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1 | INTRODUCTION

Ovarian cancer is the leading cause of all gynecological malignancies.

Late-stage patients have a 5-year survival rate of only 30%.!

Li and Yao contributed equally to this work.

Photodynamic therapy (PDT) is considered an innovative and attractive modality to
treat ovarian cancer. In the present study, a biodegradable polymer poly (ethylene
glycol) (PEG)-poly (lactic acid)(PLA)-folate (FA-PEG-PLA) was prepared in order to
synthesize an active-targeting, water-soluble and pharmacomodulated photosensi-
tizer nanocarrier. Drug-loading content, encapsulation efficiency, in vitro and in vivo
release were characterized, in which hypocrellin B (HB)/FA-PEG-PLA micelles had a
high encapsulation efficiency and much slower control release for drugs compared
to free drugs (P < .05). To evaluate the targeting ability of the HB/FA-PEG-PLA
micelles, a cellular uptake study in vitro was carried out, which showed significantly
enhanced uptake of HB/FA-PEG-PLA micelles in SKOV3 (FR+) compared to A2780
cancer cells (FR—). The enhanced uptake of HB/FA-PEG-PLA micelles to cancer cells
resulted in a more effective post-PDT killing of SKOV3 cells compared to plain
micelles and free drugs. Binding and uptake of HB/FA-PEG-PLA micelles by SKOV3
cells were also observed in vivo after ip injection of folate-targeted micelles in
tumor-bearing ascitic ovarian cancer animals. Drug levels in ascitic tumor tissues
were increased 20-fold (P < .001), which underscored the effect of a regional ther-
apy approach with folate targeting. Furthermore, the HB-loaded micelles were
mainly distributed in kidney and liver (the main clearance organs) in biodistribution.
These results showed that our newly developed PDT photosensitizer HB/FA-PEG-
PLA micelles have a high drug-loading capacity, good biocompatibility, controlled
drug release, and enhanced targeting and antitumor effect, which is a potential

approach to future targeting ovarian cancer therapy.
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However, routine treatments do not significantly improve the prog-
nosis of patients; new treatments must be explored to enhance the
treatment efficiency of ovarian cancer. Photodynamic therapy (PDT)
is considered an innovative modality to treat ovarian cancer.?
Hypocrellin B (HB) is a good potential well-known second-generation

photosensitizer, isolated from natural fungus sacs of Hypocrella
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bambusae growing in the north-western region of Yunnan Province
in China. Hypocrellin has advantages of high quantum yields of sin-
glet oxygen, strong photogeneration of anion radicals in deoxy-
genated media, low dark toxicity, quick clearance from normal tissue
and availability in a pure, monomeric form. Therefore, hypocrellin
has been widely used in photodynamic therapy as a photosensitizer.
Photodynamic therapy with HB or HB derivatives has been shown
to have antitumor activity through induction of tumor cell apoptosis
and inhibition of cell viability from several studies. An ideal photo-
sensitizer should have such characteristics as better selectivity for
tumor tissue, and higher photocytotoxicity with lower cytotoxicity
under dark conditions. However, HB is hydrophobic; hence, it con-
centrates in the liver and spleen, not the targeted foci. Therefore,
there is a need to develop an alternative formulation of HB with
good aqueous solubility and high selectivity.

Nano-sized delivery systems such as polymer carriers, liposomes,*
micelles>® and nanogels’ have recently been widely used. They have
passive targeting characteristics by an enhanced permeation and
retention (EPR) effect. The polymeric micelle is one of the most suc-
cessful drug delivery carriers because of their small size, high drug
loading, prolonged blood circulation, and selective tumor accumula-
tion. Therefore, in the present study, we selected a block copolymer of
poly (ethylene glycol) (PEG) and poly (lactic acid) (PLA) (PEG-PLA) as
the drug delivery system. Furthermore, we selected folic acid as an
active targeting molecule to enhance the tumor-targeting effect. Folic
acid can conjugate with folate receptor (FR), which is overexpressed in

t'l()

many types of tumors including ovarian,® endometrial,” breas renal

1

cell carcinomas,*' and so forth. Targeting the folate receptor has

shown considerable promise in mediating uptake of a variety of drugs,
gene therapy products, and radiopharmaceuticals.*?"14

Therefore, we have explored a new folic acid-conjugated PEG-
PLA micelle delivery system for HB (HB/FA-PEG-PLA micelle). In the
present study, the stability and drug release of the HB/FA-PEG-PLA
micelles either in vitro or in vivo were studied. Tumor targeting
effect and antitumor efficiency of the micelles in vitro were then
evaluated. Furthermore, a mouse ovarian ascitic tumor model was
established, and a pharmacokinetic study and tissue biodistribution
of the HB/FA-PEG-PLA micelles were evaluated in vivo to further
confirm their targeting effect. The results of our study showed that
the new drug delivery system HB/FA-PEG-PLA micelles had promi-
nently improved biocompatibility, prolonged blood circulation of HB,

and had better targeting and antitumor effect against ovarian cancer.

