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HIGHLIGHTS

GRAPHICAL ABSTRACT

e A simple, label-free approach was
developed to detect Cyt c using near
infrared fluorescence Ag,S QDs.

e The sensing strategy is based on the
peroxidase-like activity of the hy-
drolysate of Cyt c.

e The Ag,S QDs — based strategy is due
to electron transfer mechanism.

o The strategy was successfully applied
for the measurement of Cyt c in the
apoptotic cells inducing by H,0, or
etoposide.
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As an important biomarker, cytochrome c (Cyt c) plays a crucial role in mitochondrial electron transport
chain and cell apoptosis. Herein, a label-free near-infrared (NIR) Ag,S quantum dots (QDs)-based fluo-
rescent strategy was constructed for the sensitive and selective detection of Cyt c. In this system, Cyt c
was hydrolyzed by trypsin, and the resulting heme-peptide fragment exhibited peroxidase-like activity
for catalytic decomposition of H,O, into hydroxyl radical (-OH). The presence of caffeic acid in this
system resulted into the formation of caffeic acid-quinone due to the strong oxidizing ability of -OH. The
production of caffeic acid-quinone led to the fluorescence quenching of Ag,S QDs through electron
transfer mechanism. Based on the cascade reaction, we successfully developed a label-free approach to
detect Cyt c using Ag>S QDs as nanoprobes. Under the optimized conditions, the fluorescence intensity of
Ag>S QDs was linearly relative to the concentration of Cyt c over the range from 2.0 to 150 nM with a
detection limit of 1.7 nM. In addition, this strategy was successfully applied for quantitative detection of
Cyt c in cell lysates of H,0, or etoposide (anticancer drug)-induced apoptotic cells, providing great
potential application for cell-based oxidation pressure determination and screening of anticancer drugs.
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1. Introduction

Cytochrome c (Cyt c), a heme-containing protein, plays a critical
physiological role in the cell apoptosis process [1]. Normally, Cyt ¢
exists in mitochondrial membrane in cells and can be acted as an
electron carrier due to its iron content. Once Cyt c releases from
mitochondria and enters into cytoplasm, it can trigger the
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activation of caspases and stimulate apoptosis [2,3]. Thus, Cyt ¢ has
been considered to be an indicator of the apoptotic process in the
cell [4—6]. Therefore, the detection of Cyt c in cell lysates is of
important significance to learn about certain diseases on cellular
level [7,8]. On account of the facts, it is crucial to develop novel
strategies for sensitive and selective detection of Cyt c.

