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Introduction: Combination therapy is a promising approach to promote the efficacy and reduce the systemic toxicity of cancer
therapy. Herein, we examined the potency of a combined chemo-phototherapy approach by constructing a hyaluronidase- and reactive
oxygen species-responsive hyaluronic acid nanoparticle carrying a chemotherapy drug and a photosensitizer in a tumor-bearing mouse
model. We hypothesized that following decomposition, the drugs inside the nanocomplex will be released in the tumors to provide
effective tumor treatment. We aimed to design a smart drug delivery system that can improve traditional chemotherapy drug delivery
and enhance the therapeutic efficacy in combination with photodynamic therapy.

Methods: Hydrophilic hyaluronic acid (HA) was covalently modified with a hydrophobic 5f-cholanic acid (CA) via an ROS-
cleavable thioketal (tk) linker for a targeted co-deliver of 10-Hydroxy camptothecin (HCPT) and Chlorin e6 (Ce6) into tumors to
improve the efficiency of combined chemo-photodynamic therapy.

Results: The obtained HA-tk-CA nanoparticle carrying HCPT and Ce6, named HTCC, accumulated in the tumor through the
enhanced permeable response (EPR) effect and HA-mediated CD44 targeting after intravenous administration. Upon laser irradiation
and hyaluronidase degradation, HTCC was disrupted to release HCPT and Ce6 into the tumors. Compared to the monotherapy
approach, HTCC demonstrated enhanced tumor growth inhibition and minimized systemic toxicity in a tumor-bearing mouse model.
Conclusion: Our results suggested that controlled dual-drug release not only improved tumor drug delivery efficacy, but also reduced
systemic side effects. In addition to HCPT and Ce6 delivery, the HA-tk-CA nanocomplex can be used to deliver other drugs in
synergistic cancer therapy. Since most current combined therapy uses free drugs with distinct spatiotemporal distributions, the
simultaneous co-delivery of dual drugs with a remote on-demand drug delivery nanosystem provides an alternative strategy for
drug delivery design.
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Introduction

Currently, chemotherapy remains one of the most common cancer treatment strategies in the clinic.'* However,
chemotherapy efficacy is still unsatisfactory due to the heterogenicity of tumor cells and inherent/acquired drug
resistance.> Although increasing the chemotherapy drug dose can enhance the treatment response, it also induces
cumulative toxicity side effects, which require the termination of treatment before any observable positive tumor
inhibition.* Therefore, effective chemotherapy strategies with high tumor treatment efficacy and low adverse effects
are still needed.
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Because combined therapy can target distinct biomarkers, counter biological compensation, and lower the dosage of
each compound,”® a combination of two or more chemotherapy medications, or the application of chemotherapy
together with other treatment modalities, is an alternative way to promote therapy efficacy, decrease the development
of resistant cells, and reduce systemic toxicity.” In the clinic, Irinotecan (CPT-11) and oxaliplatin in combination with
5-FU and folinic acid (FA) have yielded promising results in colorectal cancer treatment.'®'' Currently, many
chemotherapy strategies combined with immunotherapy, radiotherapy, and phototherapy are under clinical trials.'?
Unfortunately, higher toxicities are still noticed in the clinic because most component drugs are delivered as free
molecules, which demonstrated undesirably distinct spatiotemporal distributions due to their inherent differences in
physicochemical and pharmacokinetic properties.'*'* As a result, to maximize the cancer treatment responses and
minimize the side effects during combined therapy, it is critical to deliver different drugs to the desired discase arecas
simultaneously.

Until recently, a series of nanoplatforms, such as liposomes, dendrimers, polymeric nanoparticles (NPs), and hybrid
NPs, have demonstrated the ability to target deliver chemotherapeutic drugs into tumors for combined therapy.'>°
Specifically, stimulus-responsive nanocomplexes, or smart nanocomplexes capable of releasing drugs under certain
conditions into cancer cells, have attracted great interest in the field of drug delivery.?’** Compared to traditional
drug delivery nanosystems, stimulus-responsive nanocomplexes are both site-specific and time-release controlled, thus
allowing for high tumor-specific drug accumulation with reduced normal tissue toxic concerns. Such on-demand drug
release relies on exogenous and endogenous stimuli, including variations in temperature changes, magnetic fields,
ultrasonic waves, light, electric fields, pH, redox potential, and enzyme activity.?® Increasingly, the literature reports
that responsive nanoparticles can co-deliver and release chemotherapy and photothermal agents under stimulation for
tumor ablation.”®>* To accomplish this, some researchers have chemically modified chemotherapy drugs or photosensi-
tizers with cleavable linkers to construct responsive nanoparticles for drug delivery.?*>° For instance, the conjugation of
a small cytotoxic molecule, SN38, with a hydrophilic oligomer of ethylene oxide (oligo (ethylene glycol), OEG) chain
via an ester linker can form a nanocapsule that is responsive to tumor redox heterogeneity.>' Similarly, the photo-
sensitizer Ce6 was reported to be chemically conjugated with a hyaluronic acid chain to form a NIR-responsive
nanoparticle.’® These nanocomplexes can be disrupted to release cargos upon laser irradiation for combined tumor
treatment. Although the reported research showed enhanced tumor therapy response, the nanoparticle preparation steps
with targeting ligands are labor-intensive. Additionally, conjugating a drug with hydrophilic polymers through
a cleavable linker is only possible for drugs that can be chemically modified, which narrows the drug’s application
and limits the drug administration dose due to the low substitution rate. Thus, further research is required in the field of
smart nanoparticle development.

Combination PDT with chemotherapy in one nanoplatform is a promising strategy to enhance therapeutic efficacy,
overcome multi-drug resistance, and reduce side effects. PDT utilizes lasers to activate photosensitizers and convert
oxygen molecules into singlet oxygen ('0,) species to inhibit tumor cells’ proliferation locoregionally through the
oxidization of crucial biomolecules such as proteins, enzymes, and DNA. As a noninvasive therapeutic strategy, PDT has
been approved by the Food and Drug Administration (FDA) for the clinical treatment of various diseases such as actinic
keratosis, esophagus cancer, and skin cancer. It has distinct advantages over other clinical treatments owing to its
noninvasiveness, repeatability without cumulative toxicity, minimal systemic toxicity, and excellent cosmetic results.

