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Surface-enhanced Raman spectroscopy is a powerful analytical method, and is especially useful for the

detection of nitrogen- and sulfur-containing organic substances in trace amounts. SERS substrates with

high enhancement factors can be produced via the aggregation of gold nanoparticles, leading to the

formation of ‘hot spots’ – regions of highest electric field intensity and Raman scattering enhancement.

Thus, the availability of gold surfaces in ‘hot spots’ for the adsorption of analyte molecules strongly

influences the enhancement factor of a substrate. We studied the kinetics of oxidation of dyes with

hydrogen peroxide in the presence of citrate-capped gold nanoparticles and discovered the

amplification of surface-enhanced Raman scattering, probably due to the oxidation of citrate ligands and

the additional adsorption of dye molecules onto vacant spots on the gold surface. Maximum

amplification was observed with 3% (v/v) hydrogen peroxide in the reaction medium. Under optimized

conditions, model analytes can be detected at concentrations as low as 1 � 10�9 M, which is ten times

lower than the detection limit without hydrogen peroxide addition.
Introduction

Surface-enhanced Raman spectroscopy on gold nanoparticles is
a powerful analytical method. Among the metals with plasmon
resonance in the visible spectrum, gold is the most stable in
relation to oxidation. In contrast to the inertness of bulk gold,
gold nanoparticles demonstrate profound catalytic activity. This
fact opens the way for studies combining the catalytic and SERS
activities of gold nanoparticles.1–9 The properties of gold
nanoparticles are highly dependent on their size: most active
gold catalysts are smaller than 10 nm,9–12 while high enhance-
ment of Raman scattering is observed for nanoparticles larger
than 20 nm.13,14

In order to combine high catalytic activity and Raman
enhancement, gold nanoparticles of different sizes can be
employed together. The catalytic activity of gold nanoparticles
can be blocked by a thin layer of silica, thus allowing combined
studies of redox reactions, such as the reduction of 4-nitro-
thiophenol using large shell-isolated nanoparticles as a Raman
enhancer and small satellite nanoparticles as catalysts.2 Cata-
lytically active SERS nanostructures can be prepared via the self-
assembly of gold nanoparticles at a water–dimethyl carbonate
interface. The assembled thin lms can be transferred to
@gubkin.ru

(ESI) available: TEM images of gold
See DOI: 10.1039/c8ra00417j

hemistry 2018
a silicon substrate and successfully used for the in situ moni-
toring of the same model reaction.15

The resistance of gold nanoparticles to oxidation provides
the opportunity to study not only reduction, but also oxidation
reactions.2,16–19 These studies are particularly promising
considering recent advances in redox “nanozymes” research –

these are biomolecule–nanoparticle complexes that display the
catalytic or electron transfer properties of metal
nanoparticles.20–22

For SERS-controlled studies of redox reactions over a broad
concentration range, high enhancement factors are required.
The enhancement factor in its turn crucially depends on the
accessibility of gold nanoparticle surfaces for the reactants or
reaction products. Highly accessible surfaces can be provided
by citrate-stabilized nanoparticles, because citrate can be easily
exchanged for most –NH or –SH functionalized ligands.23–25

Ligand-free nanoparticles produced via laser ablation also have
good surface accessibility.26,27

Even with easily exchanged ligands such as citrate, hot spots
in ensembles of aggregated nanoparticles may be blocked by
excess capping agents and by-products of wet chemical
synthesis, resulting in poor and irreproducible enhancement
factors. Thus, the introduction of an oxidizing agent into
a colloidal system may have a signicant effect on it.

In this work, we report for the rst time to our knowledge the
effects of SERS amplication via the oxidation of a citrate
capping agent using hydrogen peroxide. This effect lowers the
detection limit for model analytes up to ten times.
RSC Adv., 2018, 8, 19051–19057 | 19051
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Results and discussion

The inuence of an oxidizing agent on the accessibility of hot
spots in SERS-active nanostructures was investigated using
aggregated gold nanoparticles as the SERS substrate, crystal
violet (CV) and rhodamine 6G (R6G) as model analytes, and
hydrogen peroxide as an oxidant.

