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Abstract

Background: Chemo-radiotherapy is the combined chemotherapy and radiotherapy
on tumor treatment to obtain the local radiosensitization and local cytotoxicity of the
tumor and to control the microscopic metastatic disease.

Methods: In this study, 7-ethyl-10-hydroxycamptothecin (SN38) molecules could be
successfully loaded into human serum albumin (HSA)-hyaluronic acid (HA) nanoparti-
cles (SH/HA NPs) by the hydrophobic side groups of amino acid in HSA.

Results: HSA could be used to increase the biocompatibility and residence time of
the nanoparticles in the blood, whereas HA could improve the benefits and overall
treatment effect on CD44-expressing colorectal cancer (CRC), and reduce drug side
effects. In addition to its role as a chemotherapeutic agent, SN38 could be used as a
radiosensitizer, able to arrest the cell cycle, and allowing cells to stay in the G2/M stage,
to improve the sensitivity of tumor cells to radiation. In vivo results demonstrated that
SH/HA NPs could accumulate in the tumor and produce significant tumor suppression,
with no adverse effects observed when combined with y-ray irradiation. This SH/HA
NPs-medicated chemo-radiotherapy could induce an anti-tumor immune response to
inhibit the growth of distal tumors, and produce an abscopal effect.

Conclusions: Therefore, this SN38-loaded and HA-incorporated nanoparticle com-
bined with radiotherapy may be a promising therapeutic artifice for CRC in the future.

Keywords: Chemo-radiotherapy, 7-Ethyl-10-hydroxycamptothecin, Human serum
albumin, Hyaluronic acid, Abscopal effect

Introduction

Colorectal cancer (CRC) is one of the leading cause of cancer death worldwide, and its
incidence is currently increasing rapidly. The establishment of multifunctional thera-
peutic medicine is critical to address the challenging problems associated with CRC
(Moreno et al. 2016; Attisano and Wrana 2012). Chemo-radiotherapy is the combined
chemotherapy and radiotherapy on cancer treatment to obtain the local radiosensi-
tization and local cytotoxicity of the tumor and to control the microscopic metastatic
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disease (DuRoss et al. 2021). Chemo-radiotherapy can be used to decrease cancer size
before surgery, making tumors easier to remove. Radiation ablates tumor cells to lead to
molecular changes, including cellular adhesion molecules and inflammatory cytokines,
such as various radioactive elements or dangerous-related molecular-pattern molecules
(DAMP) and induce immune effect (Corso et al. 2011; Kanegasaki et al. 2014).

Radiosensitizers can enhance the sensitivity of tumors to radiation and improve their
curative effect by increasing radiation-induced oxygen free radicals and DNA damage.
In recent years, the camptothecin-derived drugs have been proved to possess radio-
sensitization effects on cancer cells, by inhibiting the function of DNA topoisomerase
I in intracellular DNA repair to lead to a significant G2/M phase arrest, followed by
increased apoptosis (Wang et al. 2018). CPT-11, a camptothecin-derived drug for the
treatment of CRC, kills cancer cells mainly through inhibition of DNA topoisomerase
I, reducing the capability of cancer cells to produce required proteins and leading to
eventual death from apoptosis (Armand et al. 1995; Magrini et al. 2002). The compound
7-ethyl-10-hydroxycamptothecin (SN38), the activated form of CPT-11, has about 200
times the activity of CPT-11 (Bala et al. 2013) and also displays as a radiosensitizer dur-
ing radiation therapy, to kill cells in a short time. The encapsulation of SN38 in nano-
particles, polymer—drug conjugates, and liposomes has been attempted, to solve its
application challenge in pharmaceutical formulations in recent years (Rivory et al. 1996;
Zhang et al. 2004; Roger et al. 2011, Venditto and Szoka 2013). However, the synthesis of
SN38-loaded carriers was too complicated to permit manufacture on a large scale and
often required the use of toxic agents or organic solvents.

Conventional pharmaceuticals have poor bioavailability and relatively fast clearance
from the human body, leading to the need of high-dose drug intake that may cause the
potential adverse effects on humans and the environment (Lam et al. 2015). To reduce
the side effects of drugs entering the environment, and produce therapeutic effects
using a low dose of medication, nanomedicine, a medical application of nanotechnol-
ogy, has many advantages over conventional pharmaceuticals. These advantages include
improved drug bioavailability and therapeutic efficiency at reduced doses and at low
frequency; targeting specific tissues; prolonged storage life; and increased patient com-
pliance and convenience (Orive et al. 2003). However, nanoparticles can cause nano-
toxicity and may lead to health and environmental risks by interacting with both natural
and anthropogenic chemicals (Wang et al. 2014). To reduce the potential toxicity of
nanoparticles, the selection of biodegradable materials and non-toxic ingredients in the
development of nanosystems is important. The idea of green chemistry can be applied
in the nano-drug delivery system design and establishment, for selecting biodegradable
materials, non-toxic ingredients, and safe manufacturing processes, to reduce or elimi-
nate the use and production of hazardous substances (Clark et al. 2014).

