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Abstract

Silver nanoparticle (Ag NP)—coated carbon quantum dot (CQD) core-shell-structured nanocomposites (CQD@Ag NCs) were
developed for fluorescent imaging of intracellular superoxide anion (O, ™). The morphology of CQD@ Ag NCs was investigated
by transmission electron microscopy, and the composition was characterized by X-ray diffraction and X-ray photoelectron
spectroscopy. CQDs display blue fluorescence with excitation/emission maxima at 360/440 nm, and the fluorescence was
quenched by Ag NPs in CQD@Ag NCs. In the presence of O,", Ag NPs were oxide-etched and the fluorescence of CQDs
was recovered. A linearity between the relative fluorescence intensity and O, solution concentration within the range 0.6 to
1.6 uM was found, with a detection limit of 0.3 uM. Due to their high sensitivity, selectivity, and low cytotoxicity, the as-
synthesized CQD@Ag NCs have been successfully applied for imaging of O,” in MCF-7 cells during the whole process of
autophagy induced by serum starvation. In our perception, the developed method provides a cost-effective, sensitive, and
selective tool in bioimaging and monitoring of intracellular O,™ changes, and is promising for potential biological applications.

Keywords CQD@AgNCs - O, - Core-shell - Nanoprobe - Fluorescence recovery

Introduction derived carbon, Ag NPs/MWNTs, FePO4/rGO-C, and hollow

porous PtAg, have been well established to determine O,

As a primary radical and precursor of all reactive oxygen
species, excessive superoxide anion (O,") may cause oxida-
tive stress leading to cell damage and death [1-3]. Various
nanostructured electrodes-based electrochemical sensors,
such as CO-PCC/SPCE, Ti3C2—ATP—Mn3(PO4)2, ZIF-8-
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[4-9]. Among these nanomaterials, silver nanoparticles (Ag
NPs) exhibit outstanding non-enzymatic catalytic perfor-
mance for O," reduction. Also, Ag NPs have many promi-
nent advantages over traditional immobilization of superoxide
dismutase—based methods, such as easy preparation, good
sensitivity, high selectivity, and chemical and thermal stabili-
ties [10]. Despite advantages of wide linear range, low detec-
tion limit, excellent selectivity, and good stability in detection
of O, [11, 12], there are still some substantial drawbacks to
the electrochemical method with Ag NPs. It has displayed the
deficiencies of targeting at extracellular O,” and incapability
of imaging, especially as an optical imaging strategy for O,
in living cells.

To solve the above problems, the fluorescence method com-
bined with Ag NPs provides good opportunities for imaging
detection of O, in living cells, owing to its good sensitivity,
high spatial and temporal resolution, easy operation, and capa-
bility of real-time monitoring in living cells [13]. As for now,
many fluorescent probes for O, detection have been reported,
including hydroethidine (HE) [14] and dihydrorhodamine 123
[15], CDs-HE [16], FITC@mSiO, @hmSiO,@HE [17],
Au@Ag NRs [18], and the two-photon fluorescent probe
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[19]. However, these fluorescent small molecule-based and
hydroethidine-based probes usually suffer from the limitation
of complex design, tedious synthetic preparation, the interfer-
ence from background fluorescence, and non-specific staining
with other oxidants, resulting in poor selectivity and sensitivity
[20]. Meanwhile, due to their own optical properties, imaging
of Au@Ag NRs and two-photon fluorescent probe needs dark-
field microscopy and two-photon fluorescence microscopy
[21], respectively. These microscopic imaging equipment are
uncommon that hinders their practical applications in biological
and medical labs.

Carbon quantum dots (CQDs) have attracted increasing
attention and emerged as a novel type of fluorescent imaging
nanoprobe due to their good membrane permeability, low tox-
icity, favorable biocompatibility, and stable fluorescence
[22-25]. With assistant reductants, carbon-based dots could
serve as both the reductant and stabilizer for in situ growth of
Ag NPs attributed to their surface reducing and hydrophilic
functional groups [26, 27], which provides simple composi-
tion of CQD and Ag NP hybrids. Carbon and metal nanocom-
posites both possess nature of their own, which were devel-
oped as a turn-on fluorescent probe [28-30]. In the turn-on
model, the fluorescence of CQDs was quenched by the
medium-sized (5 nm) Ag NPs and recovered when etched
by oxidant.

