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ABSTRACT: Epidermal growth factor receptor (EGFR) nuclear
translocation correlates with the abnormal proliferation, migration,
and anti-apoptosis of tumor cells. Monitoring EGFR nuclear
translocation provides insights into the molecular mechanisms
underlying cancers. EGFR nuclear translocation includes two
processes, EGFR phosphorylation and phosphorylated EGFR
translocation to the nucleus. With the help of aptamers, probes
that can achieve the first step of anchoring phosphorylated EGFR
have been developed. However, the EGFR nuclear translocation
can last for hours, posing a challenge to monitor the entire nuclear
translocation in living cells. Herein, we designed a circular bivalent
aptamer-functionalized optical probe with greatly enhanced
stability for long-term visualization of EGFR nuclear translocation
in situ. The results of cell experiments show that the probe could monitor the entire nuclear translocation of EGFR. The findings of
tissue and in vivo experiments demonstrate that the probe can evaluate the development and progression of tumors by imaging
EGFR nuclear translocation in situ. The proposed approach allows us to monitor EGFR nuclear translocation in the long term,
indicating its great potential in investigating the mechanisms of cancers and guiding for tumor treatment.

■ INTRODUCTION
Protein nuclear translocation represents the movement of
proteins from the cytoplasm to the nucleus.1 During this
process, certain proteins enter the cell nucleus to control gene
expression and regulate cellular function.2,3 It has been
reported that the protein nuclear translocation of the
epidermal growth factor receptor (denoted as EGFR) is
closely related to the development of cancers.4,5 Specifically,
when EGFR binds to its ligand epidermal growth factor
(denoted as EGF), EGFR undergoes autophosphorylation and
translocates to the nucleus to exert kinase activity, thus
activating downstream signaling pathways.6−8 Dynamic trans-
location processes of EGFR are correlated with the abnormal
proliferation, migration, and anti-apoptosis of tumor cells.9,10

Therefore, exploring EGFR nuclear translocation is critical for
understanding the molecular mechanism of cancers and could
be further applied to potential areas such as tumor status
evaluation.
An ideal strategy for imaging EGFR nuclear translocation

would first anchor phosphorylated EGFR and should allow the
observation of the entire process of EGFR nuclear trans-
location in living cells. Molecular recognition probes such as
antibodies,11 ligands,12 or aptamers13,14 have been proposed
for EGFR localization. Among them, aptamers are labeled with
accurate dye stoichiometry and have been utilized for

quantitative nanoscale imaging,15,16 providing a solution for
precise observation of EGFR nuclear translocation. However,
the nuclear translocation process of proteins can be as long as
several hours.17,18 Aptamer-based probes are often easy to be
degraded,19,20 posing a challenge for in situ monitoring the
entire nuclear translocation in living cells.
Circular bivalent aptamer (cb-Apt) with fixed ends can

eliminate the major source of degradation,21 providing an
effective and straightforward strategy for improving the long-
term stability of the entire probe. Herein, a circular bivalent
aptamer-functionalized optical probe (denoted as cb-Apt-
ALNP) was rationally designed. The cb-Apt in the probe
could accurately anchor phosphorylated EGFR on the cell
membrane. Then, the optical signal changes of the probe were
monitored, allowing us to continuously and in situ visualize the
process of EGFR nuclear translocation in living cells (Scheme
1). In complex biological environments, we found that the cb-
Apt endows the probe with good stability and can anchor
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phosphorylated EGFR for a long time. This property lays the
foundation for the probe to monitor the protein nuclear
translocation for up to several hours. Overall, this approach not
only helps in revealing the process of EGFR nuclear
translocation in living cells but also provides insights into the
progression of cancers and guidance for tumor treatment.

■ MATERIALS AND METHODS
Reagents and Materials. All DNA synthesis reagents

were obtained from Glen Research (Sterling; VA), and the
Protected Fe base was synthesized in our lab. Fetal bovine
serum (FBS) was purchased from Zeta life. Dulbecco’s
phosphate buffered saline (DPBS; Gibco), RPMI-1640
medium (Gibco), and Dulbecco’s modified Eagle medium
(DMEM; Gibco) were obtained from Thermo Fisher Scientific
Inc. Epidermal growth factor (EGF) was purchased from
Abcam. Bovine serum albumin (BSA) was obtained from
Beyotime. Deionized (DI) water (resistivity ∼18.2 MΩ·cm)
was used throughout the experiments.

