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a  b  s  t  r  a  c  t

It is attractive  but  remains  challenging  to develop  nanomaterials-based  methods  to  realize  the  colorimet-
ric detection  of  ultratrace  biological  analytes.  In  this  work,  an  HAuCl4-H2O2 system  was  developed  for
the  visual  detection  of  intracellular  hydrogen  peroxide  (H2O2)  based  on the  Au-Pt/SiO2 sensing  platform.
Owing  to their excellent  intrinsic  peroxidase-like  activity,  Au-Pt/SiO2 nanospheres  were  introduced  to
catalyze  the  decomposition  of  H2O2 and  then  directly  reduce  HAuCl4 into  gold  nanoparticles  (Au NPs)  for
the naked-eye  detection.  The  produced  Au NPs  behaved  color  variations  from  light purple  to  wine red
as  H2O2 concentration  increased.  Under  the  optimal  conditions,  this  strategy  showed  excellent  sensitiv-
ity  for  H2O2 with  a detection  limit  of  0.1  nM  by  naked-eye  readout  and  0.1  pM  by UV–vis  spectrometer
old nanoparticles
isual detection
nzyme mimics
eLa cells

(S/N  =  3),  as  well  as acceptable  selectivity  for H2O2, which  could  meet  the  demand  for  the detection  of
H2O2 in  biological  systems.  The  method  was  further  validated  by  the determination  of  H2O2 in  HeLa
cells  with  low  cellular  cytotoxicity.  Thus,  this  strategy  would  provide  simple  and  sensitive  detection  of
H2O2 in biological  systems,  revealing  the potential  application  in  clinical,  biological  and  environmental

researches.

. Introduction

Hydrogen peroxide (H2O2), one of the major reactive oxygen
pecies (ROS) in aerobic life, has received much attention due to
ts diverse physiological and pathological consequences ranging
rom aging [1,2], organ injury [3] to cancer [4,5]. It was reported
hat H2O2 plays an important role in cells and acts as a second

essenger in cellular signal transduction [6]. Thus, it has been
onsidered as an early marker for cytotoxic events and cellular dis-
rders [7,8]. Moreover, it is related to various pathological effects
n living organisms and takes part in the physiological processes in

 concentration dependent manner [9]. Usually, a high concentra-
ion of H2O2 can inversely damage living cell structures and cause
umerous inflammatory diseases [10,11]. Therefore, it is of great

mportance to establish a rapid, sensitive and accurate method to

etect intracellular H2O2 quantitatively and further understand its
oles in cellular physiology and prevent relative diseases associated
ith human inflammatory.
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E-mail address: hyhan@mail.hzau.edu.cn (H. Han).

1 Equal contribution.

ttp://dx.doi.org/10.1016/j.snb.2017.03.166
925-4005/© 2017 Elsevier B.V. All rights reserved.
© 2017  Elsevier  B.V.  All  rights  reserved.

To develop simple and sensitive detection methods for the anal-
ysis of intracellular H2O2, many detection techniques have been
constructed including electrochemical sensing, electron spin res-
onance spectroscopy, chemiluminescence, chromatography and
colorimetric methods [12–16]. Among the various strategies, col-
orimetric methods have received the most attention due to
their simplicity and ease of operation and low cost [17]. Usu-
ally, the reported colorimetric methods are based on either
the analyte induced aggregation of Au NPs [18] or the enzyme
mimics-TMB/OPD-H2O2 coloring system [19,20]. However, it is
unnegligible that these methods exist some limitations, especially
in the real samples tests, because the Au NPs are easy to aggregate
in the live cells environment [21] and the enzyme mimics own cat-
alytic activity towards TMB  even without H2O2 [22–24]. Therefore,
it is crucial and meaningful to improve the colorimetric method by
employing a more sensitive and stable strategy.

Owing to the wide and tunable spectral range of Au NPs,
colorimetric sensing method based on Au NPs has become a well-
established analytical tool in chemical and biological researches

[25,26]. Herein, upon H2O2-based Au NPs-forming reaction [27,28],
we present a new strategy for the naked-eye readout of intracellu-
lar H2O2 by the direct reduction of HAuCl4 coupled with Au-Pt/SiO2
nanospheres (APS NPs). Scheme 1 illustrates the process of H2O2

dx.doi.org/10.1016/j.snb.2017.03.166
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2017.03.166&domain=pdf
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Scheme 1. Schematic illustration of the direct reduct

educed HAuCl4 with the aid of APS NPs. As depicted, APS NPs
acilitated the decomposition of H2O2 which is associated with the
rowth of Au NPs and thus in turn mediated the color variation
29,30]. Moreover, no extra organic capping ligands such as alka-
ethiol were introduced in the synthetic approach of Au NPs [31].
ence, the proposed strategy could be considered as a “green” or
nvironmentally friendly route to realize the colorimetric sensing
f intracellular H2O2. It was demonstrated that the method owns
any advantages such as simple procedures, low cost and high sen-

itivity, suggesting its potential application in clinical, biological
nd environmental researches.

