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ABSTRACT: We have developed an aptameric nanosensor for
fluorescence activation imaging of cytochrome c (Cyt c).
Fluorescence imaging tools that enable visualization of key
molecular players in apoptotic signaling are essential for cell
biology and clinical theranostics. Cyt c is a major mediator in cell
apoptosis. However, fluorescence imaging tools allowing direct
visualization of Cyt c translocation in living cells have currently
not been realized. We report for the first time the realization of a
nanosensor tool that enables direct fluorescence activation
imaging of Cyt c released from mitochondria in cell apoptosis.
This strategy relies on spatially selective cytosolic delivery of a
nanosensor constructed by assembly of a fluorophore-tagged
DNA aptamer on PEGylated graphene nanosheets. The cytosolic
release of Cyt c is able to dissociate the aptamer from graphene and trigger an activated fluorescence signal. The nanosensor is
shown to exhibit high sensitivity and selectivity, rapid response, large signal-to-background ratio for in vitro, and intracellular
detection of Cyt c. It also enables real-time visualization of the Cyt c release kinetics and direct identification of the regulators for
apoptosis. The developed nanosensor may provide a very valuable tool for apoptotic studies and catalyze the fundamental
interrogations of Cyt c-mediated biology.

■ INTRODUCTION

Apoptosis, the process of programmed cell death, is a complex
and highly regulated process that has tremendous impact on
cell growth and proliferation.1 Deregulation of apoptosis is
closely associated with degenerative disorders (excessive
apoptosis), autoimmune disorders and cancers (inadequate
apoptosis). Monitoring the progression to apoptosis, elucidat-
ing the apoptotic signaling, and developing drugs to modulate
apoptotic pathways in living cells are the essential parts of cell
biology and clinical theranostics.2

Apoptosis occurs through activation of a complex cell suicide
process comprising multiple intracellular and extracellular
events, such as caspase activation, release of cytochrome c
(Cyt c) from mitochondria, externalization of phosphatidylser-
ine on plasma membrane and internucleosomal DNA
fragmentation.3 Unlike phosphatidylserine externalization and
DNA fragmentation that are not always associated with
apoptosis, caspase activation and Cyt c release are highly
specific events in apoptotic signaling. It is recognized that
caspases are the key mediators of the induction and execution
phase of apoptosis, while Cyt c release is a major caspase
activation pathway, often defining the point of no-return in cell
apoptosis.4 Therefore, assays for these specific molecular
players in living cells are critical for apoptosis research.

Current techniques have been mainly focused on the imaging
of caspase activation in apoptotic cells.5 Technologies enabling
detection of Cyt c translocation in living cells have been rarely
explored. Existing technologies for assays of Cyt c release are
implemented via fractionation of cell extracts or immunocy-
tochemistry with immobilized cells,6 which are not suitable for
living cell detection. Techniques for live-cell tracking of Cyt c
translocation are based on the subcellular localization of Cyt c
with a GFP tag or a short tetracysteine label.7 These
techniques, however, require tedious operations to derive cell
lines expressing Cyt c fusions and indirect complicated
colocalization analysis of Cyt c with mitochondria. Moreover,
they are inherently lack of sensitivity for evaluating the
translocation of Cyt c in apoptotic cells. Imaging tools allowing
direct visualization of Cyt c translocation in living cells have
currently not been realized.
Here we report for the first time the realization of a

nanosensor tool that enables direct fluorescence activation
imaging of Cyt c released from mitochondria in apoptotic cells,
as illustrated in Scheme 1. This realization relies on spatially
selective internalization of a nanosensor constructed by
assembly of a fluorophore-tagged DNA aptamer8 on PEGylated
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graphene oxide (GO) nanosheets. The nanoassembly displays a
very weak fluorescence signal due to highly efficient quenching
of the fluorophores on graphene surface.9 With folate labels
introduced at the ends of PEG moieties, the nanoassembly can
be efficiently internalized by tumor cells into the cytoplasm
while not penetrating into the mitochondria. The spatial
isolation of the nanosensor from target Cyt c thus delivers a low
fluorescence background. The release of Cyt c from
mitochondria into the cytoplasm during cell apoptosis brings
Cyt c and the nanoassembly into close interaction, resulting in
the formation of aptamer−Cyt c complex with concomitant
dissociation of the aptamer from GO surface. An intense
fluorescence response is then activated, enabling direct
visualization of the Cyt c translocation event. This is also the
first time that spatially selective localization of an activatable
nanocomplex sensor is developed for a “turn-on” fluorescence
imaging mechanism of intracellular translocation events in
living cells. This strategy eliminates the need of colocalization
analysis for molecular translocation studies. Moreover, the
fluorescence activation imaging provides the advantages of
being sensitive, real-time and quantitative for detecting the
molecular translocation events.

