A \

"
A4 Ce0e06

http://pubs.acs.org/journal/acsodf

PpIX/IR-820 Dual-Modal Therapeutic Agents for Enhanced PDT/PTT
Synergistic Therapy in Cervical Cancer

Ting Yan, Gulinigaer Alimu, Lijun Zhu, Huimin Fan, Linxue Zhang, Zhong Du, Rong Ma, Shuang Chen,
Nuernisha Alifu,* and Xueliang Zhang*

Cite This: ACS Omega 2022, 7, 44643-44656 I: I Read Online

ACCESS | [l Metrics & More ’ Article Recommendations | @ Supporting Information

PpIX ©
IR-820 ®

PpIX-R-820@Lipo

Blood vessel

Hela cell

ABSTRACT: High treatment accuracy is the key to efficient cancer treatment. Photodynamic therapy (PDT) and photothermal
therapy (PTT) are two kinds of popular, precise treatment methods. The combination of photodynamic and photothermal therapy
(PDT/PTT) can greatly enhance the precise therapeutic efficacy. In this work, protoporphyrin IX (PpIX) was selected as the PDT
agent (photosensitizer), and new indocyanine green (IR-820) was selected as the PTT agent. Further, the two kinds of theranostic
agents were encapsulated by biological-membrane-compatible liposomes to form PpIX-IR-820@Lipo nanoparticles (NPs), a new
kind of PDT/PTT agent. The PpIX-IR-820@Lipo NPs exhibited good water solubility, a spherical shape, and high fluorescence peak
emission in the near-infrared spectral region (700—900 nm, NIR). The cellular toxicity of PpIX-IR-820@Lipo NPs for human
cervical cancer cells (HeLa) and human cervical epithelial cells (H8) was detected by the CCK-8 method, and low cytotoxicity was
observed for the PpIX-IR-820@Lipo NPs. Then, the excellent cellular uptake of PpIX-IR-820@Lipo NPs was confirmed by laser
scanning confocal microscopy. Moreover, the PDT/PTT property of PpIX-IR-820@Lipo NPs was illustrated via 2',7'-
dichlorofluorescin diacetate (DCFH-DA) and annexin V-fluorescein isothiocyanate (annexin V-FITC), as indicator probes. The
PDT/PTT synergistic efficiency of PpIX-IR-820@Lipo NPs on HeLa cells was verified, exhibiting a high efficiency of 70.5%. Thus,
the novel theranostic PpIX-IR-820@Lipo NPs can be used as a promising PDT/PTT synergistic theranostic nanoplatform in future
cervical cancer treatment.

1. INTRODUCTION reactive oxygen species (ROS).'”'" Studies showed that

Cervical cancer, a common cancer in women, has a high during the PDT process, the PS could generate high ROS

incidence rate.' Now routine clinical treatments for cervical under reasonable excitation light, which could kill tumor
2-4

cancer include surgery, radiotherapy, and chemotherapy.

12—14 .
Commonly used auxiliary diagnostic methods include cells. Among the commonly used PSs, PpIX is favorable

lymphangiography, ultrasound, computed tomography (CT), for its strong photosensitive activity, low toxicity, and fast

and magnetic resonance imaging (MRI).° Unfortunately, most metabolism.">'® Chudal et al.'” designed and synthesized a
. b

of these methods have side effects and low sensitivity.” Thus, nanoplatform (PpIX-Lipo-MnO,) based on PpIX. The PDT

there is great demand for new methods of diagnosis and

treatment.
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Photodynamic therapy (PDT) and photothermal therapy
(PTT) are two kinds of highly effective and precise tumor
treatment.”® PDT has attracted tremendous attention for its
high localized efficiency and the little damage it does to
surrounding normal tissue.” PDT includes three essential
components: excitation light, photosensitizers (PSs), and
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Figure 1. (a) Schematic illustration of the synthesis route for PpIX-IR-820@Lipo NPs and (b) photodynamic—photothermal therapy in tumor

cells.

efficiency of the PpIX-Lipo-MnO, nanoparticles (NPs) could
be enhanced greatly by converting common H,0, into oxygen.

Another ideal tumor treatment is PTT, which is noninvasive,
repeatable, and safe.'®'? The photothermal agent could
convert light energy into hyperthermia under laser irradiation
and then induce the ablation of tumor cells.”*™>* New
indocyanine green (IR-820) is a new kind of photothermal
agent with excellent photochemical properties, strong near-
infrared (NIR) fluorescence emission, and stability.”>** In our
previous report,”> IR-820 was encapsulated with the
amphiphilic polymer matrix PSMA (IR-820@PSMA), and
high PTT with excellent stability was achieved. The
combination of PTT and PDT may be used to obtain high

therapeutic efficiency, potentially making it an ideal treatment
method. A better way to combine PDT/PTT is to encapsulate
the PS and the photothermal agent in one NP.