Human serum albumin (HSA) has been developed as a carrier for hydrophobic chem-
otherapeutics for many years. The drug that has attracted the most attention is the taxol-
serum albumin nano-carrier under the trade name Abraxane® (Kouchakzadeh et al.
2015). HSA can bind glycoprotein (gp60) on the surface of vascular endothelial cells, and
regulate the transcytosis of HAS-binding molecules to enter the interstitial region of the
tumor site. By combining extracellular matrix glycoproteins expressed in large quanti-
ties on tumor cells, HSA-based nano-carriers can be easily uptaken by tumor cells to
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improve the treatment effect and reduce the side effects of chemotherapy drugs (Frei
2011; Kim et al. 2011; Quan et al. 2011; Elsadek and Kratz 2012; Ding et al. 2014; Sheng
et al. 2014). HSA can also effectively enhance the biocompatibility and circulation time
of nano-carriers in the blood (Tirkey et al. 2017; Lee et al. 2018). Hyaluronic acid (HA)
is a natural linear glycosaminoglycan polymer polymerized by D-glucuronic acid and
N-acetyl-D-glucosamine. Owing to its biocompatibility, enzyme degradability, and effec-
tive tumor-targeting ability, it has attracted considerable attention. Its receptor, CD44, is
a non-kinase transmembrane glycoprotein, which is overexpressed in different strains of
cancer cells including cancer stem cells (CSCs) (Yin et al. 2016), and is related to tumor
development, invasion, and metastasis. Various HA-related drug delivery systems have
recently been developed for CD44-regulated tumor target therapy (Cadete and Alonso

2016; Jiang et al. 2021; Hu et al. 2020).

In our previous study, we have successfully encapsulated SN38 in HSA-based carriers
and established gold nanoshells on this carrier surface for chemo-photothermal ther-
apy on CRC, but this nanoparticle lacked tumor target properties, which might result
in unexpected adverse effects (Yang et al. 2022). In this study, we encapsulated SN38
in HSA/HA nanoparticles by the lyophilization—hydration method, which not only pro-
vided a simple and safe manufacturing processes, but also eliminated the use and pro-
duction of hazardous substances. The use of HSA shall increase the biocompatibility and
circulation time of hydrophobic drug SN38 in blood, and the HA can target and increase
the uptake of SN38-loaded nanoparticles in CD44-expressing tumor cells to improve the
chemo-radiotherapy effect and reduce the toxicity of chemotherapy drugs. In addition,
the immune cells response induced by chemo-radiotherapy on distal tumor growth sup-

pression was also investigated in a murine model (Scheme 1).
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Materials and methods

Materials

HSA (=96%), HA (MW=500 kDa), Fluorescein 5(6)-isothiocyanate (FITC),
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), and dimethyl sul-
foxide (DMSO) were purchased from Sigma-Aldrich (USA). 7-Ethyl-10-hydroxycampto-
thecin (SN38) was acquired from ScinoPharm Taiwan, Ltd. (Tainan, Taiwan). Tali" Cell
Cycle Kits were purchased from Thermo Fisher Scientific (Waltham, MA, USA). The
chemotherapeutic injection solution used in the clinic, CAMPTO®, was acquired from
Pfizer Perth Pty. Ltd. (Australia).

Preparation of SN38-encapsulated and HA-incorporated nanoparticles (SH/HA NPs)
SH/HA NPs were prepared using a lyophilization—hydration method established for the
hydrophobic drug-encapsulated micelles in our previous studies (Peng et al. 2008; Tsai
et al. 2017). The preparation process can be briefly described as follows: 0.5 mg SN38
powder was well-dissolved in 1 mL of DMSO, and then the HSA—-HA mixture was added
into the solution at an SN38/HSA/HA weight ratio of 1/11/0.069. The SN38/HSA/HA
mixture was dispersed in 1 mL of Gitose injection 5% solution (dextrose 5% solution,
Nang Kuang Pharmaceutical Co. Ltd., Taiwan) after lyophilization, and was ultrasoni-
cated to form SH/HA NPs. SH NPs were prepared according to the method described
above, but without the incorporation of HA. The prepared nano-carrier solutions were
used directly without treatment.

Characterization of SH/HA NPs

The hydrodynamic size and zeta potential of the prepared SH and SH/HA NPs were car-
ried out using a Zetasizer Nano-ZS90 (Malvern Instruments Ltd, UK). The surface mor-
phology of SH and SH/HA NPs was observed under a transmission electron microscope
(TEM, Hitachi H-7500, Tokyo, Japan) after the precipitation of SH and SH/HA NPs on
dried carbon-coated copper grids. Powder X-ray diffraction (XRD) patterns of SN38,
HA, HSA, SH NPs, and SH/HA NPs were recorded on a D2 PHASER X-ray diffractom-
eter (Bruker AXS Inc., WI, USA) equipped with Cu Ka radiation (A =1.5418 A).

The loading efficiency of SN38 in the prepared SH and SH/HA NPs was determined
using high-performance liquid chromatography (HPLC, Waters €2696). The un-loaded
SN38 was removed from the prepared SH or SH/HA NP solution by filtrating through a
0.22 pm filter unit (Merck Millipore Ltd., Tullagreen, Ireland), and then the filtered par-
ticle solution was re-dissolved in DMSO and injected into the HPLC system. The elution
mode consisting of 0.1% trifluoroacetic acid and acetonitrile (v/v=60/40) as the mobile
phase at a flow rate of 1 mL/min was used. The separation was performed on a Waters
Symmetry® C18 reversed-phase column (XBridgeTM) with fluorescent detection of
SN38 at 365/550 nm. The SN38 encapsulation efficacy (EE) and drug-loading content
(DC) in the nanoparticles was calculated using the following equations:

EE (%) = Weight of SN38 in the particles/Total weight of feeding SN38 x 100%

DC (%) = Weight of SN38 in the particles/Total weight of particles x 100%
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The storage stability of the nanoparticles is important and must be considered dur-
ing design and development of pharmaceutical formulations (Gradauer et al. 2013).
For this purpose, the prepared SH NPs or SH/HA NPs were re-lyophilized and then
preserved at 4 °C. At 1, 10, 20, and 30 days, 1 mL ddH,O was added into the re-lyo-
philized SH NPs or SH/HA NPs, and the particle size was determined using a Zeta-
sizer Nano-ZS90.