■ RESULTS AND DISCUSSION
Synthesis and Characterization of Aptamer−GO

Nanoassembly. The nanosensor was constructed through
noncovalent assembly of the fluorophore-tagged DNA aptamer
on GO nanosheets modified with PEGs (MW 1500, length
∼15 nm), as shown in Scheme 2. The use of PEG modification
was designed to improve the solubility of the nanosensor in cell
growth media (Figure S1 in Supporting Information), which
was critical for achieving desirable stability of the nanosensor in

intracellular imaging applications. For PEGylation of GO, the
nanosheets were treated with chloroacetic acid under strongly
basic conditions to increase the abundance of carboxylic acid
groups on the surface followed by the conjugation with PEG-
diamine using the succinimide coupling (EDC-NHS) meth-
od.5b With the use of this coupling reaction, the residual amino
groups of PEG-diamine were further linked to folate, a small-
molecule ligand that targets folate receptor (FR) known to have
high expression on most of tumor cells.10 The nanoassembly
was obtained by incubation of cyanine 5 (Cy5)-labeled DNA
aptamer with the PEGylated GO, allowing the aptamers to be
self-assembled on GO surfaces due to π−π stacking and van der
Waals interactions between the DNA and GO.11

The nanoassembly was characterized by atomic force
microscopy (AFM) to profile the morphological changes
during the synthesis (Figure 1). Most of GO nanosheets

showed a lateral size ranging from 50 to 100 nm (Figure S2 in
Supporting Information) with a topological height of ∼1 nm, a
typical thickness for single-layered GO sheets.9 After
PEGylation, the nanosheets gave a topological height of ∼4
nm, evidencing the conjugation of PEG in a lying-down
conformation on GO surface. The aptamer−PEGylated GO
nanoassembly had an irregular height profile with a bulge of
∼10 nm at the central domain, indicators for the assembly of
DNA aptamer in a coiled conformation on GO surface. The
coverages of PEG and aptamer on GO surface were estimated
to be ∼8.4 × 1011/cm2 and ∼3.1 × 1011 /cm2, respectively. The
successful preparation of the nanoassembly was further
confirmed using infrared spectroscopy (Figure S3 in Supporting
Information).

In Vitro Response of Aptamer−GO Nanoassembly.
The as-prepared nanoassembly was found to give very weak
fluorescence (0.21% of the intensity for 500 nM aptamer before

Scheme 1. Illustration of Fluorescence Activation Strategy
for Cyt c Release Imaging

Scheme 2. Illustration of Synthesis for Aptamer−GO
Nanoassembly

Figure 1. AFM images (left) and height profiles (right): (a) GO, (b)
PEGylated GO, (c) aptamer−PEGylated GO nanoassembly.
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quenching by 150 μg mL−1 GO), indicating very high
fluorescence quenching efficiency for Cy5 by GO. By contrast,
incubation of the nanoassembly with 10 μM Cyt c resulted in a
∼236-fold enhancement of the fluorescence signal, indicating a
high signal-to-background response of the nanosensor to target
Cyt c (Figure 2a). Fluorescence anisotropy analysis demon-

strated that this activated fluorescence was ascribed to the
formation of aptamer−Cyt c complex that induces the
dissociation of the aptamer from GO surface (Figure S4 in
Supporting Information). Moreover, there was no appreciable
fluorescence activation when the nanoassembly was incubated
with the RPMI 1640 cell growth medium or the plasma extract
of nonapoptotic HeLa cells. These observations revealed that
the components of the cell growth medium and the cell plasma
did not induce dissociation of the DNA aptamer from
PEGylated GO surface and thus had no interference with the
detection of Cyt c in living cells. Note that Cyt c has an
immature form, apocytochrome c, existing in the cytosol and
the mature heme-containing Cyt c is present only in the
mitochrondria where the heme group is added with an induced
conformational change of the protein.1 No interference from
the plasma extract actually suggested that the DNA aptamer
had very high specificity in discriminating apocytochrome c
from the mature heme-containing Cyt c. Thus, this finding
implied the ability of the nanosensor for selective detection of
Cyt c released from mitochrondria. A control experiment using
another nanoassembly obtained by incubating nonaptamer
DNA with PEGylated GO did not give appreciable fluorescence
enhancement on incubation with 10 μM Cyt c. This result