2 | MATERIALS AND METHODS

2.1 | Materials

Lactide, diethyl ether, acetonitrile, methanoic acid, tetrahydrofuran
(THF), MTT, hypocrellin B (HB), DMSO, N-hydroxysuccinimide (NHS),
dicyclohexylcarbodiimide (DCC), potassium bis (trimethylsilyl) amide
(KHMDS), epoxyethane (EO), 10% pluronic-68 (F-68), folic acid (FA)
and DAPI were purchased from Fule Biological Technology Co., Ltd

(Jinan, China). All human ovarian carcinoma cell lines were obtained
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from the laboratory of Qilu Hospital, Shandong University (Jinan,
China). FBS, RPMI-1640 and pancreatin were purchased from Kun-
teng Biological Technology Co., Ltd (Shandong, China); TRIzol reagent
was supplied by Pufei (Shanghai, China); SYBR Green Master Mix
was purchased from Takara Biotechnology Co., Ltd (Shanghai, China).

2.2 | Preparation of PEG-PLA and FA-PEG-PLA
copolymer

PEG-PLA block copolymer was synthesized as described elsewhere.®
Recrystallized lactide (10 g) was added to a vial in argon gas. Then,
THF (20 mL), KHMDS (1.5 mL) (initiator), and epoxyethane (2.4 mL)
were added to another vial and stirred continuously for 2 days in an
ice bath. Subsequently, the solutions of the 2 vials were mixed and
stirred for 2 hours at 25°C. Anhydrous acetic acid (20 mL) was then
added to the vial and stirred for 30 minutes at 25°C. Finally, 0.2 mL
HCI was added to end the reaction; the PEG-PLA copolymer was well
prepared. Folate (1 g) and DMSO (30 mL) were added into thea bot-
tle (50 mL), and then added 0.9 g NHS and, 0.5 g DCC in were added
in turn, stirred away from light for 12 hours at 30°C, and then fil-
tereding out of 1,3-dicyclohexylurea (DCU). Added Tthe filtrate and
the PEG-PLA (1 g) were added to another bottle (50 mL), and then
adjust the pPH was adjusted to 8 with triethylamine, and lucifugal
reaction for 24 hours at 30°C was carried out °C, which werewas
dialyzed by a dialysis belt (2000 KkDa) in distilled water for 7 days
72 hours to remove the residual organic solvent and unincorporated
folic acid. Attachment of the FA peptide and PEG-PLA was achieved
by means of the hydroxyl groups of the FA peptides and the N-term-
inal groups on the surface of nanoparticles combining covalently.

2.3 | Preparation of drug-loaded micelles

The solvent evaporation method was used to load HB into the PEG-
PLA diblock copolymer micelles. Briefly, 30 mg diblock copolymer
was added to a vial containing 1.3 mL THF and homogenized by
sonication for 5 minutes. HB in THF (200 pL; 2 mg/mL) was subse-
quently added to the vial and mixed uniformly. Then the mixture
solutions of HB and PEG-PLA in THF were dropped into 20 mL of
purified water maintained under vigorous magnetic stirring, then stir-
red for 3 hours continuously to form the HB/PEG-PLA micelles,
which were dialyzed by a dialysis belt (3500 kDa) overnight to
remove the residual organic solvent and unincorporated drugs. HB/
FA-PEG-PLA micelles were also prepared by this method except that
the copolymer was substituted with a mixture of FA-PEG-PLA
copolymer and PEG-PLA copolymer with weight ratio of 1:9. All the
micelles were added to 2.5% F-68 to obtain the solid powder.

