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A B S T R A C T   

A silicon oxide quantum dots (Si-O QDs) and Ag nanoclusters hybrid nanosensing probe with dual-emission and 
small nanocrystals that acts as an “off-on” ratio fluorescent probe for hydrogen peroxide (H2O2) detection was 
developed. The probe was used to measure the H2O2 concentration generated by mitochondria in vitro via 
recording the I455/I680 fluorescence ratio. Furthermore, this hybrid probe was applied to monitor the wound- 
induced H2O2 in lettuce leaf, and realized the visualized fluorescence qualitative detection H2O2 in vivo via 
laser scanning confocal microscope. The working mechanism of the probe is also investigated. Inner filter effect 
(IFE) estimation, Fourier transform infrared (FTIR) spectra and high-resolution transmission electron microscopy 
(HRTEM) images were applied to study the quenching mechanism and recovering reason of Si-O QDs fluores-
cence. The results show that the blue fluorescence of Si-O QDs can be quenched by Ag NCs via the IFE and 
fluorescent resonance energy transfer (FRET) effect. After adding H2O2, the surface groups of Ag NCs was 
changed and the IFE and FRET effects between the Si-O QDs and Ag NCs are disabled, thus the quenched Si-O 
QDs luminescence can be regularly recovered.   

1. Introduction 

Hydrogen peroxide (H2O2) is a byproduct of aerobic metabolism in 
mitochondria and chloroplasts [1]. It is an essential molecule for plant, 
because it acts as signal responding to various environmental stimuli 
which include drought or waterlogging, temperature changes, salt 
stress, disease, and plant hormones [1–3]. Furthermore, H2O2 is also 
involved in diverse signal transmitting pathways in plant [4–6]. Changes 
of the H2O2 concentration in plant can illustrate the plant defense pro-
cesses or cell programmed death. Therefore, monitoring of H2O2 in plant 
is a necessary subject in plant science. Nowadays, electrochemical 
methods and organic fluorescent dye probes are common way used for in 
vivo and in vitro H2O2 detection in plant. However, these probes have 
advantages and disadvantages. For example, Bertotti’s group [7] 
monitored H2O2 in Agave tequilana leaves by using electrochemical 
sensors, which can dynamically monitor the concentration changes of 
H2O2 in situ. However, the required equipment in these methods is 
complicated and the electrodes will cause physical wounds on plant. 

Furthermore, amplex red (10-acetyl-3,7-dihydroxyphenoxazine) has 
been reported as highly sensitive probe for H2O2 detection, and its 
detection limit is up to the picomole level [8]. However, this fluorescent 
dye biosensor is photodegraded easily, and the sensitivity is mostly 
affected by the pH, as well as the organic dye is expensive. Taking the 
limitations of above methods into account, biosensors based on fluo-
rescent nanoparticles have attracted much attention because of their 
small size, operability, inexpensiveness, stability and high sensitivity. 
Electrochemistry, absorbance and optics properties, as well as 
surface-enhanced Raman scattering (SERS), are used as signals for 
nanobiosensors of H2O2 detection [9–12]. Therein, using the fluores-
cence as sensing signal is popular method for H2O2 detection because of 
its simple equipment and strong operability. Furthermore, metal-free 
quantum dots are ideal materials for H2O2 detection benefitting from 
their stable photoluminescence, well biocompatibility and high sensi-
tivity. Wu and colleagues [13] linked carbon dots with recognition 
element of H2O2 for tracing H2O2 in cancer cells. Kar’s [14] groups and 
Jelinek’ groups [15] reported two similar ratio fluorescent sensing 
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platforms for H2O2 detection based on carbon dots and hemin. Silicon 
quantum dots (SiQDs), a kind of quantum dots basing on mono-
crystalline silicon, are also used in biosensors for H2O2. Label-free SiQDs 
with high selectivity for glucose in serum samples were synthesized by 
Yao’s group [16]. Wang’s group [17] also reported silica nanoparticles 
doped with fluorescein isothiocyanate (FITC) (FSNPs), and it was used 
for H2O2 detection sensor which needs two step reactions. Firstly, KI is 
oxidized to I2 by H2O2, next, I2 could quench the fluorescence of FSNPs. 
Therefore, quenching intensity could be indicator for H2O2. However, 
these sensors basing on mental free quantum dots either need linking 
with ligands which is sensitive to H2O2, or need the productions of H2O2 
reaction to affect the fluorescence intensity. In these sensors system, the 
metal-free quantum dots respond to H2O2 indirectly. Label free sensors 
basing on quantum dots that respond directly to H2O2 still need to be 
explored. 