Liposomes are artificial membranes composed of lecithin
and cholesterol, which can encapsulate hydrophilic and
hydrophobic drugs effectively.”*”” They are favorable nano-
carriers for similar structures of cell membranes.”® Chen et al.”
designed indocyanine green (ICG) and doxorubicin (DOX)
encapsulated tumor-triggered targeting ammonium bicarbon-
ate (TTABC) liposomes (ICG&DOX@TTABC) to achieve
chemo/photothermal/photodynamic multimodal therapy. The
ICG&DOX@TTABC could specifically accumulate in tumor
tissue and effectively convert NIR light into local hyperthermia.
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Figure 2. Hydrodynamic size distributions of (a) PpIX@Lipo NPs, (b) IR-820@Lipo NPs, and (c) PpIX-IR-820@Lipo NPs. Inset: SEM images
(scale bar: 100 nm) and a TEM image (scale bar: S00 nm). (d) Absorption spectrum of PpIX-IR-820@Lipo NPs in aqueous dispersion. (e)
Fluorescence spectrum of PpIX-IR-820@Lipo NPs in aqueous dispersion. Inset: PpIX@Lipo NPs, IR-820@Lipo NPs, and PpIX-IR-820@Lipo
NPs in capillary glass tubes under confocal laser scanning microscopy (CLSM) (scale bar: 10 ym, A, = 640 nm, A, = 800—1000 nm). (f)

Absorption of PpIX-IR-820@Lipo NPs in aqueous dispersion for 7 days.

In addition, after liposome encapsulation, the water solubility
and biocompatibility of theranostic nanoparticles could be
enhanced greatly. Thus, liposomes have shown advantages in
efficient multifunctional drug delivery.

In this work, a novel type of PDT/PTT theranostic
nanoplatform was designed and synthesized. The PpIX (PS)
and IR-820 (PTT agent) were encapsulated with liposomes to
form PDT/PTT theranostic nanoplatform PpIX-IR-820@Lipo
NPs. The PpIX-IR-820@Lipo NPs showed excellent water
solubility and a spherical shape, with an average size of 380
nm, fluorescence peaks at 659 and 843 nm, and absorption
peaks at 380 and 691 nm. Furthermore, PpIX-IR-820@Lipo
NPs exhibited good cellular labeling ability and low
cytotoxicity, without laser irradiation. Moreover, PpIX-IR-
820@Lipo NPs showed an excellent PDT/PTT property on
human cervical cancer cells (HeLa). High PDT/PTT
synergistic efficiency could be obtained, with apoptosis of
70.5%. The novel PpIX-IR-820@Lipo NPs showed great
potential in the treatment of cervical cancer.

2. RESULTS AND DISCUSSION

2.1. Synthesis and Characterization. PpIX is one of the
popular PSs for its strong photosensitivity and efliciency.
However, the poor water solubility of PpIX has hampered its
further clinical application.’”*" TR-820 is a derivative of ICG
and shows strong NIR fluorescence and a photothermal effect.
However, good biocompatibility is important for further
biomedical research to retain the photothermal characteristics
of IR-820.°>*" Liposomes, as a drug delivery carrier, can
encapsulate hydrophobic and hydrophilic drugs in the
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phospholipid bilayers and core.** Thus, liposomes may be an
ideal carrier for the improvement of biocompatibility and water
solubility of multifunctional theranostic nanoprobes.

The IR-820 and PpIX could be encapsulated well in the
liposomes according to the preparation process shown in
Figure 1 to form the PDT/PTT theranostic nanoplatform of
PpIX-IR-820@Lipo NPs. The hydrophobic PpIX and lip-
osomes formed a film after stirring with a magnetic stirrer.
Then, hydrophilic IR-820 was sonicated to hydrate the formed
film. After dialysis and filtration, PpIX-IR-820@Lipo NPs were
obtained by the hydration film method.*

Then, the PpIX-IR-820@Lipo NPs and intermediate
products (PpIX@Lipo NPs and IR-820@Lipo NPs) produced
during the experiment were characterized. Transmission
electron microscopy/scanning electron microscopy (SEM/
TEM) and dynamic light scattering (DLS) characterizations
were conducted on PpIX@Lipo NPs, IR-820@Lipo NPs, and
PpIX-IR-820@Lipo NPs. These NPs displayed good spherical
morphology and a relatively uniform particle size distribution,
as shown in Figure 2a—c. The average size of the NPs was
approximately 255.3 nm (PpIX@Lipo NPs), 195.4 nm (IR-
820@Lipo NPs), and 380 nm (PpIX-IR-820@Lipo NPs).
Among these, the PpIX-IR-820@Lipo NPs showed the largest
particle size. The SEM and TEM images show that the PpIX-
IR-820@Lipo NPs are uniformly spherical. As shown in Figure
2d, free PpIX and IR-820 exhibited two characteristic
absorption peaks at 405 and 697 nm, respectively. After
encapsulation, the absorption peaks of PpIX-IR-820@Lipo
NPs shifted toward 380 and 691 nm. The slight shift of the
absorption peak of PpIX-IR-820@Lipo NPs (green line) was
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Figure 3. (a) Absorption peak intensities (at 375 nm) of ABDA and PpIX-IR-820@Lipo NPs mixture. (b) Absorption peak intensities (at 375 nm)
of free PpIX-IR-820@Lipo NPs. (c) Decay curves of ABDA absorption at 375 nm in PpIX-IR-820@Lipo NPs or PpIX NPs dispersions after
different durations of irradiation. (d) Photothermal heating curves of PpIX-IR-820@Lipo NPs (250 yg/mL) under 793 nm laser irradiation vs the
irradiation time with varied power density. (e) Photothermal heating curves of PpIX-IR-820@Lipo NPs under 793 nm laser (200 mW/cm?)
irradiation vs the irradiation time with different concentrations. (f) Photothermal heating and (i) cooling curves and the heat transfer time constant
calculated from the cooling time. (g) Heating curves of PpIX-IR-820@Lipo NPs for 8 laser ON/OFF cycles under irradiation with the 793 nm
laser. (h) Photothermal heating images of PpIX-IR-820@Lipo NPs under 793 nm laser irradiations at different time intervals.

