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Abstract: Carbon nanotubes (CNTs) have shown great potential in both photothermal therapy
and drug delivery. In this study, a CNT derivative, hyaluronic acid-derivatized CNTs (HA-CNTs)
with high aqueous solubility, neutral pH, and tumor-targeting activity, were synthesized and
characterized, and then a new photodynamic therapy agent, hematoporphyrin monomethyl ether
(HMME), was adsorbed onto the functionalized CNTs to develop HMME-HA-CNTs. Tumor
growth inhibition was investigated both in vivo and in vitro by a combination of photothermal
therapy and photodynamic therapy using HMME-HA-CNTs. The ability of HMME-HA-CNT
nanoparticles to combine local specific photodynamic therapy with external near-infrared pho-
tothermal therapy significantly improved the therapeutic efficacy of cancer treatment. Compared
with photodynamic therapy or photothermal therapy alone, the combined treatment demonstrated
a synergistic effect, resulting in higher therapeutic efficacy without obvious toxic effects to normal
organs. Overall, it was demonstrated that HMME-HA-CNTs could be successfully applied to
photodynamic therapy and photothermal therapy simultaneously in future tumor therapy.
Keywords: photodynamic therapy, photothermal therapy, HA-derivatized carbon nanotubes,
tumor targeting, synergistic effect, hematoporphyrin monomethyl ether

Introduction

Carbon nanotubes (CNTs) are promising materials due to their unique structures and
outstanding physical and chemical properties,' thus offering an extensive application
in many disciplines, such as engineering, biology, chemistry, physics, and medicine.
Concerning drug delivery, therapeutic components for drugs,>* peptides,* proteins,
genes,’ and small interfering RNA (siRNA)® were loaded on CNTs via interactions like
porous absorbance, functional attachment and encapsulation®. However, the insolubility
in most solvents and high cytotoxic of pristine CNTs’ limited their potential utility in
biomedicine. It has been an active and significant direction of research to functionalize
CNTs to improve their water-solubility, which can be achieved by functionalization
with carboxyl group,’ phospholipids,® and polyethylene glycol.>* CNTs have shown
great potential in cancer treatments because of their controlled and targeted drug
delivery, which can simultaneously lead to higher therapeutic efficiency and minimize
side effects.!® Besides, CNTs have high optical absorbance in the near-infrared (NIR)
region, where biological systems have low absorption and high transparency,'' resulting
in heating of CNTs,"? thus offering a possibility for cancer photothermal therapy.'®
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Hyaluronic acid (HA) is a naturally occurring linear
polysaccharide with negative charge, which exists widely
in extracellular matrix and is primarily cleared by the lym-
phatic system.'* HA has a series of excellent properties,
such as biocompatible, biodegradable, and nonimmunogenic
characteristics.!>!® The expression of receptors for HA
was reported to have a close relation with the occasion of
tumors.!” Many tumor cells show upregulated expression of
receptors for HA, resulting in HA having a high affinity for
tumors.'® Normal cells also express CD44, but the recep-
tors of normal cells remain in a condition of inactivity and
silence, thus offering HA good selectivity of tumor cells.
HA-based tumor-targeted drug delivery has been an emerg-
ing and fast-growing field. It has been demonstrated that HA
nanoparticles showed rapid uptake into tumor cells and can
enter tumor cells through receptor-mediated endocytosis,
based on the interactions between the HA of nanoparticles
and CD44 of tumor cells.? In this study, HA was linked to
CNTs in order to obtain a water-soluble and tumor-targeting
drug carrier — HA-CNTs.

Photodynamic therapy (PDT) has been under investiga-
tion as a treatment for cancer and some other nonmalignant
diseases.?! It is a promising modality for the management
of various tumors and nonmalignant diseases, based on the
application of a photosensitizer that is selectively localized
in the target tissue, activated by a specific wavelength of
light and resulting in photodamage and subsequent cell
death. Hematoporphyrin monomethyl ether (HMME) is a
new-generation porphyrin-related photosensitizer, with lower
toxicity and shorter-term skin photosensitization than the old
generations of PDT drugs.?>? However, the poor hydrophilic-
ity of HMME, lack of tumor targeting, and the absorption of
light leading to agglomeration in water has limited its clinical
use. It has been reported that micro/nanoparticle sizes within
a400-600 nm interval of polylactic acid loaded with HMME
can improve the hydrophilicity of HMME, which is prepared
by oil-in-water (O/W) solvent evaporation, and achieved
good antitumor effects.?* In this work, HMME was used as
a model drug, and was loaded onto HA-CNTs to obtain a
HMME-HA-CNT drug-delivery system for the purpose of
overcoming the aforementioned limits of HMME.