To date, metal nanoclusters, a new kind of luminescent nano-
material, have got much attention benefiting from their optical, physical 
and chemical properties [18]. Metal nanoclusters have stable photo-
luminescence, abundant functional groups, large surface area, well 
biocompatibility and low toxicity, and thus suit well as biological optical 
sensing and biological imaging. As reported, silver nanoclusters (Ag 
NCs) have shown their superior performance in biomacromolecule and 
inorganic ion detection [19–22]. Meanwhile, Ag NCs show their excel-
lent sensitivity for H2O2. The mechanism of H2O2 detection by Ag NCs 
has been demonstrated, in which H2O2 can etch Ag NCs and then destroy 
the Ag NCs scaffolds. Therefore, the fluorescence of Ag NCs can be 
quenched sharply. It makes the Ag NCs become idea nanosensor for 
H2O2 detection [18,23]. For example, Ag NCs were used as an enhancer 
for Au NCs fluorescence at 618 nm. The fluorescence of this compound 
could be quenched by ⋅OH generated from H2O2, which makes the 
fluorescent change of Au/Ag NCs act as signal for H2O2 detection [24]. 
Ag NCs and other metal nanoparticles have single emission, which 
means that only one signal could be obtained in H2O2 detection. 

In order to satisfy the sensitivity of H2O2 detection with fluorescent 
nanoparticles, a method benefitting from two signal ratio fluorescent 
probe was proposed, nanohybrid system is a common way to get dual- 
signal fluorescent sensors. Silicon oxide quantum dots (Si-O QDs) are 
synthesized by using N-[3-(trimethoxysilyl)propyl]ethylenediamine 
(DAMO) as precursor with one-pot hydrothermal method in this 
research. Ag nanoclusters are prepared based on bovine serum albumin 
(BSA) protection. Ag NCs is sensitive to H2O2, while the as-prepared Si-O 
QDs is less sensitive. Herein, a two signal ratio fluorescent probe is 
established based on Ag NCs and Si-O QDs. In this ratio fluorescent 
hybrid probe system, the emission peak at 455 nm is from Si-O QDs, and 
Ag NCs have emission peak at 680 nm. Ag NCs could quench the fluo-
rescence of Si-O QDs by inner-filter effect (IFE) and the fluorescent 
resonance energy transfer (FRET) effect. The two effects keep the as- 
prepared hybrid probe stable. In the detection of H2O2, the quenched 
emission of Si-O QDs can be recovered progressively, while the fluo-
rescence of Ag NCs is decreased. Therefore, the ratio fluorescence of two 
nanoparticles could change with the altered H2O2 concentrations. It was 
for that good selectivity and high sensitivity for H2O2 detection in the 
range of 0.008� 60 mM can be obtained. Basing the advantages of this 
hybrid probe, it was applied to detect the H2O2 generated by plant 
mitochondria in vitro. Besides, owning to the small size particles of 
hybrid probe system and its stability, it can be infiltrated into lettuce leaf 
and realized the visualized fluorescence detection of wound-induced 
H2O2 detection in vivo. 

2. Materials and experimental 

2.1. Materials 

All chemicals were commercial and without further purified before 
using. DAMO, trisodium citrate, silver nitrate, sodium hydroxide, so-
dium borohydride, sodium silicate, hydrogen peroxide, sucrose, 

magnesium chloride, ethylene diamine tetraacetic acid (EDTA), 
cysteine, potassium chloride, Tris� HCl, monopotassium phosphate and 
potassium hydroxide were purchased from Macklin. BSA and catalase 
were purchased from Sangon Biotech. All the metal ions are from metal 
sulfate purchased from Aladdin. All solutions were prepared with 
deionized water. 

2.2. Instrumentations 

The fluorescent spectra were recorded by a F-7000 Hitachi fluores-
cence spectrofluorometer. The UV-vis absorption spectra were recorded 
on a Shimadzu UV-2550. The transmission electron microscopy TEM 
and high-resolution transmission electron microscopy (HRTEM) images 
were taken on an FEI Tecnai 12 transmission electron microscope and a 
JEOL-2010 electron microscope, respectively. The Fourier-transform 
infrared (FTIR) spectra were collected with a Nicolet Avatar 360 FTIR 
spectrophotometer. The X-ray photoelectron spectroscopy (XPS) spectra 
were taken with a Thermo Scientific™ K-AlphaTMþ spectrometer. Laser 
scanning microscopy images were taken on an LSM 710 by Zeiss. Life-
time data was collected by an Edinburgh FLS1000. X-ray diffraction 
pattern was taken on a Persee XD-2X/M4600. 

2.3. Experimental 

Synthesis of Si-O QDs: First, 0.558 g trisodium citrate was dissolved 
in 12 mL deionized water and bubbled with nitrogen gas to remove 
oxygen. Then, 3 mL DAMO was added into the above solution with 
vigorous stirring for 15 min, and then the solution was transferred into a 
Teflon-lined autoclave and heated at 200 �C for 12 h. The residual re-
agents were removed by dialysis (1 kDa) [25]. 

