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ABSTRACT: Nucleolin, a nuclear biological multifunctional
protein, plays significant roles in modulating the proliferation,
survival, and apoptosis of tumor cells. Different from the traditional
electrochemiluminescence (ECL) method, a new ECL biosensor
was built to perform ECL imaging of nucleolin in a single HeLa cell
with high sensitivity and throughput. Briefly, mesoporous silica
nanoparticles (MSN) loaded with doxorubicin (DOX) and
phorbol 12-myristate 13-acetate (PMA) were used as drug carriers
and could be specifically opened by nucleolin in a HeLa cell. PMA
then induced the HeLa cell to produce reactive oxygen species
(ROS) and realized ECL imaging of nucleolin. After that, ROS
could damage DNA and proteins of the tumor cell and DOX could
induce the apoptosis of HeLa cells by inhibiting genetic material,
nucleic acid, synthesis. HeLa cells were then efficiently killed by DOX and ROS in a synergetic pathway. Herein, a new ECL
biosensor for ECL imaging of nucleolin in a single HeLa cell and synergetic tumor therapy was built.
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Nucleolin, as one of the most abundant proteins in the
nucleolus, was also found in the cytoplasm and on the

cell membrane.1−4 It has been confirmed that nucleolin plays
significant roles in modulating the proliferation, survival, and
apoptosis of cells, especially in cancer cells.5 Altogether,
nucleolin biological function contributes to cell homeostasis,
and it has been identified that nucleolin is overexpressed in
different cancer cell lines. Nucleolin overexpression contributes
to tumorigenesis and cancer progression by potentiating a high
level of protein synthesis, which supports cancer cell
proliferation and survival. Nucleolin also promotes onco-
genesis, acting as a transcriptional factor through direct binding
to the promoter region of target genes in the nucleoplasm or
by regulating the expression of several key proteins involved in
cancer growth and progression at the cytoplasmic mRNA level.
Christian et al. indicated that a cell surface nucleolin antagonist
causes endothelial cell apoptosis and normalization of tumor
vasculature.6 Thus, a sensitivity technology for nucleolin
detection is meaningful for tumor diagnosis and therapy.
Previous studies on nucleolin detection by traditional

electrochemiluminescence (ECL) technology were primarily
at the cell group level. Motaghi et al. employed a closed bipolar
electrode system modified with the AS1411 aptamer integrated
with ECL detection for sensitive diagnosis of nucleolin in
human breast cancer cells.7 However, ECL imaging is a
powerful technique, which possesses many potential advan-
tages combining chemiluminescence, electrochemistry, and
imaging technology.8−13 ECL imaging technology is increas-

ingly being used to offer visual details of a single cell and single
particle because it features the merits of low background and
good temporal and spatial resolution. For example, Ding et al.
explored ECL microscopy for imaging single living PC12 cell−
matrix adhesions. This study makes ECL microscopy
promising for studying the molecular composition, morphol-
ogy, and mechanical properties of adhesions.14 Although the
ECL imaging method was used for a single cell or single
nanoparticle study, the works on the integration of nucleolin
diagnosis and therapy for tumor based on an ECL biosensor
are still pretty rare.
Specific nanostructures that enable targeted and triggered

release of signal tags and chemotherapeutic drugs are ideal for
combined tumor diagnosis and therapy. Mesoporous silica
nanoparticles (MSN) are nano-inorganic materials with a
porous structure, which has the advantages of a large specific
surface area, large loading capacity, and versatility of surface
chemistry. Lately, MSN have been demonstrated to be efficient
carriers of signal tags and chemotherapeutic drugs for targeted
and triggered delivery due to the hollow nanostructures. The
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release process could not only potentially enable locoregional
therapy but also avoid systemic toxicity of aggressive
chemotherapeutic drugs.15−19 In this article, MSN was chosen
as a carrier for phorbol 12-myristate 13-acetate (PMA) and
doxorubicin (DOX) to get a multifunctional MSN@PMA@
DOX probe. DOX is a commonly used broad-spectrum
antitumor drug, which causes tumor cell apoptosis mainly by
inhibiting genetic material, nucleic acid, synthesis.20−22 DOX
has a good therapeutic effect on leukemia, lung tumor, ovarian
tumor, breast tumor, and other tumors. Unlike DOX, PMA is a
phorbol ester that stimulates tumor cells to produce reactive
oxygen species (ROS).23−26 High concentrations of ROS can
damage the DNA and proteins of tumor cells, triggering
oxidative stress-induced tumor cell death.27−33 Before loading
the drug, MSN was modified with 3-aminopropyltriethox-
ysilane (APTES) to have a positive charge on the surface. As
the charge of AS1411 DNA was negative, MSN and AS1411
DNA were combined by electrostatic attraction. The MSN@
PMA@DOX probe was finally closed by AS1411 DNA, which
can specifically target nucleolin with high affinity (Scheme 1).
After HeLa cells endocytosed the designed probe, AS1411
DNA could specifically combined with nucleolin with high
binding force, which caused the AS1411 DNA to fall off the
surface of MSN@PMA@DOX and targeted release of PMA
and DOX. PMA stimulated tumor cells to produce ROS
(including O2−•, •OH, H2O2, etc.), and H2O2 in ROS could
react with luminol to produce an ECL signal, which was
collected by the electron-multiplying charge-coupled device
(EMCCD), and ECL images of nucleolin in HeLa cells were
obtained. After that, HeLa cells could be killed with high
efficiency due to the different apoptotic pathways of DOX and
PMA. Herein, an ECL biosensor combining ECL imaging of
nucleolin and synergetic therapy for tumor was established.