due to the conjugation of the molecule to the liposome,**” 820@Lipo NPs (200 pg/mL) in capillary glass tubes exhibited
further revealing that PpIX and IR-820 were successfully bright red fluorescence (Figure 2e inset). Furthermore, PpIX@

encapsulated. In addition, the concentration standard curve Lipo NPs also exhibited red fluorescence under 366 nm light
equation was obtained by fitting the concentration and irradiation (Figure S1b). Fortunately, the fluorescence of
absorption within a certain range according to the Lambert— PpIX-IR-820@Lipo NPs was not quenched and still had bright
Beer law.*® The quantification of PpIX and IR-820 in PpIX-IR- fluorescence. As shown in Figure 2f, the colloidal stability of
820@Lipo NPs was confirmed. The drug loading content the NPs was determined by measuring the absorption peaks for

(DLC) and encapsulation efficiency (EE) of PpIX-IR-820@ 7 consecutive days. PpIX-IR-820@Lipo NPs exhibited the best
Lipo NPs were demonstrated by absorption spectroscopy.’” colloidal stability. The { potential of PpIX-IR-820@Lipo NPs

The EE of PpIX and IR-820 was calculated as 92 and 27.11%, (Figure S2a) showed a positive change in potential after
respectively, and the DLC of PpIX and IR-820 was determined coating. The changes in the absorption peaks of PpIX-IR-
to be 13.14 and 3.8%, respectively. 820@Lipo NPs after irradiation (405 and 691 nm) were
The fluorescence peaks of PpIX-IR-820@Lipo NPs were measured (Figure S2b). The results show that after laser
located at 659 and 843 nm (Figure 2e). Despite the peak drop, irradiation, the absorption peaks decreased and material

the characteristic peaks of free PpIX and IR-820 were degradation occurred.
maintained. Confocal laser scanning microscopy (CLSM) 2.2. ROS and Photothermal Analysis of PpIX-IR-820@
images of PpIX@Lipo NPs, IR-820@Lipo NPs, and PpIX-IR- Lipo NPs. The detection of ROS was under the irradiation of
44646 https://doi.org/10.1021/acsomega.2c02977
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Figure 4. Cell viability analysis of (a) HeLa cells incubated in the dark, (b) H8 cells incubated in the dark, and (c) HeLa cells incubated with laser.

450 nm (1 W/cm?) laser. Then, 1 mg/mL of 9,10-
anthracenediyl-bis(methylene)dimalonic acid (ABDA) (60
uL) was added to the aqueous dispersion of PpIX-IR-820@
Lipo NPs. ROS generation could be indirectly characterized by
monitoring the absorption of ABDA at 375 nm. As shown in
Figure 3a, the absorption of PpIX-IR-820@Lipo NPs was
decreased significantly with increasing irradiation time. To
confirm that the decrease in uptake was indeed due to the
generation of ROS, the PpIX-IR-820@Lipo NPs group without
laser irradiation was used for comparison (Figure 3b). The
results show little change in absorption at 375 nm. In addition,
the absorption of PpIX-IR-820@Lipo NPs was decreased
greatly (Figures 3c and S3). These control experiments
revealed that the reduced absorption at 375 nm was due to
the copresence of PpIX-IR-820@Lipo NPs and ABDA. Under
450 nm irradiation, PpIX-IR-820@Lipo NPs could efficiently
generate ROS.

The thermal effect of PpIX-IR-820@Lipo NPs in aqueous
dispersion under 793 nm laser irradiation was explored. The
temperature changes of PpIX-IR-820@Lipo NPs after
irradiation were determined. Figure 3d shows the photo-
thermal temperature curves of PpIX-IR-820@Lipo NPs under
laser irradiation at different power densities (100, 200, 300,
and 400 mW/ cmz). It was found that the temperature of PpIX-
IR-820@Lipo NPs increased with power density under laser
irradiation. IR-820 and IR-820@Lipo NPs exhibited the same
characteristics upon laser irradiation (Figure S4). The
photothermal temperature curves at different concentrations
of PpIX-IR-820@Lipo NPs (50, 150, and 350 pg/mL) under
laser irradiation are shown in Figure 3e. The temperature
increased with increasing concentration. The results show that
temperature was proportional to the concentration and power
density. Note that within 8 min of irradiation, the solution
temperature would reach 51.1 °C.