Synthesis of Ag NCs: First, 10 mL 50 mg/mL BSA was mixed with 10 
mL 0.01 M silver nitrate and stirred for 30 min. Then, 0.6 mL 1.0 M 
sodium hydroxide was added into the above solution with stirring for 30 
min, afterward, 4 mL 0.01 M sodium borohydride was dropped slowly 
into the above mixture, and stirring was continued for 2.5 h. The 
reddish-brown solution produced was Ag NCs [26]. 

Detection of H2O2: H2O2 in different concentrations was added into 
the Si-O QDs/Ag NCs hybrid system, and after 30 min of reaction at 
room temperature, the fluorescence intensities were monitored by a 
fluorescent spectrometer. 

Detection of H2O2 produced by plant mitochondria: Differential ve-
locity centrifugation was used to extract plant mitochondria from lettuce 
root, which referred to Ku’s research [27]. Briefly, 2.0–3.0 g root sample 
was ground with buffer A (0.4 M sucrose, 2 mM magnesium chloride, 8 
mM ethylene diamine tetraacetic acid, 4 mM cysteine, 10 mM potassium 
chloride, 50 mg/mL BSA, 50 mM Tris� HCl, pH ¼ 7.6) and then trans-
ferred into a 10 mL centrifuge tube. The suspension was centrifuged at 
100 rpm for 3 min. The supernatant was transferred into a new centri-
fuge tube and centrifuged at 600 rpm for 3 min. The supernatant was 
transferred into a new tube and centrifuged at 2000 rpm for 15 min, and 
the precipitate was discarded. The supernatant was centrifuged at 11, 
000 rpm for 15 min, and the precipitate was resuspended with buffer B 
(0.4 M sucrose, 1 mM magnesium chloride, 10 mM potassium chloride, 
10 mM monopotassium phosphate, 50 mg/mL BSA, 10 mM Tris� HCl, 
pH ¼ 7.2). The suspension was centrifuged at 2500 rpm for 10 min, and 
the precipitate was discarded. The supernatant was centrifuged at 10, 
000 rpm for 15 min, and the precipitate was washed twice with buffer B 
without BSA. All the steps were performed at low temperature (4 �C). 
The mitochondria suspension was centrifuged at 10,000 rpm for 15 min, 
and the precipitate was resuspended with 50 mM sodium silicate and 
incubated for 24 h at 4 �C. After discarding the mitochondria, the su-
pernatant was added into Si-O QDs-Ag NCs solutions of different vol-
umes, and after 30 min of reaction at room temperature, the 
fluorescence intensity was detected. 

Detection of wound-induced H2O2 in vivo: 1 mL the Si-O QDs/Ag NCs 
hybrid probe was transferred into needleless syringe. And them the Si-O 
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QDs/Ag NCs hybrid probe was infiltrated into the leaf slowly by gently 
pressing the tip of the needleless syringe against the bottom of the leaf 
(abaxial side). The intact leaf sample was socked in catalase solution in 
order to wipe out the H2O2 and acted as control. And the detected leaf 
was cut out in 40 min after injury, and was prepared for confocal 
scanning. And then using 20X objective lens in an inverted laser scan-
ning confocal microscope to observe the change of fluorescence [28,29]. 

3. Results and discussion 

3.1. Characteristics of Si-O QDs and Ag NCs 

A TEM image of Si-O QDs is shown in Fig. 1a, the particles were 
counted taken from many such patterns, confirmed the presence of 
essential monodispersity. The size of particles is rather small with a 
narrow distribution in average size of 1.0–3.5 nm. Besides, high- 
resolution transmission electronmicroscopy (HRTEM) was applied to 
characterize the Si-O QDs, the particles present a characteristic spacing 
of 0.21 nm, which matches well with the (2 2 0) lattice planes [30,31]. 
XRD pattern of Si-O QDs is presented in Fig S1, it displays a broad peak 
at 21� (2θ), which indicates that the silica atoms are disordered [32]. 
According Fig. 1c, the Ag NCs shows that the particles are approximately 
6 nm in size, and densely and uniformly distributed in aqueous solution. 
The lattice fringes of Ag NCs display interplanar spacing of 0.27 nm as 
shown by HRTEM, which is the evidence of the successful synthesis of 
Ag NCs [26]. Si-O QDs and Ag NCs both have small size which provides 
the possibility application on plant in vivo. 