■ EXPERIMENTAL SECTION
Chemicals and Instrument. Doxorubicin (DOX), phorbol 12-

myristate 13-acetate (PMA, 99%), and luminol were obtained from
Sigma-Aldrich Inc. Phosphate-buffered saline (PBS, 0.1 M, pH 7.4)
containing K2HPO4 and KH2PO4 was purchased from Beijing
Solarbio Technology Co., Ltd. for dispersing the MSN probe. 3-
Aminopropyltriethoxysilane (APTES) was purchased from Sino-
pharm Chemical Reagent Beijing Co., Ltd. (China). Cell Counting

Kit-8 (CCK-8) was obtained from DOJINDO Laboratories
(Shanghai, China). Annexin V-FITC/PI Apoptosis Detection Kit
and Annexin V-EGFP/PI Apoptosis Detection Kit were purchased
from Shanghai Yeasen. Fluorine-doped tin oxide (FTO)-coated glass
was purchased from Kaivo (Zhuhai, China). All aqueous solutions
were prepared using RNA-free water. DNA was purchased from
Sangon Biotech (Shanghai, China) with the following sequences:

AS1411 5 NH C GGG GGG TTG GTG GTG GTG GTT 

GTG GTG GTG GTG G 3
2 6′‐ ‐

‐ ′

The CCK-8 assay was performed on an ultramicro microporous
plate spectrophotometer (EP0CH2). The cell apoptosis images were
obtained on a TCS SP8 II laser confocal microscope (Nikon C2plus,
Germany) and using flow cytometry (Cytoflex, A00-1-1102).
Transmission electron microscopy (TEM) images were obtained
from a JEM-2100 microscope (Hitachi, Japan). ECL imaging was
performed using a fluorescence inversion microscopy system (Nikon,
Ti-U), an EMCCD (Andor, DU-897U-CS0), and a spectrograph
(Andor, SR-500i-A). Dynamic light scattering (DLS) characterization
analysis was performed on Malvern Zetasizer Nano ZS90 (U.K.).

Synthesis of the MSN@PMA@DOX Probe. The synthesis
process of MSN is adopted from the previous report.34 One milliliter
of APTES was added to 100 mL of ethanol containing 1.0000 g of
MSN, and the mixture was continuously stirred at 36 °C for 6 h. After
centrifugation with ethanol, it was dried at 60 °C to obtain APTES-
MSN. PMA (0.05 mL, 5 μg mL−1) and DOX (0.05 mL, 0.25 mg
mL−1) were added to the suspension, stirred at room temperature
overnight, centrifuged, and washed under vacuum to obtain MSN@
PMA@DOX powder. One milligram of MSN@PMA@DOX and
AS1411 DNA (50 μL, 10 μM) each was dispersed in 1 mL of PBS (1
mg mL−1) and stirred at 37 °C for 1 h. After centrifugation, it was
dispersed in PBS to obtain AS1411-closed MSN@PMA@DOX
probes. Finally, the MSN@PMA@DOX probe obtained was stored
at 4 °C in the dark.

