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ABSTRACT: This article describes a multimodified core−shell gold@silver
nanoprobe for real-time monitoring the entire autophagy process at single-cell
level. Autophagy is vital for understanding the mechanisms of human
pathologies, developing novel drugs, and exploring approaches for autophagy
controlling. A major challenge for autophagy study lies in real-time monitoring.
One solution might come from real-time detection of in situ superoxide radicals
(O2

•−), because it is the main regulator of autophagy. In this work, our proposed
nanoprobes were etched by O2

•− and gave a notable wavelength change in the
plasmon resonance scattering spectra. Both the experimental and simulated
results suggested the wavelength change rate correlated well with O2

•− level.
This response enabled its application in real-time in situ quantification of O2

•−

during autophagy course. More importantly, with the introduction of “relay
probe” operation, two types of O2

•−-regulating autophagy processes were
successfully traced from the beginning to the end, and the possible mechanism
was also proposed.

■ INTRODUCTION

Autophagy is a regulated lysosomal degradation pathway along
with the formation of double vacuoles, called autophago-
somes.1,2 It serves as a survival mechanism to maintain nutrient
and energy levels during periods of metabolic starvation or
stress.3−6 The enclosed organelles are then degraded to
produce essential amino acids and fatty acids, which are used
to synthesize protein or are oxidized by mitochondrial electron
transport chain (mETC) to generate ATP for cell survival.7,8

Autophagy is involved in a great variety of functions, such as
cell growth, survival, and death.9 Therefore, real-time tracing of
the entire autophagy process is vital for further understanding
the mechanisms of human pathologies, developing novel drugs
and exploring approaches for autophagy controlling.2,10

Unfortunately, present methods for autophagy detection,
including Western blot analysis and GFP-Atg8/LC3 fluores-
cence method, are far from the requirement of real-time and
long-term monitoring.9 Autophagy is mainly regulated by
mitochondrial reactive oxygen species (ROS), especially
superoxide radicals (O2

•−).11,12 When cells were under
starvation condition, the mitochondria mediated oxidative
phosphorylation became incomplete, and the production of
O2

•− was upregulated, which induced the autophagy.13 Thus,
real-time intracellular O2

•− level can trace autophagy effectively.
Current methods for O2

•− detection, such as electron spin
resonance (ESR),14 electrochemistry,15,16 were usually ruinous
and not suitable for live cells observation. Methods for long-

term and real-time detection of O2
•− at single-cell level are still

deficient.
Herein, we report a plasmon resonance scattering (PRS)

nanoprobe-based approach for real-time monitoring the
intracellular O2

•− level. This design was realized by notable
PRS spectral shift Δλmax of nanoprobe when the silver shell was
etched by the generated O2

•−. Noble metal nanoparticles have
been widely used as PRS nanoprobes in the field of cellular
imaging and biosensing in recent years.17−23 Their negligible
photobleaching and single molecule intensity fluctuations (i.e.,
blinking) provide excellent optical stability.24 Additionally, PRS
intensity from single noble metal nanoparticle was much
stronger than the fluorescent emissions from a typical
chromophore or a quantum dot,25 which favored their
applications at single-particle level and achievement of a
lower detection limit owing to its effective detection volume.26

Moreover, extraordinary chemical stability, low toxicity and
excellent biocompatibility of noble metal nanoparticles are fit
for cellular and in vivo imaging.27

■ RESULTS AND DISCUSSION
To fabricate a stable and specific targeting PRS nanoprobe,
polyethylene glycol (PEG) and Arg-Gly-Asp-Cys (RGD)
peptides were conjugated on the surface of Au@Ag nanorods
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(Figure 1a). This nanoprobe could be specifically captured by
cancer cells through the targeted binding interactions between

RGD peptides and integrins (ανβ3 or ανβ5) on the membrane.
When exposed to O2

•−, silver shell of the nanoprobe was easily
etched to Ag+ and then diffused into bulk solution. PRS λmax
was determined by the aspect ratio of gold@silver nanorod
based on Mie scattering theory (Figure 1b).28,29 Because the
etching reaction preferentially occurred on the side of the
nanorods based on its higher surface energy,30 the formed
bone-shaped nanoprobes gave rise to an increased aspect ratio
(c2/a2), and a notable Δλmax.
This O2

•−-induced Δλmax were systematically investigated in
the presence of 200 mU mL−1 xanthine oxidase (XOD) and
100 μM hypoxanthine (HX), which generated a stable 2 μM
O2