3.2. Structural properties of Si-O QDs 

It is essential to study the chemical groups on the surface of Si-O QDs 
for illustrating the working mechanism of H2O2 detection probe basing 
Si-O QDs/Ag NCs system, which can be characterized by FTIR and XPS 
analysis. The FTIR spectrum exhibits some distinct transmittance peaks 
ranging from 1000� 3500 cm� 1 (Fig. 2a). The strong signals at 
1000� 1200 cm� 1 are assigned to the stretching vibrations of Si－O－Si 
[25,31,33]. The FTIR transmittance peaks at 1586 and 3366 cm� 1 are 
due to the bending vibrations and stretching vibrations of N－H bonds 
[26,34], respectively. The transmittance peak at 2941 cm� 1 belongs to 
the unsaturated stretching vibrations of C－H bonds [35]. Furthermore, 
the XPS spectrum shows that Si-O QDs contain C, N, O, and Si elements 
(Fig. 2b). The high-resolution XPS spectrum of C 1s shows C－C (284.83 
eV) bonds on the Si-O QDs surface (Fig. 2c) [35,36]; also it have C－O 
(286.02 eV), and C＝O (287.82 eV) bonds on the surface, which makes 
Si-O QDs has excellent hydrophilicity. Especially, Si-O QDs may absorb 
citrate molecules on their surface to reduce large Si－O－Si aggregates 
form small particles [25,37], so that the C＝O group signal appears in 
the XPS spectrum of Si-O QDs, but C＝O groups may also come from 
amide groups [25,38]. Two domain peaks at 399.26 eV and 400.99 eV in 
the N 1s spectrum declare the presence of C－N－C and C－NH2 bonds 

(Fig. 2d). Silane molecules contribute the C－N－C groups on the surface 
of Si-O QDs [25,35]. The Si－O bond signal appears at 530.69 eV 
(Fig. 2e), while the peak centered at 532.28 eV is attributed to C－O 
bonds [29,36]. In the high-resolution XPS spectrum of Si (Fig. 2f), the 
peak at 102.39 eV is consistent with four-valent Si [25,38]. Therefore, 
we believe that the XPS results are in good agreement with the FTIR 
data. FTIR and XPS data show the Si-O QDs only have C, N, O and Si 
elements which are the essential nutrient elements of plant. 

3.3. Structural properties of Ag NCs 

FTIR and XPS also were utilized for characterizing the chemical 
environment of Ag NCs, the results shows that the Ag NCs also have 
various functional groups, as presented in Fig. 3. The peak located at 
around 3300 cm� 1 corresponds to the stretching vibrations of －OH and 

NH. The stretching vibration at 2953 cm� 1 represents C－H stretching. 
The peaks at 1652, 1530 and 1230 cm� 1 are assigned to the amide I, 
amide II, and amide III groups, respectively [39,40]. More surface 
functional group information about the Ag NCs can be obtained from 
XPS data (Fig. 3b). the C, N, O and Ag peaks are observed at around 286, 
400, 530 and 368 eV, respectively. The high-resolution C 1s spectrum 
includes three peaks that are attributed to C－C (284.69 eV), C－O 
(285.92 eV), and C＝O (287.71 eV) bonds (Fig. 4c) [26]. The N 1s and O 
1s spectra exhibit main peaks at 399.83 eV and 532.16 eV, which are 
attributed to C－N－C and C－O, respectively (Fig. 3d&e) [26,41]. The 
Ag 3d spectrum clearly evidences the presence of two chemical envi-
ronments for Ag. The spectrum has been fitting by considering two 
peaks. The first peaks, presents at 368.19 eV, corresponds to Ag 3d5. The 
other one is located at higher binding energy, 374.16 eV, is character-
istic of Ag 3d2. The results is in good consistent with others in litera-
tures, which verifies the existence of zero-valent Ag [24,26,41,42], and 
indicates the successful synthesis of Ag NCs. 

3.4. The optical properties of Si-O QDs and Ag NCs 

The photoluminescence (PL) excitation and emission spectra and the 
UV–vis absorption of Si-O QDs were measured. As shown in Fig. 4a, the 
optimum excitation wavelength of Si-O QDs is 360 nm, and corre-
spondingly, Si-O QDs have an absorbance peak at 360 nm, which is due 
to the n-π* transition of C＝O bonds in the Si-O QDs (Fig. 4b) [26]. The 
PL emission peak of the Si-O QDs is around 455 nm, and the Si-O QDs 
behaving an excitation-independent emission (Fig. S2a). 

The photoluminescence (PL) excitation and emission spectra and the 
UV–vis absorption of Ag NCs were measured. As shown in Fig. S2b, the 
Ag NCs are excitation-independent and have broad emissions with a 
peak at 680 nm. The absorbance of Ag NCs ranges from 250 nm to 600 
nm, and it has a shoulder peak at around 273 nm, which is attributed to 
tryptophan, tyrosine and disulfide from the BSA (Fig. 4b) [43,44]. The 
second peak at around 420 nm is due to quantum confinement effects, 
and it also demonstrates that BSA-Ag NCs have been synthesized [44]. 