Optimal Experimental Conditions. The incubation time of
HeLa cells with the MSN@PMA@DOX probe and the concentration
of luminol were optimized to get the best ECL imaging of nucleolin.
HeLa cells were incubated with the MSN@PMA@DOX probe (1 mg
mL−1) for 0.5, 1, 1.5, and 2 h under the same concentration of
luminol. Then, HeLa cells were detected with 0.01, 0.05, 0.1, and 1
mM luminol under the same incubation time with the MSN@PMA@
DOX probe (1 mg mL−1). The ECL signal was recorded with a
chemiluminescent analytical and a MPI-E multifunctional electro-
chemical system.

Scheme 1. ECL Imaging of Nucleolin in a Single Tumor Cell and Synergetic Apoptosis of Tumor Based on the ECL Biosensor

ACS Sensors pubs.acs.org/acssensors Article

https://dx.doi.org/10.1021/acssensors.0c00292
ACS Sens. 2020, 5, 1216−1222

1217

https://pubs.acs.org/doi/10.1021/acssensors.0c00292?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.0c00292?fig=sch1&ref=pdf
pubs.acs.org/acssensors?ref=pdf
https://dx.doi.org/10.1021/acssensors.0c00292?ref=pdf


Manufacturing of the FTO Electrode Chip and the ECL
Biosensor for Nucleolin Imaging in a Single Cell. The
manufacturing process of the FTO electrode chip is adopted form
the previous report.33 FTO, a piece of 3.5 cm × 3 cm quartz glass, was
modified with a special surface. The FTO chip was cleaned and
sterilized for single-cell nucleolin imaging. Two cells with a diameter
of 0.3 cm were punched at the central part of the poly-
(dimethylsiloxane) (PDMS) layer as reservoirs. Afterward, the
PDMS layer was attached to the FTO surface and pressed firmly.
Then, the FTO electrode chip was manufactured. Based on the
optimal experimental conditions, the MSN@PMA@DOX probe was
incubated with cells on the chip for 2 h at 37 °C. Then, 20 μL of
luminol solution (0.001 M, 0.01 M KOH, 1× PBS) was added to the
detected cells, and by supplying 2.5 V, ECL imaging was performed
by EMCCD. At the time of image acquisition, the focal plane was set
to live cells and remained unchanged.
Cytotoxicity Experiments. HeLa cells (10 μL, 2.0 × 106 cells

mL−1) and LO-2 cells (10 μL, 2.0 × 106 cells mL−1) were incubated
with 6 μL of MSN, MSN@PMA, MSN@DOX, and MSN@PMA@
DOX probes for 2, 4, 6, 8, 10, 12, and 24 h. Then, 10 μL of CCK-8 (5
mg mL−1) was added to each well and protected from light in the
incubator for 1 h at 37 °C. The absorbance of each well was measured
at 450 nm by a microplate reader. Then, the cell viability was obtained
using the following formula: cell viability (%) = [(Atest − Ablank)/
(Acontrol − Ablank)] × 100%,.
Synergetic Apoptosis Study. HeLa cells (0.2 mL, 1 × 106 cells

mL−1) were reacted with MSN MSN@PMA@DOX, MSN@PMA,
and MSN@DOX probes for 24 h, respectively. LO-2 cells (0.2 mL, 1
× 106 cells mL−1) were reacted with MSN@PMA, MSN@DOX, and
MSN@PMA@DOX probes for 24 h. Cell apoptosis rates were
quantified by flow cytometry and detected by the Annexin V-FITC/PI
Apoptosis Detection Kit. The experiment was performed according to
the kit instructions. The cells in the early apoptosis stage were
negative for PI but positive for Annexin V-FITC, the cells at late-stage
apoptosis were stained by both PI and Annexin V-FITC. Laser
confocal microscopy detection by the Annexin V-EGFP/PI Apoptosis

Detection Kit further validated the synergetic apoptosis of PMA and
DOX. The experiment was performed according to the kit
instructions.