verified that the fluorescence activation response was specific to
the interaction between Cyt c and its aptamer, validating the
selectivity of the nanosensor. Further inspection of the
fluorescence responses to other components (100 μM)
possibly coexisting with Cyt c such as cysteine (Cys),
isoascorbic acid (AA), adenosine triphosphate (ATP), insulin,
platelet-derived growth factor B-chain (PDGF), vascular
endothelial growth factor (VEGF), ferritin, immunoglobulin
G (IgG), and human serum albumin (HSA), revealed that these
species did not cause remarkable fluorescence recovery (Figure
2b). These data further verified the high selectivity of the
nanosensor for Cyt c assay.
Moreover, the nanosensor was found to give fluorescence

signals linearly correlated to the concentrations of Cyt c (Figure
2c,d). The linear response range was from 30 nM to 10 μM
with a detection limit of 10 nM, covering the literature values
(1−10 μM) for cytosolic Cyt c in apoptotic cells.12 Further
improvement of the detection sensitivity could be achieved by
using a lower working concentration of the nanoassembly
(Figure S5 in Supporting Information). This signified the
advantage of adjustable detection ranges of this nanosensor via
the use of different nanoassembly concentrations. Taken
together, these results revealed that the developed nanosensor
could provide a highly sensitive and selective platform with
adjustable detection ranges for quantifying Cyt c in apoptosis
studies.
Interestingly, we observed PEGylation of GO not only

offered better solubility to the nanoassembly in cell growth
media, but improved the detection sensitivity (10-fold lower
detection limit) and the response kinetics (2.3-fold faster
kinetic rate constant) (Figures S6 and S7 in Supporting
Information). Presumably, PEGylated GO had less hydro-
phobic sites where proteins could be nonspecifically adsorbed.
The adsorption of target Cyt c restricted its interaction with the
aptamer and thus decreased the detection sensitivity and the
response kinetics. The higher sensitivity and more rapid
response implied the ability of this nanosensor for real-time
imaging of the early stage Cyt c translocation event in apoptotic
cells. Moreover, we found that the fluorescence responses of
the nanosensor to Cyt c of varying concentrations remained
unchanged even in the matrix of the plasma extract of
nonapoptotic HeLa cells (Figure S8 in Supporting Informa-
tion). Such transferability of the calibration model from an in
vitro matrix to an intracellular surrounding indicated the
potential of the nanosensor for quantitative imaging of Cyt c in
apoptotic cells.
Toxicity of the nanoassembly to living cells was then

investigated using HeLa cell line with positive FR expression
(FR+). After incubating cells with the nanoassembly of varying
concentrations, we observed only marginal toxicity for the
nanoassemby at a concentration up to 500 μg mL−1 with the
cell viability decreased by ∼7% after 8 h incubation (Figure S9
in Supporting Information). This data demonstrated the high
biocompatibility of the nanoassembly. Moreover, fluorescence
imaging of the cells using a commercial intracellular caspase-3
probe revealed that there was no caspase-3 activation even
when the cells were incubated for 8 h with the nanoassemby of
500 μg mL−1 (Figure S10 in Supporting Information). This
finding manifested that the nanoassembly did not induce
apoptotic signaling in the cells, supporting the potential of this
nanosensor for cell apoptosis bioimaging.

Live Cell Imaging of Cyt c Release with Aptamer−GO
Nanoassembly. To disclose the intracellular localization of

Figure 2. (a) Typical fluorescence spectral responses of nanosensor.
Cyt c concentration is 10 μM. (b) Fluorescence peak intensity
responses of nanosensor. Cyt c concentration is 10 μM, and
concentrations for other species are 100 μM. (c) Fluorescence
spectral responses to Cyt c of varying concentrations. (d) Correlation
curve of normalized fluorescence peak intensities at 664 nm versus Cyt
c concentrations.
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the nanosensor, we synthesized a fluorescent nanoassembly by
conjugating carboxyfluorescein (FAM) and folate (in 1:1 ratio)
to the residual amino groups of PEGylated GO. This FAM
modifier was reported to still retain strong fluorescence without
being quenched by GO,13 offering a useful tracker for the
localization of this nanosensor. The FAM-modified nano-
assembly (15 μg mL−1) was incubated with the cells for 1 h
using the serum-free RPMI 1640 culture medium, with
subcellular organelles, lysosomes and mitochondria, separately
stained using their fluorescent trackers (Lyso@tracker and
Mito@tracker, emission peak at 590 nm). We observed that the
green channel displayed a bright fluorescence image, which was
not colocalized with those (in red pseudo-color) at the orange
channel for lysosome and mitochondria trackers (Figure S11 in
Supporting Information). This result gave immediate evidence
for efficient escape of the nanoassembly from the endosomes or
lysosomes with typical cytosolic delivery. This cytosolic,
mitochondria-isolated localization of the nanoassembly was
also crucial for its selective fluorescence activation response to
Cyt c release, because its interaction with Cyt c localized in the
intermembrane space of mitochondria was precluded. More-
over, the incorporation of folate modifiers greatly improved the
efficiency and selectivity of the nanoassembly to be internalized
into cells (FR+) (Figure S12 in Supporting Information). This
finding implied that the nanoassembly was uptaken into living
cells mainly through a FR-mediated endocytosis pathway,14

