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Background: Developing carrier-free nanomedicines via self-assembly of two antitumor drug molecules is a potential strategy for
enhancing the combination treatment of tumors. Similarly, conventional chemotherapy combined with photodynamic therapy may
synergistically improve the antitumor effect while minimizing the adverse reactions associated with antitumor treatment. Hyaluronic
acid (HA) can bind to overexpressed HA receptors on the tumor cell surface, increasing cell internalization and resulting in good
tumor-targeting properties.

Methods: Herein, we propose an easy and environmentally friendly approach for fabricating a novel formulation of carrier-free pure
nanodrugs through self-assembly of the antitumor drug doxorubicin (DOX) and the photosensitizer chlorin e6 (Ce6), followed by
sequential modification with HA to achieve simultaneous and targeted photodynamic therapy and chemotherapy.

Results: The fabricated HA-DOX-Ce6 nanoparticles (NPs) exhibited enhanced drug loading and stability while possessing the
properties of near-infrared fluorescence imaging, self-targeting drug delivery, and combined photodynamic therapy and chemotherapy.
Conclusions: HA-DOX-Ce6 NPs, along with laser irradiation, effectively suppressed tumor development both in vitro and in vivo
with minimal side effects. Overall, this biomaterial-based, carrier-free drug delivery system, in combination with cotargeted therapies,
has shown potential for considerable improvements in treatment outcomes and patient prognosis.
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Introduction

Tumors are fatal disorders and major mortality-inducing factors worldwide." Chemotherapy, one of the main methods for
treating tumors, has been extensively used for treating different tumors. However, despite extensive drug discoveries,
most anticancer drugs exhibit low solubility, poor stability, high clearance in the body, and a lack of targeted ability,
leading to severe side effects.”* Hence, mechanisms to optimize the physicochemical properties of chemotherapeutic
agents to improve their efficacy and lower their toxicity need further investigation.

In recent years, various developments in nanotechnology have shown that nanoparticles (NPs) exhibit great potential
as drug carriers. Various studies have been conducted to establish diverse nanoscale drug delivery systems (DDSs),
including liposomes, solid lipid NPs, dendrimers, micelles, polymeric NPs, and inorganic nanomaterials, which have
been suggested for potential applications.’ The drug is adsorbed or covalently attached to the surface of the
nanocarrier or encapsulated into it, which may improve the physicochemical properties of the drug, protect the drug
from rapid clearance, increase the site-specific drug concentration, and reduce its adverse effects, making the nanocarrier-
associated drug a superior candidate for more effective and safe treatment of cancers.® '* Despite the notable advantages

of DDSs, certain problems, such as their low drug-loading capacity, limit their clinical application. The carrier weight is
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a major component of nanoformulations, which are larger than the drug weight, resulting in a general drug-loading rate of
<10%.""""* Additionally, potential carrier-induced systemic toxicity and corresponding biodegradation issues are impor-
tant. Drug carriers are usually inert and inactive, as they are primarily used as delivery vehicles; nonetheless, they can
increase the systemic toxicity of pharmaceutical preparations, and their degradation at a later period may also cause
problems, further increasing the burden on patients. Hence, many nanoformulations have not been approved by the Food
and Drug Administration.'* Furthermore, some DDSs require complex multistep preparation processes or organic
solvents, which usually show obvious toxicity.'” Therefore, problems such as adverse reactions caused by organic
solvents, complex preparations, challenging formulation scale-up processes, and low cost-effectiveness are still major
concerns.

To avoid such DDS-associated problems, the development of carrier-free pure nanodrugs (PNDs), which exclusively
contain molecules with pharmacologic activity, has garnered considerable attention. Typically, an environmentally
friendly and simple supramolecular self-assembly technique can be utilized for fabricating PND nanoformulations.'®”
'¥ Using this emerging strategy, different chemotherapeutic drugs, such as paclitaxel, doxorubicin (DOX), and curcumin,
have been self-assembled into PNDs to enhance anticancer therapies.'® Notably, PDN shows great promise for more
effective and safer cancer treatment.

Most tumors are not efficiently suppressed or grow slowly under a single treatment method, such as chemotherapy.*
For better therapeutic effects in clinical settings, combination treatment strategies have been widely adopted, and
different anticancer drugs are used to coordinate tumor treatment.?'** The appropriate combination of compounds can
synergistically target tissues to promote therapeutic effects.’>** In recent years, the combination of conventional
chemotherapy and photodynamic therapy (PDT) has shown great potential for synergistically improving anticancer
efficacy and reducing the therapeutic dose of chemotherapeutic drugs to minimize side effects.”> >’ Additionally,
combining PDT with chemotherapy may address other chemotherapy-associated problems, such as multidrug resistance-
mediated failure.”*° Clinical application also shows that PDT combined with chemotherapy has notable advantages in
improving the treatment effect for patients in the late stages.?’

Therefore, herein, we propose an easy and environmentally friendly approach for fabricating a novel PND formulation
via self-assembly of the antitumor agent DOX and the photosensitizer chlorin e6 (Ce6) for simultaneous PDT and
chemotherapy. Additionally, the self-assembled DOX and Ce6 were polymerized into NPs (DOX-Ce6 NPs) through
electrostatic, hydrophobic, and n-n stacking interactions without the involvement of organic solvents. For tumor targeting,
the hyaluronic acid (HA) moiety, which targets the cluster of differentiation (CD)44 receptor, was coupled onto the surface
of the DOX-Ce6 NPs. Figure 1 shows the preparation scheme for HA-coupled DOX-Ce6 NPs (HA-DOX-Ce6 NPs). The
HA-DOX-Ce6 NPs designed in this study may be used to treat cancer in vivo more safely and effectively.

Materials and Methods

Materials

Ce6, DOX hydrochloride, HA (molecular weight = 6.3 kDa), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT), 1,3-diphenylisobenzofuran (DPBF), and 2’,7’-dichlorodihydrofluorescein diacetate (DCFH-DA) were
procured from Sigma-Aldrich (Steinheim, Germany). N-hydroxysuccinimide and 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide hydrochloride (EDC-HCI) were obtained from Aladdin Reagent (Shanghai, China). 4,6-Diamidino-2-phe-
nylindole dihydrochloride (DAPI), LysoTracker Red, and Annexin V-fluorescein isothiocyanate (FITC)/propidium iodide
(PI) were obtained from Beyotime Biotechnology (Haimen, China). High-glucose Dulbecco’s modified Eagle’s medium
(DMEM) and fetal bovine serum (FBS) were obtained from Gibco (USA).

