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An efficient and stable fluorescent sensor is described for the detection and imaging of thiols. It is making use of
silicon quantum dots (SiQDs) which can be rapidly prepared. They were characterized by transmission electron
microscopy, X-ray power diffraction, Fourier transform infrared spectroscopy, X-ray photoelectron spectrometry.
The SiQDs have an absorption maximum at 300 nm and displayed blue-green fluorescence with excitation/emis-

sion maxima at 410/480 nm. A mixture of SiQDs and 5,5’-dithiobis-(2-nitrobenzoic acid) (DTNB) exhibits strong
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fluorescence emission which however is quenched within 30 s of incubation with thiols. This is assumed to be
due to an inner filter effect caused by the reaction of DTNB and thiols. The following thiols were tested: cysteine,

DTNB homocysteine, and glutathione. The sensor has a linear response in the 3-100 UM thiol concentration range, and

Fluorescence
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the LODs are between 0.80 and 0.96 1M. The sensor displays low cytotoxicity and was applied to fluorescence im-
aging of MCF-7 cells and Hela cells where it demonstrated excellent biocompatibility.

© 2019 Published by Elsevier B.V.

1. Introduction

Thiols such as cysteine (Cys), homocysteine (Hcy), and glutathione
(GSH) are widely distributed in tissues and cells. Thiols play crucial
roles in many physiological processes such as maintenance of intra-
and extracellular redox status, resistance against external harmful ef-
fects, stabilization of protein structures and function, intracellular signal
transduction, gene regulation, increasing blood-brain barrier perme-
ability, metabolism and detoxification [1,2]. Abnormal levels of thiols
can lead to various kinds of health problems [1]. Small molecular thiols
as effective biomarkers can provide diagnostic information for above
diseases [3]. Therefore, the development of methods for quantitative
analysis of thiols is of great significance.

Several methods have been reported for thiols detection including
electrochemical technology [4], high performance liquid chromatogra-
phy (HPLC) [5], fluorescence spectrometry [6], mass spectrometry [7]
etc. Among them, fluorescent assay has attracted more attention due
to its advantages of high sensitivity [6]. Various types of fluorescent
probes have been utilized for chemical sensing such as fluorescent poly-
meric probes [8-12], core quantum dots [13,14], core-shell quantum
dots [15,16], alloyed quantum dots [17,18] etc. However, most of
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current fluorescent sensors for thiols were complex in synthesis [19],
slow in response [20], narrow in linear range [21], potential in toxicity
[6] and not resistant to photobleaching, which limited their application
in bioanalysis. For instance, Anamika et al. [6] detected L-cysteine and
glutathione in water and urine with good sensitivity by using crystal
violet-functionalized CdTe quantum dots, however, which may have
potential heavy-metal toxicity. Kubilay et al. [22] and Yang et al. [23]
successively fabricated Au-NPs (gold nanoparticles) based and NCQDs
(nitrogen-doped carbon quantum dots) based sensors for thiols. Both
assays utilized the selectivity of Ellman's reagent 5,5'-disulfide (2-
nitrobenzoic acid) (DTNB) and the sensitivity of the fluorescence mate-
rials, and were successfully used to detect thiols in pharmaceutical sam-
ples and serum samples respectively, but neither can detect
intracellular thiols due to the limitation of material properties. Hence,
it is still necessary to prepare stable and biocompatible fluorescent ma-
terials for the detection of thiols in cell samples.

Studies have demonstrated that SiQDs had superior biocompatibility
and the biodegradation products-silicic acid can be excreted through
urine [24,25]. Besides, the photostability of SiQDs was usually better
than that of ordinary organic dyes and most semiconductor
nanomaterials [24,26]. For example, upon high-power UV irradiation,
the fluorescence of fluorescein isothiocyanate was quickly quenched
after 5 min, the fluorescence of CdTe QDs or CdSe/ZnS QDs was retained
for 120 min, while the fluorescence of SiQDs maintained stable for
400 min [24]. Especially, the SiQDs with abundant amino terminals
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were supposed to have high fluorescence yields, good water-solubility
and fast preparation methods [25]. Thus, they were widely used in
bioimaging such as lysosome imaging [25], intracellular ROS (reactive
oxygen species) imaging [27], and other cellular imaging [28]. However,
the number of fluorescent sensors for thiols detection based on SiQDs
has been very limited by now. Ma et al. [28] prepared a glutathione sen-
sor based on SiQDs modified with MnO, nanosheets which was applied
in bioimaging. However, it was susceptible to the interference of cell au-
tofluorescence, and the cytotoxicity of the sensor was not neglectable
due to the metal dopants. Therefore, it is necessary to develop a new
metal-free fluorescent sensor with real biocompatibility and high effi-
ciency for thiols detection.