The intensity of a SERS signal strongly depends on the
optical properties of the nanoparticles dispersion. Aggregation
of spherical gold nanoparticles induces a bathochromic shi in
surface plasmon resonance from 520–550 nm towards the near
infrared range. We have chosen 785 nm excitation for SERS
experiments because it corresponds to the rst transparency
window of biological tissues (650–950 nm),28 and thus is
particularly promising for further studies with bio-analytes.

First of all, the time dependencies of the SERS signals of dyes
were studied when dye solutions had been mixed with disper-
sion of nanoparticles without hydrogen peroxide (Fig. 1B). The
intensities of the SERS spectra increase aer mixing the solu-
tions and continue to grow for 1.5 h for crystal violet and for
0.5 h for rhodamine 6G. These time delays indicate signicantly
restricted adsorption, because the adsorption of dyes on non-
aggregated nanoparticles occurs faster than mixing.29 The
difference in SERS signal growth rate between crystal violet and
rhodamine 6G is most probably due to differences in charge,
the sizes of hydration shells, and chemical affinity to gold.

Aer a certain time the growth in SERS intensity stops; this
corresponds to the saturation of ‘hot spots’ by adsorbed dye. We
have tted the time dependencies of the SERS signals using
functions of the following type:

I

I0
¼

IN

�
1� 1

ekðn0þnÞ

�

I0

where I is Raman intensity; I0 is the initial Raman intensity; IN
is the equilibrium Raman intensity; k is the rate constant; n is
the spectrum number; and n0 is the initial spectrum number
Fig. 1 (A) SERS spectra of 10�6 M rhodamine 6G solution (orange) and 5�
approximated (black) time dependencies of SERS intensity for rhodamine
of gold nanoparticles.

19052 | RSC Adv., 2018, 8, 19051–19057
(adjusted for adsorption starting before the registration of
spectra).

The tted time dependencies of the SERS intensities (black
lines in Fig. 1B) show an initial growth with a following plateau
in intensity. Experimental curves of intensity, however, differ
from the tted curves aer saturation. Fluctuations in the graph
may originate from the known “SERS blinking” phenom-
enon30,31 or be due to circulation of the dispersion in the cuvette,
which leads to oscillations in SERS intensity over time as hot
spots ow in and out of laser focus. Thus, there are different
optimal times for the recording of SERS spectra for each dye:
right aer signal growth, but before the onset of oscillations.

The introduction of an oxidant to a dispersion of nano-
particles with an already added dye complicates the interactions
even further. First, it can oxidize dye molecules, thus lowering
the signal intensity. Second, it can oxidize the capping agent,
leading to better accessibility to the nanoparticle surfaces for
the dye, and to the additional aggregation of nanoparticles, thus
creating new hot spots. The catalytic and photothermal activi-
ties of the nanoparticles may aggravate the oxidation of dyes.
We studied the catalytic oxidation of rhodamine 6G (Fig. 2A)
and crystal violet (Fig. 2B) using hydrogen peroxide in the dark
with various added amounts of gold nanoparticle dispersion. It
was found that, while oxidation follows rst-order kinetics, the
rate constant is dependent on the added amount of gold
nanoparticles for both dyes (Fig. 2C and D).

The nanoparticles used in the experiments were studied via
the methods of transmission electron microscopy and dynamic
light scattering in order to determine the size and shape of the
nanoparticles. It was found that there were no nanoparticles
smaller than 20 nm in the sample, and the mean diameter of
the nanoparticles was 52.5 � 4.8 nm (Fig. 3A). These gold
nanoparticles catalyzed the oxidation of both dyes according to
rst-order kinetic equations. This is a rather unexpected result,
as most research describes the catalytic activity of gold nano-
particles only when they have a size less than 10 nm.9–12

Therefore, the amount of hydrogen peroxide used for SERS
10�7 M crystal violet solution (violet); and (B) experimental (colour) and
6G (orange) and crystal violet (violet) solutions mixed with a dispersion

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 The oxidation kinetics of crystal violet (A) and rhodamine 6G (B), using hydrogen peroxide with various added amounts of gold nano-
particle dispersion; and the oxidation rate constants for crystal violet (C) and rhodamine 6G (D), dependent on the added amount of gold
nanoparticle dispersion.