Six-week-old male BALB/c-nude mice were provided by Zhejiang Provincial Animal Center (Zhejiang, China). The
animal experiments were performed in accordance with the Wenzhou Medical University guidelines for the welfare and
ethics of experimental animals, and all the animal experimental procedures were performed with the approval of the
Animal Experimental Ethics Committee of Wenzhou Medical University (approval number: YSG23102601). Human
colorectal cancer HCT-116 cells were obtained from Wuhan Pricella Biotechnology Co., Ltd. (Wuhan, China).
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Figure | Carrier-free and self-assembled nanoparticles containing DOX and Ceé decorated with HA with improved antitumor efficacy by combining chemotherapy and
PDT in vivo.

Preparation and Characterization of HA-DOX-Ce6 NPs

Figure 2 illustrates the HA-DOX-Ce6 NP synthesis procedure. First, DOX-Ce6 NPs were prepared using a simple self-
assembly approach through electrostatic, hydrophobic, and m-n stacking interactions.’® Briefly, 0.4 mg of Ce6 was
dissolved in 400 pL of NaOH (pH = 12) for alkalization for 10 min. Subsequently, a DOX solution (20 pL, 10 mg/mL)
was added dropwise to the resulting solution, and deionized (DI) water was added to make up a 1 mL volume
immediately. After 24 h of stirring at 37 °C, the DOX-Ce6 NPs were harvested, centrifuged at 12,000 rpm, and
lyophilized before collection.

HA-DOX-Ce6 NPs were subsequently fabricated via electrostatic interactions between HA and DOX.>!' DOX-Ce6
NPs (2 mL; 1 mg/mL) were added to 1 mL of 5 mg/mL HA solution, followed by 4 h of stirring at room temperature.
Excess HA was removed through 24-h dialysis (molecular weight cutoff [MWCO] = 10-12 kDa) against DI water.
Finally, HA-DOX-Ce6 NPs were obtained after lyophilization.

The effects of the DOX/Ce6 ratio (1:2, 1:1, 2:1, or 3:1) or the initial concentration of the DOX solution (10, 15, or
20 mg/mL) on the drug loading and encapsulation efficiency, particle size, and polydispersity index (PDI) were
subsequently determined.

HA-DOX-Ce6 NPs were dispersed in phosphate-buffered saline (PBS), and a microplate reader (Multiskan GO,
Thermo Fisher Scientific, MA, USA) was used to record the ultraviolet (UV)—visible (Vis) spectra at room temperature.
Additionally, a Nicolet 6700 Fourier transform infrared (FT-IR) spectrometer was used to acquire the FT-IR spectra via

the potassium bromide approach.
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Figure 2 Synthesis of HA-DOX-Ce6 NPs.

HA-DOX-Ce6 NPs were subjected to redispersion in PBS (pH 7.4), and their morphologies were observed through
transmission electron microscopy (TEM; TEM-EM400). The HA-DOX-Ce6 NP morphology was also observed through
scanning electron microscopy (SEM; Phenom Nano, The Netherlands). A Zetasizer Nano ZS90 (Malvern, UK) was used
to determine the particle size and zeta potential.

Additionally, we characterized the encapsulation efficiency (EE) and drug-loading efficiency (LE) of HA-DOX-Ce6
NPs. Lyophilized NPs were added to 0.2% sodium dodecyl sulfate and sonicated for 5 min. Subsequently, the Ce6 and
DOX contents were determined using a UV-Vis spectrophotometer at 400 and 495 nm, respectively. EE and LE were

determined as follows:

Encapsulated drug weight in NPs

EE(%)=
(%) Total drug weight

%100 (1

Encapsulated drug weight in NPs

LE(%)=
(%) NPs Weight

%100 2

The stability of the HA-DOX-Ce6 NPs was evaluated. HA-DOX-Ce6 NPs were dispersed in PBS and stored at 4 °C for
60 d. The size, zeta potential, TEM and SEM were measured immediately. To evaluate the stability against dilutions after
being injected, the NPs were diluted with PBS containing 10% serum 10-fold, and the sizes and zeta potentials were
evaluated after dilution.
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Drug Release Profiles of the HA-DOX-Ce6 NPs

HA-DOX-Ce6 NPs were suspended in PBS (pH 7.4) before being placed into a dialysis bag (MWCO = 3500 Da), which
was then immersed in 20 mL of PBS. The samples were subsequently placed into a shaker at 90 rpm at 37 °C. The
medium (1.0 mL) was removed at preset time points and replaced with the same amount of freshly prepared medium to
maintain conditions. Afterward, the harvested medium was examined using a fluorescence spectrophotometer. The
detection parameters were as follows: for DOX, EX = 495 nm and EM = 559 nm; for Ce6, EX = 400 nm and EM =
666 nm. A Ce6 solution dissolved in dimethyl sulfoxide (DMSO) or DOX dissolved in DI water was used as the control.

Reactive Oxygen Species (ROS) Detection

HA-DOX-Ce6 NP-induced in vitro ROS production was detected using DPBF as an indicator.>? Briefly, HA-DOX-Ce6
NPs containing 20 uM DPBF were irradiated with light at 50 mW/cm? (670 nm) for predetermined time intervals.
Finally, a fluorescence spectrophotometer was used to record the absorption spectra; the excitation and emission spectra
were fixed at 403 nm and 460 nm, respectively.

Cellular Absorption of HA-DOX-Ce6é NPs
Human colorectal cancer cells, namely, HCT-116 cells, were cultivated with high-glucose DMEM containing 10% FBS
and 100 IU/mL penicillin/streptomycin and inoculated with 5% CO, at 37 °C. To evaluate the cellular uptake of the NPs,
HCT-116 cells (5 x 10*/well) were inoculated into 24-well plates overnight attachment. Freshly prepared media (500 pL)
containing DOX, Ce6, DOX-Ce6 NPs, HA-DOX-Ce6 NPs, and HA-DOX-Ce6 NPs with free HA (molecular weight =
6.3 kDa, 5 mg/mL), with equivalent DOX and Ce6 concentrations of 2 pg/mL and 0.96 pg/mL, respectively, were
subsequently added to replace the original medium. After a 4-h incubation, the cells were rinsed three times with PBS,
followed by fixation with 4% (w/w) formaldehyde. Finally, DAPI was used for cell staining, and confocal laser scanning
microscopy (CLSM; Zeiss LSM880, Germany) was performed for observation.

For quantitative analysis, the cells were washed with PBS, followed by 15 min of lysis with Triton X-100, and the
HA-DOX-Ce6 NP levels in the cells were subsequently determined through fluorescence spectrophotometry.

