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In this study, we describe the construction of an “off-on” fluorescent probe based on carbon dots (CDs) and silver
nanoparticles (AgNPs) mixture for sensitive and selective detection of cysteamine. By mixing AgNPs with CDs
solution, the fluorescence of CDs was significantly decreased due to the inner filter effect (IFE). Upon addition of
cysteamine to the mixed aqueous of CDs and AgNPs, the silver-sulfur bond between cysteamine and AgNPs
caused AgNPs to aggregate, and the quenched fluorescence of CDs could in turn be recovered. The probe was

employed to quantitatively detect cysteamine, and the results showed that it could detect cysteamine in a
concentration range of 2-16 M with the detection limit of 0.35 pM (signal-to-noise ratio of 3). The detection of
cysteamine spiked into bovine serum samples showed high recovery rates ranging from 95.5 to 111.7%. More
importantly, the developed probe had low cytotoxicity and was successfully used for in vivo imaging of HepG2

cells.

1. Introduction

Cysteamine (2-aminoethaniol) is an aminothiol compound that is
endogenously degraded from Coenzyme A and has important physio-
logical regulation in animals. Nowadays, cysteamine is employed in
increasing numbers of applications in livestock production and also as
extremely safe and effective medicine for clinical treatments [1]. In
livestock production, cysteamine is used as a feed additive to improve
livestock growth by reducing the concentration of somatostatin [2].
Cysteamine contains free sulfhydryl groups that have antioxidant ac-
tivity; thus, it can be used to treat cystine storage disease and radiation
damage [3-5]. Besides, cysteamine not only has a therapeutic effect on
neurodegenerative diseases, such as epilepsy, Parkinson’s disease, and
Huntington’s disease caused by loss of neurons, it is also involved in the
synthesis of hormones and neurotransmitters [6,7]. In addition, the
potential use of cysteamine in adjunct cancer chemotherapy has been
demonstrated [8]. When these diseases occur, abnormal levels of
cysteamine can be detected in the patient’s blood, biological tissues, and
organelles. Therefore, developing methods for cysteamine analysis and
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determining cysteamine in biological tissues and cell samples have po-
tential application prospects for the early diagnosis and treatment of
diseases [9] (see Scheme 1).

Thus far, various analytical methods for the detection of cysteamine
have been designed and developed, which can include fluorescence
spectroscopy [10,11], chemical etching [12], electrochemistry [13,14],
colorimetry [15], high-performance liquid chromatography [16], and
Raman spectroscopy [17]. Among all methods, sensor-based fluores-
cence spectroscopy has received considerable attention owing to its high
selectivity, low-cost equipments, and simple procedures. Common
fluorescent sensors, such as organic small molecule [18], quantum dots
[19], and carbon dots [20], have been widely used in detection tech-
nology. Since their first report in 2004 [21], fluorescent carbon dots
(CDs; small carbon nanoparticles with sizes of less than 10 nm) have
gained increasing attraction because of their high quantum yields [22],
excellent water dispersibility [23], and low toxicity [24]. Carbon dots
can be synthesized from a variety of inorganic, organic, and biological
materials, as well as foods and their residues, these starting materials
usually are non-fluorescent. Nano-sized fluorescent CDs can be
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Scheme 1. Schematic illustration of cysteamine sensing mechanism of AgNPs
and CDs.

synthesized by uncomplicated methods, such as hydrothermal treatment
and microwave treatment. Owing to their unique properties, CDs are
promising in numerous applications, including sensing, bioimaging
[25], and drug delivery [26].

Although many studies on the detection of intracellular thiols (Cys,
GSH, and Hcy) have been reported in the literature in recent years
[27-29], only a few of these reports have demonstrated the detection of
cysteamine. Recently, Konar et al. [10] have reported the use of one-pot
microwave-assisted nitrogen-doped carbon dots (NCDs) as a fluorescent
probe for the detection of cysteamine. They described that in the pres-
ence of cysteamine, the fluorescence intensity of NCDs is quenched due
to the formation of ground-state non-fluorescent complexes. Compared
with the “turn-off” sensors, the fluorescence “turn-on” sensors appear to
be more preferable because they can reduce the chance of false positives.
However, one of the requirements of these sensors is that the analytes
must have a strong binding affinity for the quencher so that the inter-
action between the CDs and the quencher can be undermined [30,31].
Due to this advantage, it remains necessary to develop a simple, sensi-
tive, and high specificity “turn-on” fluorescent sensor for cysteamine
detection.