suggesting the potential of this nanosensor for cell-selective
imaging. Additionally, we determined the intracellular nano-
assembly concentration after incubating 15 μg mL−1 nano-
assembly with HeLa cells (FR+) for 1 h to be ∼150 μg mL−1,
evidencing 10-fold concentrating and efficient uptake of the
nanoassembly in the cells.
After interrogating in vitro response and intracellular delivery

characteristics of the nanosensor, we then explored its ability
for live cell imaging of Cyt c translocation in apoptotic cells. As
anticipated, we only obtained an extremely weak fluorescence
signal after incubating HeLa cells (FR+) with the nanoassembly
in the serum-free RPMI-1640 medium for 1 h (Figure 3a). This
low-background fluorescence was attributed to the spatial
isolation of the nanosensor from Cyt c located in the
mitochondrial intermembrane space in nonapoptotic cells. It
also verified the specificity of the aptamer to the mature heme-
containing Cyt c versus apocytochrome c. After the cells were
subsequently treated for 1.5 h with different concentrations of
staurosporine (STS), a potent apoptosis inducer specifically
triggering cytosolic Cyt c release from mitochondria,15

increasingly brighter red fluorescence images were observed
with increasing STS concentrations. In contrast, for HeLa cells
(FR+) incubated using the control nanoassembly constructed
using nonaptamer DNA and PEGylated GO followed by STS
treatment, no bright fluorescence image was obtained. This
result further validated the selectivity of the nanosensor in
response to Cyt c. Moreover, when STS-induced cells were
pretreated with pepstatin A, an inhibitor preventing Cyt c
release in cells exposed to STS,16 we obtained a much weak
fluorescence image. A Western blotting assay for plasma
extracts in these cells revealed that cytosolic Cyt c
concentrations increased with increasing STS concentrations,
while decreased after pepstatin A treatment (Figure 3b). This
finding was also confirmed by the assays of these plasma
extracts using the nanosensor (Figure S13 in Supporting
Information). A flow cytometric assay further indicated a
substantial fluorescence increase for apoptotic cells when

induced by STS (Figure S14 in Supporting Information).
These data revealed a dynamic concentration-dependent
fluorescence response to Cyt c, implying the potential of the
nanosensor for quantitative imaging of Cyt c release in cell
apoptosis.
To verify that the fluorescence activation response was

specific to the release of Cyt c from mitochondria into the
cytosol during cell apoptosis, the colocalization of Cyt c with
mitochondria was interrogated. Because the activated fluo-
rescence signal was derived from the aptamer−Cyt c complex
dissociated from GO surface, the localization of Cyt c in the
cytosol was able to be visualized using the fluorescence-
activated aptamer as the tracker. As shown in Figure 4, when
HeLa cells (FR+) were incubated in a nonapoptotic state with
the nanoassembly and the mitochondria tracker Mito@tracker,
we obtained a very weak fluorescence signal at the red channel
for the nanosensor but a bright image at the orange channel (in
green pseudo-color) for the mitochondria tracker. The
fluorescence image gave a branched filamentous structure, a
typical morphology of mitochondria in nonapoptotic cells.17

On the other hand, after the cells treated using STS, bright
fluorescence images were obtained at both channels for the
nanoassembly and the Mito@tracker. The green image showed
a fragmented bubble-like morphology, indicators of the loss of
mitochondria function and the progression of cell apoptosis.18

Furthermore, the red image appeared as a substantially
expanded area of the green image, suggesting a diffusion-like
release of Cyt c from mitochondria, which coincided with
previous reports on this translocation as simple diffusion
through openings in the outer mitochondria membrane.19

These results gave clear evidence for the cytosolic translocation
of Cyt c from mitochondria, testifying the specificity of the
nanosensor’s fluorescence activation to Cyt c release.

