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In this study, we designed photo-triggered reactive oxygen species (ROS)-generating pheophorbide A and ROS-
cleavable thioketal-SN38 conjugated hyaluronan-cholesterol nanoparticles (PheoA-SN38-HC NPs). And we
observed the combined therapeutic effects of PheoA-SN38-HC NPs against HEY-T30 human ovarian cancer (OC)
model. Clinical Proteomic Tumor Analysis Consortium (CPTAC) data showed that the expression of cancer stem
cell (CSC) markers (CD44, ALDH1A1, and CD117) is highly associated with poor clinical outcomes in OC pa-
tients. We proved that HEY-T30 cells overexpress CSC markers and much more invasive than other cancer cells.
Flow cytometry (FACS) and microscopic analysis revealed the active targeting property of PheoA-SN38-HC NPs
to CD44+ HEY-T30 cells. Moreover, the combination therapeutic effect of PheoA-SN38-HC NPs was clearly
demonstrated against in vitro HEY-T30 cells and an in vivo xenograft mouse model. In particular, the paracrine
cytotoxic effect of SN38 probably compensates the locoregional therapeutic limitation of photodynamic therapy.

1. Introduction

Ovarian cancer (OC) is the seventh most common cancer and the
eighth leading cause of cancer-related death (Torre et al., 2018). The
American Cancer Society (ACS) expects that about 22,530 new cases of
ovarian cancer will be diagnosed in 2020. The ACS also reports that
13,980 people die from ovarian cancer in the United States throughout
the year. Recently, understanding of molecular targets and tumor
microenvironment has facilitated the advent of new target drugs for OC
treatment. However, OC is still a major cancer with a high mortality rate
(Carioli et al., 2019). There is a desperate need to optimize the currently
available treatments and develop new therapeutic strategies.

SN38 (7-ethyl-10-hydroxycamptothecin), a bio-active metabolite of
irinotecan (CPT-11, water-soluble drug of the alkaloid camptothecin), is
an inhibitor of topoisomerase I, a key nuclear enzyme involved in DNA
double helix supercoiling during cell replication, and has high anti-
proliferative efficacy for many kind of tumors including ovarian

cancer, mammary cancer, colon cancer and lung cancer (Zhang et al.,
2004). Especially, SN38 is a thousand times more toxic than irinotecan
itself (Xie et al., 2002; Perrone et al., 2020; Tahara et al., 2014). How-
ever, SN38 could not be directly applied to clinical therapy of cancer
because of its poor solubility (Santi et al., 2014). Up to now, to improve
its water solubility and bioavailability, numerous studies related to drug
delivery systems such as PEG conjugation, polymer micelle, and lipo-
some formulation are ongoing (Sadzuka et al., 2005; Miyazaki et al.,
2014; Govindan et al., 2013).

Conventional chemotherapy is the most common choice for majority
of ovarian cancer. However, subpopulations of cancer cells, now defined
as cancer stem cells (CSC), acquire drug-resistance and induce tumor
recurrence and metastasis (Ayob & Ramasamy, 2018; Najafi et al.,
2019). CSC targeting therapy can improve the therapeutic efficacy of
conventional chemotherapy. However, universal markers for CSC target
therapy have not been clearly identified. CSCs are composed of multiple
heterogeneous cells. The heterogeneity of CSCs is the major challenge in
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discovering universal markers (Shibata & Hoque, 2019). Therefore,
there is an urgent need to discover and identify novel CSC markers for
more effective cancer treatment.

Combination therapy, if combined together with CSC targeting
functions and other therapeutic regimens, can be an another break-
through approach to overcome the clinical dilemmas mentioned above
(Arbour & Riely, 2019; Lee et al., 2019). Photodynamic therapy (PDT) is
a good therapeutic modality for combination treatment of both CSCs and
non-CSC tumor cells (Holohan et al., 2013; Lee et al., 2019; Longley &
Johnston, 2005; Riganti & Contino, 2019; Swanton, 2012). Reactive
oxygen species (ROS) generated by photosensitizers under laser treat-
ment are cytotoxic enough to induce apoptosis of total tumor cells.
Furthermore, PDT does not cause the serious side effects that plague in
radio- and chemotherapy (Gottesman, 2002; Li et al., 2008; Park et al.,
2000; Park et al., 2008).

We hypothesize that combination design of CSC marker-specific
targeting with PDT and chemo-agents will be more effective for treat-
ing chemo-resistant cancers which may overexpress cancer stem cell
markers. We introduce a photosensitizer, pheophorbide A (PheoA), and
chemodrug, SN38 (7-ethyl-10-hydroxycamptothecin, DNA topoisomer-
ase I inhibitor), using ROS-cleavable linkers into CD44 (as one of typical
CSC markers) targeting hyaluronan (HN) nanoparticles (Scheme 1).
Until now, HN-based nanomedicine and conjugation design have been
extensively studied (Angeles & Nesporova, 2021; Wang et al., 2021;
Zhang et al., 2020). ROS-triggered drug release provides an attractive
means of achieving synergistic concomitant chemotherapy with PDT.
Thioethers, di-selenium linker, thioketals, boronic acid esters, and
aminoacrylates are ROS-cleavable linkers that release linked chemo
agents by cancer cell-specific ROS (Kim et al., 2016; Xiao et al., 2015; Yu
et al., 2011). The therapeutic feasibility of combination-designed HN
nanoparticles was evaluated against HEY-T30 human ovarian cancer
cells. Chemo-resistance of HEY-T30 cells have been widely studied
(Brouwer-Visser et al., 2014a; Huang et al., 2010), and we evaluated the
expression of CSC markers in HEY-T30 cells in western blot assay and its
invasiveness in migration and colony forming assay. Moreover, in
accordance with CSC markers in HEY-T30 cells, clinical relevance of CSC
markers (CD44, ALDH1A1, and CD117) in OC was analyzed using pro-
teomics data of human ovarian cancers provided from The Clinical
Proteomic Tumor Analysis Consortium (CPTAC) (Rudnick et al., 2016).
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For the proof of synergistic effects of combination design, we visualized
the CD44-specific targeting efficacy, PDT plus SN38 combination effect,
and paracrine cytotoxic effect of SN38 to off-PDT region with in vitro
and in vivo HEY-T30 xenograft BALB/c nude mouse model.

