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Gallic acid (GA) was employed as a reducing agent for facile in situ preparation of gold nanorods (GNRs) in
thermoresponsive P(NIPAM-NVP) hydrogel films. Based on the surface-enhanced Raman scattering (SERS)
effect of GNRs and the enrichment effect of thermoresponsive hydrogel film on test molecules through a

Diquat shrinkage process, the obtained P(NIPAM-NVP)/GNRs composites have been used as SERS substrate for the
i}szlljs rapid detection of diquat. The influences of substrate pre-treatment, laser wavelength, and sample treatment

method on diquat determination have been investigated comprehensively. The results showed the composite
material to be a good SERS substrate for highly sensitive detection and a promising preconcentration matrix of
diquat. The limit of detection of the proposed protocol was estimated to be 2.7x107'2 mol L™! for diquat.
Notably, diquat could be concentrated with the enrichment factor of about 4 after three times swelling-shrinking
processes of the hydrogel film.

1. Introduction

Diquat (DQ) is a pyridine-based, broad-spectrum, quick-acting, and
nonselective contact herbicide for stem and leaf treatment. Its chemical
name is 1,1’-ethylidene-2,2’-bipyridine dibromide monohydrate.
Diquat has a rapid effect, especially for broadleaf weeds, and is
applicable for the pre-sowing weeding of non-cultivated land and no-
tillage farmland as well as inter-row weeding in orchards and crops.
Moreover, it can also be used for the withering and disleaving of
soybean and cotton before harvest. However, diquat has good stability
with a long half-life, and it is toxic to mammals, causing fetal
malformation [1].

At present, the common analysis methods for diquat are mainly
high-performance liquid chromatography (HPLC) [2] or liquid chro-
matography-mass spectrometry (LC-MS) [3], capillary electrophoresis
(CE) [4], flow injection analysis [5], spectrophotometry [6], electro-
chemical analysis [7], and fluorescence analysis [8]. However, these
methods have some disadvantages, such as time-consuming or com-
plicated sample pre-treatment, long analysis time, which limit the
improvement of sensitivity.

Surface-enhanced Raman spectroscopy (SERS) has been widely
used in molecular detection due to many advantages, including non-
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destruction of samples, rapidity, convenience, and high sensitivity
[9,10]. Previous research has indicated that the mechanism of SERS
mainly relies on electromagnetic enhancement [11]. If a nano inter-
stitial structure of size less than 10 nm is present between two
nanoparticles, the electromagnetic field of the resonance region
generated by plasma excitation will be greatly enhanced. Generally,
this kind of region is termed a “hot spot”. When the molecules to be
probed are located in these special hot spots, the enhancement factor in
this region can be up to 108. The greater the number of hot spots is, the
greater the enhancement effect is. In recent years, with considerable
progress in the controllable preparation of SERS substrates, SERS
technology has been increasingly applied in quantitative determination
and trace analysis. Gold nanorods (GNRs) have a very strong Raman
enhancing effect [12]. Moreover, the localized surface plasma reso-
nance (LSPR) frequency can be adjusted by controlling the length/
diameter ratio of the rods to match the frequency of Raman excitation
light, thus realizing the optimal enhancement effect [13]. N-
Isopropylacrylamide (NIPAM) hydrogel is an “intelligent” thermore-
sponsive material. It exhibits adjustable chemical properties, three-
dimensional physical structure, excellent mechanical properties, high
water content, and good biocompatibility, and has been widely used in
separation, catalysis, and biological and medical fields [14].
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In this study, gallic acid (GA) has been innovatively used instead of
ascorbic acid (AA) in the conventional preparation process of GNRs.
The equilibrium between diffusion rate and reaction rate was adjusted
using GA as the reducing agent. The GNRs were simply prepared in situ
in P(NIPAM-NVP) thermoresponsive hydrogel films. The resulting
P(NIPAM-NVP)/GNRs composites have been applied in the SERS
detection of diquat, exploiting the Raman enhancement effect of the
GNRs. The distance between the GNPs could be adjusted through the
shrinking behavior of the hydrogel to generate a better SERS enhance-
ment effect, allowing for rapid and highly sensitive detection of diquat
molecules. On the other hand, diquat molecules could be captured and
enriched based on the network structure and swelling-shrinking
property of the P(NIPAM-NVP) hydrogel films, making the further
improvement of detection sensitivity for the analyst.