•−.31 After treated by O2
•−, λmax of a single nanoprobe was

observed shifting from 580 to 675 nm, along with a decreasing
scattering intensity (Figure 1c). Scattering light color also
changed from yellow to red simultaneously. Such a proposed
reaction mechanism was testified by the HRTEM images
(Figure 1d). Nanoprobes without any treatment presented an
intact core−shell structure. After treated by O2

•− for 30 min, a
noticeable collapse appeared on the side of nanoprobes, leading
to the formation of bone-shaped nanorods. Silver shell was
totally etched after 1 h treatment and uniform gaps between
gold nanorods was observed, attributed to the dissolved silver
shell.
To obtain the best sensitivity, aspect ratio (c1/a1) of

nanoprobes was optimized by kinetic model simulation (Figure
S1, Supporting Information). Spectral red-shift rate of nanop-

robes with different aspect ratio was simulated based on the
proposed model (Figure 1b).28,29 Longer aspect ratio gave
higher red-shift rate. Because the spectrum CCD got most
effective absorption between 500 and 700 nm, nanoprobes with
∼600 nm original PRS wavelength was selected for the
subsequent experiments. Size-dependent red-shift rate of the
nanoprobes was also simulated (Figure S2). Smaller size
presented higher red-shift rate. However, considering the
efficiency of scattering scales down with a1

6, we finally selected
the smallest nanoprobes (a1 = 6.5 nm). In this size, we could
still observe it clearly by DFM.
Because the detection mechanism of this nanoprobe is the

etching of silver shell, excess coverage of biomolecules can
block the active sites. To investigate the effect of RGD coverage
level to the O2

•− sensitivity, Au@Ag nanorods were modified
by RGD with different coverage level through tuning the molar
ratio between RGD and nanorods. Figure 2a displayed 6
normalized UV−vis spectra of nanoprobes modified with

Figure 1. (a) Illustration of the core−shell structure Au@AgNRs. (b)
The model controlling PRS spectrum of Au@AgNRs, where the
prolate spheroidal dielectric (ε1) core, with semiaxes a1 < c1, is coated
with another confocal spheroidal dielectric (ε2) shell with semiaxes a2
< c2. εm is the dielectric functions of adjacent medium. (c) PRS spectra
of a single probe etched by O2

•− for 0, 30, and 60 min. Insets showed
scattering images of the probe in each status. Scale bar was 500 nm.
(d) HRTEM micrograph illustrated the transitions of nanoprobes
during the etching process. Scale bar was 20 nm.

Figure 2. (a) Normalized UV−vis spectra of Au@AgNRs modified by
RGD peptide at different molar ratio (RGD: nanorods). (b) Δλmax of
UV−vis spectra vs nanoprobes modified by 0 molar RGD. Insets
illustrated the fitting curve equation. (c) Δλmax distributions of Au@
AgNRs modified with 0 (1), 0.16 (2), 0.49 (3) and 0.83 (4) coverage
level of RGD when exposed to 1 μM O2

•− for 30 min. (d) Mean value
of Δλmax distributions (black dots) and calculated result (blue curve) at
different coverage levels. (e) Mean Δλmax of all nanorods upon
treatment with 0, 0.45, 1, and 2 μM O2

•−. (f) Time-dependent mean
Δλmax of probes upon treatment with 0.06, 0.45, 1, 1.41, and 2 μM
O2

•−. (g) Calibration plot corresponding to the red-shift rate with the
O2

•− concentration.
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different molar ratios. These spectra showed varied Δλmax to the
molar ratio, which was attributed to the higher refractive index
of RGD (∼1.65) than the adjacent medium (∼1.33). Δλmax at
different molar ratios fitted a typical saturation binding curve
(Figure 2b). According to eq S4, the maximum Δλmax was
evaluated to be 4.51 nm and Kd (molar ratio to achieve a half-
maximum binding) was 5242. The coverage level f, ranging
from 0 to 1, at different molar ratio was also evaluated by eq S2.
Nanoprobes with different coverage level were then

incubated in 1 μM O2
•− for 30 min to investigate the RGD

coverage effect on O2
•− sensitivity. By recording the spectra of

30 randomly nanoprobes before and after 30 min incubation, a
group of Gaussian-shaped distributions of Δλmax was obtained
(Figure 2c). The width of distributions in the same condition
might be caused by the tiny deviations in the morphology, core
size and shell thickness among the individual core−shell rods,
as well as the small deviations in the coverage levels of their
ligants and the ratio between two ligands of the rods. Mean
values of Δλmax distributions and coverage level were plotted in
Figure 2d. Increasing coverage level resulted in a linear
decreased mean Δλmax, revealing that the sensitivity to O2

•−

was affected by RGD coverage level.
Δλmax response of nanoprobes with different RGD coverage

level to O2
•− concentrations were investigated (Figure 2e).