Until now, various methods have been reported for detecting
Cyt ¢, such as enzyme linked immunosorbent assay (ELISA) [9], flow
cytometry [10], HPLC [11], electrophoresis [ 12] and electrochemical
method [13]. The signal amplification in ELISA is mediated by
enzymatic reaction, which is limited by the availability of sub-
strates [14]. As for flow cytometry, HPLC and electrophoresis, these
approaches possess sufficient sensitivity, but with the shortages of
time-consuming and expensive instruments [14,15]. Electro-
chemical method is easy to be interfered by electrochemical active
substances and the electrode surface is prone to be passivated by
the proteins [14—16]. Recently, an electrochemiluminescence
aptasensor was developed for the detection of Cyt ¢, which was
based on the immobilization of negatively charged apatmer on
reduced graphene oxide (rGO)/Ru(bpy)3t—CeO, nanoparticle-
chitosan [17]. An optical microfiber aptasensor with a Ag@rGO
nanointerface was reported for real-time cellular Cyt ¢ monitoring,
which was based on the change of surface refractive index induced
by the surface roughness and thickness resulted from the capturing
Cyt ¢ [18]. Fluorescence assay has been extensively applied in bio-
logical analysis due to its simple operation, high sensitivity and low
cost [19,20]. Recently, the nanoprobes based on fluorophore-tagged
aptamer were constructed for the detection of Cyt ¢ [21—23]. Based
on the adsorption and fluorescence quenching abilities, VS,
nanosheet-based fluorescent biosensor was developed for the se-
lective and sensitive detection of Cyt ¢ using fluorescein-labeled
aptamer as recognizer and probes [14]. Shamsipur and coworkers
developed an aptamer-templated Ag nanoclusters for the selective
and sensitive detection of Cyt ¢ based on the photoinduced electron
transfer mechanism. The fluorescent probe was successfully
employed for the detection of early stage of apoptosis based on the
measurement of Cyt c released from the mitochondria of HEK293T
cells, which were treated with CCLR buffer and anticancer drug
Doxorubicin [15]. An upconvertion@polydopamine (UCNP@PDA)
core@shell nanoparticle-based fluorescence activated aptameric
biosensor was also developed for the ratiometric detection of Cyt c,
in which Cy3 modified aptamer was used to recognize Cyt c, and
UCNP@PDA NP was acted as an internal reference and fluorescence
quenching agent [21]. Very recently, Yang's group reported an
azoreductase and Cyt c double activated fluorescent aptameric
sensor for specific distinguishing of the release of Cyt c in apoptotic
process induced by hypoxia [23]. Although the aptameric fluores-
cence biosensors show highly selective for Cyt c detection, the
screening and labelling are tedious and expensive. The integration
of fluorescent nanomaterials with molecular imprinting technique
is another choice for selective detection of Cyt c through the
combination of molecular imprinting technique with UCNPs [24],
nitrogen-doped-graphene quantum dots (GQDs)@SiO;, [25] and Si
QDs@ SiO, [26]. However, for the protein imprinting, this proced-
ure is very difficult to be realized and the reproducibility of this
strategy is not easy to be controlled. The label-free strategy with
high sensitivity and selectivity is urgently needed for the mea-
surement of Cyt c. The interaction between Cyt ¢ and thioglycolic
acid (TGA) modified CdTe QDs resulted into the fluorescence
quenching due to the enhancement of electron transfer via the
coordination of TGA sulfur with Cyt c iron. The system was devel-
oped to be a bioanalytical platform for Cyt c detection in human
SKIN cells and bioimaging in primary human dermal fibroblasts
[27]. Through the integration of GQDs with GO, Cao developed a
fluorescent sensing platform for recognition of Cyt c by modulation

the fluorescence signal “turn-on” or “turn-off” via different inter-
action model with Cyt ¢ [28]. [Poly(styrene-4-sulfonate)-protected
copper nanoclusters were also developed to detect Cyt ¢ based on
the quenching effect of Cyt ¢ [29]. Although label-free fluorescence
methods were also developed for detection of Cyt ¢ based on car-
bon QDs [30], CdTe QDs [27], gold and silver nanoclusters [15],
graphene QDs [28], etc, however, most of these nanomaterials emit
visible fluorescence. The autofluorescent from proteins under the
excitation of UV—vis light might affect the accurate analysis of the
early stage apoptotic cells through the detection of Cyt c released
from mitochondrial. Near-infrared (NIR) fluorescence is a very
promising tool for biosensing due to minimal autofluorescence,
absorption of biomolecules and light scattering. Therefore, there
are still high demands to develop a simple, label-free NIR fluores-
cent method for detection of Cyt c in biological samples.

Since Wang and coworkers reported to synthesize NIR Ag,S QDs
[31], the nanomaterials have attracted intensive attention for
biomedical applications. Due to the absence of toxic metal ions and
ultralow solubility product constant (Ksp = 6.3 x 1079, Ag,S QDs
show excellent biocompatibility [32]. Moreover, Ag,S QDs have
been widely applied in biosensing and bioimaging due to their
unique properties, including excellent NIR emitting, unusual
photochemical stability and high penetration depth [33]. Herein, a
simple and label-free method was developed for Cyt c detection by
using NIR Ag,S QDs as the sensing probe in this work. As shown in
Scheme 1, Cyt c is hydrolyzed into heme-peptide fragments by
trypsin, and the hydrolysis products with peroxidase-like activity
can convert H,O, into -OH. Then, the released ‘OH can oxidize
caffeic acid to form caffeic acid-quinone [34—36], and lead to the
fluorescence quenching of Ag,S QDs via electron transfer [37—40].
Hence, the presence of Cyt c in sensing system can trigger the
cascade reaction and turn off the fluorescence of Ag,S QDs. The
approach has been successfully applied in detection of Cyt c in cell
lysates, which is released from apoptotic cells induced by H,0, and
anticancer drug etoposide.

