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Abstract: Photodynamic therapy (PDT) has lately been
identified as a promising anticancer method and gained
tremendous interest due to its controllability, non-invasive
nature, and negligible side effects. Nevertheless, the
development of PDT is hampered by two factors. One is
the insufficient tissue penetration of phototherapy laser,
resulting in restricted treatment sites. Another one is the
substantial dependence of reactive oxygen species (ROS)
formation on oxygen concentration. Therefore, a strategy
to promote ROS generation by overcoming the hypoxia
microenvironment is critical to cancer therapy. Electrolysis
ofwater isknowntobea rapidandrelatively securemethod
for producing oxygen. Thus, in this study, electrotherapy
was introduced to alleviate the tumor hypoxia by produc-
ing oxygen in situ, hence boosting the PDT efficacy, namely
E-PDT. Black phosphorus (BP) based nanomaterials were
selected as clearable photosensitizers with outstanding
PDT performance. Experiments conducted both in vitro
and in vivo indicated that E-PDT performed superior
therapeutic effects with the in situ generation of oxygen
by electrotherapy compared with other groups. This work
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suggests a promising strategy for phototherapeutic anti-
cancer efficiency enhancement.
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1 Introduction
In clinical practice, the superficial tumor has been treated
with photodynamic therapy (PDT) over the years accord-
ing to its numerous advantages, including low adverse
effects, non-invasiveness, minimal drug resistance, and
light-controlled selectivity [1–3]. The photosensitizer (PS),
light sources with the proper wavelengths, and dissolved
oxygen in the cells are the three non-toxic components
that formed the molecular process of PDT [4]. The electron
transition from the ground state (S0) to the singlet excited
state (S1 S2, S3, etc.) occurs when the PS is illuminated by
adequate light [5]. Generally, the PS is divided into two
categories based on the produced reactive oxygen species.
Via electron transfer mechanism, the T1-stated PS engages
with H2O or O2 to form reactive oxygen species (ROS), such
as superoxide radical (O2

−) and hydroxyl radical (·OH).
This reaction is usually known as ‘type I PDT’ [6]. In
contrast, a process known as ‘type II PDT’ is an energy
transfer reaction that the hazardous singlet oxygen (1O2)
is generated when the T1-stated PS potentially sensitizes
O2

5. Typically, a ROS molecule was produced from a PS
molecule in type I PDT [6]. In comparison, 1O2 could be
created continuously by a PS molecule in the presence of
sufficient O2 and light in type II PDT [7]. Consequently, an
excellent therapeutic effect could be obtained with only
small doses of PS. As a result, ROS generated by PSs
through the type II PDT mechanism has become quite
popular in clinical applications. As mentioned above,
oxygen is the substrate to produce toxic reactive oxygen
species in PDT. Adequate oxygen supply is the prerequisite
to ensuring sufficient effect of PDT. However, abnormal
growth of tumor blood vessels and the malignant growth
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of cancer cells prevent enough oxygen from reaching
the tumor tissues [8]. The efficacy of oxygen-dependent
PDT would be much reduced due to the hypoxic tumor
microenvironment (TME). Besides, the hypoxic TME could
promote tumor growth and metastasis [9]. Therefore, it
is essential to alleviate the hypoxia problem in tumor
treatments.

Electrotherapy or electrical stimulation (ES) is the
introduction of a low-level electric current into the human
body to stimulate and activate muscles or nerves [10, 11]. It
can treat orthopedic injuries and muscle-related diseases
[12, 13], but its application in treating major diseases such
as cancer is still an unknown blank. Guohua et al. inno-
vatively combined the traditional Chinese acupuncture
iron needles (electrodes) and in vivo electrochemistry to
develop a cancer treatment method based on the selective
electrochemical production of hydrogen in the tumor area.
This method can rapidly generate hydrogen in the tumor
area by electrolyzing H2O [14]. Because the theoretical
voltage required for electrolysis of water is only 1.23 V,
electrical treatment provides a precise anddirect approach
to creating oxygen [15]. Oxygen will generate fast at the
anode when a direct current (DC) electrical power source
is applied. Additionally, electrotherapy is a safe method of

oxygen generation because there was no additional drug
intake that might cause side effects when synergistically
working with other therapies. To some extent, the hypoxia
problem of the TME might be alleviated with electrother-
apy. Wang’s group demonstrated that BP nanosheets are
very efficient photosensitive catalysts for forming singlet
oxygen with a quantum yield of around 0.91 [16], making
them promising candidates for photodynamic treatment
[17]. Besides, BP displays excellent biocompatibility and
low toxicity because it could be degraded into phosphate
and phosphorus products in the final [18, 19] has attracted
widespread attention as PS.

