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ABSTRACT

Melanoma, as the most aggressive and treatment-resistant skin malignancy, is responsible for about 80% of all
skin cancer mortalities. Prone to invade into the dermis and form distant metastases significantly reduce the
patient survival rate. Therefore, early treatment of the melanoma in situ or timely blocking the deterioration of
metastases is critical. In this study, a sulfur dioxide (SO3) polymer prodrug was designed as both an intracellular
glutathione (GSH)-responsive SO2 generator and a carrier of doxorubicin (DOX), and used for the treatment of
subcutaneous and metastatic melanoma. Firstly, chemical conjugation of 4-N-(2,4-dinitrobenzenesulfonyl)-
imino-1-butyric acid (DIBA) onto the side chains of methoxy poly (ethylene glycol) grafted dextran (mPEG-g-
Dex) resulted in the synthesis of the amphiphilic polymer prodrug of SOz, mPEG-g-Dex (DIBA). The obtained
mPEG-g-Dex (DIBA) could self-assemble into stable micellar nanoparticles and exhibited a glutathione-responsive
SO, release behavior. Subsequently, DOX was encapsulated into the core of mPEG-g-Dex (DIBA) micelles to form
DOX-loaded nanoparticles (PDDN-DOX). The formed PDDN-DOX could be internalized by B16F10 cells and
synchronously release DOX and SO2 into the tumor cells. As a result, PDDN-DOX exerted synergistic anti-tumor
effects in B16F10 melanoma cells because of the oxidative damage properties of SO, and toxic effects of DOX.
Furthermore, in vivo experiments verified that PDDN-DOX had great potential for the treatment of subcutaneous
and metastasis melanoma. Collectively, our present work demonstrates that the combination of SO-based gas
therapy and chemotherapeutics offers a new avenue for inhibiting melanoma progression and metastases.

1. Introduction

nanomedicines has made significant contributions to the chemotherapy
of melanoma [12-15]. Nanomedicines are equipped with several

Melanoma, one of the most lethal skin tumors with prominent
morbidity and mortality, has posed a serious threat to human health and
identifying effective treatment modalities is of utmost importance [1-3].
In the past few decades, various strategies have been performed for
inhibiting the growth and metastasis of melanoma, including immuno-
therapy using an antibody directed against programmed cell death
protein 1 (PD-1). However, more than half of all patients did not respond
or only transiently responded to PD-1 blockade [4]. Thus, traditional
chemotherapy is still an indispensable strategy for melanoma therapy
[5-11]. Especially, the application of nanotechnology to fabricate

prominent advantages over small-molecule drugs, including a prolonged
blood circulation time and increased accumulation in the tumors
because of the enhanced permeability and retention (EPR) effect, which
both increases anti-tumor effects and decreases the systemic toxicities of
chemotherapeutics [16-21].

Gas therapy refers to the use of gas molecules, such as hydrogen (Hy),
hydrogen sulfide (H2S) and nitric oxide (NO), for treating diseases,
which has been recognized as a promising “green treatment” for cancer
therapy [22-26]. As a member of the gases family, sulfur dioxide (SO5)
has attracted much attention in inhibiting tumor growth in recent years
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[27-32]. To achieve controlled and targeted drug release, various
stimuli-activated SOp-releasing nanoplatforms have been prepared for
enhanced cancer treatment. For instance, our group developed a gluta-
thione (GSH)-responsive SO; polymer prodrug nanovehicle for
combating drug-resistance in breast cancer treatment or enhancing the
photodynamic therapy via simultaneous depletion of GSH and elevation
of reactive oxygen species (ROS) in tumor cells [27,28]. Furthermore,
Yang et al. prepared a redox-responsive SOs-releasing nanoparticle
coated with a zwitterionic polymer to achieve increased drug accumu-
lation at the tumor site and subsequently improve cancer treatment
[29]. In addition, light-trigged and pH-triggered SOs-releasing nano-
platforms have also been reported for precise gas or gas-assisted therapy
of cancer [30-32]. These studies demonstrated that SO, represented a
promising therapeutic gas for cancer therapy, and caused apoptosis of
cancer cells through the increase of ROS and oxidative damage of
intracellular biomacromolecules, such as nuclear DNA.