Figure 3. (a) Fluorescence imaging of HeLa cells (FR+) incubated
with 15 μg mL−1 nanoassembly in serum-free RPMI-1640 medium for
1 h at 37 °C. (1) no treatment, (2) 0.1 μM STS for 1.5 h, (3) 0.5 μM
STS for 1.5 h, (4) 1 μM STS for 1.5 h, (5) pretreated with 100 μM
pepstatin A for 24 h and incubated with nanoassembly for 1 h followed
by 1 μM STS for 1.5 h, (6) incubated with nonaptamer nanoassembly
for 1 h followed by 1 μM STS for 1.5 h. (b) Western blotting assay for
plasma extracts from corresponding cells. A housekeeping protein β-
actin was chosen as the reference.
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Imaging of Cyt c Release for Apoptotic Studies.
Because of its rapid response (<5 min for the nanoassembly at
an estimated intracellular concentration 150 μg mL−1), the
nanosensor was able to provide a useful platform for real-time
monitoring the release of Cyt c in apoptotic cells. With HeLa
cells (FR+) induced by STS, we observed that the fluorescence
image gave appreciable brightness after 15 min and reached the
maximum intensity after 25 min (Figure 5a and Figure S15a in
Supporting Information), indicating that the Cyt c release
process was very rapid and completed within ∼10 min. This
finding verified the previous disclosure that Cyt c release was
rapid in many cell types during apoptosis.7b This consistency
with previous finding also suggested the ability of the
nanosensor for real-time visualization of the Cyt c translocation
kinetics. Moreover, according to the observation of complete
release of Cyt c during cell apoptosis, it revealed that the
saturated fluorescence signal obtained in the monitoring was
ascribed to the complete release of Cyt c from mitochondria.
To shed light on the correlation of Cyt c release to caspase-3
activation, we also performed time-dependent imaging of
caspase-3 activation in the STS-induced cells using the
commercial intracellular caspase-3 probe (The response time
was also <5 min20). Interestingly, we observed appreciable
caspase-3 activation after 40 min STS treatment, ∼25 min later
to the appearance of Cyt c translocation (Figure 5b, Figure
S15b in Supporting Information). These observations disclosed
that cytosolic translocation of Cyt c appeared precedingly with
respect to caspase-3 activation during cell apoptosis, which was

consistent with the recognized apoptotic signaling in which
cytosolic Cyt c was responsible for caspase-9 activation with
followed caspase-3 activation.1,2 In addition, we found that the
fluorescence contrast remained increasing for caspase-3 probe
through the observation period, indicating a much longer
period was required for complete activation of caspase-3. This
finding suggested that it took a much longer time for complete
activation of caspase-3.21

Because of the pivotal role of Cyt c in cell apoptosis, the
nanosensor also opened possibilities of directly interrogating
critical regulators for apoptotic signaling. To demonstrate the
potential, we chose pro- and antiapoptotic members of the B
cell lymphoma 2 (BCL-2) protein family, Bax and Bcl-2, and an
initiator caspase, caspase-9, for the case study. HeLa cells (FR
+) overexpressing Bax or Bcl-2 were obtained by transduction
with the recombinant adenovirus containing Bax or Bcl-2 gene
(Figure S16 in Supporting Information), while HeLa cells with
inhibited caspase-9 activity were obtained by incubation with a
potent and selective caspase-9 inhibitor I.22 These cell lines
were incubated with the nanoassembly and the intracellular
caspase-3 probe for 1 h followed by treatment with STS (1
μM). It was observed that the cells transduced with the null
control adenovirus containing no exogenous genes displayed
the same fluorescence activation responses to Cyt c release after
STS induction as those obtained with nontransduced HeLa
cells (Figure S17 in Supporting Information). This result
validated that the transduction of adenovirus had little
perturbation to the apoptotic signaling of HeLa cells.
As anticipated, nontransduced HeLa cells, after STS

induction for 1 h, gave bright fluorescence signals at the
green and the red channels, indicating Cyt c release from
mitochondrial and caspase-3 activation in cell apoptosis (Figure
6a). It is important to note that Cyt c formed an aptamer-
binding complex in this situation. This observation indeed
manifested a new interesting finding that binding of the
aptamer did not affect the function of Cyt c in constituting
apoptosomes and activating caspases. Surprisingly, we obtained
bright fluorescence images throughout the observation period
at both the green and the red channels for Bax-overexpressing
HeLa cells even without STS treatment (Figure 6b). With
reference to the images obtained with nontransduced HeLa
cells, this result implied that overexpression of Bax by itself was
able to induce the release of Cyt c followed by the activation of
caspase-3. The induction of both Cyt c release and caspase-3
activation identified Bax as a pro-apoptotic regulator upstream
to Cyt c release. This finding was in good agreement with
previous reports that Bax was responsible for mitochondrial
outer membrane permeabilization underlying Cyt c release, and

Figure 4. Fluorescence imaging of HeLa cells (FR+). (a) Incubated
with 15 μg mL−1 nanoassembly for 1 h and mito@tracker for 20 min;
(b) incubated with 15 μg mL−1 nanoassembly for 1 h, 1 μM STS for
1.5 h and mito@tracker for 20 min.

