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A systematic study for the creation of dynamic surface-enhanced Raman scattering (SERS) hotspots is
reported. Herein, gold nanoparticles-loaded pH-responsive poly(2-vinylpyridine) (AuNPs/P2VP)
composite microgels were prepared efficiently by in situ chemical reduction. The nano-gap among
AuNPs could be tuned easily by changing pH values of AuNPs/P2VP microgels solution from 2.0 to 5.0,
creating vast SERS hotspots for electromagnetic enhancement. This change increased the SERS intensity
remarkably, using 4-mercaptobenzoic acid (PMBA) as the model probe at a concentration of 1 x 10™* M.
Besides, the strongest SERS signal of PMBA was obtained when the gold concentration was 0.6 g L2,
and we systematically studied the relationship between gold concentration of AuNPs/P2VP microgels
solution and SERS signal strength. The prepared SERS substrate with the strongest SERS signal was

proved to be stable for months. Finally, the new SERS substrate was used for direct detection of crystal
Received 17th May 2017 iolet in soluti idering that crystal violet is th in ingredient in d tewat d th
Accepted 22nd June 2017 violet in solution, considering that crystal violet is the main ingredient in dye wastewater, an e
detection limit was about 4 x 107° M. This result indicated that the new AuNPs/P2VP microgels are

DOI: 10.1039/¢7ra05567f highly effective and can be used as a SERS-active substrate for direct analysis of a variety of objects in

rsc.li/rsc-advances solution.

1. Introduction

Surface-enhanced Raman scattering (SERS) has been widely
applied as a powerful and sensitive tool for the detection of
chemical and biochemical analytes, which were adsorbed onto
metallic nanoparticles, especially gold and silver.*® In SERS, it
is now well established that high SERS activity is predominantly
based on the plasmonic hot spots that can give rise to high
enhancement factors.*® To date, the development of SERS
technique faces two main challenges.*” The first one is the
preparation of a SERS-active substrate with large numbers of
hotspots,*® the second one is how to place the targeted mole-
cules in the hotspots with high efficiency.'>*" It is necessary to
develop a simple method for creating dynamic SERS hot spots,
in which the nano-gap among metallic nanoparticles can be
controlled easily. After being adsorbed onto metallic nano-
particles, molecular probe will be sited in the hot spots effi-
ciently by narrowing the nano-gap.
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It is known that stimulus-responsive hybrid microgels can
alter their volumes and properties in response to environmental
stimuli.””** The nano-gap among nanoparticles composited with
stimulus-responsive microgels can be tuned effortless by
external stimulus, such as temperature, pH and light.">'® Over
the past decade, the subject of composite stimulus-responsive
microgels with metallic nanoparticles has received increasing
amounts of attention due to their plasmonic properties and
biomedical applications.'”*® Different types of microgels were
used for SERS substrate, C. Fernandez-10pez et al., reported that
temperature responsive gold nanorod-poly(N-iso-
propylacrylamide) microgels systems were used as excellent
broadband SERS substrates;'* SERS efficiency of temperature
and pH double-responsive silver nanoparticle-loading microgels
were reported by Liu Xiaoyun et al.*® pH value is one of the most
common stimuli,*»** especially in chemical and biomedical
systems.**** For instance, K. Akamatsu et al, reported the
synthesis on nanocomposite of poly(2-vinylpyridine), one of
acid-swellable microgels, with size-controlled gold nanoparticles
(AuNPs) deposited only on the microgel surface, and the
prepared composite microgels have attractive potential applica-
tion in pH-probing mobile plasmonic or SERS microsensors.>
The synthetic method is simple and effective, however, there
have been no previous reports on the SERS direct detection in
solution of the prepared composite microgels as the SERS
substrate.
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Herein, we report the synthesis of pH-responsive AuNPs/
P2VP composite microgels loaded with different amount of
gold nanoparticles by in situ chemical reduction. By changing
the reaction conditions, AuNPs/P2VP composite SERS substrate
with optimal dynamic SERS hotspots were designed. The SERS
efficiency of the prepared AuNPs/P2VP hybrids, with long-time
stability, could be remarkably modulated by pH value
changing from 2.0 to 5.0, using PMBA as the model probe.
Finally, used as the new SERS substrate in aqueous solutions,
these AuNPs/P2VP hybrids exhibited great potential for direct
detecting crystal violet.