2. Experimental section
2.1. Materials and chemicals

Cyt ¢, caffeic acid, trypsin, 3,3’,5,5'-tetra-methylbenzidine
(TMB), etoposide, ascorbic acid, lysozyme and lysine were acquired
from Aladdin Industrial Co., Ltd (Shanghai, China). Hemin, IgG, Hb
and transferrin were obtained from Sigma-Aldrich (Shanghai,
China). 3-mercaptopropionic acid (3-MPA, 99%) was purchased
from J&K Chemical Technology Co., Ltd (Shanghai, China). Gluta-
thione (GSH), H,0,, AgNO3 and NaOH were obtained from Sino-
pharm Chemical Reagent Co., Ltd (Shanghai, China). Albumin from
bovine serum (BSA), adenosine triphosphate (ATP) and tris(hy-
droxymethyl)aminomethane (Tris) were purchased from Sangon
Biotech Co., Ltd. (Shanghai, China). Dulbecco's modified Eagle's
Medium (DMEM), penicillin-streptomycin and trypsin solution
were obtained from Sangon Biotechnology Co., Ltd. (Shanghai,
China). Ultrapure water (18.2MQcm) was used in all the
experiments.

2.2. Apparatus

Fluorescence spectra and lifetime were measured by a FLS 980
fluorescence spectrometer (Edinburgh Instruments Ltd, UK).
UV—vis spectra were recorded by a UV-2550 spectrophotometer
(Shimadzu, Japan). Fourier transform infrared (FTIR) spectra were
obtained at room temperature on a Thermo Scientific Nicolet iS50
FTIR spectrometer. Transmission electron microscopy (TEM) im-
aging was obtained by a JEM-2100F TEM (JEOM, Japan). X-ray
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Scheme 1. Schematic illustration of the label-free detection of Cyt ¢ based on NIR Ag,S QDs.

powder diffraction (XRD) pattern was conducted by a D8 Advance
X-ray powder diffractometer (Bruker, Germany). The X-ray photo-
electron spectra (XPS) were measured by an AXIS Ultra DLD X-ray
photoelectron spectrometer (Shimadzu, Japan).

2.3. Synthesis of Ag2S QDs

Water-dispersible Ag,S QDs were synthesized according to
previous work of our group [41]. Generally, 25 mM 3-MPA mixed
with 45 ml deionized water under nitrogen for 30min.Then, 5 mM
AgNO3; was added, and the pH was adjusted to around 7.5 using
NaOH and CH3COOH solutions (2 mol L ~1). The solution was heated
to 90 °C under magnetic stirring for 12 h. The resulted product was
washed with ultrapure water using centrifugal filtration devices
(Molecular weight cutoff or MWCO 3 kDa, Millipore Amico Ultra)
and then stored at 4 °C for further usage. The concentration of QDs
in colloidal solution was measured by inductively coupled plasma
optical emission spectrometer (ICP-OES).

2.4. Peroxidase-like activity of heme-peptide fragment

0.2 uM Cyt ¢ and 5 pg/ml trypsin were reacted for 60 min at
37°C in acetic acid buffer (50 mM, pH =5.0). Then, 0.5 mM TMB
and 200 uM H,0, were quickly added into above solution and the
UV—vis absorption spectra were measured within 2 min.

2.5. Fluorescent detection of Cyt ¢

Different concentrations of Cyt ¢ and 5 pug/ml trypsin were dis-
solved in Tris-HCl buffer (50 mM, pH=8.0) at 37°C for 60 min
100 pM caffeic acid, 200 uM H;0, and 30 pL Ag,S QDs (0.5 mg/ml)
were added, subsequently. After incubating 60 min at room tem-
perature, the fluorescence intensities of the above solutions were
recorded on FLS 980 fluorescence spectrometer (hex = 468 nm).

2.6. Cell culture and induction of apoptosis
Hela cells were grown in DMEM (high glucose) and replenished

with 1% penicillin-streptomycin and 10% FBS (fetal bovine serum)
at 37°C and 5% CO,, In order to induce the cell apoptosis,

50 uM H,0; or 5 pM etoposide was added and incubated with Hela
cells (1 x 10° cells) for 12 h, respectively. Then, the cultured Hela
cells were washed four times with PBS, and then trypsinized, pel-
leted by centrifugation (1000 rpm for 3 min). The supernatant was
removed and resuspended in 200 uL PBS. After that, the resus-
pended cells solution was frozen at —20 °C for 30 min and thawed
at 37 °C for 5 min. The frozen and thawed processes were repeated
three times, and the cell lysate was centrifuged at 12000 rpm for
1 min at 4 °C. The supernatant was stored in refrigerator at 4 °C for
further usage.

