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Introduction: Photodynamic therapy (PDT) has been widely researched by cancer thera-
pists in recent years. This study aims to establish a drug delivery system combining PDT and
chemotherapy to show that chemotherapeutic drugs provide oxygen to PDT, while PDT
promotes the release of chemotherapeutic drug.

Methods: Firstly, poly(ethylene glycol)-lysine(Ce6)-block-poly(L-glutamate)-imidazole
(mPEG-1ys(Ce6)-PGA-AIM) was synthesized and self-assembled into micelles that exhib-
ited pH- and ROS-responsiveness and buffering capacity. Perfluorohexanoate-modified
cisplatin (FCP), as oxygen carriers, was encapsulated into mPEG-lys(Ce6)-PGA-AIM
micelles. Then, the properties of micelles and their biological functions in vivo and
in vitro were investigated.

Results: The micelles exhibited remarkabe stability, pH regulated drug release, good
biocompatibility and effective tumor penetration. Cellular uptake demonstrated the efficient
endosome/lysosome escape of CFMs, which facilitates the intracellular drug release. Both
in vitro and in vivo experiments reflected that CFMs with laser irradiation showed signifi-
cantly improved therapeutic activity compared with single PDT or chemotherapy.
Conclusion: Chemotherapy and PDT were combined in the form of mutual assistance to
provide a promising strategy for clinical treatment.

Keywords: chemotherapy, photodynamic therapy, dual-responsiveness, oxygen carriers

Introduction
Photodynamic therapy (PDT) has been widely researched by cancer therapists in
recent years. Photosensitizers absorb energy from the laser and convert oxygen into
cytotoxic reactive oxygen species (ROS) to kill cancer cells.'? The main advan-
tages of PDT are the ability to control the exposure area and duration of light to
maximize the therapeutic effect and reduce damage to normal tissues, especially
compared with conventional strategies, such as chemotherapy. However, the effec-
tiveness of PDT is largely limited by the amount of oxygen in solid tumors.*> > The
situation becomes worse after PDT consumes oxygen, which aggravates the
hypoxia of the tumor and causes PDT to eventually lose its effect.

In view of tumor hypoxia, some strategies have been developed, such as
hyperbaric oxygen inhalation or multiple step-by-step irradiations of light.®
Besides, another strategy has been developed to alleviate the hypoxic environment
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of tumors based on oxygen generating materials. As
reported, catalase-integrated HA-CAT@aCe6 NPs have
been successfully developed to reduce hypoxia to ensure
high efficacy of PDT in vitro and in vivo.” Intelligent
MnO, nanosheets anchored with upconversion nanoprobes
have also been designed for the concurrent stimuli-
responsive imaging/therapy of solid tumors by overcoming
hypoxia.® Besides, recent studies have shown that perfluor-
ocarbons (PFCs), as oxygen tanks, are capable of enrich-
ing high levels of oxygen because of the weak molecular
cohesion in PFC, thus facilitating the insertion of O,
molecules.” However, PFCs usually need to be formulated
into emulsions and exhibit rapid release of oxygen.'’
Against these defects of PFCs, PEGylated fluorinated
poly (B-amino ester)s (PF-PEG) was synthesized, based
on which a multifunctional nanoplatform with large oxy-
gen-carrying capacity was established for enhanced PDT
therapy.'!

In addition to relieving tumor hypoxia, numerous
research work has been devoted to the combination of
chemotherapy and PDT, and great progress has been
made. ROS-sensitive thioketal-linked polyphosphoester-
doxorubicin (DOX) conjugate has been prepared for pre-
cisely photo-triggered locoregional chemotherapy.'> Under
irradiation of light, thioketal linkage was cut off by gen-
erated ROS and the conjugated DOX was released to
facilitate the chemotherapy. A cisplatin drug delivery sys-
tem with near-infrared light-stimuli drug release property
was developed by encapsulating cisplatin and Indocyanine
Green (ICG) in the novel tellurium-containing polymer
(PEG-PUTe-PEG) based nanoparticles.'?
easily oxidized by ROS under the stimulation of a near-

Tellurium is

infrared laser at the tumor site and thus cisplatin could be
rapidly released from the nanocarriers with the oxidation.
Furthermore, dual-responsive polymeric micelles have
been prepared for enhanced combined delivery of doxor-
ubicin and zinc (II) phthalocyanine in a tumor-bearing
mice model."* Upon laser irradiation and the reduction of
glutathione (GSH), the hydrophobic segments of micelles
became hydrophilic, leading to micelle disassembly and
cargo release. In these studies, PDT was responsible for
promoting the release of chemotherapeutic drugs in differ-
ent ways to achieve better anti-tumor effects. However,
what can chemotherapy do for PDT?