Herein, a SOy polymer prodrug was prepared to release SO, in
response to intracellular GSH, and was applied as a nanocarrier to load
doxorubicin (DOX) for effective treatment of subcutaneous and meta-
static melanoma (Scheme 1). The GSH-responsive SOs-releasing poly-
mer, mPEG-g-Dex (DIBA), was prepared by conjugating 4-N-(2,4-
dinitrobenzenesulfonyl)-imino-1-butyric acid (DIBA) onto the side
chains of methoxy poly (ethylene glycol) grafted dextran (mPEG-g-Dex).
The obtained mPEG-g-Dex (DIBA) could self-assemble into micellar
nanoparticles (denoted as PDDN) and encapsulate DOX to form DOX-
loaded nanoparticles (denoted as PDDN-DOX). PDDN-DOX could be
internalized by B16F10 cells and simultaneously release DOX and SOy
triggered by high GSH levels in the cells (Scheme 1). Additionally, the
released SO increased levels of intracellular ROS and exhibited syner-
gistic in vitro anticancer effects with DOX by causing oxidative damage
to tumor cells. Furthermore, the in vivo antitumor efficacy of PDDN-DOX
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was demonstrated in a subcutaneous and a metastasis melanoma model
in mice.

2. Materials and methods
2.1. Materials

Dextran (Dex, M,, = 70 kDa), methoxy poly (ethylene glycol) (mPEG,
M, =2kg molfl), L-glutathione (GSH), y-aminobutyric acid (GABA), N-(3-
(dimethylamino)propyl)-N-ethylcarbodiimide hydrochloride (EDC-HCI),
4',6-diamidino-2-phenylindole dihydrochloride (DAPI) and succinic an-
hydride (ScA) were obtained from Sigma-Aldrich (St. Louis, MI, USA). 4-
Dimethylaminopyridine (DMAP), benzoylacetone (BZA), fluorescamine
and 1-cysteine (Cys) were acquired from Aladdin Bio-Chem Technology
Co., Ltd. (Shanghai, China). 2,4-Dinitrobenzenesulfonyl chloride and
doxorubicin hydrochloride (DOX-HCl) were acquired from Energy
Chemical (Shanghai, China). The fluorescent probe, 7-diethylaminocou-
marin-3-aldehyde (DEACA), used for detecting SO», was synthesized and
characterized according to a previous study [34].

2.2. Cell lines and animals

B16F10 cells were purchased from the Cell Bank of the Chinese
Academy of Sciences (Shanghai, China). Female C57BL/6 mice (4-6
weeks, 18-20 g) and female Sprague-Dawley (SD) rats (6-8 weeks,
200-220 g) were obtained from Liaoning Changsheng Biotechnology
Ltd. (Liaoning, China). Animals received care according to the Guide for
the Care and Use of Laboratory Animals, and all procedures were per-
formed after receiving approval from the Animal Care and Use Com-
mittee of Jilin University (Jilin, China).
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Scheme 1. Schematic illustration of the in vivo delivery of doxorubicin-loaded nanoparticles (PDDN-DOX), the GSH-responsive release of DOX and SO, in B16F10

cells as well as the possible mechanism for thiol-induced SO, generation [33].
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2.3. Synthesis

Synthesis of carboxyl terminated mPEG (mPEG-COOH). In brief,
mPEG (18.72 g), ScA (5 g), and DMAP (0.48 g) were dissolved in
dichloromethane (CH,Cly). The reaction proceeded at room tempera-
ture (RT) for 2.5 d. Then, the above solution was precipitated three times
in 2 L of ethyl ether to yield the crude product. Finally, mPEG-COOH was
obtained after being dried in vacuum (yield: 68.3%). The 'H NMR
spectrum (AV-300NMR spectrometer, Bruker, Rheinstetten, Germany)
of mPEG-COOH in deuterated chloroform (CDCl3) is presented in
Fig. S1A.

Synthesis of mPEG-g-Dex. Dextran (1.62 g) was dissolved in 40 mL
dimethyl sulfoxide (DMSO) under ultrasonication for 4.5 h. Subse-
quently, mPEG-COOH (4.16 g), DMAP (0.12 g), and EDC-HCI (0.38 g)
were added and the reaction proceeded at RT for 24 h. Then, the solution
was purified (Molecular Weight Cutoff, MWCO 3.5 kDa) with distilled
(DI) water, and after lyophilization, mPEG-g-Dex was harvested (yield:
52.1%). The 'H NMR spectrum of mPEG-g-Dex in deuterated dimethyl
sulfoxide (DMSO-dg) is shown in Fig. S1B.

Synthesis of 4-N-(2,4-dinitrobenzenesulfonyl)-imino-1-butyric
acid (DIBA). 2,4-Dinitrobenzenesulfonyl chloride (2.71 g) was dis-
solved in tetrahydrofuran (THF, 40 mL) at O °C. Next, GABA (1 g) and
sodium hydroxide (NaOH, 0.776 g) in DI water (30 mL) were added
dropwise. Subsequently, THF was evaporated and the pH of the residual
mixture was adjusted to 1.0 with hydrochloric acid solution. After
extraction with CHaCly, the obtained organic phase was purified with
saturated sodium chloride. Then, CH5Cl; was removed, and DIBA was
obtained as a yellow solid (yield: 41.6%). The 'H NMR spectrum of DIBA
in CDCls is presented in Fig. S1C.