Fig. 3 (A) TEM image of the gold nanoparticles used for SERS exper-
iments: bar¼ 200 nm; (B) a high-resolution TEM image of a single gold
nanoparticle from the same batch: bar¼ 20 nm; and (C) an SEM image
of the SERS substrate prepared with gold nanoparticles from the same
batch on aluminum foil: bar ¼ 5 mm.
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experiments must beminimized in order to prevent the catalytic
oxidation of dyes.

Despite this, varying the hydrogen peroxide concentration
showed that a maximum intensity of SERS signal was achieved
with 3% hydrogen peroxide for both dyes. In Fig. 4, each point
corresponds to the time maximum of SERS intensity under the
given conditions.

Hydrogen peroxide could affect the SERS intensity in oppo-
site ways: the SERS intensity may increase due to the oxidation
of adsorbed capping agent (citrate), because existing hot spots
become better available for dye adsorption; the SERS intensity
may increase due to the formation of additional hot spots as
a result of the lowered colloidal stability of the system aer
oxidation of the capping agent; the SERS intensity may decrease
due to the oxidation of dye molecules; or the SERS intensity may
decrease due to the deterioration of existing hot spots.

It is known that the central carboxylic acid group of citric acid
has the lowest pKa value,32 and it binds on the Au surface prefer-
entially, judging by ATR-IR and XPS data, especially in the low pH
environment routinely used for aggregating the nanoparticles.33 In
the oxidation of citric acid, acetonedicarboxylic acid has been
identied as the rst intermediate product, which is nally oxi-
dised to carbon dioxide.34,35 The loss of the central carboxylic group
diminishes the affinity of the oxidation adducts to the gold surface,
thus facilitating the removal of capping agents from the hot spots,
making them available for dye adsorption.
This journal is © The Royal Society of Chemistry 2018 RSC Adv., 2018, 8, 19051–19057 | 19053
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Fig. 4 The intensity of the SERS spectrum at various H2O2 concen-
trations for crystal violet at 1176 cm�1 (violet) and rhodamine 6G at
1510 cm�1 (orange). The lines are a guide for the eye.
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Based on the results shown in Fig. 4, the rst two factors
dominate when the hydrogen peroxide concentration is less
than 3%. In order to discriminate these two factors, experi-
ments were conducted using solid substrates obtained via
repeatedly depositing and drying gold nanoparticles on
aluminium foil (Fig. 5).

The advantage of the above-mentioned substrates is their
stability over time. Hot spots are formed during the creation of
such substrates. The structure and morphology of nanoparticle
aggregates in the nished substrate is basically stable over time
compared to a dispersion of nanoparticles. The number of hot
spots in the nished substrate is constant, which allows the
elimination of uctuations in signal (as in Fig. 1) arising from
the instability of nanoparticle dispersions and the circulation of
hot spots through the laser focus.
Fig. 5 The intensity of the SERS signal at 1176 cm�1 registered from
a drop of crystal violet solution (2 � 10�6 M) on a solid substrate (red),
or from a drop of the same solution with added hydrogen peroxide
(green); the inset shows the linearization of the SERS signal over the
range of 12–25 min on a log scale for the drop with added H2O2.

19054 | RSC Adv., 2018, 8, 19051–19057
The addition of hydrogen peroxide at concentrations above
3 vol% in SERS experiments with solid substrates aggravates dye
oxidation and leads to the deterioration of the substrates. In
this case, we even observed the corrosion of the supporting
aluminium foil. These changes are visible when distortion of
the droplet boundaries occurred. In addition, the SERS effect
was irreversibly lost for this substrate. The addition of dye on
the undamaged substrate increases the SERS intensity.
However, this is no longer possible for substrates treated with
hydrogen peroxide at a concentration of more than 3%.