Figure 5. Real-time fluorescence imaging of cell apoptosis in HeLa cells (FR+) incubated with 15 μg mL−1 nanoassembly or 9 μM caspase-3 probe
for 1 h followed by treatment of 1 μM STS. (a) Time-dependent fluorescence responses for the nanoassembly; (b) time-dependent fluorescence
responses for caspase-3 probe.
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Bax overexpression was able to induce cell apoptosis via
mitochondrial pathways.23 On the other hand, no fluorescence
activation signals were obtained at both the green and the red
channels for the cells overexpressing Bcl-2 even after STS
treatment for 1 h (Figure 6c). This observation suggested that
Bcl-2 overexpression inhibited the release of Cyt c and the
activation of caspase-3. The inhibition of both Cyt c release and
caspase-3 activation ascertained Bcl-2 as an anti-apoptotic
regulator upstream to Cyt c release. This observation also
coincided with the biological function of Bcl-2, which interacted
directly with their pro-apoptotic counterparts BAK and BAX
and sequestered them in inactive states, thereby preventing
mitochondrial outer membrane permeabilization responsible
for Cyt c release.24 Interestingly, the cells incubated with
caspase-9 inhibitor I displayed distinct fluorescence responses
from the Bax or Bcl-2 overexpressing cells. We obtained a
bright fluorescence signal at the red channel while a weakly
fluorescent image at the green channel (Figure 6d), indicators
of the release of Cyt c without the activation of caspase-3.
Because caspase-9 inhibitor I was shown to have no inhibition
to caspase-3,25 this data indicated that in case of inhibited
caspase-9 activity, cytosolic release of Cyt c did not result in the
activation of caspase-3. This result revealed the essential role of
caspase-9 as a molecular player downstream to Cyt c release
and upstream to caspase-3 activation, which was consistent with

the recognized mechanism of mitochondrial-dependent apop-
tosis.1,2

Besides the possibility of elucidating apoptotic signaling
pathway for cell biology, the nanosensor also provided a viable
platform for cell-based screening of apoptosis-inducing
compounds toward drug development. Five candidate com-
pounds, four known apoptosis inducers, sodium ascorbate,
cisplatin, etoposide, and STS, and a cell plasma membrane
collapse stimulant digitonin, were examined.26 HeLa cells (FR
+) were incubated with the nanoassembly for 1 h followed by
the treatment with individual compound (5 μM in DMSO) for
additional 1.5 h. The images obtained revealed that STS gave
the highest fluorescence contrast due to Cyt c release, followed
sequentially by etoposide, cisplatin and sodium ascorbate, and
no fluorescence activation appeared for digitonin (Figure S18 in
Supporting Information). This finding implied that STS was
the most potent inducer for apoptosis and digitonin did not
induce apoptosis despite of its strong destructive activity to
plasma membranes. A further inspection by incubating the cells
with individual compound of varying concentrations was
performed. The data showed that the fluorescence signal
remained very weak at increasing concentrations of digitonin
but was increasingly intensified at increasing concentrations of
STS, etoposide, cisplatin and sodium ascorbate. These results
suggested that the nanosensor enabled living cell based
quantitative evaluation of apoptosis-inducing efficacy for
candidate compounds, thereby providing the possibility for
cell-based screening of apoptosis-inducing drugs.

■ CONCLUSION
We developed a novel fluorescence activation nanosensor for
imaging of Cyt c that, for the first time, enabled direct
visualization of the Cyt c translocation event in apoptotic cells.
This was also the first time that spatially selective localization of
an activatable sensor had been developed for “turn-on”
fluorescence imaging of intracellular translocation events in
living cells. The nanosensor was readily synthesized by
noncovalent assembly of aptamer DNA on PEGylated GO
with folate labels. This construct offered improved detection
sensitivity, response rate as well as cellular internalization
efficiency for the nanosensor. The nanosensor was shown to
exhibit high sensitivity and selectivity, rapid response, large
signal-to-background ratio for in vitro and intracellular
quantification of Cyt c. Real-time monitoring of Cyt c release
using this nanosensor gave clear evidence that Cyt c release was
rapid, complete, and appeared precedingly with respect to
caspase-3 activation during cell apoptosis. It was also found that
binding of the aptamer did not affect the function of Cyt c in
constituting apoptosomes and activating caspases. Moreover,
the nanosensor enabled direct identification of critical
regulators upstream or downstream to Cyt c release in the
apoptosis pathway and cell-based screening of apoptosis-
inducing compounds. In virtue of these advantages and
potentials, the developed nanosensor may provide an invaluable
platform for apoptotic studies and catalyze the fundamental
interrogations of Cyt c-mediated biology.