Δλmax of all nanoprobes scaled up linearly with O2
•−

concentration and the slopes reduced with the RGD coverage
level increase. In this case, the RGD coverage should be
controlled at the lowest level for larger Δλmax. But the target
performance to integrins on cell membrane should be
concerned also. For this aim, HeLa cells were treated by 0.04
nM nanoprobes with different RGD coverage levels for 30 min
to examine the target ability (Figure S3). Cells treated with 0.32
coverage level RGD showed only few scattering dots on the
membrane. But once the RGD coverage level grew over 0.49,
nanoprobes displayed good target performance to the cells.
Considering these experimental results, 0.49 was selected as the
RGD coverage level finally.
In Figure 2e, we learned that the mean Δλmax of proposed

nanoprobes in 30 min was linear with O2
•− concentration, but

the kinetic spectral red-shift rate was still not clear. To address
this, optimized nanoprobes were incubated in series concen-
trations of O2

•− for 60 min, ranging from 60 nM to 2 μM. PRS
spectra of randomly selected 30 single nanoprobes were
acquired in the interval of 10 min to obtain kinetic Δλmax.
Figure S7 illustrated all the Gaussian-shaped distributed Δλmax
of these nanoprobes. The real-time mean Δλmax was plotted in
Figure 2f, and a group of time-dependent Δλmax shift curves
were fitted. These linear curves revealed that the Δλmax
increased linearly with the response time and the red-shift
rates were determined by O2

•− concentrations. The real-time
spectral red-shift rates at different O2

•− concentrations were
evaluated from the slopes of those time-dependent Δλmax
curves (Figure 2g) and they scaled up with O2

•− concentrations
from 60 nM to 2 μM, providing the possibility of real-time
O2

•− monitoring. These experimental results were supported
by kinetics models (eq S7). High sensitivity and remarkable
linear response of proposed nanoprobes to O2

•− revealed the
potential in real-time cellular O2

•− analysis.
To apply the proposed nanoprobes for monitoring O2

•−-
regulated autophagy in live cells, its stability should be first
evaluated when exposed to acid, base and hydroperoxide
(H2O2). Amazingly, PRS λmax of nanoprobes showed response
to neither pH changes nor H2O2 (Figure S4, S5), revealing its

outstanding stability. Cytotoxicity is another important factor
on concern for foreign materials in living system. With MTT
assay, HeLa cells displayed more than 91% viabilities even after
72 h incubation with 0.04 nM of nanoprobes (Figure S6). The
specific binding ability of the nanoprobes to target HeLa cells
was also evaluated using MCF-7 adenocarcinoma cells as
control. MCF-7 was reported to express significant low integrin
on the membrane.32 Figure 3a,b demonstrated dark-field

images of HeLa cells before and after treated by 0.04 nM
nanoprobes for 30 min, and abundant orange scattering dots
were presented on the membrane (Figure 3b). On the contrary,
MCF-7 cells displayed only rare scattering dots (Figure 3c,d),
indicating the excellent specificity of the nanoprobes.
Autophagy monitoring was then performed with our

proposed nanoprobes. HeLa cells were treated by GP-
starvation medium (glucose, L-glutamine, pyruvate, and
serum) for 1 h to induce the autophagy and then incubated
with nanoprobes.10,13 As shown in Figure 4a, several orange
scattering light spots were presented on a single HeLa cell
membrane, corresponding to the captured nanoprobes. After 2
h, the orange scattering light spots turned red and the scattering
light brightness decreased (Figure 4b). Scattering spectra of 3
captured nanoprobes were also displayed (Figure 4c−e),
notable spectral red-shift Δλmax was observed within 2 h,
indicating the rising O2

•− level. HeLa cells under normal
condition were incubated with nanoprobes for 2 h as control. In
stark contrast, no obvious color change except a little brightness
decrease was observed in control group (Figure 4f,g).
Scattering spectra (Figure 4h−j) also suggested that Δλmax in
GP-starvation group were resulted from the O2