Distribution of HA-DOX-Ce6 NPs in Cells
TEM and CLSM were performed to observe the intracellular distribution of the HA-DOX-Ce6 NPs. Briefly, 1 x 10°
HCT-116 cells were subjected to a 4-h incubation with HA-DOX-Ce6 NPs, followed by washing with PBS three times.
After trypsinization, the cells were centrifuged and fixed with 2.5% glutaraldehyde at 4 °C before collection. Next, the
cells were treated with 3% glutaraldehyde and 1% osmium tetroxide, followed by serial dehydration with acetone. The
samples were later embedded with Araldite resin, and glass knives were used to cut ultrathin sections. These sections
were observed using TEM after lead nitrate staining.

For CLSM analysis, after a 4-h incubation at 37 °C, HCT-116 cells were rinsed before 1 h of staining with
LysoTracker. The cells were then fixed with 4% (w/w) formaldehyde, followed by DAPI nuclear staining and subsequent
observation with CLSM.

ROS Production in Cells Under Irradiation

The DCFH-DA probe was used to stain HCT-116 cells to detect ROS levels. Briefly, 5 x 10* cells were inoculated with
DOX, Ce6, DOX-Ce6 NPs, or HA-DOX-Ce6 NPs at a Ce6 equivalent concentration. After 4 h of incubation, the cells
were rinsed with PBS, followed by 5 min of laser irradiation (50 mW/cm?) at 670 nm. Finally, after washing with PBS
three times, the cells were stained with DCFH-DA (15 uM, PBS). Hoechst (10 pg/mL, PBS) was added for nuclear
staining before CLSM analysis.

Cytotoxicity of HA-DOX-Ce6 NPs in vitro
The cytotoxicity of HA-DOX-Ce6 NPs was evaluated in HCT-116 cells using an MTT assay. Briefly, we inoculated HCT-
116 cells (1 x 10*well) into a 96-well plate overnight. Then, freshly prepared medium without FBS containing different
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concentrations of free DOX solution, free Ce6 solution, DOX-Ce6 NPs, and HA-DOX-Ce6 NPs was added to replace the
original medium for 4 h. After incubation for 4 h, HCT-116 cells in the PDT groups were subjected to 5 min of irradiation
with a 670 nm laser (50 mW/cm?) (PDT irradiation) and washed with PBS to remove the excess formulations. Finally,
freshly prepared medium was added to the cells, which were incubated for 24 h at 37 °C. Subsequently, 5 mg/mL MTT
solution was added to each well for 4 h, and the resulting formazan crystals were dissolved by adding 160 uL. of DMSO.
Finally, a microplate reader was used to measure the absorbance at 570 nm (BioTek, Winooski, Vermont, USA).

After incubation with DOX-Ce6 NPs or HA-DOX-Ce6 NPs, the cells were irradiated with PDT and incubated for
24 h. A Zeiss microscope (Zeiss Axio, Germany) was used to visualize the cellular morphology.

The cells were stained with Annexin V-FITC/propidium iodide (PI) to determine the degree of apoptosis resulting
from the chemotherapy and PDT of the HA-DOX-Ce6 NPs. HCT-116 cells (5 x 10°/well) were seeded into 6-well plates
overnight, which were then treated with nanoparticles and irradiated as described previously. After incubation for 24 h,
Annexin V-FITC/PI was added for 15 min, after which the cells were stained in the dark according to specific instructions
and then collected before being analyzed by flow cytometry (BD Biosciences, CA, USA).

HA-DOX-Ce6 NP Distribution in vivo

We determined the distribution of HA-DOX-Ce6 NPs in tumor-bearing and tumor-bearing mice in vivo. For the tumor
distribution study, after the tumor grew to 80 mm?, DOX solution, Ce6 solution, DOX-Ce6 NPs, or HA-DOX-Ce6 NPs
were given to each tumor-bearing mouse through intravenous injection via the tail vein (DOX at 5 mg/kg). After 24 h of
administration, the animals were sacrificed, and the tumor tissues were dissected. Subsequently, the tumor tissues were
frozen and sectioned, followed by 4% (w/w) formaldehyde fixation and DAPI staining. CLSM was used to detect the NP
distribution.

Owing to the potent fluorescence emission within the deep red light region of Ce6, the biodistribution of HA-DOX-
Ce6 NPs could be evaluated by fluorescence imaging analysis. Following 24 h of treatment with Ce6 solution, DOX-Ce6
NPs, or HA-DOX-Ce6 NPs, the animals were sacrificed, and their heart, spleen, lung, liver, kidney, and tumor tissues
were collected and observed using an in vivo imaging system (Xenogen, Alameda, CA).

Antitumor Efficacy of HA-DOX-Ce6é NPs in vivo

For in vivo studies, we inoculated BALB/c nude mice with 2 x 10® HCT-116 cells via subcutaneous injection into the
right forelimb armpit. After the tumors grew to 80 mm®, we divided the tumor-bearing mice into six groups (n = 5): PBS,
DOX solution, Ce6 solution (+PDT), DOX-Ce6 NPs (+PDT), HA-DOX-Ce6 NPs, and HA-DOX-Ce6 NPs (+PDT).
Then, a 5 mg/kg dose of the DOX formulation was injected into the mice via the tail vein at 2-day intervals three times.
For the PDT treatment, at 24 h postinjection, the mice were irradiated for 10 min at 670 nm (50 mW/cm?), whereas those
in the control group were injected with PBS.

The tumor volume and body weight of the mice were measured daily. The tumor volume was calculated as follows:
(length x width?)/2. On day 24, the animals were sacrificed, and major organs and tumors were dissected and fixed in
a 4% (w/w) formaldehyde solution. Then, the isolated tumors were photographed and weighed. The tumor inhibitory rate
(TIR) was calculated as follows: tumor weight in the control group - tumor weight in the tested group/tumor weight in
the control group x 100%. These excised tumor tissues were subjected to H&E staining for pathological analysis.

To evaluate the systemic toxicity of each prepared formulation, the excised major organs, including the heart, spleen,
liver, kidney, and lung, were subjected to H&E staining for histopathological analysis.>* A colorimetric TUNEL assay
was subsequently performed to observe and quantify cell apoptosis on tumor tissue slides, and the cell apoptosis rate was
determined.

Statistical Analysis

Statistical analysis was performed via SPSS 18.0 software. Student’s ¢ test and one-way ANOVA followed by SNK or
Dunnett’s ¢ test were performed for data analysis. A p value of <0.5 was considered to indicate statistical significance.
The data are presented as the means +SDs.