Construction of Circular Bivalent Aptamer (cb-Apt).
To prepare cb-Apt, its two components (S13-1 and S13-2)
were first dissolved in binding buffer in an appropriate
concentration and then heated at 95 °C for 5 min, followed
by quick cooling to 4 °C, allowing the formation of cb-Apt.

Preparation of Apt-ALNPs and Cb-Apt-ALNPs. The
ferrocene nucleotide modified DNA oligonucleotide was
attached to nanoparticles via the hydrophobic interaction. In
short, 2 mg of ALNPs were dispersed in toluene. Then, 3 nmol
of single-stranded or cb-Apt was dissolved in 1 mL of sterile
water and added to the above solution under vigorous stirring.
Subsequently, ALNPs were transferred from the upper toluene
phase to the lower water phase, and the water solution was
transferred to a centrifuge tube. The obtained Apt-ALNPs or

cb-Apt-ALNPs were collected by centrifugation and finally
dispersed in sterile water.

Cell Culture. A549 cells, L02 cells, and CAL-27 cells were
derived from China Center for Type Culture Collection
(CCTCC). A549 cells were cultured in RPMI 1640 medium
supplemented with 10% FBS. L02 cells and CAL-27 cells were
cultivated in DMEM medium supplemented with 10% FBS.
The cells were maintained at 37 °C in a humidified atmosphere
containing 5% CO2.

Z-Axis Scanning. A549 or L02 cells were seeded in 20 mm
of confocal dishes at a density of 5 × 104 per well and
incubated overnight. Cells were then incubated with cb-Apt-
ALNPs (75 μg·mL−1) at 37 °C for 30 min. Subsequently, cells
were cultured in solution without or with EGF (100 ng·mL−1)
at 37 °C for 10 min. The cells were washed and visualized by
confocal microscopy. Micrographs were taken per 0.39 μm
while moving the focal plane in incremental steps from the dish
bottom up to the top of the cells.

Cell Migration Assay. The 6-well plates were respectively
plated with 4 × 105 A549 cells and L02 cells. The cells were
grown to confluence before beginning the experiment. A
scratch was created with a 100 μL pipette tip, after which a
new serum-free medium without or with 100 nM EGF was
added and monitored for 48 h following the start of the
experiment. The closure degree of the scratched area was
expressed as a percentage of the initial scratched area. At 0, 12,
24, 36, and 48 h, pictures of the wounds at three different
locations were taken. The wounds were quantitatively
measured, and the remaining wound areas were calculated
using ImageJ software.

Three-Dimensional Multicellular Spheroids (MCSs).
For A549 or L02 multicellular spheroids generation, cell
suspensions of 100 μL per well at optimized densities (1 × 103
cells·mL−1) were dispensed into 96-well U-plates (MS-
9096UZ, Japan). Plates were incubated for 5 days at 37 °C

Scheme 1. Principle of cb-Apt-ALNP for EGFR Nuclear Translocation Detection
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in a humidified 5% CO2 atmosphere. Then, the culture
medium was replaced with DPBS mixed with EGF and
cocultured for 10 min. Subsequently, multicellular spheroids
were incubated with cb-Apt-ALNPs (75 μg·mL−1) in DPBS for
30 min. After that, Z-stack images of the spheroids were
acquired at 5 μm intervals using a confocal microscope (TI-E
A1RMP N-STORM, Nikon) equipped with a CCD camera.
In Vivo Imaging. All animal studies were performed in

accordance with protocols approved by Hunan University
Laboratory Animal Center, and all mice received humane care
in compliance with the Guide for the Care and Use of
Laboratory Animals. All mice had access to food and water ad
libitum. Five-week-old female athymic BALB/c nude mice
received a subcutaneous injection of 7 × 106 A549 cells into
the right backside. When tumor volume reached 70 mm3,
various materials were injected intravenously via the tail vein
(30 μL). After the mice were anesthetized with isopentane, in
vivo imaging was performed.