In our research, we aim to establish a drug delivery
system combining PDT and chemotherapy to show that
chemotherapeutic drugs provide oxygen to PDT, while
PDT promotes the release of chemotherapeutic drugs.

Firstly, mPEG-lys(Ce6)-PGA-AIM was synthesized to
contain imidazoles that provide cross-linking sites with
Zn*" and proton sponge effects which considered that
nanocarriers containing imidazole can improve cellular
uptake and rapid endosomal escape.'”> More importantly,
imidazoles, as the hydrophobic segments, could be oxi-
dized by ROS, which promoted micelle disassembly and
achieved fast drug release.'® Secondly, perfluorohexanoic
acid modified cisplatin (FCP) was synthesized as the che-
motherapeutic prodrug and oxygen generation materials.
Finally, FCP was loaded into mPEG-lys(Ce6)-PGA-AIM
micelles and Zn®" was added to form core cross-linked
FCP-loaded micelles (CFMs). As
Figure 1, the cross-linkage stabilized micelles in the pro-

demonstrated in

cess of blood circulation and avoided the premature
release of the drug. Negative surface charge of these
micelles could reduce the protein adsorption and avoid
capture by the reticuloendothelial system (RES). Due to
the enhanced permeability and retention (EPR) effect,
these micelles would accumulate in tumor tissue, where
the negative surface charge would be converted to positive
surface charge in the weakly acidic environment of tumor
tissue. After CFMs were internalized into tumor cells,
imidazoles began protonation, promoting the endosome/
lysosome escape. Meanwhile, conjugated Ce6 would gen-
erate ROS under laser irradiation with the aid of oxygen.
These generated ROS further induced the imidazole-urea
transformation and changed the hydrophobicity/hydrophi-
licity balance to achieve a rapid release of FCP. Finally,
generated ROS and FCP jointly inhibit tumor growth.

Materials and Methods

Materials

Methoxy (polyethylene glycol) amine (mPEG-NH,, MW
5000), Fmoc-lys(Boc)-OH, 5-benzyl-L-glutamate (BLG)
and 2-hydroxypyridine (2-HP) were bought from Shanghai
Ltd. N, N-
Dicyclohexylcarbodiimide (DCC), N-hydroxysuccinimide
(NHS) and trifluoroacetic acid (TFA) were purchased from
Energy Chemical. 1-(3-Aminopropyl) imidazole (AIM),

McLean biochemical Technology Co.,

hexanoic anhydride (HA) and perfluorohexanoic anhydride
(PHA) were bought from Mayer Chemical Technology
(Shanghai, China). Chlorine e6 (Ce6) and cisplatin were
obtained from Sigma-Aldrich. Diethylamine (DEA) and tri-

phosgene were bought from Aladdin Biochemical
Technology (Shanghai, China). All solvents, including
dichloromethane (DCM), diethyl ether, triethylamine
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Figure | The chemical structure of mPEg-Lys (Ce6)-PGA-AIM and the mechanism of drug delivery system combining chemotherapy and PDT.

(TEA) and N, N-dimethylformamide (DMF) were bought
from General-reagent. SKOV3 cells were purchased from
Procell (Wuhan, China).

Synthesis of mPEG-Lys (Boc/Fmoc)

Before synthesis of mPEG-lys (Boc/Fmoc), Fmoc-Lys
(Boc)-OH was treated by DCC/NHS method. In short,
Fmoc-Lys (Boc)-OH (0.8 g, 1.7 mmol) and NHS (0.3 g,
2.6 mmol) were dissolved in 20 mL DCM. DCC (0.8 g,
3.9 mmol) was added and reacted for 12 h. After filtration,
the mixture was concentrated and mixed with mPEG-NH,
(2 g, 0.4 mmol) in 10 mL DCM. After stirring for another
24 h, the reaction was filtrated and rinsed 2 times with
a saturated NaCl solution. Organic phase was gathered and
dried with anhydrous Na,SO,4. mPEG-lys (Boc/Fmoc) was
obtained by reprecipitation into excess diethyl ether.
Yield: 92.1%.

Synthesis of mPEG-Lys (Boc)

mPEG-lys (Boc/Fmoc) (1 g) was dissolved in 10 mL
DCM followed by addition of 5 mL DEA. After stirring
at room temperature for 4 h, the reaction was washed with
saturated NaCl solution twice. Then, organic phase was

gathered and dehydrated with anhydrous Na,SO,4. After
concentration, the residue was added into excess diethyl
ether three times to obtain mPEG-lys (Boc). Yield: 76.0%.