Determination of CD44 antigen expression on cell surface

A human colon cancer cell line derived from a lymph node metastatic site, SW620,
and a human colon cancer cell line, HT29, were cultivated in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1%
Gibco® antibiotic—antimycotic solution, respectively. The other human colon can-
cer cell line, HCT116, was cultivated in McCoy’s 5a medium with 10% FBS and 1%
Gibco® antibiotic—antimycotic solution. They were all cultured at 37 °C in an atmos-
phere of 5% CO,, and culture media were changed on alternate days.

Once SW620, HT29, and HCT116 cells were cultured to 80% confluency, each cell
line was detached using the Gibco" Trypsin/EDTA Solution (TE) solution, counted,
and then re-suspended in 500 pL of cold flow cytometry buffer (PBS containing 10%
FBS and 1% sodium azide). At least 1 x 10° cells were incubated with 10 uL PE anti-
human CD44 antibody (BioLegend, Inc., CA, USA) on ice for 30 min in the dark.
After being washed with cold flow cytometry buffer, the labeled cells were re-sus-
pended in 500 pL flow cytometry buffer and determined by a flow cytometry with the
BD FACSCalibur system (Becton & Dickinson, Mountain View, CA, USA).

Cellular uptake and in vitro cytotoxicity of SH/HA NPs

Glass plates were placed in 6-well plates and seeded with SW620, HT29, or HCT116
cells. After 24 h, the medium was replaced with fresh medium containing the FITC-
modified SH NPs and SH/HA NPs. To investigate the effect of HA—CD44-mediated
endocytosis, the cells were pre-treated with 0.1 mg/mL HA for 1 h and then fed with
FITC-modified SH/HA NPs. After further 6 h cultivation, the glass plate was washed
three times with PBS, fixed with 10% formalin, and then examined under a spectral
confocal and multiphoton system (Leica TCS SP8, Wetzlar, Germany). The average
FITC fluorescent intensity of six regions obtained from randomly chosen areas in
cells was analyzed using the Leica Application Suite X software (Leica Microsystems
Inc., Illinois, USA) to determine the uptake of nanoparticles. The green brightness of
the FITC-SH NPs treated group was designated as 100% for the individual colon can-
cer cell lines (Yang et al. 2020).

SW620, HT29, or HCT116 cells were separately seeded into 96-well plates at a den-
sity of 5 x 10% cells/well. After 24 h cultivation, the cells were washed with PBS and
then incubated in fresh medium containing SN38, SH NPs, and SH/HA NPs at SN38
concentrations of 0, 5, 10, and 100 ng/mL, respectively. After 48 h, the cell viability
was determined by MTT assay, and the cell viability was expressed as a percentage
relative to that of the control group.
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Cell cycle analysis

4% 10° cells/well of SW620 and HT29 cells were seeded in 6-well plates and incubated
overnight at 37 °C. The cells were exposed to free SN38, SH NPs, and SH/HA NPs at an
SN38 dose of 5 ng/mL for 48 h. The alive cells were collected and fixed in 70% ethanol
for an hour, followed by treatment with Tali"" Cell Cycle Kits (Thermo Fisher Scientific,
Catalog No. A10798), according to the manufacturer’s instructions. Finally, cell cycle
distribution and regulation were determined using BD FACSCalibur system, with PBS-
treated cells used as the negative control.

In vitro cytotoxicity of combined chemo-radiotherapy

The in vitro anticancer effects of combined chemo-radiotherapy with SH NPs or SH/
HA NPs were assessed using MTT assay. SW620 and HT29 cells with a cell density of
5x 10? cells/well were seeded in 96-well plates and incubated for 24 h. The cells were
then washed with PBS and cultivated in media containing SN38, SH NPs, and SH/HA
NPs at SN38 concentrations of 0, 5, 10, and 100 ng/mL, respectively. After 48 h expo-
sure, cells were irradiated with y-rays at 6 Gy. All cells were incubated for another 48 h,
and then the cell viability was determined by MTT assay and expressed as a percentage
relative to that of the control (only PBS-treated) group.

In vivo anticancer efficacy of combined chemo-radiotherapy from SH/HA NPs
plus irradiation
Four-week-old Female BALB/CAnN.Cg-Foxnlnu/CrINarl nude mice were acquired
from the National Laboratory Animal Center (Tainan, Taiwan). In vivo animal experi-
ments were performed at Laboratory Animal Center of National Taiwan University
College Medicine with prior Institutional Animal Care and Use Committee (IACUC)
approval. HT29 xenograft tumors were produced by subcutaneous injection of 1 x 10
cells in 150 pL PBS at the front flank to form distal tumors and the hind flank close to the
leg to form primary tumors, respectively. The tumor length (I) and width (w) were meas-
ured every two days, and the volume (V) was calculated using the formula V =1w?/2.