Synthesis of mPEG-g-Dex (DIBA). mPEG-g-Dex (200 mg), DIBA
(28.85 mg), DMAP (12 mg), and EDC-HCI (192 mg) were reacted in
DMSO for 24 h. Then, the solution was dialyzed (MWCO 3.5 kDa) with
DI water to purify the product. After lyophilization, the mPEG-g-Dex
(DIBA) was obtained (yield: 64.8%). The 1H NMR spectrum of mPEG-g-
Dex (DIBA) in DMSO-dg is displayed in Fig. S1D.

2.4. Preparation of blank mPEG-g-Dex(DIBA) nanoparticles (PDDN) and
DOX-loaded mPEG-g-Dex(DIBA) nanoparticles (PDDN-DOX)

The mPEG-g-Dex (DIBA) was dissolved in DMSO and DI water was
added dropwise to the solution. After 4 h, the mixture was dialyzed
(MWCO 3.5 kDa) with DI water. The self-assembled PDDN was har-
vested after freeze drying. PDDN-DOX was prepared as follows: mPEG-g-
Dex (DIBA) and DOX-HCl were dissolved in DMSO, then phosphate
buffer saline (PBS, pH = 7.4) was added into the solution. Next, the
solution was dialyzed in PBS for 2 h and in DI water for 10 h. PDDN-DOX
was obtained as a red solid after lyophilization. The formation of PDDN
and PDDN-DOX was verified by dynamic light scattering (DLS) and
transmission electron microscopy (TEM). DLS was performed utilizing a
Wyatt QELS instrument (DAWN EQOS, Wyatt Technology, Goleta, CA,
USA). TEM was carried out on a transmission electron microscope (JEM-
1011, JEOL, Tokyo, Japan). The drug loading content (DLC) and the
drug loading efficiency (DLE) of DOX were measured by a Lambola 365
spectrophotometer (PerkinElmer, San Jose, CA, USA) and calculated
using the following formulas:

DLC (wt %) = (weight of loaded DOX/total weight of PDDN-DOX) x 100%

DLE (%) = (weight of loaded DOX/weight of feeding DOX) x 100%

2.5. Thiol-responsive property of PDDN

Thiol-induced detachment of 2,4-dinitrobenzenesulfonamide (DNs)
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groups in the DIBA segment was firstly monitored by 'H NMR spec-
troscopy using Cys as the triggering molecule. Next, the formation of
primary amines after detachment of DNs groups was confirmed by
fluorescence spectroscopy using a Fluorescence Master System (Photon
Technology International, Birmingham, NJ, USA) using fluorescamine
as the probe [35]. Then, the thiol-triggered production of SO, was
detected using DEACA as the probe. In brief, PDDN was dissolved in PBS
(pH = 5.8), then Cys (20 molar equivalents) and DEACA (5 pM) were
sequentially added, and the fluorescence intensities of the
above-mentioned solutions were measured at preselected times (Photon
Technology International, Birmingham, NJ, USA) (lex = 480 nm) [27].
Finally, the GSH-sensitivity of PDDN was demonstrated by measuring
changes in the hydrodynamic radius (Ry,) in PBS containing 10 mM GSH.

2.6. In vitro release of DOX

In this study, the release behavior of DOX from PDDN-DOX in PBS
(pH = 7.4 or 6.5) with different concentrations of GSH was investigated.
In brief, the PDDN-DOX solution was placed in a dialysis bag (MWCO
3.5 kDa) in PBS with or without the presence of GSH and shaken at
37 °C. The incubation liquid (2 mL) was withdrawn from the medium
and fresh medium was replenished at preselected intervals. The con-
centration of DOX was determined using a fluorescence spectrometer
(Aex = 480 nm).

2.7. Cellular uptake

For flow cytometry analysis (FCA), BL6F10 cells were cultivated in 6-
well plates (3.0 x 10° cells per well) overnight. Free DOX and PDDN-
DOX (containing 5 pg mL™! DOX) were separately added into the
plates. After culturing for another 3 or 6 h, cells were prepared for flow
cytometry (Guava EasyCyte™ 12, Millipore, Burlington, MA, USA). For
confocal laser scanning microscopy (CLSM), B16F10 cells were seeded
into glass bottom culture dishes (1.0 x 10° cells per well) for 12 h. Next,
free DOX and PDDN-DOX (containing 5 pg mL~! DOX) were separately
added an incubated for an additional 3 or 6 h. Subsequently, cells were
stained with DAPI and visualized by a CLSM (LSM 780, Carl Zeiss, Jena,
Germany).