Synthesis of mPEG-Lys(Boc)-PBLG
mPEG-lys(Boc)-PBLG was synthesized by two steps.
Firstly, BLG-NCA was synthesized according to the
report.'” Under N, atmosphere, mPEG-lys (Boc) (0.85 g,
0.16 mmol) and BLG-NCA (1.68 g, 6.4 mmol) were dis-
solved into 15 mL DMF at 35°C for 72 h. After concen-
tration, the residue was re-dissolved in DCM and
reprecipitated into excess diethyl ether. mPEG-lys (Boc)-
PBLG was obtained by vacuum drying. Yield: 86.9%.

Synthesis of mPEG-Lys-PBLG

The deprotection was performed according to the typical
method. Briefly, mPEG-lys (Boc)-PBLG (1.2 g) was dis-
solved into 10 mL DCM and 5 mL TFA was added. The
mixture was stirred at room temperature for 4 h. After
concentration under reduced pressure, the residue was re-
dissolved into DCM and reprecipitated into excess diethyl
ether. mPEG-lys-PBLG was obtained by vacuum drying.
Yield: 93.2%.
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Synthesis of mPEG-Lys (Ce6)-PBLG

Ce6 (0.06 g, 0.1 mmol) was mixed with DCC (0.03 g, 0.15
mmol) in 5 mL DMSO. After adding NHS (0.013 g, 0.11
mmol), the reaction was mixed at room temperature for 4
h. After adding the PEG-lys-PBLG (1.2 g, 0.09 mmol) in
10 mL DMSO with 12.5 uLL TEA, the reaction was mixed
for 24 h, then filtrated and dialyzed (MW 5000) against
DMSO for 24 h with DMSO changed three times and
against pure water for another 24 h with water changed
four times . mPEG-lys (Ce6)-PBLG was obtained by lyo-
philization. Yield: 83.4%.

Synthesis of mPEG-Lys (Ce6)-PGA-AIM
mPEG-lys (Ce6)-PBLG and AIM were dissolved in 5 mL
anhydrous DMF plus 2-HP. Under N, atmosphere, the
reaction was mixed at 40 °C for 48 h. After that, the
reaction mixture was dialyzed in pure water for 48
h with water changed five times. mPEG-lys (Ce6)-PGA-
AIM was obtained by lyophilization. Yield: 71.6%.

Synthesis of HCP and FCP

HCP and RCP were synthesized according to the
report.'®2° Cisplatin (0.69 g, 2.05 mmol) was firstly oxi-
dized by H,O,. Then, the cis-platinum oxide solution in
DMSO was mixed with 10 mL of the corresponding ali-
phatic anhydride in DMF: HA and PHA. After stirring for
48 h at room temperature, the mixture was mixed with
20 mL water to precipitate a pale-yellow solid, which was
then filtered and separated. The yellow solid was washed
several times with diethyl ether and dried. Yield: HCP
53.4%; FCP 49.1%.

Preparation Micelles

Blank micelles (BMs), HCP-loaded (HMs) micelles and
FCP-loaded (FMs) micelles were made through the dialy-
sis method. Briefly, 10 mg of mPEG-lys(Ce6)-PGA-AIM
was dissolved in 2 mL DMSO. After that, BMs were
collected by lyophilization and stored at 4 °C for use.
10 mg of mPEG-lys(Ce6)-PGA-AIM and 1 mg HCP or
FCP were dissolved in 2 mL DMSO, followed by filtration
through 0.45 pm filter and dialysis against pure water.
HMs and FMs were obtained by lyophilization and stored
at 4 °C for use. Core cross-linked micelles were prepared
according to the report.'® Solution of Zn*" was added into
BMs, HMs and FMs suspension, followed by dialysis to
remove redundant Zn®>" to generate CMs, CHMs and
CFMs, respectively.

Reverse-phase high-performance liquid chromatogra-
phy (HPLC) was used to detect the drug loading content
(DLC) and drug loading efficiency (DLE) of HCP and
FCP from HMs and FMs. Briefly, HMs or FMs were
dispersed in DMSO and stirred for 4 h. After filtration
through a 0.22 pm filter, drugs were measured (245 nm,
flow rate: 1.0 mL/min, 30 °C). The standard curves of
HCP and FCP were drawn in advance. DLC and DLE
were counted according to the following formula:

Amount of drugs entrapped in micelles

DLE % =
° Initial amount of drug added
x 100 % (1)
DLC % — Amount of drugs entrapped in micelles

Total amount of micelles
x 100 % 2
Size distribution and morphology of micelles were
light
a Zetasizer Nano ZS (Malvern Instrument Ltd., Malvern,

detected by dynamic scattering (DLS) on
UK) and transmission electron microscopy (TEM) on
JEM-2100F (Tokyo, Japan). Briefly, micelles and core
cross-linked micelles were dispersed in pure water. TEM
samples were prepared by the typical method. A drop of
micelle suspension was placed on the carbon film copper
mesh for 5 min. Finally, the suspension was removed and
the samples were dried at room temperature for 24
h before TEM measurement.