Fig. 1. (a) HRTEM image of Si-O QDs, inset: size distribution of the Si-O QDs obtained by averaging over 100 Si-O QDs HRTEM images. (b) HRTEM image of Si-O 
QDs, inset: enlarged HRTEM image of a single Si-O QDs. (c) TEM image of Ag NCs, inset: size distribution obtained by averaging over 100 Ag NCs HRTEM images (d) 
HRTEM image of Ag NCs (top), enlarged HRTEM image of a single Ag NC (down). 
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3.5. Quenching mechanism of Si-O QDs/Ag NCs hybrid system 

The UV–vis analysis of Ag NCs shows that it has absorption between 
250� 600 nm partly overlaying with Si-O QDs emission (Fig. 4b). 
Therefore, the inner-filter effect (IFE) and the fluorescent resonance 
energy transfer (FRET) effect are speculated for Si-O QDs emission 
quenching. Firstly, IFE is caused by attenation of the excitation though 
absorption of other materials in solution. And FRET refers to the phe-
nomenon of nonradiative energy transfer between two fluorescent 
molecules due to their close vicinity and property angular orientation. 
To confirm the quenching mechanism, the Si-O QDs, Ag NCs and Si-O 
QDs/Ag NCs hybrid system absorbance spectrum and Ag NCs absor-
bance spectrum are compared. The result shows that Ag NCs and Si-O 
QDs/Ag NCs hybrid system had same absorption peaks. (Fig. 1b), 
which indicates that there is no complex was formed between Si-O QDs 
and Ag NCs [23]. To further verify the hypothesis, IFE efficiency is 
estimated in Si-O QDs/Ag NCs system. The correction fluorescence 
wiped out IFE efficiency can be calculated basing on geometry of 
cuvette, and the absorption characters of Si-O QDs/Ag NCs system with 
Eq. 1[35,45]: 

Fcor

Fobsd
¼

2:3dAex

1 � 10� dAex
10gAem

2:3sAem

1 � 10� sAem
(1)  

where the Fobsd is the fluorescence of Si-O QDs at 455 nm excited by 360 
nm, the Fcor is the corrected fluorescence of Si-O QDs. Aex and Aem is the 
absorbance at maximum excitation wavelength (360 nm) and maximum 
emission wavelength (455 nm). d presents the cuvette width (d ¼ 1.00 
cm), s is the angle of excitation beam (s ¼ 0.10 cm), and g is the distance 
from excitation light edge to the cuvette edge (g ¼ 0.40 cm). The 
schematic of cuvette geometry parameters are shown in the Fig. S3. 

The fluorescent intensity of Si-O QDs with /without Ag NCs was 
measured and the relative parameters were calculated, which are sum-
marized in Table 1. The quenching effect without IFE is figured out at 
Fig. S4a, it illustrates that the quenching effect of IFE reaches >80 % 
[35,46,47], which implies there are other quenching effects between 
Si-O QDs and Ag NCs. Therefore, the dynamic quenching effect (DQE), 
static quenching effect (SQE) and FRET effect were also taken into 
consideration. As shown in the Fig. S4b, the relationship between Fcor, 

0/Fcor and volumes of Ag NCs is nonlinearity, so that the DQE and SQD 
can be negligible [45,46]. Simultaneously, the FRET was investigated by 
observing the lifetime of Si-O QDs with or without Ag NCs. The results 
are shown in the Fig. S4c. The Si-O QDs lifetime is 14.41 ns, while the 
averaged lifetime of Si-O QDs after adding Ag NCs is 5.66 ns with 
bio-exponential decays. The different photoluminescence lifetimes 
indicate that nonradiative energy transfer or electron transfer between 

Fig. 2. (a) FTIR spectra of the Si-O QDs. (b) XPS spectra of the Si-O QDs. (c), (d), (e) and (f) High-resolution XPS spectra of C 1s, N 1s, O 1s and Si 2p, respectively.  
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Si-O QDs and Ag NCs, which implies there is FRET between Si-O QDs and 
Ag NCs [48]. Furthermore, the FTIR spectra of Si-O QDs/Ag NCs system 
and Si-O QDs/Ag NCs system with H2O2 are shown in Fig. S5, the peak at 

1000� 1200 cm� 1 which is assigned to the stretching vibration of Si－O 
Si, disappears in Si-O QDs/Ag NCs system, while it can be recovered 

after adding H2O2. Meanwhile, the peak at around 1310 cm-1 of C＝O 

Fig. 3. (a) FTIR spectra of the Ag NCs. (b) XPS spectra of the Ag NCs. (c), (d), (e) and (f) High-resolution XPS spectra of C 1s, N 1s, O 1s and Ag 3d, respectively.  