2. Materials and methods
2.1. Preparation of P(NIPAM-NVP) hydrogel films

P(NIPAM-NVP) hydrogel films were prepared by a previously re-
ported method with minor modification [15]. In brief, the mixture
solution containing NIPAM (0.2 g, high-purity reagent, Tokyo Chemical
Industry), N-vinyl-2-pyrrolidone (NVP, 20 uL, high-purity reagent, Tokyo
Chemical Industry), ammonium peroxodisulfate (APS, 40 pL,
0.042 mol L™}, Sinopharm Chemical Reagent Co., Ltd.), N,N-methylene-
bisacrylamide (BIS, 290 uL, 25 mg mL™!, Sinopharm Chemical Reagent
Co., Ltd.) and N,N,N’,N’-tetramethylethylenediamine (TEMED, 1 pL,
Sinopharm Chemical Reagent Co., Ltd.) was injected into a mold (the
thickness of the holding strip was about 0.14 mm), which was then kept in
darkness at 4 °C for 12 h until a hydrogel was formed. The hydrogel film
was cut into uniform circular slices (diameter ca. 1 cm) with a puncher.
The prepared slices were purified by dialysis to remove the cross-linkers
and unreacted monomers.

2.2. Preparation of P(NIPAM-NVP)/seeds

A 0.2mol L™ aqueous solution of cetyltrimethylammonium bro-
mide (CTAB, 5 mL, Sinopharm Chemical Reagent Co., Ltd.) was placed
in a 25-mL beaker. A 5x107* mol L™ aqueous solution of tetrachlor-
oauric acid (HAuCl,, 5 mL, Sinopharm Chemical Reagent Co., Ltd.)
was added with stirring. After homogeneous dispersion, several pieces
of hydrogel films were added and the mixture was left to stand for
5 min. A freshly prepared 0.01 mol L™! solution of sodium borohydride
(NaBH,, 0.6 mL, Sinopharm Chemical Reagent Co., Ltd.) at 0 °C was
then added to the solution in one portion. The solution changed from
light yellow to brown yellow, and the P(NIPAM-NVP)/seeds hydrogel
films were stored at 25 °C for 15 min prior to use.

2.3. Preparation of P(NIPAM-NVP)/GNRs

The growth solution was prepared which contained 1 mL of HAuCl,
(1x1072 mol L™), 1 mL of CTAB (0.2 mol L™) and 50 pL of AgNOs
(4x10™* mol L%, Sinopharm Chemical Reagent Co., Ltd.). Then, 30 uL
of GA (0.0788 mol L™}, Sinopharm Chemical Reagent Co., Ltd.) was
added into the growth solution. When the solution changed from dark
brown yellow to colorless, a piece of P(NIPAM-NVP)/seeds film was
taken out from the above brown yellow solution, washed with ultra-
pure water, and then put into the above growth solution and reacted for
3h.

2.4. Preparation of GNRs

In order to compare the influence of different reducing agents on
the preparation of GNRs, GA and AA (Sinopharm Chemical Reagent
Co., Ltd.) were used as reducing agents to prepare GNRs after gold
seeds were pre-synthesized. GNRs were prepared by a previously
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reported method with minor modification [16]. In briefly, 5 mL of
0.2molL™! CTAB solution and 5mL of 5x10*mol L' HAuCl,
solution were placed in a beaker with stirring. Then, 0.6 mL of freshly
prepared NaBH, solution (0.01 mol L™) at 0 °C was mixed rapidly.
After further stirring for 2 min, the prepared solution was stored at
25 °C for 2 h. 2.5 mL of HAuCl, solution (1x10™ mol L™), 2.5 mL of
CTAB solution (0.2molL™!) and 125uL of AgNO; solution
(4x1072 mol L™1) were mixed with stirring in another beaker. Then, a
0.0078 mol L™! GA or AA aqueous solution (90 uL) was added. When
the color of the solution changed from dark brown yellow to pale
yellow, 25 uL of gold seeds solution were added for subsequent
reaction at 27 °C.