Buffer Capacity

The buffering capacity of the CMs and control micelles
(mPEG-lys(Ce6)-PBLG) was investigated according to
a previously published method.?' Both types of micelle
aqueous solutions (0.5 mg/mL) were prepared and the pH
was adjusted to 10 using NaOH (1 mol/L). The micellar
suspension was titrated with 0.1 mol/L HCI solution and
the pH of the obtained mixture was recorded continuously.
The titration curve was obtained via plotting the system
pH against the volume of HCI solution.

Stimuli-Responsiveness

To demonstrate the pH-responsivity, size distribution and
Zeta potential of BMs and CMs were analyzed by DLS.
mPEG-lys (Ce6)-PBLG micelles were used as control
group. Briefly, micelles (0.5 mg/mL) were measured in
PBS solutions at pH 7.4, 6.8, and 5.5. Micelle size dis-
tribution and Zeta potential were assessed by DLS, and
micelle morphology was assessed by TEM. To further
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evaluate the cross-linkage of micelles, BMs and CMs were
dispersed in DMSO and PBS, respectively. To survey
ROS-responsive degradation of micelles, BMs and CMs
were incubated in PBS pH 7.4 containing 0, 0.1 mM and 1
mM H,0,. DLS and TEM record particle size distribution
and morphology. For practical observation of this phenom-
enon, a picture of micelles was taken.

Dilution of Micelles

The blank mPEG-lys (Ce6)-PGA-AIM micelle was diluted
with 0.9 mL DMSO, and Zn** (0.1 mL, 1 mg/mL) was
added or not added. Pictures were taken to observe the
Tyndall effect. In order to further realize the cross-linking
of micelles, the FL spectra of micelles at 400 ~ 800 nm
were recorded. In addition, the particle size distribution
and morphology of the diluted micelles were determined
by DLS and TEM.

Drug Release

The dialysis method was performed to detected drug
release from FMs or CFMs in vitro. FMs or CFMs
(1 mg/mL) were transferred into a Float-A-Lyzer G2 dia-
lysis device (MWCO 100 KDa, Spectrum) and drug
release was conducted in PBS (pH 7.4) at 37 °C. At
predetermined time points, 1.0 mL of sample solution
was taken out and Pt concentration was quantified by
atomic absorption spectroscopy (AAS).'"” An equal
volume of fresh PBS was immediately replenished. The
same drug release procedure was carried out in triplicate in
PBS pH 6.5 and pH 5.5 with or without 0, 0.1 mM and 1
mM H,O0,, respectively.

Cellular Uptake
To evaluate the enhanced cellular uptake by slightly acidic
microenvironment, SKOV3 cells (1.0 x 10° cells/well)
were placed in 6-well plates for 12 h. Then, culture med-
ium of half wells was substituted with adjusted medium
(pH 6.8, adjusted with 0.1 M HCI solution). BMs were
added into each well and cells were incubated for 0.5
h and 1 h. After that, cells were washed with PBS, fixed
with 4% formaldehyde for 15 min and stained with DAPI
for 10 min. Coverslips were placed onto glass microscope
slides and the fluorescence imaging of cells was analyzed
by confocal laser scanning microscopy (CLSM) on a Leica
confocal system.

To evaluate the endosome escape of micelles and accu-
mulation of drugs into cells, SKOV3 cells (1.0 x 10° cells/
well) were placed in 6-well plates for 12 h. Then, cells

were induced with mPEG-lys (Ce6)-PBLG micelles (nega-
tive control, NC) or BMs for 4 h, 8 h and 12 h. After that,
cells were stained with Lysotracker Green following the
instructions then washed with PBS. And cells were fixed
with 4% formaldehyde for 15 min and stained with DAPI
for 10 min. CLSM was used to analyze the fluorescence
imaging of cells by placing the covering membrane on
a glass slide.