2. Materials and methods
2.1 Reagents

2-Vinylpyridine (2VP, purity 97%) and divinylbenzene (DVB,
purity 80%) were purchased from Energy Chemical (China) and
purified bypassing through a short basic Al,0; column before
use. Poly(ethylene glycol) methyl ether methacrylate (PEGMA)
macromonomer (Mn = 2080, 50 wt% aqueous solution), oo’
azodiisobutyramidine dihydrochloride (AIBA, purity 97%), Ali-
quat 336 and dimethylamineborane (DMAB) were purchased
from Energy Chemical (China) and used as received. Chlor-
oauric acid (HAuCl,, purity 99.3%) and sodium hydroxide
(NaOH) were supplied by Shanghai Chem. Reagent Co. (China)
and used as received. 4-Mercaptobenzoic acid (PMBA) and
crystal violet (CV) were purchased from J&K Scientific(China).
All deionized water was used throughout and obtained using
a Millipore Direct-Q system.

2.2 Preparation of AuNPs/P2VP hybrid microgels

The pH-responsive poly(2-vinylpyridine) microgels used in this
study were first synthesized according to ref. 25. Briefly, 1.00 g
Aliquat 336 and 1.00 g PEGMA were dissolved in 80 mL of
deionized water in a 250 mL round-bottomed flask. A mixture of
9.90 g 2VP and 0.10 g DVB was then added. The aqueous solu-
tion was degassed at ambient temperature using five vacuum/
nitrogen cycles. The degassed solution was stirred at 250 rpm
using a magnetic stirrer and heated to 60 °C with the aid of an
oil bath. Aqueous AIBA initiator solution (0.15 g, 9 mL) was
injected after 20 min. The polymerization was continued for
24 h at 60 °C.

In order to remove residual 2VP monomer, excess Aliquat
336 surfactant, and nongrafted PEGMA stabilizer, the P2VP
latex particles were centrifuged at 9000 rpm for 15 min, followed
by careful decantation of the supernatant, replacement with
fresh water, and redispersion of the sedimented particles with
the aid of an ultrasonic bath.

AuNPs/P2VP hybrid microgels were prepared by in situ
chemical reduction. Firstly, P2VP latex was mixed with aqueous
HAuCl, solution (20 mM) in appropriate ratios, and the mixture
solution was stirred for 1 h at room temperature, then purified
by dialysis. Secondly, aqueous DMAB solution (10 mM, 5 mL)
was gradually dropped into the solution of ion-doped microgels
(1 mL) at the rate of 150 uL s~ under stirring for 60 min to
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reduce the gold ions to metallic gold, followed by dialysis using
distilled water.

2.3 SERS property of AuNPs/P2VP hybrid microgels

The SERS activity of AuNPs/P2VP hybrid microgels was studied
using PMBA as analyte. Specifically, the composite microgels
with different concentrations of AuNPs were mixed with PMBA
at pH values of 2 and stirred for 0.5 h. Next, the mixed solution
was dropped into a quartz cuvette for SERS measurement at the
condition of different pH values. The prepared AuNPs/P2VP-2
hybrid microgels with gold concentration of 0.6 g L' was
also used as SERS substrates to detect crystal violet (CV). The CV
was mixed with the new SERS substrate at pH values of 2 and
stirred for 0.5 h, then, after changed pH values to 5 by NaOH
and stirred for 0.5 h, the mixed solution was dropped into
a quartz cuvette for SERS measurement.