To address the hypoxic tumor issues, modified BP
nanosheets were applied to photodynamic/electrical syn-
ergistic cancer therapy (Figure 1). In this therapy system,
mPEG-NH2 was decorated on the surface of BPNSs to
improve photostability under irradiation of 635 nm laser
andbiocompatibility.Meanwhile, electrotherapyplayedas
an oxygen donor role that relieved hypoxia for enhanced
BP-mediated PDT. An E-PDT instrument was designed and
conveniently utilized in both in vitro and in vivo studies.
Herein, we proposed a novel tumor therapeutic that over-
comes the fundamental limitations of PDT and exhibits
remarkable tumor inhibition effects. This innovative E-PDT

Figure 1: The schematic of sophisticated BPNSs for synergistic antitumor therapy.
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therapy offers a new possibility for the future treatment of
hypoxic tumors.

2 Materials and methods

2.1 Instruments and materials

Semiconductor diode lasers, LSR635NL (Lasever, Inc.), were used
as the excitation source for the 635 nm laser. The emission power
was measured by a laser power meter (LM-3B20). A thermal imaging
camera (FLIR E-75) was used to measure temperature change during
the irradiation. The multimodal therapeutic was carried out by using
the self-developed E-PDT instrument. The morphology characteriza-
tions of BP nanosheets were obtained on a transmission electron
microscope (TEM) (FEI Talos F200S) and an atomic force microscope
(AFM) (Bruker Icon). The absorption spectra were measured on a
UV–Vis spectrophotometer (UV-2601, Beijing Beifen-Ruili Analytical
Instrument). The size of nanosheets was detected by a NanoPlus-3
DLS instrument. Raman analysis was performed on a HORIBA
Scientific LabRAM HR Evolution Raman micro-spectrometer with
514 nm excitation. On a K-Alpha device from Thermo Scientific, X-ray
photoelectron spectroscopy (XPS)measurementswere performed. An
opticalgranulometerwasused tomeasure thezetapotential (Zetasizer
Nano ZS90, Malvern Instruments Ltd.).

Bulk BP was purchased from Nanjing Muke Tec Co., Ltd.
mPEG-NH2 (1000Da) was provided by Shanghai Yayi Technology
Co., Ltd. Phosphate buffered saline (PBS) (pH 7.4), Roswell Park
Memorial Institute-1640 (RPMI-1640), Fetal Bovine Serum (FBS),
trypsin-EDTA, and penicillin/streptomycin were purchased from
Gibco Life Technologies. Dimethyl sulfoxide (DMSO) was gained
from Sigma–Aldrich. A549 was gained from ATCC. CellTiter-Glo
luminescent kit was brought from Promega Co., Ltd. Dead Cell
Apoptosis Kit (Annexin V-FITC) and Calcein-AM/propidium iodide
(PI) kit were obtained from Shanghai Beyotime Biotechnology Co.,
Ltd. DCFDA Cellular ROS Assay kit, all the antibodies for western blot
analysis were purchased from Abcam. All the rest chemicals were
purchased from Aladdin Reagents unless mentioned above. All the
water employed in the experiment was ultrapure water at 25 ◦C and
18.25 MΩ cm.

2.2 Synthesis of BPNSs and BP-PEG platforms

The BP nanosheets (BPNS) were produced through the sonication
liquid exfoliation of bulk BP [20]. Briefly, bulk BP was ground into
nanoflakesanddispersed in IPA(1mg/mL).Themixturewassonicated
with an ultrasonic cell disruption apparatus in an ice bath for 8 h,
and then the BP dispersion was further exfoliated in bath sonication
for 12 h at 10 ◦C. Afterward, the obtained mixture was centrifuged
(7000 rpm, 20 min) to eliminate the oversized BP. The suspension
containing the expected size of BPNSs was centrifuged again (13,000
rpm,30 min) andprecipitateswere rinsedwithdeionizedwaterbefore
being freeze-dried under vacuum. The fabricated BPNSs were stored
in dark at 4 ◦C to avoid degradation. To modify the surface of BPNSs,
mPEG-NH2 was added into BPNSs suspension at a mass ratio of 1:5.
The mixture was stirred for 4 h to achieve well contact between these

two compounds. The combination was then centrifuged at 10,000
rpm (4 ◦C) for 15 min twice to clean the excess mPEG-NH2. Finally,
precipitates were freeze-dried after washing two times to obtain
PEGylated BP nanosheets (BP-PEG).

2.3 Photodynamic performance of BP-based
nanomaterials

The photodynamic effect analysis of BP-based nanomaterials was
carried out in six groups. Electrotherapy was applied at before or
after laser illumination to investigate the oxygen influence on the PDT
further. Pure water was used as the negative control group. DPBF
(50 μL, 10−4 mol/L) was added into BP-PEG in the dark. For the laser
group, the samples were irradiated by laser (635 nm, 1 W/cm2). For
electrical stimulation, a 2 V direct current was applied to the samples.
All the sampleswere loaded ina2mLcuvetteandmeasuredbyUV–vis
at different times.