MTT Assay

SKOV3 cells (4 x 10° cells/well) were plated in 96-well
plates. Oxygen-saturated CMs, CHMs and CPMs were
added with equivalent Pt concentrations ranging from
0.05 to 1.6 uM. Then the light irradiation was applied
for 10 min (660 nm, 100 mW/cm?). After incubation for
24 h, the cell viability was assessed by the standard 3-(4,
5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide
(MTT) assay. Cell viability of cells treated with CMs,
CHMs and CPMs without light irradiation was evaluated
by the same method. Cell viability was counted according
to the following formula:

ODsample - ODblank

Cell viability % =
ell viability 7o OD controi — ODplank

x 100 %  (3)

Cell Apoptosis

Cell apoptosis was detected by flow cytometry. Firstly, the
cells stimulated with saline, CMs, CHMs and CPMs with
or without light irradiation were collected, resuspended in
cold PBS, centrifuged at 1000 rpm in room temperature
for 5-10 min. Then, cells were incubated with 5 pL
AnnexinV-Alexa Fluor 647 for 15 min and then co-
incubated with 5 pL PI before detection. In the end, the
apoptosis rate was tested via flow cytometer (Beckman
Coulter, CA, USA).

Animal Model and Biodistribution

The model of heterogeneous prostate cancer was struc-
tured by subcutaneous injection of SKOV3 cells. Mice
were randomly divided into three groups (n = 5). To
visually observe the biodistribution of micelles, saline,
free Ce6 and CMs were injected via tail vein with Ce6
amount of 2 mg/kg. After 12 h, 24 h and 48 h, mice of
each group were exposed on an infrared imaging system
(Caliper, XenoFluor 750) with excitation wavelength at
780 nm. Afterwards, mice were euthanized and tissues,
including heart, liver, spleen, lung, kidney and tumor, were
harvested for imaging ex vivo. The Institutional Animal
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Care and Use Committee of Tianjin Medical University
Cancer Institute and Hospital authorized this research.

Drug Administration

6-week-old male nude mice were inoculated subcuta-
neously in the right flank with SKOV3 cells (1.5 x 10°).
When the xenografts tumor volume grew to an appropriate
size successfully, mice were divided into 7 groups (n = 5)
and treated with different drugs including saline, CMs,
CHMs and CFMs with or without light irradiation (Pt:
10 uM/kg). The body weight and tumor size were recorded
every 2 days. Besides, after mice were sacrificed, tissues
including heart, liver, spleen, lung, kidney and tumor were
collected and fixed for HE and TUNEL staining.

Results and Discussion

Characterization of Polymers

The synthesis procedure of polymers is depicted in Figure 2.
The "H NMR spectra of polymers are shown in Figure 3A—
F. The peak a (1.37 ppm) and b (7.92—7.31 ppm) labeled in
Figure 3A were attributed to the typical peak of Boc and
Fmoc, respectively. After deprotection, peak b disappeared,
while peak a was still there, which proves the successful
synthesis of mPEG-lys(Boc) (Figure 3B). After ring-
opening polymerization, the signals at 7.26 ppm and 5.07
ppm (peak d and c) were observed and attributed to the
phenyl and methylene groups, respectively (Figure 3C).
The numbers of repeated units of the hydrophobic blocks
in mPEG-lys(Boc)-PBLG were calculated to be 38 on aver-
age from the spectra of "H NMR by comparing the integral
area of PEG segments and benzene groups. Thus, the mole-
cular weight (M,,) of mPEG-lys(Boc)-PBLG was 13,550 g/
mol. mPEG-lys(Boc)-PBLG was successfully de-protected,
proved by the disappearance of peak a as shown in Figure
3D. Ceb6 was successfully conjugated as shown in Figure 3E.
After aminolysis, both peak ¢ and d disappeared and emer-
ging peaks (f, g and h) appeared that were attributed to
imidazoles (7.63 ppm, 7.15 ppm and 6.88 ppm), while
peak e can still be observed (Figure 3F).

Characterization of Micelles

To evaluate pH-responsive size distribution, mPEG-lys
(Ce6)-PBLG micelles, BMs and CMs were exposed on
buffer solution of pH 7.4, 6.8 and 5.5. As shown in
Figure 4A, mPEG-lys(Ce6)-PBLG micelles exhibited nar-
row size distribution with average size of 231.6 £ 9.8 nm
and pH values did not change the size distribution.

However, size distribution of BMs changed with pH
values as shown in Figure 4B. BMs exhibited average
size of 169.7 + 6.2 nm in pH 7.4. It increased to 243.9 +
10.3 nm in pH 6.8 and 265.1 + 13.7 nm in pH 5.5.
Furthermore, significantly broadened size distribution
was observed in pH 6.8 and 5.5, which was further proved
by the TEM photos of BMs in different pH values (Figure
4E). Changes of size distribution of BMs were caused by
the protonation of imidazoles. CMs exhibited decreased
average size of 113.7 = 4.8 nm in pH 7.4 compared with
BMs, which was possibly caused by the cross-linkage.
Besides, size increased with decreasing pH, as shown in
Figure 4C.