■ EXPERIMENTAL SECTION
Materials. Cytochrome c (Cyt c), folate, NH2-PEG-NH2 with a

molecular weight (MW) 1500, carboxyfluorescein-NHS (FAM-NHS),
staurosporine (STS), dimethyl sulfoxide (DMSO), sodium ascorbate,
cisplatin, etoposide, digitonin, human serum albumin (HSA), insulin,
vascular endothelial growth factor (VEGF), platelet-derived growth

Figure 6. Fluorescence imaging of apoptotic signaling. (a) HeLa cells
(FR+) incubating with nanoassembly and caspase-3 probe followed by
1 μM STS for 100 min; (b) Bax overexpressing HeLa cells (FR+)
incubating with nanoassembly and caspase-3 probe; (c) Bcl-2
overexpressing HeLa cells (FR+) incubating with nanoassembly and
caspase-3 probe followed by 1 μM STS for 100 min; (d) HeLa cells
(FR+) incubating with nanoassembly and caspase-3 probe followed by
100 μM caspase-9 inhibitor I for 1 h and then 1 μM STS for 100 min.
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factor B-chain (PDGF), ferritin, immunoglobulin G (IgG), cysteine,
adenosine triphosphate (ATP), isoascorbic acid (AA), N-hydrox-
ysuccinimide (NHS), N-hydroxysulfosuccinimide sodium salt (Sulfo-
NHS) and dicyclohexylcarbodiimide (EDC) were purchased from
Sigma-Aldrich (St. Louis, MO). Hoechst 33342, lysosome fluorescent
trackers (Lyso@tracker) and mitochondria fluorescent trackers
(Mito@tracker) were obtained from Invitrogen (Carlsbad, CA).
Graphene oxide (GO) was supplied by Xianfeng Nanomaterials Co.
Ltd. (Nanjing, China). Caspase-3 Intracellular Activity Assay Kit and
caspase 9 inhibitor I were obtained from Merck Millipore (Darmstadt,
Germany). Recombinant adenoviruses containing Bax or Bcl-2 and
null control adenoviruses containing no exogenous genes were
obtained from Hanbio Biotechnology Co. Ltd. (Shanghai, China).
Cytoplasmic and Mitochondrial Protein Extraction Kit was obtained
from Sangon Biotech Co. Ltd. (Shanghai, China). Antibodies and
reagents for Western blotting (WB) assay were purchased from Mitaka
Biotechnology Co. Ltd. (Wuhan, China). HeLa and MCF-7 cell lines
were supplied by the cell bank at Xiangya Hospital (Changsha, China).
RPMI 1640 cell culture medium was purchased from Thermo
Scientific HyClone (Waltham, MA). The DNA aptamer to Cyt c
and the nonaptamer DNA were synthesized from Sangon Biotech Co.
Ltd. (Shanghai, China), which had the sequences as follows: Aptamer,
5′ Cy5-CCG TGT CTG GGG CCG ACC GGC GCA TTG GGT
ACG TTG TTG C-3′;27 Nonaptamer, 5′ Cy5-ATG ATG CAT CAT
CTC TGA AGT AGC GCC GCC GTA TAC TCA C-3′. All other
chemicals were of analytical grade and purchased from Sinopharm
Chemical Reagent Co. Ltd. (Shanghai, China). All solutions were
prepared using ultrapure water, which was obtained through a
Millipore Milli-Q water purification system (Billerica, MA), with an
electric resistance >18.3 MΩ.
Preparation of Aptamer−Graphene Nanoassembly. The

aptamer−graphene nanoassembly was immediately prepared by
incubating 1500 μg mL−1 PEGylated GO with 5 μM Cy5-tagged
DNA aptamer in 10× PB saline (PBS) (1× PBS, pH 7.4, 10 mM
KH2PO4/K2HPO4, 137 mM NaCl, 2.7 mM KCl) for 30 min. The
amount of PEGylated GO was optimized by a titration with varying
PEGylated GO amount, and the optimal amount was determined
according to the value at which the fluorescence decrease became
insignificant. The nanoassembly of aptamer and GO was prepared by
incubating 500 μg mL−1 GO with 5 μM Cy5-tagged DNA aptamer in
10× PBS for 30 min. The amount of GO was optimized by a titration
with varying GO amount, and the optimal amount was determined
according to the value at which the fluorescence decrease became level
off.
Considering the complete fluorescence quenching of DNA aptamer

on GO nanosheets, we assumed that 500 nM DNA aptamer was
totally assembled on 150 μg mL−1 PEGylated GO. Thus, the coverage
of DNA aptamer on PEGylated GO nanosheets could be estimated
immediately to be ∼3.1 × 1011/cm2. Likewise, the coverage of DNA
aptamer on GO nanosheets was estimated to be ∼8.4 × 1011/cm2.
Cell Culture and Adenovirus Transduction. HeLa cells and