2.8. Determination of SOz and ROS level in cells after treatment with
PDDN

The release of SO, and the generation of ROS in the cells were
investigated. First, the B16F10 cells were incubated in the glass-
bottomed dishes (5 x 10* cells per well) overnight and then treated
with PDDN for another 3 or 6 h. After that, the SO, probe DEACA or ROS
probe DCFH-DA was added and incubated for 30 min. Then, the B16F10
cells were observed by CLSM. For analysis of ROS level by FCA, B16F10
cells were cultured at a density of 2.0 x 10° cells in a six-well plate for 1
day. Then, the cells were treated with PDDN for 3 or 6 h. DCFH-DA
probe was added into the plate and incubated for additional 20 min.
After that, the cells were prepared for flow cytometry analysis.

2.9. Cytotoxicity assays

The MTT assay was utilized to evaluate the cytotoxicity of PDDN,
free DOX, and PDDN-DOX. In brief, BL6F10 cells were cultivated in 96-
well plates (5000 cells per well) overnight. Then, cells were incubated
with indicated concentrations of the drugs for 48 h or 72 h. Subse-
quently, the plates were prepared for the MTT assay utilizing a micro-
plate reader (ELX 808, Bio Tek, Winooski, VT, USA) at an absorbance of
490 nm.
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2.10. Pharmacokinetics

In this study, SD rats were divided into two groups (n = 3) and
received an injection of either free DOX or PDDN-DOX through the tail
vein. From each rat, blood was collected from the orbital vein at pre-
selected time. Next, blood samples were centrifuged to collect plasma.
To measure the serum concentration of DOX, mixtures (150 pL plasma
sample, 830 pL methanol, 20 pL daunorubicin hydrochloride) were
centrifuged for 10 min. Then, the supernatant was harvested and filtered
for high performance liquid chromatography (HPLC) analysis using an
E2695 detector (Waters, Boston, MA, USA). The mobile phase consisted
of methanol (1600 mL) and an aqueous solution of monopotassium
phosphate (KH2P0O4) (20 mM, 400 mL). The flow rate was set to 1 mL
min! [36].

2.11. Ex vivo fluorescence imaging

The ex vivo fluorescence imaging experiment was performed as fol-
lows. First, free DOX or PDDN-DOX was injected intravenously into
subcutaneous or metastasis melanoma-bearing mice. After predefined
time intervals (3 and 10 h), mice were sacrificed, and tumors and major
organs were harvested for fluorescence imaging (Maestro, Cambridge
Research & Instrumentation Inc., Woburn, MA, USA).

2.12. In vivo antitumor efficacy

The B16F10 subcutaneous melanoma model was established by
subcutaneously inoculation of 1.0 x 10° B16F10 cells into the abdomen.
When the melanoma reached about 50 mm?®, mice were grouped and
received PBS, PDDN (81.7 mg kg™ 1), free DOX (3 mg kg™') or PDDN-
DOX (84.7 mg kg’l) through the tail vein on days 0, 3, 6, and 9.
Mouse tumor volumes and body weights were recorded every two days.
Tumor volumes were calculated as V = length x width?/2. The tumor
inhibition rate (%) = (Veontror-Vsampte)/ Veontrol x 100%. Herein, Vionsrol
and Vigmple Tepresented the average tumor volumes in the control and
sample groups, respectively.

The metastatic pulmonary melanoma model was established by an
injection of 1 x 10° B16F10 cells per mouse through the tail vein. After
five days, mice were randomly grouped and treated with PBS, PDDN
(81.7 mg kg 1), free DOX (3 mg kg™ !), or PDDN-DOX (84.7 mg kg 1) by
tail vein administration. Mice were treated on days 5, 8, 12, and 18 after
the implantation of B16F10 cells. On day 27, mice were sacrificed and
the treatment effect in the different groups was evaluated.

2.13. Determination of SOz and ROS levels in the tumor after treatment
with PDDN

The release of SO, and generation of ROS in tumor tissue were
measured according to the following methods. First, PDDN or PBS was
injected intravenously into tumor-bearing mice. After 6 h, mice were
sacrificed and tumors were harvested. Then, tumors were prepared for
cryo-sections. The obtained tumor slices were stained with the SO,
probe DEACA or ROS probe DCFH-DA and observed by the CLSM.

2.14. Histological analyses

For histological analysis, major organs and tumors were collected
and fixed in buffered formaldehyde (4%). Subsequently, conventional
methods were used for embedding and sectioning of the tissues for he-
matoxylin and eosin (H&E) staining and terminal deoxynucleotidyl
transferase mediated dUTP nick-end labeling (TUNEL) analysis [37].