Fig. 4. (a) PL emission and excitation spectra of Si-O QDs, (b) UV–vis analysis of Si-O QDs, Ag NCs, and Si-O QDs/Ag NCs hybrid, respectively.  
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vibration in Ag NCs is decreased after adding H2O2 in hybrid system. 
According to the HRTEM images of Si-O QDs/Ag NCs hybrid system with 
or without H2O2 (Fig. 5a), the aggregation morphology can be seen in 
Si-O QDs/Ag NCs hybrid system without H2O2. While after adding H2O2, 
two sizes of nanoparticles can be observed in HRTEM image (Fig. 5b), 
the lattice fringe of the small one displays interplanar spacing of 0.21 
nm, which was denotes that the small one are Si-O QDs. The lattice 
fringe of large one is 0.27 nm, which accords with the characteristic of 
Ag NCs. Based on above results, Si-O QDs and Ag NCs are aggregated 
without H2O2 and separated with the presence of H2O2, which fits with 
the disappearing and reappearing of the stretching vibration peak of Si 

O－Si in the FTIR spectra. In Si-O QDs/Ag NCs hybrid system, two 
kinds of nanoparticles are agglomeration providing the opportunity for 
IFE and FRET effect to occur. After adding H2O2, Si-O QDs and Ag NCs 
are separated, while the morphology and spacing lattice of Ag NCs are 
not changed. Moreover, the changes of fluorescence of Ag NCs in hybrid 
probe with adding different concentration of H2O2 are similar with the 
single Ag NCs reacting with H2O2 (Fig. 6a and Fig. 7a). It is indicating 
that the Si-ODs cannot enhance the oxidizability of H2O2 through 
catalyze the H2O2 to produce hydroxyl radical for etching Ag NCs. 
Therefore, according to previous related reports [26,49,50], H2O2 
etches the protection layer (BSA) of Ag NCs by itself strong oxidizability, 

and then leads to the breakage of IFE and FRET effect between Si-O QDs 
and Ag NCs. and then fluorescence of Si-O QDs is recovered. 

3.6. Detection of H2O2 based on the Si-O QDs/Ag NCs probe 

Firstly, to investigate the optimum concentration ratio of Si-O QDs 
and Ag NCs in hybrid probe system, the fluorescent intensity of different 
concentrations Ag NCs in hybrid probe systems was studied. The result 
indicates that the fluorescence intensity of Ag NCs in hybrid system 
would not be enhanced with the increased Ag NCs concentration above 
3.47 mg/mL (Fig. S6a). Furthermore, the response of hybrid systems 
with different concentration ratios to a certain concentrations of H2O2 
had also been studied, the fluorescent intensity of Ag NCs in hybrid 
system would not change with the increasing Ag NCs concentration in 
10 mM of H2O2 (Fig. S6b). Therefore, 0.0066 mg/mL of Si-O QDs and 
3.47 mg/mL of Ag NCs were used to establish this ratio fluorescent 
hybrid probe system. Besides, when the H2O2 concentration is lower 
than 0.1 mM, the fluorescent intensity of Ag NCs in this established 
hybrid probe remains stable (Fig. S7a). Before applying the Si-O QDs/Ag 
NCs system for H2O2 detection, the reaction time of Si-O QDs/Ag NCs 
system and H2O2 was measured, the result shows that the fluorescence 
of Si-O QDs/Ag NCs system is stable in 30 min after adding H2O2 
(Fig. S7b). Therefore, H2O2 concentration was detected by monitoring 
the fluorescence of Si-O QDs/Ag NCs system in 30 min after reaction. 
When different concentrations of H2O2 are added into Si-O QDs/Ag NCs 
system, the fluorescent intensity of Si-O QDs is recovered progressively 
(Fig. 6a). The linear relationship between the ratio and H2O2 concen-
trations ranging from 0.008 to 60 mM is shown in Fig. 6b. As the con-
centration of H2O2 ranges from 0.008 to 0.1 mM, there is a good linear 
relationship between the intensity ratio and the H2O2 concentration 
(Fig.6c). The corresponding linear equation is as follows: I455/I680 ¼

1.232xþ0.762 (x¼ CH2O2 : mM, R2 ¼ 0.994). Concentrations ranging 
from 0.1 to 2 mM, the I455/I680 fluorescence intensity of the Si-O QDs/Ag 
NCs system has a good linear relationship with the H2O2 concentration, 

Table 1 
IFE efficiency of Ag NCs in acting on the fluorescence of Si-O QDs.  

V(Ag NCs, μL) Aex Aem CF Fobsd Fcor Fcor,0/Fcor 

0 0.001 0.002 1.000 2248 2250.197 1.000 
100 0.076 0.051 1.147 1791 2053.588 1.096 
200 0.155 0.103 1.320 1489 1965.424 1.145 
300 0.235 0.156 1.519 1268 1925.461 1.169 
400 0.305 0.204 1.716 1114 1911.090 1.177 
500 0.382 0.255 1.953 987.1 1928.245 1.167 

Note: the correlated factor (CF) was calculated as Fcor/ Fobsd, which cannot over 
3; otherwise, the correction is not convincing. 