■ RESULTS AND DISCUSSION
Synthesis and Characterization of Cb-Apt-ALNPs. The

cb-Apt-ALNP consists of two parts, a circular bivalent aptamer
(denoted as cb-Apt) and an alkylated afterglow luminescent
nanoparticle (denoted as ALNP). Taking the EGFR-targeting
aptamer S1322 as the main part, additional flanking
complementary sequences were added and ferrocene nucleo-
tides23 with strong hydrophobicity were modified (Figures
S1−S6 and Table S1). The cb-Apt was formed by hybrid-
ization of additional complementary sequences. The alkylated
ALNP was synthesized using a hydrothermal method as
described in our previous work (Figure S7).24 The strong
hydrophobic interaction between alkylated ALNP and cb-Apt
was conducive to forming cb-Apt-ALNP (Figure 1a).25,26 The
cb-Apt was selected as a recognition unit to specifically anchor
EGFR. ALNP was chosen as the signal unit since its afterglow
signal could be significantly affected by electron transfer in
phosphorylation.27,28 To be specific, there are holes and free
electrons stored in the energy traps of ALNPs. When the
excitation light is removed, holes or free electrons are released
from energy traps with afterglow luminescence. The increase in
the number of electrons could improve the recombination
probability of electrons and holes, thereby enhancing afterglow
luminescence.29−31 The electrons transferred during the EGFR
phosphorylation reaction can flow to the ALNPs and change
their electron distribution, enhancing the signal of ALNPs.27

The synthesis of cb-Apt was verified by agarose gel
electrophoresis as the cb-Apt obviously retarded its migration
compared to single-stranded components (Figure 1b). The
effects of cyclization on cb-Apt stability in different biological
media were also investigated. The band integrity of cb-Apt was
still evident after incubation with serum for 8 h, while the band
of single DNA was degraded after 1 h incubation (Figure 1c
and Figure S8). The cb-Apt could retain sequence integrity
even after incubating with exonuclease I (Exo I) for 12 h
(Figure S9). Based on stability analysis of aptamers treated
with serum and Exo I, it can be concluded that the cyclization
of aptamer improves stability in complex biological environ-
ments. The stability of the single-stranded aptamer is mainly
limited by its free ends, which are easily recognized and
cleaved by exonucleases.32 Also, the free ends of single-
stranded aptamers are prone to unnecessary DNA rearrange-
ments.33 Compared with the linear aptamer, circular structures
possess better thermal stability and higher conformational

stability due to lack of free ends and reduced misfolding.34,35 In
addition, cb-Apt not only enhanced binding affinity but also
doubled the internalization of single strand (Figures S10−
S12), making cb-Apt much more suitable as a candidate for
EGFR nuclear translocation detection. In the phase transfer
reaction, it was clearly observed that the ALNPs were
transferred from the oil phase to the water phase, implying
that the cb-Apt was modified on the ALNPs (Figure 1d). After
quantitative analysis, cb-Apt was efficiently modified onto
ALNPs with about 85% yield (Figure S13 and Table S2).
Transmission electron microscopy, dynamic light scattering,
elemental mapping images, and statistical size distributions all
clearly demonstrated the successful construction of the cb-Apt-
ALNPs (Figures S14−S16). The excitation, emission, and
absorption spectra of cb-Apt-ALNPs were characterized
(Figures S17−S19). This proved the synthesis of cb-Apt-

Figure 1. Synthesis, characterization, and responsiveness of cb-Apt-
ALNPs. (a) Schematic of the synthesis process of cb-Apt-ALNPs. (b)
Agarose gel electrophoresis revealed the formation of cb-Apt. The cb-
Apt (lane 3) was prepared with S13-1 (lane 1) and S13-2 (lane 2). (c)
Agarose gel electrophoresis was employed to analyze the stability of
cb-Apt after incubating with 10% FBS for 0, 1, 2, 3, 5, and 8 h (lane
1−lane 6). (d) Schematic of the phase transfer process. (e)
Corresponding pseudo-color image of cb-Apt-ALNPs after being
incubated at various EGF concentrations. A representative image of
three biologically independent samples from each group is shown.
Color bar: 4.97 × 105−4.77 × 106. (f) Dose-dependent afterglow
intensity of cb-Apt-ALNPs after being incubated in PBS at various
EGF concentrations. Data are presented as the mean ± standard
deviation. n = 3. (g) Schematic of cb-Apt-ALNPs for EGFR
phosphorylation imaging (not to scale).
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ALNPs, and the optical properties were not affected by cb-Apt
modification. The colocalization experiments in vitro and in
vivo were conducted, demonstrating the EGFR targeting of cb-
Apt (Figures S20 and S21).