Two processes on the surface of the substrates with added
hydrogen peroxide solution have the opposite effect on the SERS
intensity compared to untreated substrate. Improved accessi-
bility to hot spots due to the oxidation of the capping agent
leads to the additional amplication of the SERS intensity
during the range of 8–12 min. Aer 12 minutes, the intensity of
the SERS signal decreases again, and this downward trend is
more intense than before 8 min. Aer this, only the oxidation of
dye molecules affects the change in SERS intensity. The signal
decreases according to rst-order kinetics (Fig. 5, inset). The
rate constant is 0.0868min�1, which is higher than those shown
in Fig. 2 due to the much higher concentration of nanoparticles
in the solid substrate compared to nanoparticle dispersions.
The rate constant may also be increased due to photothermal
effects in the vicinity of the nanoparticle surfaces, because
aggregated nanoparticles demonstrate absorption at the exci-
tation wavelength (785 nm).36,37 As a result of the interplay
between these factors, the SERS intensity increased for all major
peaks in the crystal violet spectrum (Fig. 6).

The maximum SERS intensity in the experiments without
hydrogen peroxide (Fig. 5, red curve) corresponds to changes in
the drop shape induced by water evaporation. In this case,
a maximum intensity is achieved when the drop with the ana-
lyte has evaporated, but the substrate is still wet. This effect is
weaker than the effect of hydrogen peroxide (Fig. 6).
Fig. 6 The intensities of SERS spectra for selected peaks of crystal
violet without hydrogen peroxide (red) and with hydrogen peroxide
(green). The error bars show standard deviation.

This journal is © The Royal Society of Chemistry 2018
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Fig. 7 Normalized intensities of SERS spectra for selected peaks of
crystal violet on solid SERS substrates.
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Additional amplication of the SERS signal using hydrogen
peroxide addition can be useful when it is necessary to reduce
the detection limits of analytes studied via SERS spectroscopy.
Quantitative analysis via SERS spectroscopy is oen compli-
cated by the insufficient reproducibility of the signal. Never-
theless, a correlation between the concentration of the analyte
and the intensity of the SERS spectra is observed in the case of
substrates treated with hydrogen peroxide (Fig. 7). The most
appropriate signal for quantitative determination is the inten-
sity at 1176 cm�1, due to the highest linear correlation with
concentration (see also Fig. S7 and S8† in the ESI material†).

The use of hydrogen peroxidemakes it possible to register SERS
spectra of 5 � 10�9 M crystal violet solution (Fig. 8) and 5 �
10�9 M rhodamine 6G solution (Fig. 9), which was impossible
using the same substrates and setup without hydrogen peroxide
addition. The number and Raman shis of peaks in spectra ob-
tained via this method are identical to those obtained without
hydrogen peroxide. The exception is the peak at 878 cm�1, corre-
sponding to O–O bond stretching in molecules of hydrogen
peroxide.38
Experimental
Materials and methods

Tetrachloroauric acid (HAuCl4$3H2O, 99.9%), sodium citrate
dihydrate (99%), and rhodamine 6Gwere purchased from Sigma-
Aldrich (St. Louis, MO, USA). Sodium hydroxide (99%), hydrogen
peroxide (37 vol%), crystal violet, nitric acid and hydrochloric
acid were acquired from Chimmed (Moscow, Russia). All chem-
icals were used as received without further purication. Deion-
ized water with resistivity of no less than 18 MU� cm (Simplicity
UV, Millipore, USA) was used to prepare all aqueous solutions.
Glassware was cleaned before use by soaking in freshly prepared
aqua regia and rinsing with deionized water.
Fig. 8 Raman spectrum of crystal violet (1) and SERS spectra of crystal
violet at various concentrations: (2) 5 � 10�8 M; (3) 5 � 10�8 M with
hydrogen peroxide; (4) 5 � 10�9 M; and (5) 5 � 10�9 M with hydrogen
peroxide (* ¼ peak from hydrogen peroxide O–O stretching).
Synthesis of gold nanoparticles