Fig. 5. (a) HRTEM image of Si-O QDs/Ag NCs hybrid system without H2O2 (left), enlarged HRTEM image of single particle of Si-O QDs/Ag NCs hybrid system (right). 
(b) HRTEM of Si-O QDs/Ag NCs with H2O2 (left), enlarged HRTEM image of single Si-O QDs and Ag NC, respectively (right). 

R. Dong et al.                                                                                                                                                                                                                                    



Sensors and Actuators: B. Chemical 321 (2020) 128643

7

Fig. 6. (a) The PL intensity of the Si-O 
QDs/Ag NCs hybrid system with 
different concentrations of H2O2, and 
the vertical arrow presents the concen-
tration of H2O2 (b) The relationship 
between the I455/I680 fluorescence in-
tensity and H2O2 concentrations from 
0.008-60 mM. (c), (d) and (e) The linear 
relationship between the H2O2 concen-
tration and the I455/I680 fluorescence 
intensity in the ranges of 0.008-0.1 mM, 
0.1-2 mM and 2-60 mM, respectively. (f) 
The PL intensity spectra of the Si-O 
QDs/Ag NCs system with the addition 
of different volumes of Na2SiO3 solution 
containing H2O2 produced by 
mitochondria.   

Fig. 7. (a) Laser scanning confocal microscope images of intact lettuce leaf with infiltrating Si-O QDs/Ag NCs hybrid probe system. (b) Laser scanning confocal 
microscope images of lettuce leaf with infiltrating Si-O QDs/Ag NCs hybrid probe system in 40 min after injury. 
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and the corresponding linear equation is as follows: I455/I680 ¼

0.241xþ0.867 (x¼ CH2O2 : mM, R2 ¼ 0.993) (Fig. 6d). Furthermore, 
when the H2O2 concentration ranges from 2 to 60 mM, the corre-
sponding linear equation is as follows: I455/I680 ¼ 0.097xþ1.203 (x¼
CH2O2 mM, R2 ¼ 0.962) (Fig. 6e). The limit of detection (LOD) was 
calculated by the equation of LOD ¼ 3 σ/s [47,51,52], which reaches 
0.0065 mM in the range of 0.008–0.1 mM (R2 ¼ 0.994). Compared with 
reported sensor for plant H2O2 detection [28,29,47,53–56], this hybrid 
sensor has good determination for H2O2 detection in plant (Table S1). 

In addition, the selectivity and stability of hybrid probe were also 
investigated. Firstly, the pH ranging from 4 to 11 has no effect on Si-O 
QDs fluorescent intensity, and the different metal ions solution have 
less effect to hybrid probe, also the fluorescence of Si-O QDs remains 
stable in H2O2 solution with different concentrations, seen in Fig. S8a, 
b&c. Secondly, the fluorescent ratio (I455/I680) of this hybrid probe in 
the pH ranging from 2 to 13 was investigated, the probe shows well 
fluorescence stability in the range of pH from 3 to 13 (Fig S9a). Thirdly, 
these metal ions are the microelement for plant, and their content is low 
[57,58]. In order to illustrate the selectivity of this as-prepared hybrid 
probe in H2O2 detection in plant, the effects of different metal ions at 50 
μM on the ratio fluorescence of hybrid probe were investigated. The 
result is presented in the column chart (Fig. S9b), which demonstrates 
that the effects of different metal ions in plants on the fluorescence of 
hybrid probe could be neglected. could not affect the fluorescence of 
hybrid probe. The effects of metal ions on the fluorescence of Si-QDs/Ag 
NCs hybrid probe could be neglected (Fig. S9b). In order to apply this 
hybrid probe system into H2O2 detection in plant microenvironment, the 
selectivity and stability of this hybrid probe in bio-complexity condition 
should be investigated. According previous report, biothiols, such as 
cysteine (Cys), glutathione (GSH) and homocysteine (Hcy), could lead to 
the aggregation of Ag NCs and then the fluorescence of Ag NCs 
quenching [59–61]. The effects of Cys and GSH on this probe also were 
analyzed. These two biothiols could quench the fluorescence of Ag NCs 
and then the fluorescence of Si-O QDs recovery (Fig. S10a). However, 
the concentration of reactive oxygen species (ROS) (mainly H2O2) in 
plant could be sharply increased after high salt application and injury 
[28,47,62], and these ROS could lead to oxidation of the biothiols and 
then inactivation. Therefore, detection of high-salt induced and 
wound-induced H2O2 in plant by this Si-O QDs/Ag NCs probe could 
avoid the biothiols interference. The effects of Cys, GSH and different 
metal ions after oxidation by NaClO on the fluorescence of this hybrid 
system are presented in Fig. S10b&c. The fluorescence of hybrid probe 
with Cys and GSH after oxidation has no obvious change. The effects of 
these two biothiols could be neglected. The effects of different metal ions 
before and after oxidation on the fluorescence of hybrid probe are 
associated to analysis. The recovery of Si-O QDs fluorescence and 
decrease Ag NCs fluorescence in hybrid probe with different metal ions 
after oxidation were caused by the surplus NaClO which could 
quenching the Ag NCs depending on its strong oxidability. Therefore, 
the ratio fluorescent sensor basing on Si-O QDs/Ag NCs system is suit-
able for high-salt induced and wound-induced H2O2 detection of plant 