2. Experimental section/methods
2.1. Materials

Sodium hyaluronate (Mw 21,000-40,000) was purchased from
Lifecore Biomedical (MN, USA). Pheophorbide A was obtained from
Frontier Scientific, Inc. (UT, USA). SN38 (7-ethyl-10-hydrox-
ycamptothecin) was provided by Xian Yiyang Bio-Tech (Shaanxi,
China). Cholesteryl chloroformate, ethylenediamine, hexamethylene-
diamine, cysteamine, ethyltrifluoroacetate, p-toluenesulfonic acid
monohydrate, 2-methoxypropene, and 1-ethyl-3-(3-dimethylamino-
propyl)carbodiimide (EDC) were purchased from Sigma. All solvents
were of HPLC grade and purchased from Duksan Chemicals Co.
(Gyeonggi-do, Korea).

2.2. Analysis of CPTAC proteomics data of ovarian cancer tissues

Proteomics data of ovarian tumors provided from The Clinical Pro-
teomic Tumor Analysis Consortium (CPTAC) were analyzed. A subset of
The Cancer Genome Atlas Ovarian Cancer samples (122 tumor samples)
was characterized by mass spectrometry-based proteomics using CPTAC
(Zhang et al., 2016). The processed proteomics data (normalized log2-
transformed relative protein amount) of the CPTAC study ‘TCGA
Ovarian Cancer’ was downloaded via Aspera Connect program and
further processed in Python. Further analysis was performed as previ-
ously described (Longley & Johnston, 2005). Odds ratios (ORs) with
95% confidence interval (CI) were employed to evaluate the association
between expression of CD44 and ALDH1A1 and the response to therapy
(complete remission or poor outcome) for patients with ovarian cancer.

Next, the impact of genetic alterations of CSC markers on the survival
of patients with ovarian cancer was analyzed (Gao et al., 2013). A sur-
vival plot was drawn on cBioPortal using CD44, CD177, and ALDH1 as
inputs. Patients were divided into two groups based on the genetic
alteration status of CD44, CD177, and ALDHI1, and differences in
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Scheme 1. Photodynamic ROS-generating PheoA and ROS-trigger SN38 releasing combination-therapeutic hyaluronan nanoparticles (PheoA-SN38-HC NPs),
designed to overcome ovarian cancer therapy, demonstrated a combined therapeutic efficacy on growth inhibition of HEY-T30 ovarian cancer in xenograft mouse
models. HEY-T30 human ovarian cancer cells show high expression of cancer stem cell (CSC) makers (CD44, ALDH1A1 and CD117).
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survival rates were analyzed.

2.3. Expression of CSC markers in chemo-resistant cancer cells

2.3.1. Chemo-resistant cancer cells and cell culture

Paclitaxel resistant HEY-T30 human ovarian cancer cells (CRL-
3252™, American Type Culture Collection, VA) were selected for this
study. HCT 116 cells, RKO cells (human colon cancer cells), and HEK
293 cells (human embryonic kidney cell) were included in the study to
estimate expression of CSC markers (Debeb et al., 2010; Kondo, 2007;
Szarynska et al., 2017). Cells were cultured in DMEM (Dulbecco's
Modified Eagle Medium) with 10% FBS (fetal bovine serum) and 1%
penicillin/streptomycin (PS). Other cells were grown in RPMI 1640
(Roswell Park Memorial Institute Medium) with 10% FBS and 1% PS.

2.3.2. Colony formation assay

Cells (500 cells/well) were seeded into 6-well plates. After further
incubation for 8 days at 37 °C, cells were fixed with 4% formalin and
stained with 2% crystal violet for 10 min.

2.3.3. 2D migration assay

Cells were seeded into a block and scratcher (SPL; 2 block wells) at a
density of 1 x 10° /well in serum-free medium. After incubation at 37 °C
in 5% CO4 for 12 h, a wound was formed by the scratcher and washed
with fresh medium. Cell migration was detected with microscopy at
0 and 24 h.

2.3.4. Western blot assay of CSC markers

Expression of CD44, CD117, and ALDH1A1 in HEY-T30, HEK 293,
HCT 116, and RKO cells was assessed using western blots. Cells were
lysed in buffer RIPA (0.1% SDS, 0.5% sodium deoxycholate, 1% Nonidet
P-40, 150 mM NacCl, 50 mM Tris-HCI pH 8.0) and a cocktail of protease
inhibitors (1 mM phenylmethylsulfonyl fluoride, 2 pg/ml aprotinin, and
2 pg/ml leupeptin). Equal amounts of proteins (40-60 pg) were indi-
vidually run on 15% SDS-PAGE and 10% SDS-PAGE, transferred in the
PVDF (polyvinylidene difluoride) membrane (Millipore, Bedford, MA),
blocked in 3% (w/v) non-fat milk, and incubated with different primary
antibodies at 4 °C overnight. Primary antibody sources were CD44
(37259s; Cell Signaling Technology), CD117 (3074s; Cell Signaling
Technology), and ALDH1A1 (12035; Cell Signaling Technology).

After washing with TBST (0.1% Tween 20 included tris-buffered
saline) buffer three times, membranes were incubated with HRP-
conjugated goat anti-rabbit or anti-mouse secondary antibodies (Santa
Cruz Biotechnology, Dallas, TX) at room temperature for 2 h. The pro-
tein bands were obtained by a gel image analyzer.