In this study, we synthesized an “off-on” CDs-AgNPs-based probe for
cysteamine detection. The CDs were synthesized from citric acid and
ethylenediamine using a simple hydrothermal route. The synthesized
CDs had low toxicity, strong blue emission, and superior water solubil-
ity. The fluorescence of CDs was quenched in the presence of AgNPs, due
to the inner filter effect (IFE), but was restored in the presence of
cysteamine (the analyte). The developed fluorescent CDs-AgNPs probe
not only is easy to use, but also has high selectivity and sensitivity to-
wards cysteamine. It is also a promising probe that might be applied to
detect various real samples in cell biology or disease diagnosis in the
future.

2. Experimental
2.1. Materials and reagents

Silver nitrate (AgNO3) and citric acid were purchased from J&K
Chemical Company Ltd., China. Ethylenediamine, trisodium citrate
dehydrate and sodium borohydride (NaBH4) were purchased from
Sinopharm Chemical Reagent Company Ltd., China. Cysteamine and t-
cysteine were purchased from Shanghai Yuanye Biotechnology Com-
pany Ltd., China. pi-Homocysteine (Hcy) was obtained from TCI
(Shanghai) Development Co., Ltd., China. Glutathione (GSH), methio-
nine (Met), and tryptophan (Trp) were purchased from Shanghai
Aladdin Chemistry Company Ltd., China. i-Alanine (Ala), glycine (Gly),
r-serine (Ser) and histidine (His) were purchased from AMRESCO Inc. r-
Glutamic acid (Glu) and leucine (Leu) were purchased from HuaYi
Biotechnology Company Ltd. All the chemicals were used without
further purification. Dialysis bag (Width: 38mm, 1000Da) was
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purchased from Beijing Solarbio Science & Technology Co., Ltd.
Deionized water obtained from a Millipore purification device (18.2 MQ
cm) was used for all the syntheses and analyses. 5 mM phosphate buffer
(pH = 7.5) was prepared for further use.

2.2. Instruments

Absorption spectra were recorded on a Cary 60 UV-vis spectrometer
(Agilent Technologies Inc., USA). Fluorescence spectra were measured
on an F-2700 Spectro fluorophotometer (HITACHI Co., Ltd., Japan) with
excitation slits and emission slits of 10 nm and a PMT Voltage of 400 V.
TEM images were obtained on a JEM-2100F Transmission Electron
Microscope (JEOL, Japan) operated at 200 kV. Fluorescence lifetime
was measured by an FLS920 spectrometer (Edinburgh Instrument). FT-
IR spectra was investigated by using KBr pellets on a Nicolet Avatar360
FT-IR spectrophotometer (Thermo Fisher Scientific Inc., USA) in the
range of 4000-400 cm ™. XPS was conducted on the ESCALAB 250
spectrometer (Thermo Fisher Scientific Inc., USA). All pH values were
performed on a PHS-3C pH-Meter (INESA Scientific Inc., China). Zeta
potentials were carried out with a Zetasizer (Malvern Co., UK).

2.3. Synthesis of CDs

CDs were synthesized following a previously reported method with
some modifications [32]. Briefly, 250 mg of citric acid was dissolved in
10 mL of ultrapure water; after that, 0.5 mL of ethylenediamine was
added to the solution. After vigorous stirring, the solution was trans-
ferred to a 20-mL Teflon-lined autoclave, in which it was heated at 180
°C for 6 h. The obtained CDs solution was dialyzed against ultrapure
water for 24 h using a dialysis bag with 1000 MWCO to remove the
precursor molecules. Finally, the CDs solution was diluted to 85 pg mL ™!
and then stored at 4 °C until subsequent use.

2.4. Preparation of AgNPs

AgNPs were prepared according to the reported method with some
modifications [33]. Briefly, 6 mL of 10 mM NaBH4 was added dropwise
to 100 mL of 0.5 mM each of AgNO3 and 0.5 mM sodium citrate. The
mixture was then stirred for 30 min at room temperature and a deep
yellow AgNPs solution was obtained. The morphology and size of AgNPs
were characterized by transmission electron microscopy (TEM). The
calculated molar extinction coefficient (¢) for AgNPs was 5.6 x 106 M1
em™!, and their molar concentration calculated based on the Lam-
bert-Beer’s law was 1 pM.