Responsiveness of Cb-Apt-ALNPs to EGFR Phosphor-
ylation. In vitro experiments were performed to explore
whether the afterglow signal of cb-Apt-ALNPs varies with
EGFR phosphorylation. Before this, the cytotoxicity of cb-Apt-
ALNPs was evaluated using the CCK-8 assay. Statistically, the
viability of A549 cells was still higher than 90% after 24 h
incubation with cb-Apt-ALNPs. As a result, cb-Apt-ALNPs
were well tolerant and have low toxicity in vitro (Figure S22).
As a ligand of EGFR, EGF was used to activate the EGFR
phosphorylation. A549 lung cancer cells were chosen as the
model cell due to their high EGFR expression.36 Based on this,
A549 cells were incubated with varying concentrations of EGF
to trigger cellular EGFR phosphorylation. As shown in the
pseudo-color image of afterglow, the afterglow signals of cb-
Apt-ALNPs increase continuously with the addition of EGF
(Figure 1e). The relation between afterglow intensity and the
addition of EGF was analyzed to evaluate whether cb-Apt-
ALNPs can characterize EGFR phosphorylation. Relative
afterglow intensity (ΦAfterglow) was defined as the ratio of
afterglow intensity change to initial afterglow intensity.37 The
formula was listed as follows:

= I I I( )/Afterglow f o o (1)

where Io is defined as the original afterglow intensity, which
means the afterglow intensity before a given stimulus, and If is
the afterglow intensity after stimulation. Afterglow intensity (I)
is determined by the excitation source, excitation time, number
of nanoparticles, and luminous efficiency of nanoparticles.38

Under the same excitation conditions, the afterglow intensity is
directly proportional to the luminous efficiency (Q) and the
number of nanoparticles (N):

×I Q N (2)

By combining formulas 1 and 2

× × ×Q N Q N Q N

Q Q Q

( )/( )

( )/

Afterglow f o o

f o o (3)

where Qo represents the original luminous efficiency, which
means the luminous efficiency before a given stimulus, and Qf
is the luminous efficiency after stimulation. From formula 3, it
is found that the ΦAfterglow is not affected by the number of
nanoparticles and is related to the luminous efficiency of
nanoparticles. The luminous efficiency of nanoparticles is
influenced by EGFR phosphorylation; ΦAfterglow could thus be
used to detect the status of EGFR phosphorylation. The
calculated ΦAfterglow of cb-Apt-ALNPs was linearly correlated
with the addition of EGF (Figure 1f and Table S3), elucidating
that ΦAfterglow of cb-Apt-ALNPs was positively correlated with
EGFR phosphorylation. The Western blot (WB) assay was
performed to show the expression of cell phosphorylation
under EGF stimulation. The results displayed strong bands for
phosphorylated EGFR (pEGFR) with the addition of EGF
(Figure S23), verifying that EGFR phosphorylation can be
activated effectively by EGF. The results were consistent with
the observations of afterglow signals, proving that EGF-
activated EGFR phosphorylation can be characterized using
the cb-Apt-ALNPs (Figure 1g). Furthermore, cb-Apt-ALNPs

maintained a clear response to EGF-activated phosphorylation
in complex biological environments. The afterglow images
were also acquired by the IVIS Lumina XR Imaging System,
and the corresponding calculated ΦAfterglow exhibited that cb-
Apt-ALNPs have two-fold signal enhancement in the presence
of EGF (Figures S24 and S25). Taken together, the ΦAfterglow of
cb-Apt-ALNPs positively correlated with EGFR phosphor-
ylation, providing a method for acquiring dynamic information
about EGFR nuclear translocation.

