZ ((c) 15.1ng cm 2, (d) 30.2 ng cm™~2, (e) 151 ng cm 2, (f) 300 ng cm~2) obtained directly from the
surface of the apple pieces. (C) Reproducibility of the SERS signals for in situ TMTD and TBZ detection (the reproducibility and the RSDs were
calculated using an original pesticide concentration of 5 x 10™> M; each pesticide was tested for five times, and 20 points Raman signal were
collected each time. The average value of the 20 data is used to represent the results of each measurement). (D) Comparative Raman spectra of
the TBZ (a) and TMTD (b) powder, and (c) the mixture of 5 x 10~> M TMTD and TBZ on the apple peel.

AgNPs@CA film was calculated to be 1.8 x 10’ by comparing
the ratio of the SERS peak intensity of p-ATP to its corre-
sponding normal Raman peak intensity [Fig. S5, Text S1t].
These results are remarkable considering the simplicity of
preparation, cheapness and robustness of the present
AgNPs@CA composite film.

3.3. Application of the AgNPs@CA film for pesticide
detection from fruits

Pesticide residues pose a great threat to human health, and
have aroused worldwide food safety concerns. Although iden-
tification of residues can be realized by many methods, one
advantage of SERS over them is its capability to perform
simultaneous quantification of different components from one
measurement because of the unique fingerprint-type way of
sensing. To demonstrate the capability of the film for in situ
detection of organic pollutants on solid surface, TMTD and
TBZ, two kinds of hazardous pesticides that are commonly used

2862 | RSC Adv., 2019, 9, 2857-2864

in agriculture production were selected. In a proof-of-concept
experiment, apple samples were washed with ultrapure water
before use, and then cut into small pieces. 15 pL pesticide
solutions of TMTD and TBZ with different concentrations were
spread on the apple peels and dried naturally in air, respec-
tively. Then, the film pre-stored in water was pasted to the
surface of the apple pieces and was pressed with a certain
pressure for 5 s to enable close conformal attachment of the
film to the contaminated samples. Then the Raman signals
were collected directly from the adhered film. As shown in
Fig. 5A and B, no evident Raman signals were recorded when
a laser was directly shot onto the apple peels spread with
0.1 mM TMTD or TBZ. In contrast, the introduction of the
AgNPs@CA film greatly enhanced the Raman signal of the
TMTD and TBZ molecules. The detectable concentration for
TMTD and TBZ was as low as 18.05 ng cm ™~ and 15.1 ng cm™ 2,
respectively, which were much lower than the maximum
permitted residue of TMTD and TBZ on apples (~2 pg cm™> for
TMTD and 1.2 pg em > for TBZ).***® Furthermore, the

This journal is © The Royal Society of Chemistry 2019
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AgNPs@CA film shows excellent SERS reproducibility for the in
situ pesticide inspection, with a RSD value below 0.25 for both
TMTD and TBZ (Fig. 5C). Furthermore, to test the possibility for
simultaneous detection, 0.05 mM TMTD and TBZ were mixed
together and spread on an apple peel. Three main Raman bands
of TMTD at 564, 1147 and 1383 cm ™" can be clearly identified,
which are attributed to S-S stretching, C-N stretching or CH;
deformation and C-N stretching vibrations, respectively.*”
Compared with the normal Raman result of TBZ (Fig. 5D, pot a),
the Raman bands of TBZ collected from apple peel surface can
be identified at 624, 784 and 1280 cm ' (Fig. 5D, pot c),***
demonstrating great potential of the proposed substrates for
simultaneous detection of pesticide residues. Notably,
compared with the conventional SERS substrate, which requires
pre-extraction of analytes from the complex surfaces, our
approach based on free-standing SERS film can fulfill the
measurement by just covering the target surface, avoiding
tedious sample preparation and contaminating the object.

3.4. Additional applications

Generally, hydrazine is a strong reductant, which can be used to
synthesize a large number of metal nanoparticles. Therefore,
the reported approach can potentially be applicable in synthesis
of other metal-based films. To verify this generalizability,
a AuNPs@CA film was further prepared with the proposed
strategy by using HAuCl,-3H,0 as the metal precursor. Inter-
estingly, unlike the AgNPs@CA film, it was found that the
leakage of Au® was considerably apparent in all the studied
ethanol/water system, except for the absolute water system,
a consequence which we infer to be caused by the imbalance of
the diffusion and reduction rates of the Au’". In the case of an
aqueous system, owing to the strong reducibility of the hydra-
zine, the diffused Au®" ions can be rapidly reduced, thereby
preventing them from leaking into the solution phase. On the
contrary, in the ethanol-dominant binary systems, the reduc-
ibility of hydrazine weakens, and hence the diffused Au®** ions
(unlike AgNO3, HAuCl,-3H,0 are soluble in ethanol) cannot be
reduced instantly, leading to its severe leakage. Based on the
above-mentioned results, an aqueous solution of hydrazine was
used for the preparation of the AuNPs@CA film. Fig. Sé6t
displays the SEM images of the AuNPs@CA film that was
prepared using different Au contents. With the increase in the
Au content, AuNPs grew larger and the gap distance between
AuNPs consequently reduced. When the Au content was higher
than 20 mg g~ ', the AuNPs tended to pack together. Beside the
size change, it was found that the spherical Au nanoparticles
transformed to a star shape as the Au content was increased
from 2.5 mg g ' to 10 mg g~ . We believe that these AuUNPS@CA
composite films may find various applications in the context of
novel nanoparticle-based sensing films.

4. Conclusion

Herein, we have presented a facile approach for large-scale
fabrication of low-cost, flexible and highly active SERS
substrates by employing a premixing and then an in situ

This journal is © The Royal Society of Chemistry 2019
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reduction method. The obtained composite film can conform to
the arbitrary surfaces, while the optical transparency allows
light interaction with the contact surface, thereby providing the
feasibility for in situ and nondestructive detection of analytes on
diverse surfaces. Proof-of-concept for in situ detection applica-
tion of the SERS substrate was demonstrated through direct
SERS detection of pesticide residues on apple samples. More-
over, the proposed method has a generalizability that can be
extended to the fabrication of other metal-polymer composites,
opening up new avenues for developing portable sensors. It is
expected that the proposed strategy will bring the SERS tech-
nology closer to practical analysis.
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