The photothermal stability of the infrared spectra of PpIX-
IR-820@Lipo NPs was evaluated by thermal cycling. As shown
in Figure 3g, under laser irradiation, there was little difference
in the temperature change of PpIX-IR-820@Lipo NPs for 8
cycles of heating/cooling variation. IR-820 and IR-820@Lipo
NPs also showed good stability (Figure SS). Note that as
shown in Figures 3h and S6, no apparent thermal attenuation
was observed even after the repeated cycling experiments, and
PpIX-IR-820@Lipo NPs exhibited good photothermal proper-
ties. We calculated the photothermal conversion efliciency
according to the formula 3. The 5 value of PpIX-IR-820@Lipo
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NPs was measured and calculated to be 25.23%, and the #
value of IR-820 was 17.10% (Figure 3fji). The 5 values of
PpIX-IR-820@Lipo NPs were comparable to other IR-820-
encapsulated polymer nanoparticles, such as IR-820@F-127
(35.2%)* and IR-820@PSMA (29.6%).”> This indicates that
PpIX-IR-820@Lipo NPs have good thermal conversion and
stability and are expected to be reasonable PS candidates for
PTT.

2.3. Cell Viability Analysis of PpIX-IR-820@Lipo NPs.
The cell viability of PpIX@Lipo NPs, IR-820@Lipo NPs, and
PpIX-IR-820@Lipo NPs was determined by the CCK-8 assay.
We calculated the cell viability of HeLa cells and H8 cells
incubated with PpIX@Lipo NPs, IR-820@Lipo NPs, and
PpIX-IR-820@Lipo NPs. As shown in Figure 4a,b, PpIX-IR-
820@Lipo NPs at concentrations ranging from 20 to 60 ug/
mL were respectively incubated with HeLa/HS cells for 6—8 h.
It was clearly observed that at the concentration of 60 pg/mL,
the group of PpIX-IR-820@Lipo NPs incubated with HeLa
cells showed a cell viability of 89.13%, and the cell viability of
the incubation group with H8 cells was 84.36%. The cell
viability of PpIX@Lipo NPs incubated with HeLa cells was
68.83%, and that of H8 cells was 90.31%. Correspondingly, the
cell viability of IR-820@Lipo NPs incubated with HeLa cells
was 60.70%, and that of H8 cells was 84.39%. This result
reveals that PpIX-IR-820@Lipo NPs possessed lower cell
toxicity and good biocompatibility. Therefore, S0 pg/mL was
selected for subsequent PDT/PTT studies. Furthermore, as
shown in Figure 4c, PpIX-IR-820@Lipo NPs exhibited strong
phototoxicity in HeLa cells upon laser irradiation. However,
for the cells irradiated by laser only, the viability was >80%.
The group of PpIX-IR-820@Lipo NPs + laser at a
concentration of 30 ug/mL showed a high phototoxicity of
38.30%. In addition, the PpIX@Lipo NPs showed a cell
viability of 73.88%, and IR-820@Lipo NPs showed a cell
viability of 61.71%. Therefore, the liposome-encapsulated
PpIX-IR-820@Lipo NPs exhibited low cytotoxicity and good
phototoxicity, which improved the biocompatibility of PpIX-
IR-820@Lipo NPs.

2.4. Near-Infrared Fluorescence Cell Imaging Anal-
ysis of PpIX-IR-820@Lipo NPs. The cellular labeling ability
of PpIX@Lipo NPs (25 pg/mL), IR-820@Lipo NPs, and
PpIX-IR-820@Lipo NPs at the IR-820 concentration of 50 pg/
mL was analyzed and presented. HeLa cells were treated with
NPs for 2 h. The blue channel (4,, = 488 nm) represents the
existence of Hoechst 33342. The red channel (4., = 640 nm)
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Figure S. (a—c) PpIX@Lipo NPs, (d—f) IR-820@Lipo NPs, (g—i) PpIX-IR-820@Lipo NPs, and (j—1) HeLa cells without incubation of NPs
under CLSM are labeled (scale bar: 50 um, 4., = 640 nm, 4,,, = 800—1000 nm).

represents the fluorescence of PpIX and IR-820. Hoechst
33342 and PpIX/IR-820 channels were merged to confirm
cellular uptake. Both images were collected from fluorescence
from NPs in cells under a 60X objective lens (scale bar: SO ym,
Ao, = 640 nm, A, = 800—1000 nm).

As shown in Figure 5, PpIX@Lipo NPs, IR-820@Lipo NPs,
and PpIX-IR-820@Lipo NPs had good cellular uptake. The
accumulation of NPs on cells formed the speckled fluorescent
bright spots. PpIX@Lipo NPs aggregated on the cell

membrane, and IR-820@Lipo NPs aggregated in the cell
cytoplasm. PpIX-IR-820@Lipo NPs aggregated in the cell
membrane and cytoplasm, which exhibited fluorescence signals
in the red channel. PpIX-IR-820@Lipo NPs enhanced the
fluorescence intensity in the cell membrane and cytoplasm. We
also investigated the cellular uptake of free PpIX (Figure S7a—
c) and IR-820 (Figure S7d—f). Free PpIX and IR-820 were
efficiently taken up by cells and fluoresced brightly in the red
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Figure 6. Intracellular ROS evaluation of PpIX-IR-820@Lipo NPs on HeLa cells. (a, d, g) CLSM fluorescence images of PpIX-IR-820@Lipo NPs-
treated HeLa cells in the red channel. (b, e, h) CLSM fluorescence images of PpIX-IR-820@Lipo NPs-treated HeLa cells by DCFH-DA in the
green channel. (¢, f, i) Overlap of red and green channels (scale bar: 50 ym, 4., = 640 nm, A, = 800—1000 nm).

channel, but free PpIX was poorly morphologically cultured
with cells.