In this study, we constructed an enzyme and ROS-responsive dual drug delivery nanoplatform through the chemical
conjugation of hydrophobic 5B-cholanic acid (CA) to the hydrophilic hyaluronic acid (HA) backbone via a reactive oxygen
species (ROS)-cleavable thioketal linker (tk, Scheme 1). The formed HA-tk-CA complex can be assembled into HA-based
nanoparticles (HANP) with hydrophilic surfaces and hydrophobic inside caves to encapsulate water-insoluble drugs
(Scheme 1). Biologically, such HANPs will be able to actively target cluster determinant 44 (CD44), which is overexpressed
in both tumor cells and tumor stroma, and also passively accumulates in tumors through the enhanced permeability and
retention (EPR) effect to achieve enhanced tumor targeted drug delivery.®> The EPR effect is the phenomena of macro-
molecule accumulation above a certain size (> 40 kDa) in the tumor area through deficient or malfunctional leaky blood
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vessels.” Once HANP enters tumor cells via CD44 binding on tumor cells,”® it will be degraded by intracellular

hyaluronidase-I (Hyase-I) and start releasing its cargo.® Hyaluronidase-1 is a type of HA-degrading endoglycosidase, and
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Scheme | A schematic illustration of the preparation and application of HTCC in vitro and in vivo.

it is the primary tumor-derived hyaluronidase.>” Furthermore, the tk linker in this nanosystem can be cleaved by ROS to
further improve the drug release rate so that drugs can accumulate in the tumor cells at effective doses and the normal organ
nonspecific uptake is reduced (Scheme 1). To substantiate our design, a chemotherapy drug, 10-Hydroxy camptothecin
(HCPT), and a photosensitizer, Ce6, were physically encapsulated into HA-tk-CA. Upon near-infrared (NIR) laser irradia-
tion, Ce6 in the HA-tk-CA carrying HCPT/Ce6 complex (HA-tk-CA/HCPT/Ce6, HTCC) was able to generate substantial
ROS and break the tk linker to disassemble the HTCC into HA fragments together with Hyase-I to fully release HCPT for the
inhibition of tumor cell growth in combination with Ce6-mediated PDT (Scheme 1).

Materials and Methods
Synthesis of ROS-Cleavable Thioketal Linker (tk)

First, a mixture of anhydrous 3-mercaptopropionic acid (5.2 g, 49.1 mmol) and anhydrous acetone (5.8 g, 98.2 mmol)
was saturated with dry hydrogen chloride and stirred at room temperature for 6 h. After the reaction, the flask was
stoppered and chilled in an ice-salt mixture until crystallization was complete. Then, the crystals were filtered, washed
with hexane and cold water, and dried in a vacuum desiccator to obtain the final product.

Synthesis of 5B-Cholanic Acid- Thioketal Linker (CA-tk) Conjugate

Briefly, 5p-cholanic acid was first converted to aminoethyl Sb-cholanoamide, as reported previously using ethylenediamine
(EAD),”® which can react with the carboxylic acids in tk. Subsequently, a mixture of aminoethyl 5b-cholanoamide
(205.9 mg, 0.1 mmol) and tk (252.1 mg, 1.0 mmol) in anhydrous DMF (2 mL) was stirred at room temperature for 10
min. Then, EDC (57.3 mg, 0.3 mmol) and NHS (34.5 mg, 0.3 mmol) dissolved in anhydrous DMF (1 mL) was added to the
above solution under a nitrogen atmosphere. The reaction was performed under a nitrogen atmosphere for 24 h at room
temperature. Next, the reaction mixture was extensively dialyzed with a low-binding MicroFloat-A-Lyzer ready-to-use
dialysis bag (molecular weight cutoff = 100-500 Da INTERCHIM, USA) against deionized water to remove EDC, NHS, and
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DMEF. The CA-tk conjugate was obtained as a white powder after lyophilization. Then, the crude product was re-dissolved in
DMF (1 mL) and dropped into 100 mL of cold diethyl ether under stirring to precipitate the CA-tk conjugate. This procedure
was repeated once, and then a vacuum was applied to dry the precipitate and obtain the final product.

Synthesis of HA-tk-CA

HA-tk-CA conjugates were synthesized by chemical conjugation of CA-tk to the hydrophilic HA backbone through amide
formation. First, the carboxyl groups in CA-tk were activated by EDC/NHS and mixed with a ten-fold excess of EAD to
obtain aminoethyl tk-5B-cholanoamide (NH,-tk-CA). After dialysis against water (molecular weight cutoff = 100-500 Da)
and lyophilization, 0.3 mmol of NH,-tk-CA was added to the HA solution (containing 1 mmol of -COOH) in the presence of
EDC (1.2 mmol) and NHS (1.2 mmol) for an overnight reaction. HT-tk-CA was finally obtained by freeze drying. The
degree of substitution (DS, defined as the number of NH,-tk-CA molecules per 100 sugar residues of HA) was controlled in
the range of 10.>®

Synthesis of HA-tk-CA Carrying HCPT and Ce6 (HTCC)

HTCC was prepared by High-Pressure Homogenizer (PhD Technology International LLC, MN, USA). Briefly, HA-tk-CA
loaded with HCPT and Ce6 (HTCC) was prepared by mixing equal amounts of HCPT and Ce6 dissolved in trichloromethane
with HA-tk-CA in ultrapure water, and the mixture was then homogenized for 15-20 min (20,000-25,000 psi). The resulting
mixture was dialyzed for 12 h against an excess amount of distilled water to remove unloaded drugs and organic solvent,
followed by lyophilization. The loading capacities (LCs) for HCPT and Ce6 were determined via high-performance liquid
chromatography (HPLC) with a reverse-phase C18 column (5 pm, 4.6xX250 mm) using 5% to 65% acetonitrile containing
0.1% TFA versus distilled water containing 0.1% TFA over 30 min at a flow rate of | mL/min. The detection wavelengths were
set as 395 and 665 nm with a UV-vis-NIR detector. The drug content was measured according to the predetermined standard
curve. The LCs were calculated as followed: LC% = Amount of drug in HTCC / Total HTCC weight x 100%.