Herein, we pretended a non-metal and super miniature blue-green
fluorescent sensor (SiQDs-DTNB) for thiols by using SiQDs as fluores-
cent subjects and DTNB as thiols recognizing groups. Water-soluble
SiQDs were synthesized using (3-aminopropyl)trimethoxysilane
(APTMS) and glucose. The SiQDs-DTNB was formed by mixing DTNB
with SiQDs solution. The SiQDs-DTNB exhibited good selectivity and
sensitivity for thiols detection. The principle of this sensor is illustrated
in Fig. 2. After incubation with thiols for only 30 s, an intense fluores-
cence quenching was appeared based on inner filter effect (IFE) be-
tween SiQDs and 5-thio-2-nitrobenzoic acid (TNBA, the reaction
product of DTNB and thiols). Compared with previous reports, this
assay avoided high-temperature processing [25], metal toxicity [6],
long reaction time [20] and intricate equipment [5]. Especially, the
SiQDs-DTNB was further used for cell imaging owing to the strong
photostability and excellent biocompatibility.

2. Materials and methods
2.1. Reagents

DTNB, (3-aminopropyl)trimethoxysilane (APTMS), rhodamine B, N-
ethylmaleimide (NEM), Cys, Hcy, GSH and other amino acids were sup-
plied by Aladdin Reagent Co., Ltd. (Shanghai, China). Dimethylsulfoxide
(DMSO0), ascorbic acid (Vc), citric acid, glucose, NaCl, Na,SO,4 and other
salts were obtained from Sinopharm Chemical Reagent Co., Ltd. (Shang-
hai, China). 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium bro-
mide (MTT), Dulbecco's modified Eagle medium (DMEM), non-
mycoplasma fetal bovine serum (FBS), penicillin-streptomycin solution
and trypsin were purchased from Dingguo Changsheng Biotechnology
Co., Ltd. (Beijing, China). All the chemicals above were of analytical
grade. Ultrapure water (18.25 M Q cm) was acquired by an ultrapure
water manufacturing system (Ulupure, China) and used in the whole
experiment process. Aqueous solutions applied for cellular imaging
were filtered by 0.22 pm membrane (Jin Teng, China) before use.

2.2. Apparatus

The surface morphology of SiQDs was obtained by JEM2100 trans-
mission electron microscopy (TEM) (JEOL Ltd., Japan). The hydrody-
namic size distribution of SiQDs in water was performed at 25 °C on a
Zetasizer Nano ZSP (Malvern. UK). The crystal structure of SiQDs was
measured by Miniflex600 X-ray power diffraction (PXRD) (Rigaku,
Japan). The functional groups on the surface of SiQDs were analyzed
by iS10 Fourier transform infrared spectrophotometer (FTIR) (Thermo,
America). The surface chemical composition of SiQDs was characterized
by Escalab250Xi X-ray photoelectron spectrometry (XPS) (Thermo,
America). The absorption spectra and fluorescence spectra (FL) were re-
spectively recorded by UV-4802 UV-visible spectrophotometer (Unico,
China) and RF-6000 fluorescence spectrometer (Shimadzu, Japan). The
fluorescence lifetime decay curves were gained by a FLS1000 (Edin-
burgh, Britain). MTT assays were measured with Spark 10 M enzyme
marker (Tecan, Switzerland). Fluorescence images were taken with
405 nm excitation by UltraVIEW VoX confocal microscope
(PerkinElmer, America) at 60 x magnification. The wavelength of filter

was 525 nm (bandwidth was 50 nm), the exposure time was 600 ms,
and the power of excited light was 50.5%.

2.3. Synthesis of SiQDs

The SiQDs were synthesized according to the literatures [29] with
some modification. 0.12 g of glucose and 3.75 mL of (3-aminopropyl)
trimethoxysilane (APTMS) were dissolved in 12 mL of ultrapure
water. To facilitate the reaction, 20 pL of 1 M NaOH was subsequently
added and stirred for 30 min at 60 °C. After reaction, the solution was
neutralized by HCI (6 M) and dialyzed (1 kDa MWCO) against ultrapure
water for 24 h. The SiQDs were then freeze-dried and stored at 4 °C until
further analysis.