When the tumor volume at the hind flank achieved to 50—100 mm?, the tumor-bear-
ing mice were randomly divided into seven groups (n=>5 in each group), and treated
with (a) saline; (b) the drug, CAMPTO® (20 mg of CPT-11/kg); (c) SH NPs (20 mg of
SN38/kg); (d) SH/HA NPs (20 mg of SN38/kg); (e) SH NPs (20 mg of SN38/kg) plus
y-ray irradiation; (f) SH/HA NPs (20 mg of SN38/kg) plus y-ray irradiation; or (g) saline
plus y-ray irradiation. The mice were intravenously injected once on day 0. The primary
tumor in the hind flank was exposed to 6 Gy of y-radiation 24 h post injection for the
radiation-treated groups. The tumor sizes and body weights of the mice were measured
and recorded every 2 to 3 days for 28 days. At the end of the experimental period, the
mice were sacrificed, and the tumor and main organ tissues (heart, liver, spleen, lung,
and kidney) were excised and fixed in 10% paraformaldehyde solution for histopatho-
logical tests.

To investigate the distribution of the prepared nanoparticles in the mice, Cy7.0-labeled
SH NPs and SH/HA NPs were intravenously injected into HT29 tumor-bearing mice. At
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3 and 24 h post injection, the tumor, heart, liver, spleen, lung, and kidney tissues were
excised and imaged using an IVIS Imaging System Spectrum Instrument (Xenogen, Cal-
iper Life Sciences Inc).

Effect of combined chemo-radiotherapy from SH/HA NPs plus irradiation on immune cell
response on distal tumors

To investigate the immune cell response on distal tumors (non-irradiated tumors), the
tumor-bearing mice were intravenously injected with saline, CAMPTO®, SH NPs or SH/
HA NPs, and exposed to 6 Gy of y-radiation on primary tumors 24 h post injection. The
distal tumors of the mice were collected 72 h after treatment with y-radiation and cut
into several portions. The tumor samples were digested using a 1 mg/mL collagenase
solution at 37 °C for 30 min and then passed twice through 70 um nylon cell strain-
ers into single cell suspensions. The cells were washed twice with PBS and incubated in
1 mL staining solution (PBS containing 10% FBS, 1% sodium azide, and fluorescently
labeled antibodies) on ice for 30 min in the dark. The fluorescently labeled antibodies
used here were CD19-AlexaFlour488, CD11c-FITC, F4/80-FITC, DX5-APC, and CD3-
PE (Biolegend, San Diego). The samples were analyzed using flow cytometry with the BD
FACSCalibur platform (Tremble et al. 2019).

Statistical analysis
The experimental data are presented as the mean =+ standard deviation (S.D.). The S.D.
was obtained using the following equation:

VEXi—

N

where o is S.D., N is the sample number, X; is each value from sample, and p is the mean
value. One-way ANOVA tests were performed to analyze the significance of the dif-
ferences between groups. A p value lower than 0.05 was considered to be statistically
significant.

Results

Synthesis and characterization of SH/HA NPs

SH NPs and SH/HA NPs were developed using a lyophilization—hydration method
(Fig. 1A). TEM images showed that the SH NPs or SH/HA NPs had an irregular surface
shape, with a particle size of 150—180 nm (Fig. 1B). The average hydrodynamic diam-
eter and zeta potential of the prepared nanoparticles determined by a Zetasizer Nano-
7590 were as approximately 168 nm and — 20 mV, respectively, in dextrose 5% solution,
regardless of the incorporation of HA (Table 1). Compared with SH NPs, SH/HA NPs
had a broad distribution of sizes (Fig. 1C). The EE values of SN38 in SH NPs and SH/HA
NPs were 94.1% and 94.8%, respectively; the DC values of SN38 in SH NPs and SH/HA
NPs were 7.87% and 7.90%, respectively.

Because SN38 is hydrophobic and crystalline, its XRD pattern can be utilized to deter-
mine the state of SN38 in SH NPs and SH/HA NPs. As shown in Fig. 1D, the sharp peaks
in the diffraction pattern of SN38 indicated its strong crystallization but disappeared in
the diffraction pattern of SH NPs and SH/HA NPs. The stability of SH NPs or SH/HA
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Fig. 1 Characteristics of the SH NPs and SH/HA NPs. A SH NPs and SH/HA NPs were prepared using the
lyophilization-hydration method. B Transmission electron microscopy (TEM) images of SH NPs and SH/
HA NPs (red arrow). Samples were negatively stained with 2% uranyl acetate (UA) before imaging. Scale
bar=200 nm. C Size distribution of SH NPs and SH/HA NPs. D X-ray diffraction patterns of SN38, SH/

HA NPs, SH NPs, HA, and HSA. E Storage stability of SH NPs or SH/HA NPs was determined by solving the
re-lyophilized SH NPs or SH/HA NPs in 1 mL ddH,O at 1, 10, 20, and 30 days (n=3)

Table 1 Characteristics of SH NPs and SH/HA NPs

Sample Average size PDI Zeta potential LD (%) DC (%)
(nm) (mv)

SH NPs 168.1£1.98 0.236 —20.1£0.80 94.1+£4.29 7.87£0.359

SH/HA NPs 1643+456 0.261 —20440.89 9484526 79040483

NPs was determined by dissolving the re-lyophilized SH NPs or SH/HA NPs in 1 mL
ddH,O and then determining the particle size distribution. As shown in Fig. 1E, no sig-
nificant changes in particle size were found for SH NPs and SH/HA NPs even when they
were re-lyophilized and stored at 4 °C for 30 days, indicating the excellent stability in
the design and development process of the formulation. These results indicated that the
encapsulated SN38 in HSA—-HA-based nanoparticles (SH/HA NPs) via a lyophilization—
hydration method without the use of toxic organic agents has been successfully estab-
lished to reduce the potential adverse effects on humans and the environment.