2.4 In vitro analysis

Human lung cancer cells (A549) were brought from Procell Life Sci-
ence&TechnologyCo., Ltd, cultured inRPMI1640mediumcontaining
10% FBS and 1% penicillin–streptomycin, and incubated at 37 ◦C in
a humidified atmosphere of 5% CO2.

2.4.1 Cytotoxicity assay: The bioavailability of BP-based
nanoplatform was carried out in A549 cells through luminescent
assay. The A549 cells were seeded in the white opaque-walled
96-well plates (2 × 104 cells/well) with culture medium overnight.
After that, medium was replaced with 100 uL medium containing
different concentrations of BP-PEG (5, 10, 25, 50 and 100 μg/mL).
Followed by 24 h incubation at 37 ◦C, the cell was equilibrated at room
temperature before adding CellTiter-Glo reagent. The luminescent
signal, recorded through a luminometer, is positively correlated with
cell viabilities.

2.4.2 Cell live/dead analysis: In general, the phototherapeu-
tic effect of BP-based platform was evaluated through Calcein
AM/PI assay and quantified with the luminescent assay. The
A549 cells were seeded into 12-well plates (2 × 105 cells/well)
overnight with complete medium. Then the cells were cultured with
the medium containing BP-PEG for 4 h. After the cells were rinsed
using PBS, laser irradiation treatment (635 nm, 0.5 W/cm2, 5 min)
and electric treatment (2 V, 2 min) were selectively implemented in
different cell groups. After treatment, cells were cultured at 37 ◦C for
another 12 h. Before the examination using an inverted fluorescence
microscope, Calcein-AM and PI were added to stain the cells for
30 min. The ratio of live/dead cells could reflect the phototherapeutic
effect. For quantitative analysis, the cells were treated with the same
conditions, and then the luminescent assay detailed above was
conducted.

2.4.3 ROS fluorescence imagingand flowcytometryanalysis: For
the ROS level measurement, the DCFDA kit was utilized to ascertain
intracellular ROS production of A549 cells. The A549 cells were
cultured for 24 h in a complete medium in 6-well plates and
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then replaced with BP-containing medium. After BP was taken by
the cell, the irradiation treatment with/without electrotherapy was
applied to different groups. The cell was incubated with DCFH-DA
for 30 min and rinsed with buffer two times. The fluorescent images
of cells were recorded by an inverted fluorescence microscope. The
amount of generated ROS was also measured using BD FACSCalibur
flow cytometry.

2.4.4 Apoptosis assay: Seven groups of cells were seeded into
the 6-well plates and then treated with different conditions. After
laser illumination and electrical stimulation, the cells were incubated
for another 12 h. Finally, cells were collected and resuspended for
15 min in a binding buffer containing propidium iodide (PI, 5 μL) and
annexin-V FITC (5μL) in the dark. Then the fluorescence intensitywas
examined by a flow cytometer. In addition, the western blot analysis
of PRAP and caspase-3 was undergone as these two indicators are
highly correlated with the cell apoptosis level [21, 22].

2.5 Animal and tumor model

Animal modeling was performed based on the Balb/c nude mice
(6 weeks old, female). On the right flank of each mouse, PBS
containing 1 × 106 A549 cells (100 μL) was subcutaneously injected
to create the tumor model. Tumor volume was calculated using the
following formular [23]: Tumor volume (mm3)= 1/2 × length ×width
×width.When the tumors grew to approximately 100 mm3,micewere
utilized for antitumor therapy. Seven groups of tumor-bearing mice
were randomly assigned (n = 5) for different treatments: (1) PBS; (2)
only ES; (3) only BP-PEG; (4) BP-PEG with laser; (5) BP-PEG with laser
and then ES; (6) BP-PEG with ES and then laser; (7) BP-PEG with ES
and laser simultaneously.

2.5.1 BP-based nanomaterials in vivo anticancer performance:
For group 1, the mice were intravenously injected PBS (50 μL).
For group 2, the mice were only treated with electrotherapy (2 V,
2 min). For group 3, the mice obtained an intravenous injection of
BP-PEG (50 μL). For group 4–7, the mice were given an intravenous
injection of BP-PEG. After 1 h injection, the mice of those groups
were applied for further therapy. For laser irradiation, the mice were
illuminated by 635 nm laser (0.5W/cm2, 10 min), and the temperature
variations around tumor area were recorded using an infrared
camera. The electrotherapy parameter was the same as group 2. The
treatments were conducted every other day for the first five days.
Afterward, the mice were photographed and assessment of the tumor
volume using a caliper was undergone every other day. Additionally,
the mice weights were noted. The survival rate of every group in this
study was recorded.