. Material and methods

.1. Chemicals and Reagents

Phorbol myristate acetate (PMA), 3,3,5,5-tetramethylbenzidine
TMB), 3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyltetrazolium
romide (MTT), adenosine-5-diphosphate (ADP) and N-
ormylmethionyl-leucyl-phenylalanine (fMLP) were acquired
rom Sigma-Aldrich; Calcein-AM were purchased from Aladdin
eagents (Shanghai, China); Potassium permanganate (KMnO4),
ydrogen peroxide (H2O2, 30%), Potassium hexachloroplatinate

K2PtCl6, AR), tetrachloroauric(III) acid hydrate (HAuCl4·4H2O, AR),
odium citrate (SCT) and other relevant reagents were obtained
rom Sinopharm Chemical Reagent Co. Ltd.; HeLa cells were
btained from State Key Laboratory of Agricultural Microbiology;
ll the chemicals and solvents were of analytical grade and used as
eceived without further purification; The concentration of H2O2
tock solution was determined by titration with KMnO4; Ultrapure
ater obtained from Millipore water purification system (≥18 M�,
illi-Q, Millipore) was used throughout the experiment.

.2. Instrumentation

The UV–vis absorption spectra were obtained on Nicolet
volution 300 UV–vis spectrometer (Thermo Nicolet, America).
ransmission electron microscopy (TEM) images were acquired by

 JEM-2010 transmission electron microscope (JEOL, Japan). Hydro-
ynamic diameters were measured with a Zetasizer Nano ZS90 DLS

ystem (Malvern, England). Optical density (OD) measurements
ere operated on Perkin Elmer 1420 Multilabel Counter. The cell

maging was obtained with a Nikon inverted CMS  DM–4000 M flu-
rescence microscope.
 HAuCl4 for the visual detection of intracellular H2O2.

2.3. Preparation of APS NPs

Au NPs, SiO2 nanospheres and Au−SiO2 hybrids were first syn-
thesized based on the procedures described in our previous works
[25,32]. After that, APS NPs were simply prepared by NaBH4 reduc-
tion (1.0 mL,  0.1 M)  of H2PtCl6 (0.2 mL,  19.3 mM)  on the surface
of Au−SiO2 hybrids under room temperature [33]. Finally, the
obtained solution was centrifugated at 6000 rpm to remove excess
ions and the precipitate was  resuspended in water for further use.

2.4. Detection procedures of H2O2

For the determination of H2O2 standard solution, the H2O2
concentration-dependent UV absorbances were carefully studied.
Typically, a serial of different concentrations of H2O2 were mixed
with the same concentration of APS NPs (5 �L, 1.8 mg mL−1) and
SCT (50 �L, 4 mM),  and the mixtures were incubated at 40 ◦C for
20 min. After that, the same volume of HAuCl4 (100 �L, 2 mM)  was
added to the above mixtures to obtain the color variation. The UV
absorbance could be determined by microplate UV reader.

To measure the H2O2 releasing from living cells, HeLa cells were
first seeded in 96-well plate with cell density of 1 × 105 cells per
well in DMEM at 37 ◦C under 5% CO2. After removing the culture
medium, 100 �L of PMA  (200 ng/mL) was added and then incubated
for 10 min  by shaking. The following procedures were the same
with the detection of H2O2 standard solution.

2.5. Cytotoxicity test

The cytotoxicity of the APS NPs was evaluated by using the stan-
dard MTT  assay with HeLa cells. The test procedures were the same
with previous work [19] and the details are described as follows:
HeLa cells (1 × 105 cells/well) were cultured in 96-well and then
incubated at 37 ◦C under 5% CO2; Then, the medium was  discarded
and various concentrations of APS NPs with DMEM medium were
respectively added and incubated for another 24 h; After that, the
standard MTT  assay was carried out to determine the cell viabil-

ity by incubating with 20 �L of MTT  (5 mg  mL−1) for 4 h; Finally,
150 �L of dimethyl sulfoxide (DMSO) was added into each well
after the incubation process. The optical density were determined
by microplate reader at the wavelength of 490 nm.
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ig. 1. TEM images of (A) Au NPs, (B) Au-SiO2 hybrids, (C) APS NPs and (D) a magni
ubic phase) and (F) color variation of TMB  (0.6 mM)  and OPD (0.3 mM)  oxidation in
oom  temperature.