24 | HB/FA-PEG-PLA micelles characterization

HB/FA-PEG-PLA micelles were characterized for particle size, size
distribution and surface charge. Particle hydrodynamic diameter and
zeta potential (ZP) were determined by light scattering (Malvern
Instruments Ltd, Malvern, UK). Transmission electron microscopy
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(TEM; Tecnai G2F20 S-Twin Fei Company, Hillsboro, OR, USA) was
used to determine morphology and surface characteristics.

To determine the amount of HB encapsulated in the micelles,
HPLC was used. Chromatographic separation was achieved using a
reverse-phase C18 column (150 x 4.6 mm, 5 um pore size, Shi-
madzu VP-ODS, Beijing Shimadzu Medical Equipment Co., Ltd., Beij-
ing, China), the mobile phase solution was acetonitrile/methanoic
acid (65:35, v/v); column temperature 25°C; UV detection wave-
length: 300 nm; velocity: 0.8 mL/min; quantity: 20 pL. Dried micelles
(2 mg) were dissolved in THF (1 mL), then the supernatants were
collected after centrifugation (18 800 g, 10 minutes), and dried by
Ns. The dried drugs were redissolved in 1-mL mobile phase solution
and analyzed by HPLC. Drug-loading coefficient (DL) and encapsula-

tion ratio (ER) were calculated as follows:

DL% = weight of the drugin micelles/
weight of the feeding polymer and drug x 100%;

ER% = weightofthedruginmicelles/weightofthefeedingdrug x 100%.

Release study of the micelles was evaluated by the dialysis method.
Briefly, different formulation solutions with the same HB were trans-
ferred into a dialysis bag respectively and immersed in 50 mL PBS
under mechanical shaking (70 r.p.m.) at 37°C. The solution outside the
dialysis bag was sampled and replaced with fresh buffer solution at

defined times. HB concentrations were measured by HPLC.

2.5 | Determination of folate receptor o (FRa)
expression in ovarian cell lines

A2780, SKOV3 and HO8910 cells (Short Tandem Repeat for A2780,
SKOV3 and HO8910 cells are shown in Figures S1, S2 and S3) were cul-
tured in RPMI 1640 medium with 10% (v/v) FBS and 1% (v/v) penicillin/
streptomycin combination. Total RNA was isolated from the above cells
using TRIzol reagent, respectively. Qualitative RT- PCR was carried out
using Fast-Start Universal SYBR Green Master Mix. Primers for FR gene
expression detection were 5'-GAACGCCAAGCACCACAAG-3 (forward)
and reverse: 5'-GGTCGACACTGCTCATGCAA-3’ (reverse). Data analysis

was carried out using the comparative Ct method (224¢t).

2.6 | Cell uptake of HB/FA-PEG-PLA micelles by
fluorescence microscopy

Three types of cell lines were placed into 24-well tissue culture plates
for 2 days, then washed twice with PBS and treated with 1 mL fresh
serum-free medium containing HB/FA-PEG-PLA micelles, HB/PEG-
PLA micelles, or free HB (HB concentration of 10 mg/mL). After 4-
hour incubation at 37°C, each dish was rinsed 3 times with 1 mL cold
PBS and then DAPI was added to cells for 10-minute incubation. The
cells were washed 3 times again with PBS buffer and were finally
detected by a fluorescence microscope; fluorescence intensity was
analyzed using Image J software (National Institutes of Health, Rock-
ville, MD, USA).

2.7 | In vitro phototoxicity and dark toxicity

MTT assay was used to evaluate phototoxicity and dark toxicity of
different micelles to SKOV3 cells. SKOV3 cells were seeded into 96-
well plates at a density of 1 x 10* cells per well and grown for
24 hours at 37°C, then rinsed with PBS and incubated with serum-
free medium containing HB/FA-PEG-PLA micelles, HB/PEG-PLA
micelles, HB alone, or blank FA-PEG-PLA micelles. HB concentra-
tions ranged from 10 to 100 pg/mL (n = 8). After 24 hour incuba-
tion, the plates were/were not given visible light at 650 nm, 3 J/
cm2 for 10 minutes to detect the phototoxicity or the dark toxicity
of cells. Three types of HB solution were removed and washed with
PBS twice, incubated with 20 uL MTT (0.5 mg/mL) solution for
4 hours and then removed. DMSO (200 puL) was added to cells for
10 minutes, then measured at 490 nm. Results were shown as aver-
age cell viability and percentage of inhibition and calculated as fol-
lows:

Average cell viability
= [(ODtreat — ODblank)/(ODcontrol — ODblank) x 100%;

Percentage of inhibition
= (1 — absorbance of treatment/absorbance of control) x 100%.