To demonstrate the cross-linkage, BMs and CMs were
dispersed in water or DMSO and the corresponding size
distribution was measured as shown in Figure 4D. BMs in
water exhibited larger size than CMs in water. CMs in
DMSO exhibited broadened size distribution, while no
signal was detected when BMs were dispersed in DMSO.
To further evaluate the long-term stability, the micelles
were dispersed in water, PBS and FBS and incubated at
37 °C for 12 days. The particle size changes of the
micelles were detected using DLS. The results showed
that the size of the micelles did not change significantly
in the water. It shows that micelles have the most stable
structure in water and can be used as the first choice
during long-term storage (Figure S1). Additionally, the
corresponding size of CMs, CHMs and CPMs were also
measured as shown in Figure S2.

ROS-Responsiveness

mPEG-1lys(Ce6)-PBLG micelles, BMs and CMs were
incubated with 1 mM H,0,. Corresponding size distribu-
tion was demonstrated in Figure 5. Average size of mPEG-
lys(Ce6)-PBLG micelles fluctuated around 180 nm, indi-
cating good stability during incubation for 14 h (Figure
5A). CMs can keep stable during the first 6 h, while fast
degradation occurs during the next 8 h (Figure 5B). BMs
exhibited a similar degradation progress (Figure 5C).
Interestingly, BMs kept stable during the first 4 h, indicat-
ing faster degradation than CMs. Figure 5D demonstrated
the size distribution of BMs and CMs after H,O, treat-
ment. As Figure 5E shows, no particular morphology can
be observed in TEM photo of BMs after H,O, treatment,
indicating complete degradation. While, degradation still
occurred after CMs were treated with H,O, and spherical-
like morphology still can be observed in Figure SF.
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in water or DMSO (D). The inserted picture was TEM photo of CMs in DMSO. Morphology of BMs in different pH values (E).

Drug Release

Drug release from FCP-loaded mPEG-lys(Ce6)-PBLG
micelles, FMs and CFMs was investigated in different
conditions. To evaluate the influence of pH values on
drug release, mPEG-lys(Ce6)-PBLG micelles, FMs and
CFMs were dialyzed against buffer solution of pH 7.4,
6.8 and 5.5. As shown in Figure 6A, at pH 7.4, all micelles
exhibited rather slow drug release with cumulative drug
release of 48 h less than 20%. Among these drug-loaded

micelles, CFMs exhibited slower drug release than FMs,
due to the cross-linkage of CFMs, facilitating prevention
of premature release of encapsulated drugs during blood
circulation. When pH decreased to 6.8 drug release of FMs
was dramatically enhanced with cumulative amount of
drugs 26.9% for 48 h, while FCP-loaded mPEG-lys(Ce6)-
PBLG micelles and CFMs at pH 6.8 exhibited similar drug
release profiles with those at pH 7.4 (Figure 6B). With the
further reduction of pH to 5.5 (Figure 6C), drug release of
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FMs and CFMs was rather enhanced than that at pH 7.4
and 6.8, as well as FCP-loaded mPEG-lys(Ce6)-PBLG
micelles. Specifically, the cumulative drug release of FCP-
loaded mPEG-1ys(Ce6)-PBLG micelles, FMs and CFMs
was 15.6%, 69.7%, and 55.1%, respectively. Because of
cross-linkage, CFMs exhibited slower drug release than
FMs. These results indicated cross-linked mPEG-lys(Ce6)-
PGA-AIM micelles can encapsulate drugs efficiently dur-
ing blood circulation and extracellular tumor cells, while
achieving fast drug release in endosome/lysosomes in
tumor cells. To evaluate the effects of ROS on drug

release, drug-loaded micelles were incubated with 0.1 mM
H,0, and 1 mM H,0,. As shown in Figure 6D, drug
release from FCP-loaded mPEG-lys(Ce6)-PBLG micelles
in 0.1 mM H,0O, condition was similar with that in 1 mM
H,0,, with cumulative drug release amount less than 16%
for 48 h. Both FMs and CFMs exhibited faster drug
release than FCP-loaded mPEG-lys(Ce6)-PBLG micelles.
And drug release from micelles in 1 mM H,0, was
enhanced compared with that in 0.1 mM H,0,. For exam-
ple, 92.0% of drugs were released from FMs in 1 mM
H,0, for 48 h, while 74.1% were released in 0.1 mM
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H,0, (Figure 6E). Interestingly, the difference of drug
release between 0.1 mM H,0, and 1 mM H,O, was
more obvious. 88.6% of drugs were released from CFMs
in 1 mM H,0O, for 48 h, while 60.3% were released in 0.1
mM H,O, (Figure 6F). The difference mainly resulted
from cross-linkage of CFMs. More importantly, cross-
linkage did not restrain drug release and ROS-triggered
drug release was achieved. In addition, we detected the
changes in ROS levels before and after PDT (Figures S5
and S6).