. Results and discussion

.1. Characteristics of APS NPs

Owing to their good enzyme-like activity [34,35], controlled
ynthesis in low cost [36,37] and high stability [38–40], peroxidase-
ike nanomaterials may  behave better performances in bio-analysis
han natural enzyme HRP. Besides, it has been demonstrated in our
revious work [33] that APS NPs exhibit excellent peroxidase-like
ctivity towards H2O2. Thus, APS NPs were chosen as the enzyme
imics to catalyze H2O2 in this study. As shown in Fig. 1C, the TEM

mage indicated that the synthesized APS NPs are well-distributed
nd uniform with an average diameter of approximately 100 nm.
s depicted in Fig. 1D, each silica nanosphere is composed of small
u/Pt hybrid nanoparticles (<5 nm)  with a rough surface and the
mall nanoparticles are spread out evenly on the surface of silica
anospheres. As shown in Fig. 1E, the interplanar spacing dif-

erentiated 0.234 and 0.23 nm,  which are corresponding to the
111) plane of the Au and Pt cubic phase, respectively. Thus, it can
e deduced that Au and Pt were hybrid and supported on silica
anospheres. Besides, it was found that APS NPs can catalyze the
xidation of TMB  or OPD and produced the typical blue color for
MB and yellow color for OPD within 10 min  (Fig. 1F). In our previ-
us work [33], the kinetic analysis revealed that the APS NPs possess
xcellent peroxidase-like activities toward H2O2 (Km = 0.015 mM).
he stability test showed that APS NPs are stable within a pH range
rom 4.5 to 10.5 and temperatures from 4 ◦C to 55 ◦C, and can be well
ispersed in water even after 6 weeks. All the above facts verified
hat APS NPs could be an ideal enzyme mimics in the colorimetric
ensing system.
.2. Characteristics of the colorimetric system

It was reported that H2O2 could act as an alternative reducing
gent in the reduction of HAuCl4 into Au NPs [39]. Wherein, a high
rsion of APS NPs. HRTEM image of (E) APS NPs (Inset: the (111) plane of Au and Pt
resence (upper part) and absence (lower part) of H2O2 in PBS solution (pH = 5.5) at

temperature (100 ◦C) can decompose H2O2 and then produce •OH
radicals which were scavenged by the stabilizer and then caused
a rapid reduction of Au(III) to form Au(0) [24]. However, it is easy
for APS NPs to decompose H2O2 and produce •OH  radicals even at
room temperature, thus in turn mediate the size of Au NPs (Fig. S1).
If trace H2O2 existed, the purple color of the Au NPs can be observed,
and the color varied from purple to red as H2O2 concentration
increased [41]. According to the facts, the reaction of H2O2 and
HAuCl4 in the presence of APS NPs can be predicted by the following
equations [41–43]: (1) AuCl4− + 3

2 H2O2 → Au0 + 4Cl− + 3H+ + 3
2 O2;

(2) H2O2
APS→ H2O + 1

2 O2. Therefore, this proposed strategy can real-
ize selective sensing of H2O2 coupled with APS NPs and quantitative
determination of it by measuring the absorbance variation.

To verify the performance of APS NPs in the colorimetric system,
different concentrations of H2O2 were added to HAuCl4 solution
containing sodium citrate in the absence and presence of APS NPs
(Fig. 2). As depicted in Fig. 2A, the results showed that the color
of the resultant solution without APS NPs was in a narrow tonality
of red and with APS NPs changed from red to blue (Fig. 2B) due to
the reduction of H2O2 by APS NPs. The facts revealed that APS NPs
play a key role in the production of distinguished difference of the
color readout. Moreover, we discussed the effects of APS NPs on the
absorbance of the resultant solution. As shown in Fig. 2C and D, the
absorbance decreased with the increasing of H2O2 concentration
in the absence of APS NPs, and the absorbance increased with the
increasing of H2O2 concentration in the presence of APS NPs. The
results were consistent with the color variation from Fig. 2A and B.
The above facts revealed that APS NPs could facilitate the growth
of Au NPs and obtained deeper colors, demonstrating that APS NPs
can decompose H2O2 and then produce •OH radicals and in turn
mediate the color variation. Besides, it can be seen from TEM images
that the aggregation and the size difference of the resultant Au NPs

are closely related to the H2O2 concentration (Fig. S1A and B).
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ig. 2. Photograph showing different concentrations of H2O2 with HAuCl4 solution i
,  10−1, 10−2, 10−3, 10−4, 10−5, and 10−6 M).  The absorption spectra of the resultant s
o  (A) and (B), respectively. All the error bars were calculated based on the standard