2.8 | Animal model

Female Sprague-Dawley rats and female athymic nude mice (5-
6 weeks old) were purchased from Weitong Lihua, Inc. (Beijing,
China), and treated according to the protocols approved by the ethi-
cal committee of Shandong University. Tumor-bearing mice were
prepared by transplanting SKOV3 cells into the peritoneal cavity of

mice.

2.9 | Pharmacokinetic study in vivo

Calibration curves of HB in serum and tissues were prepared using
the HPLC method. Briefly, tumor-bearing mice were anesthetized
with diethyl ether, and blood was collected with heparin-treated
tubes, which was immediately centrifuged at 18 800 g for 15 min-
utes to obtain the plasma. Organs such as liver, spleen, kidney, lung,
intestine, ovary, and tumor tissues were carefully removed and
homogenized with physiological saline to obtain the tissue samples.
Different HB concentration solutions (200 uL; 1, 2.5, 5, 10, 25, 50,
100, 200 and 400 pg/mL) were added to 100 plL of plasma and tis-
sues samples, then vortexed and centrifuged at 14 000 rpm for
15 minutes. TNF was added to each supernatant and centrifuged for
another 10 minutes. Finally, the supernatants were dried by N, and
analyzed by HPLC.

Female Sprague-Dawley rats were divided into 3 groups: those
given HB/FA-PEG-PLA micelles; those given HB/PEG-PLA micelles;
or those given free HB by tail vein injection (HB concentration
10 mg/kg). After drug injection, rats in every group (3/group) were
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anesthetized at predetermined time points (10, 20, 30 and
40 minutes, 1, 2, 4, 6, 12, 24, 36, 48 and 60 hours), and blood
was collected from the tail vein into heparin-treated tubes. Con-
centration of HB in every sample was analyzed by HPLC as

described earlier.

2.10 | Tissue biodistribution study in vivo

For tissue biodistribution studies, SKOV3 tumor-bearing female
athymic nude mice were divided into 3 groups (18/group). Each
group was given the same ip dose of different micelles or free
HB, similar to the pharmacokinetic studies. Three mice from each
group were anesthetized at predetermined time points (1, 2, 4, 6,
12 and 24 hours), and blood and tissue samples were collected as
described above. Concentrations of HB in blood and tissue sam-

ples were determined using a calibration curve by HPLC.

2.11 | Statistical analyses

Statistical evaluations of data were carried out by two-tailed Stu-
dent’s t test. Data are expressed as mean + SD. P < .05 was consid-
ered significant.

3 | RESULTS

3.1 | Preparation and characterization of HB/FA-
PEG-PLA micelles

Chemical synthesis diagram of PEG-PLA-M is shown in Figure 1A,
and the composition flowchart of HB/PEG-PLA-M and HB/FA-
PEG-PLA-M is shown in Figure 1B. In H NMR spectroscopic
FA-PEG-PLA copolymers had an
7.55 ppm, indicating that folic acid was successfully conjugated
into the copolymer (Figure 1C). Confirmation of HB/FA-PEG-PLA

micelles was determined using TEM (Figure 1D), which showed

studies, obvious peak at

that the micelles have a smooth surface and spherical shape. HB/
FA-PEG-PLA micelles were prepared with a narrow size distribu-
tion (as shown in Figure 1E). HB/FA-PEG-PLA micelles have a
mean diameter of 173.8 £+ 3.2 nm, which was larger than that of
HB/PEG-PLA micelles (153.7 & 7.8 nm). The surface charge of the
micelles was approximately —30 mV either in HB/FA-PEG-PLA
micelles or in HB/PEG-PLA micelles. Encapsulation efficiency of
HB/FA-PEG-PLA micelles was 92.3% + 2.4% and the loading level
was 4.5% + 0.9%. Characterizations of both nano micelles are
shown in Table 1.

The release profile of HB from 3 HB solutions under PBS was
investigated (Figure 1F). The HB solution showed a limited burst
release (21.9%) in PBS after 24 hours. After 160 hours, HB/FA-PEG-
PLA-M and HB/PEG-PLA-M micelles and HB solution released an
accumulated amount of HB of approximately 30.9% + 0.9%,
29.2% + 0.9% and 45.5% + 0.8%, respectively, which indicated that
HB/FA-PEG-PLA micelles could not only solubilize poorly soluble
HB, but also showed sustained drug release behavior.