2.5. Characterization of P(NIPAM-NVP)/GNRs

The optical properties of as-prepared POINIPAM-NVP)/GNRs, as well
as the GNRs for comparison study were characterized by means of a
spectrophotometer (UV-3150, Shimadzu Corporation, Japan) with a
temperature control device. The morphology of the GNRs was observed
by a transmission electron microscope (JEM-2100EX, JEOL Corporation,
Japan). The X-ray diffraction (XRD) pattern of P(NIPAM-NVP)/GNRs
was collected on an X-ray diffractometer (Rigaku Corporation, Japan)
using Cu Ka radiation operated at 40 kV and 200 mA to characterize the
crystallographic phases of GNRs in the hydrogels. For SERS determina-
tion, a PANIPAM-NVP)/GNRs film was immersed in diquat solution and
the residual solution on its surface was rinsed off with ultra-pure water.
The P(NIPAM-NVP)/GNRs film was laid on the surface of a glass slide,
and the molecular signal was measured by means of a Raman spectro-
meter (Renishaw Invia Reflex, Renishaw Corporation, England).

3. Results and discussion
3.1. Preparation of P(NIPAM-NVP)/GNRs composites

Research on the preparation process of P(NIPAM-NVP)/GNRs
composites has indicated that an appropriate equilibrium relationship
between diffusion rate and reaction rate is very important for the
preparation of GNRs in a hydrogel network [15]. The reduction rate of
the reducing agent (i.e., AA) may be slowed down by decreasing the pH
of the reaction solution, which is advantageous to the equilibrium
between diffusion rate and reaction rate within and outside of the
hydrogel. Thus, the formation of GNRs in the hydrogel is rendered
controllable. According to the conventional preparation method of
GNRs, an acid medium is required to reduce the reduction rate of AA,
such that equilibrium is established between diffusion rate and reaction
rate. In this study, GA has been selected as a reducing agent, which
significantly reduces the reaction rate even not lowering pH with an
acid. Fig. 1 shows the relationship between spectral change and
reaction time during the growth process of GNRs. It can be seen that
the reduction rate of AA was relatively fast, and the reaction was
complete within 10 min. However, the reaction endpoint was only
reached after 50 min for GA. Therefore, the reaction was moderated
and hence more easily controlled when GA was used as a reducing
agent. As a general preparation method, the mechanism for the
formation of GNRs in AA system has been elucidated extensively
[16]. In this study, GA has been used for the first time in the facile
synthesis of GNRs. The formation mechanism is explained that it is
likely related to the structure of polyphenols in GA. Theoretical and
experimental investigations have revealed that polyphenolic com-
pounds such as GA and their derivatives are known to form complexes
with metal cations and their ability to chelate metal ions is a more
probable mode of action than their oxidation process [17,18]. In GA
system, the complex reaction of gold ions with the phenolic hydroxyl
groups might occur, leading to significant decrease of the reaction rate.
Therefore, the reaction was moderated and hence easily controlled
when GA was used as a reducing agent.
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Fig. 1. Influence of reducing agent on the growth time of GNRs.

Fig. 2 shows the TEM image of a P(NIPAM-NVP)/GNRs composite
film prepared using GA. In order to investigate the morphology of
GNRs in the hydrogel film, the film was subjected to a sequence of resin
embedding, cutting, and TEM observation. It was found that GNRs
were distributed in the film. The morphology was relatively uniform.
Some particles with irregular morphology were seen in the image,
which can be mainly attributed to differences in the position and
cutting angle of the GNRs. As shown in Fig. S1, XRD peaks from atomic
lattices of the GNRs emerged at 20=38.2°, 44.5°, 64.3° and 77.6°, and
because these peaks are consistent with JCPDS 04-0784, they are
assigned to (111), (200), (220) and (311) reflection lines, respectively.
The XRD pattern showed primarily the (111) Bragg reflection of face-
centered cubic (FCC)-structured gold crystals, whereas the (200), (220)
and (311) Bragg reflections were extremely weak, indicating highly
oriented growth of the GNRs. This is powerful evidence of the
preferential growth of the GNRs in the hydrogel film along the (111)
direction as the particle length increases.

3.2. Thermoresponsive-SERS properties of P(NIPAM-NVP)/GNRs

Fig. 3 shows the SERS spectrum of a diquat solution (107® mol L™")
obtained using P(NIPAM-NVP)/GNRs as the substrate and the direct

- -

Fig. 2. Cross-sectional TEM image of the P(NIPAM-NVP)/GNRs.
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Fig. 3. A. SERS spectrum of diquat in solution (107® mol L™!); B. Raman spectrum of
diquat in the solid state.