Characterization of HTCC

The particle size and size distribution of HTCC were measured by dynamic light scattering DLS (Varian, Palo Alto,
USA). Zeta potential measurements were performed at 25°C on a Malvern Zeta sizer-Nano Z instrument. The
nanostructure and size of HTCC were observed by transmission electron microscopy (TEM, Bruker, Germany). UV-
vis-NIR absorbance spectra of HTCC, Ce6, HCPT, and HA-tk-CA were observed by Multiskan Go microplate reader
(Thermo Fisher Scientific, Massachusetts, USA). The fluorescent signals of HTCC and free Ce6 were measured using
a fluorescence spectrophotometer (Varian, Palo Alto, USA). The loading contents for HCPT and Ce6 were determined
using a UV-vis-NIR spectrometer at 395 and 665 nm, respectively.

Critical Micelle Concentration (CMC) Measurement

The critical micelle concentrations of the two copolymers were determined using a pyrene-based fluorescent probe.*”*
Briefly, 1 mL of 6 pM pyrene solution in acetone was added to volumetric flasks, and then the acetone was evaporated.
Meanwhile, the HA-tk-CA amphiphilic copolymers were diluted with ultrapure water to a final concentration ranging
from 1 to 3x10~> mg/mL, and then were added to the volumetric flasks. After a short sonication, the samples were placed
at room temperature in the dark overnight. The next day, the pyrene fluorescence signals were detected, and the ratio
between the emission intensity at 337 nm and 334 nm were plotted against the base 10 logarithm of the concentration of

each tested sample to determine the CMC of HA-tk-CA.

Stability

Free HCPT, free Ce6, and HTCC (1.0 mL) were dispersed into serum, cell culture medium, water, and PBS at pH 7.4 at
25°C. The absorbance spectra of HTCC were measured after 0, 2, 6, 12, 24, and 48 h. Photographs of tubes in diverse
groups were taken after standing for one week at room temperature.
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HTCC is Responsive to ROS
HTCC (with tk linker) was stored in the centrifuge tube and irradiated with a laser at 670 nm (0.1 W/cm?) for 10 min,
and then centrifuged at 2000 rpm for 6 min. The TEM images were taken before and after the irradiation of HTCC.

In vitro Drug Release

Release of HCPT and Ce6 from the HTCC nanoparticles was studied in a release medium (acetate buffer, pH 4.2) using
dialysis membrane tubing (molecular weight cutoff of 3500 Da, Spectrum Laboratories, Rancho Dominguez, CA, USA).
HTCC was dispersed in the release medium and incubated in the dialysis membrane tubing. The dialysis system was then
immersed in the release buffer with or without laser irradiation (670 nm, 0.1 W/cm?) in the presence or absence of
hyaluronidase I at different concentrations (50, 1000, or 2000 units/mg, Millipore Sigma, MA, USA).*' HTCC incuba-
tion with Hyase at physiological pH (pH 7.45) was used as a control. Finally, in vitro release was performed in an air
Contrast Temperature Oscillator shaker at 37°C. The release medium was collected at predetermined intervals, and the
tubing was replaced in an equal volume of fresh medium. High-performance liquid chromatography (HPLC) was then
used to measure the concentration of HCPT and Ce6 in the release medium via the standard curve method.

Cell Culture and Cell Internalization of HTCC

The murine squamous cell carcinoma cell line (SCC7) and murine fibroblast cell line (NIH-3T3) were purchased from the
Chinese Academy of Sciences Cell Bank/Stem Cell Bank and cultured in an 8-well chamber in Dulbecco’s Modified Eagle
Medium (DMEM)/high glucose medium supplemented with 10% FBS and 1% antibiotic solution at 37°C and 5% CO,. The
next day, both cells were washed with PBS and incubated with HTCC (100 pL, 0.1 mg/mL of HTCC in H,O) or Ce6 at 37°C
for 6 h with a 5% CO, atmosphere. For the blocking test, free HA (ten-fold excess of HTCC, 0.1 mg in 100 pL H,O) was
added to cells 30 min before HTCC was applied. After incubation, all cells were washed by PBS three times. The cells were
finally fixed in cold ethanol for 15 min at —20°C, and cells were mounted with a mounting medium containing DAPI for 10
min in the dark. Cell targetability of HTCC was observed by a confocal microscope (Olympus FV1200, Tokyo, Japan,), and
the excitation and emission wavelengths were set at 400 nm and 650 nm for Ce6, respectively.

Confirmation of Intracellular ROS Generation

The intracellular ROS levels were assessed with a commercialized cell-permeable probe (DCFDA), an indicator that
ROS can rapidly oxidize it to emit green fluorescence. The human squamous cell carcinoma cell line was maintained
following the American Type Tissue Culture Collection protocols. Briefly, SCC7 cells (8 x 10 cells/well in 18 mm glass-
bottom dishes.) were seeded and incubated 24 h prior to DCFDA staining. The next day, cells were washed by PBS and
incubated with HTCC (50 pg) at 37°C for 6 h and irradiated with a 670-nm (0.1 W/em?) laser for 10 min. Then, 2 pL
DCFDA working solution was added to the medium. SCC7 cells were incubated for 20 min at 37°C and washed with
PBS. Cells in the control group were pretreated with N-acetylcysteine (NAC) as an ROS scavenger and then treated with
HTCC (50 pg) and NIR laser radiation (670 nm, 10 min). Cellular nuclei were counter-stained by DAPIL. Green
fluorescence from the stained cells was visualized by an inverted fluorescence microscope (Olympus IX70, Olympus
America, Melville, NY) using a FITC filter, and analyzed and quantified using Image-J.