In this study, core-shell CQD@ Ag nanocomposites (NCs)
were designed and synthesized as illustrated in Scheme 1. We
adopted a one-step hydrothermal synthesis strategy to prepare
CQDs with high fluorescence emission. CQD@Ag NCs were
formed by in situ chemical reduction. The fluorescence of
CQDs was quenched by the silver shell due to their proximity.
With the production of O, the silver shell can be effectively
etched by O, and thus CQDs can be released, leading to the
recovery fluorescence of CQDs. After evaluation of

AgNO,
- ®
NaBH,

CQD@Ag NCs

Intracellular

> o,-
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Scheme 1 Summary of one-step preparation of CQD@Ag NCs and
schematic illustrations of fluorescence “turn-on” detection O,  based
on CQD@Ag NCs in living cells
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sensitivity, selectivity, and cytotoxicity, the synthesized
CQD@Ag NCs were used for fluorescence imaging of intra-
cellular O,

Experiment
Chemical and materials

Citric acid (CA) and urea (UA) were obtained from Shengtai
Chemical Reagent Co., Ltd. (Tianjin, China, http://
tjdongli05302.11467.com). Silver nitrate (AgNO3) was
purchased from Sailboat Chemical Reagent Technology Co.,
Ltd. (Tianjin, China, http://www.tjhxsj.cn). Sodium
borohydride (NaBH,) was purchased from Tianjin Chemical
Reagent Co., Ltd. (Tianjin, China, http://www.tjfch.com).
Hypoxanthine and xanthine oxidase were purchased from
Yuanye Biotechnology Co., Ltd. (Shanghai, China, http://
www.shyuanye.com/index.html). Disodium hydrogen
phosphate dodecahydrate (Na,HPO,), potassium chloride
(KCl), potassium phosphate dibasic (KH,PO,), and sodium
chloride (NaCl) were obtained from Kaitong Chemical
Reagents Co., Ltd. (Tianjin, China, http://tjkthxsj.china-j.
com). Phosphate-buffered saline (8 g L™' NaCl, 0.2 g L™
KCl, 1.44 g L' Na,HPO,, 0.24 g L' KH,PO,, pH 7.2, ster-
ilized at 121 °C for 20 min). Roswell Park Memorial Institute
1640 was obtained from Sigma-Aldrich (Shanghai, China,
https://www.sigmaaldrich.com). Fetal bovine serum (FBS)
was purchased from Tianhang Biotechnology Co., Ltd.
(Zhejiang, China, http://www.hzsjq.com). EBSS-Earle’s
salts were provided by Hosai Technology Co., Ltd.
(Qingdao, China, http://www.haosail.com). MTT Cell
Proliferation and Cytotoxicity Detection Kit was purchased
from Solarbio Technology Co., Ltd. (Beijing, China, http://
www.solarbio.com/). MCF-7 cells were obtained from Shanxi
University. The ultrapure water used throughout all experi-
ments was purified with a Millipore system which was all
182 MQ ecm ! (URT-11-10T, Mill-Q, China). Other reagents
were all of analytical grade and were commercial products. No
further purification was carried out in this experiment.

Synthesis of CQDs and CQD@Ag NCs

CQDs were hydrothermally synthesized using citric acid as
precursor and urea as nitrogen source [31]. The synthesis of
CQDs is improved on the basis of predecessors. The specific
synthetic procedure is shown in the Electronic Supporting
Material.

CQD@Ag NCs were synthesized according to the method
shown in Scheme 1. Briefly, 0.8 mg solid CQDs and 0.72 mg
sodium borohydride (NaBH,) were dissolved in 5 mL ultra-
pure water. Then, 5 mL of 4 mM AgNO; solution was slowly
dropped into the mixtures of CQDs and NaBH, solution
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followed by magnetic agitation for 30 min. After the color of
the solution changed from pale yellow to dark brown,
CQD@Ag NC solution was obtained. The final products were
first purified by centrifugation at 10,000 rpm for 20 min. The
precipitates were dried at — 80 °C for 48 h and solid sample of
CQD@Ag NCs was reserved.