14110 ‘s International Journal of Nanomedicine 2024:19



Lin et al

Results
Preparation and Characterization of HA-DOX-Ce6 NPs

Self-assembly is a drug delivery strategy that plays an important role in the nanotechnology and biomedicine fields.***
In this study, we used an improved, easy, and environmentally friendly self-assembly method to fabricate NPs that
synergize the efficacy of chemotherapy and PDT. The preparation scheme for the HA-DOX-Ce6 NPs is shown in
Figure 2. Ce6 consists of a hydrophobic porphyrin ring and three carboxyl groups. The carboxyl groups gain negative
charges in a strong alkaline solution (pH 12.0, NaOH). The pKa value of the primary amine group in DOX was reported
to be 8.2-9.9,%° thus it may have a positive charge at acidic and neutral pH values. Under neutral conditions, DOX and
the photosensitizer Ce6 can spontancously polymerize into NPs via electrostatic interactions under simple mixing
conditions without the need for organic solvents. Additionally, the hydrophobic nature of Ce6 and the aromatic ring of
DOX facilitate hydrophobic and m—r stacking interactions, further contributing to the formation of NPs.>* Dynamic light
scattering analysis revealed that the nanoparticles were small (198 £2.1 nm) with a relatively narrow size distribution
(Figure 3A).

To achieve tumor-targeted delivery, CD44 ligand-HA was modified into NPs via electrostatic interactions between the
anionic-charged HA and the positively charged DOX. Following modification with HA, the zeta potential of the DOX-
Ce6 NPs ranged from —16.80 £0.31 mV to —18.30 +£0.19 mV (Figure 3E-F). This change in zeta potential indicates
sufficient physical stability resulting from electrostatic repulsion. The negative charge helps improve NP stability,
prevents nonspecific binding of NPs to plasma proteins in the blood, and increases the in vivo circulation time of
NPs.*” Furthermore, because of the spatial site resistance effect of HA, the particle size increased upon HA modification,
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resulting in an average HA-DOX-Ce6 NP size of 205.0 1.4 nm (Figure 3B). NPs of this size are advantageous as they
help to evade clearance by the reticuloendothelial system (RES).*® The particle size and zeta potential serve as indicators
of successful HA modification. The morphology of the HA-DOX-Ce6 NPs was further characterized via TEM and SEM.
TEM and SEM revealed that the NPs were in a dry state but exhibited regular spherical and uniformly distributed shapes
(Figure 3C-D).

The effects of the DOX/Ce6 ratio and the DOX concentration on the size, PDI, drug-loading efficiency, and
encapsulation efficiency of the HA-DOX-Ce6 NPs were evaluated. When the DOX/Ce6 ratio increased, the NP size
increased significantly. However, the PDI was hardly affected (Figure 4A). However, both the LE and EE of HA-DOX-
Ce6 for DOX or Ce6 were significantly affected by the DOX/Ce6 ratio. Specifically, the drug-loading efficiency of DOX
increased gradually with increasing DOX/Ce6 ratio, whereas the opposite trend was observed for the drug-loading
efficiency of Ce6. Similarly, the encapsulation efficiency showed the opposite trend compared with the drug-loading
efficiency for DOX and Ce6 (Figure 4B). The effect of the DOX concentration was subsequently investigated. As the
DOX concentration increased, the particle size increased, whereas the PDI was not significantly affected (Figure 4C).
Notably, when the DOX concentration increased from 10 to 20 mg/mL, the particle size increased considerably from 80
nm to 370 nm, indicating enhanced aggregation. With increasing DOX feeding weight, the LE of DOX slightly
increased, but the encapsulation rate decreased rapidly. Conversely, for Ce6, the drug-loading efficiency slightly
decreased, whereas the encapsulation rate increased significantly with increasing DOX concentration (Figure 4D).
Considering the requirement for sufficient Ce6 and DOX in the combination treatment, a DOX/Ce6 ratio of 1:1 and

a DOX concentration of 15 mg/mL were determined to be the optimal formulations for subsequent experiments.
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The successful coassembly of the NPs was confirmed through UV-Vis spectral analysis. As shown in Figure 5A, the
DOX-Ce6 NPs presented the characteristic absorbance peaks of DOX (~250 and 495 nm) and Ce6 (400 and 655 nm).
This confirmed the presence of both components within the DOX-Ce6 NPs, which self-assembled to form NPs through
interactions, resulting in the physicochemical properties of both components. The broader and redshifted Soret band
observed in Ceb6, along with the redshifted absorption band in DOX, indicates that the interaction between the pyrrole
moiety of Ce6 and the aromatic ring in DOX is facilitated by hydrophobicity and n—m interactions.** Because HA lacks
UV absorption,*® UV-Vis spectral analysis of the HA-DOX-Ce6 NPs revealed minimal differences compared with those
of the DOX-Ce6 NPs, suggesting that the physicochemical characteristics of the nanoparticles remained unchanged
following HA modification.

We conducted further analysis via FT-IR spectroscopy to confirm the successful grafting of HA-DOX-Ce6
(Figure 5B). The stretching vibrations (2926 cm ' and 1420 cm ') of O-H in HA-DOX-Ce6 were intensified following
the coupling of DOX (2889 cm ™' and 1412 cm™"), Ce6, and HA, possibly due to the increased number of hydroxyl
groups within the HA chain, resulting in a redshift of this band. Similarly, the peak at 1594 cm™' corresponds to the
stretching vibration of -COOH in Ce6, where the carboxyl peak of HA-DOX-Ce6 shifted to 1611 cm™' after HA
modification, possibly indicating enhancement due to the presence of multiple carboxyl groups. Additionally, the peak
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observed at 1487 cm ™' was associated with the stretching vibration of the C-C benzene ring, whereas the characteristic
peak of HA-DOX-Ce6 also appeared at 1512 cm™' and redshifted with increasing conjugation system.

The stability of the HA-DOX-Ce6 NPs was assessed under various conditions (PBS with/without 10% FBS) at 4 °C
for 60 days. These electrostatic, hydrophobic, and n—nr stacking interactions contribute to the formulation stability of self-
assembled NPs.'®*! As shown in Figure 5C-D, no significant difference in particle size or zeta potential was observed
after 60 days of storage in PBS. Furthermore, these self-assembled nanoparticles maintained physical stability in PBS
containing 10% FBS, indicating good serum stability. From the TEM and SEM results also shown that the nanoparticles
maintain a relatively stable nanoparticle size and morphology both in PBS (Figure S1A-B) or PBS with 10% serum
(Figure S2 A-B). Consequently, HA-DOX-Ce6 NPs can be stored for extended periods while maintaining stability in the
bloodstream,** which is favorable for drug efficacy.