•− generated
under starvation treatment.
To evaluate the O2

•− concentration, Δλmax distributions of
30 selected nanoprobes captured by HeLa cells under GP-
starvation and normal condition were acquired respectively
(Figure 5). The mean value of Δλmax distributions under GP-

Figure 3. Representative DFM images of HeLa cells with (a) and
without (b) nanoprobes treatment. Representative DFM images of
MCF-7 cells with (c) and without (d) nanoprobes treatment. Both
cells were both cultured with 0.04 nM probe for 30 min. Scale bar was
20 μm.
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starvation within 2 h was 31.48 nm (Figure 5a), and O2
•−

concentration was evaluated to be ∼0.67 μM according to the
calibration result (Figure 2g). In contrast, the mean value of
Δλmax distributions under normal condition was only 1.62 nm

(Figure 5b), which might be caused by the nonspecific
adsorption of biomolecules.
To further investigate how O2

•− level regulates the
autophagy process, HeLa cells were incubated with nanoprobes
and acridine orange simultaneously. The acridine orange was
used to stain the acidic vesicular organelles (AVOs). While
autophagy occurs, double-membrane vesicles, termed autopha-
gosomes, encloses organelles and fuses with lysosome to form
autolysosomes, which is a type of AVOs. These AVOs are then
degraded to produce essential amino acids and fatty acids,
which are used to synthesize protein or are oxidized by mETC
to generate ATP for cell survival.8,9 Fluorescence images of
HeLa cells during an entire GP-starvation process were
presented (Figure S8a). Red puncta dots (AVOs) were not
observed until cells were starved for 6 h. The maximal amount
of AVOs was observed when starved for 36 h. Quantified result
(Figure S8b) was evaluated from the mean fluorescence
intensity of puncta dots in at least 50 cells in each period of
autophagy and the generation rate of autolysosomes was herein
calculated (Figure S8c). Once the autophagy was induced by
starvation, the generation rate of autolysosomes increased
rapidly and then kept steady for 36 h. Surprisingly, the
autolysosome generation rate fitted the evolution trend of O2

•−

level extremely well, confirming the feasibility of O2
•−-based

autophagy monitoring.
To eventually achieve the entire autophagy tracing of single

cells, which commonly lasted few days, long-term valid
nanoprobes are necessary. Most of reported nanoprobes,
especially those with high sensitivity, cannot keep sensitive to
objects for such a long period because reaction is usually
irreversible. During an entire autophagy process, nanoprobes
could be invalid and scattering light brightness became too low
to be detected. To solve this issue, a unique operation, called
“relay probe”, was proposed here (Scheme 1). Cells cultured in

normal medium captured the nanoprobes rapidly by RGD
acceptor on the cell membrane.33 After rinsed, cells were
treated by starvation medium to induce autophagy, and Δλmax
of captured nanoprobes were recorded. Once these nanoprobes
were invalid, fresh nanoprobes was introduced and worked
instead. That was a “relay” of nanoprobes. Relays of following
nanoprobes were performed by the same way. This relay probe
operation was repeated until no Δλmax could be detected any
more. Because nanoprobes kept a constant sensitivity all the
time and cells were always in autophagy process, real-time O2

•−

level in target cells could be monitored during the entire
autophagy process.
To evaluate the feasibility of our design, this relay probe

operation was used to observe the autophagy of a single HeLa
cell under GP-starvation. Representative DFM images indicated
that cell kept normal within 6 h (Figure 6a,b). After starvation
for 20 h, autophagy was displayed due to visible cell shrinkage
(Figure 6c). In the residual period, no more morphological
change was witnessed (Figure 6d,e). Several batches of
captured nanoprobes were clearly observed on the cell
membrane even the cell shrank. After 55 h starvation treatment,

Figure 4. (a) DFM images showed one HeLa cell under 1 h of GP-
starvation with individual probes captured on the membrane. Insets
showed the detailed view of 3 individual probes numbered with 1−3.
(b) DFM images showed the same cell in (a) after another 2 h of
starvation duration. Insets showed the detailed view of 3
corresponding probes in (a). Scale bar was 10 μm. (c−e) Scattering
spectra changes of 3 probes between (a) and (b). (f) DFM images
showed another HeLa cell in normal condition with individual probes
captured on the membrane. Insets showed the detailed view of 3
individual probes numbered with 1−3. (g) DFM images showed the
same HeLa cell in (f) after 2 h culture. Insets showed the detailed view
of 3 corresponding probes in (f). Scale bar was 10 μm. (h−j)
Scattering spectra changes of 3 probes between (f) and (g).