Cancer Science RIS o

3.2 | Cellular uptake of HB/FA-PEG-PLA micelles
in vitro

As shown in Table 2, FRae mRNA was more strongly expressed in
SKOV3 cells compared with HO8910 and A2780 cells. Therefore,
we used SKOV3 cells of high FR expression in in vitro and in vivo
studies. Figure 2 shows the uptake characteristics of HB/FA-PEG-
PLA micelles, HB/PEG-PLA micelles and free HB solution in different
cells. Fluorescence density of FA-conjugated micelles was much
higher than that of free drug and plain micelles in all cell lines
(P < .05) (Figure 2B). However, the fluorescence density of HB/PEG-
PLA micelles was slightly higher than that of free HB solution,
although there was no statistical significance (P > .05). For the 3 cell
lines, fluorescence of HB/FA-PEG-PLA micelles in SKOV3 was signif-
icantly increased compared to that in HO8910 cells or A2780 cells
(Figure 2C). HB/FA-PEG-PLA micelles in SKOV3 cell lines had the
highest fluorescence density of 44.6 + 2.6 compared to the other
cell lines (P < .05).

3.3 | Phototoxicity and dark toxicity of HB/FA-
PEG-PLA micelles in vitro

Cell viability rate of the PEG-PLA micelles without drug loading
was very high, and they could reach 67.2% + 2.2% at a concentra-
tion as high as 100 pg/mL. Therefore, the unloaded micelles them-
selves had no toxicity to cells and were very safe for drug delivery.
Table 3 shows that HB/FA-PEG-PLA micelles had higher cytotoxici-
ties toward SKOV3 cells than that of plain HB micelles and free
HB solution at all concentrations (P < .05) after photodynamic
treatment. However, there was no statistically significant difference
between plain HB micelles and free HB solution at most doses
(P > .05). At the dose of 50 pg/mL in particular, the inhibition rate
of SKOV3 cells with HB/FA-PEG-PLA micelles was 69.5% + 4.3%,
which was 2-fold higher than that of plain micellar HB
(32.5% + 9.6%) and free HB (30.3% + 5.6%) solution. The results
indicated that FA-PEG-PLA micelles can enhance cytotoxicity of
HB in SKOV3 cells on account of folate receptor-mediated internal-
ization of micelles and amplification of the drug effect. Table 4
shows the dark toxicity of SKOV3 cells for 3 treatment groups,
which indicated that there were no significant differences between
the 3 groups at most doses (P > .05).

3.4 | Pharmacokinetic study in vivo

Linear regression equations between the concentration (X) and area
under the curve (AUC) (Y) were established by linear regression anal-
ysis in blood and tissues (Figure 3). The established standard curve
showed a good linear relationship in concentration ranging from 1 to
150 pg/mL in either blood or tissues. These curves were used in the
following pharmacokinetics and tissue distribution study in vivo.
HB/FA-PEG-PLA micelles and HB/PEG-PLA micelles showed
blood (t12 = 13.5 hours,
13.6 hours respectively) after iv dosage compared to free HB

remarkably  prolonged circulation
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FIGURE 1 Characterization of hypocrellin B poly (ethylene glycol) (PEG)-poly (lactic acid)(PLA)-folate (HB/FA-PEG-PLA) micelles. A,
Chemical synthesis diagram of PEG-PLA-M. B, Composition flowchart of HB/PEG-PLA-M and HB/FA-PEG-PLA-M. C, H NMR image of PEG-
PLA-FA-NP (nanoparticle). D, Transmission electron microscopy images of HB/FA-PEG-PLA-M. E, Particle size distribution pattern of HB/FA-
PEG-PLA-M (n = 5). F, Release profile of HB from 3 formulations of HB solutions (n = 5)

(t1/2 = 7.4 hours), as shown in Figure 4. Regarding HB/FA-PEG-PLA
micelles, it was of interest that folate conjugation did not signifi-
cantly affect the long-term circulation property of the micelles. AUC
of HB/FA-PLG-PLA micelles and HB/PEG-PLA micelles
355.25 pg/mL per hour and 338.53 pg/mL per hour, respectively,
whereas AUC of free HB was 123.34 pg/mL per hour. These results
were similar to the in vitro study, which further confirmed that

was

micelles provided remarkably prolonged blood circulation and

enhanced accumulation of HB in blood.