Cellular Uptake and Cytotoxicity

To evaluate the influence of pH values on cellular uptake
of pH-responsive micelles, SKOV3 cells were treated with
mPEG-lys(Ce6)-PBLG mPEG-1ys(Ce6)-PGA-AIM
micelles in adjusted culture media of pH 7.4 and pH 6.8.
As shown in Figure 7A, almost no difference of Ce6

or

fluorescence was observed after cells were treated with
mPEG-lys(Ce6)-PBLG micelles. However, cells treated
with mPEG-lys(Ce6)-PGA-AIM micelles at pH 6.8
showed increased Ce6 fluorescence compared with that
at pH 7.4. To further quantitatively measure the interna-
lized amount of micelles, mean fluorescence intensity of
cells treated with different micelles at pH 7.4 and pH 6.8
was detected as shown in Figure 7B. Cells with pretreat-
ment at both pH values exhibited significantly increased

fluorescence compared with cells without treatment. Cells
at pH 6.8 treated with mPEG-lys(Ce6)-PBLG micelles
showed slightly increased fluorescence compared with
these at pH 7.4, which is possibly caused by the enhanced
permeability of cell membrane at lower pH values.
However, cells at pH 6.8 treated with mPEG-lys(Ce6)-
PGA-AIM micelles showed significantly increased fluor-
escence compared with these at pH 7.4, which is supported
by the results of Zeta potential in Figure S3.

To further evaluate the ability of endosome/lysosome
escape, cells were treated with mPEG-lys(Ce6)-PBLG or
mPEG-1lys(Ce6)-PGA-AIM micelles and labeled with
Lysotracker Green. As shown in Figure 7C, increased
Ce6 fluorescence of cells was observed after cells were
treated with both micelles, indicating time-dependent
intracellular accumulation of micelles. Also, it was worth
noting that mPEG-lys(Ce6)-PGA-AIM micelles led to
enhanced fluorescence compared with mPEG-lys(Ce6)-
PBLG micelles after cells were co-incubated for 30 min
and 60 min, which is mainly caused by the expansion of
mPEG-1lys(Ce6)-PGA-AIM micelles to further relieve
induced quenching (ACQ) of Ce6.%
Entrapped micelles in endosome/lysosomes showed yel-

aggregation

low regions in merged photos. A large area of overlap of
Lysotracker Green stained endosome/lysosomes and
mPEG-lys(Ce6)-PBLG micelles can be observed after
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SKOV3 cells for 48 h. Scale bar: 50 pm.

cells were co-incubated for 10 min and 30 min, while
endosome/lysosome escape of mPEG-lys(Ce6)-PBLG
micelles was observed after 60 min of incubation. mPEG-
lys(Ce6)-PGA-AIM micelles exhibited faster endosome/
lysosome escape than mPEG-lys(Ce6)-PBLG micelles.
Specifically, obvious

endosome/lysosome escape of

mPEG-lys(Ce6)-PGA-AIM micelles was observed after
30 min of incubation

Cytotoxicity of CBMs, CHMs and CFMs against
SKOV3 cells with or without laser irradiation was mea-
sured by MTT assay (Figure 7D and E). Without laser
irradiation, CBMs exhibited lower cytotoxicity than
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Figure 8 Representative fluorescence images of tumor-bearing mice treated with saline, free Ce6 and CMs for 6 h, 12 h and 24 h (A), and their dissected organs (B) with
quantified radiation efficiency (C) at 24-h post-injection with saline, free Ceé and CMs. The tumor volume (D) and body weight change (E) of mice treated with saline, CMs,

CHMs and CFMs with or without laser. *p < 0.05, **p < 0.0, ***p < 0.001.

CHMs and CFMs. Specifically, cell viability of CBMs was
84.7%, while it was 42.3% and 45.8% for CHMs and
CFMs, respectively. However, after laser irradiation, all
these micelles exhibited decreased cell viability. Cell via-
bility of CBMs was 54.3%, and it was 39.6% and 26.1%
for CHMs and CFMs, respectively. It is worth noting that

CFMs exhibited comparative cytotoxicity with CHMs
without laser irradiation, while significantly increasing
cytotoxicity compared with CHMs with laser irradiation.
These results directly proved oxygen self-supplied
enhanced PDT, which was further proved by the results

of cell apoptosis as shown in Figure S4.