2.4. Preparation of HN nanocarrier with combination therapeutic design

2.4.1. Introduction of photodynamic ROS-generating pheophorbide A

First, cholesterol, a hydrophobic core-forming moiety, was intro-
duced to HN as previously described (refer to Supporting information)
(Byeon et al., 2018). The acquired HN-cholesterol polymer spontane-
ously formed spherical nanoparticles (HN-cholesterol nanoparticles; HC
NPs) in water phase as shown in our previous study (Lee et al., 2016).
Then, HC polymer was further introduced to a reaction with pheo-
phorbide A (PheoA) to acquire photodynamic NPs (PheoA-HC NPs).
Briefly, PheoA (10 mg) was conjugated with 200 pl of ethylenediamine
in the presence of EDC (50 mg) and 4-dimethylaminopyridine (DMAP,
10 mg) in 10 ml of dichloromethane for 24 h at room temperature.
Aminated PheoA was purified using a desalting column (Sephadex G-10)
and freeze dried. HC polymers (20 mg) were then reacted with 3 mg of
PheoA-amine (m.w. = 634.77) in DMSO solution after mixing with 10
mg of EDC, and PheoA-HC polymer was purified by dialysis membrane
with 100 K MWCO.
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2.4.2. Introduction of ROS-cleavable SN38

PheoA-HC was conjugated with ROS-cleavable SN38 (compound 4,
Fig. S1). ROS-cleavable thioketal linker and SN38 conjugates were
synthesized as shown in Supporting information Fig. S1. Briefly, 10 mg
of PheoA-HC was conjugated with 12.3 mg of compound 4 (Fig. S1) in
the presence of 38 mg of EDC in DMSO overnight. The acquired polymer
(PheoA-SN38-HC) was purified by dialysis and dissolved in water. For
the control study, non-cleavable SN38 was introduced to another
PheoA-HC using compound 5.

2.5. Characterization of PheoA-SN38-HC NPs

The synthesized PheoA-SN38-HC was analyzed by magnetic reso-
nance spectroscopy (Avance III 400 MHz, Bruker, MA, USA). Particle
size and morphology were measured using transmission electron mi-
croscopy (JEOL JEM-1011, JEOL, Tokyo, Japan) and dynamic light
scattering (Zetasizer Nano ZS90, Malvern, UK).

2.6. Invitro evaluation of NIR-responsive ROS generation and ROS-
triggered SN38 release

2.6.1. Estimation of NIR-responsive ROS generation

To evaluate generation of singlet oxygen species, PheoA-SN38-HC
NPs were exposed to NIR light and subjected to DMA (9, 10-dimethylan-
thracene) testing (Gomes et al., 2005). DMA (final conc. 100 pM) in
DMSO was added to HC, PheoA-HC, or PheoA-SN38-HC NPs (1 mg/ml),
and samples were directly exposed to NIR laser (A = 671 nm, 167 mW/
cmz, Shanghai Laser & Optics Century Co., Ltd., China) for 0, 1, 2, 3, 4,
5, 10, and 30 min. Fluorescence intensities at Apay = 420 nm of DMA
were measured using a microplate reader (Infinite 200 pro, Tecan, Wine,
Austria). Simultaneously, cellular disposition of singlet oxygen gener-
ated from PheoA-SN38-HC NPs under NIR irradiation was assessed. NPs,
SOSG, and ethidium homodimer-1 (Invitrogen, CA) were added to cells,
followed by irradiation with NIR for 10 min (A = 671 nm, power = 167
mW/cm?). Cells were then incubated for 2 h, fixed with PFA, and
introduced to a fluorescence microscope.

2.6.2. Estimation of ROS-triggered release of SN38

The amount of SN38 released from PheoA-SN38-HC NPs under NIR
irradiation was measured by analyzing fluorescence spectra of free
SN38. Briefly, two types of HC-PheoA-SN38 NPs conjugated with photo-
cleavable SN38 or non-cleavable SN38 were respectively dissolved in
DMSO at the concentration of 1 mg/ml, exposed to NIR for different
times, and precipitated by ultracentrifugation at 400,000 rpm for 30
min. Supernatants containing SN38 released from NPs were collected,
and fluorescence spectra were obtained using a microplate reader
(excitation 360 nm/emission 400-600 nm). The amount of SN38
released from NPs was calculated using a pre-established standard
calibration curve of SN38 solutions (0-50 pg/ml).

2.7. Invitro cell studies for functional assay of combination design

2.7.1. CD44-CSC marker specific cellular uptake of NPs

Cells were cultured on 8-well chambered coverslips for uptake
studies. 50 pg/ml of NPs (PheoA-HC NPs or PheoA-SN38-HC NPs) were
added to CD44" HEY-T30 cells (5 x 10* cells, 500 pl medium) with or
without HN (100 pg/ml), incubated for 4 h, fixed with 4% para-
formaldehyde, and stained with DAPI. Cells were examined under a
confocal microscope (FV1000, Olympus, Japan) and a fluorescence
microscope (CELENA® S, Logos Biosystems, South Korea).

2.7.2. Estimation of cytotoxicity of NPs based on combination design

A water-soluble tetrazolium (WST) assay was performed to deter-
mine the cellular toxicity of NPs. Briefly, HEY-T30 cells (4 x 10%/well)
were seeded on a 96-well plate and cultured in a 5% CO; incubator at
37 °C overnight. To evaluate toxicities, HC NPs, PheoA-HC NPs, or HC-
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PheoA-SN38 NPs at final concentrations of 0, 5, 10, 20, or 50 pg/ml were
added to wells; 24 h later, WST-1 reagent was added. Cell viabilities
were determined by measuring absorption values at 450 nm. Under the
same procedure, synergistic cytotoxic effects of combination treatment
(photodynamic PheoA and chemotherapeutic SN38) were evaluated
using HC-PheoA-SN38 NPs.