2.15. Statistical analysis

Data were presented as the mean =+ standard deviation (SD). Com-
parisons between groups were analyzed by one-way ANOVA or t tests. P

1368

Bioactive Materials 6 (2021) 1365-1374

< 0.05 was considered statistically significant.
3. Results and discussion
3.1. Synthesis and characterization of mPEG-g-dex (DIBA)

The synthesis route to mPEG-g-Dex (DIBA) is illustrated in Scheme
S1. First, a small molecule SO, prodrug, DIBA, was synthesized by
reacting 2,4-dinitrobenzenesulfonyl chloride with y-aminobutyric acid.
The structure of DIBA was characterized by 'H NMR spectrometry
(Fig. S1C) and electrospray ionization mass spectrometry (ESI MS)
(Fig. S2). Then, the target polymer, mPEG-g-Dex (DIBA), was prepared
by conjugation of mPEG-COOH and DIBA onto dextran through the
formation of ester bonds between a carboxyl group and a hydroxyl
group. As shown in Fig. S1D, the 'H NMR spectrum of mPEG-g-Dex
(DIBA) showed all essential peaks of mPEG, dextran and DIBA, which
indicated the successful preparation of mPEG-g-Dex (DIBA). Moreover,
based on the 'H NMR spectrum, the grafting ratios of mPEG and DIBA
were calculated to be 11.3% and 12.8%, respectively.

3.2. Preparation and characterization of PDDN and PDDN-DOX

The resultant mPEG-g-Dex (DIBA) could self-assemble into micellar
PDDN in aqueous media because of the amphiphilic structure. The
critical micelle concentration (CMC) was measured to be 0.0093 mg
mL ! using a previously reported method (Fig. S3) [38]. The formation
of micellar PDDN was demonstrated by DLS and TEM (Fig. 1A). The Ry
of PDDN was 44.4 + 3.2 nm based on DLS, and TEM indicated that
PDDN were spherical in shape with an average size of 66.0 & 3.1 nm.
Next, PDDN were used to encapsulate DOX to form PDDN-DOX. The Ry,
of PDDN-DOX was determined by DLS and was 51.2 + 6.1 nm. In
addition, the TEM result indicated that the size of PDDN-DOX was 94.7
+ 6.2 nm (Fig. 1B), which was slightly larger than that of PDDN, and was
probably due to the loading of DOX. Moreover, the DLC and DLE of DOX
in PDDN-DOX were 3.8 wt% and 47.2%, respectively.

3.3. Thiol-response property of PDDN

According to previous studies, the 2,4-dinitrobenzenesulfonamide
(DNs) groups could be degraded by thiol compounds to release SO,
and simultaneously restore the primary amino groups [27,33]. First, the
thiol-responsive process of PDDN was observed by time-varied "H NMR
spectra. As presented in Fig. S4, the hydrophobic DIBA segment could
not be observed in the initial 'H NMR spectrum of PDDN because it was
buried inside the micelle core. However, after adding Cys into the so-
lution, the proton peaks from the DNs group gradually became visible in
the 'H NMR spectra with time. Next, the thiol-induced generation of
amino groups was evaluated by using fluorescamine as the probe. An
obvious increase in fluorescence was observed in the PDDN solution
after incubation with 2-mercapto-ethanol (ME) for 2 h, which confirmed
the generation of the primary amino group (Fig. 1C). Then, the
Cys-induced release of SO, was detected with the DEACA fluorescent
probe [34]. After adding Cys, the fluorescence intensity of the mixed
solution increased along with time in all tested groups (Fig. 1D). The
amount of released SO3 reached ~80% in 2 h (Fig. 1E). The detachment
of hydrophobic DNs groups and the formation of hydrophilic amino
groups in the side chains caused the transformation of amphiphilic DIBA
into hydrophilic polymers, thereby leading to disintegration of PDDN.
To verify this property, the thiol-responsive size changes of PDDN in PBS
7.4 were further explored, and the results are displayed in Fig. S5A. After
the addition of GSH, the size of PDDN gradually increased over time.
Finally, the PDDN disassembled and only irregular aggregates could be
observed by TEM (Fig. S5B). Taken together, these data suggested that
the prepared PDDN was a type of thiol-responsive nanocarriers with the
ability to release SO2 and the loaded drug in response to thiol-triggering.
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Fig. 1. Dynamic light scattering (DLS) and transmission electron microscopy (TEM) measurement of (A) PDDN (Scale bar: 200 nm) and (B) PDDN-DOX (Scale bar:
500 nm). (C) Free amino group detection in the PDDN group upon treatment with 2-mercapto-ethanol (ME) using a fluorescamine probe. (D) Cys-triggered release of
SO, from PDDN using DEACA as the fluorescent probe. (E) The calculated released percentages of SO, based on the data presented in Fig. 1D. (F) DOX release from
PDDN-DOX in PBS: (a) at pH 7.4, (b) at pH 6.5, (c) at pH 7.4 with 5 mM GSH, (d) at pH 6.5 with 5 mM GSH, (e) at pH 7.4 with 10 mM GSH, and (f) at pH 6.5 with 10
mM GSH. Data are presented as the mean + SD (n = 3).
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3.4. In vitro release of DOX