3.5 | Biodistribution study in vivo

Distributions of the micelles in major organs after ip injection were
studied. As shown in Figures 5 and 6, peak time of both micelles
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TABLE 1 Characterizations of 2 nano micelles

Characterization HB/PEG-PLA-M HB/FA-PEG-PLA-M
Nanoparticle size 153.7 £ 7.8 nm 173.8 + 3.2 nm
Zeta potential -31.3 £ 1.3 mV —-349 + 2.6 mV

89.7% + 3.27%
8.3% + 1.4%

92.3% + 2.45%
4.5% + 0.9%

Encapsulation efficiency
Loading level

FA-PEG-PLA, poly (ethylene glycol) (PEG)-poly (lactic acid)(PLA)-folate;
HB, hypocrellin B.

was 6 hours in all tissues, which was much slower than that of free
drug (4 hours). In the case of free HB, drug concentration decreased
rapidly with time and was detected in a much lower concentration at
the 24-hour sampling in each tissue, compared to the micelles. This
observation suggests that both micelles have a much slower release
and longer tissue retention for HB. In ovarian tumors shown in Fig-
ure 5F, concentrations of the folate-conjugated micelles HB/FA-PEG-
PLA were 47.8 + 1.5 pg/g, 49.6 + 1.7 pg/g, 43.1 + 0.9 pg/g, and
254 + 1.4 pg/g at the 2nd, 6th, 12th and 24th hour, respectively;
whereas with free HB, the concentration were much lower (i.e,
17.8 + 0.9 ng/sg, 259 + 1.7 pg/g, 25.7 + 1.7 ng/g, and
22.0 + 0.9 ug/g respectively. Most noticeably, HB/FA-PEG-PLA
micelles tended to accumulate in ovarian tumor 2.2- and 1.9-fold more
than plain micelles and free HB, respectively, at the peak time point.
On the contrary, the concentrations of plain micelles localized in
tumors were similar to those of free HB at their peak time point
(6 hours). These results indicated the higher retention potential and
active targeting action of HB/FA-PEG-PLA micelles at the tumorous
site, thereby enhancing therapeutic efficacy.

In most tissues, accumulations of folate-conjugated micelles were
much higher than those of plain micelles and free drugs, as shown in
Figure 7. Especially in kidney, HB/FA-PEG-PLA micelles were found
to have much greater access to kidney, compared to the other 2
drug formulations. This observation suggests that kidney may be the
major clearance organ for micelle systems and the bioactivity
accounts for the higher concentration there. In contrast, free HB in
liver was 413.3 + 1.8 nug/g at peak, which was much higher com-
pared to the micelles. The lower uptake of the micelles in the liver

TABLE 2 FRa expression of ovarian cancer cell lines

Ovarian cancer cell line GAPDH FOLR1 AC;
A2780 14.33 26.53 12.2
14.23 26.31 12.0
14.25 26.46 12.2
SKOV3 12.01 17.67 5.66
11.93 17.82 5.89
11.86 17.86 6
HO8910 14.2 20.23 6.03
14.23 20.47 6.24
14.22 20.27 6.05

FRa, folate receptor o.
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may be attributed to PEGylation of polymer, which can decrease the
uptake of nanoparticles by the reticuloendothelial system in the
liver.

4 | DISCUSSION

Photodynamic therapy is a novel and promising therapy for
advanced-stage ovarian cancer which is uncontrolled by routine
treatment. The first key process in PDT therapy is the accumulation
of photosensitizers in tumor tissues. To gain good aqueous solubility
and high selectivity for the tumor, in the present study, we devel-
oped a novel active targeted system, FA-PEG-PLA copolymer
micelles, to deliver HB.

An ideal targeted anticancer drug delivery system should have
characteristics such as avoiding uptake by the reticuloendothelial
system (RES), EPR, and active tumor-targeting.1®*® As a novel drug
delivery system, FA-PEG-PLA copolymer has several advantages.
First, the copolymer PEG-PLA micelles have the advantages of small
size, high drug loading, and good biocompatibility. Second, PEG chain
shell have an effective protein resistant property, which have the
characteristic of steric repulsion effect, thus PEG could circumvent
the uptake of RES. Also, the folate receptor is highly overexpressed
in a number of human tumors including ovarian,'? breast, lung, brain,
and renal cell cancers.?>22 Third, we selected folic acid as the target-
ing ligand, which is cheap, non-immunogenic, retains high binding
affinity, and is stable in storage and in the circulation.?® In this study,
HB/FA-PEG-PLA micelles showed a prolonged time for HB in the
blood circulation, and better targeting and antitumor effect against
ovarian cancer.