Monitoring of Nuclear Translocation by Cb-Apt-
ALNPs. In a normal state, EGFR remains in the cell
membrane.39 By binding with external EGF, EGFR is activated
to enter the nucleus and trigger downstream signaling events.40

To explore the detection performance of cb-Apt-ALNPs on
EGFR nuclear translocation, the imaging of ALNPs, Apt-
ALNPs and cb-Apt-ALNPs in different biological environ-
ments was investigated. Bovine serum albumin (BSA) was
chosen to simulate the abundant proteins in biological
systems,41 and the long-term stability of the probe for nuclear
translocation imaging was evaluated in PBS. A549 cells were
separately incubated with ALNPs, Apt-ALNPs, and cb-Apt-
ALNPs under different conditions, and afterglow images were
obtained by laser scanning confocal microscopy. Nuclear
translocation was monitored over a period of up to 1.5 h. The
afterglow decay analyses were performed and showed that the
luminescence of cb-Apt-ALNPs lasted for more than 60 min
(Figure S26). In the absence of BSA, it was found that the
afterglow signals of Apt-ALNPs and cb-Apt-ALNPs both
increased apparently with the addition of EGF. Notably, cb-
Apt-ALNPs had the strongest afterglow signal in the nucleus
that represented enhanced EGFR nuclear translocation
compared to cells not treated with EGF. This result illustrated
that EGF-enhanced nuclear translocation in A549 cells can be
clearly monitored by cb-Apt-ALNPs. In the presence of BSA,
relative to ALNPs and Apt-ALNPs, the afterglow signal of cb-
Apt-ALNPs altered significantly in A549 cells before and after
adding EGF (Figure 2a and Figures S27 and S28). The
observation indicated that cb-Apt-ALNPs can highly respond
to EGFR nuclear translocation even with abundant BSA, which
may be attributed to the high affinity and high stability of cb-
Apt on the probe. The relative integral optical density (IOD)
of these images was calculated. In BSA-treated cells, the IOD
of cb-Apt-ALNPs greatly rose from 50 to 100% with the
addition of EGF, while ALNPs and Apt-ALNPs showed almost
no response (Figure 2b), further implying that EGFR nuclear
translocation detection using cb-Apt-ALNPs was hardly
affected by proteins in biological environments. In addition,
WB was performed to determine the EGFR phosphorylation
status. It was found that the EGF stimulation apparently
increased the expression of pEGFR (Figure 2c and Figure
S29), firmly validating that the alterations of afterglow signals
reflect the phosphorylation status.
On this basis, to further evaluate the potential practical

applications of cb-Apt-ALNPs, the capacity of cb-Apt-ALNPs
on monitoring EGFR nuclear translocation was tested in a
complex serum environment. It was observed that the
luminescence of cb-Apt-ALNPs in the nucleus remarkably
enhanced after EGF treatment, while ALNPs and Apt-ALNPs
showed negligible signal change (Figure 2d and Figure S30).
The statistical results indicated that the relative IOD values of
ALNPs and Apt-ALNPs remained almost the same before and
after EGF stimulation. For cb-Apt-ALNPs, the IOD in EGF
stimulated group was about two folds higher than that of the
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EGFR phosphorylation-inactivated group (Figure 2e). These
data highlighted that afterglow imaging monitored by cb-Apt-
ALNPs allowed for selective visualization of EGFR nuclear
translocation with superior specificity over ALNPs and Apt-
ALNPs. Hence, it can be concluded that cb-Apt-ALNPs were
capable of visualizing cellular EGFR nuclear translocation
status selectively in a complex environment, consistent with
the results of WB (Figure 2f and Figure S31). Additionally, the
EGFR high-expressing cell line human tongue squamous cell
carcinoma (CAL-27) was chosen to investigate the applic-
ability of the cb-Apt-ALNPs (Figure S32).42,43 For EGF-

stimulated CAL-27 cells, the cb-Apt-ALNPs showed a bright
afterglow signal. This observation was similar to the signal
trend of A549 cells (Figure S33). These phenomena may be
due to the fact that EGF activates EGFR phosphorylation, and
EGFR carrying luminescent cb-Apt-ALNPs translocates into
the nucleus, where they aggregate with bright signals in the
nucleus (Figure 2g). These data provided direct evidence
supporting that cb-Apt-ALNPs can realize long-term EGFR
nuclear translocation imaging with high stability in complex
biological environments.