2.5. Fluorescent measurement of cysteamine

In a typical experiment, 100 L of CDs (85 pg mL 1), 600 pL of AgNPs
(1 pM), and 200 pL of 5 mM phosphate buffer (pH = 7.5) were mixed
with 100 pL of cysteamine at different concentrations. The mixtures
were incubated at room temperature for 30 min and then subjected to
fluorescence measurement at an emission wavelength of 445 nm and an
excitation wavelength of 356 nm.

2.6. Detection of cysteamine in bovine serum samples

In brief, bovine serum was first diluted by 100 folds in phosphate
buffer, pH = 7.5. The diluted serum samples were spiked with different
concentrations of cysteamine (6, 12, and 18 pM) and were then sub-
jected to fluorescent measurement. Before the measurement, bovine
serum was mixed with acetonitrile at a ratio of 1:3 and then centrifuged
at 10,000 rpm for 3 min. The supernatant was collected and purged with
nitrogen gas to removed acetonitrile.
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2.7. Cytotoxicity test of CDs

Cell viability was indirectly obtained by MTT colorimetry, and the
toxicity of the CDs to the cells was examined. First, HepG2 cells were
collected, and the cell suspension concentration was adjusted to 1 x 10°
cells/mL. Cell suspension and PBS were added to each well of a 96-well
plate and cultured in a 37 °C incubator containing 5% CO,. When the
cells were covered with the bottom of the well, the culture fluid was
discarded. Second, added 100 pL of different concentrations of CDs
(repeated six times for each concentration) and incubated for 24 h in a
37 °C incubator. Third, 20 pL of 5 mg mL ™! MTT solution was added and
cultured for 4 h. Then, 150 pL of dimethyl sulfoxide (DMSO) was added.
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Finally, shaking for about 2 min and measuring the absorbance of each
well at 492 nm.

2.8. Cell culture and imaging

HepG2 cells were cultured in Dulbecco’s Modified Eagle Medium at
37 °C under 5% CO, atmosphere for 24 h. After that, the cells were
incubated with CDs for 1 h and were then washed 3 times with phos-
phate buffered saline (PBS) to remove unabsorbed CDs. Subsequently,
the cells were incubated with AgNPs or AgNPs and cysteamine (each
diluted in PBS) for 1 h and were thereafter washed 3 times with PBS. Cell
imaging was carried out on an LSM 710 (Carl Zeiss) laser scanning
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Fig. 1. (a) TEM image (Inset: the size distribution), (b) FT-IR spectrum, (c) XPS survey spectrum, and (d) C1s XPS spectra and (e) N1s XPS spectra of CDs. (f) TEM

image of AgNPs (Inset: HRTEM image and size distribution of AgNPs).
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confocal microscope. As a control group, the cells were incubated with
PBS for 1 h.

3. Results and discussion
3.1. Characterization of CDs

The CDs were synthesized from the starting materials (citric acid and
ethylenediamine) and were then -characterized by spectroscopic
methods, including TEM, FT-IR, and XPS. The TEM image depicted in
Fig. 1a shows that CDs were spherical particles and monodisperse, and
the inset shows that the CDs particles had a narrow diameter range (from
2.4 to 3.8 nm) with an average particle diameter of 3.1 nm. FT-IR
spectroscopy was employed to investigate the functional group on the
surface of CDs. As illustrated in Fig. 1b, an absorption peak appeared at
3430 cm ™! is the O-H/N-H stretching vibration. A peak at 3030 cm ™ is
attributed to C-H stretching vibration, while two apparent peaks at
1580 cm ! and 1390 cm ™! are the result of N-H and C-H bending vi-
bration. A peak at 1050 cm ™! is correspondent to the stretching vibra-
tion of C-O. XPS survey was further applied to determine the
composition of CDs. According to the XPS full-scan spectrum (Fig. 1c),
three main peaks of C, O, and N were observed. The total intensity of N
1sis smaller than that of C 1s and O 1s, indicating that CDs are composed
of C, O, and a small amount of N. As depicted in Fig. 1d, the C 1s
spectrum displays three peaks at different ratios of 284.3 eV, 285.2 eV,
and 288 eV, which are in accordance with C-C, C-O, and C=N/C=O0 in
CDs, respectively. Additionally, the N 1s spectrum (Fig. le) exhibits
three peaks at 399.3 eV, 400.1 eV, and 401.2 eV attributed to C-N-C,
N-H, and N-(C)3 bonds, respectively.
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3.2. Characterization of AgNPs

The size and morphology of AgNPs were characterized by TEM. As
shown in Fig. 1f, the prepared AgNPs are nearly spherical and well
monodispersed with a narrow diameter range of 1.5-3.5 nm and an
average diameter of 2.5 nm. The inset of Fig. 1f further shows that
AgNPs have a lattice spacing of 0.213 nm, which is in accordance with
the lattice spacing of Ag(102), according to JCPDS Card No. 87-0598
[32]. These data indicate that AgNPs were successfully synthesized.