It is well documented that the concentration of GSH in cells
(2-10 mM) was much higher compared to that in the extracellular
environment (2-20 pM) [39]. Thus, in general, GSH is considered an
intracellular trigger that leads to GSH-responsive drug release. In
view of the thiol-responsiveness of PDDN, the DOX release behaviors
from PDDN-DOX were investigated in PBS (pH = 7.4 or 6.5) with
various concentrations of GSH (Fig. 1F). At pH = 7.4, about 40% of
DOX was released without the addition of GSH, while 68% and 83%
of DOX was released from groups that contained 5 and 10 mM GSH,
respectively, after incubation for 36 h. At pH = 6.5, about 48% of
DOX was released without the addition of GSH, while 80% and 93%
of DOX was released from groups that contained 5 and 10 mM GSH,
respectively, after incubation for 36 h. These results confirmed that
the release of DOX from PDDN-DOX was GSH-sensitive, which could
be ascribed to the GSH-mediated disassociation of PDDN as described
above. And the slightly increased release of DOX in acidic conditions
was likely due to the protonation of the amino groups of DOX in
acidic solutions [36].

3.5. Intracellular release of DOX and SO

Cellular internalization of PDDN-DOX was investigated using FCA
and CLSM. As shown in Fig. 2A-B and Fig. S6, cells that were incubated
with free DOX or PDDN-DOX for 6 h showed a higher fluorescence in-
tensity (FI) compared to cells that were incubated with the same drug
formulation for 3 h, which suggested that the uptake of DOX or PDDN-
DOX was time-dependent. In addition, the FI in the PDDN-DOX group
was weaker compared to that in the free DOX group, likely because the
free DOX could more rapidly diffuse into the cells, while PDDN-DOX was
internalized by the cells [40,41]. CLSM was also employed to study the
endocytosis of DOX and PDDN-DOX by B16F10 cells, and the results
were in accordance with the FCA results (Fig. 2C). In summary, the
above-mentioned results confirmed that the internalization of
PDDN-DOX and release of DOX in B16F10 cells.

The intracellular release of SO3 was detected by CLSM using DEACA
as the probe (Fig. 3A). The control group displayed little blue fluores-
cence. Comparatively, clear blue fluorescence was observed in the
PDDN-treated group, suggesting that SO, was released from the PDDN.
Furthermore, the FI at 6 h post-treatment was higher compared to that at
3 h post-treatment (Fig. S7), indicating that SO, was continuously
released from the PDDN. It has previously been reported that
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intracellularly released SO can increase the level of ROS in cancer cells
and subsequently result in cell death [42,43]. Thus, the intracellular
ROS level in B16F10 cells was investigated after treatment with PDDN.
As shown in Fig. S8A-B, the FI of the PDDN group was higher compared
to the control group, which indicated that the production of SO,
increased the amount of intracellular ROS. In addition, the FI of the 6 h
group was higher compared to that of the 3 h group, thereby suggesting
that the controlled release of SO, and the generation of ROS was
time-dependent. These findings were further confirmed by CLSM.
PDDN-treated cells showed high green DCF fluorescence and the FI was
time-dependent (Fig. 3B and Fig. S9).

3.6. In vitro cytotoxicity assays

The cytotoxicity of the tested formulations was evaluated in B16F10
cells. As shown in Fig. 4, PDDN, DOX, and PDDN-DOX showed dose- and
time-dependent inhibition of cell proliferation. PDDN showed effective
anti-tumor activity, which indicated that the SOj-releasing polymer
prodrug was efficient in tumor-killing. The anti-tumor mechanism of
SO, may be ascribed to the oxidative properties of SOy as well as its
ability to increase intracellular ROS, which induced the death of the
tumor cells [25-29]. At an equivalent drug concentration, the order of
the cytotoxicity of the tested formulations was as follows: PDDN-DOX >
DOX > PDDN. The enhanced cytotoxicity of PDDN-DOX may be
ascribed to the synergistic anti-tumor activity of SOy and DOX. The
calculated combination index (CI) of the released DOX and SO, from
PDDN-DOX was 0.83 at 48 h and 0.53 at 72 h (CI < 1 representing
synergism), respectively. This might be because SO, increased intra-
cellular ROS levels, which improved the sensitivity of cancer cells to
chemotherapeutic drugs [27,44-48]. Thus, SOj-enhanced chemo-
therapy provides a promising method for tumor inhibition.