In Situ Imaging the Nuclear Translocation of EGFR. It
has been confirmed that cb-Apt-ALNPs possess excellent
stability in different biological environments, suggesting that
cb-Apt-ALNPs are potential probes for long-term monitoring
of nuclear EGFR distribution. To determine whether cb-Apt-
ALNPs can monitor the nuclear translocation of EGFR, A549
cells and normal human liver cell line (L02) were incubated
with cb-Apt-ALNPs. Then, the cells were imaged along the Z-
axis at various depths. The typical cross-section images showed
that in the nucleus of A549 cells, the afterglow signal was
significantly enhanced after EGF stimulation (Figure 3a and
Figure S34). The pseudo-color image at a distance of 1.56 μm
on the Z-axis visually presented this observation, indicating
that EGFR nuclear translocation was continuously occurring in
cancer cells. In addition, the EGFR nuclear translocation
exhibited an EGF-dependent increase, which was confirmed by
the fluorescence profile of the indicated region (white line).
For L02 cells, the nucleus showed a near-zero signal with and
without EGF pretreatment (Figure 3b and Figure S35),
elucidating a low degree of EGFR nuclear translocation in the
normal cells. Using nuclear fractionation and WB, it was found
that the bands for EGFR (Figure 3c) and pEGFR (Figure 3d)
were more clearly displayed in the nucleus of A549 cells than
L02 cells after EGF stimulation, highly consistent with the
results of Z-axis scanning. Furthermore, temporal dynamic
signal changes of cb-Apt-ALNPs during EGFR translocation
were also examined. The observations suggested that cb-Apt-
ALNPs had a temporal dynamic response to EGFR nuclear
translocation for nearly an hour (Figures S36 and S37). These
phenomena demonstrated that the distribution of EGFR in the
nucleus of living cells can be monitored by the signal of cb-
Apt-ALNPs, enabling the differentiation of cancer cells from
normal cells.

Visualization of EGFR Nuclear Translocation in
Migrated Cells. It has been reported that EGF stimulation
can induce EGFR phosphorylation and promote EGFR
translocation to the nucleus in tumor cells.4 By binding to
genes in the nucleus, EGFR regulates gene transcription and
stimulates the expression of cyclin D1, leading to tumor cell
migration.44 We further investigated whether cb-Apt-ALNPs
could monitor EGFR nuclear translocation in cells with strong
migration ability. The optical signals of cb-Apt-ALNPs during
cell migration were observed by confocal laser microscopy.
From the photographs of migration, the migration rate of A549
cells pretreated with EGF was faster than that of L02 cells
(Figure 4a). Statistical analysis and WB results illustrated that
EGF can promote EGFR translocation to the nucleus, and the
scratch area of A549 cells decreased to nearly 20% after 48 h,
showing strong migration ability (Figures S38−S40). Then,
the cb-Apt-ALNPs were incubated with A549 cells and L02
cells. The afterglow luminescence of the nucleus in A549 cells
was significantly enhanced after EGF stimulation (Figure 4b).
The luminescence intensity of cb-Apt-ALNPs was highly