2.7.3. Paracrine cytotoxic effect of ROS-trigger released SN38

To examine trigger-released SN38 release and its paracrine effect,
HEY-T30 cells were incubated on 8-well chambered coverslips with
PheoA-HC NPs or HC-PhoeA-SN38 NPs for 4 h. Then, HEY-T30 cells in
the left side of the well were irradiated using 670 nm NIR (100 J/cm?).
At 24 h post-irradiation, cells were co-stained with Calcein AM (live
cells, green) and ethidium homodimer-1 (dead cells, red) according to
the manufacturer's protocol (Invitrogen, CA, USA). After washing with
fresh PBS buffer 3 times, cells were fixed with 4% PFA (para-
formaldehyde) and analyzed by fluorescence microscopy and confocal
microscopy.
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2.8. In vivo tumor targeting study

All animal experiments were performed at the Animal Research
Laboratory at Inha University and approved by the Inha University's
Animal Care Committee (IUACC, INHA 201030-732). HEY-T30 cells (2
x 10%) were subcutaneously injected into the backs of BALB/c nude
mice. After two weeks, mice were divided into four groups (n = 3) and
PBS, Cy5-HC NPs (1 mg/kg) with or without HN (1 mg/kg) were injected
into tail vein. In the case of HN + Cy5-HC NPs treated groups, HN was
pre-injected 30 min before Cy5-HC NPs treatment. After 72 h, each
mouse images were obtained by in vivo image analyzer (FOBI, NEO
science, South Korea). Then, the organs (heart, lung, spleen, liver, kid-
ney, and tumor) were harvested, and fluorescence intensity of each
organ was analyzed by ImageJ software. After sectioning of tumors with
50 pm thickness by cryotome, tumor slices were further stained with
DAPI and obtained their fluorescence images by confocal microscope.

2.9. In vivo tumor growth inhibition study
HEY-T30 cells (2 x 10%) were subcutaneously injected into the backs
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Fig. 1. Clinical relevance of CSC markers in ovarian cancer patient CPTAC proteomics data, and HEY-T30 human ovarian cancer cells with high expression of CSC
markers. A. Analysis of CPTAC proteomics data of ovarian cancer patient tissues. CPTAC proteomics data support relationship between expression of two CSC
markers (CD44 and ALDH1A1) and ovarian cancer (OC) progression. B. Impact of CSC markers genetic alteration (CD44, CD177, and ALDH1 genes) on survival of
ovarian cancer patients. C and D. Expression of CSC markers (ALDH1A1, CD117, CD133 and CD44) by western blot in HEY-T30 ovarian cancer cells, HCT116 and
RKO colon cancer cells, and HEK 293 human embryonic kidney cells. HEY-T30 cells, showed the strongest ALDH1A1, CD44 and CD44 expression. E. 2D cell
migration assays of four pairs of cell lines. F. Colony formation assay proved HEY-T30 cells show the strongest colony forming power. Yanqing et al. reported that
CD44 is the most powerful controlling factor for ovarian cancer cell invasion, migration, and colony formation.
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of BALB/c nude mice. When primary tumors reached ~100 mm?, mice
were divided into four groups (n = 5) and PBS, HC NPs, HC-PhoeA NPs,
or PheoA-SN38-HC NPs were injected into tumors at a dose of 10 mg/kg.
Each tumor region was irradiated with NIR (A = 671 nm, 100 J/cm?)
once a day for three consecutive days. Tumor sizes and body weights
were measured daily. Mice were sacrificed 4 weeks after injection of
NPs, and tumors were recovered. Excised tumors were analyzed by he-
matoxylin and eosin (H&E) staining and terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) assay.

3. Results
3.1. CSC markers in human OC tissues and clinical implications

3.1.1. CPTAC proteome data and CSC markers in OC tissues

As shown in Fig. 1A, our analysis of CPTAC proteome data of TCGA
ovarian cancer tumor samples suggested that high expression of CD44
protein is significantly associated with poor primary therapy outcomes
(progressive disease, stable disease, or partial remission/response),
while low CD44 expression is associated with complete remission and
response from primary therapy (p = 0.056, Welch's t-test, Fig. 1A Left).
High ALDH1A3 protein expression was also significantly associated with
poor primary therapy outcomes (p = 0.011, Welch's t-test, Fig. 1A
Right). The combined score of ALDH1, CD44, and CD133 protein
expression was significantly associated with poor primary therapy out-
comes (p = 0.009, Welch's t-test).

3.1.2. Survival analysis of TCGA ovarian cancer cohort

Kaplan-Meier plots in Fig. 1B display the different overall survival of
the patients with ovarian cancer with and without gene alterations.
Overall survival analysis of the TCGA ovarian cancer cohort using
cBioPortal revealed that patients with tumors harboring alterations
(gene amplification, missense mutation, or overexpression of mRNA) in
ALDH1, CD44, and KIT genes have worse survival outcome than patients
whose tumors have no alternations in these genes (p = 0.134, log-rank
test). Interestingly, about 8% of tumors harbored gene amplifications
of ALDH1, CD44, or CD117. Another 20% of tumors overexpressed
mRNA of ALDH1, CD44, or CD117.

3.2. HEY-T30 cells with high expression of CSC markers

Western blots were performed to evaluate the expression levels of
CSC markers in HEY-T30, HCT 116, RKO, and HEK293 cells, and cancer-
stem cell like properties of HEY-T30 cells were confirmed. As shown in
Fig. 1C and D, HEY-T30 cells displayed higher expression levels of
specific CSC markers (CD44, ALDH1A1l, CD133, and CD117). CD44
expression of HEY-T30 cells was 96.9, 21.4, and 1.8 folds higher than
that of HEK293, HCT 116, and RKO cells, respectively. These results are
consistent with previous studies showing that CD44 is predominant in
metastatic epithelial ovarian cancer (Alvero et al., 2011; Zhang et al.,
2008). Additional migration assay (Fig. 1E) and colony forming assay
(Fig. 1F) suggest that HEY-T30 is most invasive compared with the other
cells.