MCF-7 cells were grown in RPMI 1640 medium supplemented with
10% fetal bovine serum, 100 U mL−1 penicillin and 100 U mL−1

streptomycin at 37 °C in a humidified atmosphere containing 5% CO2.
HeLa cells (FR+, folate receptor expression positive) were obtained
from HeLa cells grown in a folate-free cell growth medium for 24 h.
HeLa cells (FR-, folate receptor expression negative) were obtained
from HeLa cells grown in 5 mM folate-supported cell growth medium
for 24 h. The transduction of HeLa cells (FR+) with recombinant
adenovirus containing Bax, Bcl-2 or null gene was performed by
incubating the cells (1 × 105 per well) with the adenovirus (1 × 107

per well) for 2 h in a folate-free cell growth medium followed by
incubation in fresh folate-free cell growth medium for another 48 h.
In Vitro Detection of Cyt c. The assay of Cyt c was performed by

adding 90 μL of the sample of interest in 10 μL of fresh nanoassembly
solution containing 1500 μg mL−1 PEGylated GO (or 500 μg mL−1

GO) and 5 μM Cy5-tagged DNA aptamer in 10× PBS followed by
incubation for 30 min at 37 °C. The resulting mixture was immediately
subjected to fluorescence measurements. The samples under
investigation included Cyt c solutions of varying concentrations in

10× PBS, species coexisting with Cyt c in biological fluids, cytoplasmic
protein extract from nonapoptotic HeLa cells, mixtures of 10 μL of
Cyt c of different concentrations with 90 μL of cytoplasmic protein
extract from nonapoptotic HeLa cells, and cytoplasmic protein extract
from apoptotic HeLa cells induced for 1.5 h by STS of different
concentrations.

Fluorescence Imaging of Living Cells. Fluorescence imaging of
Cyt c translocation in living cells was performed as follows: HeLa cells
(FR+) were plated on a 35 mm Petri dish with 10 mm bottom well in
the folate-free RPMI 1640 medium for 24 h, then incubated with the
nanoassembly solution containing 50 nM aptamer and 15 μg mL−1

PEGylated GO in the folate-free RPMI 1640 medium at 37 °C for 1 h
for cell uptake of the nanoassembly. After they were washed three
times with cold PBS, the cells were incubated with the folate-free fresh
RPMI 1640 medium containing STS (or other reagent) of a given
concentration for additional 1.5 h at 37 °C. Each well was washed
twice with cold PBS before imaging. Fluorescence imaging of the
localization for DNA aptamer dissociated from the nanoassembly in
living cells was performed using the same protocol except for an
additional incubation step after STS induction with 20 nM
Mitochondria tracer (Mito@tracker orange) for 20 min before
imaging. Fluorescence imaging of caspase-3 activation was performed
with HeLa cells (FR+) plated on a 35 mm Petri dish incubated with 9
μM caspase-3 probe in the folate-free RPMI 1640 medium for 1 h.
Fluorescence imaging of intracellular localization for the nanoassembly
was performed as follows: Cells plated on a 35 mm Petri dish were
incubated with the nanoassembly solution containing 50 nM aptamer
and 15 μg mL−1 PEGylated GO with FAM and folate modifiers in the
RPMI 1640 medium (no folate for FR+ cells and 5 mM folate for FR-
cells) at 37 °C for 1 h. After they were washed three times with cold
PBS, the cells were incubated with the folate-free fresh RPMI 1640
medium containing 20 nM Lysosomes tracer (Lyso@tracker orange)
or 20 nM Mitochondria tracer (Mito@tracker orange) for 20 min
followed by imaging. The end-point fluorescence images were
collected at a sampling speed of 40 μs/pixel with a transmissivity of
20%. The PMT voltage, gain, and offset values were 466, 2, and 20 for
blue channel; 587, 2, and 20 for red channel; 407, 2, and 20 for orange
channel; and 541, 2, and 20 for green channel, respectively.

Time-dependent fluorescence imaging of Cyt c translocation in
living cells was performed as follows: HeLa cells (FR+) plated on a 35
mm Petri dish were incubated with 15 μg mL−1 nanoassembly and 9
μM caspase-3 probe in the folate-free RPMI 1640 medium for another
1 h. The cells were then treated with 1 μM STS. The fluorescence
imaging was taken immediately after the addition of STS. The real-
time fluorescence images were collected at a faster sampling speed of
10 μs/pixel with a transmissivity of 10%. The PMT voltage, gain, and
offset values were 756, 2, and 20 for blue channel; 805, 2, and 40 for
red channel; and 661, 2, and 19 for green channel, respectively.
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