The molar extinction coefficient (¢) of AgNPs, calculated based on
the Mie-theory-based formula proposed by Navarro and Werts [34], was
approximately 5.6 x 108 M~! cm™!. And the molar concentration of
AgNPs calculated according to the Lambert-Beer’s law was 1 pM.

3.3. The inner filter effect between CDs and AgNPs

The fluorescence of CDs was quenched in the presence of AgNPs. To
further elucidate the fluorescence quenching mechanism, the fluores-
cence of CDs and the UV-Vis absorption spectra of AgNPs were
measured. As displayed in Fig. 2a, AgNPs exhibited a broad absorption
peak between 320 nm and 540 nm and the maximum absorption
wavelength of 390 nm. CDs exhibited excitation and emission spectra at
wavelength ranges of 300-400 nm and 400-550 nm, respectively. The
maximum emission intensity was observed at a wavelength of 445 nm
when CDs were excited at a wavelength of 356 nm. A significant overlap
between the absorption peak of AgNPs and the excitation and emission
peaks of CDs was also observed.

The overlap between absorption spectrum of AgNPs (the quencher)
and the excitation or emission spectrum of CDs suggests that the fluo-
rescence quenching may be caused either by IFE or FRET. While FRET
can shorten the fluorescence lifetime of the donor, IFE cannot. A non-
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Fig. 2. (a) UV-vis absorption spectrum of AgNPs (2) and fluorescence excitation (1) and emission (3) spectra of CDs. (b) Fluorescence decay plot of CDs in the
presence and absence of AgNPs. (c) UV-vis absorption spectrum of CDs, AgNPs, CDs-AgNPs, and CDs-AgNPs-cysteamine. (d) Fluorescence emission spectra of CDs in
the presence of different concentrations of AgNPs. Inset is the calibration curve (a plot of log(Fo/F) versus AgNPs concentration). Concentrations of AgNPs were 0.06,
0.12, 0.18, 0.24, 0.30, 0.36, 0.42, 0.48, 0.54 and 0.6 pM. Concentration of CDs was 8.5 pg mL™Y pH =7.5.
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radiative energy transfer in FRET is caused by vibrational collision, thus
is limited to a distance of 10 nm, whereas a radiant energy transfer in IFE
is not limited by distance. Based on this principle, we further measured
the fluorescence lifetime of CDs. As illustrated in Fig. 2b, in the absence
of AgNPs, the average fluorescence lifetime of CDs was 15.45 ns. In the
presence of AgNPs, the fluorescence lifetime of CDs was 15.40 ns. The
fluorescence lifetime of CDs in the presence and absence of AgNPs were
nearly unchanged, further indicating that FRET does not cause fluores-
cence quenching. The absorption peaks of AgNPs in the presence and
absence of CDs were also measured. As can be seen from Fig. 2c, the
absorption peaks remained unchanged, indicating that no new sub-
stances were formed. Taken together, the results demonstrate that the
fluorescence quenching of CDs is due to IFE, not FRET. From the TEM
image of CDs-AgNPs mixture, slight aggregation can be observed
(Fig. S4, Supplementary Material). This is due to the electrostatic
interaction between the -NHg3 groups on the surface of the CDs and the
—~OH or ~COOH groups around the AgNPs.

3.4. Interaction between cysteamine and AgNPs

According to the literature, interactions between an analyte and
AgNPs, which can include electrostatic, hydrogen bonding, and van der
Waals interactions, can cause agglomeration of AgNPs; this principle has
been used to sensitively detect various molecules such as DNA, enzymes,
and amino acids [35-38]. The zeta potential of citrate-stabilized AgNPs
was —5.7 mV and that of cysteamine was +8.1 mV (Fig. S1, Supple-
mentary Material). AgNPs are negatively charged due to hydroxyl
groups and cysteamine is positively charged due to amino groups; thus,
the two molecules can form electrostatic and hydrogen bonding in-
teractions that cause the aggregation of AgNPs. Furthermore, SH group
in cysteamine can form a strong metal-sulfur bond upon adsorption on
the surface of metals (silver, gold, and copper), which can also cause
AgNPs aggregation [39]. To prove this principle, UV-vis absorption
spectra and TEM of CDs-AgNPs in the presence of cysteamine were
determined. As shown in Fig. 2¢, the absorption peaks of CDs-AgNPs in
the presence and absence of cysteamine were distinctly different, illus-
trating that interactions between AgNPs and cysteamine causes AgNPs
to become aggregated and the fluorescence of CDs is restored. As shown
in Fig. S5 (Supplementary Material), after the addition of cysteamine,
AgNPs have undergone significant aggregation and the particle size has
also changed, which is consistent with the experimental mechanism.