2.4. Fluorescence detection of thiols

The detection of thiols was performed in phosphate buffered saline
(PBS, 0.01 M, pH 7.4) at 25 °C. Firstly, 0.5 mL of SiQDs solution
(0.5 g-L™1) was added to the DTNB solution (0.4 mg of DTNB dissolved
in 4 mL of PBS) and shaken thoroughly to form the SiQDs-DTNB solu-
tion. Then, 0.5 mL of different concentrations of thiols or blank was
added to the solution above. The mixture was shaken thoroughly and
incubated for 30 s at 25 °C. After that, the fluorescence emission spectra
were recorded under the excitation wavelength at 410 nm. The scan-
ning was down between 420 nm and 600 nm. The excitation and emis-
sion slit widths were 5 and 10 nm, respectively.

2.5. Cell culture, fluorescence imaging and cytotoxicity test

2.5.1. Cell culture and fluorescence imaging

MCEF-7 cells and Hela cells were cultured in Dulbecco's modified
Eagle medium (DMEM) complemented by 10% (v/v) FBS and 1% (v/v)
penicillin-streptomycin solution at 37 °Cin a 5% CO, and 95% humidity
incubator. Before fluorescence imaging, cells were seeded into the cul-
ture dishes and cultured with SiQDs (1.4 g-L™!) for 4 h. Subsequently,
DTNB (0.2 mM) was added and incubated for 30 min. The cells
pretreated with NEM for 15 min acted as a control. The cells were
washed three times with PBS to remove excess compound before
analysis.

2.5.2. Cytotoxicity test

MCEF-7 cells and Hela cells (1 x 10° cells-mL~"!) were grown on 96-
well plates for 24 h, then incubated in the solution of SiQDs (0, 0.2, 0.4,
0.6,0.8,1.0,1.2,1.4 g-L~ !, respectively) with the absence or presence of
DTNB (0.2 mM) for 24 h at 37 °C in a 5% CO, atmosphere. After
discarding the culture medium, 0.2 mL of MTT (0.5 g-L™!) were added
to each well. About 4 h later, the MTT was replaced by 0.2 mL of
DMSO in each well. Absorbance value of each well was measured at
570 nm. The cell viability was estimated as a ratio against the mean ab-
sorbance of untreated cells.

3. Results and discussion
3.1. Choice of materials

Appropriate fluorophore and quencher are crucial to improve the
detection efficiency of fluorescence “turn off” sensor. SiQDs have been
widely used in cell imaging due to their good water-solubility,
photostability and biocompatibility [27]. Additionally, SiQDs has a lot
of amino groups on the surface, which is beneficial to construct stable
mixture with DTNB. On the other hand, thiols can reduce DTNB into
TNBA. The absorption spectrum of TNBA overlaps with the fluorescence
excitation spectrum of SiQDs, which can trigger the IFE process and
quench the fluorescence of SiQDs effectively. Moreover, the large spe-
cific surface area of SiQDs makes SiQDs easier to contact with DTNB
which further improves the sensitivity of the assay. Therefore, inspired
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Fig. 1. (a) TEM images of SiQDs. Inset is the high-resolution TEM. (b) Particle size statistics and Gauss fit of SiQDs. (c¢) FTIR of SiQDs. (d) The absorption (Ab), excitation (Ex) and emission
(Em) spectra of SiQDs. (Nex = 410 nm, Ny = 480 nm).
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Fig. 2. Schematic illustration for thiols detection based on SiQDs-DTNB (Cys, solid line; Hcy, dash line; GSH, dot line).
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Fig. 3. (a) Fluorescence spectra of SiQDs-DTNB versus different concentrations of GSH. Inset indicates that the solution changes from colorless to yellow gradually with the increase of thiols
concentration. (b) log (Fo/F) of SiQDs-DTNB as a function of the concentrations of GSH. (Aex = 410 nm, Nery = 480 nm).

by combing the SiQDs with DTNB, and redox reaction between DTNB
and thiols, a sensitive fluorometric detection for thiols was designed.

3.2. Characterization of SiQDs

Fig. 1a demonstrates the TEM of spherical particles with good
monodispersity. The size distribution (Fig. 1b) indicated that the aver-
age diameter of the SiQDs was 2.3 4 0.5 nm. The average hydrodynamic
size of SiQDs in water measured by dynamic light scattering was about
13.4 nm (Fig. S1). XRD analysis confirmed that the SiQDs was in amor-
phous phase (Fig. S2f) [30] which were in accordance with the TEM im-
ages (Fig. 1a).