2.5.2 Histopathological and immunohistochemical analysis:
After 21 days, all the mice were examined before execution. All
the tumor tissues were dissected and photographed before being
fixed in 4% paraformaldehyde. The main organs such as heart,
liver, spleen, lung, and kidney were harvested and stored in 4%
paraformaldehyde. Finally, both main organs and tumor tissues
were sectioned and stained with hematoxylin and eosin (H & E) for
pathological analysis. In addition, the tumor slices were analyzed
utilizing TUNEL immunohistochemical staining assays.

3 Results and discussions

3.1 Characterization of BPNSs and BP-PEG

3.1.1 Morphology of BP-based nanomaterials

The morphology of BP-based nanomaterials was
characterized using TEM and AFM. TEM image shown in
Figure 2a discovered that the lateral dimensions of BPNSs
were approximately 100–150 nm. The BPNSs diameter
distribution before and after PEGylated was analyzed by
DLS in the aqueous system as well (Figures S1 and S2). The
DLS results revealed that the average particle diameter of
nanomaterials increased because of the long PEG chain
decoration on the BPNSs surface in water. Besides, due
to the larger particle size after PEGylated, BP-PEG was
less likely to accumulate in the kidney in vivo, lowering
its toxicity. The few-layer BP’s crystallinity was examined
using high-resolution TEM (HR-TEM) (Figure 2b). Lattice
fringes were clearly shown on the BP atomic layer and
consistent with the well-known BP lattice characteristics.
The typical lattice fringes of BP indicate the BP nanosheets
generated by exfoliation in IPA maintained their original
crystallinity. According to AFM analysis, as shown in
Figure 2c, the thickness was about 3.4 nm, which proved
that few-layer of BPNSs were successfully produced. The
(020), (040), and (060) planes shown in the XRDpattern of
BPNSs (Figure 2d) demonstrated the excellent crystallinity
of BPNSs same as as-synthesized BP. XPS was applied to
detect the chemical composition of the BPNSs (Figure 2e).
For the P2p spectra of BPNSs, the 2p3/2 and 2p1/2 exhibit at
129.8 and 130.7 eV, respectively, which are the representa-
tive binding energy of BP. In addition, the oxidized phos-
phorus (POx) displayed at 135.9 eV, suggesting BPNSswere
well protected in IPA. The P–C bond appeared at 134.2 eV
indicating the strong connection between BP and PEG.
Both bare BP and PEGylated BP were analyzed using the
Raman spectrum (Figure 2f). The identical Raman signals
of both samples exhibitedpeaksat 361.0 cm−1, 438.0 cm−1,

and465.3 cm−1, respectively. TheRamanspectra suggested
that no structural transformations happened during the
BP nanomaterials preparation. Compared to bare BP, all
three modes of PEGylated BP exhibited slightly red shift
because of the adsorption after the PEG coating, which
inhibited the phosphorus atoms’ oscillation and reduced
the associated Raman scattering energy. In Figure 2g, the
zeta potential of BP-PEG was less negative than BP, which
also confirmed the surface of BPNSs was modified with
mPEG-NH2. Various concentrations from 5 to 100 ug/mL



C. Li et al.: Immunohistochemistry and H&E analysis of all groups | 5081

Figure 2: BP characterizations (a), (b) TEM images (c) AFM height analysis, (d) XRD spectra, (e) high-resolution XPS spectra of P2p, (f) Raman
spectra of BP and BP-PEG, (g) zeta potential analysis of before and after PEG covered BP, (h) photographs of BP-PEG solutions with various
concentration, BP dispersion with laser irradiation.

of BP-PEG were presented in Figure 2h. These samples
presented excellent dispersibility, and typical Tyndall
effects were shown when irradiated with 635 nm laser.

3.1.2 Photodynamic efficiency and stability of BPNSs

For the photodynamic properties of BP-based nanomate-
rials evaluation, the ROS generation amounts were moni-
tored using DPBF via UV–VIS (Figure 3a). The characteris-
tic absorptionpeakofDPBFat420 nmdecreasedaccording
to the irreversible reaction between ROS and DPBF. When
DPBFsolutionwas treatedwithBPor electrotherapyalone,
the absorption peak remained essentially constant. The
absorption peak of DPBF decreasedwith irradiation times.
The characteristic peak fell dramatically after electrother-
apy was applied. Compared with the BP L-E and BP E-L
groups, the peak value decreased more rapidly when two
therapies were conducted at the same time.