Cytotoxicity Analysis of HTCC

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assays were used to assess the metabolic activity of SCC7
cancer cells. The cells were seeded in 96-well plates (Costar, IL, USA) at an intensity of 4x 10 cells/well. After a 24 h incubation,
the medium was replaced with the diverse nanoparticles at different concentrations (1, 10, 50, 100, and 200 pg/mL) and
incubated at 37°C. Following incubation for 4 h, cells were washed twice with PBS and then exposed to laser irradiation for 15
min at a power density of 0.1 W/cm?. The cells were further incubated for 24 h and then washed twice with 1x PBS. 100 puL of
freshly prepared MTT (0.5 mg/mL) solution in serum-free media was added into each well. The MTT medium solution was
carefully removed after a 3 h incubation in the incubator at 37°C. DMSO (100 pL) was then added into each well, and the plate
was gently shaken to dissolve all the precipitates formed. The absorbance of MTT at 570 nm was monitored by the microplate
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reader (Genios Tecan, MN, USA). Cell viability was expressed by the absorbance ratio of the cells incubated with nanoparticles
to those incubated with culture medium only.

The cytotoxic effects were also visualized by 3°6°-Di (Oacetyl) —4’5’-bis [N, N-bis (carboxymethyl) aminomethyl]
fluorescein, tetraacetoxymethyl ester (calcein AM)/Propidium Iodide (PI) staining (Sangon Biotech, Shanghai, China).
The SCC7 cells were seeded in a 6-well plate with a density of 1x10° cells and grown to 80-90% confluence. The SCC7
cells were then incubated with same concentrations of HANP, HANP/HCPT, HANP/Ce6, and HTCC for 12 h. After
several washes with PBS and immersion in fresh culture medium (1 mL), the experimental groups were irradiated with
the laser (670 nm, 0.1 W/cm?) for 10 min at 37°C and 5% CO,. Control groups in the dark were incubated in a fresh
DMEM medium. After removing the fresh DMEM medium, calcein AM (4 pmol/L) and PI solutions (4 pmol/L) in PBS
were added to SCC7 cells and incubated for 30 min at 37°C in 5% CO,. Finally, PBS was used to wash the cells three
times. Fluorescence images of the cells were obtained by fluorescence microscope.

Fluorescence Imaging in Tumor-Bearing Nude Mice

Animal experiments were conducted under protocols approved by the Animal Care and Use Committee (CC/ACUCC) of
Jilin University. Subcutaneous sites of athymic nude mice (seven weeks old, female, 2024 g) were injected with
a suspension of 4x10° SCC7 cells in PBS (80 pL). When the tumor volume reached an average size of ~120 mm?, mice
were randomly allocated into two groups. First, 100 uL of HTCC or free Ce6 solution was i.v. injected into SCC7 tumor-
bearing nude mice at an equivalent dose of Ce6 at 4.0 mg/kg. Whole-body fluorescence images were collected at 1, 2, 4,
8, 12, and 24 h post injection (p.i.) using IVIS Lumina II (Caliper Life Sciences, MA, USA; Excitation Filter: 400 nm,
Emission Filter: 650 nm). For ex vivo study, the mice were sacrificed 8 h post-administration. All major organs (heart,
liver, spleen, kidney, and lung), muscles, and tumors were collected and examined for fluorescent imaging ex vivo.

Antitumor Effect and Biosafety Assay in vivo

For antitumor studies in vivo, nude mice were implanted with a SCC7 tumor subcutaneously. The mice were randomly grouped
(n=5) when the tumor volume reached ~100 mm?: (1) HTCC without laser, (2) HTCC with laser, (3) HCC (HANP without tk
linker carrying HCPT and Ce6) without laser, (4) HCC with laser, (5) HANP/Ce6 without laser, (6) HANP/Ce6 with laser, (7)
HANP/HCPT without laser, (8) HANP/HCPT with laser, and (9) HANP with laser. An equivalent dose of Ce6 at 4.13 mg/kg or
an equivalent dose of HCPT at 5 mg/kg was given intravenously (i.p.) twice per week five times. At 8 h p.i., the tumors were
irradiated for 10 min (670 nm, 300 mW/cm?). The mice without laser illuminations were used as controls. Bodyweight and
tumor volume were monitored every two days for 14 days. The tumor volume was calculated by the formula V = (L x W x W)/
2 (L, the longest dimension; W, the shortest dimension) and expressed as the relative tumor growth rate by normalizing it with
the initial tumor volume. To compare treatment effects, a part of the tumors in different groups were collected for hematoxylin-
eosin (H&E) and Ki67 staining 2 days after the last treatment injection. To evaluate the systemic toxicity of HTCC, the major
organs (heart, liver, spleen, lung, and kidney) were collected and examined by H&E staining after 14 days of treatment.

Statistical Analysis
Results are given as mean = SD. The statistical significance of the treatment groups was evaluated using Student’s #-test.
*p values < 0.05 and **p values < 0.005 were considered statistically significant in all analyses.

Results and Discussion
Preparation and Characterization of HA-tk-CA Carrying Ce6 and HCPT (HA-tk-CA
/Ce6/HCPT, HTCC) Complexes

Hyaluronic acid (HA) is a polysaccharide composed of repeating disaccharide units of glucuronate and N-acetyl
glucosamine.** It is widely distributed in the extracellular matrix of connective tissues in animals and humans.
Because HA actively targets CD44, which is overexpressed by tumor cells, hydrophilic HA is an ideal biomaterial for
cancer therapy as a targeted drug delivery system. To minimize drug leakage at off-target sites and trigger sufficient drug
release in tumor tissue, we designed an HA nanocomplex that is responsive to two stimuli. To achieve this, a ROS-
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cleavable thioketal linker (tk) was first synthesized and conjugated with a hydrophobic 5B-cholanic acid (CA) via an
ethylenediamine (Figure S1). The tk-modified CA was then conjugated with HA, as we reported before, to generate HA-
tk-CA that will be disrupted under both Hyase and ROS (Scheme 1, Figures S1 and S2). Under high-pressure
homogenesis, the amphophilic HA-tk-CA will form a nanoparticle with a hydrophilic surface and hydrophobic inside
cave for drug delivery (Scheme 1). The CMC values of the HA-tk-CA nanoparticles were determined using a pyrene-
based fluorescent probe method. As shown in Figure S3, the CMC value of HA-tk-CA nanoparticles was determined as
22.59 mg/L, indicating that HA-tk-CA nanoparticles are stable and have greater resistance to the rapid dilution effect
in vivo.