FTIR was carried out to investigate the surface functional groups of
the SiQDs. As shown in Fig. 1c, the broad absorption at 3390 cm™!
was pertained to stretching vibrations of O0—H and N—H. The absorp-
tion bands at 1634 cm™! and 1567 cm™! were originated from in-
plane bending vibrations of N—H. The absorption peaks related to the
N—H in the FTIR spectrum elucidated that the SiQDs contained a lot
of amino groups on the surface [29]. Furthermore, the strong absorption
at 2929 cm~! and 2877 cm™! was attributed to stretching vibrations of
CHs— and —CH,—. The absorption peak at 1484 cm ™! corresponded to
bending vibrations of C—H. The absorption peak at 1330 cm™'
belonged to stretching vibrations of C—N. The absorption bands at
1127 cm~" and 1031 cm™~" were assigned to stretching vibrations of
Si—O0—Si and Si—O—C [31], indicating that Si—O was rich in the
SiQDs.

The surface composition and element of the SiQDs was further con-
firmed by the XPS spectra (Fig. S2a-e). As revealed in the full-scan XPS
spectra (Fig. S2a), five distinct peaks at 102.3, 152.9, 284.8, 398.9, and
531.8 eV were respectively corresponded to Si 2p, Si 2s, C 1s, N 1s, and
0 15 [28]. Four peaks in the C 1s XPS spectrum (Fig. S2b) demonstrated

the presence of C—Si (248.3 eV), C—C (284.5 eV), C—N (285.1 eV),
C—O0 (285.7 eV) [32]. The N 1s XPS spectrum (Fig. S2c) displayed
three peaks which were assigned to Si—N—Si (398.4 eV), C—N—C
(398.9 eV), Si—N—O0 (399.6 eV), respectively [30]. The O—Si bond sig-
nal appeared at 531.3 eV and 531.8 eV in the O 1s XPS spectrum
(Fig. S2d), and the C—O bond was detected at 532.1 eV [32]. The Si 2p
XPS spectrum (Fig. S2e) exhibited three peaks which were ascribed to
Si—C (101.8 eV), Si—N (102.2 eV), Si—0 (102.7 eV) [29]. Those results
of XPS analysis were consistent with the FTIR results (Fig. 1c).

Furthermore, the absorption (Ab), excitation (Ex) and emission
(Em) spectra of SiQDs are shown in Fig. 1d. The SiQDs exhibited a
broad absorption for the wavelength region below 450 nm and the fluo-
rescence emission peak appeared at 480 nm when excited at 410 nm.
The fluorescence quantum yield (QY) of SiQDs was determined to be
0.33 according to reported procedure [23] (Fig. S3 and Table S1). Such
a high QY demonstrated that the SiQDs has an excellent fluorescence
in aqueous solutions or organic solvents.

3.3. Principle for the analysis of thiols

As illustrated in Fig. 2, the assay for thiols detection was designed ac-
cording to inner filter effect (IFE) quenching mechanism of SiQDs. And
the mechanism was verified by UV-vis spectra and fluorescence spectra
(Fig. 2b). It has been reported that Ellman's reagent DTNB can be re-
duced to TNBA by splitting the disulfide bonds upon the reaction with
thiols [4] (Fig. 2a). TNBA is an intense yellow chromophore at pH 7.27
and has a strong absorbance at 412 nm with a molar extinction coeffi-
cient of 1.415 x 10* L mol~! cm™! [22]. IFE occurs when the absorption
spectrum of TNBA overlapped with the excitation spectrum of SiQDs
(Nex = 410 nm) (Fig. 2b). As shown in Fig. 2¢c, an absorption peak ap-
peared at 410 nm upon addition of thiols (0.1 mM), leading to a

Table 1

Comparison of methods based on different fluorescent materials for thiols detection.
Method Linear range (uM) LOD (nM) Analysis time Reference

Cys HCy GSH Cys HCy GSH

Maleimide-based 0.1-1.2 0-0.6 0.1-0.6 135 144 88.5 2h [20]
Binaphthalene-maleimide based 0-30 0-30 0-30 42.6 16.7 52.8 8 min [19]
GQDs-Hg?" system 0-0.13 0-0.1 0-0.05 2.5 5 5 15 min [21]
BSA-silver nanoclusters 2-90 2-120 10-80 810 1000 1100 30s [1]
CV-CdTe quantum dots 0.02-40 Not given 0.02-50 10.5 Not given 8.2 5 min [6]
MnO,-CQDs Not given Not given 0-200 Not given Not given 10 5 min [34]
Tyr-CDs 1-50 5-50 0.1-5 120 3500 31 15 min [35]
SiQDs-DTNB system 3-100 3-100 3-100 962 834 803 30s Our work
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Fig. 4. (a) Fluorescence response (F/Fy) of the SiQDs-DTNB to interferences and thiols. (b) Fluorescence response (F/Fo) of the SiQDs-DTNB to the mixture of interferences and thiols.