Instruments

Surface morphology and size of CQDs and CQD@Ag NCs
were characterized by a JEM-2010 transmission electron mi-
croscopy (JEOL, Japan, https://www.jeol.co.jp/) with an
accelerating voltage 200 kV. The relative height was
performed on a Park NX10 atomic force microscopy (AFM,
Suwon, South Korea, https://parksystems.com/cn/). X-ray dif-
fraction (XRD) patterns about CQDs and CQD@Ag NCs
were received from a Rigaku D/Max-3B X-ray diffractometer
(XRD, Japan, https://www 1.rigaku.com/ja). The fluorescence
spectra were obtained from a FluoroMax-4 fluorescence spec-
trometer (Horiba, Japan, https://www.horiba.com/). The
chemical compositions of CQDs and CQD@Ag NCs were
analyzed by X-ray photoelectron spectroscopy (XPS,
ESCALAB 250Xi Thermo Scientific, http://corporate.
thermofisher.com). Fourier transform infrared (FT-IR) spectra
were recorded to analyze the functional groups of CQDs and
CQD@Ag NCs by using ALPHA II Fourier transform infra-
red spectrometer (Bruker, Germany, https://www.bruker.
com/). Fluorescence microscopic images of cells were taken
with a Leica fluorescence microscope (Leica, Germany,
https://www.leica-microsystems.com.cn/cn/). Photographs
were recorded using a digital camera under a UV lamp
(365 nm excitation).

Fluorescence response of CQD@Ag NCs to various
concentrations of O, solution

According to the previous studies, the enzymatic reaction of
xanthine oxidase (XO, 200 mU mL™") and hypoxanthine
(HX, 100 uM) can generate a stable 2 uM L' O,
[32-34]. The various concentrations of O, samples were
prepared by changing the concentration of XO (0—
200 mU mL™") into phosphate-buffered saline with constant
mild stirring. CQDs (100 pg mL™") and CQD@Ag NCs
(100 pg mL ") were added into the reaction solution which
produced O," and incubated at 37 °C for 10 min, respective-
ly. The corresponding fluorescence spectra of the reaction
solution were measured by a FluoroMax-4 fluorescence spec-
trometer with the excitation at 360 nm (emission at 440 nm).
The fluorescence intensity was termed F,, and the fluores-
cence intensity of CQD@Ag NCs etched by different concen-
trations of O," was termed F. The correlation between the
ratio of fluorescence intensity (F/F) and the concentration
of O, was established .

Cell culture and MTT detection

MCF-7 cells were cultured in Roswell Park Memorial Institute
1640 (RPMI-1640) containing high glucose supported by
10% fetal bovine serum (v/v), 100 pg mL™" streptomycin,
and 100 units mL™" penicillin at 37 °C under a 5% CO, atmo-
sphere. MCF-7 cells were seeded in 96-well plates with a
density of 1 x 10* cells per well in medium, and incubated
12 h under 37 °C in a 5% CO, condition. The cytotoxicity
of CQD@Ag NCs was tested as follows. First, MCF-7 cells
were incubated in culture media with the addition of
CQD@Ag NCs at 5,10, 20, 30, 50, 100, and 200 pug mL™!
for 24 h. Control groups were treated under the same condi-
tions with the addition of CQDs. Then, cells were washed with
the phosphate-buffered saline, and the fresh culture media
(100 pL) containing 10 pL MTT (5 mg mL ") were dropped
to each well and incubated for another 4 h. Subsequently, the
supernatant was removed, followed by the additional 110 pL
of DMSO in each well and shaken for 10 min. The optical
density (OD) was obtained at 490 nm on a microplate reader.
The cell viability was determined using the following formula:
cell Vlablhty (%) = (ODtreated/ODcontrol) x100%. For the ex-
periments of selectivity test, the details of experiment about
interference analysis are shown in the Electronic Supporting
Material.

