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ABSTRACT: Although c oxide (NO) has been emerging as a /"
novel local anticancer agent because of its potent cytotoxic effects
and lack of off-target side effects, its clinical applications remain a
ective diffusion distance of NO that

challenge because of the sho

limits its anticancer activity.

this study, we synthesized albumin-

coated poly(lactic-co-glycolic acid) (PLGA)-conjugated linear

polyethylenimine diazeniumdiolate (LP/NO) nanoparticles (Alb-

PLP/NO NPS) that possess tumor-penetrating and NO-releasing
properties for an effective local treatment of melanoma. Sufficient

NO-loading and prolonged NO-releasing characteristics of Alb-PLP/

NO NPs were acquired through PLGA-conjugated LP/NO

copolymer (PLP/NO) synthesis, followed by nanoparticle fabrica-
tion. In addition, tum
electrostatic adsorption o
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enetration ability was rendered by the
e albumin on the surface of the nanoparticles. The Alb-PLP/NO NPs showed enhanced intracellular

NO delivery efficiency and cytotoxicity to B16F10 murine melanoma cells. In B16F10-tumor-bearing mice, the Alb-PLP/NO NPs
showed improved extracellular matrix penetration and spatial distribution in the tumor tissue after ia'atumnml injection, resulting in

enhanced antitumor activity. Taken together, the results suggest that
local treatment of melanoma.

Alb-PLP/NO NPs represent a promising new modality for the

KEYWORDS: nitric oxide, nitric oxide releasing nanoparticles, melanoma, local anticancer therapy, tumor penetration,

intratumoral injection

1. INTRODUCTION

Melanoma is the fifth most common cancer in the United
States and the most aggressive form of skin cancer.' It accounts
for >80% of deaths from skin cancer worldwide, but its
incidence and resulting mortality are incnem.ing.z_4 Currently,
the development of nonsurgical local therapeutics, including
topical and intratumoral-injectable formulations containing
chemother@@utic agents, has garnered interest to treat
melanoma %ents who are not good surgical candidates or
those who are concemed about scarring in cosmetically

sensitive areas.””  Nevertheless, local melanoma treatment
with chemotherapeutic agents has achieved only limited
success due to the drug resistance of melanoma to various
anticancer agents and the potential risk of off-target toxicity to
normal tissues such as ulceration, erythema, edema,
epidermolysis, and deep tissue damage, which cause severe
functional disturbance of the skin."~"? Therefore, it is integral
to develop effective intratumoral-injectable anticancer ther-
apeutics that could potentiate the cytotoxic effects on
melanoma cells without off-target side effects to take full
advantages of local treatment of melanoma.
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In recent years, ﬁic oxide (NO), an endogenous gaseous
molecule, has emerged as a promising anticancer agent that not
only exerts potent cytotoxic effects against various cancer cells
but also minimizes off-target side effects due to its rapid
transformation to harmless products after its pharmacological
generatiun.m_m NO promotes cancer progression at low
concentrations (<30 nNI) and exerts potent cytotoxic effects at
high concentrations (>400 n.M[)]_ When cancer cells are
exposed to high levels of NO, they can suffer DNA damage as
well as disruptions in energy metabolism and mitochondrial
function.'” Moreover, NO can induce cell death via p53
phosphorylation (at >400 nM) and nitrosative stress (at >1
pM).w’m Other mechanisms of NO activity have also been
reported, including apoptosis by p33 upregulatiun,u anti-

apoptotic molecule &:legriu:latil:ln,11 and cytochrome ¢ release,””
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as well as cell cyde arrest and cell necrosis by peroxynitrle
formation.”™** Thus, by exposing cancer cells to high
concentrations of NO, potent anticancer effects could be
achieved in treating melanoma.

Despite the potent antitumor activity of NO, however, its
clinical application for the local treatment of melanoma
remains challenging due to its gaseous and short-lived nature.”’
Since NO exerts cytotoxic effects inside cancer cells, a
sufficient amount of NO needs to be delivered intracellularly
to achieve successful anticancer effects.”” This reason has
propelled the development of NO-releasing nanoparticles that
increase NO concentrations inside cancer cells due to cellular
internalization and controlled NO release.”’ During the past
decade, several studies have demonstrated that NO-releasing
nanoparticles exhibit potent in vitro xicity against cancer
cells in 2D cell culture models.”” ™' However, to the best of
our knowledge, the successful anticancer activity of NO-
releasing nanoparticles in animal models has yet to be
reported, presumably because of the complex structure of
tumor tissue along with the unique properties of NO. Unlike
2D cell culture models, tumor tissues are a three-dimensional
structure containing cancer cells along with other components,
such as stromal cells, macrophages, and dense extracellular
matrix (ECM).>** In particular, ECM comprises up to 60% of
the whole tumor mass;** hence, it is essential to evaluate ECM
penetration to develop effective based local therapeutics
for melanoma. Moreover, NO is a very short-lived molecule
(half-life of only a few seconds) and has a limited diffusion
distance of only 40—200 pm under physiological condi-
777" Thus, effective anticancer activity against melanoma
can only be achieved when the NO delivery system penetrates
the entire melanoma tissue and releases NO in a controlled
manner to provide sufficient amounts of NO (>400 nM to
exert cytotoxic effects)'” to the cancer cells. Otherwise, a
limited antic@r effect would only be achieved near the