Determination of CD44 antigen expression and cellular uptake of SH/HA NPs

To investigate the uptake of nanoparticles positively correlated with CD44 expres-
sion, three colon cancer cell lines, SW620, HT29, and HCT116, were stained with
CD44 antibody and then analyzed using flow cytometry. As shown in Fig. 2A, the
expression levels of CD44 in HCT116 cells was 97%, and that in HT29 cells was
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Fig. 2 A Expression of CD44 antigen on SW620, HT29, and HCT116 cells determined by flow cytometry. B
Relative fluorescent intensity of FITC in SW620, HT29, and HCT116 cells (n = 3). C Viability of SW620, HT29,
and HCT116 cells after treated with SN38, SH NPs, and SH/HA NPs at different SN38 concentrations for 48 h
(n=3)*p<0.05

99.2%, whereas that in SW620, the negative control, was only 6.65%. Cells with higher
CD44 expression may exhibit higher SH/HA NPs-binding affinity and up-take. Addi-
tional file 1: Fig. S1 shows the fluorescence of FITC observed under a spectral confo-
cal and multiphoton system in SW620, HT29, and HCT116 cells, which were exposed
to FITC-modified SH NPs or SH/HA NPs for 6 h. The green brightness of FITC
increased significantly in the HA-incorporated nanoparticles in HT29 or HCT116
cells with high CD44 expression, in comparison with that in SW620 cells with low
CD44 expression. When cells were pre-treated with 0.1 mg/mL free HA for 1 h and
then fed with SH/HA NPs, there were no statistically significant differences in FITC
florescence between the SH NPs- and SH/HA NPs-treated groups, indicating that
free HA molecules could compete with SH/HA NPs for CD44 and suppress the HA-
mediated recognition of CD44 on the tumor cell surface. As shown in Fig. 2B, HT29
and HCT116 cells fed with HA-incorporated nanoparticles (SH/HA NPs) exhibited a
significant FITC fluorescent intensity. These results also indirectly confirmed that HA

Page 9 of 20



Yang et al. Cancer Nanotechnology (2023) 14:1 Page 10 of 20

was successfully incorporated into SH/HA NPs and could be used as targeting ligand
for active targeting of CD44-enriched cancer cells.

The in vitro cytotoxicity of SH NPs or SH/HA NPs compared to that of free SN38
was estimated in SW620, HT29, and HCT116 cells, using an MTT assay. As shown
in Fig. 2C, both SH NPs and SH/HA NPs caused cytotoxicity of colorectal cancer cell
in a dose-dependent manner. The viability of SW620 cells treated with SH NPs or
SH/HA NPs was the same as that of cells treated with free SN38 at SN38 concentra-
tions equivalent to 5, 10, and 100 ng/mL. However, the viability of HT29 or HCT116
cells treated with SH NPs and SH/HA NPs was lower than that of cells treated with
free SN38. At a low SN38 concentration (5 ng/mL), the SH/HA NPs-treated HT29
cells displayed more cytotoxicity than did the SH NPs-treated cells. However, at high
SN38 concentrations (10 and 100 ng/mL), the difference in the cytotoxicity of HT29
cells induced by SH/HA NPs was similar to that induced by SH NPs. Moreover, the
CD44-enriched HT29 cells exhibited more SN38 resistance, but CD44 low-expressing
SW620 cell displayed more sensitive to the SN38 toxicity, indicating that SN38 resist-
ance of cancer cells was related to their CD44 level of expression. Because HT29 cells
exhibited more SN38 resistance than did HCT116 cells, we only used HT29 cells as
CD44-overexpressing cells in the following experiments.

Cell cycle analysis

To evaluate the ability of SN38 to arrest the cell cycle, SW620 and HT29 cells were
treated with free SN38, SH NPs, or SH/HA NPs for 48 h, and the cell cycle changes
were analyzed using flow cytometry. As shown in Fig. 3, in the untreated SW620
and HT29 cells, the percentage of cells in the G2/M phase were a small percentage
(around 10-15%), but the percentage of SW620 and HT29 cells in the G2/M phase
achieved to around 70% when treated with free SN38. The percentage of HT29 cells in
the G2/M phase was up to 85% after treatment with SH/HA NPs. These results indi-
cated that the prepared nanoparticles could retain the SN38 ability to achieve G2/M
phase arrest in SW620 and HT29 cells.

SW620 HT29
100 2G2M 100 #G2M
= ms ) s
& g0 mG1 E g0 uG1
K] K]
8 o0 8 60
s ‘s
8 40 S 40
© ©
= €
[ 4 [
g g 2
[ [
Lo e
Control SN38 SHNPs SHHA Control SN38 SHNPs SHHA
NPs NPs

Fig. 3 Cell cycle determination of SW620 and HT29 cells treated with free SN38, SH NPs, and SH/HA NPs at
the SN38 dose of 5 ng/mL for 48 h (n=3)
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In vitro cytotoxicity of chemo-radiotherapy

The results described above indicated SH NPs and SH/HA NPs could successfully retain
the SN38 ability to achieve G2/M phase cell cycle arrest, which should make SW620
and HT29 cells more susceptible to radiation damage. To assess the in vitro effect of
the chemo-radiotherapy, the viability of the SW620 and HT29 cells after treatment with
free SN38, SH NPs and SH/HA NPs following y-ray irradiation at 6 Gy were determined
using MTT assays. As shown in Fig. 4, no significant difference in cytotoxicity could be
observed when SW620 cells were treated with free SN38, SH NPs, and SH/HA NPs with
or without y-ray irradiation at SN38 concentrations of 5, 10, and 100 ng/mL. However,
when free SN38-, SH NPs-, or SH/HA NPs-treated HT29 cells at SN38 concentrations
of 0, 5, and 10 ng/mL were irradiated with y-rays, a significant cytotoxicity was observed
in comparison with cells without y-ray irradiation treatment, and the difference in cyto-
toxicity induced by y-ray irradiation occurred in an SN38 dose-inverse-dependent man-
ner. At a high SN38 concentration (100 ng/mL), the cytotoxicity caused by radiation was
insignificant. The half maximal inhibitory concentrations (ICy;) of free SN38, SH NPs,
and SH/HA NPs toward HT29 cells were 25.51, 23.96, and 20.01 ng/mL, respectively.
The ICy, of free SN38 plus y-ray irradiation was 15.62 ng/mL, whereas that of SH NPs
and SH/HA NPs combined with y-ray irradiation was 9.98 and 8.7 ng/mL, respectively,
indicating that the anti-tumor effect of chemo-radiotherapy on HT29 cells could be
improved by the HSA-complexed and HA-incorporated nanoparticles (SH/HA NPs).

In vivo antitumor efficacy

To determine the distribution of SH NPs and SH/HA NPs in HT29 tumor-bearing mice,
the mice were intravenously injected with Cy7.0-labeled SH NPs and SH/HA NPs, and
then the main organ and tumor tissues were excised and observed under an IVIS Imag-
ing System Spectrum Instrument. Because the liver plays as a biological filtration sys-
tem, and 30-99% of administered nanoparticles will be captured and isolated in the liver
from the bloodstream (Zhang et al. 2016). As shown in Fig. 5A, the liver tissues showed
a strongest fluorescent intensity at 3 h post injection with either SH NPs or SH/HA NPs.
After 24 h post injection, the red intensity in tumor tissues was higher than that in other
organ tissues. Moreover, the SH/HA NPs-treated tumor tissue exhibited a significant

fluorescence intensity of Cy7.0, which might be contributed by the incorporation of HA

SW620 HT29
= free SN38 = free SN38
* %k % free SN38+6Gy * ok ok free SN38+6Gy
1004 s & = SH NPs 100 4 % = SH NPs
—_ = SH NPs+6Gy . = SH NPs+6Gy
X g0 = SH/HA NPs X g0 £ « SH/HA NPs
2 SH/HA NPs+6Gy 2 4 " SHIHA NPs+6Gy
3 60 4 = 60 4
g s
2 404 > 40
E B
201 20 A
0 04
0 5 10 100 0 5 10 100
SN38 concentration (ng/mL) SN38 concentration (ng/mL)

Fig. 4 Viability of SW620 and HT29 cells treated with free SN38, SH NPs, and SH/HA NPs at different SN38
concentrations and y-ray (6 Gy) (n=3). *p <0.05
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to recognize the CD44 molecules on HT29 tumor cells. This results indicated that SH/
HA NPs could be more easily accumulated in the tumor, which might be beneficial to
produce a better chemo-radiotherapeutic effect.

The primary tumor volume changes of mice pre-treated with saline, free CPT-11, SH
NPs, and SH/HA NPs with or without y-ray irradiation were used to assess therapeu-
tic effects (Fig. 5B). As shown in Fig. 5C, compared with the saline-treated mice, the
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CPT-11-treated mice showed an effective inhibition on tumor growth, and the SH NPs
and SH/HA NPs treatments also showed a significant suppression on tumor growth.
Moreover, the prepared nanoparticles followed by 6 Gy of y-ray irradiation were more
efficient in inhibiting tumor growth, especially for the SH/HA NPs-treated group, which
could even completely eliminate tumor tissues (tumor clearance rate was 20%). The
photographs of the excised tumors and weights after different treatments indicated that
SH/HA NPs followed by y-ray irradiation could suppress tumor growth and promote
higher anticancer efficacy (Fig. 5D, E). The body weight change is the main observation
related to survival and treatment response (Marinho et al. 2001). Herein, no significant
weight loss was detected for any experimental group over the whole experimental period
(Fig. 5F). In addition, no pathological signs were observed in histological examinations
of the main organs of mice that were treated with saline or SH NPs or SH/HA NPs plus
y-ray irradiation (Fig. 5G), indicating that none of these treatments would cause obvious
damages in main organs. Therefore, the designed SH/HA NPs acts synergistically with
radiotherapy and provides a profound anticancer effect.

Effect of SH/HA NPs plus radiation on immune cell infiltrates

To determine whether the inhibition in distal tumor growth seen following chemo-radi-
otherapy was caused by the induced immune cell response, the effect of CPT-11, SH NPs
and SH/HA NPs plus y-ray irradiation on immune cell infiltration in the distal tumor
was examined. The distal tumors were excised at 72 h following different treatments and
analyzed by flow cytometry (Fig. 6A). The immune markers stained for different immune
cells were as follows: CD19% B cells, CD11c* dendritic (DC) cells, F4/80" macrophages,
DX5%/CD3™ natural killer (NK) cells, and DX57/CD3% NKT cells (Tremble et al. 2019).
As shown in Fig. 6B, CPT-11 plus radiation only had significant effect on the recruit-
ment of NKT cells; however, SH NPs combined with radiation resulted in a significant
increase in DC cells and NKT cells. The treatment of SH/HA NPs followed by y-ray
irradiation on the primary tumor resulted in significantly enhanced recruitment of B
cells, DC cells, macrophages, and NKT cells in the distal tumor. Owing to the stronger
immune cell response, SH/HA NPs followed by 6 Gy of y-ray irradiation could display
more effective abscopal effects to inhibit distal tumor growth (Fig. 6C, D).

Discussion
To reduce the side effects of chemotherapy drugs entering the environment, and produce
therapeutic effects using a low dose of medication, the nanomedicine has many advan-
tages over conventional pharmaceuticals (Orive et al. 2003). HSA possesses numerous
and different functional groups that can be employed for chemical modification and as a
carrier for hydrophobic chemotherapeutics (Kratz 2008; Sleep 2015). The use of HSA as
a nanocarrier for chemotherapy drugs not only can increase the uptake in tumor cells,
but also can effectively enhance the biocompatibility and circulation time of drugs in the
blood, improving the treatment effect and reducing the side effects (Frei 2011; Kim et al.
2011; Quan et al. 2011; Elsadek and Kratz 2012; Ding et al. 2014; Sheng et al. 2014).
Herein, the hydrophobic drug, SN38 loaded nanoparticles (SH NPs and SH/HA NPs)
were developed using a lyophilization—hydration method, which was established for the
development of hydrophobic drug-encapsulated micelles in our previous studies (Peng
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et al. 2008; Tsai et al. 2017). Figure 1 not only indicates the encapsulation of SN38 in
HSA-based nano-particles was successful, but also the size of prepared nanoparticles
was smaller than 200 nm, which was suitable for delivery of an adequate dose and thus,
induction of the most efficient therapeutic effect (Kobayashi et al. 2013). Moreover, the
disappearance of sharp peaks in the diffraction pattern of SH NPs or SH/HA NPs indi-
cated that SN38 molecules displaying as small crystals or in an amorphous state were
well-distributed in HSA-based nanoparticles. The small crystals or amorphous state of
SN38 molecules might contribute to produce a higher dissolution rate to obtain a bet-
ter bioavailability in clinical applications (Hu et al. 2015). In addition, the lyophilized SH
NPs and SH/HA NPs was stable in storage for 30 days at 4 °C, which is a key factor that
must be considered in the design and development of the pharmaceutical formulation
(Gradauer et al. 2013).

In order for cancer cell invasion to be successful, cancer cells have to interact, modify,
and pass through the extracellular matrix to proliferate and establish colonies in new
ectopic locations (Chambers et al. 2002). CD44 is a unique adhesion molecule, which
can promote interactions between cells and the cellular matrix (Subramaniam et al.
2007). Many CD44 splice variants are significantly overexpressed in malignancies, indi-
cating that the overexpression of specific splice variant subtypes of CD44 is associated
with the occurrence of metastasis (Giinthert et al. 1991). Therefore, the aberrant expres-
sion and dysregulation of CD44 contribute to modulate cancer proliferation, invasion,
metastasis and therapy-resistance during anti-tumor administration (Xu et al. 2020).
Recently, HA has been employed to achieve CD44-regulated tumor target therapy
(Cadete and Alonso 2016; Jiang et al. 2021; Hu et al. 2020). In this present study, the
HA incorporation should increase the uptake of nanoparticles (SH/HA NPs) in CD44-
expressing cells and then improve the elimination of CD44-expressing cells after radia-
tion treatment. Figure 2 shows the prepared nanoparticle cellular uptake was positive
relationship with CD44 expression. The highly expressing CD44 molecules in HT29 and
HCT116 cells resulted in high activity of the HA-mediated recognition of SH/HA NPs to
CD44 on HT29 or HCT116 cells in comparison with that on SW620 cells. In addition,
the internalization of SH/HA NPs into HT29 or HCT116 cells could be significantly sup-
pressed by the excessive free HA molecules, indicating that the incorporated HA could
mediate the targeting activity of SH/HA NPs to CD44 receptor, and then enhance the
CD44-mediated cellular uptake of SH/HA NPs. These results also indicated that incor-
porated HA in SH/HA NPs as same as free HA molecules could still preserve its target-
ing and binding activities to CD44 receptor via four conventional H-bond, two carbon
H-bond interaction, and a hydrophobic interaction (Sargazi et al. 2018). Moreover, the
HA incorporation could mediate the recognition of SH/HA NPs to CD44 molecules on
HT29 cell surface, especially for that at a low SN38 concentration (5 ng/mL), resulting in
more cytotoxicity than that of SH NPs. Because the CD44 low-expressing SW620 cells
exhibited more sensitization to SN-38 toxicity than did by CD44-enriched HT29 cells,
resulting in the cytotoxicity of SH/HA NPs on SW620 cells was regardless of tumoral
recognition via HA-CD44.

The therapeutic effect of radiation can be enhanced by regulating and controlling the
cell cycle of cancer cells in the G2/M phase (Wang et al. 2018; Pawlik and Keyomarsi
2004). Camptothecin-derived drugs possess radiosensitization effects on various cancer
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cell lines, by inhibiting the function of DNA topoisomerase I in intracellular DNA repair,
leading to significant G2/M phase arrest, followed by increased apoptosis (Wang et al.
2018). SN38 not only is able to specifically target topoisomerase I in the cell nucleus, but
also is capable of achieving G2/M cell cycle arrest to make cancer cells more susceptible
to the damage caused by radiation (Cliby et al. 2002; Pan et al. 2019). As shown in Fig. 3,
the prepared SH NPs and SH/HA NPs could retain the SN38 ability in cancer cells to
achieve G2/M phase arrest. In addition, the HA incorporation could mediate the rec-
ognition of nanoparticles to CD44 molecules on the tumor cell surface, enhancing the
efficiency of nanoparticle uptake in tumor cells and then leading to more cells arresting
in the G2/M phase.