In this study, a CNT derivative, HA-HA-CNTs, with
high aqueous solubility, neutral pH, and tumor-targeting
activity, was synthesized, characterized, and explored for
applications in drug delivery and photothermal therapy. It
was found that the PDT agent HMME was adsorbed on the
functionalized CNTs by m—m stacking interaction via non-
covalent bond action and achieved high loading efficiency

on HA-CNTs. Herein, a tumor-targeting delivery system
(HMME-HA-CNTs) was developed and characterized by
transmission electron microscopy (TEM), scanning electron
microscopy (SEM), and dynamic laser scattering. Moreover,
photothermal therapy of CNTs in the NIR region (808 nm)
and PDT of HMME in the visible light region (532 nm) were
simultaneously carried out to strengthen the antitumor effects.
The synergistic therapeutic efficiency of PDT and photother-
mal therapy was examined using HA receptor-positive cells
(B16F10 mice melanoma cells) in vitro and tumor-bearing
mice models (mice melanoma) in vivo.

Materials and methods

Materials

Single-walled CNTs (purity >90%) were purchased from
Shenzhen Nanotech Port (Shenzhen, People’s Republic of
China). HMME (purity >98%) was obtained from Beijing
Yi-He Biotech (Beijing, People’s Republic of China). HA
(purity >98%, molecular weight 14,000-20,000), ethylene-
diamine (H,NCH,CH,NH,), formamide, dicyclohexylcarbo-
diimide, N-(3-dimethylamino propyl-N’-ethylcarbodiimide)
hydrochloride (EDC-HCI), sodium dodecyl sulfate (SDS),
fluorescein isothiocyanate (FITC), Hoechst 33258, and
dimethyl sulfoxide were obtained from Sigma-Aldrich
(St Louis, MO, USA). Sulforhodamine B (SRB), Dulbecco’s
Modified Eagle’s Medium (DMEM), penicillin, streptomycin,
fetal bovine serum, and heparin sodium were bought from
Life Technologies (Carlsbad, CA, USA). Quantum dots
(CdSe/ZnS Qds) were supplied by Wuhan Jiayuan Quantum
Dots (Wuhan, People’s Republic of China). Other reagents
were acquired from China National Medicine Corporation
(Beijing, People’s Republic of China). The dialysis bags
(molecular weight cutoff = 10,000) were from Spectrum
Laboratories (Rancho Dominguez, CA, USA).

Synthesis of HA-CNTs

The CNTs were oxidized by use of nitric acid and using
mixture acid, as reported in the literature.?> Then, COOH-
CNTs (100 mg) and dicyclohexylcarbodiimide (500 mg)
were sonicated in ethylenediamine (H,NCH,CH,NH,,
100 mL), stirred, and refluxed at 120°C under protection
of argon gas for 48 hours. The amine-functionalized CNTs
(NH,-CNTs) were obtained by filtering and washing in
ethanol ten times and deionized water several times. The
resulting solid products were dried in vacuum at 60°C for
24 hours. Finally, these products (100 mg), HA (210 mg),
and EDC - HCI (75 mg) were added to formamide (100 mL),
then stirred at room temperature in the dark for 48 hours,
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and finally dialyzed by a membrane (molecular weight
cutoff= 10, 000, Spectrum Laboratories) for 3 days to remove
free HA and EDC. The resulting product (HA-CNTs) was
dried in vacuum at 60°C for 24 hours.

HMME adsorption on HA-CNTs

HA-CNTs (50 mg) were added to an ethanol-water mixture
(ethanol: water = 1:1, 50 mL) containing HMME (150 mg)
and sonicated at room temperature for 2 hours. After
evaporation to remove ethanol and water, the product was
dispersed in water (20 mL) and sonicated using an ultrasonic
cell-disruption system (400 W, ten times), and then the
nanosuspension was centrifuged to remove free HMME. The
entire process was carried out in the dark, and the resulting
HMME-HA-CNT nanosuspension was stored at 4°C in the
dark until use.

Characterization

Dynamic laser scattering (Zetasizer Nano ZS-90; Malvern
Instruments, Malvern, UK), TEM (Tecnai G* 20; FEI,
Hillsboro, OR, USA) and SEM (JSM6330F; Zeiss, Jena,
Germany) were used to characterize particle size, zeta
potential, and morphological aspects of the HMME-HA-CNTs,
respectively. The optical properties of HA-CNTs and HMME-
HA-CNTs were characterized using an ultraviolet (UV)-visible
spectrometer (Lambda35; PerkinElmer, Waltham, MA, USA).
Fourier-transform infrared (FT-IR) spectra were recorded on a
Nicolet iS10 spectrometer (Thermo Fisher Scientific, Waltham,
MA, USA). The relative amount of HA linked to CNTs was
tested using a thermal gravimetric analysis (TGA; PerkinElmer)
with experimental conditions of scanning from 25°C to 800°C
under nitrogen at a heating rate of 20°C/minute.