2.4 Characterization

Transmission electron microscopy (TEM) images were obtained
on a JEM-1200EX transmission electron microscope at a voltage
of 120 kV. Diluted AuNPs/P2VP hybrid microgel dispersions
were dropped onto carbon coated copper grids and dried at
room temperature. The ultraviolet-visible absorption spectra
(UV-vis) at varied pH values were measured on a Shimadzu UV-
3150 spectrometer. The hydrodynamic diameters (Dy) of the
AuNPs/P2VP hybrid microgels dispersed in the water of various
pH values were measured via BI-200SM dynamic light scattering
(DLS) (Brookhaven, USA) at the temperature of 20 °C, which is
equipped with a solid laser source (wavelength of 532 nm and
output power of 100 mW) and a BI-9000AT digital auto corre-
lator. The scattering light was collected at 90°, and the CONTIN
statistical method was used to convert the measured correlation
data into a particle size distribution. Gold concentration was
detected by Agilent 7500ce (ICP-OES). Raman spectra were
recorded with JYHR800 (HORIBA Jobin Yvon), equipped with
a 50x objective (NA = 0.5), 600 lines per mm grating and an Ar-
Kr laser with 647 nm as excitation. The laser power was 3 mW.
The scatter light was analyzed with a Dilor XY triple spectrom-
eter and a liquid-nitrogen-cooled CCD multi-channel detector.
A 520 cm ™' peak of silicon wafer was used to calibrate the
spectrograph.

3. Results and discussion

3.1 Synthesis and characterization of AuNPs/P2VP hybrid
microgels

The AuNPs/P2VP hybrid microgels were prepared by in situ
chemical reduction of AuCl, ! ions coordinated into P2VP
microgels. It was confirmed that the gold nanoparticles fabri-
cated by this method were located only on the microgels
surface.”*

Gold concentration was detected by ICP-OES. As listed in
Table 1, the average diameters of the loaded AuNPs measured
from the TEM images are within the range from 3 to 8 nm,
shown in Fig. 1. With the decreasing of P2VP : HAuCl, ratio, the

This journal is © The Royal Society of Chemistry 2017
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Table 1 A series of AuUNPs/P2VP hybrid microgels based on different
reaction ratios (P2VP : HAuCl,) and their characterization results

Gold concentration Average

Ratios (v: V) of product diameters

Samples (P2VP : HAuCl,) solution (g L") of AuNPs (nm)
AuNPs/P2VP-1 1:20 0.807 24.5 + 3.8
AuNPs/P2VP-2 1:17.5 0.742 23.6 + 4.1
AuNPs/P2VP-3 1:15 0.658 23.4 + 4.0

. : .

Fig. 1 TEM images of AuNPs/P2VP. The images were taken from
samples obtained by dropping the solution at (A-C) pH = 2 and (D-F)
pH = 5 onto a carbon-coated copper grid. P2VP latex was mixed with
aqueous HAUCl, solution (20 mM) in ratios of (A, D) 1: 20 (AuNPs/

P2VP-1), (B, E) 1:17.5 (AuNPs/P2VP-2) and (C, F) 1 : 15 (AuNPs/P2VP-
3) (v/v). Scale bar: 200 nm.

content of the loaded AuNPs is raised, but their particle size
varies insignificantly (shown in Fig. S17).

It can be seen in Fig. 1, with the environmental pH values
changing from 2.0 to 5.0, the diameters of the hybrid microgels
decrease sharply, and the nano-gap among AuNPs narrowed
down apparently. To probe the reversibility of the diameters
change of AuNPs/P2VP microgels, AuNPs/P2VP-2 microgels
were exposed to pH 2 and pH 5 circularly, corresponding UV-vis
spectra and hydrodynamic diameters were recorded, as
shown in Fig. 2. As the pH values rises from 2.0 to 5.0, their
particle sizes of the composite microgels decrease sharply, and
aggregation of gold nanoparticles leads to red shift, indicating

that AuNPs/P2VP hybrid microgels have marked pH
responsiveness.
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Fig. 2 Hydrodynamic diameters (A) and UV-vis spectra (B) of AuUNPs/
P2VP-2 microgels at pH values of 2.0 or 5.0.
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3.2 pH-tunable SERS efficiency of AuNPs/P2VP microgels

The prepared AuNPs/P2VP-2 microgels were used as SERS
substrates, on which PMBA is adsorbed as target with
a concentration of 10™* M in aqueous solution at 25 °C.
According to the previously reported SERS spectra of PMBA on
Ag and Au substrates,*® the two prominent peaks at 1076 and
1587 cm™ ' are assigned to its aromatic ring breathing vibration.