.3. Optimization of the colorimetric system

To fabricate the APS NPs-regulated colorimetric sensing system,

he following factors, such as the concentration of sodium citrate,
PS NPs and HAuCl4 solution, incubation time and temperature
ere investigated. First, the concentration of sodium citrate (SCT)

ig. 3. Colorimetric detection of H2O2 with the proposed (A) HAuCl4/H2O2 system and (
bsorbance vs different H2O2 concentrations on a logarithmic scale (inset: UV–vis absorpt
f  TMB−H2O2 reaction system (TMB: 0.6 mM)  with different concentrations of H2O2 in 

eviation of three measurements.
absence (A) and presence (B) of APS NPs (H2O2 concentrations from left to right: 10,
n in the absence (C) and presence (D) of APS NPs (50 �L, 1.8 mg mL−1) corresponding
ation of three measurements.

was discussed as shown in Fig. S2A. The color variation of Au NPs
solutions ranged from light gray to dark red as the SCT concentra-
tion increases. It became wine red when the SCT concentration is

4 mM (red circle), and its strong absorption peak at 540 nm revealed
that the solution behaved good stability (Fig. S2C). Meanwhile, we
also explored the color variation along with APS NPs concentra-

B) TMB/H2O2 system in the presence of APS NPs. (C) Calibration curves of UV–vis
ion spectra corresponding to (A). (D) The corresponding UV–vis absorption spectra

the presence of APS NPs. All the error bars were calculated based on the standard
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ig. 4. (A) Comparison of H2O2 releasing from cell induced by 200 ng mL−1 PMA, fM
ells  incubated with a series of gradient concentrations of APS NPs (1.0–25 �g mL−1

ll  the error bars were calculated based on the standard deviation of three measure

ion. As depicted in Fig. S2B, the color changed from light red to
ark purple with the increasing of APS NPs volume (1.8 mg  mL−1).
he UV–vis absorption spectra in Fig. S2D showed that the APS
Ps volume of 5 �L (red circle) behaved a strong and narrow peak
t 540 nm while the absorption peak was red-shift as the volume
ncreases. The results suggested that the higher concentration of
PS NPs may  lead to the aggregation of the Au NPs. HAuCl4 solu-

ion acted as the raw materials of Au NPs was investigated with the
ame method. As shown in Fig. S3A, the solution color varied from
urple to dark red as the HAuCl4 concentration increases, which
ecame wine red when the concentration is 2 mM.  Finally, 2 mM
red rectangle) was chosen as the optimal HAuCl4 concentration
ue to its strongest absorption peak at 540 nm (Fig. S3C).

After choosing the best parameters for concentration, all left
s to set a temperature and time. Thus, we further optimized the
ncubation temperature and time to obtain a fine color of the solu-
ion. As displayed in Fig. S3B, the colors were all remained red as
he temperature changed from 25 to 55 ◦C. The UV–vis absorption
pectra revealed that all the peaks remained the same location of
40 nm and the temperature at 40 ◦C behaved strongest absorption
Fig. S3D). However, the color of the solution behaved subtle change
ith incubation time (Fig. S4A), which showed light purple at first

nd then became bright red. It can be seen from the absorption
pectra that the initial peak location is 560 nm and then blue shift
o 550 nm as incubation time prolonged and became stable at about
0 min  (Fig. S4B). Taking all the above discussions into considera-
ion, we finally chose the concentration of sodium citrate, APS NPs

−1
nd HAuCl4 solution as 4 mM,  1.8 mg  mL (5 �L) and 2 mM,  and
he incubation time and temperature as 40 ◦C and 20 min  in the
ollowing experiments.
nd ADP. (B) Selectivity of APS NPs based H2O2 assay. (C) Relative viability of HeLa
rescence imaging of HeLa cells cultured with (D) and without (E) APS NPs for 24 h.
s.