3.3. Synthesis and physicochemical characteristics of PheoA-SN38-HC
NPs

3.3.1. Preparation of PheoA-SN38-HC NPs

ROS-cleavable PheoA-SN38-HC NPs were successfully synthesized,
as shown in Fig. 2. To prepare HC NPs, amine modified cholesterol was
directly conjugated with HN to form the hydrophobic core of NPs, as
described previously (Byeon et al., 2018). And HC NPs were further
combined with photosensitizer (PheoA) to form PheoA-HC NPs (Fig. 2A
left). Moreover, to introduce the ROS-cleavable drug to NPs, SN38-thi-
oketal-NH, were additionally loaded to PheoA-SN38-HC NPs (Fig. 2D).
Synthetic methods of ROS-cleavable diaminothioketal linker and SN38
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drug conjugation were described in Supporting information Fig. S1. All
compound synthesized step by step were analyzed by 'H NMR and
unique specific peaks of each material were identified as Supporting
information Figs. S2, S3, and S4. As shown in the data, chemical shift (5)
of specific peaks were assigned as following; Compound 1; § 3.50 (2H,-
CHy-), 2.82 (2H,-CHj-) and 1.50 ppm (1H,-SH) (Fig. S2A), compound 2;
§ 3.57 (2H,-CHy-), 2.70 (2H,-CHy-), and 1.59 ppm (3H,-CH3) (Fig. S2B),
compound 3; § 3.02 (2H,-CHy-), 2.70 (2H,-CH>-), and 1.59 ppm (3H,-
CH3) (Fig. S2C). In the case of PheoA-NHy; § 2.76 (2H,-CHy-) and 3.66
ppm (3H,-CH3) (Fig. S3A), SN38-thioketalamine; § 3.02 (2H,-CH,-) and
3.33 ppm (2H,-CHjy-) (Fig. S3B), SN38-hexamethylamine; § 5.11 (2H,—
NHy) and 8.03 (1H,-NH-) (Fig. S3C), PheoA-HC; 6 3.46 (2H) and 3.66
(2H) (Fig. S4a), PheoA-SN38-(thioketal linker)-HC; 5 7.29 (1H, Benzene
-CH) and 8.03 (1H, -NH-) (Fig. S4b).

3.3.2. Nanoparticle sizes and zeta potential

Particle sizes and morphologies of NPs were observed by trans-
mission electron microscopy (TEM) and dynamic light scattering (DLS).
As shown in TEM images of Fig. 2A right, all of nanoparticles were
monodispersed and spherical shapes with the 200-300 nm range. The
size of HC NPs (Fig. 2A a) was condensed and reduced by PheoA
conjugation to HC nanoparticles, presumably due to the increased hy-
drophobicity of NP cores (Fig. 2A b). After SN38 conjugation to NP,
surface morphology of nanoparticles became rough due to the SN38
attachment as shown in inserted enlarged TEM images of Fig. 2A c. In
aqueous solution, the hydrodynamic sizes of HC NPs, PheoA-HC NPs,
and PheoA-SN38-HC NPs were also measured to be 298 + 43 nm (PDI =
0.431), 198 + 65 nm (PDI = 0.332), and 263 + 101 nm (PDI = 0.187),
respectively (Fig. 2C), which were similar to size distribution of the TEM
images. Additionally, zeta potential values of NPs were measured by to
evaluate their surface condition and confirmed as —25.7 + 5.73 mV (HC
NPs), 18.3 4 4.72 mV (PheoA-HC NPs), and 16.8 + 5.9 mV (PheoA-
SN38-HC NPs) due to the PheoA (&, PheoA itself = 21.5 + 13.5 mV) and
SN38 (&, SN38 itself = —19.4 + 17.8 mV) conjugation.

3.3.3. Critical micelle concentration (CMC) of NPs

The critical micelle concentration (CMC) of HC NPs was also
measured using a pyrene fluorescence probe, as previously described
(Ray et al., 2006). The HC NPs introduced to hydrophobic cholesterol
spontaneously formed micelle-like structures in aqueous solution, and
the estimated CMC was 0.005 mg/ml (Fig. 2B).

3.3.4. Spectroscopic identification of drug conjugation

The sample images of Fig. 3A were obtained under visible and UV
light (wavelength = 365 nm), which suggest the specific fluorescence
properties of each NP. Engagement of PheoA and SN38 into NPs was
confirmed via fluorescence and absorption spectra of NPs (Figs. 3B and
S5). PheoA-HC NPs and PheoA-SN38-HC NPs showed strong fluores-
cence bands of PheoA and SN38/PheoA corresponding to SN38
(500-630 nm) and PheoA (600-800 nm), respectively (Fig. 3B). Ab-
sorption spectra showed the specific bands of PheoA at 400-450,
480-550, and 600-700 nm in PheoA-HC NPs, a broad SN38 absorption
band at <400 nm, and PheoA absorption in PheoA-SN38-HC NPs
(Fig. S5). The PheoA and SN38 contents of nanoparticles were calculated
by measuring absorbance at 670 nm (free PheoA) or 380 nm (free SN38),
and were measured to 1.08 and 1.21 w%, respectively.

3.4. In vitro photodynamic ROS generation and ROS-triggered SN38
release

3.4.1. 670 nm NIR-responsive photodynamic ROS generation
NIR-responsive photodynamic singlet oxygen generation of NPs was
estimated under NIR irradiation with the presence of a fluorescent probe
(9, 10-dimethylanthracene, DMA). DMA is transformed into non-
fluorescent endoperoxide anthracene under singlet oxygen and allows
estimation of ROS generation capacity of PheoA-SN38-HC NPs (Martins
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NIR irradiation (100 J/cm?). Scale bar = 50 pm. E. Structures of ROS-cleavable thioketal linker modified PheoA-SN38-HC NPs and non-cleavable hexamethyl linker
modified PheoA-SN38-HC NPs. F. Light induced drug release from NPs depending on light energy.

et al., 2014). NP solutions containing DMA were irradiated with 0-300
J/cm? laser light, and the fluorescence intensity of DMA at 430 nm was
measured. As shown in Fig. 3C, the relative DMA fluorescence intensities
of PheoA-HC and PheoA-SN38-HC samples decreased with increasing
NIR energy, but HC NPs did not show a change in fluorescence. This
finding indicates that PheoA loaded HC NPs generate singlet oxygen in
an NIR energy-dependent manner.

In the case of PheoA-SN38-HC NPs, ROS generation efficiency was
slightly lower than that of PheoA-HC NPs. This result is thought that
some of ROS produced by PheoA are partially reabsorbed for the thio-
ketal linker cleavage.