International Journal of Nanomedicine 2021:16

https:

3691

Dove:


http://www.dovepress.com/get_supplementary_file.php?f=298146.docx
https://www.dovepress.com
https://www.dovepress.com

Chen et al Dove

Saline

0w

CMs(-)

0w

CHMs(-)

s

CFMs(-)

0w Zoowm o oo

CMs(+)

s

CHMs(+)

0w

CFMs(+)

0w

Saline

Figure 9 Representative TUNEL (A) and Kié7 (B) immunofluorescence of tumor sections and H&E staining (C) of various organs from mice stimulated with Saline, CMs,
CHMs and CFMs with or without laser; respectively.
3692 https: International Journal of Nanomedicine 2021:16

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove

Chen et al

Biodistribution

To demonstrate the in vivo targeting ability of nanoparti-
cles, mice were treated with saline, free Ce6 and CMs for
6 h, 12 h and 24 h, and exposed on photographic imaging
system. We found that tumors exhibited significant fluor-
escence signals after CMs were treated for 12 h (Figure
8A). Enhanced fluorescence signals were observed after
injection for 24 h compared with that of injection for 12 h,
indicating time-dependent accumulation of nanoparticles.
It was noteworthy that fluorescence signals of free Ce6
was weak after 12 h and disappeared after 24 h, suggesting
fast metabolism of free Ce6. As shown in Figure 8B,
organs and tumors were exposed to observe Ce6 fluores-
cence after being treated for 24 h. Ce6 fluorescence was
mainly located in liver and tumors. In Ce6 imaging, free
Ce6 was mainly accumulated in liver and kidney. CMs
exhibited higher fluorescence in tumor and lower fluores-
cence in liver than free Ce6, indicating enhanced tumor-
targeting ability of CMs.

In vivo Tumor Therapy

To evaluate the anticancer effect, tumor-bearing mice
were randomly divided into seven groups. Mice were
stimulated with saline, Cur, CMs, CHMs and CFMs
with or without laser. Firstly, the tumor size of each
group was measured every 2 days (Figure 8D). All drug
formulations, except CMs without laser, exhibited signif-
icant anticancer effect. Both CHMs and CFMs without
laser showed better tumor growth inhibition than CMs
without laser. CHMs and CFMs without laser exhibited
the similar anti-tumor effect. However, it was found that
CFMs with laser exhibited better antitumor efficiency
than any other groups. The loss of body weight induced
by all groups was recorded in Figure 8E. These results
demonstrated that CFMs with laser exerted great antitu-
mor effect and decreased systemic toxicity compared with
CMs and CHMs with laser. Besides, histological analysis
of tumors from each group was conducted as shown in
Figure 8E. Notably, it was found that CFMs exhibited
better anti-tumor effects compared with other groups.
The above results confirm that the synergistic photother-
mal chemotherapy has a highly effective therapeutic
effect.

TUNEL and Ki67 immunofluorescence staining of
tumor tissue were performed to assess the effects of dif-
ferent groups on apoptosis induction and proliferation
inhibition. As shown in Figure 9A and B, CMs, CFMs

and CHMs under laser irradiation showed better apoptotic
induction and proliferation inhibition than other groups. In
the absence of laser irradiation, the inhibition of CFMs and
CHMs on cell proliferation was indistinctive, but the
induction of apoptosis was more obvious. Notably, CFMs
with laser exhibited the most significant anti-tumor effect
on tumor. Moreover, similar conclusions were summarized
from HE staining results of tumor sections.

Besides, H&E staining of various organs was further
used to evaluate the systemic toxicity of CMs, CFMs and
CHMs on mice in vivo. As shown in Figure 9C, the effects
of each group on the mice’s heart, spleen, lungs and
kidneys were mild, regardless of the laser exposure.
Liver damage was observed in the CHMs and CFMs
groups, indicating that acid-modified Cisplatin (HCP)
and perfluorohexanoic acid (FCP) exerted a certain cumu-

lative liver toxicity.

Conclusion

In conclusion, a novel theranostic agent based on PDT and
chemotherapy, namely CFMs was successfully synthesized
and drug-loaded core cross-linked micelles have been pre-
pared. The micelles exhibited remarkable stability, pH
regulated drug release, good biocompatibility and effective
tumor penetration. Cellular uptake demonstrated the effi-
cient endosome/lysosome escape of CFMs, which facili-
tates the intracellular drug release. Both in vitro and
in vivo experiments reflected that CFMs with laser irradia-
tion showed significantly improved therapeutic activity
compared with single PDT or chemotherapy. Besides, oxy-
gen-saturated CFMs with laser irradiation exhibited higher
cytotoxicity against SKOV3 cells than other formulations,
indicating great potential of the synergistic effect.
Collectively, CFMs can provide a promising platform for
effective diagnosis and treatment of cancer cells, which
could substantially improve therapeutic outcomes by
chemo-phototherapy.
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