Next, we simultaneously encapsulated a chemotherapy drug (10-Hydroxycamptothecin, HCPT) and a photosensitizer
(Ce6) into the HA-tk-CA nanoparticle (HA-tk-CA/HCPT/Ce6, HTCC) for combined tumor therapy. Equal amounts of
HCPT and Ce6 were added into HA-tk-CA nanoparticles under a high-pressure homogenizer and collected for further
characterization. A slightly lower loading efficiency into HA-tk-CA was observed for Ce6 compared to HCPT when an
equal amount of Ce6 and HCPT was added, because Ce6 (30 mg/mL in DMSO) is a little more hydrophilic than HCPT
(8 mg/mL in DMSO). As a result, 8.27% of HCPT and 6.84% of Ce6 were encapsulated in the HA-tk-CA nanocomplex
calculated according to the standard curves determined by using HPLC, as shown in Figure S4. The UV-vis-NIR
absorbance and zeta potential changes of HTCC confirmed the successful encapsulation of HCPT and Ce6 compared to
HA-tk-CA nanoparticle, free Ce6, and HCPT (Figure 1). As shown in Figure 1A, unique absorbance peaks at 406 nm and
670 nm were noticed in the HTCC absorbance spectrum, while no obvious absorbance changes of HA-tk-CA were
noticed. The absorbance peak at 670 nm is supposed to come from the Q-bands of Ce6, but the absorbance peak at 406
nm could be from the Soret absorption of Ce6, which overlapped with the absorbance of HCPT at 406 nm. A slightly
fluorescent self-quenching effect was observed when Ce6 was encapsulated in HTCC compared to free Ce6 (Figure 1B).
The diameter of the HA-tk-CA nanoparticle was initially 186 + 9.58 nm, and it increased to 209 + 12.33 nm due to the
encapsulation of HCPT and Ce6 (Figure 1C). We also measured the zeta potential of HTCC, HA-tk-CA nanoparticles,
Ce6, and HCPT in H,O as being —40.2 mV, —=31.2 mV, —1.1 mV, and —4.5 mV, respectively, indicating that HTCC was
well dispersed (Figure 1D). The stability was also confirmed by monitoring the absorbance of HTCC within 48 h, and no
peak changes were observed (Figure 1E). Moreover, no precipitations were noted when HTCC was incubated with H,O,
PBS, 10% FBS, and DMEM at room temperature for 7 days (Figure S5A), indicating that HTCC is stable and can be
used for in vivo applications. Moreover, no significant diameter changes were noticed as determined by DLS in 7 days
(Figure S5B). The prepared HTCC was also found well dispersed, as observed by TEM (Figure 1F, upper left), and
released HCPT and Ce6 immediately upon near-infrared (NIR) laser irradiation by breaking the tk linker (Figure 1F).
Taken the above data together, HTCC was successfully constructed by encapsulating HCTP and Ce6 into the HA-tk-CA
nanoparticle.

In vitro ROS/Enzyme-Triggered Drug Release of HTCC

We next determined the release profile of HCPT from HTCC by measuring HCPT absorbance in vitro. Two types of
hyaluronidases have long been considered the primary HA degradative enzymes. Hyaluronidase II exists extracellularly on
the cell membrane and only hydrolyzes high molecular HAs that are > 1000 KDa into 20 kDa HA fragments. Hyaluronidase
I is located intracellularly and degrades low and intermediate sizes of HAs (20-250 kDa) that are internalized into cells
mediated by the binding of HAs with CD44 on the cell membrane.***° Both hyaluronidase I and hyaluronidase II have acidic
pH optima.****® In the presence of hyaluronidase I (2000 units/mg) at a pH 4.2 and NIR laser-induced ROS, the cumulative
release of HCPT from the HTCC complex was calculated as 79.46% + 3.92%, which is approximately 3.8 times higher than
that with hyaluronidase at pH 7.45 (20.9% =+ 5.43%) in the first 8 h (Figure 2). As time progressed, 8§9.20% + 3.34% of HCPT
was found to be released from HTCC in the presence of hyaluronidase and ROS after a 24 h incubation, while only 45.56% +
11.06% of HCPT was detected with hyaluronidase at pH 7.45. In comparison, 76.33% =+ 3.31% of HCPT was found released in
24 h when hyaluronidase was added alone, while 69.96% + 2.51% of HCPT was released in the presence of ROS. Reducing
the amount of hyaluronidase slowed the release of HCPT from HTCC to 42.56% % 7.06% (500 units/mg of hyaluronidase I)
and 55.23% =+ 6.77% (1000 units/mg of hyaluronidase I) at 24 h, respectively (Figure S6). However, this does not necessarily
mean that a low concentration of hyaluronidase reduced the drug’s release from HTCC, but may indicate that prolonging the
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Figure | In vitro characterization of HTCC. (A) UV/vis/NIR absorption spectra of HTCC, Ce6, HCPT solution, and HA-tk-CA. (B) Fluorescence spectra of HTCC and free
Ceé. (C) Dynamic light scattering analysis for the particle size distribution of HTCC with a diameter of 209 + 12.33 nm and HA-tk-CA nanoparticle with a diameter of 186 +
9.58 nm. (D) Zeta potential of HTCC (—40.2 mV), Ce6 (—I.1 mV), HCPT (-4.5 mV), and HA-tk-CA (—31.2 mV) solution by dynamic light scattering. (E) Stability of HTCC in
UV/vis/NIR spectra in H,O at room temperature for 0-, 2-, 6-, 12-, 24-, and 48-h incubation. No absorbance changes were noticed. (F) Images of ROS-responsive HTCC
under 670-nm laser irradiation. Top left: TEM image of HTCC without NIR laser irradiation. Lower left: TEM image of disrupted HTCC under NIR laser irradiation. Top right:
Image of HTCC in water without precipitation. Lower right: Image of HTCC under NIR laser irradiation. HTCC was centrifuged, and a precipitant was noticed. Scale bar =
250 nm.