2.7. Detection of Cyt C in cell lysates

Cyt c in cell lysates collected from above experimental process
was detected by using standard addition method. 10 pL cell lysates
and various amounts of Cyt ¢ were added, and the following pro-
cedures were the same as the fluorescence detection.

3. Results and discussion
3.1. Characterization of Ag»S QDs

The morphology of Ag,S QDs was characterized by TEM (Fig. 1A).
The as-synthesized Ag>S QDs show good dispersibility and the
average particle size is about 3.57 + 0.02 nm (based on the statistics
of 350 QDs) (Fig. 1B). XRD was used to investigate the crystal
structure of Ag>S QDs. The experimental data indicate the Ag,S QDs
with monoclinic pattern (JCPDS Card No. 65—2356) (Fig. 1C). The
broadening of the diffraction peaks may be attributed to the nature
of nanocrystalline and amorphous surface ligands [31,42,43]. FITR
spectra of 3-MPA and Ag>S QDs are shown in Fig. 1D. As for 3-MPA,
the absorption peak located at 2574 cm ~! is corresponding to the
stretch vibration of free thiol group. The band at 1713 cm™! is
attributed to the C=0 stretch vibration of carboxyl group. As for
Ag>S QDs, the peak at 2574 cm ~! almost disappears, indicating that
3-MPA is successfully bound to the surface of Ag,S QDs via the Ag-
thiol interaction. The strong signals at 1562 and 1416cm™! are
assigned to the asymmetric and symmetric stretching vibration of
carboxylate [44]. The XPS analysis confirmed the chemical
composition of the as-prepared QDs. Fig. ST shows the Ag 3d and S



156 M. Cai et al. / Analytica Chimica Acta 1056 (2019) 153—160

JCPDS: 65-2356

Intensity (a.u.)

20 30 40 50 60 70

20 (degree)

1713em™}

3500 3000 2500 2000 1500 1000
Wavenumbers(cm™)

Fig.1. (A) TEM image and (B) the corresponding size distribution of Ag,S QDs, (C) Powder XRD pattern of Ag,S QDs (the line in the bottom is the standard XRD pattern of monoclinic
Ag,S crystals (JCPDS no. 65—2356)), (D) FTIR spectra of Ag,S QDs (red curve) and 3-MPA (black curve). (For interpretation of the references to colour in this figure legend, the reader

is referred to the Web version of this article.)

2p core level peaks of Ag,S QDs. The binding energies (BE) of the Ag
3ds)2 and 3ds3p; appear at 368.25 and 374.27 eV, indicating the ex-
istence of the oxidation state of Ag (I) in the Ag,S QDs (Fig. S1A)
[43]. The S 2p core level could be fitted to two doublet sets
(Fig. S1B). The S 2p32 peak at 162.18 eV is indicative of an Ag—S—Ag
bond originating from the inorganic core and the peak at 163.39 eV
belongs to S of the 3-MPA [44]. All data show that 3-MPA is con-
jugated on the surface of Ag>S QDs. We further investigated the
optical properties of the as-prepared Ag,S QDs. As shown in Fig. S2
(black line), no obvious absorption peak is observed, in contrast,
Fig. S2 (red and blue line) shows that Ag,S QDs display strong
luminescence at 790 nm with the excitation wavelength of 468 nm.
The results are consistent with literature [41].

3.2. Principles of the sensing system

To explore the peroxidase-like activity of heme-peptide frag-
ment, the classic reaction of H;O,-mediated TMB oxidization was
adopted (Fig. S3). There are no obvious characteristic absorption
peaks for oxidized TMB at 652nm in the systems of TMB
(Fig. S3(a)), TMBJ/H,0, (Fig. S3(b)) and TMB/H,0;/trypsin
(Fig. S3(c)). After addition of Cyt c into TMB/H,05/trypsin system, a
strong absorption for oxidized TMB is observed (Fig. S3(e)). How-
ever, for the TMB/H,0,/Cyt c system, only a very weak absorption is
observed (Fig. S3(d)). These data show that the peroxidase-like
activity is resulted from the hydrolysate of Cyt c, namely, heme-
peptide fragment [45].