3.2 In vitro assessments using A549 cells
To assess whether the BP-based nanomaterials could be
safely utilized for biomedical applications, the potential
toxicities in A549 cells, at various concentrations were
demonstrated in Figure 3b. It validated that the BP-based
nanomaterials showed no significant cytotoxicity the cell
viability was maintained 80% until the concentration
achieved 50 μg/mL. Only at far above dose concentration
(100 μg/mL) the cell viability dropped to 60% which
confirms the excellent biocompatibility of the PEGylated
BP. To further investigate the PDT and PTT performance
of prepared nanomaterials, the cell live/dead analysis was
carried out with A549. The statistics results of luminescent
assay displayed in Figure 3c, only 37% of the cell still
alive after phototherapy and electrotherapy. To reveal
cell status post-treatment, Calcein-AM/PI analysis was
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Figure 3: PDT effect and cell viability analysis of BP-based nanomaterials. (a) ROS detection, time-dependent absorption spectra of the DPBF
with different conditions, (b) cell viability of A549 cells 24 h after incubated various BP concentrations, (c) cell viability of A549 cells applied
with different treatments (d) fluorescence images of A549 cells stained with Calcein-AM (live cells, green fluorescence) and propidium iodide
(dead cells, red fluorescence).

applied (Figure 3d). It was shown that electrical stim-
ulation cell impact was minor, so as in the BP group.
Cell death gradually appeared after laser irradiation.
For three groups that received both phototherapy and
electrotherapy, the group in which two treatments were
applied simultaneously presented powerful cell-killing
effects. Thedifference in live/dead cell percentagebetween
the other two groups could be negligible. Therefore, the

introduced electrotherapy indeed promoted the antitumor
effect. It was still unknown about the antitumor effect was
attributed to PTT or PDT. The photothermal effect of BP
under 635 nm laser irradiation was approved shown in
Figure S4.

Thus, the cellular ROS assay was implemented
to detect whether the oxygen generated by electro-
therapy promotes the photodynamic effect of BP-based
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Figure 4: ROS detection and cell apoptotic analysis of BP-PEG in vivo. (a) DCFDA analysis of ROS after laser induced (b) flow cytometric
analysis of ROS generation in A549 cells after indicated treatment in the culture medium without glucose. (c) Representative annexin
V-FITC/PI scatter plots of A549 cells after 24 h of treatment (the bottom right quadrant displays early apoptotic cells, while the upper right
quadrant displays late apoptotic cells).
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Figure 5: WB and in vitro analysis of BP-based nanomaterials with different treatments. (a) Western blot analysis for PARP, Caspase-3, (b)
photography of self-designedmultimodal cancer treatment instrument for antitumor therapy, (c) photography of tumor-bearingmice variation
with time.

nanomaterials. The preliminary ROS analysis was con-
ducted using a DCFDA probe to label the cellular ROS of
A549 because the DCFDA molecules could be converted
to DCF by ROS, resulting in intense green fluorescence
that serves as an indication of ROS production. The
fluorescent images listed in Figure 4a indicated that green
fluorescence was hardly observed in the control group. In
contrast, a largeamountofROSwasgeneratedwith laseras
emitted strongfluorescence signals. Subsequently, theROS
generation level of different groups was quantified using
flow cytometric analysis. As shown in Figure 4b, there is
no ROS signal was detected in the control group. For BP
L&E group, the signal reached 17.50% which was more
than double the BP L group’s value (7.84%). It is approved
that the electrotherapy improved the ROS generation as
weexpected. It confirmed that theoxygengeneratedduring
electrotherapypromotedROSproduction.As thegenerated
oxygenwould be released from themediumwith time, this
oxygen sourcemaynot be interruptedwithROSgeneration
when two therapy applied separately.

Thenecrotic andapoptotic assayofA549 cells induced
by 635 nm irradiation was quantified utilizing flow cytom-
etry. Positive labeling for Annexin V-FITC demonstrated
early apoptosis, which was characterized by plasmamem-
branereconfiguration.Whereascellswerepositive labeling
Annexin V-FITC and PI owing to DNA destruction, these
cells were in late apoptosis stages. Necrosis was assessed
by the proportion of PI-positive cells alone (Figure 4c).
Similar to the cell live/dead assay discussed above, the
electrotherapy group had almost no result in necrosis
and apoptosis when compared with the control group.
A small number of dead cells and apoptosis status cells
were detected in BP groups. This might be because
BP breakdown into phosphate anions in the cells, and
the persistent rise of cytosolic phosphate anions affects
cellular ATP hydrolysis to trigger programmed cell death.
Cell necrosis and apoptosis number enlarged after laser
treatment, suggesting that BP-based nanomaterials could
cause A549 cell apoptosis with 635 nm laser irradiation.