In vivo fluorescence detection and imaging

CQDs and CQD@Ag NCs were used as a nanoprobe for
fluorescence imaging. The cultured MCF-7 cells were plated
on a Petri dish in advance 24 h before fluorescence imaging
studies in living cells. MCF-7 cells were seeded in 24-well
plates at a density of 10* cells per well and incubated for 1 h
before treatment. Next, the cells were incubated at 37 °C for
30 min in 200 puL of culture media containing 10 uL
CQD@Ag NCs (100 pg mL ) solutions and 10 uL CQDs
(100 ug mL™"), respectively. Then, the MCF-7 cells were
washed with phosphate-buffered saline (pH = 7.4) three times
to remove the residual nanoprobes and continuously cultured
in fresh medium for 0, 30, 60, 90, and 120 min. The fluores-
cence imaging was obtained by a fluorescence microscope
with excitation at 365 nm wavelength. For determining the
generated O,” during autophagy in living cells, EBSS-
Earle’s salts were added to induce the generation of O,” and
fluorescence microscopic images were then acquired after be-
ing induced at different times (0, 30, 60, 90, 120 min).

The fluorescence images were analyzed and calibrated
using ImageJ 1.51j8 (Bethesda, USA, https://imagej.nih.gov/
ij/index.html). About 30 cells were counted for each
experimental group. The area of interest (AOI) of each cell
was defined as round 400 square pixels region (3 AOIs per
cell). Average pixel fluorescence intensity of each cell was
calculated for 3 AOIs.

@ Springer
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Fig.1 TEM images of a CQDs, b CQD@Ag NCs, and c CQD@Ag NCs spectrum of CQDs, CQD@Ag NCs, and CQD@Ag NCs etched by O,°
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Results and discussion
Characterization of CQDs and CQD@Ag NCs

CQDs were prepared by hydrothermal synthesis, and
CQD@Ag NCs were synthesized by in situ reduction of silver
nanolayer on the surface of CQDs. The morphologies of
CQDs and CQD@Ag NCs were characterized by TEM. As
shown in Fig. 1a, the CQDs were smooth and well dispersed
with the average diameter of 3.04 £ 1.12 nm, while the surface
of CQD@Ag NCs (Fig. 1b) became rough and well dispersed
with the average diameter of 8.06 + 0.21 nm, which was larger
after the introduction of the silver nanolayer on the surface of
CQDs. The results indicated the formation of a certain thick-
ness of silver nanolayer on the surface of the CQDs. AFM
images are shown in Fig. S1 a and b, the increase in relative
height of CQD@Ag NCs, compared with CQDs, which fur-
ther indicate the formation of CQD@Ag NCs. The TEM im-
age of CQD@Ag NCs after being etched by O, is shown in
Fig. 1c, and it is clearly seen that the morphologies are spher-
ical and the average size of these nanoparticles is 3.88 +
0.05 nm and is close to CQDs, demonstrating the CQDs were
released after being etched by O, To illustrate the fluores-
cence properties of CQDs and CQD@Ag NCs, fluorescence
spectra are shown in Fig. 1d. The emission peak of CQDs
located at 440 nm when excitation wavelength was 360 nm.
The fluorescence of the CQDs was quenched by silver when
the CQD@Ag NCs are formed that may result from the local

02"~ Concentration (uM)

surface plasmon resonance in Ag NPs [35]. The fluorescence
reproduced in CQD@Ag NC solution with oxidative etching
by O,". This is consistent with its fluorescent photograph
under 365 nm UV light.

The chemistry composition and surface functional groups
of CQDs and CQD@Ag NCs were investigated by XRD,
XPS, and FT-IR spectra. The typical XRD patterns of CQDs
and CQD@ Ag NCs are depicted in Fig. 2a. CQDs exhibited a
broader peak centered at 260 =27° [36], which indicates that
the structures of CQDs are amorphous carbon structures. The
peaks at 20 =38°, 44°, 65°, and 78° can be assigned to (111),
(200), (220), and (311) diffractions, respectively, of the face-
centered cubic lattice of Ag (JCPDF 04-0783) [37], suggest-
ing the synthesis of pure crystalline silver on the CQD surface.
XPS was applied to characterize the element composition and
chemical state of material’s surface layers. The longitudinal
split of the 3d doublet of Ag is deduced to be 6.0 eV (Fig. 2b),
which confirms the formation of silver nanolayers.
Composition variety in Cls spectrum of CQDs (Fig. S3a)
and CQD@Ag NCs (Fig. S3b), indicating the reduction of
C=0 groups into C-OH on CQDs by in situ reduction of Ag
NPs. Compared with CQDs in FT-IR spectra (Fig. S2), the
stretching vibration of C=0 (1650 cm ') decreases and C—OH
(1375 cm™ ') increases in CQD@Ag NCs, which confirmed
the reduction of C=0 into C-OH groups. The variety of Ols
spectrum in CQDs and CQD@Ag NCs (Fig. S3c and S3d)
[38] further demonstrated the improved stability of the
CQD@AgNCs by in situ composite between the Ag NPs