To confirm the caffeic acid can be oxidized into caffeic acid-
quinone during the process, we investigated the UV—vis spectra
of caffeic acid before and after adding into the Cyt c/trypsin/H,0,
system (Fig. 2A). As shown in Fig. 2A (a) and (d), broad absorption
peak at 420—550 nm appears in the presence of Cyt ¢, trypsin and
H,0,. It is the characteristic absorption of quinonoid species [46],

indicating the formation of caffeic acid-quinone [18,36,47,48]. The
system coexistence of Cyt ¢, trypsin and H,0; can produce -OH with
strong oxidizing ability and result into the oxidation of caffeic acid
and formation of caffeic acid-quinone [34,49—51]. Based on the
UV—vis spectra for other controlled systems, they are further
confirmed the absorption at 420—550 nm is due to the formation of
caffeic acid-quinone. Fig. 2A (b) and (c) are the UV—vis spectra for
caffeic acid/H,02 and caffeic acid/Cyt c/trypsin systems, respec-
tively. It can be seen that no obvious absorption appears at
420—550 nm. Fig. 2B (a) is the UV—Vis spectrum of Cyt c, and the
characteristic absorption for y (Sorbet) band (at 410 nm), 8 band (at
522 nm), and o band (at 550 nm) can be observed. All data indicate
that the Cyt c is in a reduced state [52,53]. In the presence of
trypsin, the absorption at 410 nm is blue-shifted to 405 nm, the
peaks at 522 nm and 550 nm are lost and a small broad band ap-
pears. These changes suggest that the Cyt c is hydrolyzed to form
heme-peptide fragment, the heme cofactor in heme-peptide frag-
ment is exposed to the external environment and which can be
oxidized quickly [54,55]. These results indicate that caffeic acid is
oxidized into caffeic acid-quinone by -OH produced during the
process.

The fluorescence intensities of Ag>S QDs were further investi-
gated in different system. As shown in Fig. 2C(a-e), the fluorescence
intensities of Ag,S QDs remain stable, indicating these substances,
such as caffeic acid, trypsin, H,O, or their reaction products, do not
affect the luminescence emission of Ag,S QDs. Based on the
observation on Fig. 2B(c) and (e), we can draw a conclusion that Cyt
c and its hydrolysate also cannot change the fluorescent features of
Ag)S QDs. Moreover, the fluorescence intensity of Ag,S QDs re-
mains stable in the system of H,0, and caffeic acid, indicating that
caffeic acid cannot be oxidized by H,0, to yield caffeic acid-
quinone. Only in the system of Cyt c/caffeic acid/trypsin/H205, the
fluorescence spectrum of Ag>S QDs is obviously changed. In this
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Fig. 2. (A) UV—vis absorption spectra of (a) caffeic acid, (b) caffeic acid/H,0,, (c) caffeic acid/Cyt c/trypsin, (d)caffeic acid/Cyt c/trypsin/H,0,; (B) UV—vis absorption spectra of (a) Cyt
¢, (b) trypsin, (c) Cyt c/trypsin; (C) Fluorescence spectra of Ag,S QDs (a) and in presence of trypsin/caffeic acid/H,0, (b), Cyt c (c), caffeic acid/H,0; (d), Cyt c/trypsin (e), Cyt c/

trypsin/caffeic acid/H,0; (f).

system, the presence of Cyt c¢ induces significant fluorescence
quenching of Ag>S QDs due to the formation of caffeic acid-quinone
through cascade reaction. Based on these facts, Cyt ¢ can be
detected through the changes of fluorescent intensity of Ag,S QDs.