3.7. Pharmacokinetic analysis

The pharmacokinetics of free DOX and PDDN-DOX were tested in SD
rats. Fig. 5 shows that DOX in the PDDN-DOX group maintained a much
higher concentration in blood compared to the free DOX group. In
addition, the area under the concentration versus time curve from 0 to
final time (AUCy.t) of PDDN-DOX was 5.25 mg (mL h)’l, which was
18.2-fold that of free DOX. The above-mentioned results confirmed that
PDDN-DOX improved the circulation time, which contributed to
enhanced drug accumulation in the tumor by the EPR effect.

PDDN 3h Control

PDDN 6 h

Fig. 3. CLSM images of the intracellular release of SO, and ROS, B16F10 cells treated with PDDN for 3 h or 6 h, then stained with DEACA (A) or DCFH-DA (B).
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Fig. 5. In vivo pharmacokinetics of free DOX and PDDN-DOX. Data are pre-
sented as the mean + SD (n = 3).

3.8. Biodistribution and anticancer efficacy of PDDN-DOX in a
subcutaneous melanoma model

Nano-sized PDDN-DOX is expected to highly accumulate in tumor
tissue due to the EPR effect [16-21]. To verify this, the biodistribution of
PDDN-DOX and free DOX was assessed in mice with subcutaneous
xenograft melanoma (Fig. 6A-B). In DOX treated group, the tumor
showed visible DOX fluorescence at 3 h, while the fluorescence signal
remarkably decreased at 10 h, which indicated the rapid metabolism of
DOX. In PDDN-DOX treated group, obvious DOX fluorescence could be
observed in tumor site at 3 h and it became stronger at 10 h. In addition,
the tumor-to-liver fluorescence ratio (TLFR) was also investigated. As
shown in Fig. S10, the TLFR in PDDN-DOX treated group increased with
time and was significantly higher than that in DOX treated group at 10 h,
indicating the effective accumulation of PDDN-DOX in tumor site, which
was consistent with the results in Fig. 6A-B. Taken together, these data
suggested that the PDDN-DOX could efficiently accumulate in the tumor
because of the EPR effect, which is promising for the treatment of
melanoma.

Next, the in vivo anti-tumor effect of PDDN-DOX was examined. As
presented in Fig. 6C-E, compared with the PBS group, all treatment
groups displayed different degrees of tumor suppression. PDDN signif-
icantly inhibited tumor growth (p < 0.001), which showed that SO»-
releasing nanoparticles were effective for tumor killing in vivo. The
tumor volumes in the PDDN-DOX group were much smaller compared to

1371

those in the free DOX or PDDN group. This could be explained by the
combined effect of DOX and SO, released from PDDN-DOX. The released
DOX could induce cell apoptosis and possible immunogenic cell death
[49-52], while the release of SO, from PDDN resulted in the increase of
ROS levels in tumor site (Fig. S11) and subsequently caused oxidative
damages to cancer cells and boosted the antitumor immunity [53-55].
To assess the systemic toxicity of the tested drugs, mouse body weights
were recorded during treatment (Fig. 6F). The changes in body weight in
the PDDN group and PBS group were similar, indicating little systemic
toxicity of PDDN. In addition, less weight loss was observed in the
PDDN-DOX group when compared with the free DOX group, which
indicated that PDDN-DOX was less toxic than free DOX. This should be
ascribed to the fact that PDDN-DOX could protect DOX from leaking in
the blood resulting in a higher accumulation at the tumor site via the
EPR effect. To further confirm the anticancer effect of PDDN-DOX, H&E
staining and TUNEL assay of the tumor tissues were performed (Fig. 6G).
Obvious necrosis was observed in the PDDN-, DOX- and
PDDN-DOX-treated groups and the largest necrotic area was found in the
PDDN-DOX-treated group, indicating that the combination of SO, and
DOX had an enhanced anticancer effect. In addition, the TUNEL assay
showed that PDDN-DOX induced more cell apoptosis compared to free
DOX and PDDN. Furthermore, major organs were excised for H&E
staining to further evaluate the systemic toxicity of different formula-
tions (Fig. S12). No obvious tissue necrosis was observed in the
PDDN-treated groups, indicating little systemic toxicity of PDDN. Spe-
cifically, mice exhibited less cardiomyocyte necrosis in the PDDN-DOX
group compared to the free DOX group, which implied that
PDDN-DOX reduced the systemic side effect. Taken together, these re-
sults indicated that PDDN-DOX had great potential for the treatment of
melanoma with increased antitumor efficacy and decreased systemic
toxicity.