incubation time with an enzyme leads to a comparable amount of drug release to HTCC incubation with a high amount of
hyaluronidase. Moreover, Ce6 presented a similar release profile to that of HCPT from HTCC (Figure S7), with 86.84% +
8.46% of Ce6 released from HTCC when both hyaluronidase and a laser were applied, which is higher than that stimulated by
hyaluronidase (69.84% =+ 7.36%) or laser (78.43% + 11.46%) alone. Only 39.69% =+ 9.54% Ce6 was detected after a 24-h
incubation under pH7.45 when hyaluronidase was added, which is similar to that without hyaluronidase (32.18% + 7.45%), as
hyaluronidase is not active under such conditions. These data indicate that release of HCPT and Ce6 is both hyaluronidase- and
ROS-dependent. Compared to normal cells, hyaluronidase-1 has been reported as being greatly elevated in a variety of
cancers, including head and neck cancer,*’ colon cancer,”® genitourinary cancer,® and breast cancers.”® Because native

hyaluronidase I is most active in cells under acidic conditions (pH 4.0-4.5)471

and because PDT can be locoregionally
applied, it is hypothesized that a high level of released HCPT will accumulate in the tumor and a low amount of HCPT will be
released in normal organs, which will result in reduced side effects in vivo. Although the drug release from HTCC started to

show differences in the presence of hyaluronidase compared to that without hyaluronidase after 2 h incubation, the in vivo
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Figure 2 In vitro drug release of HTCC with and without hyaluronidase in an acetate buffer (37°C). 89.20% + 3.34% of HCPT was released from HTCC in the presence of
hyaluronidase and ROS after 24-h incubation at pH 4.2, while only 45.56% * 11.06% of HCPT was detected when HTCC is incubated with hyaluronidase at pH 7.45. 76.33%

+ 3.31% of HCPT was released in 24 h as hyaluronidase was added alone at pH 4.2, while 69.96% + 2.51% of HCPT was released in the presence of only ROS. Student’s t-test:
HTCC with hyaluronidase and laser vs HTCC with hyaluronidase or laser alone, or HTCC with hyaluronidase at pH 7.45, *p <0.05.

drug release profile may be different. This is because there are six known types of hyaluronidase (types 1-4, PH-20, and
HYALPI), which are expressed in different organs and target different subtypes of HAs.”* The accurate HA nanoparticles
degradation kinetics of hyaluronidase for in vivo tumor drug delivery need further investigation.

Cell Internalization of HTCC

CD44 is a cell-surface adhesion receptor for HA, and it is frequently overexpressed on the surface of tumor cells to
regulate tumor cell metastasis. The HTCC tumor cell targetability was next evaluated on CD44 positive and negative
cell lines using fluorescent staining.>> As shown in Figure 3, a strong fluorescence signal was detected in the CD44
positive SCC7 cells, while a small fluorescent signal could be seen in CD44 negative NIH3T3 cells. To investigate
the binding specificity of HTCC, we also performed a competitive binding study. CD44 receptors on SCC7 cells were
first blocked by an excess amount of free HA and treated with HTCC. After incubation, a much less fluorescent signal
was observed in this study than in SCC7 cells without CD44 blocking. Although weak fluorescent signals were found
in SCC7 cells incubated with free Ce6, this could be attributed to the nonspecific uptake of the cells of hydrophobic
molecules as we observe similar signals in the CD44 negative NIH3T3 cells with free Ce6 treatment. No fluorescent
signals could be seen when incubating HTCC with NIH3T3 cells, indicating that HTCC has a specific and strong
binding ability with CD44 receptors and can therefore target the tumor area through both receptor-mediated targeting
and the EPR effect. Such a dual-targeting property makes HTCC a good candidate as an anticancer drug carrier.

Cytotoxicity of HTCC
HTCC will be disrupted to release HCPT when it meets the PDT-induced ROS. To confirm the generation of ROS of
HTCC after internalization in tumor cells, the intracellular ROS was measured using a commercially available ROS
detection probe (DCFDA). DCFDA is currently the preferred choice for ROS detection, which is the major cytotoxic
agent used to kill the surrounding tissues and cells. As shown in Figure 4A, a high amount of ROS was generated
according to the strong fluorescent signals from the DCFDA in HTCC-treated cells after laser irradiation. On the
contrary, ROS-mediated DCFDA oxidization was prevented in the presence of a ROS scavenger, n-acetyl-1-cysteine
(NAC). Significantly lower amounts of ROS were detected in the cells without HTCC treatment. These data indicate that
HTCC is able to generates high volumes of cytotoxic ROS intracellularly to facilitate HTCC disruption in drug release
and prevent cell proliferation.

To measure and compare the cytotoxicity of chemotherapy and PDT combined therapy with monotherapy, a cell
proliferation assay was performed using HTCC, HANP/Ce6, HANP/HCPT, and HANP with or without laser irradiation
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Figure 3 Cell uptake of HTCC in CD44 high-expressing SCC7 and CD44 low-expressing NIH3T cell lines. (A) SCC7 and NIH3T3 cells were incubated with HTCC at an
equivalent Ceé concentration of 40 ug/mL for 6 h and then were imaged by confocal laser scanning microscopy (CLSM) For the blocking group, 10 times the excess amount
of free HA was added before HTCC was applied. Strong fluorescent signals from HTCC were observed in SCC7 cells, but few signals could be seen in NIH3T3 cells. When
cells were pretreated with HA, no signals were seen in both SCC7 and NIH3T3 cells. As a control, weak signals were detected for Ceé due to the nonspecific accumulation
in both SCC7 and NIH3T3 cells. The red color is from Ce6, while the blue color indicates DAPI. The scale bar is 20 pm. (B) Quantification of (a) Student’s t-test: HTCC on
SCC7 cells vs Ce6, HTCC vs Blocked, and HTCC on SCC7 cells vs HTCC on NIH3T3 cells, *p < 0.05.