3.5. Optimization of experimental conditions

To explore the optimal condition for cysteamine detection, critical
factors that can affect the detection including concentration of AgNPs,
pH, and incubation time, were optimized. The fluorescence intensity of
CDs markedly reduced as the concentration of AgNPs increased. At an
AgNPs concentration of 0.6 pM, the CDs fluorescence quenching effi-
ciency was 86.9% (Fig. 2d). Thus, AgNPs at a concentration of 0.6 pM
were selected as the optimal concentration.

The influence of pH (phosphate buffer, pH 5-10) on the fluorescence
recovery of CDs-AgNPs-cysteamine was also investigated. The result
showed that the maximum F/F, value was observed at pH 7.5. The
fluorescence of CDs could not be well-recovered under acidic and
alkaline conditions, which may be due to that at these conditions, the
surface charge density of AgNPs and the ionic strength of the solution
may change [40]. We also observed that in the presence of cysteamine,
pH had an obvious influence on the aggregation of AgNPs (Fig. S2,
Supplementary Material). Based on these results, pH 7.5 was considered
the optimal pH for the detection of cysteamine. The influence of incu-
bation time on Asgy values were further examined, and the results
revealed that the Asgg of AgNPs gradually decreased with time and
reached an equilibrium after 30 min (Fig. S3, Supplementary Material).
Therefore, 30 min was considered the optimal incubation time for
cysteamine and AgNPs.
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3.6. Detection of cysteamine

Under the optimal conditions, the fluorescent CDs probe was
employed to quantitatively detect cysteamine. The fluorescence emis-
sion intensity of CDs increased gradually with the increase of cysteamine
concentration (Fig. 3a). A good linear correlation with a correlation
coefficient of 0.9979 was obtained over the concentration range of 2-16
pM (Fig. 3b). The limit of detection was 0.35 pM, which was estimated
based on the three times the standard deviation rule (35/S; where 5 is
the standard deviation of the y-intercept of the regression curve and S is
the slope of the calibration curve). Photographs of the samples under a
UV light at 365 nm (Fig. 3c) clearly show that the fluorescence changes
of CDs were caused by water-soluble AgNPs.

3.7. Selectivity of CDs-AgNPs probe

To evaluate the selectivity of CDs-AgNPs, the probe was employed to
detect cysteamine in the presences of thirteen different interferences,
including Ala, Gly, Glu, Met, Lys, Leu, Trp, Ser, His, Hcy, Cys, GSH, and
sodium sulfide. Hey, Cys and GSH are intracellular thiols, their con-
centrations used in the experiments were the same as those of the
physiological concentrations to mimic the physiological conditions. As
demonstrated in Fig. 3d, only cysteamine, not other amino acids or
thiols, could increase the fluorescence intensity of CDs-AgNPs, indi-
cating that the developed probe has high selectivity for cysteamine.

The fluorescence recovery of CDs is mainly due to the binding be-
tween sulfhydryl groups and AgNPs. Therefore, the main interference of
cysteamine (Mw = 77) detection comes from cysteine (Mw = 121),
glutathione (Mw = 135), homocysteine (Mw = 612) and methionine
(Mw = 149). Cysteamine has the smallest volume and steric hindrance,
so it is the easiest to combine with AgNPs. In addition, cysteine, gluta-
thione, homocysteine, and methionine are all compounds containing
carboxyl groups, and their isoelectric points are 5.02, 5.93, 5.06 and
5.75, respectively. In the solution of pH = 7.5, the carboxyl groups in the
four molecules are more likely to lose electrons and have negative
charges. Due to electrostatic repulsion, it is difficult for them to
approach the negatively charged AgNPs. However, cysteamine does not
contain carboxyl groups but has amino groups on the surface, which is
more accessible to bind to AgNPs. In summary, the probe has the best
selectivity for cysteamine.