Figure 5. Δλmax distributions of nanoprobes captured by HeLa cells
under GP-starvation (a) and normal condition (b) for 2 h.

Scheme 1. Relay Probe Operation Procedure
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nanoprobes stopped changing, indicating the ending of
autophagy. To confirm, the cell was stained by acridine orange
(Figure 6f). Rare puncta dots revealed the exhaust of
autolysosomes, which was the signal of the termination of
autophagy.
Relay probe operation was then used for real-time tracing the

entire autophagy process of HeLa cells under GP-starvation.
During this process, eight batches of probes were introduced.
In Figure 7a, 8 groups of time-continuous Δλmax were obtained
from the statistical data in different cells. According to the time-
dependent Δλmax variation rates, the real-time in situ O2

•− level
was evaluated (Figure 7b). The O2

•− concentration increased
rapidly after the introduction of starvation medium. It kept
steady at the maximum for a long period and finally fell down.
We have investigated the relationship between autolysosome

generation rate and O2
•− level (Figure S8). Since the

generation rate of autolysosome showed some correlation
with the O2

•− concentration, the entire autophagy process of
the target cell was proposed. Before starvation, low O2

•− level
suggested no autophagy occurred. Once autophagy was
induced by GP-starvation, O2

•− concentration increased
quickly. During this period, cells began to produce
autolysosomes to degrade the organelles and generate ATP
for survival. When the generated ATP was sufficient, O2

•−

concentration stopped increasing to provide a steady amount of
autolysosomes. Once most of the organelles were degraded,
including the mitochondria, the production of O2

•− from
mETC was hampered by the lack of organelles.13,34,35 As a
result, O2

•− concentration decreased, followed by the
deceleration and termination of autolysosomes generation.
Once the residual autolysosomes self-degraded, the autophagy
was ended.
The autophagy process of HeLa cells under AA-starvation

(amino acids and serum) was also studied for comparison
(Figure 7c,d). The O2

•− concentration of HeLa cells under AA-
starvation showed a similar trend as the GP-starvation, except
some timing dissimilarities. When AA-starvation medium was
introduced, the O2

•− concentration did not show noticeable
change until 15 h later and reached maximal after more than 20
h. In addition, the steady duration was only several hours,
which was much shorter than GP-starvation (>20 h). These
differences might come from the different inducing mecha-
nisms. Autophagy under GP-starvation was chiefly induced by
the up-regulated O2

•− level. However, in the case of AA-
starvation, H2O2 was initially increased, leading to the
subsequent increase of O2

•− level and then autophagy
eventually.10 Thus, O2

•− concentration increase in HeLa cells
under AA-starvation condition was much slower.

■ CONCLUSION

In conclusion, entire autophagy of single HeLa cells was real-
time traced by multifunctionalized core−shell gold@silver
nanoprobes. The nanoprobes showed high sensitivity to O2

•−

concentration by visible PRS red-shift. In addition, it exhibit a
good specific target to cells with integrin on the membrane. To
our knowledge, it is the first report for real-time tracing entire
autophagy at single-cell level. According to our results,
intracellular O2

•− level controlled the autophagy process by
mediating the autolysosome generation. Different starvation
approaches can induce different autophagy processes, such as
diverse steady state time-consuming. Concerning the key role
of autophagy in the witness of cytometaplasia, our proposed
method owns the potentials in studying the mechanisms of
human pathologies, developing novel drugs or exploring
approaches for controlling autophagy in human diseases.
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Figure 6. Representative DFM images of a HeLa cell treated by relay
probe operation during an entire autophagy. The cell with several
batches of probes was under GP-starvation condition for 0 h (a), 6 h
(b), 20 h (c), 48 h (d) and 55 h (e). (f) Fluorescence micrographs of
the cell in (e) stained by acridine orange. Scale bar was 10 μm.

Figure 7. (a) Time-dependent mean Δλmax of several successive
batches of nanoprobes on HeLa cells during the entire autophagy
process induced by GP-starvation. (b) Calculated time-dependent
O2

•− concentration in HeLa cells under GP-starvation. (c) Time-
dependent mean Δλmax of several successive batches of nanoprobes on
HeLa cells during the entire autophagy process induced by AA-
starvation. (d) Calculated time-dependent O2

•− concentration in HeLa
cells under AA-starvation.
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