2.5. Intracellular ROS and PDT/PTT Analysis. The ROS
generation efficiency of PpIX-IR-820@Lipo NPs in HeLa cells
was evaluated. ROS can oxidize nonfluorescent DCFH-DA to
generate fluorescent DCF using 488 nm light excitation, which
produces green fluorescence with an intensity proportional to
the ROS level.”! Therefore, DCFH-DA was chosen as an
indicator of ROS production. HeLa cells were treated with
NPs for 2 h. The green channel (4., = 488 nm) represents the
existence of DCF. The red channel (4,, = 640 nm) represents
the fluorescence of PpIX. Both are images of NPs fluorescent
cells under a 60X objective lens (scale bar: SO pum, A, = 640
nm, 4., = 800—1000 nm).

As shown in Figure 6a—c, PpIX-IR-820@Lipo NPs were first
incubated with HeLa cells and irradiated with 450 nm 1 W/
cm? laser (S min). With the help of DCFH-DA, a strong
fluorescence signal in the green channel was observed in the
cells, accounting for 95.24%. It was shown that a large amount
of ROS was generated, resulting in the death of HeLa cells. In
contrast, as shown in Figure 6d—f, only the PpIX-IR-820@

Lipo NPs group exhibited no fluorescence in the cells, and
there was red fluorescence. As shown in Figure 6g—i, only the
DCFH-DA group did not show any fluorescence in the cells. In
addition, we also assayed ROS production by free PpIX
(Figure S8a—f) and PpIX@Lipo NPs (Figure S8g—1). These
results reveal that the intracellular PpIX-IR-820@Lipo NPs
would generate ROS after laser irradiation, resulting in a PDT
effect.

The apoptosis analysis of PDT/PTT of PpIX-IR-820@Lipo
NPs was performed. HeLa cells were incubated with PpIX-IR-
820@Lipo NPs and annexin V-fluorescein isothiocyanate
(FITC). Then, 793 and 450 nm (1 W/cm?) lasers were
utilized for irradiation for S min. Annexin V-FITC can bind to
apoptotic cell membranes expressing phosphatidylserine and
emit green fluorescence under excitation at 488 nm.*” The
green channel (4., = 488 nm) represents the fluorescence of
FITC-bound apoptotic cell proteins. The red channel (4, =
640 nm) represents the fluorescence of IR-820. Both are
images of NPs fluorescent cells under a 60X objective lens
(scale bar: 50 ym, A, = 640 nm, A,,, = 800—1000 nm).
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Figure 7. Apoptosis rate evaluation of PpIX-IR-820@Lipo NPs under 793 nm laser irradiation on HeLa cells. (a, d, g) CLSM fluorescence images
of PpIX-IR-820@Lipo NPs-treated HeLa cells in the red channel. (b, e, h) CLSM fluorescence images of PpIX-IR-820@Lipo NPs-treated HeLa
cells by annexin V-FITC in the green channel. (c, f, i) Overlap of red and green channels (scale bar: S0 ym, 4., = 640 nm, 1, = 800—1000 nm).

As shown in Figure 7a—c, a strong fluorescence signal in the
green channel was observed in most cells after irradiation. This
result reveals that PpIX-IR-820@Lipo NPs had the potential to
heat up, leading to the apoptosis process of HeLa cells. In both
control experiments, no fluorescence was observed (Figure
7d—i). In addition, we determined the apoptosis of free IR-820
(Figure S9a—f) and IR-820@Lipo NPs (Figure S9g—1). These
results indicate that the intracellular PpIX-IR-820@Lipo NPs
need to convert heat under the combined action of a laser and
have a great PTT effect.

As shown in Figure 8a—c, the strong fluorescence signal in
the green channel was observed in most cells treated with NPs
after irradiation. This result reveals that PpIX-IR-820@Lipo
NPs could generate ROS, which could lead to the apoptosis of
HeLa cells. In both control experiments, no fluorescence signal
could be observed in the green channel (Figure 8d—i). In
addition, we also determined the apoptosis of free PpIX
(Figure S10a—f) and PpIX@Lipo NPs (Figure S10g—I). These
results indicate the efficient intracellular PDT property of
PpIX-IR-820@Lipo NPs under 450 nm laser irradiation.