(Figure 4B). As expected, HTCC efficiently inhibited SCC7 tumor cell proliferation in a dose-dependent manner. 91.7 +
0.93% cells were killed after incubation with 200 pg/mL of HTCC (containing 20 pg/mL of Ce6 and 19 pg/mL of
HCPT) and 670 nm laser irradiation at 0.1 W/em? for 10 min. Without laser irradiation, 56.16 = 1.15% of cells were
killed in the HTCC treatment group, which is similar to the effect of HANP/HCPT (51.95 + 1.43%) on the inhibition of
cell proliferation. In the PDT treatment group, 32.27 + 0.97% of cells survived when treated with HANP/Ce6 with laser
irradiation alone. As a carrier, HANP did not show obvious inhibitory effects on cell proliferation at the concentration we
applied in this study (Figures 4B and S8). Calcein-AM and PI staining (Figure 4C and D, and Figure S8) also confirmed
the cytotoxicity study results that fewer cells were alive in the HTCC treatment group with laser irradiation than in the
PDT or chemotherapy treatment groups, verifying that combined chemotherapy and PDT with HTCC is more efficient
than HANP/HCPT or HANP/Ce6 alone.
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Figure 4 ROS generation and cytotoxicity of HTCC. (A) Verification of ROS generation by a commercialized ROS probe (DCFHDA) Higher fluorescent intensities indicate
a greater rate of ROS generation. A strong fluorescent signal was detected from DCF when ROS was generated through HTCC and 670 nm NIR laser illumination in cells.
The oxidation of DCFHDA can be diminished by adding a ROS scavenger, NAC. The fluorescent signal intensity was quantified on the right. Student’s t-test: HTCC with
DCFDA vs DCFDA, p < 0.05. HTCC with DCFDA vs HTCC with DCFDA and NAC, p < 0.05. (B) Cell viability of the SCC7 cells incubated with HANP, HANP/HCPT,
HANP/Ce6, and HTCC without or with 670-nm laser irradiation (100 mW/cm?, 10 min) The equivalent concentrations of the HCPT are I, 10, 50, 100, and 200 pg/mL.
Student’s t-test: *p < 0.05, *¥*p < 0.005, *** p < 0.0005. (C) Calcein AM/PI co-staining by fluorescence microscopy. SCC7 cells were incubated with HANP (with a laser),
HANP/HCPT (without laser), HANP/Ce6 (with a laser), and HTCC (with and without laser) Red color stains for dead cells, and green color indicates the live cells. The scale
bars represent 100 pm. (D) Quantification of dead cells as stained in (c) Student’s t-test: HTCC vs HTCC without laser, HTCC vs HANP/C with laser, HTCC vs HANP/
HCPT without laser *p < 0.05, HTCC vs HANP with laser, *p < 0.005.

Whole-Body Fluorescent Imaging of Tumor Targeted Accumulation of HTCC
Following Systemic Administration

Noninvasive optical imaging is a safe, straightforward, and cost-effective method to evaluate the tumor targeting and
monitoring treatment response of molecules with fluorescent signals. In our study, the strong absorbance of Ce6 allowed us
to analyze the accumulation of HTCC in tumors by NIR fluorescent imaging. To achieve an efficient tumor combination
therapy effect, the PDT and PDT triggered chemotherapy drug-releasing time window was determined when HTCC peaked
in the tumor area using a fluorescent imaging technique. The in vivo biodistribution and tumor selectivity of HTCC were
investigated in a subcutaneous SCC7 tumor model after intravenous injection. The fluorescent signals from HTCC in the
tumor were detected increasing with time (Figure SA). The signal change folds from tumor and muscle were calculated as
1.09 £ 0.11, 1.52 £ 0.17, 2.75 £0.34, 3.89 +0.33, 2.95 + 0.26, and 2.49 +0.22 times at different times (Figure 5B). As
a control, free Ce6 without HANP delivery was also injected into the tumor-bearing mice, but the fluorescent signals did not
change much (T/M ratio: 1.01+0.07,1.10+0.10,1.10£0.12, 1.01 £0.13,1.05£ 0.17, and 1.08 £ 0.13 at different times as
indicated) within 24 h in the tumor area. The tumor-bearing mice that received HTCC and free Ce6 were euthanized at 8 h p.
i. to verify the observations. The major organs and tumors were then imaged (Figure 5C). It can be seen that the SCC7 tumor
with HTCC administration had a very strong fluorescent signal compared to the tumor with free Ce6 (>100 times higher,
Figure 5D), consistent with the in vivo study. No obvious fluorescent signals were found in major normal tissue and organs,

including muscle, heart, spleen, and lung, in the SCC7 tumor-bearing mice treated with HTCC and Ce6. However, we
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Figure 5 In vivo NIR fluorescence imaging of HTCC in the SCC7 tumor-bearing mouse model. (A) In vivo, NIR fluorescent imaging of SCC7 tumor-bearing mice was taken
at different times after intravenous injection of HTCC and free Ce6. Arrows indicate the tumor locations. (B) Tumor/muscle (T/M) ratio of SCC7 tumor-bearing mouse
model. HTCC peaked in the tumor at 8 h post-injection. No obvious Ceé tumor accumulation was seen. (C) Ex vivo fluorescence images of organs and tumors harvested at
8 h after injection of HTCC and free Ceé6 in mice. (D) Quantification of normal organ fluorescent imaging in (c) **p < 0.005.

detected some fluorescent signals from the kidneys, which could be attributed to Ce6 excretion via the kidneys. In addition,
a high level of liver uptake of both HTCC and Ce6 was observed due to nonspecific uptake by Kupffer cells in the liver.
Considering results obtained from both the in vivo and ex vivo analyses, we have demonstrated that HTCC is an excellent
tumor-targeting agent. Identifying a peak accumulation of the nanoparticle in tumors at 8 h after injection provides us with
an optimized phototherapy time point to maximize drug release and therapy efficacy.