Table 1 An overview on recently reported nanomaterial-based optical methods for determination of superoxide anion

Materials Method applied Linear range (1M) Detection limit (nM) Intra/extracellular Ref.
CD-HE Ratiometric fluorescence 0.5-140 100 Intracellular [16]
FMH NPs Ratiometric fluorescence 0.2-20 80 Intracellular [17]
PCLA-O,™ Chemiluminescence 0-9.5x107* 0.0193 Intracellular [41]
PS-SOsH@Tb/G Ratiometric fluorescence 1.012 x 10 %-6.0 34 Extracellular [42]

Au NDs Fluorescence 0.6-78 445 Intracellular [40]

CdTe QDs-Schiff base Fluorescence 2-100 1800 Extracellular [39]
CQD@Ag NCs Fluorescence 0.6-1.6 300 Intracellular This work

@ Springer
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and the surface oxygen sites of CQDs. These XPS results
reveal that the CQD@Ag NCs were successfully synthesized
by in situ reduction. Some related data are described in the
Electronic Supporting Material.

Sensitivity investigation for different concentrations
of 0, solution

For evaluation of the detection sensitivity, the fluorescence
emission spectra of the solution with different concentrations
of O, ranging from 0 to 2 uM were measured. As shown in
Fig. 3a, the fluorescence intensity is gradually enhanced with
increasing O,” concentration, displaying O, dose-dependent
fluorescence enhancement. In order to better simulate the fluo-
rescence response of CQD@Ag NCs to various concentrations
of O, solution, fluorescence intensity of CQD@Ag NCs (F)
was normalized to that of CQDs (F,). Normalization of fluores-
cence intensity of CQD@ Ag NCs to that of CQDs could reduce
accidental errors caused by operation errors, transmittance dif-
ferences among cuvettes, and different fluorescence excitation
efficiency. Figure 3b shows the calibration curves based on F/F,
versus O," concentration, and the inset shows that there is a
narrow relationship between the relative fluorescence intensity
and the O, concentration in the range of 0.6-1.6 uM. The
linear regression equation is F/F, =0.55¢ (0, ) —0.14 with a
correlation coefficient R? = 0.993, deriving the detection limit of
0.3 uM. A comparison of linear range and detection limit with
previous optical methods based on nanomaterials for O,

detection is shown in Table 1. It can be found that the
CQD@Ag NC-based detection method exhibits lower detec-
tion limit than the other two fluorescent nanomaterial-based
assays [39, 40], while higher than that based on ratiometric
fluorescent and chemiluminescent nanomaterials [16, 17, 41,
42]. Compared with all these methods, the CQD@Ag NCs
exhibit narrow linear range and low sensitivity [16, 17,
39-42], according to the above formula for linear regression.
Precisely because the range of response became narrow; the
slope of the linear regression equation also became small when
normalization of fluorescence intensity.

Cytotoxicity and selectivity of CQD@Ag NCs
for imaging of the 0, in living cells

In order to study the biocompatibility of the fluorescent probe,
MTT detections were used to evaluate the cytotoxicity of
CQDs and CQD@Ag NCs. The results indicated that
MCF-7 cells still kept high viability after incubating
for 24 h with either CQDs or CQD@Ag NCs up to
200 pg mL™' (Fig. 4a). In other words, if the concen-
tration of probes was not more than 200 ug mL™', then
both CQDs and CQD@Ag NCs had low toxicity to
cells and could be used for intracellular fluorescent de-
tection and imaging as nanoprobes.