2.6. PDT/PTT Synergistic Analysis in Living Cells. PDT
and PTT can induce cell death through apoptosis, necrosis,
and autophagy pathways.”> The lower left quadrant of flow
cytometry images is the live cell population, the lower right
quadrant is the early apoptotic (annexin V-FITC positive)
population, the upper left quadrant is the necrotic cell (annexin
V-FTIC negative) population, and the upper right is the late
apoptotic population.”* The flow cytometry (annexin V-FITC/
PI staining method) was utilized to quantitatively verify
whether NPs-mediated PDT/PTT can induce cell apoptosis.
The PpIX@Lipo NPs were irradiated with a 450 nm laser to
activate PDT. PTT was activated by irradiating IR-820@Lipo
NPs with a 793 nm laser. PDT/PTT was activated by
coirradiating PpIX-IR-820@Lipo NPs with 450 and 793 nm
lasers.

As shown in Figure 9a,c,e, compared with the control group
(Figure 9g), laser irradiation had no effect on cells. As shown
in Figure 9b, the apoptosis and necrosis in the PpIX@Lipo
NPs laser group were higher than those in the laser group
(Figure 9a), but the number of cells in the PpIX@Lipo NPs
laser group was less in the presence of the same experimental
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Figure 8. Apoptosis rate evaluation of PpIX-IR-820@Lipo NPs by 450 nm laser irradiation on HeLa cells. (a, d, g) CLSM fluorescence images of
PpIX-IR-820@Lipo NPs-treated HeLa cells in the red channel. (b, e, h) CLSM fluorescence images of PpIX-IR-820@Lipo NPs-treated HeLa cells
by annexin V-FITC in the green channel. (c, f, i) Overlap of red and green channels (scale bar: S0 ym, 4., = 640 nm, 4., = 800—1000 nm).

conditions, which may have resulted from the potential toxicity
of PpIX@Lipo NPs. As shown in Figure 9d, the apoptosis of
cells in the IR-820@Lipo NPs laser group was higher than that
in the laser group (Figure 9c). As shown in Figure 9f the
apoptosis of PpIX-IR-820@Lipo NPs laser group was higher
than that of the laser group (Figure 9e). Therefore, we
conclude that nanoparticle-mediated PDT and PTT induce
apoptosis in cancer cells. Notably, cells treated with PpIX-IR-
820@Lipo NPs underwent more apoptosis after laser
irradiation, revealing that PDT/PTT had a significant effect.

3. CONCLUSIONS

In conclusion, the combined therapy of PDT/PTT not only
overcomes the shortcomings of traditional cervical cancer
treatment but also greatly enhances the therapeutic effect. The
novel PpIX-IR-820@Lipo NPs were designed and synthesized
by a simple and reproducible hydration film method. PpIX-IR-
820@Lipo NPs exhibited good water solubility and stability.
After encapsulation, the PpIX-IR-820@Lipo NPs generated
ROS, and the photothermal conversion efficiency could reach
25.23%. Furthermore, PpIX-IR-820@Lipo NPs showed low

cytotoxicity in HeLa cells, and excellent fluorescent labeling
ability was confirmed. In addition, the PDT/PTT efficiency of
PpIX-IR-820@Lipo NPs on HeLa cells was verified to be high
(70.5%). The results indicate that PpIX-IR-820@Lipo NPs can
act as photosensitizers to enhance the synergistic therapy of
PDT and PTT, which can provide a new direction for the
treatment of cervical cancer.

4. EXPERIMENTAL METHODS

4.1. Materials and Methods. Cholesterol (Chol), L-a-
phosphatidylcholine (1-a-lecithin), and 2’-(4-ethoxyphenyl)-S-
(4-methyl-1-piperazinyl)-2,5’-bi-1H-benzimidazole (Hoechst
33342) were purchased from Beijing Solarbio Science &
Technology Co., Ltd. (China). Tetrahydrofuran (THF),
chloroform, PpIX, IR-820, 9,10-anthracenediyl-bis-
(methylene)dimalonic acid (ABDA), and 2’,7’-dichlorofluor-
escin diacetate (DCFH-DA) were purchased from Shanghai
Aladdin Biochemical Technology Co., Ltd. (China). 2-(2-
Methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophen-
yl)-2H-tetrazolium sodium salt (CCK-8 assay) was purchased
from Beijing Bioss Biotechnology Co., Ltd. (China). Dimethyl
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Figure 9. Apoptosis of HeLa cells induced by PpIX-IR-820@Lipo NPs-mediated PDT/PTT. Representative dot plots of annexin V-FITC stained
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apoptosis rates of NPs treatments on HeLa cells.

sulfoxide (DMSO), Dulbecco’s modified Eagle’s medium
(DMEM), trypsin, and phosphate-buffered saline (PBS) were
purchased from Shanghai Hyclone Co., Ltd. (China). Fetal
bovine serum (FBS) was purchased from GIBCO (Australia).
An annexin V-FITC apoptosis detection kit was purchased
from BD Co., Ltd. Deionized water (DIW) was used in all
experimental processes.

The PpIX-IR-820@Lipo NPs were examined by a trans-
mission electron microscope (TEM, JEM-1230, JEOL, Ltd.,
Japan) operated in bright-field mode for morphological
evaluation. The microstructure was characterized by scanning
electron microscopy (SEM, JSM-7610FPlus, Japan, operated at
S kV). The size of the PpIX-IR-820@Lipo NPs was
characterized with the DLS method at 25 °C using a Zetasizer
Nano ZS-90 (Malvern, U.K.). Absorption spectra were
recorded on a Shimadzu UV-2700 spectrophotometer
(Japan). Fluorescence spectra were recorded on a Shimadzu
RF-5301 PC spectrophotometer (a xenon lamp and mono-
chromator were used for excitation, and the emission band was
220—900 nm, Japan). A CLSM (NIKON C2*, Japan) was
utilized for the NIR fluorescence microscopic imaging. An
FACSCalibur flow cytometer (BD LSR II) was used to
quantify the PDT/PTT efliciency of the PpIX-IR-820@Lipo
NPs on HeLa cells.