Synthesis of Au seeds. 6 mL of deionized water, 71 mL of
25 mM HAuCl4 solution and 88 mL of 60 mM sodium citrate
solution were placed in a 10 mL polypropylene tube. The tube
was sealed, and the solution was stirred, and incubated at 90 �C
for 15 minutes in a circulating water bath. As a result, a pink
suspension of seed particles was formed. The seed suspension
was gradually cooled to 15 �C in a water bath.

Seeded growth of Au NPs. The synthesis was carried out
according to a modied procedure from Bastus et al.39 Imme-
diately aer the synthesis of the Au seeds, 40 mL of 25 mM
HAuCl4 solution and 40 mL of 60 mM sodium citrate solution
were sequentially injected to the tube cooled to 15 �C. Then, the
closed tube was placed in a water bath heated to 90 �C. Aer 30
minutes, the resulting suspension was gradually cooled to
15 �C. These procedures were repeated 3 times. Then, 2 mL of
the suspension was taken from the tube and 1.5 mL of deion-
ized water was added. Aer the third generation of gold parti-
cles, in addition to the basic precursors (HAuCl4 and sodium
citrate), a 60 mL portion of 25 mM NaOH solution was injected
in each step. The synthesis was continued until the 18th
This journal is © The Royal Society of Chemistry 2018
generation of particles (g18) was collected. The complete
synthesis scheme is presented in Table S1.†

Characterization of nanoparticles. For TEM analysis, 5 mL of
nanoparticle dispersion was dropped on a formvar TEM grid
(Ted Pella, Redding, CA, USA) and dried at room temperature.
TEM micrographs were obtained using a JEM-2100 electron
microscope (JEOL, Japan) at an accelerating voltage of 200 kV.

SEM images were recorded with a JIB-4501 electronmicroscope
(JEOL, Japan).

Surface-enhanced Raman spectroscopy. Raman spectra were
collected with a BWS415 spectrometer (BWTEC, Germany) equip-
ped with a 785 nm laser, through a bre-coupled BAC102 Raman
Trigger Probe (the spectral resolution was 1.61–2.25 cm�1 over the
2000–400 cm�1 range). The sample was put on the XYZ stage, and
the position of the laser focuswas controlled via a USBmicroscope,
Mikmed-2000R (Micromed, Saint-Petersburg, Russia). The laser
waist diameter was kept at the minimum, and was estimated to be
about 0.4 mm. The excitation laser power was from 15 to 180 mW,
RSC Adv., 2018, 8, 19051–19057 | 19055
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Fig. 9 Raman spectrum of rhodamine 6G (1) and SERS spectra of
rhodamine 6G at different concentrations: (2) 5 � 10�8 M; (3) 5 �
10�8 M with hydrogen peroxide; (4) 5 � 10�9 M; and (5) 5 � 10�9 M
with hydrogen peroxide (* ¼ peak from hydrogen peroxide O–O
stretching).
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which corresponds to a power density of 120–1430 mW � mm�2.
The acquisition time varied from 8 to 24 seconds, and is indicated
below in the detailed description of the experiments.

SERS spectra were processed automatically using GNU/Octave
subroutines.40 Briey, spectra were imported from the
spectrometer-generated source data les, the uorescence back-
ground was subtracted via a polynomial-tting method,41 high-
frequency noise was ltered via designed lters, and the peak
lists were extracted and exported to Excel les for visualization
and interpretation. Filters were designed using a function from
the GNU/Octave “signal” package with the following specica-
tions: passband at 0.10 � f; stopband at 0.15 � f; allowed ripple
less than 0.5 dB; and attenuation 30 dB. A Chebyshev type II lter
was used because it had the lowest order, which favours
computational stability. Furthermore, the nanoparticle spectrum
was subtracted from the spectra of analytes aer normalization.