Similarly, intracellular ROS accumulation with PheoA-HC NPs or
PheoA-SN38-HC NPs was observed via SOSG fluorescence staining
(Fig. 3D). HEY-T30 cells treated with PheoA-HC NPs or PheoA-SN38-HC

NPs showed strong green SOSG fluorescence under NIR irradiation.
Specifically, dead cell staining (red fluorescence produced by ethidium
homodimer-1, Fig. 3D c and d) suggests that ROS generation by PheoA-
HC NPs or PheoA-SN38-HC NPs is strong enough to induce cell death.

3.4.2. ROS-responsive cascadic release of SN38

As previously mentioned, PheoA-SN38-HC NPs were designed to
generate ROS under NIR-irradiation and then release SN38 from ROS-
induced cleavage of thioketal linkers (Fig. 2D). To evaluate the
controlled drug release property of NPs, two types of PheoA-SN38-HC
NPs were prepared, one with a ROS-cleavable thioketal linker and the
other with a non-cleavable hexamethyl linker (Fig. 3E). As shown in
Fig. 3F, the SN38 released from ROS-cleavable PheoA-SN38-HC NPs
increased with increasing NIR exposure and saturated at 300 J/cm?.
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However, SN38 release was not observed from non-cleavable hexam-
ethyl linker modified PheoA-SN38-HC NPs under any NIR irradiation.
This result clearly shows that the thioketal linker is an effective structure
for ROS-sensitive controlled drug release.

3.5. Cytotoxic effects of PheoA-SN38-HC NPs on chemo-resistant HEY-
T30 cells

3.5.1. CD44 target specific uptake of PheoA-SN38-HC NPs

As shown in a previous study (Figs. 1C and 4D), the expression of CSC
markers in HEY-T30 cells was clearly observed via western blot assay.
Additionally, FACS analysis was also performed to prove overexpression
of CD44 in HEY-T30 cells. As shown in Fig. S6, FITC-CD44 antibody
staining FACS analysis revealed that the CD44 expression level of HEY-
T30 was much higher than that of other cells (HEK293, RKO, and
HCT116 cells).

To evaluate the CD44 target specificity of NPs, HEY-T30 cells were
incubated with PheoA-HC NPs or PheoA-SN38-HC NPs with or without
the CD44 blocking control. Then, CD44 binding and cellular uptake of
NPs were analyzed by FACS or confocal microscopy. Based on FACS data
(Fig. 4A), the uptake of PheoA-HC NPs by CD44 unblocked cells was 8-
fold higher than that of CD44 blocked cells (mean fluorescence intensity
value, 212 A.U. for blocked vs. 1702 A.U. for non-blocked). CD44 target
specificity was also confirmed via fluorescence microscopic observation.
HA-pretreated (CD44 blocked) cells showed much lower fluorescence of
PheoA (red) and SN38 (green) of PheoA-SN38-HC NPs (or PheoA-HC
NPs) (Fig. 4B).

Dual drug uptake by HEY-T30 cells was visualized via confocal
microscopic images of PheoA and SN38 of NPs (Fig. 5A). In the NIR non-
irradiation, HEY-T30 cells treated with PheoA-HC NPs or PheoA-SN38-
HC NPs showed strong red and red/green fluorescence in cytoplasm,
respectively, whereas non-treated control and HC NP treated cells
showed no fluorescence. After NIR irradiation, fluorescence intensities
of red channels (PheoA) in PheoA-HC NP and PheoA-SN38-HC NP
treated cells were slightly reduced due to photobleaching of PheoA. In
particular, strong green/red fluorescence overlap (yellow dots in
merged images of PheoA-SN38-HC NPs treatment) of non-NIR condition
disappeared after NIR irradiation, which is thought that the SN38 was
detached and released from NPs.
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3.5.2. Combination cytotoxicity of photodynamic ROS and ROS-trigger
released SN38

Light-responsive cytotoxic effects of PheoA-SN38-HC NPs were
evaluated against HEY-T30 cells. Fig. 5B shows that each NP (HC NPs,
PheoA-HC NPs, or PheoA-SN38-HC NPs) in the concentration range of
5-50 pg/ml did not affect cell viability (>80% cell viability). Fig. 5C also
shows that control HEY-T30 cells and HC NPs treated HEY-T30 cells
without light maintained cell viability. However, light irradiation at a
power of 100 J/cm? in HEY-T30 cells after PheoA-HC and PheoA-SN38-
HC treatment was cytotoxic enough to reduce cell viability to ~20% and
~10%, respectively. However, the cytotoxic combination effect was not
detectable in this study because of the strong cytotoxic effect of photo-
dynamic treatment itself.

3.5.3. Paracrine cytotoxic effects of ROS-trigger released SN38
Photodynamic treatment is only effective on light-penetrated region.
Our PheoA-SN38-HC NPs release SN38 under photodynamic ROS-
triggering, and the released SN38 smears to the surrounding tumor tis-
sues and displays paracrine cytotoxic effects. Paracrine cytotoxic effects
of SN38 were observed as bellow. HEY-T30 cells were incubated with
PheoA-HC NPs or PheoA-SN38-HC NPs in 8-well chambered glass for 4
h. Then, the left half of HEY-T30 cells was irradiated by NIR light with
100 J/: cm2, co-stained with Calcein AM (for live cell staining, green) and
ethidium homodimer-1 (for dead cell staining, red), and observed under
a fluorescence microscope. As shown in Fig. 6A of the live/dead cell
staining images, most of the laser-nontreated area showed green fluo-
rescence (live cells; a, b, d, e, f and h). The photodynamic activities of
each NP were observed on ¢ (¢') and g (g") regions (c and g; non-green for
live cell imaging, ¢’ and g’; strong red for dead cell imaging). However,
laser-nontreated and NP-nontreated h (h’) regional cells were badly
damaged and showed strong red fluorescence (h') without green fluo-
rescence (h). These results strongly suggest that the paracrine release
effect of SN38, that is, the SN38 released from PheoA-SN38-HC NPs of
the E region after NIR-treatment, smeared to the h (h') region and dis-
serted a cytotoxic effect (h'; red fluorescence for dead cells). The fluo-
rescence intensity of live/dead cell staining images was measured using
ImageJ program, and the results are displayed in Fig. 6B and C. The
cellular area without any treatment (Fig. 6, region of h and h’) showed
higher intensity of red fluorescence (Fig. 6C, dead cells) and relatively
low green intensity of live cells (Fig. 6B, live cells). These results suggest