■ RESULTS AND DISCUSSION

ECL Biosensor for Nucleolin Imaging in a Single
Tumor Cell. To make sure the ECL biosensor can optimize
the analysis performance of nucleolin, the influence of
incubation time for the MSN@PMA@DOX probe and HeLa
cells and the concentration of luminol was studied and is
shown in Figure 1. The curves in Figure 1A show that the ECL
intensity of the HeLa cells gradually increased with the
increasing incubation time and the maximum signal strength
was reached at 2 h. This phenomenon may be attributed to the
time taken by cells to endocytose probes and to generate ROS
upon PMA stimulation. From Figure 1B, we can observe that
the ECL intensity of HeLa cells increased with the increasing
concentration of luminol, which is in accordance with the
mechanism of the ECL system for luminol and H2O2, and the
concentration of luminol of 1 mM can produce the maximum
ECL intensity. Therefore, considering the preferable stability
and ECL intensity, the ECL biosensor was used under the
conditions of incubation time of 2 h and the concentration of
luminol of 1 mM. The image in Figure 1C shows the
morphology of HeLa cells. The ECL imaging of nucleolin in a
single HeLa cell was performed by EMCCD under the
conditions of 2 h incubation time and 1 mM concentration of
luminol solution (Figure 1D). The amplified bright-field
imaging of HeLa cells is shown in Figure 1E, and the amplified
ECL imaging of nucleolin is shown in Figure 1F. This
phenomenon could be attributed to the high activity of
nucleolin in HeLa cells, which could bind with the AS1411

Figure 1. Plot of the ECL intensities vs (A) incubation time and (B) concentration of luminol. (C) HeLa cells’ bright-field image. (D) HeLa cells’
ECL image. (E) HeLa cells’ amplified bright-field image. (F) HeLa cells’ amplified ECL image on the FTO electrode chip; cells were incubated
with the MSN@PMA@DOX probe; then, ECL images were recorded by EMCCD.
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aptamer and release PMA from the MSN@PMA@DOX probe.
The released PMA could lead to increased intracellular ROS
levels of HeLa cells. H2O2, one of the molecules in ROS, could
react with luminol at a certain voltage to produce the ECL
signal. The ECL signal was finally acquired by EMCCD and
transformed into ECL imaging of nucleolin.
After adding a reactive oxygen species scavenger, there was a

lower ECL signal than that from the test group of HeLa cells
(Figure 2A). This phenomenon showed that the ECL signal
was produced by H2O2 and luminol at a certain voltage. The
released PMA stimulated tumor cells to produce ROS
(including O2−•, •OH, H2O2, etc.). However, the intensity of
the ECL signal decreased after the addition of the reactive
oxygen species scavenger NAC. Therefore, there was no or
microscale ROS in the cells. Figure 2B is the bright-field image

of LO-2 cells, and Figure 2C is the ECL image of LO-2 cells. It
is worth noting that there is no ECL signal of LO-2 cells
compared with HeLa cells under the same experimental
conditions. This phenomenon shows that the MSN@PMA@
DOX probe cannot be opened in normal cells without
nucleolin. Therefore, the designed ECL biosensor can be
specifically recognized by nucleolin in tumor cells and achieve
tumor diagnosis and therapy.

Characterization and Cytotoxicity of the Drug
Delivery System. The morphology of MSN was studied by
transmission electron microscopy (TEM) to ensure high
delivery efficiency of the built drug-loading system. The
synthesized MSN showed equal size with an average diameter
of about 180 nm, with a hollow and porous structure (Figure
3A). As shown in Figure 3B, after the MSN was filled with

Figure 2. (A) Plot of the ECL intensities vs reactive oxygen species scavenger. (B) LO-2 cells’ bright-field image. (C) LO-2 cells’ ECL image on the
FTO electrode chip; cells were incubated with the MSN@PMA@DOX probe; then, ECL images were recorded by EMCCD.

Figure 3. Transmission electron microscopy (TEM) image of synthesized (A) MSN and (B) AS1411 DNA sealing the MSN@PMA@DOX probe.
Viability of (C) LO-2 cells and (D) HeLa cells incubated with MSN, MSN@PMA, MSN@DOX, and MSN@PMA@DOX probes.
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PMA and DOX and closed by the AS1411 aptamer, the MSN
became darker, which means that the holes of the MSN were
closed by the AS1411 aptamer and the MSN@PMA@DOX
probe was successfully synthesized. The result of dynamic light
scattering (DLS) in Figure S1 showed that the average
diameter of the MSN and the MSN@PMA@DOX probe was
consistent with TEM, about 180 nm. To evaluate whether the
MSN probe is suitable for cancerous cell treatment, the
biocompatibility of the MSN probe was tested by the CCK-8
assay. The viability of LO-2 cells after incubation with the
MSN, MSN@PMA, MSN@DOX, and MSN@PMA@DOX
probes was more than 90% (Figure 3C). As can be seen in
Figure 3D, the HeLa cell survival rate when cultivated with
MSN nanoparticles was more than 90%, which means that
MSN was fully biocompatible to be used as a drug carrier and
in tumor therapy. After cultivation with MSN@PMA and
MSN@DOX probes for 24 h, the survival rate of HeLa cells
was 72 and 71%, respectively. However, the HeLa cell survival
rate after cultivation with the MSN@PMA@DOX probe for 24
h was less than 40%. The nucleolin in HeLa cells can bind to
the AS1411 aptamer on the probe, which leads to the release of
PMA and DOX inside the probe. Under the combination of
PMA and DOX, HeLa cells are efficiently killed by the
synergetic apoptosis pathway. The experimental results show
that the designed probe is not cytotoxic to normal cells. This is
mainly attributed to the AS1411 aptamer modified on the
probe could not be opened as the nucleolin was not active in
LO-2 or other normal cells.