(Nex = 410 nm, Ny, = 480 nm).

fluorescence quenching of SiQDs-DTNB. The phenomenon above im-
plied that this assay based on IFE was effective for thiols detection.

In addition, to explore the possibility of dynamic quenching effect
(DQE) and stative quenching effect (SQE), the Stern-Volmer equation
was investigated:

Fo

F= 1+ Ksv[Q]
where, Fp and F refer to the steady-state fluorescence intensity in the ab-
sence and presence of thiols, respectively; Ksy is the Stern-Volmer con-
stant and [Q] is the concentration of thiols, respectively. As displayed in
Fig. S4, there was no linear relationship between the value of Fy/F and
the concentration of thiols, which suggested that the mechanism of
DQE and SQE were negligible [30]. Besides, the steady state fluorescence
and time resolved fluorescence experiment has been performed and the
result was shown in Fig. S5, the changes of fluorescence lifetime of
SiQDs-DTNB after the addition of thiols were negligible (<0.3 ns).
Based on the above discussion, the quenching process is mainly
arisen from the IFE mechanism between SiQDs-DTNB and thiols.

3.4. Optimization of experimental conditions

To optimize the performance of the assay, the following parameters
were optimized: reaction time, reaction temperature and sample pH
value. The fluorescence quenching rapidly reaching the platforms in
about 30 s upon addition of thiols into the SiQDs-DTNB solution
(Fig. S6a). With the increase of temperature, the fluorescence intensity
of SiQDs and SiQDs-DTNB can decrease (Fig. S6b). Furthermore, the
fluorescence intensity of SiQDs-DTNB was highest under pH 7

Table 2
The analysis of thiols in the fetal bovine serum samples (n = 3).
Samples Amount added (uM) Amount found (UM) Recovery (%) RSD (%)
Cys 10 9.51 95.1 1.1
20 19.50 97.5 42
40 41.06 102.6 1.8
Hcy 10 10.36 103.6 2.7
20 20.98 104.9 1.0
40 41.89 104.7 0.3
GSH 10 10.19 101.9 13
20 19.86 99.3 0.2
40 40.42 101.1 42

(Fig. S6¢). Considering the potential application in biological systems,
the optimum experimental conditions were selected as reaction time
of 30 s, reaction temperature of 25 °C and sample pH value of 7.4 for fur-
ther study.

3.5. Optical responses to thiols

Under the optimal conditions discussed above, analytical perfor-
mance of the sensor was investigated. The FL intensity of SiQDs-DTNB
gradually decreased upon the addition of GSH (Fig. 3a), Cys (Fig. S7a)
and Hcy (Fig. S7c¢) with increased concentration. The color variations
of the solution in the presence of various concentration of thiols were
observed visually (inset in Fig. 3a), which provided a visual approach
to rough detection of thiols.

Besides, the quenching efficiency [log (Fo/F)] was proportional to the
concentration of thiols, which was similar with previous work in other
reports [30] (Fo and F were the FL intensity of SiQDs-DTNB in the ab-
sence and presence of thiols, respectively). The linear range of the
SiQDs-DTNB system for GSH, Cys and Hcy were found to be 3-100 pM
(Y = 0.037 + 0.008X, inset in Fig. 3b), 3-100 yM (Y =
0.023 + 0.009X, inset in Fig. S7b) and 3-100 pM (Y
0.008 + 0.008X, inset in Fig. S7d), respectively. The detection limits
for GSH, Cys and Hcy were similar and respectively determined to be
0.80 pM, 0.96 uM and 0.83 uM (Fig. S8 and Table S2), which were
much lower than the normal concentration of thiols in biosystem
(1-10 mM of GSH and 30-200 pM of Cys in cells [33], 5-15 uM of Hcy
in plasma [2]).

Furthermore, the linear response range and the detection limit
discussed above were comparable to those of previous fluorescent ma-
terials for thiols detection (Table 1). Additionally, the sensor exhibited
relatively swifter response than most sensors before, which enhanced
the effectiveness of thiols detection (Table 1). As a consequence, the
sensor displayed a reliable and effective method for thiols detection.