Figure 2. The cb-Apt-ALNPs could image EGFR nuclear trans-
location in complex biological environments. Representative afterglow
images (a) and corresponding relative IOD (b) of ALNPs, Apt-
ALNPs, and cb-Apt-ALNPs from A549 cells after different treatments.
Scale bar, 50 μm. Data are shown as the mean ± standard deviation. n
= 3; *P < 0.1, **P < 0.01, ***P < 0.001, analyzed by two-sided
Student’s t-test. (c) WB analysis of EGFR and pEGFR in A549 cells
with different treatments in PBS. Representative afterglow images,
nuclear DAPI staining images (d), and corresponding relative IOD
(e) of ALNPs, Apt-ALNPs, and cb-Apt-ALNPs from A549 cells
incubated without or with EGF in fetal bovine serum (FBS). Scale
bar, 50 μm. Data are shown as the mean ± standard deviation. n = 3;
**P < 0.01, ***P < 0.001, analyzed by two-sided Student’s t-test. (f)
WB analysis of EGFR and pEGFR in A549 cells with different
treatments in FBS. (g) Schematic of cb-Apt-ALNPs detecting EGFR
nuclear translocation in the presence of EGF.
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consistent with the degree of cell migration, suggesting that
monitoring the nuclear translocation signal of intracellular
EGFR can be used for tumor status evaluation. To further
explore the imaging of EGFR nuclear translocation by cb-Apt-
ALNPs in tumor tissues, the performance of cb-Apt-ALNPs
was evaluated by the 3D multicellular spheroid (MCS) model
with histological features similar to the solid tumor. In the
presence of EGF, the afterglow image obtained in A549 MCSs
exhibited significant brightness throughout the spheroid. In
sharp contrast, for L02 MCSs, only the edge of the spheroids
showed dim afterglow, while the inner region near the center
was almost as dark as the background (Figure 4c). Such
afterglow imaging of the MCSs models clearly demonstrated
the ability of cb-Apt-ALNPs to in situ monitor EGFR nuclear
translocation in tumor tissues (Figure 4d), explicitly indicating
their superiority for imaging EGFR nuclear translocation.

Imaging of EGFR Nuclear Translocation in Mice. It is
reported that EGFR nuclear translocation at tumor sites
remains active to meet the needs of proliferation and migration
during tumor growth (Figure 5a).45 Consequently, monitoring
EGFR nuclear translocation in vivo can not only assess the
growth status of cancer cells but also show the malignant
degree of tumors. Encouraged by the good results obtained in
tumor tissues, A549 tumor-bearing mice were used as a murine
model to further clarify the real-time monitoring capability of
cb-Apt-ALNPs for EGFR nuclear translocation. The biosafety
of cb-Apt-ALNPs was evaluated by measuring their tissue and
blood compatibilities in healthy BALB/c mice. The body

weight of mice was monitored for 14 days after treatment, and
no apparent body weight loss was observed (Figure S41).
Compared with the PBS-treated group, the cb-Apt-ALNPs-
treated group displayed no significant differences in both
hematology parameters and blood biochemical indexes
(Figures S42−S45). The results manifested the excellent
biocompatibility of cb-Apt-ALNPs in the mice model, laying a
solid foundation for further in vivo application. Cetuximab, as
an EGFR inhibitor, was used to inhibit EGFR nuclear
translocation by blocking the binding of EGFR and its
ligand.46 The mice receiving inhibitor-treated or inhibitor-
untreated were imaged by cb-Apt-ALNPs. Also, the biodis-
tribution of cb-Apt-ALNPs in mice were tracked using the in
vivo imaging system. As shown in Figure 5b,c, in the inhibitor-
untreated group, the afterglow intensity at the tumor site was
strong, manifesting that the EGFR nuclear translocation was
active. However, in the inhibited group, the afterglow intensity
at the tumor site gradually weakened with the treatment of the
inhibitor. Notably, 24 h after probe injection, the afterglow
signal in the tumor of the uninhibited mice was still clearly
visible, illustrating excellent long-term stability of the probe in
vivo. The cb-Apt-ALNPs displayed tumor accumulation
(Figures S46−S48), and showed negligible neurotoxicity
(Figure S49). The results suggested that the afterglow signal
of cb-Apt-ALNPs can dynamically reflect the entire process of
EGFR nuclear translocation in mice.
The expressions of EGFR and pEGFR in tumor tissues were

detected by traditional immunohistochemistry (IHC). There

Figure 3. Z-Axis scanning images of internalized cb-Apt-ALNPs in A549 cells (a) and L02 cells (b) were recorded by a confocal microscope before
or after EGF stimulation. Micrographs were taken as the focal plane gradually moved from the bottom to the top of the cell. Scale bar, 10 μm. From
left to right: brightfield image at the Z-axis distance of 1.56 μm, Z-axis scanning images (the white dotted line represents the boundary of the
nucleus), pseudo-color image at the Z-axis distance of 1.56 μm, and fluorescence profiling of the white solid line (the light blue area represents the
nuclear region; the white area represents the cytoplasmic region). WB analysis of EGFR (c) and pEGFR (d) in non-nuclear and nuclear proteins of
A549 cells and L02 cells stimulated with EGF. Lamin B1 and GAPDH were used as purity controls for the nuclear and non-nuclear proteins,
respectively.
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was almost no difference in EGFR expression of tumor tissues
treated with or without inhibitor. The tumor tissue from the
inhibitor-treated group exhibited a weaker brown signal of
pEGFR compared to the untreated group (Figure 5d and
Figure S50), confirming the low expression of pEGFR. The
downregulation of pEGFR further revealed that EGFR
phosphorylation activity was inhibited after adding inhibitor,
and the nuclear translocation of EGFR was attenuated. In
addition, the Ki67 assay and terminal deoxynucleotidyl
transferase (TdT)-mediated dUTP nick-end labeling
(TUNEL) assay were employed to evaluate the levels of