The quenching mechanism is further investigated in detail.
Based on above-mentioned experiments, the fluorescence of Ag,S
QDs was quenched by the formation of caffeic acid-quinone. It was
reported that quinones were efficient quenchers for fluorescent
nanomaterials, such as QDs and noble metal nanoclusters via
electron transfer mechanism [37—40]. As electron shuttles, qui-
nones can accept the electrons and deliver them from the con-
duction band to valence band [40]. Therefore, we believed that the
fluorescence quenching of Ag,S QDs by caffeic acid-quinone is also
through electron transfer. In order to verify the mechanism, the
fluorescence lifetime of Ag,S QDs in buffer and in the system of Cyt
c/caffeic acid/trypsin/H20; was measured and further fitted with a
two-exponential decay function (Fig. 3). The average fluorescence
lifetime of Ag>S QDs (Fig. 3a) is 18.4 ns with lifetime components of
10.34 ns (29.32%) and 21.79 ns (70.68%). In the system of Cyt c/
caffeic acid/trypsin/H»0, system (Fig. 3b), the average fluorescence
lifetime is decreased to 10.5 ns with lifetime components of 5.56 ns
(33.55%) and 12.93 ns (66.45%). The significant changes in fluo-
rescence lifetime indicate the dynamic quenching process, which is
consistent with electron transfer mechanism. Although the Forster
resonance energy transfer (FRET) could affect the fluorescence
lifetime, it is lack of any spectral overlap between the emission
spectrum of Ag>S QDs and absorption spectrum of Cyt c/caffeic
acid/trypsin/H20; system (Fig. S2(red line), Fig. 2A(d)). Therefore,
the FRET process is ruled out and electron transfer is the predom-
inate mechanism for Cyt ¢ detection.

3.3. Detection of Cyt ¢

To get the best performance of the fluorescence assay, the
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Fig. 3. Fluorescence lifetimes of Ag,S QDs in the absence (a) and presence of Cyt ¢/
trypsin/caffeic acid/H,0, (b).

experimental conditions were optimized. Firstly, the effect of so-
lution pH on the signal of Ag,S QDs was evaluated in the range from
1 to 12 (Fig. S4A). The maximum fluorescence intensity is obtained
around pH 8. Then, the effect of ionic strength was also investi-
gated. It is found that the fluorescence intensities of Ag,S QDs
remain stable while the ionic strength was varied from 0 to
250 mM at pH 8 (Fig. S4B). At last, the time-dependent change of
fluorescence from Ag,S QDs in the system of Cyt c/trypsin/caffeic
acid/H,0, was exhibited in Fig. S4C. It can be seen that the fluo-
rescence intensity of Ag>S QDs decreases rapidly within 20 min and
remains almost constant after 60 min. Thus, 60 min was selected as
the optimum incubation time.

Under optimal conditions, the performance of the method was
tested. Various concentrations of Cyt ¢ were added into the system
of trypsin/caffeic acid/H,02/Ag>S QDs. With the increase of the
amounts of Cyt ¢ from 2.0 nM to 0.2 puM, the fluorescence intensities
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Fig. 4. (A) Fluorescence spectra of Ag,S QDs in the system of trypsin/caffeic acid/H,0,/with Cyt c (0, 0.002, 0.005, 0.01, 0.02, 0.04, 0.06, 0.08, 0.10, 0.12, 0.15, 0.18, 0.2 uM). (B) The
fluorescence intensity ratio Fo/F against Cyt ¢ concentration (0.002—0.2 pM). Fy and F are the fluorescence intensities of Ag,S QDs in the absence and presence of Cyt c, respectively.

The inset in Fig. 4B is the linear response for Cyt c assay.

Table 1

Comparison of the performance of different fluorescent methods for Cyt ¢ detection.
Nanomaterials Fluorescence system and signal Liner range Detection limit Ref.
aptamer/AgNCs label-free; 610 nm 0—-1.0 uM 15.7nM [15]
CdTe QDs label-free; 550 nm 0.5-2.5uM 500 nM [27]
molecularly imprinted UCNP label; 543.5 nm 1-24 uM 730 nM [24]
carbon QDs label-free; 455 nm 1-30 uM 0.3nM [30]
UCNPs@polydopamine label; 570 nm 0.05—-10 uM 20nM [21]
Graphene oxide/fluorophore-tagged DNA aptamer label; 664 nm 0.03—10 uM 10 nM [56]
AuNPs/fluorophore-tagged DNA aptamer label; 580 nm 0.1-10 yM 16.7 nM [23]
graphitic carbon nitride nanosheets label-free; 450 nm 16—140 nM 2.6 nM [16]
Ag>S ODs label-free; 790 nm 2—150 nM 1.7nM This work

decreased gradually (Fig. 4A). As shown in Fig. 4B, the fluorescence
intensity ratio Fo/F exhibits an excellent linear relationship with the
concentration of Cyt ¢ (R2=0.9993) over the range of 2.0nM to
0.15 uM, and the limit of detection is about 1.7 nM (based on 3 s/m).
Compare with other fluorescence methods, the performance of our
assay is comparable (Table 1). Moreover, our fluorescent technique
is also superior when compare with other different detection
techniques, which are listed in Table S1.