The drug release study in vitro showed that both micelles were
released slower than the free HB group. Meanwhile, the pharmacoki-
netic and biodistribution study in vivo showed similar results. The
elimination phase (t1,,,) of HB/FA-PEG-PLA and HB/PEG-PLA was
13.5 + 1.1 hours and 13.6 + 2.3 hours, respectively; whereas t1,,
of free HB was only 7.4 £+ 1.2 hours (P <.05). Furthermore, in
tumor-bearing mice, free HB rapidly reached its peak at the 2nd

hour in every organ; however, the peak times of both micelles were

—AAC, PacC Expression abundance SD
-0.037 0.975 1.001 0.051
0.083 1.059
—0.047 0.968
6.503 90.719 79.914 9.779
6.273 77.350
6.163 71.672
6.133 70.197 66.705 5.233
5.923 60.688
6.113 69.230

P = .03 A2780 vs SKOV3; P = .02 A2780 vs HO8910; P = .05 SKOV3 vs HO8910.
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FIGURE 2 Uptake characteristics of hypocrellin B poly (ethylene glycol) (PEG)-poly (lactic acid)(PLA)-folate (HB/FA-PEG-PLA) micelles, HB/
PEG-PLA micelles and free HB solution in different cells (n = 8). A, Cellular uptake of both micelles and free HB in SKOV3, HO8910, and
A2780 cells by fluorescence microscopy. B/C, Fluorescence density half-qualitative analysis of HB/FA-PEG-PLA micelles, HB/PEG-PLA

micelles and free HB groups in SKOV3, HO8910, and A2780 cells. *P < .05, **P < .01, ***P < ,001

postponed by at least 2 hours. As previously reported, the release
mechanism of the PEG-PLA copolymer micelles is mainly diffusion-
controlled release.?* In our study, HB was dispersed in PLA poly-
mers, which, inside the PEG membrane, was required to diffuse to

the membrane surface first and then release successfully. Therefore,

the newly developed HB/FA-PEG-PLA micelles showed a well-con-

trolled slow release for HB.

Selectivity of HB/FA-PEG-PLA micelles was well evaluated
in vitro and in vivo. Fluorescence intensity of HB/FA-PEG-PLA

micelles was much stronger than that of plain micelles and free HB
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TABLE 3 Percentage of inhibition rates of SKOV3 cells after
photodynamic treatment in different groups at different HB
concentrations (n = 8)

Concentration (pg/mL)

Treatment 10 25 50 75 100

HB 20 £ 3% 21 £5% 30 £ 6% 81+ 26% 96 £ 6%
HB/PEG- 16 £+ 2% 26 +7% 32+ 9% 64 +7% 86 + 8%
PLA-M

HB/FA- 16 £ 6% 36 £ 9% 70 £4% 96 £ 10% 97 £ 9%
PEG-PLA-

M

FA-PEG-PLA, poly (ethylene glycol) (PEG)-poly (lactic acid)(PLA)-folate;
HB, hypocrellin B.

in cells. Also, the higher the FR expressed in cells, the stronger the
fluorescence density of HB/FA-PEG-PLA micelles. The strongest flu-
orescence density of HB/FA-PEG-PLA was in SKOV3 cells. In
tumor-bearing mice, uptake of HB/FA-PEG-PLA micelles in tumors

TABLE 4 Dark toxicity (percentage of inhibition rates of SKOV3
cells) of blank nanoparticles and 3 other HB groups (n = 8)

Concentration (pg/mL)

Cancer Science RUIs e

- HB
14 | -% HBIPEG-PLA-M
—&— HBIFA-PEG-PLA-M

16

10

Concentration of HB (pg/mL)
L=

6 12 24 36 48 60

0 017 033 0.5 067 1 2 4
Time (h)
FIGURE 4 Pharmacokinetics features of different groups (n = 5).
Hypocrellin B poly (ethylene glycol) (PEG)-poly (lactic acid)(PLA)-folate
(HB/FA-PEG-PLA) micelles and HB/PEG-PLA micelles showed a

remarkably prolonged blood circulation (t1, = 13.5 h, 13.6 h,
respectively) compared to free HB (t1/, = 7.4 h)