proliferation and apoptosis in tumor tissues to analyze the
tumor suppression efficiency. In short, the tumor tissue from
inhibitor-treated mice displayed higher apoptosis and lower
proliferation levels compared to the untreated group (Figures
S51 and S52). The inhibitor attenuates the level of nuclear
translocation of EGFR, matching well with the accepted view
that EGFR nuclear translocation occurs rarely in growth-
retarded tumor cells. Collectively, EGFR nuclear translocation
occurred frequently in tumor cells and displayed bright
afterglow signals while rarely in suppressed tumor cells. In

Figure 4. Evaluation of the cb-Apt-ALNPs for imaging of EGFR
nuclear translocation in migrated cells. (a) Cell migration results. The
black dotted lines define the area lacking cells. (b) Representative
afterglow images and corresponding nuclear DAPI staining images of
A549 cells and L02 cells after incubation cb-Apt-ALNPs without or
with EGF. Scale bar, 50 μm. (c) 3D images of A549 MCSs and L02
MCSs after incubation cb-Apt-ALNPs without or with EGF. Scale bar,
200 μm. (d) Schematic of the relationship between the afterglow
signal of cb-Apt-ALNPs and cell migration.

Figure 5. Evaluation of the cb-Apt-ALNPs for in vivo imaging of
EGFR nuclear translocation. (a) Illustration of EGFR nuclear
translocation at tumor sites in mice. (b) Time-dependent afterglow
images of the A549 tumor-bearing mice treated with or without
inhibitor after intravenous injection of cb-Apt-ALNPs. The red circles
represent the boundary of the tumor. n = 3. Color scale: 2.75 × 103−
1.5 × 104. (c) Quantitative analysis of afterglow intensity in tumor
region of mice shown in (b). Data are shown as the mean ± standard
deviation. n = 3. (d) IHC staining of EGFR and pEGFR in tissue
sections of mice injected with or without inhibitor.
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general, monitoring EGFR nuclear translocation can be used to
evaluate tumor status in mice and may lead to new strategies
for detecting the occurrence and progression of related
diseases.

■ CONCLUSIONS
In this work, cb-Apt-ALNPs were designed for long-term stable
detection of EGFR nuclear translocation in situ. On the basis
of targeting EGFR, the probe could respond to EGFR
phosphorylation in the first step and realize in situ monitoring
EGFR nuclear translocation in the second step. The cb-Apt-
ALNPs were able to maintain stability for up to 8 h in serum
and up to 12 h in the Exo I environment, laying the foundation
for nuclear translocation monitoring. Cellular experimental
results demonstrated that cb-Apt-ALNPs exhibited sensitive
responses to EGFR nuclear translocation triggered by EGF at a
concentration of 2 μg·mL−1. The tissue and in vivo
experimental results indicated that the afterglow signal of cb-
Apt-ALNPs could sustainedly reflect the status of EGFR
nuclear translocation for up to 1 h. Thus, cb-Apt-ALNPs could
be used to detect the biological progress of EGFR nuclear
translocation in situ. Overall, cb-Apt-ALNPs enable long-term
stable EGFR nuclear translocation detection, presenting a
promising strategy for assessing tumor status. Furthermore, the
cb-Apt-ALNPs probe can easily be extended to detect EGFR
nuclear translocation in other tumor cell lines such as CAL-27.
The probes based on cb-Apt-ALNPs can form a robust and
versatile toolbox for creating comprehensive detection of
related diseases.
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