To verify the applicability of the assay in cell lysates for Cyt c, the
specificity of the sensing system was tested. The fluorescence re-
sponses to other proteins (i.e., Lyz, transferrin, IgG, BSA and Hb) as
well as small biomolecules (ATP, GSH, Lys and hemin) were eval-
uated, and the results are shown in Fig. 5. Compare with Cyt c, the
influences of other substances on the fluorescence intensity can be
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Fig. 5. The selectivity of the system for Cyt c detection. The concentrations of AA, ATP,
GSH, Lys, Lyz, transferrin, IgG, BSA, Hemin and Hb are the same as Cyt ¢ (0.2 uM). Fy
and F are the fluorescence intensities of the sensing system in the absence and pres-
ence of interfering substances respectively.

ignored except for Hb and hemin. it arises from the Hb and hemin
also contain the heme group, the Hb also can be hydrolyzed by
trypsin, the hydrolysate also can catalyze H,O, to produce -OH to
some extent and oxidize caffeic acid to caffeic acid-quinone, thus
Hb and hemin can affect the fluorescence intensity of Ag,S QDs.
Meanwhile, it is worth noting that Cyt ¢, Hb and hemin have
different origins [15]. Hb is presented in the red blood cells, and Cyt
c exists in inner membrane of the mitochondria. Moreover, in the
cell lysate, Hb or hemin does not exist in the presence of Cyt ¢, and
vice versa [15]. Therefore, those interfering substances cannot
affect the detection of Cyt c in cell lysates.

3.4. Detection Cyt c released from apoptotic cells

Taking advantages of high specificity and sensitivity, the fluo-
rometric assay was employed for label-free detection of Cyt c
released from apoptotic cells. In this procedure, H,0, and etoposide
were utilized to induce cells apoptosis, respectively. Standard
addition method was used to evaluate the reliability of our method,
and the results are summarized in Table 2. As one of the most

Table 2
Detection of Cyt c released from Hela cells treated with H,O, and etoposide,
respectively.

Treated by Spiked (nM) Found (nM) Recovery (n=3) (%)
H,0; (50 uM) 0 17.2+0.2

10 276+04 104.0 +4.5

50 68.1+0.2 101.8+0.6

100 115.3+0.8 98.1+0.8
Etoposide (5 uM) 0 245+04

10 34.0+0.5 95.0+6.4

50 74.0+0.3 99.0+1.0

100 126.6 +0.4 102.1 +0.6
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important ROS, high concentration level H,0; in cells can generate
oxidative pressure and lead to apoptosis [57]. Etoposide, as an anti-
cancer drug, can also induce the apoptosis of cells. Table 2 shows
the data of detection of Cyt c in HeLa cells induced by H,0, and
etoposide, respectively. The results are comparable with other
methods [21,58]. Moreover, the quantitative detection of Cyt c is
achieved with an acceptable recovery of 95.0—104.0%. It is worth to
note that our method shows the potential abilities for anticancer
drug screening and oxidative stress monitoring.

4. Conclusions

We constructed a simple, label-free method for Cyt c detection
based on NIR Ag,S QDs. In this work, we developed a cascade re-
action to yield the fluorescent quencher, which was triggered by
Cyt c. The heme-peptide fragment with peroxidase-like activity
was produced from Cyt ¢ hydrolyzed by trypsin, and catalyzes H,0;
torelease -OH. In the presence of caffeic acid, it was oxidized by -OH
to yield caffeic acid-quinone and resulted into the fluorescence
quenching of Ag,S QDs via electron transfer mechanism. The assay
shows selective and sensitive detection for Cyt c with a very low
limit in the nanomolar level. Due to the minimal autofluorescence,
absorption of biomolecules and light scattering of near infrared
fluorescence, this strategy has been successfully applied in mea-
surement of Cyt c in the apoptotic cells induced by H,0; or eto-
poside. It means the method may offer an opportunity for
anticancer drug screening and oxidation pressure determination. In
a word, our developed strategy not only offers a simple, label free
and NIR fluorescent method for Cyt ¢ detection, but also broadens
the application of Ag,S QDs in biological analysis.
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