C. Li et al.: Immunohistochemistry and H&E analysis of all groups | 5085

Figure 6: In vitro evaluations of BP-based nanomaterials post various treatments. (a) Tumor volume development over time after different
treatments, n = 5, (b) body weight changes over time of different groups, n = 5, (c) images of harvested tumor tissue after 21 days, (d)
statistical analysis of tumor volume on 21 days.

The statistical analysis revealed that BP L&E group exerted
a more effective phototherapeutic effect than the BP L
group.

To evaluate the apoptosis pathway in A549 treated
with BP nanomaterials, the critical apoptotic machiner-
ies, such as PARP and caspase-3 were detected using
western blot. In accordance with the results of western
blot (Figure 5a), cleaved caspase-3 and PARP significantly
increased in BP L&E group. The WB results present the
same situation as the flow cytometric results discussed
previously.Among thosegroups, the largest amountofROS
was generated in BP L&E groups, which leads to severe cell
apoptosis.

In summary, in vitro experiment results demonstrated
that electrotherapy did enhance the production of ROS
in photodynamic therapy, resulting in more dramatic
apoptosis of cells.

3.3 In vivo experiment for A549

According to theBP-basednanomaterials presentedagood
anticancer performance in vitro, Balb/c nudemice bearing
A549 tumors were established to determine the effective-
ness of the anticancer of this cancer therapy further. A
multimodal cancer treatment instrument was built up for
this in vivo experiment. As shown in Figure 5b, this device
mainly contains three parts, the laser control module,
the electrical treatment control module, and the timing
module. The 635 nm laser output power was adjusted by
switching the knob on the right. The higher the displayed
current, the higher the output power. There are two pat-
terns for the electrical treatment control module: constant
voltage (0.3–5 V) and constant current (0.01–1 A). The
yellow and blue knobs control the current and voltage,
respectively. In this paper, only a constant voltage pattern



5086 | C. Li et al.: Immunohistochemistry and H&E analysis of all groups

Figure 7: Immunohistochemistry and H&E analysis of all groups. (a) TUNEL analysis for tumor tissue sections of treated groups at 21 days,
(b) H&E stained histological images of major organs and tumor tissue sections after 21 days.

wasutilized.Theapplicationdurationofphototherapyand
electrotherapy are regulated by the timing module.

The treatment system was divided into seven groups
and the changes in tumor volume and body weight of
mice were measured over 21 days. The typical comparison
between the control group and BP L&E group was shown
in Figure 5c. The control group’s tumor size continuously

increased during the observation period, while the BP L&E
group’s tumorvolumegraduallydecreasedafter treatment.
The variations in tumor volume and mice body weight
were presented in Figure 6a and b, respectively. Besides,
the statistical analysis of tumor volume after 21 days was
shown in Figure 6d. Obviously, there was no apparent
difference among the control group, electrotherapy group,
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and BP group according to the tumor volume. For all
phototherapy groups, the tumor volume growth was sig-
nificantly inhibited. Tumor proliferation was inhibited to
a similar extent for BP L group and BP L-E group. The
possible explanation was the oxygen generated by post-
electrotherapycouldnotparticipate in theROSgeneration.
Therefore, this further proved that the synergistic effect of
electrotherapy is mainly oxygen provider. The assistance
of PTT and in situ hydrogen generation of electrotherapy
were additional benefits. The antitumor effect of BP E-L
group was better than BP L group, as the part of produced
oxygen interrupted ROS generation, but was limited by the
complexity of oxygen concentration maintenance in TME.
TheBPL&Egroupdemonstratedadistinguishedantitumor
effect, consistentwith the conclusionof the in vitro studies.
As in the previous study, the generated oxygen enhanced
the PDT efficiency, resulting in better therapeutic results
[24].

When concerning the variation within the group
(Figure 6c), the BP L&E group presented the best among
all groups, which suggested the good stability of this
synergetic therapy. Furthermore, there was no detectable
variation in the mice’s body weight among all seven
groups during the entire observation period, indicating
negligible side effects on the mice. In summary, this
synergetic therapy exhibited remarkable antitumor effects
and biocompatibility in vivo.

The cell necrosis and apoptosis in the tumor tis-
sues following various therapies were examined via H&E
staining and the TUNEL assay (Figure 7). In Figure 7a,
no TUNEL-positive tumor cell was detected in BP group
and E group. This suggested BP nanomaterials and elec-
trotherapy alonewouldnot lead to tumor necrosis. TUNEL-
positive tumor cells appeared after PDT, indicating that
PDT resulting the tumor cell be killed via necrosis and
apoptosis.TheBPL&Egrouphad themost severeapoptosis
basedonTUNELanalysis.The listedH&Estainingresults in
Figure 7b demonstrated that neither BP nor electrotherapy
induce a substantial infection or inflammation. On the
basis of H&E histological images, no visible damage was
observed in sections of major organs, confirming that BP-
based nanomaterials are biocompatible with electrother-
apy and phototherapy.