Treatment 10 25

PEG-PLA-M 16 + 2% 23 + 4%
HB 11 + 2% 28 £ 7%
HB/PEG-PLA-M 12 + 3% 26 + 6%
HB/FA-PEG-PLA-M 14 + 1% 29 £ 2%

FA-PEG-PLA, poly (ethylene glycol) (PEG)-poly (lactic acid)(PLA)-folate; HB, hypocrellin B.
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also rapidly reached a high level compared to other formulations,
and the concentration of HB in HB/FA-PEG-PLA micelles was
47.8 ug/g 2 hours after ip injection, which was nearly 20-fold higher
than that of HB in plain micelles (2.7 pg/g). Such a large shift in drug
distribution is, after all, the result of a huge number of effective
ligand-target interactions. After ip injection, plain micelles only

stagnate around the tumor tissues and cannot be taken up by
tumors as a result of high molecular weight, reducing the actual drug
concentration within the tumor. On the contrary, HB/FA-PEG-PLA
micelles can be rapidly recognized by ligand-receptor interactions in
tumors and deliver a much higher amount of HB to the tumor. As a
result, HB/FA-PEG-PLA micelles have high selective targeting for
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ovarian tumors. Moreover, the cytotoxicity of HB/FA-PEG-PLA
micelles was dramatically stronger than that of plain micelles and
free HB until the concentration of HB reached 100 pg/mL (P < .05),
which further confirmed the targeting effect of FA-conjugated
micelles. In contrast, plain micelles and free drugs showed no
difference in the inhibitory rate of SKOV3 cells (P > .05). There-
fore, HB/FA-PEG-PLA micelles have good selective targeting for
ovarian tumors and enhanced the antitumor effect towards ovarian
tumors.

In the present study, we used ip injection instead of iv injection.
An ip dose of drug can vyield higher drug concentrations and longer
drug retention in the peritoneal cavity and in the peritoneal tissues,
compared to an intravenous dose of the same formulation. Thus, ip
therapy is confirmed as a good targeting method for ovarian cancer
located in the peritoneal cavity. We systematically analyzed biodis-
tributions of the newly developed HB/FA-PEG-PLA micelles by ip
injection. As shown in Figure 6, nearly all formulations of the drugs
were primarily confined to tissues and organs in the peritoneal cav-
ity after ip dosage. Concentrations of HB in HB/FA-PEG-PLA
micelles in most organs were much higher than that of plain

micelles and free HB at all times. Tsai et al showed that the drug

uptake mechanism of peritoneal organs in the form of carriers by ip
injection was passive diffusion and direct absorption into the
organs.?> Therefore, the EPR effect seems to have little effect on the
uptake of drug carriers after ip injection. On the contrary, high affinity
of folate ligand to FR expressed in organs is the major factor in deter-
mining the accumulation of drug carriers in peritoneal organs. This is
the main reason that HB/FA-PEG-PLA micelles have greater accumu-
lation in organs compared to the other 2 formulations. Our data
showed that the kidney and liver, which had highly expressed FR, have
much more accumulation of HB/FA-PEG-PLA micelles than other
peritoneal organs, further confirming the above viewpoint. Accumula-
tion of HB/FA-PEG-PLA micelles in tumors nearly reached a peak
2 hours after ip injection, whereas it took at least 6-12 hours to reach
the peak of drug concentration in other peritoneal organs, as shown in
Figure 7. This huge time difference will give us a chance to reduce
cytotoxicity to normal tissues. In other words, we can give a green
light at 2 hours after ip injection, which can effectively destroy tumor
tissues as well as maximally reduce toxic side-effects to normal
tissues.

Conclusively, our newly developed drug-delivery system of
HB/FA-PEG-PLA micelles have

prominently improved
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biocompatibility, prolonged blood circulation of HB, and have CONFLICTS OF INTEREST
better targeting and antitumor effect against ovarian cancer. In
particular, the combination of HB/FA-PEG-PLA micelles and ip

dosage shows promising results in terms of targeting efficacy, which
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will provide a new opportunity for the therapy of advanced-stage ORCID

ovarian cancer. Further efforts to confirm the antitumor effect of .
X . L X . Kun Song "= http://orcid.org/0000-0001-6110-2770
this delivery system in vivo will be warranted in our future study.
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