3.4. Ultrasensitive visual detection of H2O2

Based on H2O2-based Au NPs-forming reaction, the H2O2
concentration-dependent absorbance was  investigated to con-
struct the basis for the detection of cellular H2O2. Under the
above optimal conditions, it was  clearly observed that the solu-
tion color varied from light purple to wine red with the increasing
of H2O2 concentration (Fig. 3A). Meanwhile, the absorbance of
the solution increased with the increasing of H2O2 concentra-
tion, which revealed a linear relationship between the absorbance
and the H2O2 concentration in the range of 0.1 pM to 1 mM
and 1 mM to 10 M,  respectively (Fig. 3C). The regression equa-
tion was  A1 = 0.3985 + 0.0092 lgc (M)  (r = 0.9794) from 0.1 pM to
1 mM and A2 = 0.8407 + 0.1582 lgc (M)  (r = 0.9904) from 1 mM to
10 M,  behaving a detection limit of 0.1 pM by UV–vis detector
(S/N = 3). The absorbance variation trends were probably related
to the oxidation-reduction property of H2O2 under different con-
centrations. Obviously, a higher H2O2 concentration may  lead to
quick nucleation and the formation of smaller Au NPs, which can
be deduced from the blue-shift of the absorption peak. These facts
were consistent with the our proposed mechanism: (1) when the
H2O2 concentration is low, a blue solution can be obtained due
to the formation of large Au NPs aggregates; (2) When the H2O2
increases, the solution turns red corresponding to the formation
of single Au NP or very small Au NPs. Besides, we  discussed the
TMB−H2O2 reaction system based on APS NPs and the solution
color behaved a variation from blue to green with the increasing

of H2O2 concentration (Fig. 3B). Fig. 3D showed the absorbance of
TMB-H2O2 reaction solutions catalyzed by APS NPs, behaving a nar-
row absorbance range with the increasing of H2O2 concentration.
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hus, it was easier to realize the visual detection of H2O2 by the
roposed method than TMB−H2O2 reaction system.

.5. Analytical performance of cellular H2O2 detection

To evaluate the performance of H2O2-based Au NPs-forming
eaction system, H2O2 released from HeLa cells was used as real
amples. Wherein, PMA was adopted as the stimulating agent to
nduce H2O2 generation from cells with consistent chemotactic
esponse. Besides, in order to discuss the specificity of H2O2 detec-
ion, glucose, ethanol, ascorbic acid (AA) and dopamine (0.1 M)
ere introduced as detection samples in the same condition,

espectively. As depicted in Fig. 4B, the response of H2O2 was
ignificantly higher than that of ethanol and glucose, indicating
hat H2O2 can be effectively recognized by the proposed sys-
em with high specificity. To further obtain the optimal detection
erformance, three kinds of stimulating agent, ADP, fMLP, and
MA, were discussed in the H2O2 released from HeLa cells. It can
e seen from Fig. 4A that using PMA  as stimulating agent can
btain the highest amount of H2O2 compared with ADP and fMLP.
ence, PMA was  chosen as the optimal stimulating agent. Mean-
hile, the absorption intensity reached to 0.348, corresponding to

he H2O2 concentration of 3.24 × 10−6 M (Fig. 3C). The calculated
2O2 releasing from a single HeLa cell is about 3.24 × 10−14 mol,

evealing that the colorimetric method could be used in practical
pplication.

The cytotoxicity of the APS NPs was evaluated by using the stan-
ard MTT  assay with HeLa cells. Up to 82% cell viability is observed
fter incubation of HeLa cells with APS NPs at concentration range
rom 1.0 to 25 �g mL−1 for 24 h, which revealed that APS NPs pos-
ess low cytotoxicity (Fig. 4C). To evaluate the biocompatibility of
PS NPs, the standard staining method was used by calcein-AM as
ell stain. HeLa cells were first incubated with APS NPs for 8 h and
hen followed by calcein AM for 15 min. The control experiment
as performed at the same conditions without incubating with APS
Ps. As shown in Fig. 4D and E, the morphology of HeLa cells was

imilar to those without incubating with APS NPs, suggesting that
PS NPs behave no obvious toxicity for cell viability.

. Conclusions

A facile and low-cost method has been developed for the
aked-eye observation of intracellular hydrogen peroxide based
n Au-Pt/SiO2 sensing platform. The method showed excellent
ensitivity with a detection limit of 0.1 nM for H2O2. Besides,
he H2O2 releasing from living HeLa cells was successfully stud-
ed by naked-eye readout. Au-Pt/SiO2 nanoparticles were acted
s peroxidase-like agent for the detection of intracellular H2O2
ith low cellular cytotoxicity. Compared with other colorimetric
ethods, this strategy is environmentally friendly and low-cost
ith fewer operation steps, non-enzyme assistance and can be

mplemented directly by reducing HAuCl4 into Au NPs for naked-
ye readout. Overall, this report provides a new strategy for the
ltra-sensitive assay of intracellular H2O2, revealing its potential
pplication in clinical, biological and environmental researches.
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Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.snb.2017.03.166.
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