Raman spectrum of diquat power. It can be seen that both conditions
gave good spectral resolution. However, the SERS spectral intensity of
the diquat solution was stronger than that of the solid powder,
indicating that the substrate provided a good enhancement effect
[19,20]. The relative intensities of some of the peaks in the respective
spectra were different. The peaks at v=1384, 1528 and 1578 cm™! in
the SERS spectrum were significantly enhanced. These peaks were also
discernible in the Raman spectrum of solid diquat, but their intensities
were comparatively weak. The enhancement of peak intensity could be
attributed to the mutual interaction between GNRs and the dipyridyl
structure of diquat molecule. Hence, the intensities in the SERS
spectrum were different from those in the Raman spectrum of the
solid sample. In particular, the peak at v=1442 cm™' was obviously
enhanced, whereas it was barely detectable in the Raman spectrum of
solid diquat. It corresponded to the C—H bending vibration, which
further proved the excellent SERS enhancement effect of P(NIPAM-
NVP)/GNRs on diquat.

Fig. 4 shows the variation in the SERS spectra of diquat at different
temperatures. It can be seen that the SERS signals of diquat were
significantly enhanced with increasing temperature and shrinkage of
the hydrogel film. The characteristic peak at v=1578 cm™" was selected
for a comparative study. According to formula (1) [21], the enhance-
ment factor (EF) at 45 °C was 8 times higher than that at 25 C. The
higher the density of GNRs in the hydrogel was, the more obvious the
influence of temperature was on the SERS effect. Shrinkage of the
hydrogel film caused by an increase in temperature influenced two
aspects [22]. Firstly, the refractive index of the medium around the
GNRs increased, and based on relevant research results, this would
enhance the SERS intensity. Secondly, the number of GNRs per unit
area of the spots increased, which increased the number of molecules
to be detected, thereby enhancing the SERS intensity.

EF = (Isgrs/Nsur) X URaman!Nourk) (€8]
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Fig. 4. A. SERS spectra of diquat on P(NIPAM-NVP)/GNRs substrates at different temperatures from 25 to 45 °C; B. the corresponding relationship between the SERS intensity at

1578 em™! and temperature.

Here, Iggps and Iggne, are the intensities in the SERS and Raman
spectra, respectively, N+ is the number of probe molecules without
using an enhancing substrate, and Ns,, is the number of probe
molecules adsorbed on the surface of GNRs as a substrate. Since the
Raman spectrum of solid diquat could be directly measured without a
solvent, its concentration in this case could be considered as 100%. The
diquat concentration for SERS was 107 mol L1,

3.3. Pre-treatment of SERS substrate

The main reason for SERS is enhancement of the electromagnetic
field. The distribution of an electromagnetic field is closely related to
the morphology and position of metal nanoparticles. The electromag-
netic field is stronger at a surface where metal nanoparticles are closer
to each other. Therefore, the most important factor in actual SERS
application is the distance between test molecule and SERS substrate.
Under otherwise identical conditions, the smaller the distance was, the
higher the SERS intensity was [23,24]. In this study, the GNRs were
prepared in situ, rather than incorporated into the hydrogel film after
polymerization. This obviated the need for modification of the GNRs
and prevented interference from modifiers or stabilizers [25]. However,
CTAB was inevitably used in the preparation of the GNRs. Much CTAB
was adsorbed on the surfaces of the GNRs, which had two disadvan-
tages: (1) the molecules to be tested could not get close to the surfaces
of the GNRs; (2) the positive charges on CTAB would hinder the
adsorption of dipyridyl cations. Therefore, CTAB on the surface of the
GNRs should be removed as much as possible. We washed P(NIPAM-
NVP)/GNRs with repeated heating and cooling cycles. The results in
Fig. 5 proved that the SERS spectrum of diquat was significantly
enhanced when washed P(NIPAM-NVP)/GNRs was used as the sub-
strate.