3.6. Effect of potential interfering substances

The impact of some inorganic ions and organic molecules was inves-
tigated under the optimal detection condition. CI~, SO3~, NO5, Na™,
Mg? ", K™, Ca®*, Zn?T, Cu®™, Vc (ascorbic acid), citric acid, glucose, ala-
nine, valine, phenylalanine, methionine, threonine, aspartic acid, serine
and arginine were selected as potential interfering species. The concen-
tration of Zn?>* was 0.5 mM, Cu®* was 0.03 mM, and other interferences
were 1 mM. The concentrations of Cys, Hcy and GSH were all 0.1 mM.
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Fig. 5. Confocal microscopy images of MCF-7 cells and Hela cells under bright field, fluorescence, and merged. The designation “SiQDs” represents cells incubated with SiQDs (1.4 g-L~") for
4 h. The designation “SiQDs-DTNB” represents cells further incubated with DTNB (0.2 mM) for 30 min. The designation “SiQDs-NEM-DTNB"” represents cells firstly incubated with SiQDs for

4 h, then treated with NEM (0.5 mM) for 15 min, finally incubated with DTNB for 30 min.

As shown in Fig. 4a, the effect of other interferences on fluorescence
response of SiQDs-DTNB was <5% except Cu>* (20%). In an oxygen at-
mosphere, Cu?>* catalyzes the oxidation of Cys to form cystine and
H,0- [36]. This may disturb the assay. Nevertheless, the concentration
of intracellular free copper ions is usually lower than 1 pM [37]. Such
trace amounts of Cu®>™ do not cause much influence. Negligible influ-
ence on fluorescence intensity of SiQDs-DTNB was observed after addi-
tion of a mixture including thiols and these potential interfering

substances (Fig. 4b). Overall, SiQDs-DTNB displayed an excellent selec-
tivity towards thiols over other interferences.

3.7. Cytotoxicity, photostability and practicability
The cytotoxicity of SiQDs and SiQDs-DTNB was evaluated by a stan-

dard MTT assay [38-42]. As shown in Fig. S9a, the cell viability for MCF-
7 cells was still approximate to 80% after 24 h of exposure to SiQDs or
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SiQDs-DTNB at concentrations below 1.4 g-L~". Similarly, SiQDs and
SiQDs-DTNB showed very low toxicity for Hela cells at the same condi-
tions (Fig. S9b).

For photostability experiment, the FL intensity of SiQDs and SiQDs-
DTNB remained higher than 90% of the initial intensity after continuous
irradiation with 90 W incandescent lamp for 12 h (Fig. S6d). The results
indicated that the sensor had good photostability in PBS (0.01 M,
pH 7.4) and adapted for long term detection.

The detection of thiols in FBS samples was preformed to evaluate the
practicability of the assay. The FBS sample was diluted 300-fold with
PBS (0.01 M, pH 7.4) and directly used for assay. The recovery of the
samples ranged from 95.1% to 104.9% with the relative standard Devia-
tions (RSDs) of 0.2-4.2% (Table 2). Therefore, the assay offers a feasible
alternative for thiols detection in real samples.

Additionally, the bio-imaging nature of the sensor was examined in
the MCF-7 cells and Hela cells (Fig. 5). Compared with normal cells, the
cells cultured with SiQDs for 4 h exhibited obvious fluorescence signal,
indicating that SiQDs entered cells and mainly distributed in the cyto-
plasm [43-45]. The fluorescence intensity didn't change much with in-
cubating time prolonging (Fig. S10). The fluorescence signal was
significantly reduced after further 30 min incubation with DTNB
(0.2 mM). In comparison, the cells pretreated for 15 min with a scaven-
ger of thiols (N-ethylmaleimide, NEM, 0.5 mM) still maintained strong
fluorescence signal. The study in vitro imaging demonstrated that the
sensor can react with thiols in cells without noticeable cytotoxicity
[46-48].

4. Conclusion

In summary, a non-metal sensor (SiQDs-DTNB) based on IFE mech-
anism was designed for the detection of thiols. The sensor exhibited
similar behavior in fluorescence response for Cys, Hcy and GSH with
the analysis time as short as 30 s. Moreover, SiQDs-DTNB was stable
and effective enough to be used for detection of thiols in serum samples
as well as living cells. Therefore, the assay provided a biocompatible
nano-platform for thiols detection, laying a foundation for the biomed-
ical analysis of silicon sensor in the future.
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