SERS-in-cuvette experiments. The experiments were carried
out in 200 mL quartz microcuvettes: 50 mL of the nanoparticles
and 50 mL of dye (crystal violet or rhodamine 6G at a concen-
tration of 2 � 10�6 M) were injected into the cuvette. Aer that,
the nanoparticles were aggregated by adding 8 mL of 1 M HCl.
This procedure was the same for all SERS-in-cuvette experi-
ments. The acquisition time was 24 s for concentrations below
10�8 M and 12 s for higher concentrations.

Oxidation in a cuvette. Thirty minutes aer the aggregation
of the nanoparticles, a certain volume of H2O2 was added to the
cuvette. In various experiments, hydrogen peroxide solution
was used, with a concentration of 12%, 6%, 3% and 1.5% by
volume. SERS spectra were continuously recorded for 35
minutes (the acquisition time was 20 seconds per spectrum)
aer the addition of hydrogen peroxide solution.

SERS experiments on dried substrates. The substrate spot was
prepared via the deposition of 2 mL of gold nanoparticles on
aluminum foil xed to a glass slide. The resulting dropwas dried at
room temperature. This procedure was repeated 10 times on the
same spot.
19056 | RSC Adv., 2018, 8, 19051–19057
To register the SERS spectra, 2 mL of analyte was dried on the
substrate spot. The laser was focused on the spot, and 1 mL of
H2O2 solution was applied to the spot without changing the
laser focus position. The H2O2 concentration varied from 1 to
6 vol%. SERS spectra were continuously recorded for 35minutes
aer the addition of hydrogen peroxide solution with an
acquisition time of 8 s per spectrum.

Catalytic oxidation of crystal violet. 300 mL of 2.05 � 10�4 M
crystal violet solution, a dened volume of deionized water, and
100, 50, and 25 mL of gold nanoparticles were added to poly-
propylene tubes. The control sample did not contain nano-
particles. The total volume of each sample was 2 mL. Then,
2 mL of 37 vol% H2O2 was added to all the samples. Oxidation
was carried out at room temperature. The crystal violet
concentration was measured via optical density over a 581–
590 nm range with a Cary 60 spectrophotometer (Agilent
Technologies, Santa Clara, CA, USA).

Catalytic oxidation of rhodamine 6G. 300 mL of 1.23 �
10�4 M rhodamine 6G solution, a dened volume of deionized
water and 100, 50, or 25 mL of gold nanoparticles dispersion
were added to polypropylene tubes. The control sample did not
contain nanoparticles. The total volume of each sample was 2
mL. Finally, 2 mL of 37 vol% H2O2 was added to all the samples.
Oxidation was carried out at 60 �C in a thermostatted shaker
(Biosan ES-20/60, Latvia). The rhodamine 6G concentration was
measured via optical density over a 523–532 nm range.
Conclusions

Cheap and scalable SERS substrates prepared from gold nano-
particles are wanted for routine analytical implementation. One
of the inherent problems with such substrates is the presence of
oxidized reducing and capping agents adsorbed on the surfaces
of nanoparticles. We discovered a fast and simple method for
the amplication of SERS signals with gold nanoparticle-based
substrates, allowing for the detection of analytes at concentra-
tions lower by an order of magnitude than the detection limit in
the absence of such treatment. This effect should be accounted
for in emerging studies of “nanozymes”, which oen include
redox processes on the surfaces of nanoparticles.
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122, 266–269.

5 M. Haruta, T. Kobayashi, H. Sano and N. Yamada, Chem.
Lett., 1987, 16, 405–408.

6 M. Haruta, N. Yamada, T. Kobayashi and S. Iijima, J. Catal.,
1989, 115(2), 301–309.

7 J. Piella, F. Merkoçi, A. Genç, J. Arbiol, N. G. Bastús and
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