3.9. Biodistribution and anticancer efficacy of PDDN-DOX in a lung
metastasis melanoma model

As indicated by the biodistribution of PDDN-DOX in a subcutaneous
xenograft melanoma model in mice, PDDN-DOX was prone to accumu-
late in the lung (Fig. 6A-B). In view of this phenomenon, we anticipated
that PDDN-DOX might also be promising for combating lung metastasis
melanoma. To test this hypothesis, we firstly re-evaluated the bio-
distribution of PDDN-DOX in a mouse model of lung metastasis mela-
noma. As shown in Fig. 7A-B, a stronger fluorescence intensity was
observed in the lungs of mice in the PDDN-DOX-treated group compared
with mice in the free DOX-treated group at 10 h post-injection, indi-
cating that PDDN-DOX effectively accumulated in metastasis tumors
[56,57].

Next, we evaluated the anticancer efficacy of PDDN-DOX in the
mouse model of lung metastatic melanoma. The metastatic pulmonary
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Fig. 6. In vivo biodistribution, anticancer efficacy, and toxicity side effects of PDDN-DOX in a B16F10 subcutaneous xenograft tumor model in mice. (A) Bio-
distribution of free DOX and PDDN-DOX in a B16F10 subcutaneous xenograft tumor model in mice. (B) Average signals of major organs and tumors based on the
results in Fig. 6A. (C) Tumor images of various groups on day 14. (D) Changes in tumor volume in mice in different groups (***p < 0.001). (E) Tumor inhibition rates

of different groups (
Data are presented as the mean + SD (n = 5).

melanoma model was established by intravenously injecting B16F10
cells (1 x 10° cells per mouse). Five days later, mice were randomly
divided into four groups and received PBS, PDDN, free DOX or PDDN-
DOX by tail vein administration (Fig. 7C). On day 27, mice were sacri-
ficed and the lungs were harvested. Fig. 7D shows a mass of melanoma
metastasized lesions in the PBS-treated group. In contrast, a significantly
reduced amount of metastatic nodes was observed in mice treated with
PDDN, DOX, or PDDN-DOX. Moreover, the weight of the lungs after
treatment was recorded to further evaluate the treatment effects of the
tested formulations. The average lung weight of mice in the PDDN-
treated group (410.8 + 66 mg) was almost the half of that of the PBS-
treated group (873.2 + 139.7 mg), implying the SOy-releasing PDDN
was effective for metastatic melanoma treatment (Fig. 7E). Furthermore,
mice treated with PDDN-DOX (190.2 + 9.1 mg) exhibited the lowest
average lung weight when compared to either the PDDN-treated group
or the free DOX-treated group (242.6 + 50 mg). The metastatic tumor
killing effect of PDDN-DOX was confirmed by H&E staining of the lung
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*p < 0.001). (F) Changes in body weight during the treatment course. (G) H&E staining and TUNEL analyses of tumors (Scale bar: 100 pm).

tissues (Fig. 7F). Lungs treated with PDDN-DOX showed the lowest
infiltration of tumor cells, indicating a better anti-tumor effect of PDDN-
DOX compared to the single use of PDDN or free DOX. In addition,
mouse body weights were recorded during the treatment. During the
first few days, the body weights of mice in the DOX-containing formu-
lations groups were lower compared to those in the PBS and PDDN
groups because of the acute drug toxicity. The body weights recovered
gradually within 27 days and no significant difference in body weight
was observed in all groups at the end of treatment (Fig. S13). Taken
together, the above-mentioned results demonstrated that PDDN-DOX
was promising for the treatment of in situ melanoma and metastatic
pulmonary melanoma.

4. Conclusions

In summary, a GSH-responsive SO polymer prodrug, mPEG-g-Dex
(DIBA), was successfully prepared and used in combination with DOX
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groups on day 27 (*p < 0.05,
(n=5).

for the treatment of subcutaneous and metastatic melanoma. The mPEG-
g-Dex (DIBA) could self-assemble into nanoparticles and encapsulate
DOX to form a DOX-loaded nanoparticles (PDDN-DOX). The obtained
PDDN-DOX could be endocytosed by B16F10 cells and simultaneously
released DOX and SO; in the cells, thereby inducing a synergistic killing
effect of tumor cells in vitro. Furthermore, PDDN-DOX exhibited effec-
tive anticancer efficacy in the treatment of subcutaneous and metastasis
melanoma. The enhanced tumor inhibitory effect of PDDN-DOX should
be ascribed to the combined effect of SO, and DOX, as well as the EPR
effect of nanoparticles. Overall, in the present study, we demonstrated
that the use of a SO polymer prodrug as a nanocarrier to efficiently
encapsulate chemotherapeutic drugs represented a promising combi-
nation strategy (gas therapy and chemotherapy) for the treatment of
subcutaneous and metastatic melanoma.
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