4 Conclusions
In this study, BP-PEG nanomaterials were successfully
fabricated and used in E-PDT for anticancer purposes.
Hypoxia is a clinically relevant issue in cancer therapy
and oxygen is consumed continuously in PDT, which

aggravates hypoxia at the tumor site. Electrotherapy, a
direct and efficient method of oxygen generation via water
splitting, was selected in conjunction with phototherapy.
The safety of oxygen generation is much improved by
avoiding additional drug intake, which might result in
systemic toxic effects and finally cause side effects when
collaborating with other cancer therapy. In vivo and in
vitro resultsmanifested thatBP-basednanomaterials could
effectively produce ROS under laser irradiation. Mean-
while, theROSgeneration further increased in thepresence
ofelectrolyticoxygenproduction.TheE-PDTwithBP-based
nanomaterials displayed excellent photodynamic thera-
peutic efficiency under 635 nm laser irradiation, achieving
apoptosis of A549 cells effectively. In conclusion, this work
offers a novel and secure strategy for utilizing BP-based
nanomaterials in E-PDT. It demonstrates a strong potential
for future clinical translation to overcome the limitations
of hypoxic tumor tissue in cancer treatment.

Author contributions: All the authors have accepted
responsibility for the entire content of this submitted
manuscript and approved submission.
Research funding:ThisworkwassupportedbyGuangdong
Scientific and Technological Project (2019B1515120043,
2020A151501612, 2021A1515220109 and 2021A1515010720,
2022B1515020093), the Science and Technology Innova-
tion Commission of Shenzhen (KCXFZ20201221173413038,
ZDSYS20200811142600003), the Longhua District Science
and Innovation Commission Project Grants of Shenzhen
(JCYJ201904). Authors also acknowledge the support from
Instrumental Analysis Center of Shenzhen University (Xili
Campus).
Conflict of interest statement: The authors declare no
competing financial interest.

References
[1] S. Monro, K. L. Colon, H. Yin, et al., ‘‘Transition metal

complexes and photodynamic therapy from a tumor-centered
approach: challenges, opportunities, and highlights from the
development of TLD1433,’’ Chem. Rev., vol. 119,
pp. 797−828, 2019..

[2] T. C. Pham, V. N. Nguyen, Y. Choi, S. Lee, and J. Yoon, ‘‘Recent
strategies to develop innovative photosensitizers for
enhanced photodynamic therapy,’’ Chem. Rev., vol. 121,
pp. 13454−13619, 2021..

[3] S. Kwiatkowski, B. Knap, D. Przystupski, et al.,
‘‘Photodynamic therapy − mechanisms, photosensitizers and
combinations,’’ Biomed. Pharmacother., vol. 106,
pp. 1098−1107, 2018..

[4] R. R. Allison and K. Moghissi, ‘‘Photodynamic therapy (PDT):
PDT mechanisms,’’ Clin. Endosc., vol. 46, pp. 24−29, 2013..



5088 | C. Li et al.: Immunohistochemistry and H&E analysis of all groups

[5] M. T. Yaraki, B. Liu, and Y. N. Tan, ‘‘Emerging strategies in
enhancing singlet oxygen generation of
nano-photosensitizers toward advanced phototherapy,’’
Nanomicro Lett., vol. 14, p. 123, 2022..

[6] D. Chen, Q. Xu, W. Wang, et al., ‘‘Type I photosensitizers
revitalizing photodynamic oncotherapy,’’ Small, vol. 17,
p. 2006742, 2021..

[7] L. Huang, S. Zhao, J. Wu, et al., ‘‘Photodynamic therapy for
hypoxic tumors: advances and perspectives,’’ Coordin. Chem.
Rev., vol. 438, p. 213888, 2021..

[8] A. Patel and S. Sant, ‘‘Hypoxic tumor microenvironment:
opportunities to develop targeted therapies,’’ Biotechnol.
Adv., vol. 34, pp. 803−812, 2016..

[9] X. Deng, Z. Shao, and Y. Zhao, ‘‘Solutions to the drawbacks of
photothermal and photodynamic cancer therapy,’’ Adv. Sci.,
vol. 8, p. 2002504, 2021..

[10] P. Chen, J. Cheen, Y. Jheng, et al., ‘‘Clinical applications and
consideration of interventions of electrotherapy for
orthopedic and neurological rehabilitation,’’ J. Chin. Med.
Assoc., vol. 85, pp. 24−29, 2022.

[11] C. Chen, X. Bai, Y. Ding, and I. S. Lee, ‘‘Electrical stimulation
as a novel tool for regulating cell behavior in tissue
engineering,’’ Biomater. Res, vol. 23, p. 25, 2019..