Drug Release Profile of the HA-DOX-Ce6é NPs

Figure 5E shows the release profile of the HA-DOX-Ce6 NPs in vitro. In the free DOX or free Ce6 groups, a burst
release pattern was observed, with nearly all drugs being released within the initial 20 h. However, sustained release was
evident after the drugs were loaded into the nanoparticles. The drugs encapsulated within the PLGA material were
efficiently released at a high level, ensuring adequate drug concentrations for in vivo treatment. About 55% of the Ce6 or
DOX was released from the HA-DOX-Ce6 NPs within the initial 48 h, followed by sustained release over another
100 h. The release behaviors of Ce6 and DOX were similar, facilitating synergistic anticancer effects of PDT and
chemotherapy in vivo. Additionally, this sustained release pattern enables continued resistance against tumor cells.[*]
The drug release profile of HA-DOX-Ce6 NPs suggests their potential use as an injectable formulation for anticancer
drug delivery.

ROS Detection

ROS generation indicates the efficacy of PDT, which is primarily responsible for cell death.** To determine the PDT
effect of HA-DOX-Ce6 NPs, a sensitive indicator ROS-DPBF was used to perform the ROS generation test. Upon
reaction with ROS, the uptake summit of DPBF was attenuated.*> As shown in Figure 6A, the DPBF absorbance of the
HA-DOX-Ce6 NPs sharply decreased from 400-600 nm after 10 min of laser irradiation at 670 nm, which decreased
with increasing irradiation time. Compared with the HA-DOX-Ce6 NPs, the DOX-Ce6 NPs and Ce6 solution exhibited
similar DPBF absorbances (Figure 6B-C). To evaluate the ROS levels, the fluorescence intensities of the Ce6 solution,
DOX-Ce6 NPs, and HA-DOX-Ce6 NPs at an equivalent concentration in deionized water were determined at 670 nm
irradiation. As shown in Figure 6D, no significant difference in the ROS production rate or amount was found among the
Ce6 solution, DOX-Ce6 NPs, and HA-DOX-Ce6 NPs, indicating that Ce6 exhibited unchanged photodynamic efficiency
after NP formation.

Cellular Uptake of HA-DOX-Ceb NPs

We further evaluated the selective intracellular uptake of different formulations in HCT-116 cells by CLSM. As shown in
Figure 7A, DOX and Ce6 emitted red fluorescence and green fluorescence in the cell nucleus and cytoplasm,
respectively. After treatment with the DOX solution, the cells exhibited weak red fluorescence in the nucleus.
Furthermore, negligible green fluorescence was observed in the cytoplasm after incubation with the Ce6 solution. We
observed fluorescence in the cytoplasm and nucleus of the NP (DOX-Ce6 NP and HA-DOX-Ce6 NP)-treated groups
compared with the free DOX- or free Ce6-treated groups. Notably, the fluorescence intensity of DOX or Ce6 in the HA-
DOX-Ce6 NP-treated group was considerably greater than that in the DOX-Ce6 NP-treated group. The 3D integration of
whole-cell intracellular fluorescence clearly revealed significant enhancement of Ce6 and DOX in the HA-DOX-Ce6 NP
group. The results of quantitative experiments revealed that the DOX and Ce6 cellular levels in the HA-DOX-Ce6 NP-
treated group were markedly greater than those in the DOX-Ce6 NP-treated group (Figure 7B). These results indicate
that, compared with nonmodified NPs, HA-modified NPs exhibit significantly improved intracellular uptake levels. This
improvement can be attributed to HA-induced active cells targeting the CD44 receptor on CD44-overexpressing cells.
HCT-116 cells overexpress the HA receptor CD44.% Excessive HA ligands compete with HA-DOX-Ce6 NPs for
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Figure 6 The absorbance spectra of DPBF after irradiation by 670 nm wavelength laser (50 mW/cm?) with (A) HA-DOX-Ce6, (B) DOX-Ceé6, and (C) Ceb solution with
different times. (D) Comparison between DPBF fluorescence intensity with Ceé solution, DOX-Ce6, and HA-DOX-Ce6 at the same concentration (Ceé-equiv) after laser
irradiation at 670 nm.

receptor binding, thereby considerably decreasing the endocytosis of HA-DOX-Ce6 NPs. Hence, the cytoplasmic and
nuclear fluorescence intensities in the HA-DOX-Ce6 NP + HA-treated group decreased significantly. Based on the
aforementioned results, HA-DOX-Ce6 NP uptake was CD44-mediated. Additionally, HA-decorated NPs promoted
cellular absorption and improved tumor penetration through a CD44-mediated crosstalk cycle of endocytosis and
exocytosis.*’

Distribution of HA-DOX-Ce6 NPs in Cells

Additionally, the HA-DOX-Ce6 NP distribution within cells was examined via CLSM and TEM. As shown in
Figure 7C, a higher concentration of HA-DOX-Ce6 NPs was observed in the lysosome-like vesicles. TEM images
of the intracellular HA-DOX-Ce6 NPs revealed that the NPs maintained their structure after endocytosis. Additionally,
after endocytosis, the NPs could achieve intracellular drug release and localization in targeted organelles. As shown in
Figure 7D, lysosomes labeled with a lysosome tracker exhibited red fluorescence in the cytoplasm. After cellular
endocytosis, the DOX released from the nanoparticles can enter the nucleus via the nuclear pore,*® whereas the
released Ce6 and NPs accumulate in the lysosomes. These findings imply that after being absorbed by cells, HA-DOX-
Ce6 NPs can effectively release and distribute the drug to the target site, allowing the subsequent exertion of various
pharmacological effects.
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Figure 7 (A) CLSM images of HCT-116 cells after incubating with DOX solution, Ceé solution, DOX-Ce6 NPs, HA-DOX-Ce6é NPs, and HA-DOX-Ce6 NPs combined with
free HA. After nuclear staining with DAPI (blue), DOX shows red fluorescence, whereas Ce6é exhibits green fluorescence. Scale bar = 20 pm. (B) The DOX or Ceé
fluorescence intensity within HCT-116 cells (10°) after DOX solution, Ce6 solution, DOX-Ceé NPs, HA-DOX-Ceé NPs and HA-DOX-Ceé NPs combined with free HA
treatment by a fluorescence spectrophotometry (**p < 0.01, versus HA-DOX-Ce6 NPs group). Intracellular distribution of HA-DOX-Ce6é NPs within HCT-116 cells. Cells
were subjected to NP treatment and then observed by (C) TEM and (D) CLSM. The red arrows indicate lysosomes, and the black arrows indicate the intracellular
nanoparticles in the TEM images. After DAPI nuclear staining (blue), DOX shows red fluorescence and colocalizes in the nucleus, Ceé exhibits green fluorescence, and
lysosomes exhibit red fluorescence and colocalize in the cytoplasm. Scale bar = 10 um. Results are presented as mean *SD (n = 3).

Detection of Cellular ROS During Irradiation
Based on our previous reports, HA-DOX-Ce6 NPs exhibited a noticeable yield of ROS production in DI water under
laser irradiation at 670 nm. ROS generation is an important parameter of PDT. Higher ROS production by HA-DOX-Ce6
NPs indicates a greater improvement in the PDT effect on tumor cells. Hence, we used DCFH-DA as a ROS fluorescence
indicator to evaluate ROS generation by HA-DOX-Ce6 NPs in HCT-116 cells. As shown in Figure 8, no green DCFH-
DA fluorescence was detected within cells following treatment with the DOX solution, whereas obvious green
fluorescence intensity was observed in the Ce6-treated groups, indicating that DOX cannot produce ROS. However,
following treatment with HA-DOX-Ce6 NPs and 670 nm laser irradiation, potent green DCFH-DA fluorescence was
observed, which was significantly greater than that in the free Ce6 or DOX-Ce6 NP groups. These findings indicate that
ROS production considerably increased in the HA-DOX-Ce6 NP-treated group. This was possibly due to improved
cellular absorption of HA-modified NPs, leading to sufficiently high intracellular production of ROS.

In summary, through intracellular absorption and ROS production analyses, we found that more drugs were
internalized into CD44-overexpressing cells with the assistance of HA. Hence, HA-DOX-Ce6 NPs may exhibit improved
anticancer activity compared with that of DOX-Ce6 NPs and DOX or Ce6 formulations.
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Figure 8 The intracellular ROS generation on HCT-116 cells. Cells were incubated with DOX solution, Ceé solution, DOX-Ceé NPs, and HA-DOX-Ce6 NPs after
irradiation at 670 nm laser. After DAPI nuclear staining (blue), ROS shows green fluorescence. Scale bar = 20 pm.

Cytotoxicity of HA-DOX-Ce6 NPs in vitro

The MTT assay was performed to evaluate cell viability. As shown in Figure 9A, the DOX solution exhibited dose-
dependent cytotoxicity in HCT-116 cells, with no significant difference in cell viability between the DOX solution and
the DOX solution under PDT irradiation (Figure 9B). These results indicate that DOX cannot be activated under 670 nm
irradiation and only exhibits a chemotherapeutic effect. However, no cytotoxicity was observed in cells treated with Ce6
solution without light irradiation. However, the Ce6 solution exerted a dose-dependent PDT effect upon 670 nm light
irradiation, with cell viability decreasing to 43.2% at a Ce6 concentration of 10.56 pg/mL (equivalent to a DOX
concentration of 22 pg/mL). Owing to their improved intracellular uptake, HA-DOX-Ce6 NPs demonstrated an efficient
chemotherapeutic effect without laser irradiation, with cell viability decreasing to 37.1% at the 4.8 pg/mL Ce6
concentration (equivalent to a DOX concentration of 10 pg/mL). This decrease was significant compared with that in
cells treated with DOX-Ce6 NPs (42.5%) or free DOX (56.5%) at the same concentration. Moreover, cell viability
significantly decreased to 18.16% under 670 nm laser irradiation at a concentration of 4.8 pg/mL Ce6 in the HA-DOX-
Ce6 NP group. The ICsq values were 5.6 £0.32 and 3.2 +£0.26 pg/mL for HA-DOX-Ce6 and HA-DOX-Ce6 (+PDT),
respectively (Figure 9C). These results indicate that HA modification improved the antitumor effect, with the HA-DOX-
Ce6 NP group displaying the strongest anti-proliferative efficiency through a synergistic effect of chemotherapy
and PDT.

The changes in cell morphology after treatment with all formulations are shown in Figure 9D. The morphology of
HCT-116 cells became irregular and shrank after chemostimulation in the DOX-Ce6 NP- or HA-DOX-Ce6 NP-treated
groups. Additionally, the number of cell debris, apoptotic bodies, chromatin granulation, and marginalization signifi-
cantly increased in the HA-DOX-Ce6 NP (+PDT)-treated group.

Cell apoptosis due to the chemotherapy and PDT of the HA-DOX-Ce6 NPs was analyzed via Annexin-V-FITC/PI
staining. As shown in Figure 9E and F, the Ce6 solution (+PDT) group exhibited a lower rate of apoptosis, which was
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Figure 9 In vitro cytotoxicity of HA-DOX-Ce6é NPs was evaluated using HCT-116 cells by MTT assay. (A) Dark cytotoxicity and chemotherapy of DOX solution, Ceé
solution, DOX-Ce6é NPs, and HA-DOX-Ce6 NPs at the equivalent concentration. (B) Chemotherapy and PDT of DOX solution, Ce6 solution, DOX-Ce6 NP, and HA-DOX
-Ceb NP group after photostimulation by 670 nm laser. (C) ICso values of DOX solution, DOX-Ce6 NPs, and HA-DOX-Ce6 NPs treated cells or under PDT (670 nm)
treatment (**p < 0.01, vs HA-DOX-Ce6 NPs under PDT treatment group). (D) The morphology of the HCT-116 cells after DOX-Ce6 NP (+PDT) and HA-DOX-Ce6 NP
treatment or PDT treatment with 3.0 ug/mL of DOX. The red arrows indicate apoptotic cells. (E) Cell apoptosis in HCT-116 cells after treatment using various formulations

at the 3.0 pg/mL DOX concentration. (F) Quantification of cell apoptosis rate through flow cytometry with Annexin V-FITC/PI staining (**p < 0.01, versus HA-DOX-Ce6
NPs under PDT treatment group). Results are presented as mean *SD (n = 3). Scale bar = 200 pm.

less than 10%. Compared with that in the DOX-Ce6 NP group, the percentage of apoptotic cells in the DOX solution
group did not significantly differ, with values of 12.87 +0.13% and 13.93 +0.06%, respectively. Nevertheless, when the
DOX-Ce6 NPs were exposed to PDT irradiation, the percentage of apoptotic cells increased to 16.56 £0.24%. Similarly,
the HA-DOX-Ce6 NP group showed a significantly increased apoptosis rate in HCT-116 cells (38.57 +£0.21%) after HA-
DOX-Ce6 NP (+PDT) incubation compared with that in cells under chemotherapy alone, without PDT (23.57 £0.23%).
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These results suggest that the efficacy of the DOX-Ce6 NPs or HA-DOX-Ce6 NPs is enhanced by combining
chemotherapy and PDT. In contrast to the HA-DOX-Ce6 NP (+PDT) group, after DOX-Ce6 (+PDT) treatment, HCT-
116 cells exhibited considerably reduced apoptosis compared with that of cells under HA-DOX-Ce6 NP treatment and
PDT irradiation. This finding indicates that the antitumor effect was improved after functionalization with HA.
Furthermore, the constructed HA-DOX-Ce6 NPs exhibited sufficient antitumor effects when they reached the tumor
tissue.

Distribution of HA-DOX-Ce6 NPs in vivo

Because Ce6 exhibits intrinsic near-infrared fluorescence in vivo, we can detect the distribution of HA-DOX-Ce6 NPs in
tumor-bearing mice.*” Tumor-bearing mice were injected with Ce6 solution, DOX-Ce6 NPs, or HA-DOX-Ce6 NPs in the
tail vein. Then, the tumors and major organs were collected to observe their tumor-targeting ability and biodistribution.
As shown in Figure 10A, only faint fluorescence or almost invisible fluorescence was observed in the liver, heart, spleen,
kidneys, and lungs, suggesting that adverse effects on normal organs after intravenous injection can be ignored.
Compared with those in the Ce6 solution group, the tumors collected from the DOX-Ce6 NP or HA-DOX-Ce6 NP
group showed remarkable fluorescence. Furthermore, the HA-DOX-Ce6 NPs exhibited significantly improved fluores-
cence, suggesting increased tumor accumulation via the HA active-targeting and passive-targeting EPR effects.
Additionally, the greater accumulation of HA-DOX-Ce6 NPs in tumor tissues verified the accumulation of DOX and
Ce6, which improved the red fluorescence of DOX and the green fluorescence of Ceb6 relative to those of free DOX, Ce6,
and DOX-Ce6 NPs (Figure 10B).

Antitumor Effects of the HA-DOX-Ceb NPs in vivo

Finally, we evaluated the effects of HA-DOX-Ce6 NPs on HCT-116 tumor-bearing mice. The treatment regimen is
shown in Figure 10C. Tumor changes were monitored over 20 days. As shown in Figure 10D, the PBS, DOX solution,
and Ce6 solution (+PDT) groups exhibited rapid tumor growth with no significant difference in tumor growth curves.
A slight inhibition of tumor growth was observed in the DOX-Ce6 NP (+PDT)-treated group. However, the active-
targeting capacity provided by HA modification promoted the anticancer effect of the HA-DOX-Ce6 NPs. Notably, HA-
DOX-Ce6 NPs (+PDT) showed the maximum tumor inhibition among all the treatments (Figure 10E), indicating the
superiority of combined PDT and chemotherapy with active-targeting capacity. After the experiment, the tumor weights
were measured (Figure 10F-G). The tumors obtained from the HA-DOX-Ce6 NP (+PDT)-treated group were the smallest
in size and weight, which is consistent with the results of the in vitro cytotoxicity and in vivo tissue distribution assays.
The superior synergistic therapeutic effect of HA-DOX-Ce6 NPs (+PDT) was attributed to the advantages of nanosized
drugs and combination therapies, including extended in vivo retention time, a passive-targeting effect of EPR, and an
active-targeting effect of HA, leading to enhanced drug accumulation at the tumor site and simultaneous delivery of
drugs with different mechanisms of action to the tumor mass, multipronged assault and so on. The tumor inhibition ratio
was highest in the HA-DOX-Ce6 NP (+PDT) group, reaching 67.55 £5.04% (Figure 10H), demonstrating the most
potent antitumor effect. Compared with the PBS group, the DOX solution-treated group exhibited significant weight loss
starting from the ninth day, with a total growth inhibition of 34.52 +4.33%, whereas no marked difference was observed
in the other groups, suggesting that post-nanoparticle treatment effectively reduced DOX toxicity (Figure 10G, I).
Nevertheless, the occurrence of severe cardiotoxicity has prevented the widespread use of DOX in the clinic.’®! In
this study, the toxicity of chemotherapy was mitigated via a carrier-free self-assembled nanoparticle approach. H&E
staining of vital organs and tumor tissues was subsequently performed for histopathological examination. As shown in
Figure 10J, the DOX-treated group exhibited slight myocyte degeneration, including myofiber necrosis and myocarditis
in heart tissue, whereas no significant cardiac damage was observed in the organs of the other groups. However, the
pathological characteristics of the tumors in the HA-DOX-Ce6 NP (+PDT) group differed from those in the PBS group.
The initial growth of the tumor cells in the PBS, DOX, and Ce6 solution (+PDT) groups was maintained because of
insufficient inhibition of tumor growth. Conversely, the tumor cells in the HA-DOX-Ce6 NP, with or without PDT, and
DOX-Ce6 NP (+PDT) groups exhibited specific levels of apoptosis, with irregular shapes. Among the treatments, the
HA-DOX-Ce6 NP (+PDT) group resulted in the most substantial tumor damage, indicating optimal antitumor efficacy.
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Figure 10 (A) Fluorescence images showing HA-DOX-Ce6 NP distribution in extracted tumors and organs after injection for 24 h. (B) CLSM images for tumor masses. After DAPI nuclear staining (blue), DOX exhibits red
fluorescence, and Ce6 exhibits green fluorescence. Scale bar = 50 um. Anticancer effect of HA-DOX-Ce6 NPs in vivo. (C) Experimental design for evaluation of the chemotherapy and PDT on tumor growth. Each formulation was
injected into mice through the tail vein at the 5 mg/kg DOX concentration. Treatment parameters for PDT are 670 nm, 50 mW/cm?, for 10 mins. (D) Tumor growth curves were assessed by recording the changes in tumor volume
every day. (E) Representative photos of excised tumors of different groups. (F) Tumor weights of different groups after the experiment. (**p < 0.01, vs HA-DOX-Ce6 NPs in the PDT treatment group) (G) The changes of body weight in
tumor-bearing mice following HCT-116 cell injection. (H) TIR of tumor-bearing mice was calculated after the experiment. (I) The body weight decrease rate of tumor-bearing mice was evaluated at the end of the experiment. (J) H&E
staining data of the liver, heart, spleen, kidney, lung, and tumor in PBS, DOX solution, Ce6 solution (+PDT), DOX-Ce6é NP (+PDT), HA-DOX-Ce6 NP, and HA-DOX-Ce6 NP (+PDT) groups. Scale bar = 100 pym. (K) Apoptosis analysis
by TUNEL assay. The brown color indicates the apoptotic cells. Scale bar = 100 pm. (L) Percentage of apoptotic cells in tumor tissues with various treatments. (**p < 0.01, vs HA-DOX-Ce6 NPs in the PDT treatment group).
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TUNEL assay analysis of apoptosis in tumor tissues revealed significantly higher apoptosis rates in the NP-treated groups
than in the DOX solution- or Ce6 solution (+PDT)-treated groups. Furthermore, the HA-DOX-Ce6 combined with PDT
was the most effective apoptosis inducer, with the tumor cell apoptosis rate reaching 42.5 +1.2%, which was significantly
greater than that of the other groups (Figure 10K-L).

Discussion
Using nanotechnology to construct targeted nanodrug delivery systems can improve the solubility and delivery efficiency
of traditional drugs, extend the half-life of drugs, increase their bioavailability, reduce adverse reactions, and solve the
problem of drug resistance that arises in clinical treatment.>” However, the efficacy, safety, pharmacokinetics and other
drug-forming characteristics of novel nanodrug carriers still require in-depth and systematic studies. In addition, there are
still some bottlenecks in the future of large-scale production of nanocarriers, such as low nanocarrier capacity, complex
preparation of carrier materials, poor batch-to-batch controllability, high production costs, and potential systemic toxicity
and immunogenicity, which largely limit their clinical application.”®>* To achieve greater therapeutic efficacy, the
concept of carrier-free nanodrugs has been proposed. This strategy is based on the self-assembly of drug molecules to
form nanostructures with up to 100% drug loading capacity.”* Compared with traditional nanodrug delivery systems,
self-assembled carrier-free nanodrug delivery systems also have the following unique advantages: simple and flexible
preparation methods, high drug loading capacity and delivery efficiency, long half-life in blood circulation, and
avoidance of toxicity and immunogenic side effects associated with carriers. In recent years, carrier-free nanomedicines,
such as antitumour, antimicrobial, anti-inflammatory and antioxidant nanomedicines, have been widely used in biome-
dical fields.> Self-assembly is a technique in which basic structural units (molecules, nanomaterials, micromaterials,
etc.) spontaneously form an ordered structure. Currently, carrier-free nanomedicines are self-assembled mainly by weak
noncovalent bonding forces such as hydrogen bonding, n-n stacking, hydrophobicity, electrostatic interactions, and van
der Waals forces. In this study, HA-DOX-Ce6 nanoparticles were prepared via n-n stacking forces and electrostatic force-
driven self-assembly of DOX with Ce6 and HA, resulting in a high drug loading capacity and uniform particle size,
which is suitable for intravenous drug delivery.*®

Tumors are currently the main cause of death worldwide, and chemotherapy remains one of the most important means
of antitumor therapy.' DOX is a widely used anthracycline-based broad-spectrum antitumor drug in clinical practice, but
its therapeutic efficacy is limited by its serious side effects, including cumulative cardiotoxicity and dose-limiting
myelosuppression.”® Researchers have long worked to find ways to reduce the toxic side effects of DOX.
Combination therapy with two or more drugs has gradually become a new trend in the treatment of tumors. An
appropriate combination of drugs can use different mechanisms to regulate the signaling pathway, restore the sensitivity
of tumor cells to chemotherapeutic drugs, reverse the MDR of tumor cells, reduce the dosage of drugs while lowering the
toxicity and side effects of the drugs, and exert a better antitumor effect than single-drug treatment does.’’ PDT, as
a novel antitumour therapy, has become an effective treatment strategy for superficial and cavernous tumors because of
its high target specificity, low invasiveness, low systemic toxicity and repeatability.>® In recent years, the combination of
chemotherapy and photodynamic therapy for malignant tumors has been gradually applied in clinical practice and has
achieved improved therapeutic effects. On the one hand, photodynamic therapy can assist chemotherapy in enhancing
target specificity and enhancing drug enrichment in the tumor area by changing vascular permeability; on the other hand,
chemotherapy can assist photodynamic therapy in removing residual tumor cells and inhibiting the regeneration of
damaged blood vessels.”® ®® The combination of these two therapies can enhance antitumor efficacy, reduce systemic
toxic side effects, and may also overcome multidrug resistance (MDR) in tumor cells.®' In this study, we found that,
compared with the DOX solution group, both the DOX-Ce6 nanoparticles and HA-modified nanoparticles were able to
show low toxicity to organs after intravenous injection, especially significantly reducing the toxicity to the heart, which
was due to the protective effect of the nanoparticles, which was achieved by avoiding direct contact between the drug and
the organ. On the other hand, passive/active targeting of the nanoparticles reduced the drug enrichment in the heart,
ultimately demonstrating a favorable biosafety profile. The targeting effect of HA and the fact that PDT enhances the
permeability of the tumor vasculature both increase the uptake of nanoparticles by tumor cells,*> demonstrating enhanced
antitumor effects. Chemo-photodynamic combination therapy is not a simple superposition of the two modalities. Under
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the combined effect, biological processes such as tumor vascular effects and immune activation respond to the action of
drugs and play important roles in combating the development of tumors. Based on the above advantages, chemo-
photodynamic combination therapy is also used in clinical practice, especially for advanced patients who cannot tolerate
surgery or who do not want to undergo surgery. Chemo-photodynamic combination therapy can strengthen the local
tumor eradication effect, which can significantly improve the quality of survival and prolong the survival period of

middle- and late-stage cancer patients.®>-**

Conclusion

In this study, DOX, Ce6, and HA were successfully prepared via electrostatic interactions, n—n stacking, and hydrophobic
interactions to obtain HA-DOX-Ce6 NPs without the use of a biocarrier material. HA-DOX-Ce6 NPs with a small size,
regular spherical shape, and good stability exhibited efficient ROS production. HA-DOX-Ce6 NPs exhibited improved
cytotoxicity against CD44-overexpressing HCT-116 cells and the most potent cytotoxicity after combining chemotherapy
and PDT. Cellular uptake studies reported that HA-DOXCe6 NPs improved cellular uptake via CD44-mediated
endocytosis, increasing the drug concentration in the target area. In vivo studies revealed improved tumor targeting,
antitumor activity, and few side effects of HA-DOX-Ce6 NPs (+PDT) compared with those of the DOX solution, Ce6
solution (+PDT), and DOX-Ce6 NP (+PDT) formulations. In conclusion, HA-DOX-Ce6 NPs can synergize with the
combined targeted therapeutic effects of chemotherapy and PDT.
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