Determination of HMME loading

and release

The HMME-HA-CNT nanosuspension was diluted with
anhydrous ethanol and sonicated to ensure that HMME
was dissolved completely, then centrifuged to separate
HA-CNTs and HMME to determine the amount of HMME
loaded onto HA-CNTs. The concentrations of HMME were
determined by high-performance liquid chromatography
(1100; Agilent Technologies, Santa Clara, CA, USA) with the
following conditions: an Eclipse XDB-C18 column (Agilent,
150 X 4.6 mm, 5.0 um); mobile-phase sodium acetate solution
(0.02 mol/L):tetrahydrofuran 60:40; column temperature
40°C; fluorescence detector with the excitation and
emission wavelengths set at 395 and 613 nm, respectively;
flow rate 1.0 mL/minute; and injection volume 20 uL.*

The quantity of CNTs was determined at 808 nm by
UV-visible spectrometer.?

For the release study, HMME-HA-CNTs and HMME
samples, which had the same HMME concentration, were
placed into dialysis bags, which were dialyzed in 50 mL SDS,
0.5%. The release assay was performed at 37.0°C £ 0.5°C with
a stirring speed of 100 revolutions per minute; 0.2 mL solution
was drawn from the dialysis bags at various time points, being
replaced by the same volume of fresh SDS. The concentration
of HMME released from HA-CNTs into SDS solution was
quantified using high-performance liquid chromatography
under the aforementioned chromatographic conditions.

Laser irradiation and temperature-

measurement study

For PDT, the visible light source used was a 532 nm laser
emitter, and its light intensity at the treatment site was
100 mW/cm?. For photothermal therapy, the NIR light source
used was a 808 nm laser emitter, and its light intensity at the
treatment site was 1.4 W/cm?. HMME-HA-CNT suspensions
in water (0.5 mL) at different concentrations were illuminated
with an 808 nm continuous-wave NIR laser with a power
density of 1.4 W/cm? and a spot size of 6 X 8 mm (exposure
time, 10 minutes). The temperature was measured by a ther-
mometer (HT-8878; Zhengzhou Jinyangguang Instrument,
Zhengzhou, People’s Republic of China).

Cell-culture and viability measurements
The B16F10 mice melanoma cell line was obtained from
Chinese Academy of Sciences Cell Bank (TCM36). Cells
were cultured in normal DMEM with 10% fetal bovine serum
and 1% penicillin/streptomycin in 5% CO, and 95% air at
37°C in a humidified incubator.

For cell-viability measurements, B16F10 cells were
plated in 96-well plates and then incubated for 24 hours.
After incubation of B16F10 cells with various concentra-
tions of free HMME, HA-CNTs, and HMME-HA-CNTSs
for 24 hours, the cells were or were not irradiated with
532 nm laser and 808 nm laser with power densities of
100 mW/cm? and 1.4 W/cm? for 0.5 and 1 minute. The cells
were also treated with different concentrations of HA-CNTs
for 24 hours to investigate the cytotoxicity of the blank
delivery system alone. Standard SRB assay was carried out
to determine cell viabilities.

Cellular uptake
FITC in dimethyl sulfoxide (1 mg/mL, 0.1 mL) was added
to the HMME-HA-CNT nanosuspension (5 mL) and
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sonicated with the ultrasonic cell-disruption system to obtain
FITC-HMME-HA-CNTs. Excess FITC was removed by a
Sephadex G-25 column (Sigma-Aldrich). BI6F10 cells were
seeded at 5 x 10* cells per well on glass coverslips in 24-well
plates. When cells reached 70% confluence, they were
treated with FITC and FITC-HMME-HA-CNTs (HA-CNT
concentration: 2.5-5 pg/mL) for 30 minutes, and 1, 2, and
4 hours, respectively. At indicated time points, cell medium
was removed and cells were washed with phosphate-buffered
saline (PBS), then trypsinized and resuspended in fresh
DMEM. After adjusting cell density to 1 x 10° cells/mL, the
samples were analyzed by flow cytometry (Epics XL-MCL;
Beckman Coulter, Brea, CA, USA).