[12] H. Jin, J. Guo, J. Liu, et al., ‘‘Anti-inflammatory effects and
mechanisms of vagal nerve stimulation combined with
electroacupuncture in a rodent model of TNBS-induced
colitis,’’ Am. J. Physiol. Gastrointest. Liver Physiol., vol. 313,
pp. G192−G202, 2017,.

[13] M. C. Genovese, N. B. Gaylis, D. Sikes, et al., ‘‘Safety and
efficacy of neurostimulation with a miniaturised vagus nerve
stimulation device in patients with multidrug-refractory
rheumatoid arthritis: a two-stage multicentre, randomised
pilot study,’’ Lancet. Rheumatol, vol. 2, pp. e527−e538, 2020..

[14] G. Qi, B. Wang, X. Song, H. Li, and Y. Jin, ‘‘A green, efficient
and precise hydrogen therapy of cancer based on in vivo
electrochemistry,’’ Natl. Sci. Rev., vol. 7, pp. 660−670, 2020..

[15] X. Cui, L. Zhao, J. Yu, et al., ‘‘Water-splitting based and related
therapeutic effects: evolving concepts, progress, and
perspectives,’’ Small, vol. 16, p. 2004551, 2020..

[16] H. Wang, X. Yang, W. Shao, et al., ‘‘Ultrathin black phosphorus
nanosheets for efficient singlet oxygen generation,’’ J. Am.
Chem. Soc., vol. 137, pp. 11376−11382, 2015..

[17] L. Qin, S. Jiang, H. He, G. Ling, and P. Zhang, ‘‘Functional
black phosphorus nanosheets for cancer therapy,’’ J. Control.
Release., vol. 318, pp. 50−66, 2020..

[18] T. Zhang, Y. Wan, H. Xie, et al., ‘‘Degradation chemistry and
stabilization of exfoliated few-layer black phosphorus in
water,’’ J. Am. Chem. Soc., vol. 140, pp. 7561−7567, 2018..

[19] S. Anju, J. Ashtami, and P. V. Mohanan, ‘‘Black phosphorus, a
prospective graphene substitute for biomedical
applications,’’Mater. Sci. Eng C., vol. 97, pp. 978−993, 2019..

[20] M. Qiu, D. Wang, W. Liang, et al., ‘‘Novel concept of the smart
NIR-light−controlled drug release of black phosphorus
nanostructure for cancer therapy,’’ PNAS, vol. 115,
pp. 501−506, 2018..

[21] M. Los, M. Mozoluk, D. Ferrari, et al., ‘‘Activation and
caspase-mediated inhibition of PARP: a molecular switch
between fibroblast necrosis and apoptosis in death receptor
signaling,’’Mol. Biol. Cell, vol. 13, pp. 978−988, 2002..

[22] A. G. Porter and R. U. Jänicke, ‘‘Emerging roles of caspase-3 in
apoptosis,’’ Cell Death Differ., vol. 6, pp. 99−104, 1999..

[23] Y. Chen, S. Lin, J. Chang, et al., ‘‘In vitro and in vivo studies of
a novel potential anticancer agent of isochaihulactone on
human lung cancer A549 cells,’’ Biochem. Pharmacol., vol. 72,
pp. 308−319, 2006..

[24] S. Dang, Y. Mo, J. Zeng, et al., ‘‘Three birds with one stone:
oxygen self-supply engineering palladium
nanocluster/titanium carbide hybrid for single-NIR
laser-triggered synergistic photodynamic-photothermal
therapy,’’ Nanophotonics, vol. 11, no. 22, pp. 5061−5075,
2022.

SupplementaryMaterial: Theonline versionof this article offers sup-
plementary material (https://doi.org/10.1515/nanoph-2022-0417).

https://doi.org/10.1515/nanoph-2022-0417

	1 Introduction
	2 Materials and methods
	2.1 Instruments and materials
	2.2 Synthesis of BPNSs and BP-PEG platforms
	2.3 Photodynamic performance of BP-based nanomaterials
	2.4 In vitro analysis
	2.5 Animal and tumor model
	2.5.1  BP-based nanomaterials in vivo anticancer performance


	3 Results and discussions
	3.1 Characterization of BPNSs and BP-PEG
	3.1.1  Morphology of BP-based nanomaterials
	3.1.2  Photodynamic efficiency and stability of BPNSs

	3.2 In vitro assessments using A549 cells
	3.3 In vivo experiment for A549

	4 Conclusions


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Euroscale Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 35
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1000
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.10000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /DEU <>
    /ENU ()
    /ENN ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (ISO Coated v2 \(ECI\))
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName <FEFF005B0048006F006800650020004100750066006C00F600730075006E0067005D>
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 8.503940
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice


