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Objective: Nanotechnology-based photodynamic therapy (PDT) is a relatively new anti-
tumor strategy. However, its efficacy is limited by the hypoxic state in the tumor micro-
environment. In the present study, a poly(lactic-co-glycolic acid) (PLGA) nanoparticle that
encapsulated both IR820 and catalase (CAT) was developed to enhance anti-tumor therapy.
Materials and Methods: HA-PLGA-CAT-IR820 nanoparticles (HCINPs) were fabricated
via a double emulsion solvent evaporation method. Dynamic light scattering (DLS), trans-
mission electron microscopy (TEM), laser scanning confocal microscopy, and an ultraviolet
spectrophotometer were used to identify and characterize the nanoparticles. The stability of
the nanoparticle was investigated by DLS via monitoring the sizes and polydispersity indexes
(PDIs) in water, PBS, DMEM, and DMEM+10%FBS. Oxygen generation measurement was
carried out via visualizing the oxygen bubbles with ultrasound imaging system and an optical
microscope. Inverted fluorescence microscopy and flow cytometry were used to measure the
uptake and targeting effect of the fluorescent-labeled nanoparticles. The live-dead method
and tumor-bearing mouse models were applied to study the HCINP-induced enhanced PDT
effect.

Results: The results showed that the HCINPs could selectively target melanoma cells with
high expression of CD44, and generated oxygen by catalyzing H,O,, which increased the
amount of singlet oxygen, ultimately inhibiting tumor growth significantly.

Conclusion: The present study presents a novel nanoplatform for melanoma treatment.
Keywords: catalase, hyaluronic acid, IR820, photodynamic therapy, tumor hypoxia

Introduction

Photodynamic therapy (PDT) is a regulatory approved treatment that causes little
trauma and few side effects, and is highly controllable. It has been applied to treat
various diseases, including malignant tumors.'” PDT relies on a specific wave-
length of excitation light to irradiate a photosensitizer in the presence of molecular
oxygen, producing singlet oxygen, which causes apoptosis or necrosis of tumor
cells.>* Conventional photosensitizers, such as porphyrins and their derivatives,
have certain shortcomings, including long half-life, poor water solubility, and short
activation wavelength, leading to poor tissue penetration, which limits their clinical
application.®” Near-infrared (NIR) fluorescent dyes have been studied recently
because of their excellent fluorescence imaging capability and their outstanding
performance in photothermal therapy (PTT) and PDT. Properties such as amphi-
pathy, minimal interfering absorption and fluorescence from surrounding tissue, and
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the NIR region excitation wavelength for good tissue
penetration make them potential photosensitizers.®’
IR820, a cyanine dye that can be used for fluorescence
imaging, PTT, and PDT, has a similar chemical structure
to indocyanine green (ICG) (Scheme 1), but with better
in vitro and in vivo stability, which may be attributed to
the addition of a chlorinated cyclohexene as an intermedi-
ate ring.®'° Under NIR laser irradiation, IR820 produces
singlet oxygen to kill tumor cells, making it a promising
candidate for PDT."" Further modification can increase the
yield of singlet oxygen and improve the efficacy of PDT.
Zhou et al constructed a theranostic platform via grafting
IR820 onto the surface of ferroferric oxide nanoparticles

w HA
+ car

IR820
Ultrasonic emulsification
% PLGA

PVA, DCM
O

with a 6-amino hexanoic acid linker, which significantly
increased singlet oxygen production.'?

The hypoxic state in the tumor microenvironment,
originating from the rapid metabolism of tumor cells and
inadequate oxygen supply, is another factor restricting
PDT’s efficacy.> Consequently, various methods to
improve oxygen levels and reverse hypoxia in tumors
have been attempted. For example, Cheng et al loaded
a photosensitizer into perfluorocarbon nanodroplets,
which could maintain a higher oxygen content than the
tumor microenvironment to achieve oxygen self-enriching
PDT."* Guo et al encapsulated hemoglobin and ICG into
liposomes, which effectively delivered oxygen to the
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Scheme | Schematic illustration of the HCINP assembly and structure, and the mechanism of enhanced PDT efficacy for tumor treatment.
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tumor, alleviated hypoxia, and increased reactive oxygen
species (ROS) for PDT.'> Unfortunately, the oxygen-
carrying stability of the drugs and their oxygen-release
efficiency in the tumor remain a challenge. There is more
H,0, in tumors (at concentrations of 100 pM—1 mM)
compared with that in normal tissues; thus representing
a suitable resource pool to increase the tumor oxygen
content.'® Catalase (CAT) efficiently generates oxygen by
catalyzing H,O, (CAT:H,O, = 1:~1,000,000), increasing
the local oxygen concentration of the tumor and regulating
tumor hypoxia.'” However, free CAT is easily deactivated
by proteases in vivo, making its accumulation inside
tumors difficult and limiting oxygen production.'’

Nanotechnology might solve the inherent problems of
photosensitizers and CAT in terms of biological stability
and targeting. Encapsulating them inside nanocarriers can
isolate them from molecules in the body, thus improving
their stability without affecting their functions. Poly(lactic-
co-glycolic acid) (PLGA) is an FDA-approved polymer
with excellent biocompatibility, biodegradability, and
easy modification that is widely used to construct
nanomedicines.'®'® In the present study, we incorporated
IR820 and CAT into PLGA nanoparticles. To improve
their ability to target tumor cells, hyaluronic acid (HA)
was modified on the surface of the nanoparticles to con-
struct HA-PLGA-CAT-IR820 nanoparticles (HCINPs).
Tumor cell internalization of the HCINPs would result in
CAT catalyzing H,O, to produce oxygen in the cells to
overcome tumor hypoxia. IR820 then converts oxygen into
singlet oxygen under irradiation by an NIR laser, thereby
enhancing PDT (Scheme 1). This study provides a new
approach to relieve tumor hypoxia and to improve IR820-
based PDT against malignant melanoma.

Experimental Methods

Materials

PLGA (lactide/glycolide = 50:50, Mw = 10,000 Da) was
purchased from Xi’an Ruixi Biological Technology Co., Ltd
(Xi’an, China). Poly (vinyl alcohol) (PVA, average Mw =
30,000-70,000 Da), IR820, and CAT were acquired from
Sigma-Aldrich (St. Louis, MO, USA). HA (Mw = 10,000
Da) was purchased from Dalian Meilun Biotechnology Co.,
LTD (Dalian, China). Coumarin-6 was purchased from
Beijing Solarbio Science & Technology Co., Ltd (Beijing,
China). The HA ELISA Kit was purchased from Wuhan
Fine Biotech Co., Ltd (Wuhan, China). Tris (4,7-diphenyl-

1,10-Phenanthroline)ruthenium(Il) ~ dichloride =~ complex

[(Ru(dpp)3)]Cl, was acquired from Alfa Aesar (Tewksbury,
MA, USA). The anti-CD44 antibody was purchased from
Proteintech (Chicago, IL, USA). The anti-hypoxia inducing
factor 1 alpha (HIF-lo) antibody was purchased from
Immunoway Biotechnology (Newark, DE, USA). The carbo-
nic anhydrase IX (CAIX) antibody was purchased from
Abcam (Cambridge, UK). All other chemical reagents were
of analytical grade and were used without further purification.

Synthesis of HA-PLGA-CAT-IR820

Nanoparticles

We prepared HCINPs using a double emulsion solvent
evaporation method with modifications.” Briefly, 1 mg
of CAT and IR820 were dissolved in 0.2 mL of 1% PVA.
The mixture was then added to 5 mg/mL PLGA in dichlor-
omethane solution and subjected to phacoemulsification in
an ice bath to obtain the primary emulsion. The primary
emulsion was added drop-wise to 10 mL of 2% PVA
containing 0.5 mg HA. The obtained solution was further
emulsified using a sonicator. The homogeneous emulsion
was stirred at room temperature overnight to devolatilize
the organic solvent. The resulting nanoparticles were col-
lected by centrifugation and washed three times with ultra-
pure water.

HA-PLGA-CAT nanoparticles (HCNPs), PLGA-CAT-
IR820 nanoparticles (CINPs), and HA-PLGA-IR820 nano-
particles (HINPs) were also synthesized using a similar
method, but without IR820, HA, or CAT, respectively. To
study their uptake and intracellular localization, HCINPs
were labeled with coumarin-6, a green hydrophobic fluor-
escent dye (excitation wavelength = 466 nm and emission
wavelength = 504 nm).

Characterization

The morphology of the HCINPs was observed using trans-
mission electron microscopy (TEM) (Tecnai G2 Spirit
Twin). The hydrodynamic diameter, polydispersity index
(PDI), and zeta potential distribution were measured using
light
Malvern, UK). The nanoparticles’ absorption spectra were

dynamic scattering (DLS, Malvern Analytical,
determined using an UV-Visible/NIR Spectrophotometer
(PerkinElmer, Waltham, MA, USA). To identify successful
HA modification on the nanoparticle surface, fluorescein
isothiocyanate (FITC) and di-alkyl indocarbocyanine (Dil)
were used to label HA and CINPs, respectively, and then the
nanoparticles were observed using a confocal laser scanning
microscopy (CLSM, Olympus, Japan).
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Stability of HCINPs

The long-term stability of HCINPs in water was monitor-
ing via their hydrodynamic diameter and PDI on day 0, 3,
6,9, 12, and 15. To detect the dispersibility of the nano-
particles in different media, we measured the particle size
of HCINPs stored in PBS, Dulbecco’s modified Eagle’s
medium (DMEM), DMEM+10% FBS for 0, 24, and 48
h. The drug release experiment was performed by placing
HCINPs aqueous solution on a shaking table at room
temperature for 48 h. The free IR820 or CAT content in
the solutions were determined at different time points (0,
1, 3, 12, 24, and 48 h).

Cell Culture

Human melanoma cell lines (MV3, M14, and A375) were
purchased from Shanghai Cell Collection (Shanghai,
China), and human skin fibroblast cells (HSFs) were pur-
chased from Bena Culture Collection (Jiangsu, China).
The cells were routinely cultured in DMEM containing
10% FBS, 100 U/mL penicillin, and 100 ug/mL strepto-
mycin. The cells were then cultured in a 5% CO,-saturated
humidity incubator at 37 °C.

Measurement of CD44 Expression in

Melanoma Cells

The expression levels of CD44 in HSF and melanoma
cells (MV3, M14, and A375) were detected using quanti-
tative real-time reverse transcription PCR (qRT-PCR) and
immunofluorescence.

Total RNA extraction was performed from cells using
the Trizol Reagent. After quantification, equal amounts of
RNA samples were reverse-transcribed to cDNA accord-
ing to the manufacturer’s instructions. The cDNA were
then analyzed using quantitative real-time PCR (StepOne
real-time PCR system, Applied Biosystems, Carlsbad, CA,
USA) using SYBR green as fluorescence dye. CD44 pri-
mers: Forward: 5-GAAGAAAGCCAGTGCGTCTC-3;
Reverse: 5'-GTGCTCTGCTGAGGCTGTAA-3'. GAPDH
primers: Forward: 5'- GGAGCGAGATCCCTCCAAAAT-
3'; Reverse: 5'- GGCTGTTGTCATACTTCTCATGG -3'.

HSF and MV3 cells were seeded in glass bottom cell
culture dishes at 1.5 x 10° cells per dish and incubated
overnight. After washing with PBS, the cells were fixed
with 4% paraformaldehyde, and permeabilized with 0.5%
Triton X-100. The cells were blocked with 0.5% bovine
serum albumin for 30 min at 37 °C, and then incubated
with anti-CD44 primary antibodies at 4 °C overnight.

Alexa Fluor 488-labeled goat anti-rabbit IgG (H+L) was
then added to the cells and incubated for 1 h at 37 °C.
Finally, the cell nuclei were stained using 2-(4-amidino-
phenyl)-1H-indole-6-carboxamidine (DAPI) for 5 min at
room temperature, and then imaged under CLSM.

Cell Counting Kit-8 (CCK-8) Assay for

Cytotoxicity Detection

The CCK-8 assay was performed to assess the cytotoxicity
of HCINPs. Briefly, HSF and MV3 cells were seeded in
96-well plates at 3 x 10° cells per well and incubated
overnight, before being treated with different concentra-
tions of HCINP for 24 h. The CCK-8 reagent was added
according to the manufacturer’s instructions. The plates
were incubated at 37 °C for 2 h, and the absorbance was
measured at 450 nm using a microplate reader (BioTek,
Winooski, VT, USA).

Cellular Uptake and Intracellular
Localization of HCINPs in Cells

Inverted fluorescence microscopy (Olympus IX71, Japan)
was utilized to measure the cellular uptake of HCINPs
labeled with coumarin-6. Briefly, MV3 cells were seeded
in 6-well plates at a density 2 x 10° cells per well and
incubated overnight. After 6 h of incubation with 0, 4, 8,
and 16 pg/mL of HCINPs, respectively, cells were washed
with PBS and fixed with 4% paraformaldehyde. DAPI was
used for nuclear staining, and images were taken under an
inverted fluorescence microscope.

MV3 cells were seeded in a glass bottom cell culture
dish at 1.5 x 10° cells and incubated overnight. The cells
were then exposed to 8 pg/mL of HCINPs for different
times (1, 3, 6, and 12 h), and washed with PBS. Next, the
cells were incubated with Lyso Tracker Red (60 nM) for
1 h at 37 °C following the supplier’s protocol. Images
were taken under CLSM.

Targeting Ability Measurement
Determination of the comparative uptake of HCINPs by
HSF and MV3 cells by inverted fluorescence microscopy
was carried out as above except that the dosage of HCINPs
was 8 pg/mL.

Free HA and CD44 antibodies were used to further
demonstrate the targeting ability of HA. Briefly, MV3 cells
were seeded in 6-well plates at a density 2 x 10> cells per
well and incubated overnight. The cells were preprocessed
by free HA (1 mg/mL) or CD44 antibody (20 pL/mL) for
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4 h. After washing with PBS, 16 pg/mL CINPs or HCINPs
were added for another 4 h incubation. After nuclear
staining with DAPI, the cells were detected under an
inverted fluorescence microscope.

Oxygen Generation Measurement

HINP and two replicates of the HCINP solution at 8 pg/mL
were prepared, and H,O, at a final concentration of 100 pM
was added to the HINPs and one HCINP solution. The three
solutions were incubated for 1 h at 37 °C, and the generation
of bubbles in the three solutions were observed and photo-
graphed using an ultrasound imaging system (Siemens,
Munich, Germany) and an optical microscope.

MV3 cells were seeded in 6-well plates at 2 x 10° cells
per well and incubated overnight. The cells were prepro-
cessed with 2 uM [Ru(dpp);]Cl, for 4 h and further incu-
bated with 0, 4, and 8 pg/mL HCINPs for 12 h. The cells
were washed three times with PBS and image under an
inverted fluorescence microscope.

Live/Dead Cell Double Staining Assay

The experiment was carried out according to a previously
described method.'? MV3 cells were exposed to IR820 (8
png/mL), CINPs (8 pg/mL), HINPs (8 pg/mL), and HCINP
(8 ng/mL) for 12 h. The power density of the 808 nm NIR
laser was 4 W/cm? for 5 min.

Tumor Xenografts and Anti-Tumor
Therapy

All animals used in this study were handled in accordance
with the Guide to Laboratory Animal Ethics Examination
of Xuzhou Medical University (Animal ethics approval
number:201811w002). BALB/c nude female mice at 6-8
weeks old, with bodyweights of 19-21 g, were purchased
from the Animal Center of Xuzhou Medical University,
Xuzhou, China. Nude mice were housed at constant tem-
perature (22-25 °C) and constant humidity without
a specific pathogen level barrier system. Sterilized stan-
dard feed and water were provided to the animals.
Tumor-bearing mice were prepared by subcutaneous
injection of 4 x 10" MV3 cells into the selected positions
of the mice. When the tumor grew to 200400 cm®, the mice
were randomly divided into seven groups, each containing
five members: Group 1: Control (Ctr); group 2: NIR; group
3: HCINPs; group 4: IR820+NIR; group 5: CINPs+NIR;
group 6: HINPs+NIR; and group 7: HCINPs+NIR. The
drugs at the same concentration (I mg/kg) in group 3-7

were intravenously injected into the mice. After 24 h, the
tumors in group 2 and groups 47 were irradiated with an
808 nm NIR laser at 4 W/cm? for 5 min. The tumor size and
body weight were measured for two consecutive days, and
the tumor volume was calculated as: Tumor volume (mm?)
= long diameter x short diameter’/2. After 14 days, all mice
were sacrificed and their main organs (heart, liver, spleen,
lung, and kidney) were dissected for pathological biopsy.

In vivo Targeting Effect Analysis of
HCINPs

BALB/c nude female mice were inoculated subcuta-
neously with 4 x 107 MV3 cells. When the tumor grew
up to 700 mm?>, the tail veins were injected with fluores-
cently-labeled CINPs (1 mg/kg) and HCINPs (1 mg/kg).
The nude mice were sacrificed through cervical dislocation
after 24 h. The organs were dissected and fluorescence
images were captured using an in vivo imaging system
(NightOWL 11, LB983, Berthold, Germany).

Detection of HIF-1a and CAIX in Tumor

Tissues

Tumor-bearing mice models were constructed, and the
nude mice were randomly divided into three groups with
three members each: Group 1: Control (Ctr); group 2:
HINPs; group 3: HCINPs. The drugs at the same concen-
tration (1 mg/kg) were injected through the tail vein. After
24 h, the tumors were dissected out for immunohistochem-
ical analysis and immunofluorescence assays to detect the
HIF-1a and CAIX levels in tumor tissues.

Statistical Analysis

All results are expressed as the mean =+ standard deviation
(SD). One-way ANOVA was performed to compare differ-
ences among multiple groups. P < 0.05 was considered
statistically significant.

Results

Preparation and Characterization

HCINPs were fabricated via a double emulsion solvent
evaporation method.”® CAT and IR820 were incorporated
into PLGA nanoparticles, which were coated with HA
(Scheme 1). The encapsulation efficiencies of IR820,
CAT, and HA in HCINPs were 70.8%, 19.5%, and 12.4%,
respectively. TEM characterization of the HCINPs’ mor-
phology (Figure 1A) showed that the nanoparticles were
monodisperse, with an average size of 121.8 nm and
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a distinct core-shell structure. DLS showed that the average
hydrodynamic diameter and PDI value of HCINP were
187.4 nm and 0.125, respectively (Figure 1B). The zeta
potential of HCINP was —16.3 mV (Figure 1C). This nega-
tive surface charge will contribute to the long circulation
and biocompatibility of the nanoparticles.”’ The UV-Vis
/NIR absorption spectrum revealed that the HCNPs had no
absorption peak in the range of 400—1000 nm, while HCINP
had peaks at 740 nm and 830 nm, reflecting the encapsula-
tion of IR820 (the absorption peak of CAT in aqueous
solution is 230 nm) (Figure 1D). To assess the HA modifi-
cation on the nanoparticles, we used the red fluorescent
probe Dil and the green fluorescent probe FITC to label
the nanoparticles and HA, respectively. The CLSM results
showed that green HA-FITC overlapped with the red Dil-
nanoparticles to produce a yellow color (Figure 1E), thus
HA was successfully modified onto the nanoparticles.

Stability Measurement

In vitro stability of the HCINPs is a major concern for
their biomedical application. We determined their stabi-
lity in aqueous solution for up to two weeks and
observed no significant change in their hydrodynamic
diameter and PDI, indicating good stability and uniform
dispersion (Figure 2A). Equal amounts of HCINP were
then added to PBS, DMEM, and DMEM+10% FBS to
simulate the nanoparticles’ state in different physiological
environments. HCINPs dissolved in PBS and DMEM
showed a slight increase in hydrodynamic diameter,
while those in DMEM+10% FBS had a particle size
similar to that in water (Figure 2B). In addition, the
size of the HCINPs in these three solutions did not
change significantly within 48 h. These results suggested
that the as synthesized HCINPs were stable, favoring
their subsequent in vitro and in vivo applications. Drug
release experiments showed that IR820 released about
10% at 48 h, while there was no significant leakage of
CAT (Figure S1). This further verified the good stability
of the HCINPs.

CD44 Expression and Cytotoxicity

Measurement

CD44 expression is upregulated in cutaneous melanoma
tissues.”> However, its expression in melanoma cell lines
is unclear. Therefore, we determined the expression of
CD44 in MV3, M14, and A375 cells, with HSF cells as
controls. Compared with that in HSF cells, CD44 was

overexpressed in all three melanoma cells, with the highest
in  MV3 (~4.2-fold  higher) 3A).
Immunofluorescence experiments confirmed that CD44

(Figure

levels were increased in MV3 cells and was mainly distrib-
uted in the cell membrane (Figure 3B). Therefore, we used
MV3 cells as a model cell line for subsequent experiments.

CCK-8 assays were performed to determine the cyto-
toxicity of HCINP toward HSF and MV3 cells (Figure 3C
and D). At 0-8 pg/mL, the HCINP nanoparticles caused
no obvious cytotoxicity to HSF and MV3 cells. At
a higher concentration, cell viability decreased slightly,
which might have been caused by the residual organic
solvent and PVA; however,
above 90%.

cell viability remained

Uptake and Intracellular Localization
Coumarin-6, a commonly used green fluorescent probe,
was encapsulated in the nanoparticles to study their uptake
and intracellular localization in tumor cells. After 6 h of
exposure, significant HCINP uptake by MV3 cells was
observed using an inverted fluorescence microscope
(Figure 4A), and the cellular internalization increased in
an HCINP concentration-dependent manner in the selected
range.

The intracellular localization of the nanoparticles was
investigated using CLSM. After exposure to HCINPs for 6
h, MV3 cells were dyed with lysotracker (red) to mark
lysosomes. The nanoparticles (green) overlapped with
lysosomes (red) to present a yellow color, indicating colo-
calization of HCINPs in intercellular lysosomes (Figure
4B). This result indicated that HCINPs, internalized via
CD44-mediated
lysosomes.>® Furthermore, we studied the localization of

endocytosis, entered tumor cell
nanoparticles in MV3 cells with extended nanoparticle
exposure time. The green fluorescence signal in the cells
was weak at 1 h and increased as time progressed.
Obvious fluorescence could be seen at 6 h and 12 h,
indicating the uptake of many nanoparticles by the cells,
and most of them were co-located with lysosomes. These
results showed that the uptake of nanoparticles by MV3

cells was time-dependent under the experimental condi-
tions (Figure S2).

Active Targeting Analysis

Nanoparticles modified with HA can specifically target
tumor cells overexpressing CD44, whereas cells with low
CD44 expression show less internalization. Fluorescence
micrographs showed that green granules were significantly
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Figure | Identification and characterization of HCINPs. (A) TEM micrographs of HCINPs. (B) Size and (C) zeta potential distribution of HCINPs measured using DLS. (D)
Absorption spectra of HCINPs. (E) Detection of HA modification on the surface of the nanoparticle using CLSM.

more abundant in MV3 cells than in HSF cells after 6 h of
exposure (Figure 5A). To further prove that the targeting
effect of HCINPs was mediated by HA, free HA and
CD44 antibodies were applied to pretreat tumor cells.
The results showed that compared with the HCINP

group, MV3 cells had less internalization of CINP, and
the uptake of HCINP was reduced after pretreatment with
HA or CD44 antibodies. These results demonstrated that
the HCINPs could play a targeting role through the HA-
CD44 interaction (Figure 5B, S3).
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Figure 4 Cellular uptake and intracellular localization of HCINPs in MV3 cells. (A)
Dose-dependent cellular uptake of HCINPs by MV3 cells measured using inverted

fluorescence microscopy. (B) Colocalization images of HCINPs in MV3 cells by
CLSM.
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Oxygen Production Capacity

Determination
Oxygen production was determined using ultrasound ima-
ging and optical microscopy. No bubbles were observed in
the HCINP group (without H,O,) and the HINPs+H,O,
group. However, in HCINPs+H,O, group, many bubbles
were generated, indicating that HCINPs could catalyze
H,0, to produce oxygen (Figure 6A).

We further studied the ability of HCINPs to pro-
[Ru(dpp);]CL, is
a dissolved oxygen indicator whose fluorescence can

duce oxygen in tumor cells.
be quenched by oxygen, resulting in decreased red
fluorescence intensity.”* MV3 cells were treated with
different concentrations of HCINPs for 12 h and then
observed using inverted fluorescence microscopy. The
HCINP showed bright
red fluorescence, while the fluorescence intensity was
significantly weakened in HCINP-treated cells. The

average fluorescence intensity decreased as the con-

cells without exposure

centration of the nanoparticles increased (Figure 6B).
These results suggested that the CAT activity in the
HCINPs could catalyze oxygen production from H,0O,

in tumor cells.

Nucleus NP

Figure 5 Targeting effect of HCINPs (NP). (A) Uptake of HCINPs by HSF and MV3
cells measured by inverted fluorescence microscopy. (B) Uptake of CINPs,
HCINPs, and HCINPs by MV3 cells pretreated with HA (200x).

HCINP Formulation-Mediated Enhanced
PDT in vitro

A calcein-AM/PI double staining assay was carried out to
detect the PDT effect of HCINPs. The experimental results
showed that there was no significant cell death in the Ctr
group, NIR group, and HCINP group, and the cell mor-
phology was normal, indicating that the nanoparticles had
good biocompatibility, which was consistent with the
CCK-8 experimental results. IR820 caused partial cell
death after NIR laser irradiation, but most cells remained
alive. The amount of cell death in the CINP+NIR group
and HINP+NIR group increased further, but there were
still some residual cells, and the morphology of the resi-
dual cells changed. In the HCINP+NIR group, almost all
cells in the irradiated area died, showing a strong tumor
cell killing effect (Figure 7).

HCINP Formulation-Mediated Enhanced
PDT in vivo

Before analyzing the antitumor treatment, we first studied
the targeting of HCINPs in vivo. CINPs and HCINPs were
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Figure 6 Oxygen production determination. (A) Ultrasound imaging (a: HINPs+H,O,, b: HCINPs, and c: HCINPs+H,0,) and optical microscopy (d: HINPs+H,O,, e:
HCINPs, and f: HCINPs+H,0,) indicating the oxygen generation of the HCINPs incubated with H,O,. (B) Intracellular generation of oxygen after HCINPs (NP) exposure;

*P < 0.05, versus the control (Ctr) group.

injected into the tail vein of the tumor-bearing mice, and
fluorescence imaging was achieved using an in vivo
Imaging System. As shown in Figure 8A, after 24 h of
drug administration, HCINPs could largely accumulate in
tumor tissues, with a small amount in the kidney, while no
obvious fluorescence was observed in other tissues and
organs. However, CINPs could enter tumor tissues in
a small amount, and the fluorescent signal was also
detected in liver and kidney. Therefore, HCINPs can spe-
cifically accumulate in the tumor, and cause insignificant
effects on other tissues.

The HIF-1a content in tumor tissue is regulated by
the oxygen concentration; thus HIF-la levels can
reflect hypoxia of the tumor microenvironment.
Immunohistochemistry showed that after nanoparticles
administration, the HIF-la content was higher in the
Ctr group (1522) and HINP group (1503), with no
significant difference between them, while HIF-la
levels in the HCINP group (1092) were significantly
reduced (Figure 8B). CAIX, as an important target
is another reliable

molecule of HIF-1a, hypoxia

that
CAIX was highly expressed in tumor tissues in the

marker. Immunofluorescence results revealed
Ctr group and HINP group, while its expression was
decreased in HCINP-treated group, indicating that
hypoxia in tumor tissues was alleviated, consistent
with the detection results of HIF-la (Figure S4).
Thus, injected HCINPs could target tumor tissues, cat-
alyze the production and release of oxygen by H,O,,
improve the oxygen concentration, and reverse the
hypoxic state of the tumor microenvironment.

PDT efficacy was assessed by monitoring tumor
volume in different groups of mice. The tumor growth
curve (Figure 8C) showed that the tumor volume in the
Ctr and the HCINP groups increased rapidly. The tumor
growth rate in the NIR group slowed slightly, but still
showed rapid growth. Tumor growth was inhibited in the
IR820+NIR group, indicating that free IR820 could kill
tumor cells under NIR irradiation; however, the tumors
continued to grow because of the limited PDT effect. The
tumor growth rates in the CINPs+NIR and HINPs+NIR

groups were significantly slower than those in the IR820
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Figure 7 Enhanced PDT mediated by HCINPs was studied using the live-dead method in vitro. (A) Ctr group, cells without nanoparticles exposure and NIR irradiation; (B)
NIR group, cells with NIR irradiation, but without nanoparticles exposure; (C) HCINP group, cells with HCINPs exposure, but without NIR irradiation; (D) IR820+NIR
group, cells with IR820 exposure and NIR irradiation; (E) CINP+NIR group, cells with CINPs exposure and NIR irradiation; (F) HINP+NIR group, cells with HINPs
exposure and NIR irradiation; (G) HCINP+NIR group, cells with HCINPs exposure and NIR irradiation.

+NIR group. Tumors in the HCINPs+NIR group almost
completely disappeared by the 14th day, revealing an
enhanced PDT effect to effectively kill melanoma cells.
To assess the therapeutic safety of HCINPs+NIR
in vivo, the body weights of mice during treatment and
histopathological examination of major organs (heart,
liver, spleen, lung, and kidney) were performed. There
was no significant decrease in mouse body weight in all
groups during treatment (Figure 8D). Hematoxylin and
eosin (HE) staining revealed no significant pathological
changes in the organs after 14 days of HCINPs+NIR
treatment compared with that in the normal group
(Figure 8E). These results suggested that HCINP nanopar-
ticle-mediated PDT therapy has good biosafety.

Discussion

The unique physical and chemical properties, and biologi-
cal functions of nanomedicine have attracted increased
attention, becoming a research hotspot in cancer treatment
in recent years. Numerous nano-drugs, such as Doxil®,

Margibo®, and Abraxane®

have been developed and
received US FDA approval for clinical use, with more
under pre-clinical and clinical trials.”>*® Nanomaterials
remain the top priority in nanotechnology, with unique
functions such as conditional responsiveness (temperature,
pH, and light), imaging properties, enzyme catalytic activ-
ity, and antigenicity (adjuvant) being developed in nano-
medicine in the past decade.’’” ” PLGA is a high

molecular weight polymer comprising different ratios of

International Journal of Nanomedicine 2020:15

submit your manuscript

10411

Dove


http://www.dovepress.com
http://www.dovepress.com

Hou et al Dove

) 30
> 7{ ¢
—e—NIR
S 6] ——HCINP 251
o —v—IR820+NIR S
E | ——cwenr D )
3 —— HINP+NIR o —a—Ctr
g 4] ——HowPNR -g, —e—NIR
. 1 D 151 —+—HCINP
[S) g —v—IR820+NIR
£ 3 % —«—CINP+NIR
= g —»—HINP+NIR
- 24 .
o o —e—HCINP+NIR
2 m 5.
®
& 0 T Ll Ll T Ll T T o v v v L Ll T T
0 2 4 6 8 10 12 14 00 20 R4ile T8 01 12 14
Time after treatment (day) Time (day)

Heart Liver

Saline

HCINP+NIR

Figure 8 Enhanced anti-tumor effect of HCINPs. (A) Measurement of the in vivo targeting effect of HCINPs (a: heart, b: lung, c: liver, d: spleen, e: kidney, f: tumor). (B)
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lactic acid and glycolic acid. PLGA has many advantages
compared with other nanomaterials, including good bio-
compatibility, easy film formation, excellent plasticity, and
biodegradability. PLGA based-nanoparticles also show
superior stability; high mechanical strength, and good
encapsulation of hydrophilic and hydrophobic drugs, pro-
teins, and DNA.**?' Therefore, PLGA is frequently
selected to prepare drug-loaded nanoparticles. In this
study, double emulsion solvent evaporation was selected
to encapsulate the hydrophilic IR820 and CAT to prepare
the PLGA nanoparticles. TEM images showed that the
nanoparticles were monodisperse and spherical, with an
average size of 121.8 nm. DLS measurement showed that
the average hydrodynamic diameter of the HCINPs was
187.4 nm, which was larger than the TEM finding because
of the differences in their measurement mechanisms and
the existence of the hydrated layer on the surface of the
nanoparticles.>*>> The PDI value was 0.125, suggesting
a homogeneous size distribution and good monodispersity.
Oxygen generation experiments showed that incubation of
HCINPs with H,O, resulted in the formation of a large
number of bubbles, indicating the good enzyme activity of
CAT in HCINPs.

Lack of targeting to tumor cells restricts the application
and development of traditional anti-tumor drugs, including
chemotherapy agents and photosensitizers, and is one of
the root causes for their low efficacy and various side
effects. Nanomedicine has a passive targeting capability,
termed the enhanced permeability and retention (EPR)
effect, resulting from abnormal tumor vascular integrity
and lymphatic drainage dysfunction.>® In addition, target-
ing molecules can be modified on nanocarriers to selec-
tively bind to overexpressed receptors on the tumor cells,
such as the folate receptor, transferrin receptor, and epi-
dermal growth factor receptor, to mediate cellular drug
uptake.*> CD44 is a transmembrane glycoprotein involved
in the adhesion between tumor cells and host cells or the
extracellular matrix, which promotes tumor cell invasion
and metastasis.*® CD44 is highly expressed in a variety of
tumor cells including breast cancer, liver cancer, lung
cancer, and prostate cancer.’’ * Therefore, CD44 is
a potential target for tumor-targeted therapy. As a ligand
of the CD44 receptor, HA is an acid mucopolysaccharide
comprising D-N-acetylglucosamine and D-glucuronic
acid, which can bind to CD44 and induce receptor-
mediated incorporation. In the present study, the surface
of the PLGA nanoparticle was modified with HA to allow
active targeting of melanoma cells. The TEM result

showed that the morphology of the HCINP nanoparticles
was consist with a drug-filled core and a shell formed by
PLGA and HA. To further verify successful HA modifica-
tion, dual-fluorescence labeling was used to observe the
relative position of HA and PLGA nanoparticles. CLSM
images showed co-localization of HA with the PLGA
nanoparticles, demonstrating successful HA modification.
After HCINP exposure, significant uptake of nanoparticles
by MV3 cells was observed, and cellular internalization
increased in a dose-dependent and time-dependent manner.
At the same nanoparticle concentration, the uptake by
CD44-positive MV3 cells was greater than that of HSF
cells (low CD44 expression). Moreover, pretreatment of
tumor cells with free HA or CD44 antibodies resulted in
a decrease in nanoparticle uptake. These results indicated
that the nanoparticles could selectively target tumor cells
with high CD44 expression. Moreover, DLS showed that
the nanoparticles had an average hydrodynamic diameter
of 187.4 nm; therefore, they could enter the tumor site
through the endothelial space of the tumor blood vessels
(diameter approximately 380780 nm).*' Therefore, the as
synthesized drug delivery nanosystem could accurately
deliver drugs to tumor cells via passive and active target-
ing effects. The in vivo imaging experiment further sup-
port this conclusion.

Stability is an important property of nanomedicines,
and it the basis for long-term preservation and clinical
application. Nanoparticle stability is related to their
charge, surfactants, surface modifications, and solution
properties.**** The DLS results showed that the particle
size and PDI of HCINP did not change significantly over
15 days, indicating that the nanoparticles maintained their
monodispersed state in aqueous solution without agglom-
eration or decomposition, probably because of the repul-
sion effect of the strong negative charge (-16.3 mV).
Nanoparticles will interact with salts and biomolecules in
the cell culture environment or in organisms, which might
affect their subsequent cellular uptake.** Therefore, we
studied the stability of HCINPs in PBS, DMEM, and
DMEM+10%FBS. The particle size in PBS and DMEM
increased slightly (but was still less than 200 nm), which
might reflect the presence of many ions in these solutions,
which would affect the charge of the nanoparticles. The
hydrodynamic diameter of the HCINPs in DMEM+10%
FBS was unchanged, probably because of the negatively
charged proteins in the solution. Furthermore, the particle
size in all three solutions did not change significantly upon
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further incubation. Thus, the HCINPs showed good stabi-
lity in aqueous solution and physiological environments.
The hypoxic tumor microenvironment limits the efficacy
of PDT, thus reversing the hypoxic state, which could enhance
the tumor-killing effect. In addition, to deliver oxygen to the
tumor site directly, the high H,O, concentration in tumor
tissue could be used to generate oxygen to regulate hypoxia.
Ma et al prepared MnO, nanoparticles that could react with
H,0, to produce oxygen, resulting in increased singlet oxygen
levels for PDT treatment.** Yang et al co-delivered Prussian
blue with catalase-like activity and a photosensitizer to the
tumor to achieve an oxygen self-enrichment effect.'
Although these strategies displayed satisfactory results in
in vitro and in vivo experiments, problems such as the meta-
bolism of inorganic materials in the body, potential toxicity,
and reaction and catalytic activity in tumor cells cannot be
ignored. CAT, an inherent protease in the human body, can be
used to catalyze the production of oxygen from H,O,. Chen
et al loaded CAT and a photosensitizer into PLGA nanoparti-
cles and further modified them with cyclo-(Arg-Gly-Asp
-D-Phe-Lys) (c(RGDfK)) to achieve targeted drug-delivery
to tumor. The results showed that the nanoparticles catalyzed
H,0O, in the tumor cells to generate oxygen, resulting in
increased singlet oxygen levels to kill tumor cells.*
However, the photosensitizer used in their study was methy-
lene blue, and the light wavelength was 635 nm, and thus
represented the limitations of conventional photosensitizers. In
the present study, we encapsulated CAT and the near-infrared
photosensitizer IR820 into the PLGA nanoparticles, which
were surface-coated with HA. Ultrasound imaging and optical
microscopy showed that many oxygen bubbles were generated
after co-incubation of HCINPs with H,O,. Intracellular oxy-
gen production, assessed via the fluorescence intensity of
[Ru(dpp)s]Cl,, decreased significantly in tumor cells treated
with HCINP compared with that in the control cells, in an
HCINP concentration-dependent manner, indicating that
HCINP could catalyze H,0O, in tumor cells to produce oxygen.
HIF-1 is a transcriptionally active nuclear protein com-
prising HIF-1a and HIF-1B subunits.*® Hypoxia regulates
the tumor HIF-1a content. Under normal oxygen conditions,
HIF-1a is rapidly degraded via the intracellular oxygen-
dependent ubiquitin protease degradation pathway, while
under hypoxic condition, the degradation pathway is blocked
and HIF-10 remains stable.*’*® Therefore, the HIF-10. levels
in tumor tissues reflect hypoxia of the tumor microenviron-
ment. Immunohistochemistry showed that after nanoparticle
administration, the HIF-1a level was higher in the Ctr and
HINP groups, while its level was reduced significantly in the

HCINP group, suggesting that HCINPs could relieve
hypoxia, resulting in HIF-1a degradation in tumor tissues.
In recent years, the application of nanoparticles carrying
NIR photosensitizers for PDT has developed rapidly;**>°
however, the hypoxic environment of a solid tumor will
undoubtedly impede the efficacy of PDT treatment.
Increased oxygen in tumor tissue provides abundant sub-
strates to produce more singlet oxygen, thereby enhancing
PDT’s anti-tumor effect. The tumor volume in the Ctr and
HCINP mouse groups increased rapidly, indicating that
treatment with HCINPs alone did not affect tumor growth.
The tumor growth rate in the NIR group slowed slightly,
which might have been caused by laser stimulation; how-
ever, tumor growth remained rapid. In the IR820+NIR
group, tumor growth was inhibited, indicating that free
IR820 could induce PDT to partially inhibit tumor growth
under NIR laser irradiation. However, the lack of targeting
limited the uptake of free IR820 by tumor cells, thus the
PDT effect was poor. CINP could deliver IR820 to the
tumor via passive targeting, and the presence of CAT
could increase the local oxygen concentration, thereby
increasing the yield of singlet oxygen, generating
a stronger anti-tumor effect than that of free IR8&20.
Unfortunately, it could not kill all the tumor cells, and the
tumors appeared to regrow in the later stage. The HINPs,
via active and passive targeting, could increase the concen-
tration of drugs in tumors, showing a strong anti-tumor
effect. However, because the local hypoxia state in tumors
was not reversed, and the PDT treatment aggravated the
hypoxia, tumor inhibition was unsatisfactory. After
HCINPs+NIR treatment, the tumors almost completely dis-
appeared on the 14th day, which could be attributed to the
effective drug accumulation in the tumor through active and
passive targeting, and the self-sufficient generation singlet
oxygen, which effectively killed the tumor cells. Compared
with the work of Li et al (2 mg/kg, 2.5 W/em? for 10 min),"’
the nanoparticles we constructed achieved similar therapeu-
tic effects using a lower dose of the drug and shorter
exposure times (1 mg/kg, 4 W/em?® for 5 min). Weight
monitoring and histopathological examinations results
showed that HCINPs+NIR treatment had insignificant sys-
temic side effects in the mice, suggesting that it is a safe and

effective anti-tumor strategy.

Conclusions

We developed a CD44-targeting, oxygen self-sufficient nano-
composite, HCINP, which simultaneously encapsulated CAT
and the near-infrared photosensitizer IR820. The HCINPs

submit your manuscript

10414

Dove

International Journal of Nanomedicine 2020:15


http://www.dovepress.com
http://www.dovepress.com

Dove

Hou et al

were monodisperse spheres, stable in various solutions, and
could catalyze H,O, to generate oxygen. Anti-tumor experi-
ments in vitro and in vivo confirmed that the drug delivery
system could target tumor cells, generate oxygen, relieve local
hypoxia, and exert an enhanced PDT effect under NIR laser
irradiation. Therefore, the developed HCINPs could be
applied to relieve the hypoxic state in the tumor microenviron-
ment and improve the efficacy of PDT, representing a basis to
exploring innovative strategies to treat melanoma.
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