CD44 blocked

CD44 blocked

S

Fig. 4. Cellular uptake of NPs; A. FACS data of HEY-T30 incubated with PheoA-HC NPs with/without HA pretreatment (up) and mean fluorescence intensity graphs
(down). B. Confocal microscopic images of PheoA-HC and PheoA-SN38-HC NPs treated HEY-T30 cells. Scale bar = 100 pm.
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concentration = 0, 5, 10, 20, 50 pg/ml). After 24 h incubation in the absence of light, cell viability test was performed. B. Cell viability at light exposure/non-
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that SN38 released from photo-treated PheoA-SN38-HC NPs travelled to
other chambers and displayed a paracrine cytotoxic effect.

3.6. In vivo tumor targeting of PheoA-SN38-HC NPs

In vivo tumor targeting properties of NPs were evaluated in HEY-T30
xenografted BALB/c nude mice. Two weeks after subcutaneous injection
of HEY-T30 into mice, red fluorescent dye, Cy5, labeled HC NPs were
injected into mouse tail vein. As blocking experiment, HN was pre-
injected before Cy5-HC NPs. As shown in in vivo fluorescence images
at 72 h after NPs injections of Fig. 7A, strong red fluorescence of Cy5-HC
NPs was accumulated in tumor region, but HN + Cy5-HC NPs were not
detected (Fig. 7A). To confirm the in vivo NPs distribution, each organ
(heart, lung, spleen, liver, kidney, and HEY-T30 tumor) was extracted
from mice, their fluorescence images were obtained, and the relative
fluorescence intensity was measured (Fig. 7B). As shown in Fig. 7B

fluorescence intensity graph of organs, fluorescence intensity of tumor
region in Cy5-HC NPs treated sample was ~2.5 times greater than that of
HN + Cy5-HC NPs treated sample. From this result, HC NPs showed the
targeting property to in vivo HEY-T30 tumor as well as in vitro. More-
over, extracted tumors were further analyzed by confocal microscopy to
find the NPs (Fig. 7C). After tumor sectioning by cryotome, tumors were
further stained with DAPI. As shown in the images of Fig. 7C, Cy5-HC
NPs treated samples clearly showed the red fluorescent dots in the
tumor region.

3.7. In vivo therapeutic efficacy of combination NPs

The in vivo therapeutic efficacy of PDT and chemotherapy of PheoA-
SN38-HC NPs were also investigated. After tumor growth to ~100 mm?>
in the subcutaneous mouse model, the same amounts of HC NPs, PheoA-
HC NPs, or PheoA-SN38-HC NPs (dosage 10 mg/kg) were intratumorally
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Fig. 6. Paracrine effect of ROS-trigger released SN 38; A. Confocal microscopic images with local irradiation of light into NPs treated HEY-T30 cell. All cells were
stained with Calcein AM (green, live cells) and Ethidium homodimer-1 (red, dead cells). Positive red staining (panel ¢’ and panel g’') of HEY-T30 cells after light
exposure shows photodynamic cytotoxic effect of PheoA-HC NPs and PheoA-SN38-HC NPs. Positive red staining of light blocked region (panel h') implies cytotoxicity
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further stained with DAPIL.

injected. Tumors were irradiated with 671 nm light (100 J/cm?) once a
day for three consecutive days, and tumor volumes and body weights
were measured for a month. Body weights in the treatment groups were
similar (Fig. 8A). Tumor volumes gradually increased over time in the
non-irradiated PBS, PheoA-HC, and PheoA-SN38-HC groups (Fig. 8B). In
the NIR exposed PheoA-HC NP treated group on the 28th day, tumor
growth was inhibited by ~55% compared with the PBS group. The NIR
irradiated PheoA-SN38-HC NP group showed greater therapeutic effi-
cacy (~70% less tumor volume in PBS group on the 28th day). In
addition, H&E staining and TUNEL images obtained after extraction of
light irradiated tumors (Fig. 8C) revealed higher levels of apoptosis and
necrosis in the PheoA-HC and PheoA-SN38-HC treated groups than in
PBS or HC NP treated groups. PheoA-SN38-HC treated sample images
showed the highest tumor damage, suggesting a synergistic tumor sup-
pression effect of PDT/chemo combination therapy. Additionally,
toxicity was further investigated the toxicity through H&E staining of
major organs including liver, lung, heart, kidney, and spleen extracted
from mouse treated with various nanoparticles. As shown in SI Fig. S7,
there was no toxic effect in each organ, and it was confirmed the safety
of nanoparticles from these results.
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4. Discussion
4.1. Clinical implication of CSC markers in prognosis of OC

From CPTAC proteome data, we observed correlation with the
expression of CSC markers in OC tissues and poor primary therapy
outcomes. Fig. 1A suggests that the ovarian CSC population, especially
for CD44 and ALDH1Al, is responsible for poor responses to primary
therapy. Moreover, the worse overall survival of patients with genetic
alterations in ovarian CSC marker genes implies that stemness of ovarian
cancer cells may be a factor contributing to the overall survival of pa-
tients with ovarian cancer (Fig. 1B). Additionally, we observed mRNA
expression levels of stem cell markers in ovarian tumor samples and
normal ovary tissues using The Cancer Genome Atlas TCGA datasets
(TCGA) and Genotype-Tissue Expression Portal datasets (GTEx) (refer to
Supplemental information). The results showed that ovarian stem cell
markers (mRNA of CD44, EPCAM, PROM1, and CD24) were significantly
overexpressed in ovarian cancer tumors compared to normal ovary tis-
sues (Fig. 9A).