3.8. Detection of cysteamine in bovine serum samples

No cysteamine was found in unspiked bovine serum samples using
the proposed method. To examine the practicality of the developed
fluorescent probe, cysteamine at different concentrations (6, 12 and 18
pM) was spiked into bovine serum samples, which was used to mimic
real samples. As shown in Table 1, high recovery rates ranging from
95.5% to 111.7% were achieved with RSDs (n = 3) of less than 0.6%.
These results demonstrate that the developed fluorescent probe can
detect cysteamine in bovine serum samples with high reproducibility.
The high recovery rates also suggest that the probe is sensitive and
reliable.

3.9. Cytotoxicity of CDs

The cytotoxicity test (Fig. 4) showed that HepG2 cells incubated with
a high dose (200 pg mL™?!) of CDs had the total cell viability of higher
than 80%, which indicates that CDs have low cytotoxicity. This also
shows that the synthesized CDs have high biocompatibility, thus are
suitable for various cellular applications.

3.10. Imaging of HepG2 cells

To illustrate the response of fluorescent probe to cysteamine in vivo,
HepG2 cells were successively incubated with CDs, AgNPs, and
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Fig. 3. (a) Fluorescence emission spectra of CDs-AgNPs in the presence of different concentrations of cysteamine (0-18uM). (b) A plot of F/F, versus cysteamine
concentration. F and F, represent the fluorescence intensity of CDs-AgNPs in the presence and absence of cysteamine, respectively. Cysteamine concentrations: 2, 3,
5, 7, 10, 12, and 16 pg mL™'; CDs concentration: 8.5 pg mL™'; AgNPs concentration: 0.6 pM; pH = 7.5. (c) Photographs of CDs, CDs-AgNPs, and CDs-AgNPs-
cysteamine under illumination of white light and UV (365 nm) light. (d) Selectivity of CDs-AgNPs towards thirteen different molecules in phosphate buffer. CDs
and AgNPs were mixed with 5 mM phosphate buffer, pH 7.5 before detection. Concentrations of the molecules were as follows: cysteamine, 16 pM; Hcy, 10 uM; Cys,
100 pM; GSH, 1000 puM; and others, 100 uM. CDs concentration: 8.5 pg mL~. AgNPs concentration: 0.6 pM. Incubation temperature: 25 °C.

Table 1
Detection of cysteamine in bovine serum samples (n = 3).
Samples Spiked (pM) Found (M) Recovery (%) RSD (%)
1 6.00 6.70 111.7 0.4
2 12.00 11.96 99.6 0.03
3 18.00 17.18 95.5 0.6
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Fig. 4. Cell viability of HepG2 cells treated with different concentrations
of CDs.

cysteamine. As expected, upon incubation with CDs, HepG2 cells
exhibited a visible blue fluorescence of CDs (Fig. 5b), indicating that CDs
have been successfully internalized by the cells. After HepG2 cells was
further incubated with AgNPs for 1 h, the fluorescence was nearly un-
observable (Fig. 5d). By contrast, upon further incubation with cyste-
amine, the intensity of the fluorescence inside HepG2 cells drastically
increased (Fig. 5e). The calculated fluorescence intensities in Fig. 4c and
f using ImageJ were 114.1 and 68.4, respectively. These cell imaging
experiments indicate that the probe can successfully detect cysteamine
in living cells.

4. Conclusion

In summary, we developed a simple and sensitive “off-on” fluores-
cent probe from CDs and AgNPs for detection of cysteamine. The
detection had IFE-based mechanism caused by the overlap between the
excitation and emission spectra of CDs and the absorption peak of
AgNPs, which led to a significant decrease in fluorescence intensity of
CDs. But upon the presence of cysteamine, which could interact and
cause aggregation of AgNPs, the fluorescence of CDs was recovered. The
developed fluorescent probe had numerous advantages, e.g. mild
detection condition, low detection limit, and no complicated pretreat-
ment. It also had low cytotoxicity, thus excellent biocompatibility; in
addition to high selectivity, as determined by spike experiments using
bovine serum samples. It can be a promising candidate for various ap-
plications, such as food quarantine and clinical analysis.
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Fig. 5. Confocal images of HepG2 cells: (a) cells only (control); (b) cells incubated with CDs for 1 h; (d) cells incubated with CDs for 1 h, followed by AgNPs for 1 h;
(e) cells incubated with CDs for 1 h, followed by AgNPs and cysteamine for 1 h (c & f) 2.5D images of (b) and (e), respectively. (g) Fluorescence intensity of (b) and
(e). Excitation wavelength: 405 nm. Concentrations: CDs, 1.84 mg mL™"! (30 uL); AgNPs, 0.2 uM; cysteamine, 18 pM.
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