Synergistic Antitumor Efficacy of HTCC in vivo

Encouraged by the ideal targetability of tumor cells and inhibition of HTCC, a subcutaneous tumor-bearing model was
established to evaluate the tumor inhibition of HTCC in vivo. Mice were intravenously administrated with HTCC (HANP with
tk linker with HCPT and Ce6), HCC (HANP without tk linker contains HCPT and Ce6), HANP/Ce6 (PDT alone), HANP/
HCPT (chemotherapy alone), HANP (without drug, without tk linker), and no treatment. The tumor areas were irradiated with
a 670 nm laser at 300 mW/cm? for 10 min at 8 h post injection as determined in an in vivo optical imaging study. Pictures of
mice receiving HTCC treatment were taken every week (Figure 6A). It can be seen that tumor volume was gradually reduced
after HTCC treatment. Accordingly, the tumor sizes in all experimental groups were measured and recorded as shown in
Figure 6B, which demonstrated the tumor volume increase compared to tumors on the first day of treatment. The tumors
without treatment increased in size 15.49 + 0.84 times, and tumors receiving HANP grew 13.45 + 0.77 times larger two weeks
after the experiment started, indicating that the HANP carrier is not toxic to tumor cells and does not affect tumor growth at the
current dose we applied. In the tumors that received HANP/Ce6, the tumor also grew 13. 54 & 0.81 times larger when the laser
was not applied. On the contrary, the tumors treated with HANP/Ce6 enlarged 10.13 + 0.63 times when NIR laser treatment
was given. Likewise, tumor volume increased 7.11 £ 0.52 and 6.75 £ 0.63 times when HANP/HCPT was given to the tumor-
bearing mice without and with NIR laser combination, respectively. The tumors in HANP/HCPT combined with laser
irradiation groups were slightly smaller than those of the HANP/HCPT without laser groups, possibly because the laser
alone could prevent tumor cell growth to a certain extent. Considering tumor treatment results, PDT or chemotherapy alone
may not efficiently inhibit tumor growth at the low chemotherapy drug dose and low laser irradiation power we used in this
study. Although increasing the chemotherapy drug amount and laser irradiation power and time could elevate tumor inhibition
efficiency, it will also increase side effects and limit the translational potency of such a nanocomplex. We therefore only used
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Figure 6 Chemotherapy and photodynamic therapy of SCC7 tumors with HTCC. (A) Typical photographs of SCC7 tumor-bearing mice at different days after HTCC
treatment. (B) Tumor growth curves of different groups of SCC7 tumor-bearing mice. Error bars represent the standard deviations of five mice per group. Student’s t-test:
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*p < 0.005. (C) H&E-stained tumor sections of SCC7 tumor-bearing mice in different groups at three days after the last treatment. (D) Body weights changes in mice
received different treatments during the study.

low chemotherapy drug dose and laser irradiation power and time in our study. To study the advantages of controlled release in
tumor therapy, HCC (HANP carrying HCPT and Ce6 without tk linker) treatments with and without laser irradiation were
included in our study. Without laser irradiation, the tumor grew 6.43 + 0.71 times larger when receiving treatment without laser
irradiation, which is similar to the chemotherapy alone results, while tumor sizes only enlarged 3.13 + 0.51 times when HCC
was combined with laser irradiation. However, the tumor was effectively inhibited when the tk linker was involved in HTCC
treatment combined with laser irradiation. The high chemotherapy drug and photosensitizer intratumoral release induced by
laser and HA enzyme resulted in an excellent tumor therapy response. In addition to PDT-induced ROS production through
laser irradiation of the photosensitizer, ROS can also be produced by the cellular components that make up the tumor
microenvironment (TME), which may disrupt the HTCC and drug release in the tumor area. However, the drug release
induced by endogenous ROS could be very low in normal cells because their oxidative homeostasis is maintained by various
antioxidant systems.54 Moreover, it is worth noting that PDT and chemotherapy have been reported to trigger immune
response in tumor to prevent tumor growth, recurrence, and metastasis. Therefore, investigation into combined tumor therapy
using an immune competent mouse model is necessary in the future.

To verify the treatment response in these groups, tumors that received HTCC, HCC, HANP/Ce6, and HANP/HCPT
were analyzed by H&E staining (Figure 6C). Due to the high drug accumulation in tumors, more tumor tissue was
damaged and fewer tumor cells were left in the HTCC treatment group than in the HCC, HANP/Ce6, and HANP/HCPT
treatments. Proliferating cells in tumors that received the above treatment were also visualized by Ki67 staining. As
Figure S9 shows, the least proliferating cells were in tumors that received HTCC with irradiation treatment, while the
signal chemotherapy or PDT showed much higher rates of cell proliferation. The involvement of ROS sensitive linker
improved the drug release and tumor treatment efficacy. During our study, we did not observe a bodyweight loss for mice

in any of the groups (Figure 6D). To further determine the toxicity of HA conjugates to normal organs, major organs in
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Figure 7 Representative photos of mice after different treatments and histological images of major organs using H&E staining. No noticeable abnormality was found in the
heart, liver, spleen, lung, or kidney.

all groups were collected and stained by H&E staining (Figure 7). As expected, we did not find histology changes for the
normal organs in any of the treatment groups, indicating that the HANP derivatives are not toxic to normal tissues.

Conclusion

In summary, we have successfully constructed and characterized an enzyme and ROS-responsive hyaluronic acid (HA)
nanoparticle for dual photosensitizer and chemotherapy drug co-delivery to increase the efficacy of cancer combined
therapy. Hydrophilic HA was modified with a hydrophobic 5B-cholanic acid (CA) through a ROS-sensitive tk linker to
form a HA-tk-CA to encapsulate 10-Hydroxy camptothecin (HCPT) and a photosensitizer, Ce6. The obtained nanocom-
plex, HAtkCA/HCPT/Ce6 (HTCC), could target tumor cells via HA-mediated CD44 binding and nanoparticle EPR
effects with reduced normal organ uptake, as confirmed by fluorescent imaging. In vitro, HTCC demonstrated highly
efficient tumor cell growth inhibition through chemotherapy and PDT. Furthermore, HTCC accumulated and peaked in
tumors 8 h after systemic delivery for tumor treatment under low-power near-infrared laser-controlled drug release. In
addition, an enhanced tumor growth inhibition of HTCC was observed without noticeable toxicity to normal organs and
mice body weight. Overall, the proposed ROS and enzyme-sensitive HA drug delivery system demonstrated excellent
stability, tumor targetability, intratumoral drug release efficiency, and tumor growth inhibition with minimized side
effects. More importantly, such ROS and hyaluronidase responsive drug delivery vehicles can be extended to deliver
other chemotherapy drugs and photosensitizers in order to overcome therapy resistance in cancer treatment.
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