3.7. Detection of H2O2 generated by mitochondria 

Sodium silicate (Na2SiO3) can stimulate plant mitochondria to pro-
duce more H2O2 [63,64]. Therefore, Na2SiO3 is used to improve the 
H2O2 concentration generated from lettuce mitochondria in vitro, also it 
simulates the microenvironment in plant for probe working. Isolated 
mitochondria are presented in Fig. S11. After incubation, the mito-
chondria were removed from the Na2SiO3 solution, and then the solution 
was added into the Si-O QDs/Ag NCs system to detect the H2O2 con-
centration. After incubating, the mitochondria were wiped out from 
Na2SiO3 solution, and then the solution was added into Si-O QDs/Ag 
NCs system for detecting the H2O2 concentration. As seen in the Fig. 6f, 
the fluorescence of Si-O QDs in hybrid probe system is increased regu-
larly with adding different volumes of the Na2SiO3 solution incubated 

with mitochondria into it. When 1.5 mL solution was added, the fluo-
rescence ratio is 4.46, and according to corresponding linear equation, 
the H2O2 concentration is calculated as 35.0 mM. 

3.8. Visualized fluorescence detection of H2O2 in vivo 

Owning to the small size of the particles in Si-O QDs/Ag NCs hybrid 
probe system, this hybrid probe could infiltrate into plant and detect the 
H2O2 in vivo without physical damage [28]. Si-O QDs/Ag NCs hybrid 
probe infiltrated lettuce leaf was used for determining the H2O2 in leaf 
cell via laser scanning confocal microscope imaging (Fig.7a&b) [29]. 
The leaf sample was excited with 405 nm laser for visual fluorescent 
detection of H2O2 in vivo. Blue and red emission fluorescence signal was 
set at 420� 500 nm and 600� 735 nm, respectively. Due to the fluores-
cence of both chloroplast and Ag NCs were detected in the same range 
from 650� 800 nm [65], the red fluorescence signal of Ag NCs cannot be 
isolated for detection. However, the blue florescence still could be the 
signal for H2O2 detection in vivo. In confocal images, the blue fluores-
cence of Si-O QDs cannot been observed in intact leaf sample which was 
infiltrated with Si-O QDs/Ag NCs hybrid probe, while the blue fluores-
cence is recovered in 40 min after the injury. Based on above results, this 
hybrid probe established in this research can detect wound-induced 
H2O2 qualitatively in vivo. Other stresses, such as salt, drought and 
disease, which could stimulate the plant to generate H2O2 [47], and 
these stresses induce H2O2 signal can be investigated by Si-O QDs/Ag 
NCs hybrid probe in the future. Besides, quantitative detection of H2O2 
in vivo still need much research, ratio fluorescence probe could be the 
one of method to calculate the H2O2 concentration in vivo in the future. 

4. Conclusions 

In summary, an “off-on” ratio fluorescence probe basing on Si-O 
QDs/Ag NCs hybrid system was established. This system has good 
selectivity for H2O2 sensing within a large concentration range (from 
0.008–60 mM). In particular, the system was used for sensing H2O2 
which is generated from plant mitochondria in vitro. Given the small size 
of this probe, the system could be used as a probe to realize the visu-
alized fluorescence of H2O2 qualitative detection in plant in vivo without 
complicating equipment and causing wounds on plant. Furthermore, the 
probe working mechanism was investigated. The results of IFE effect 
estimation, FTIR spectra and HRTEM images show that the quenching 
mechanism between Si-O QDs and Ag NCs is dependent on the IFE and 
FRET effect, which made the hybrid probe keep stable in microenvi-
ronment in plant. Meanwhile, after adding H2O2 into the hybrid system, 
the IFE and FRET effect between Si-O QDs and A NCs are broken, and 
thus the recovered fluorescence of Si-O QDs and the fluorescent intensity 
of Ag NCs could be the signal for H2O2 detection. This stable dual- 
emission ratio fluorescent probe is expected to provide an idea for 
plant quantitative sensing in vivo by calculating the fluorescent ratio. 
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