4.2. Synthesis of PplIX-IR-820@Lipo NPs. PpIX- and IR-
820-loaded liposomes (PpIX-IR-820@Lipo) were prepared
using the hydration film method.””™* The vr-a-lecithin,
cholesterol, PpIX, and IR-820 NPs were prepared at the
weight ratio of 4:1:1:1. L-a-Lecithin and cholesterol were
dissolved in chloroform. PpIX was dissolved in tetrahydrofuran

44652

(THF), and IR-820 was dissolved in DIW. vr-a-Lecithin,
cholesterol, and PpIX were first evaporated using a magnetic
stirrer until a lipid film formed. Subsequently, IR-820 solution
and PBS were added for hydration at 40 °C and then sonicated
with an ultrasonic cleaner for 15 min. The liposome
suspension was dialyzed through a dialysis bag with a
molecular weight of 3000 Da and then filtered four to five
times to obtain PpIX-IR-820@Lipo NPs, which were stored in
a refrigerator at 4 °C in the dark until further use. PpIX@Lipo
NPs and IR-820@Lipo NPs were prepared in the same way.

4.3. Characterization of PpIX-IR-820@Lipo NPs. The
particle size and { potential distributions of PpIX@Lipo NPs,
IR-820@Lipo NPs, and PpIX-IR-820@Lipo NPs were
determined, respectively. The morphological features of the
particles were observed by SEM and TEM. The absorption
spectra of NPs in aqueous dispersion (S pug/mL) and the
colloidal stability for 7 days were recorded. The fluorescence
spectra of NPs in aqueous dispersion (200 pg/mL) were
measured. The measurement of PpIX and IR-820 in PpIX-IR-
820@Lipo NPs was confirmed by the concentration standard
curve assay."® To determine drug loading content (DLC) and
encapsulation efficiency (EE), supernatants from three
centrifugation cycles were collected when preparing PpIX@
Lipo NPs, IR-820@Lipo NPs, and PpIX-IR-820@Lipo NPs.
The absorption spectra of the supernatants were collected after
each washing step and further measured. The contents of PpIX
and IR-820 in the supernatant were determined from the
corresponding standard curves at 405 and 691 nm,
respectively. The DLC and EE were calculated according to
eqs 1 and 2:
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where Wpix/sx0 is the quantity of PpIX or IR-820 in the PpIX-
IR-820@Lipo NPs, Wp,x 1r-s20aLipo 15 the weight of the PpIX-
IR-820@Lipo NPs, and W is the total weight of the PpIX or
IR-820 added.*”* The NIR fluorescence of NPs was explored.
PpIX@Lipo NPs, IR-820@Lipo NPs, and PpIX-IR-820@Lipo
NPs in aqueous dispersion (200 ug/mL) were absorbed by
capillaries and placed under a CLSM. The fluorescence
intensity of continuous illumination at 640 nm under a 10X
objective lens was recorded.

4.4. Singlet Oxygen Generation Measurements. The
chemical reaction of ABDA with PpIX, PpIX@Lipo NPs, and
PpIX-IR-820@Lipo NPs can indirectly characterize the ROS
generation efficiency.””” ABDA was dissolved in DMSO (1
mg/mL), and 60 uL was added to the NPs aqueous dispersion.
The dispersion was irradiated with a 450 nm 1 W/cm? laser,
resulting in a decrease in the absorption of ABDA (375 nm),
which was detected every S min for 40 min.

4.5. Photothermal Analysis. The photothermal effects of
IR-820, IR-820@Lipo NPs, and PpIX-IR-820@Lipo NPs (250
pug/mL) were analyzed under the irradiation of a 793 nm laser
at 4 power densities (50, 150, 250, and 350 mW/cm?). The
temperature changes were then recorded. In addition, 250
mW/cm? was analyzed under the irradiation of a 793 nm laser
at 3 various concentrations (50, 150, and 350 pg/mL), and the
temperature changes were observed. Then, 250 pg/mL was
analyzed in a hot—cold cycle irradiated with a 793 nm laser
(250 mW/cm?) for 10 min, followed by natural cooling for 10
min, which was repeated for 8 cycles. The thermal images were
recorded every 30 s with an infrared thermal imager
(Fotri323Pro #L25) for 10 min.