The in vitro results shown in Fig. 4 reveal there was no significant cytotoxicity differ-
ence in SW620 cells between chemotherapy and combined chemo-radiotherapy. It could
be suggested that most of the SW620 cells underwent apoptosis due to the inhibition of
DNA topoisomerase I by SN38, but the remaining surviving cells might be resistant to
SN38 inhibition, which reduced the ability of cells to enter the G2/M cell cycle phase,
making them less sensitive to radiation damage. The similar result also was observed in
high-dose SN38 (100 ng/mL) treated HT29 cells. However, the cytotoxic effect of CD44-
overexpression cancer cells could be improved by the HSA-complexed and HA-incorpo-
rated nanoparticles (SH/HA NPs) combined with radiotherapy.

Because the body natural HA is broken down and resynthesized in the extracellular
matrix (ECM) of tissues, it does not affect the delivery of SH/HA NPs in the blood. Fig-
ure 5 shows that the particle accumulation in tumor could be enhanced by the HSA-
complex and HA-incorporation. The SH/HA NPs would be easily accumulated in the
extravascular space of tumors by the enhanced permeability and retention (EPR) effect
to offer a prolonged duration of action. The EPR effect due to the hypervascularization
and increased vascular permeability in tumor tissues can be exploited for the targeting
of macromolecules into tumor tissues (Nakamura et al. 2016). In addition, HSA-complex
could avoid capture of SH/HA NPs by the reticuloendothelial system to increase the cir-
culation half-life of nano-carriers in the blood (Elsadek and Kratz 2012; Ding et al. 2014;
An and Zhang 2017). When SH/HA NPs were delivered into tumor tissues, the suppress
effect of natural HA in the ECM of tumor on the targeting and cellular uptake of SH/HA
NPs could be ignored due to the large expression of CD44 receptors on tumor cell sur-
faces (Guinthert et al. 1991). The more SH/HA NPs accumulated and cellular uptaken in
the CD44-enriched tumor would provide a better anticancer effect of combined chemo-
radiotherapy with low damages in main organs.

The abscopal effect, a phenomenon of radiotherapy, was first observed by Mole
in 1953, showing that when radiotherapy was applied to one tumor, non-irradiated
tumors also shrank or disappeared, which was considered to be related to the human
immune system (Golden et al. 2015). In addition to radiotherapy, the abscopal effect
has also been observed after electroporation or intratumoral injection of therapeutics
(Kodet et al. 2021). The local radiation can disintegrate tumor cells to release tumor
neoantigens. The recognition, intake and presentation of tumor neoantigens to T cells
by antigen-presenting cells are mediated by DC cells, inducing a specific anti-tumour
immune response (Tel et al. 2014; Demaria et al. 2015). As shown in Fig. 6, the pre-
pared SH NPs or SH/HA NPs combined with y-ray irradiation could significantly
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enhance the recruitment of DC cells, which might induce a strong immune cell
response against the distal tumor. In addition to DC cells, the recruitment of mac-
rophages and NKT cells in the distal tumor also were be improved by the SH/HA
NPs combined with radiation treatment. NKT cells are T lineage cells that share
both physical and functional characteristics of T cells and NK cells and can rapidly
respond and mediate potent immunoregulatory and effector functions (Drewes et al.
2014). Although BALB/CAnN.Cg-Foxnlnu/CrINarl nude mice have a genetic muta-
tion that causes a deteriorated or absent thymus to greatly reduce number of T cells,
they still have detectable populations of lymphocytes with the functional aff T cell
receptor expression (Dunn et al. 2002). Therefore, y-ray irradiation could significantly
induce the recruitment of NKT cells in the distal tumor, even in the HT29 tumor-
bearing nude mice established in this experiment. Moreover, compared to SH NPs-
treated groups, more B cells, macrophages, and NKT cells were recruited in the SH/
HA NPs-treated groups, suggested that more SH/HA NPs were accumulated in the
CD44-overexpressing tumors to produce a better chemo-radiotherapeutic effect and
then induce a stronger immune cell response after radiation treatment. Because the
immune system response triggered by chemoradiotherapy is complex and variable,
more evaluations are required to perform in the future.

Conclusions

In the present study, SN38, an activated form of CPT-11 with poor water solubility, was
successfully encapsulated in HSA-HA-based nanoparticles (SH/HA NPs) via a lyophili-
zation—hydration method to enhance the targeting and cellular uptake in CD44-express-
ing tumor cells and produce a significant therapeutic effect at a low dose. At the same
time, SH/HA NPs could be served as an excellent mediator for radiotherapy to improve
the sensitivity of tumor cells to radiation. When combined with y-ray irradiation, SH/
HA NPs due to more accumulation in tumor cells could result in significant tumor
suppression with no in vivo adverse side effects. Moreover, this SH/HA NPs-mediated
chemo-radiotherapy could induce antitumor immune cell responses and inhibit growth
of distal tumors by producing the abscopal effect. Therefore, this SN38-loaded and HA-
incorporated nanoparticle may be a potential nanomedicine candidate used in curative
colorectal cancer therapy in the future.
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