Additionally, Fig. 4b exhibits the fluorescence images of
MCEF-7 cells in different inducing conditions. MCF-7 cells
incubated with CQDs exhibit bright blue fluorescence

Fig. 4 a Cell viability of MCF-7 a
cells incubated with CQDs and
CQD@Ag NCs for 24 h. b The
selectivity detected by fluores-
cence microscopy images for O,
and different interferences con-
taining H,O,, UA, DA, and glu-
cose. MCF-7 cell incubation with
CQD@Ag NCs (100 pug mL ™)
and CQDs (100 pg mL™") for

30 min and induced by different
interferences
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induced by O,", DA, H,0,, and glucose, respectively. In
stark contrast, no obvious fluorescence except induced by
0," was observed in different conditions. This indicates there
was no noticeable interference from UA, DA, glucose, and
H,0, in relation to the response generated by O, , suggesting
that the CQD@Ag NCs possess excellent selectivity for the
fluorescence detection and imaging in living cells.

Fluorescent imaging of intracellular O, by CQD@Ag
NCs

To further test the ability of fluorescent imaging of intracellu-
lar O,”, CQD@Ag NCs were incubated with MCF-7 cells.
After incubating for 30 min, CQD@ Ag NCs entered into cells
and then EBSS without nutrient was incubated for another 30,
60, 90, and 120 min, respectively, inducing increasing pro-
duction of O, [43]. The MCF-7 cells were observed by fluo-
rescence microscopy with an excitation at 365 nm. As a con-
trol, whether or not induction of autophagy, CQDs always
emitted blue fluorescence (Fig. 5a), suggesting CQDs are

Fig. 5 a Fluorescence a

fluorescence resistant in the O, circumstance and accumula-
tion into cytoplasm of cells [44, 45]. There was no fluorescent
signal of CQD@ Ag NCs in normal cells indicating a low level
of O,", while blue fluorescence was observed during autoph-
agy (Fig. 5a). The fluorescence from CQD @ Ag NCs was first
observed in MCF-7 cells after autophagy induction 30 min,
and gradually increased with the progression of autophagy
(Fig. 5a) suggesting gradually increasing O,” concentration.
The maximum fluorescence signal emerged at 90 min after
autophagy induction (Fig. 5a).

To validate the relationship between fluorescence intensity
and O, concentration, the relative fluorescence intensity, the
ratio of CQD@Ag NC fluorescence intensity to CQDs (F/F)
was counted (Fig. 5b). O," concentration was calculated ac-
cording to the linear calibration equation: F/Fq=0.55 ¢(O,")
—0.14 (Fig. 5b), showing that the trend of fluorescence inten-
sity was consistent with the O," concentration. Thus, fluores-
cent imaging of intracellular O,” by CQD@Ag NCs could be
used as an efficient detection method for monitoring the pro-
duction of O, in living cells.
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Compared with electrochemical detection (Table S1), a
synthesized probe (CQD@Ag NCs) can directly detect the
intracellular O, rather than extracellular O, released from
the cells, which can improve the detection accuracy due to the
rapid conversion of O,". Like small molecule, ratiometric,
and other fluorescent probes and near-infrared probes, the
CQD@Ag NCs could be applied for fluorescence imaging
of O,". The excellent performance of the fluorescent assay
is attributed to the use of the CQD @ Ag NCs which avoids the
complicated experimental procedure. The turn-on mode made
the sensitive fluorescence imaging possible. However, the
common problem in CQD@Ag NC fluorescent imaging is
the background fluorescence. Near-infrared CQD fluores-
cence may offer a potential solution for the limitation [46].

Conclusion

A fluorescent “turn-on” assay for sensitive and selective im-
aging of intracellular O, was designed using CQD@Ag
core-shell nanocomposites, which were easily synthesized
by in situ reduction of Ag NPs onto CQDs. The fluorescence
of CQDs was quenched by the Ag shell and recovered when
the Ag shell was etched by O,". The fluorescence response of
CQD@Ag NCs to different concentrations of O, solution
showed regular fluorescence recovery, exhibiting a good lin-
ear relationship (R?=0.993) between the normalized fluores-
cence intensity and O," concentration, and a low detection
limit (0.3 uM). This method was applied for fluorescent im-
aging of intracellular O, of cells during serum starvation—
induced autophagy. Although fairly narrow in O, solution
detection (0.6—1.6 uM), the linear range covers the detection
range of O, in autophagy-induced cells. In view of the con-
venient synthesis, attractive fluorescence characteristics, and
low cytotoxicity, the CQD @ Ag NC-based strategy is a prom-
ising candidate for low cost, highly sensitive and selective
cellular imaging, sensing, and labeling.
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