Cell-apoptosis assay

Apoptosis was monitored by a Hoechst 33258 assay (Sigma-
Aldrich). BI6F10 cells were treated with HMME, HA-CNTs,
and HMME-HA-CNTs for 24 hours (HMME dose, 10 pg/mL;
HA-CNT dose, 4.35 ug/mL), and the laser irradiation was
performed under the aforementioned irradiating conditions,
then the cells were fixed with methanol at —20°C for
10 minutes and stained with Hoechst 33258 (10 pug/mL in
distilled water for 5 minutes) to visualize DNA chromatin.
After being washed and air-dried, these samples were
observed under UV excitation and the number of apoptotic
cells counted using fluorescence microscopy (Zeiss).

Xenograft tumor mouse model

All animal experiments were performed under a protocol
approved by the Henan Laboratory Animal Center. Mouse
melanoma tumor models were generated by subcutaneous
injection of 1 x 10° BI6F10 cells in 0.1 mL saline into
the right shoulder of female C57 mice (18-22 g, Henan
Laboratory Animal Center). The mice were used when the
tumor volume reached 60—-100 mm® (~4 days after tumor
inoculation).

In vivo antitumor effect

The tumor-bearing mice were divided into five groups (five
mice per group), minimizing differences in weights and tumor
sizes in each group. The mice were administered with: (1) saline
(0.1 mL); (2) HA-CNTs, 808 nm laser (2.17 mg/kg, 0.1 mL);
(3) HMME, 532 nm laser (5 mg/kg, 0.1 mL); (4) HMME-HA-
CNTs, 532 nm laser (HMME dose, 5 mg/kg; HA-CNT dose,
2.17 mg/kg, 0.1 mL); and (5) HMME-HA-CNTs, 532/808 nm
laser (HMME dose, 5 mg/kg; HA-CNT dose, 2.17 mg/kg,
0.1 mL) intravenously through tail veins every 2 days, and
then the tumor regions of the laser-irradiation group were

irradiated with 532 nm laser (100 mW/cm?, 5 minutes) and
808 nm laser (1.4 W/cm?, 1 minute) at 3 hours postinjection.
The mice were observed daily for clinical symptoms, and the
tumor sizes were measured by a caliper every other day and
calculated as volume = (tumor length) x (tumor width)?*/2.
After treatment for 8 days, the mice were killed to collect
heart, liver, spleen, lung, kidney, and tumor, and the collected
tissues were soaked in 10% formalin solution, embedded
with paraffin for hematoxylin and eosin (H&E) staining.
Morphological changes were observed under microscope
(Zeiss LSM 510).

Statistical analysis

Quantitative data are expressed as means + standard devia-
tion and analyzed by use of Student’s #-test. P < 0.05 was
considered statistically significant.

Results and discussion
Synthesis and characterization
of HA-CNTs

To improve the solubility and biocompatibility of CNTs,
HA-derivatization was performed via a condensation of
carboxyl of HA and the NH, group of NH_-CNTs, and the
strategy to prepare NH,-CNTs involved carboxylation of
CNTs, resulting in COOH-CNTs,” and then a conjugation
of ethylenediamine by the reaction between the NH, groups
of ethylenediamine and COOH groups of COOH-CNTs,*
as depicted in Figure 1. FT-IR results showed two bands,
at 2920 cm™! and 1540 cm™! corresponding to CNT core
(Figure 2A).2 COOH-CNTs were confirmed by the strong
C=0 (1710 cm™) vibrations of COOH due to CNT molecules
(Figure 2A).>>* Compared with COOH-CNTs, NH,-CNTs
showed disappearance of strong C=0 (1710 cm™), and new
peaks of N—H (1630 cm™, 668 cm™) vibrations and C—N
(1140 cm™) vibrations indicated the attachment of NH, to
CNTs (Figure 2A). HA grafting to CNTs was confirmed by
the new peaks of C—O—C (1046 cm™', 1078 cm™, 946 cm™,
and 1150 cm™) of HA (Figure 2A).3%3!

The relative amount of HA grafted onto the surface of
CNTs was tested by TGA. CNTs were thermally stable until
700°C (Figure 2B), while pure HA degraded to a constant
(15.1%) at about 600°C (Figure 2B). At 600°C, NH,-CNTs
and HA-CNTs showed about 9.4% and 65.3% weight losses,
respectively, thus the relative amount of HA grafted onto
CNTs was 40.8%.

HA-CNTSs were stable in water, cell-culture medium,
and plasma of mice over multiple weeks without significant
aggregation, but CNTs, COOH-CNTs, and NH,-CNTs
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Figure | Scheme of preparation of hematoporphyrin monomethyl ether hyaluronic acid-derivatized carbon nanotubes (HMME-HA-CNTs).
Abbreviations: CNT, carbon nanotubes; HMME, hematoporphyrin monomethyl ether.

were not soluble in water (Figure 2C), showing HA was
successfully linked to CNTs.

Preparation and characterization
of HMME-HA-CNTs

Our and others’ studies have shown that aromatic molecules
including many chemotherapy drugs may be loaded onto
the surface of sp? carbon nanomaterials such as CNTs and
graphene by n—r stacking.'*33? In this work, HMME, a new
photodynamic anticancer drug, was loaded onto HA-CNTs
via the same method. HMME loading onto HA-CNTs was
confirmed by a strong absorption peak at around 395 nm
over the HA-CNT background (Figure 3A). As expected,
a significant HMME absorption in the HMME-HA-CNTs

sample was observed, likely due to the close binding between
HMME molecules and the CNT surface. HMME-HA-CNTs
were stable in water, PBS, cell-culture medium, and plasma
of mice over multiple weeks without significant aggrega-
tion (Figure 3C). To determine the adsorption equilibrium
level of HMME loaded onto HA-CNTs, different feed
ratios of HMME-HA-CNTs were performed, indicating that
HMME loading efficiency increased from 19.8% to 240.3%
(weight ratio of HMME:HA-CNTs) with the increased
amount of HMME (Figure 3B). HMME loading of ~230%
(HMME:HA-CNTs weight ratio of 3:1) was chosen for the
following experiments. The amount of HMME loaded onto
HA-CNTs was calculated to be 230.4 wt%. Such a value
of loading was far beyond the other CNT derivatives,!33334
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Figure 2 (A—C) Characterization of hyaluronic acid-derivatized carbon nanotubes (HA-CNTs). (A) Fourier transform infrared spectra of pristine CNTs (a), COOH-CNTs (b),
NH,-CNTs (c), and HA-CNTs (d); (B) thermal gravimetric analysis curves of pristine CNTs (a), NH,-CNTs (b), HA-CNTs (c), and HA (d); (C) CNTs (a), COOH-CNTs (b),
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Figure 3 (A-D) Characterization of hematoporphyrin monomethyl ether hyaluronic acid-derivatized carbon nanotubes (HMME-HA-CNTs). (A) Ultraviolet spectra of
HA-CNTs (1) and HMME-HA-CNTSs (2) in water; (B) HMME loading at different feeding amounts of HMME; (C) photos of HMME-HA-CNTs in water (), phosphate-
buffered saline (2), plasma of mice (3) and cell culture (4) for 2 weeks; (D) Release profiles of HMME from HMME solution (1) and HMME-HA-CNTs (2).

which were always below 100 wt%, indicating HA-CNTs
were a promising material for drug delivery.

To investigate the release kinetics of active drug from the
nanoparticle drug system, we incubated the nanostructures in
SDS solution (0.5%). As seen in Figure 3D, HMME release
from HA-CNTs was sustained over 120 hours. In contrast, the
release of the HMME group was very fast in SDS, suggesting
that interaction between HA-CNTs and HMME plays a criti-
cal role in the release of drug due to a m—m stacking between
the surface of HA-CNTs and HMME molecules.?>*

The TEM and SEM images of HMME-HA-CNTs are
shown in Figure 4A, and the zeta potential of HMME-CNTs
was —27.59 mV (Figure 4D). The size and zeta potential
of HMME-HA-CNTs were consistent with HA-CNTs,
showing that HMME conjugation did not change the size
or zeta potential of the drug-delivery system. From a phar-
macokinetic standpoint, nanoparticles less than 5 nm have
been reported to be cleared by the kidney,*” while larger
nanoparticles have been reported to home preferentially
into tumors through leaky tumor neovasculature as a result
of the enhanced-permeability-and-retention (EPR) effect.’
The size of HMME-HA-CNTs opened up the possibility

of targeting tumors without being cleared rapidly by the
kidney.

Increased temperature under NIR
irradiation

During NIR irradiation, the temperature of HMME-HA-CNT
samples obviously increased from approximately 32° to 68°C
(Figure 5) as a result of the heat conversion of the NIR-
absorbing HA-CNTs, while the sample with PBS displayed
no obvious temperature change, revealing that HMME-HA-
CNTs were an effective photothermal agent in cancer therapy.
In addition, another control using 532 and 808 nm laser
combined with a high concentration of HMME-HA-CNTs
was studied, and the result showed no significant difference
between HMME-HA-CNTs 808 nm laser and HMME-HA-
CNTs 532/808 nm laser, indicating HMME-HA-CNTs could
not generate heat under a 532 nm laser.

Enhanced cell uptake of HMME

by BI6FI10 cells

To explore the difference in uptake of drug by B16F10 cells,
we labeled the HMME-HA-CNT nanoparticles with FITC,
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Figure 4 (A-D) Characterization of hematoporphyrin monomethyl ether hyaluronic acid-derivatized carbon nanotubes (HMME-HA-CNTs). (A and B) Transmission
electron microscopy images of HMME-HA-CNTs; (C) scanning electron microscopy image of HMME-HA-CNTs; (D) zeta potential of HMME-HA-CNTs.

and tracked their internalization into the cells through
colocalization of the FITC signal (green fluorescence),
and then detected the changes in the FITC signal using
flow cytometry (Epics XL-MCL). As shown in Figure 6,
when the cells were treated with FITC alone, there was no
change in the FITC signal in the cells, while the signals
in FITC-HMME-HA-CNT-treated cells were obviously
increased. This finding suggested that HA-CNTs could act

Temperature (°C)

Time (min)

Figure 5 Temperature evolution of high (a), middle (b), and low (c) concentrations
of hematoporphyrin monomethyl ether hyaluronic acid-derivatized carbon
nanotubes (HMME-HA-CNTs) (HA-CNTs approximately 8.7, 6.5, and 4.3 pg/mL;
HMME approximately 20, 15, and 10 pg/mL) and phosphate-buffered saline (d),
during continuous radiation by 808 nm laser at 1.4 W/cm?2.

as a transmembrane delivery carrier to promote the cellular
uptake and increase drug intracellular accumulation. CD44
has received attention as the target receptor for cancer
therapy, since it plays pivotal roles in cancer stem-like cells
and resistance to chemotherapy or radiotherapy,’** and the
HA receptor CD44 was overexpressed on B16F10 tumor
cells,*** which made the designed drug-delivery system
target B16F10 cells. The conjunction of HA to CNTs gave
the HMME-CNT drug-delivery system a better susceptibility
than HMME to B16F10 cells.

Inhibition efficiency on B16F10 cells

The cytotoxicity study of HA-CNTs on B16F10 cells was
carried out at different concentrations of HA-CNTs. As shown
in Figure 7A, cell viability remained above 90% even at
concentrations up to 100 wg/mL. This result indicated that
HA-CNTs were noncytotoxic to BI6F10 cells after 24 hours’
incubation. To evaluate the in vitro cytotoxicity of the free
HMME, HA-CNTs, and HMME-HA-CNTs under irradia-
tion by 532 nm visible light and NIR light, the viability of
cells was determined by SRB assay. BI6F10 cells were
incubated with different concentrations of free HMME,
HA-CNTs, and HMME-HA-CNTs for 24 hours. The cells
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(HMME-HA-CNTs)/FITC.

treated with 808 nm, and 532 nm laser as a control group
was also determined, and we found the cells treated with
the combined laser showed very little inhibition, indicating
that the irradiating conditions that we used had no effect on
cells. The HMME-HA-CNT group had an equivalent HA-
CNT dosage to the HA-CNT group and an equal content of
HMME to the HMME group. Both the HMME group and
the HMME-HA-CNT group were irradiated by 532 nm laser
(100 mW/cm?, 0.5 minute), and both the HA-CNT group and

Cell viability (%) >

HMME-HA-CNT group were irradiated by 808 nm NIR laser
(1.4 W/em?, 1 minute).

As seen in Figure 7B, dose-dependent cytotoxicity of all
groups was shown. According to the result, we can clearly
see that HMME exhibited a relatively small cytotoxicity to
B16F10 cells, while the HMME with 532 nm laser group
greatly enhanced cytotoxicity, indicating HMME is a promis-
ing photodynamic agent for cancer therapy.”*** An advantage
of PDT is that it can be positioned in treatments,*** so in the
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0.1 1 3.125

6.25
Concentrations of HMME (ug/mL)

12.5

100 -
80 -
60 -
40 -
20 -
0
0.1 1 10 100

EHMME

BHMME/532 nm laser
BHA-CNTs/808 nm laser

B HMME-HA-CNTs/532 nm laser

B HMME-HA-CNTs/532 nm/808 nm laser
®HMME/808 nm laser

25

Figure 7 (A) Cell viability of BI6F10 cells with different concentrations of hyaluronic acid-derivatized carbon nanotubes (HA-CNTs). (B) Relative cell viability of BI6F10 cells
for 24 hours after treatment with free hematoporphyrin monomethyl ether (HMME), HA-CNTs, and HMME-HA-CNTs under 100 mW/cm? of 532 nm laser and |.4 W/cm?

of near-infrared 808 nm irradiation at different concentrations.
Note: Data are presented as means + standard deviation (n = 6).
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in vivo antitumor study, we just irradiated the tumor site, and
that reduced the side effects on normal tissues and organs.
The result also showed HMME-HA-CNTs with 532 nm laser
had a stronger inhibition than HMME with 532 nm laser,
suggesting HA-CNTs could carry more HMME into cells. At
an HMME concentration of 0.1 pug/mL, the inhibition rate of
HMME-HA-CNTs with 532 nm laser was 26.1%, indicating
higher cytotoxicity than HA-CNTs with 808 nm laser (1.2%)
and HMME-HA-CNTs with 532/808 nm laser (24.1%). The
lower cell-killing ability could be attributed to insufficient
HA-CNTs to produce enough heat to kill cells for the HA-
CNTs with 808 nm laser group and the HMME-HA-CNTs
with 532/808 nm laser group. At an HMME concentration
of 12.5 pug/mL, the inhibition rate of the HMME-HA-CNTs
with 532/808 nm laser significantly increased to 76.8%, while
HMME-HA-CNTs with 532 nm laser and HA-CNTs with
808 nm laser were 63.4% and 41.4% respectively, indicating
an enhanced cell-killing effect. Furukawa et al* reported that
a sudden change of temperature from 37°C to 45°C induced
a transient increase in permeability of the cell membrane,
and this could lead to more drug molecules entering cells.
When the HMME-HA-CNTs were exposed to the NIR laser,
the CNTs were stimulated and heated to lead the temperature
rise, and this could induce an increase in permeability of the
B16F10 cell membranes, and lead to more HMME entering
the cells, thus a synergistic therapeutic effect of PDT and
photothermal therapy was observed.

B16FI10 cell apoptosis

To test whether HMME-HA-CNTs with 532/808 nm laser
induce apoptosis, B16F10 cells with the treatment were stained
with Hoechst 33258, and morphological changes were found
in B16F10 cells incubated with HMME-HA-CNTs with
532/808 nm laser (HMME dose, 10 pg/mL; HA-CNT dose,
4.35 ug/mL; 532 nm laser, 100 mW/cm? for 0.5 minute; 808 nm
laser, 1.4 W/cm? for 1 minute) for 24 hours. And a significant
difference (P < 0.05) for B16F10 cell apoptosis was found
between HMME-HA-CNTs with 532/808 nm laser (73.4%)
and the HMME with 532 nm laser group (56.8%) (Figure 8).

Inhibition of tumor growth in vivo

To investigate in vivo therapeutic efficacy of HMME-HA-
CNTs with 532/808 nm laser, we conducted comparative
efficacy studies. The B16F10 tumor-bearing mice were
divided into five groups and were treated with the protocols,
as summarized in the Materials and methods section. The
changes in relative tumor volume as a function of time are
plotted in Figure 9A. Compared with the saline group, in

'

Figure 8 (A-F) Fluorescence photomicrographs of BI6FI0 cells stained with
Hoechst 33258. (A) Untreated cells; (B) hematoporphyrin monomethyl ether
(HMME) alone (10 pg/mL); (C) HMME, 532 nm laser (10 ug/mL); (D) hyaluronic acid-
derivatized carbon nanotubes (HA-CNTs), 808 nm laser (4.35 ug/mL); (E) HMME-
HA-CNTs, 532 nm laser (HMME dose, 10 pug/mL; HA-CNT dose, 4.35 pg/mL); and
(F) HMME-HA-CNTs, 532/808 nm laser (HMME dose, 10 pg/mL; HA-CNTs dose,
4.35 pg/mlL).

mice treated with HA-CNTs and 1.4 W/cm? NIR laser for
1 minute, the tumor volume was reduced, leaving black scars
on the original tumor sites. Because of the EPR effect**4’
and the active tumor-targeting property of HA-CNTs,*4
the HMME-HA-CNTs with 532 nm laser group could carry
more HMME to the tumor site than the HMME with 532 nm
laser group, so mice treated only with HMME with 532 nm
laser for 5 minutes experienced a more rapid growth of
tumor volume than those receiving HMME-HA-CNTs with
532 nm laser for 5 minutes. The growth of tumor tissue
was successfully suppressed by HMME-HA-CNTs with
532/808 nm laser. The final mean relative tumor volume of
mice treated with HMME-HA-CNTs with 532/808 nm laser
was 1.69, which is only 15% of the saline-treated control
group (11.27). This high therapeutic efficacy originates from
the high HMME accumulation and heat from CNTs by NIR
irradiation in tumor tissue. Tumors of mice in HMME-HA-
CNTs with 532/808 nm laser showed slow growth after
treatment. Overall, these results not only demonstrated that
HMME-HA-CNTs are highly useful for PDT of tumors but
also revealed that HMME-HA-CNTs were powerful agents
for combination PDT with photothermal therapy of cancer
in vivo. Given that high toxicity usually leads to weight loss,
we also measured the body weight of the mice for all groups
during the treatments, and no weight loss was observed
(Figure 9B), implying that the toxicity of treatments was
not severe. Tumor-bearing mice treated with 532 nm laser
or 808 nm laser are shown in Figure 10.

Therapeutic efficacy and toxicity were also evaluated by
histological tissue images through H&E staining. The H&E-
stained tumor tissue in the saline group showed vigorous
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Figure 9 (A) Tumor-growth curves of different groups after treatment. The tumor volumes were normalized to their initial sizes. (B) Mean body weights of mice in different

groups after treatment.
Note: Data are presented as means * standard deviation (n = 5).

Abbreviation: HMME-HA-CNTs, hematoporphyrin monomethyl ether hyaluronic acid-derivatized carbon nanotubes.

growth, a tight arrangement, a large body, and intact shape,
while cell necrosis, lysis, and fragmentation occurred to a
certain extent in the HA-CNTs with 808 nm laser, HMME-
HA-CNTs with 532 nm laser, HMME-HA-CNTs with
532/808 nm laser, and HMME with 532 nm laser groups
(Figure 11). A large amount of cell death in tumor tissue
was observed in mice treated with HMME-HA-CNTs with

532/808 nm laser (Figure 11). However, cell death was
relatively rare in the mice treated with saline, HA-CNTs
with 808 nm laser, and HMME with 532 nm laser groups.
No significant difference was found between control group
and the treatment groups in the normal tissues.

As previously reported,”*! combination chemotherapy with
photothermal therapy based on nanoparticles demonstrated a

Figure 10 Tumor-bearing mice treated with (A) 808 nm near-infrared laser and (B) 532 nm laser. (C) Photo of tumors taken out of the saline group (1), the hyaluronic
acid-derivatized carbon nanotubes (HA-CNTs; 808 nm) laser group (2), the hematoporphyrin monomethyl ether (HMME; 532 nm) laser group (3), the HMME-HA-CNT
(532 nm) laser group (4), and the HMME-HA-CNT (532/808 nm) laser group after treatment for 8 days (5).
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Figure |1 (A-E) Histological assessments of major organs and tumor tissues with hematoxylin and eosin staining in mice (200x). (A) Saline; (B) hyaluronic acid-derivatized
carbon nanotubes (HA-CNTs), 808 nm laser; (C) hematoporphyrin monomethyl ether, 532 nm laser; (D) HA-CNTs, 532 nm laser; and (E) HA-CNTs, 532/808 nm laser.

synergistic effect for the treatment of many solid tumors.
Furthermore, because of the EPR effect, these nanoparticles
can serve as drug carriers for targeting drug delivery to the
tumor site, thus improving cancer therapeutic effects and
reducing the nonspecific side effects of chemotherapeutics.”
On the other hand, one report''stated that drug loaded onto
CNTs could accelerate the release when the CNTs were
under NIR irradiation, and in another report,”® Chaban et al
used ciprofloxacin (CIP) as a model drug loaded onto CNTs.
When the CIP-CNTs were heated by NIR irradiation, the
heated CNTs rapidly deposited their energy to CIP and water,
increasing the diffusion coefficient of the confined CIP, and
assisted the release CIP. When HMME-HA-CNTs were
irradiated in the tumor site, the HMME release would be
accelerated, and this perhaps is another reason for combination
PDT or chemotherapy with photothermal therapy based on
CNTs demonstrating a synergistic effect for the treatment
of solid tumors. Furthermore, HA was a promising target to
mice melanoma because its CD44 receptor overexpressed in
mice melanoma cells, and this made HA-CNTs target tumors
actively. The ability of higher drug-delivery efficiency to tumors
by HA-CNTs was striking and directly responsible for the
higher tumor-suppression efficacy of HMME-HA-CNTs with

532 nm laser than the HMME with 532 nm laser group. The
large surface area and low toxicity make HA-CNTs promising
candidates for combined cancer treatment. However, much
work has to be done on the in vivo behaviors of HA-CNTs,
including clearance, long-term toxicology, and the mechanism
of combination of the two therapies. Moreover, it is worthwhile
to investigate the optimization of the drug delivery to make it
more ideal for in vivo cancer treatment.

Conclusion

HA-CNTs were synthesized and the HMME-HA-CNT
delivery system was successfully developed. The therapeu-
tic effects of HMME-HA-CNTs both in vivo and in vitro
combined with HMME photodynamic with HA-CNTs
photothermal treatment was superior to photodynamic or
photothermal treatment alone, implying that HMME-HA-
CNTs have potential application in future tumor therapy.
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