Apoptosis of HeLa Cells. To study the therapeutic effect
of HeLa cells, the apoptosis efficiency of HeLa cells can be
observed by laser confocal microscopy. It was verified by
confocal laser experiments with Annexin V-EGFP/PI staining
that the MSN@PMA@DOX probe can induce hyperapoptosis
in HeLa cells. As shown in Figure 4, early apoptotic HeLa cells
were stained with Annexin V-EGFP and collected at 488 nm
for green fluorescence imaging at 500−570 nm to obtain cell
information at an early apoptotic stage (Figure 4B). In
addition, to obtain late apoptotic cell information, late
apoptotic HeLa cells were double-stained with Annexin V-
EGFP and PI, and red fluorescence imaging was performed at
650−720 nm under excitation at 535 nm (Figure 4C). It can
be seen through comparative experiments that the MSN@
PMA@DOX probe can target and effectively kill tumor cells
without damage to normal somatic cells (Figure 4F−H). Flow
cytometry further quantifies the therapeutic effect of the drug
system. It can be seen in the Supporting Information that, after
incubation with MSN, 4.41% of HeLa cells were in apoptosis
(Figure S2A). This further verified that MSN has good
biocompatibility. Flow cytometry results of LO-2 cells
incubated with the MSN@PMA@DOX, MSN@PMA, and
MSN@DOX probes show that 2.62, 3.49, and 2.96% of LO-2
cells were in the apoptotic stage, respectively (Figure S2B−D).
This means that the probe only targeted HeLa cells. The flow
cytometry result of HeLa cells incubated with MSN@DOX
and MSN@PMA probes shows that 57.53% and 51.44% of
HeLa cells were in the apoptosis stage, respectively (Figure

Figure 4. Confocal laser scanning microscopy (CLSM) images of HeLa cells and LO-2 cells after incubation with the MSN@PMA@DOX probe
for 24 h. (A, E) Bright field provides cell information. (B, F) Early apoptotic cell information: the green channel was collected at 500−570 nm
under excitation at 488 nm (fluorescent dye, Annexin V-EGFP). (C, G) Late apoptotic cell information: red channel was collected at 650−720 nm
under excitation at 535 nm (fluorescent dye, PI). (D, H) Merged image: green channel, red channel, and bright field.

Figure 5. Flow cytometry study of HeLa cells treated with (A) MSN@DOX probe (1 mg mL−1) for 24 h, (B) MSN@PMA probe (1 mg mL−1) for
24 h, and (C) MSN@PMA@DOX probe (1 mg mL−1) for 24 h; the cells were stained with the Annexin V-FITC/PI Apoptosis Detection Kit.
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5A,B). Figure 5C shows that 73.07% of HeLa cells were in the
apoptosis stage after incubation with the MSN@PMA@DOX
probe for 24 h, which was significantly higher than that of the
single probe group. The pathway of DOX to cause HeLa cell
apoptosis was inhibition of genetic material, nucleic acid,
synthesis. However, PMA stimulated HeLa cells to produce
high concentrations of ROS to damage the DNA and proteins
of the cells. Under the combination of PMA and DOX, the
synergetic apoptosis pathway of the MSN@PMA@DOX probe
can target and effectively kill HeLa cells without damage to
normal somatic cells.

■ CONCLUSIONS
In this work, the ECL biosensor and the MSN@PMA@DOX
probe were used for nucleolin diagnosis in a single HeLa cell
and synergetic therapy of tumors. Compared with previous
studies, this work provides a new method that studies nucleolin
imaging in a single HeLa cell by an ECL biosensor with high
sensitivity and low cost. Besides, the built synergetic apoptosis
pathway by PMA and DOX could induce highly specific
apoptosis of the HeLa cell. More importantly, the integration
of tumor diagnosis and therapy provides a theoretical
foundation for clinical applications.
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