The photothermal conversion efficiency () of PpIX-IR-
820@Lipo NPs (IR-820 concentration: 250 ug/mL) was
measured as follows: PpIX-IR-820@Lipo NPs were dispersed
in DIW and irradiated under a 793 nm NIR laser (250 mW/
cm? 12 min). The temperature curve when the laser was on
and off was recorded, and # could be calculated by the
following equation:*>>*

MpCp( Ty — T
D D( Max _i/[ax,water) % 100%
7J(1 — 107°7) (3)

where Typ,, and Typ, ater Tepresent the maximum equilibrium
temperature for PpIX-IR-820@Lipo NPs solution and water,
respectively. I is the NIR laser power density, and A,g; is the
absorption of dispersion at 793 nm, measured using the time
constant 7, of the system with the help of the mass (M) and
the heat capacity (Cp) of DIW.

4.6. Cell Culture. HeLa cells and H8 cells were cultured in
DMEM with 10% FBS, 1% penicillin, and 1% amphotericin B
at 37 °C in a humidified incubator containing 5% CO,. The
cells were seeded in 60 mm cell culture dishes, and after
reaching a high degree of confluence, they were collected with
trypsin solution for subsequent experiments.

4.7. Cellular Uptake Experiment. In a 35 mm Petri dish,
2 X 10° cells were cultured and incubated for 24 h. Then, 50
pug/mL IR-820, IR-820@Lipo NPs, or PpIX-IR-820@Lipo
NPs and 25 pug/mL PpIX or PpIX@Lipo NPs were added to

n (%) =

the cells, incubated for 2 h, and washed three times with 1X
PBS. Then, a new medium containing 1 mg/mL Hoechst
33342 was added for nucleus staining, and the cells were
washed three times with 1X PBS. Finally, 600 uL of culture
medium was added, and cells were imaged with a CLSM. The
Hoechst 33342 channel signal overlapped with the PpIX (IR-
820) channel signal.

4.8. Cellular Viability Study. Cell viability and dark
toxicity of PpIX@Lipo NPs, IR-820@Lipo NPs, and PpIX-IR-
820@Lipo NPs on HeLa and H8 cells were detected by CCK-
8 assay. Furthermore, the phototoxicity of PpIX-IR-820@Lipo
NPs to HeLa/H8 was studied. First, 5 X 10° cells/well were
cultured in a 96-well plate for 24 h to complete cell
attachment. Different concentrations of PpIX-IR-820@Lipo
NPs were added and incubated for 6—8 h to allow for the
cellular uptake of the PpIX-IR-820@Lipo NPs. After PpIX-IR-
820@Lipo NPs were incubated with cells, 10 uL of CCK-8
detection solution was added to one well in dark conditions
and incubated for 2—4 h. Phototoxicity detection was obtained
under laser (450 and 793 nm, 1 W/cm?) irradiation for 5 min
after incubation. Optical density (OD) was then recorded at
450 nm, and all plates were covered with aluminum foil to
protect them from light. Cell viability was determined by
comparing the OD values of the treatment and control groups
as follows:>> >’

OD - OD
cell viability (%) = ——eatment blank ¢ 100%
OD ontrol ODblank (4)

where OD,catmenty OD controp @a0d ODyp. are the ODs recorded
for the treatment, control, and blank groups, respectively. Each
experiment was performed at least three times. Cell viabilities
were expressed as the mean + standard deviation.

4.9. Intracellular ROS Generation and PDT/PTT
Detection. Intracellular ROS production of PpIX@Lipo
NPs and PpIX-IR-820@Lipo NPs was detected with DCFH-
DA. The apoptosis rate of cells stimulated by IR-820@Lipo
NPs and PpIX-IR-820@Lipo NPs under 793 nm laser
irradiation was detected by annexin V-FITC. The apoptosis
rate of cells stimulated by PpIX@Lipo NPs and PpIX-IR-820@
Lipo NPs under 450 nm laser irradiation was detected by
annexin V-FITC. First, 2 X 10° cells were incubated in 35 mm
dishes for 24 h at 37 °C, 5% CO,. Cells were used to adhere to
and remove the culture medium, and then, the cell plate was
washed twice with PBS buffer. After incubation with NPs
(concentration consistent with 2.9) in the dark for 2 h, DCFH-
DA and annexin V-FITC probes were loaded for 30 and 10
min and then washed twice with PBS. Then, a fresh culture
medium was added. The DCFH-DA/annexin V-FITC group
was irradiated at 450/793 nm (1 W/cm?) for S min. Finally,
the fluorescence images of cells were obtained by CLSM. The
red fluorescence from NPs and the green fluorescence of
DCFH-DA/annexin V-FITC were simultaneously observed.

4.10. In Vitro PDT/PTT Analysis. The quantitative
apoptosis of PDT, PTT, and PDT/PTT under the combined
effect of NPs and the laser was explored. HeLa cells were
seeded in 6-well plates at 1 X 10° cells per well and incubated
overnight. PpIX@Lipo NPs, IR-820@Lipo NPs, and PpIX-IR-
820@Lipo NPs were subsequently incubated in the dark for 2
h. PpIX@Lipo NPs were irradiated with a 450 nm laser. IR-
820@Lipo NPs were irradiated with a 793 nm laser. PpIX-IR-
820@Lipo NPs were irradiated with a 450 and 793 nm dual-
laser continuous laser. The power was 1 W/cm? and the
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irradiation time was S min/hole. They were then incubated
with annexin V-FITC/PI for 10 min in the dark and
quantitatively assessed using a flow cytometer (BD LSR II).
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