The AuNPs/P2VP-2 microgels solution with gold concentra-
tion of 0.6 g L ™" were selected as SERS substrates, considering
that the strongest SERS signal of PMBA was got at this condi-
tion. No peaks corresponding to P2VP were observed (shown in
Fig. S37).

As shown in Fig. 3, at pH values of 2, gold nanoparticles was
in the dispersed state, as a result, PMBA can be easily absorbed
onto the gold surface. When pH values changed from 2 to 5,
nano-gap among AuNPs narrowed down apparently, creating
vast hot spots for SERS detection. Herein, PMBA was firstly
adsorbed on the AuNPs/P2VP-2 microgels at pH values of 2,
then the SERS spectra was detected at different pH values.

As seen from Fig. 4, all peaks other than the one at 1280
cm ! are strongly enhanced with increasing pH values from 2.0
to 5.0. Therefore, it could be speculated that the pH-induced
SERS signal enhancement of PMBA is associated with the pH
triggered volume phase transition of the hybrid microgels as
SERS substrates. Although only few PMBA molecules are located
within the gaps, their contribution to an entire EF should be
pronounced due to the huge enhancement effect.

Fig. 5 shows that the SERS signal can be tuned by alternating
pH values between 2 and 5, and this may apply to biological
monitoring.

It can be seen in Fig. 6, when PMBA was directly adsorbed on
AuNPs/P2VP-2 microgels under the condition of pH values of 5,
the SERS spectra became weak. It is indicated that, in the
process of regulating pH values from 2 to 5, more PMBA
molecular can be located in the junctions among AuNPs, which
are hotspot sites with the strongest signal enhancement.

3.3 SERS strength and stability of AuNPs/P2VP microgels

SERS signal strength can be affected by gold concentration of
AuNPs/P2VP microgels solution. As shown in Fig. 7, when using

-
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Fig. 3 Schematic representation of the AuNPs/P2VP-2 microgels
used as SERS substrates and the pH-responsive behavior.
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Fig. 4 3D SERS spectra of 10™* M PMBA adsorbed on the AuNPs/
P2VP-2 microgels, detected at different pH values. The acquisition
time was 2 s.
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Fig. 5 3D SERS spectra of 10™* M PMBA adsorbed on AuNPs/P2VP-2
microgels, detected at alternating pH values between 2 and 5. The
acquisition time was 2 s.
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Fig. 6 SERS spectra of 107* M PMBA adsorbed on AuNPs/P2VP-2
microgels under the condition of pH values of 2(a) or 5(b), detected at
pH values of 5. The laser power was 3 m\W and the acquisition time was
2s.

AuNPs/P2VP-2 microgels with gold concentration of 0.6 g L™ " as
SERS substrates, we get the strongest SERS signal of PMBA.
With gold concentration changing from 0.4 g L' t0 0.6 g L™,
more hot spots distributed under laser speckle, causing SERS
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Fig.7 The SERS intensity at 1587 cm* of 10~* M PMBA adsorbed on
AuNPs/P2VP microgels at a function of different gold concentration.
The pH value is 5. The acquisition time was 2 s.

signal increased obviously. Altering gold concentration from
0.6 g L™ to 0.8 g L', SERS signal decreased, due to the accu-
mulation of gold nanoparticles.

To compare the enhancement more quantitatively, we have
calculated the EFs (enhancement factors) for the main Raman
peaks of PMBA adsorbed on AuNPs/P2VP-2 microgels with gold
concentration of 0.6 g L', as shown in Fig. 8, based on the
method in ref. 27:

EF = (Isgrs/Nags) (Tpui/ Nouik) 1)

where Isprs and Iy are the SERS intensities of 10~* M PMBA
adsorbed on AuNPs/P2VP-2 microgels with gold concentration
of 0.6 g L~ " and normal Raman spectra of 0.1 M PMBA dissolved
in ethanol at the 1587 cm ™" band, respectively; Npuu and Nags
are the number of PMBA molecules under the same laser illu-
mination conditions for the bulk and SERS experiments,
respectively. By substituting values into eqn (1), EF for the SERS
of PMBA adsorbed on AuNPs/P2VP-2 microgels was estimated to
be 1.3 x 10°.

The SERS signal of 10 * M PMBA did not change after two
months, as can be seen in Fig. 9, proving that AuNPs/P2VP-2
composite SERS substrate was stable for months.

3.4 Detecting crystal violet in solution by SERS

Rapid detection and identification of poisonous substances in
food or the environment is one of the most important tasks for
SERS analysis. Due to its ultrahigh sensitivity and “fingerprint-
like” property, SERS exhibited a great advantage for the detec-
tion of crystal violet. Up to now, although a great deal of prog-
ress for detection of crystal violet has been achieved, the good
SERS-active substrates usually used inorganic composite
nanospheres due to the synthesis procedure being based on the
inclement hydrothermal process.

In this paper, we prepared a pH-responsive composite SERS-
active substrate with high stability. We first used the prepared
AuNPs/P2VP-2 with gold concentration of 0.6 ¢ L™" as SERS
substrates to detect crystal violet. Dye molecules were adsorbed

This journal is © The Royal Society of Chemistry 2017
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Fig.8 (a) SERS spectrum of 10~* M PMBA adsorbed on AuNPs/P2VP-2
microgels with gold concentration of 0.6 g L™ (b) Normal Raman
spectrum of 0.1 M PMBA dissolved in ethanol. The acquisition time
was 2 s.
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Fig.9 The SERS spectra of 10~* M PMBA adsorbed on AuNPs/P2VP-2
microgels after two months. The acquisition time was 2 s.

B

40000

15000

300001 1l 4 ¥=2986x-4062

R=0.99

(a.u.)

"Z20000

nsity

Intel

10000

400 600 800 1000120014001600 S N
Raman shift / cm-1 In [CV(10 molL)]

Fig. 10 (A) SERS spectra of crystal violet enhanced by AuNPs/P2VP-2
microgels with CV molecules concentration of (a) 0 M, (b) 5 x 107° M,
(©75%x107°M, (d) 1078 M, (e) 5 x 1078 M, () 107" M, (g) 10 ® M. The
acquisition time was 10 s; (B) plot of intensities of Raman shift 1178
cm~tvs. natural logarithm of CV concentrations, error bar is calculated
with 3 repeats.

on AuNPs/P2VP-2 microgels under the condition of pH values of
2 and the Raman spectra were detected at pH values of 5.

The intensities of Raman shift at 1178 cm ™" of CV were
plotted against the natural logarithm of CV concentrations, as
shown in Fig. 10B. The result showed the detection of limit
(LOD) is 4 x 10~? M, at a signal-to-noise ratio of 3 : 1.

This journal is © The Royal Society of Chemistry 2017
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This result demonstrated that the prepared AuNPs
composite nanospheres could serve as the SERS substrates to
detect the targeting crystal violet molecules in solution. The
AuNPs composite nanosphere based high performance SERS
substrates will be of a great value for food safety and environ-
ment protection.

4. Conclusions

In summary, we demonstrated that dynamic SERS hotspots on
the surface of gold nanoparticles-loading pH-responsive
microgels could be facilely prepared through the in situ reduc-
tion. With pH values changing from 2 to 5, nano-gap among
AuNPs narrow down apparently, creating vast hot spots for SERS
detection. At the optimal preparation condition, the composite
nanospheres showed excellent consistency and good activity in
the SERS experiments. Used AuNPs/P2VP-2 microgels with gold
concentration of 0.6 ¢ L™" as SERS substrates, we get the
strongest SERS signal of PMBA, and the EFs (enhancement
factors) for the main Raman peaks of PMBA adsorbed on this
composite microgels was calculated to be 1.3 x 10° AuNPs/
P2VP-2 composite SERS substrate was proved to be stable for
months. Finally, these experimental results also demonstrated
that the prepared AuNPs composite nanospheres could serve as
an excellent SERS substrate to detect crystal violet in solution,
with the detection limit of about 4 x 10~° M. It will be of great
value for food safety and environment protection.
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