3.4. Selection of laser wavelength

It can be clearly seen from Fig. 6 that the SERS signal of diquat
increased in intensity when the excitation laser wavelength was
increased from 532 to 785 nm. There was no signal at 532 nm. Only
the signal at v=1578 cm™" could be discerned at 633 nm, whereas the
SERS signal was greatly enhanced at 785 nm. Almost all the character-
istic peaks of diquat were resolved at 785 nm, which could be
attributed to the improvement in matching between the strong long-
itudinal LSPR peaks of the GNRs and the laser excitation wavelength
[26,27]. It is well known that the surface plasma is substantially a light
wave captured on the surface due to the interaction with free electrons
on the conductor surface. The incident light compels the free electrons
on the conductor surface to vibrate collectively. When the collective

20000

Unwashed
Washed

150004

10000+

Counts

5000+

0
1000

1250 1500 1750 2000

Raman shift (cm™)

Fig. 5. SERS spectra of diquat using unwashed and washed P(NIPAM-NVP)/GNRs as
substrates.
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Fig. 6. SERS spectra of diquat at different excitation laser wavelengths.
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Fig. 8. Enrichment of 107**mol L™! diquat by the P(NIPAM-NVP)/GNRs. Inset
illustrates the linear correlation of SERS values versus the concentrations of diquat over
the range 10°-1072 mol L%,

vibrational frequency is consistent with the frequency of the incident
light, resonance occurs. Meanwhile, the electromagnetic field is greatly
enhanced, leading to a pronounced surface plasma enhancement effect
[28]. It has been found that both LSPR and SERS have strong nano-size
dependences, indicating a close relationship between them. The
relationship between LSPR and SERS is a subject of much ongoing
research. Dieringer et al. developed a kind of wavelength-scanning,
surface-enhancing Raman excitation spectrometer. Their experimental
results showed that the maximum SERS enhancement is obtained
when the LSPR maximum wavelength of the substrate is between the
excitation and vibration wavelengths [29], which are supported by the
present study.

3.5. Limit of detection (LOD)

Diquat solutions of various concentrations were determined to
assess the detection sensitivity using P(NIPAM-NVP)/GNRs as a SERS
substrate. It can be seen from Fig. 7 that the intensity of the
characteristic peak at v=1578 cm™' decreased with decreasing diquat
concentration. Nevertheless, the characteristic peak could still be
clearly detected when the diquat concentration was decreased to
1072 mol L™L. The LOD was 2.7x107'2 mol L' which corresponded
to the signal equivalent to about three times of noise (3 S/N).
Compared to other conventional methods [30,31], the proposed
method exhibited lower detection limit, easier operation and shorter
analysis time, making it a sensitive and rapid determination method for
diquat.

196

Talanta 174 (2017) 192-197

3.6. Enrichment performance

Pre-shrunk P(NIPAM-NVP)/GNRs was placed in a diquat solution
of concentration 10™*% mol L™* and taken out when it was swollen. The
SERS spectrum was measured after air drying. The sample was then re-
immersed in the diquat solution (1072 mol L™!) and taken out when it
was swollen. The SERS spectrum was measured again after air drying.
The operation was repeated several times. The result in Fig. 8 shows
that the characteristic peak of diquat gradually increased with increas-
ing number of swelling—shrinking processes. After three operations,
the signal intensity of diquat increased around 4 times, indicating a
good enrichment effect of this analyte on P(NIPAM-NVP)/GNRs. Good
contact between the test molecules and substrate is an important factor
for obtaining desired SERS signals. The P(NIPAM-NVP) hydrogel film
possessed excellent volume shrinking—swelling properties. Starting
from the shrunken hydrogel, the internal negative pressure generated
during its swelling process would force the sample solution to enter its
network structure.

4. Conclusion

GA has been used as a novel reducing agent to easily prepare GNRs
in situ in P(NIPAM-NVP) hydrogel films. The resulting P(NIPAM-
NVP)/GNRs composites have been used as a SERS substrate to
determine diquat. The capture and concentration of diquat molecules
were realized by the network structure and swelling—shrinking prop-
erty of P(NIPAM-NVP) hydrogel, and detection was aided by the
Raman enhancement effect of the GNRs. The influences of substrate
pre-treatment and laser wavelength on the analytical performance have
been investigated in detail. The LOD of this method was estimated as
2.7x107®* mol L™'. Diquat could thus be rapidly and sensitively
detected with the enrichment factor of about 4 after three times
swelling—shrinking processes of the hydrogel film.
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