Among CSC markers, CD44 and ALDH1A1 have been for therapeutic
targets of OC treatment. Yanqing et al. reported that CD44 is a con-
trolling factor for ovarian cancer cell invasion, migration, and colony
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formation (Wang et al., 2019). Landen et al. reported that 72.9% of
ovarian cancer patient samples expressed ALDH1Al and negatively
correlated with progression-free survival (expressed vs non-expressed;
6.05 vs. 13.81 months; P < 0.035) (Landen et al., 2010). ALDH1A1 is
significantly related to chemo- (taxane and platinum) resistance and
poor patient survival (Kaipio et al., 2020; Landen et al., 2010). Our
western blot data proved that HEY-T30 shows 1.9-12.9 folds higher
expression of ALDH1A1 than other cells. Interestingly, HEY-T30 is 40-
fold more resistant to paclitaxel (IC50: 2.6 nM vs. 105.9 nM)
(Brouwer-Visser et al., 2014b). Therefore, we suggest that co-expression
of CD44 and ALDH1AL1 is highly related to the invasive and chemo-
resistant stem cell-like properties of HEY-T30.

4.2. ‘Pan-CSC marker’ target therapy

As observed with CPTAC proteome data and other reports, the CSC
markers CD44, ALDH1Al, and CD117, are major target proteins for
therapeutic system design (Ayob & Ramasamy, 2018; Tao et al., 2018).
However, successful ‘pan-CSC’ targeting therapy is difficult because of
the heterogeneity of CSCs. Among CSC markers, CD44 has recently been
identified as an ovarian CSC marker (Browning et al., 2017; Byeon et al.,
2018).
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CD44 has been studied as a therapeutic target moiety in designing
nano therapeutic systems (Byeon et al., 2018), but it has not been
studied as extensively for CSC targeting nanoparticles to overcome drug-
resistant and metastatic properties. Conversely, folate receptor has been
extensively utilized for ovarian cancer target therapy (Nie et al., 2018).
Our study on mRNA expression levels of OC samples also proved that
mRNA of folate receptor (FOLRI) and CD44 is significantly overex-
pressed in ovarian cancer tumors (p = 7e-27 and p = 3e-8, respectively)
(Fig. 9B). However, high expression of FOLR1 mRNA is inversely
correlated with OC progression (p = 0.017) compared with CD44 mRNA
(P = 0.056) (Fig. 9C). Recently, Norton and his research group reported
folate receptor alpha expression associates with improved disease-free
survival in triple negative breast cancer patients (Norton et al., 2020).
Therefore, our observation suggests that CD44, rather than folate re-
ceptor, might be a reasonable therapeutic target design, especially for
metastatic and chemo-resistant OC treatments. Therefore, we applied a
CD44 targeting system as a ‘pan-CSC’ targeting therapy in combination
design of photodynamic and chemotherapy.
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4.3. NIR-responsive photodynamic and chemotherapeutic combination 5. Conclusion
therapeutic system
In summary, photosensitive, ROS-cleavable PheoA-SN38-HC NPs

Combination chemotherapy, which combines two or more thera- were designed and prepared. To realize combined PDT/chemotherapy
peutic agents, has now become the standard therapeutic regimen. for cancer, SN38 was attached to HN-based nanoparticles using a highly
Combination chemotherapy targets several cancer pathways in a typi- sensitive ROS-cleavable thioketal linker. By utilizing the ROS generated
cally synergistic or additive manner to enhance therapeutic efficacy and by the photosensitizer Pheophorbide A, SN38 was released by PheoA-
patient survival (Holohan et al., 2013; Longley & Johnston, 2005; SN38-HC NPs exposed to NIR laser light. To identify an appropriate
Swanton, 2012). Photodynamic therapy (PDT), which principally works tumor model, CD44 expression levels were investigated in several
by systemic injection of photosensitizers and laser-induced activation, is human cancer cell lines by flow cytometry, and the HEY-T30 cell line
one of the best therapeutic modalities for combination chemotherapy was selected for the study. The cancer specific binding property of NPs,
because PDT does not cause systemic side effects compared to conven- potential efficacy of PDT, and NIR-induced release of SN38 from PheoA-
tional chemotherapy (Baskaran et al., 2018). However, most tumor SN38-HC NPs were assessed in vitro by flow cytometry and cellular
tissues grow deep inside organ tissues, where NIR cannot reach; there- imaging. PheoA-SN38-HC NPs had a marked tumor suppressive effect in
fore, NIR may fail to induce total death or apoptosis of tumor cells the HEY-T30 tumor xenograft BALB/c nude mouse model.

(Mallidi et al., 2016). More selective and functional design of photo-
sensitizers that respond to low dose photoenergy are of great interest to CRediT authorship contribution statement
achieve complete tumor regression.

Our data suggest that combination therapeutic design, such as that Junghan Lee: Data curation, Investigation, Methodology, Writing —
offered by PheoA-SN38-HC, exhibits more enhanced therapeutic effects Original draft, Funding acquisition.
due to ROS-triggered SN38 release design. In particular, the paracrine Enkhzaya Davaa: Investigation.
cytotoxic effect of SN38 from PheoA-SN38-HC NPs might overcome the Yixin Jiang: Investigation.
critical defects of photodynamic laser therapy (Fig. 6). Kyung-Ju Shin: English edition.

In vivo efficacy results corresponded with an in vivo study performed Min Hye Kim: Investigation, Chemical synthesis.
against HEY-T30 xenograft cancer on a mouse model. Fig. 7 shows that Hyunsu An: Investigation, CPTAC data acquisition and validation.
the PheoA-SN38-HC NP group significantly inhibited cancer growth Jinho Kim: Resources, Investigation, Chemical synthesis.

(~70% less tumor volume in PBS group on the 28th day), compared Steve K. Cho: Investigation, Data validation.
with the PheoA-HC NPs group, PheoA-SN38-HC NPs group, and non- Su-Geun Yang: Resources, Supervision, Writing — review & editing,
treated group. Funding acquisition.

PheoA-SN38-HC NPs with photodynamic and ROS-cleavable SN38
therapy clearly showed improved CD44 positive cancer targeting effi- Declaration of competing interest
ciency and anticancer effects through in vitro and in vivo studies. These
results strongly imply that CD44 can be applied for pan-CSC. The authors have declared that no competing interest exists.
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