ue to the short halflife and limited diffusion

tions.

injection site
i§Ance of NO.
erein, we report the synthesis and testing of novel
albumin-coated NO-releasing nanoparticles that penetrate
melanoma tissue and generate prolonged releas@Pl sufficient
NO for effective local melanoma therapy. Hydrophobic
poly(p,L-lactic-co-glycolic acid) (PLGA) was covalently con-
jugated to hydrophilic low molecular weight linear paly-
ethylenimine diazeniumdiolate (LP/NOQ), which is a widely
used NO donor.*™*' Linear polyethylenimine (LPEI)
contains abundant secondary amine groups that can
immobilize diazeniumdiolates.’® In addition, LPEI has been
successfully introduced into phase I and II clinical studies for
treating ovarian, pancreatic, and superficial bladder cancers
with a good safety profile.” ™ The nanoparticles were
fabricated using PLcnnjugated LP/NO copolymer (PLP/
NO) followed by surface modification with bovine serum
albumin (BSA). The surface modification with albumin alters
the surface charge of the nanoparticles, thus facilitating tumor
penetration by reducing their ECM interaction.” Albumin-
coated nanoparticles could show enhanced cellular uptake
since the overexpressed albumin receptors on cancer cells
facilitate cellular uptake of albumin-coated nanoparticlcs.'m_‘m
After physicochemical characterization of the newly synthe-
sized PLP/NO and albumin-coated PLP/NO nanoparticles
(AIb-PLP/NO NPs), their cytotoxicity, cellular uptake, and
ECM penetration were investigated using a series of in vitro
experiments. Furthermore, the in vivo antitumor efficacy and

spatial distribution of intratumorally administered Alb-PLP/
NO NPs were evaluated using a B16F10 melanoma cell
bearing C56BL/6 mouse model.

2. g5 XPERIMENTAL SECTION

.1. Materials. Linear polyethylenimine (LPEI) (MW 2.5 kDa)
was purchased from Polysciences, Inc. {Warrington, PJB PLGA
(lactide /glycolide = 50/50, MW 30 kDa, acid end-cap) was purchased
from PolySciTech (Akina, Inc, West Lafayette, IN).[FEBA was
purchased from Santa Cruz Biotechnology (Dallas, TX). TT-Chloro-
1,1'-di-n-propyl-3,3,3',3"-tetramethyl-10,12-trimethyleneindatricarbo-
cyaninflodide (IR780) was purchased from Alfa Aesar (Haverhill,
MA). Poly(vinyl alcohol) (PVA), 2,2,2-tribromoethanol, ferf-amyl
alcohol, 4',6- idino-2-phenylindole dihydrochloride (DAPI),
chlof@Rorm-d ClL, 99.8 atom % D + 0.03 (v/v) % TMS), Nile
red, and thiazolyl blue tetrazolium bromide (MTT) were purchased
from Sigma-Aldrich (St. Louis, MO ). Eosin Y solution was purchased
from Daejung Chemicals & Metals Co., Ltd. (Shiheung, Korea).
Hematoxylin solution, sm methoxide, N-hydroxysulfosuccinimide
(NHS), and trehalose were purchased from Wako Pure Chemical
(Osaka, Japan). 1-Ethyl3-(3-(dimethylamino)propyl)carbodiimide
hydrochloride (EDC purchased from Dojindo Laboratories
(Kumamoto, Japan). 3-Amino4-aminomethyl-2',7'-difluorescein di-
acetate (DAF-FM DA) and the Click<T Plus TUNEL assay kit were
purchased from Invitrogen (Camarillo, CA). Geltrex matrix was
purchased from Gibeco (Carlsbad, CA). n (Ar) and NO gases
were purchased from HANA gas (Gimhae, Korea). All other reagents
and solvents were of the highest analytical grade.

2.2. Polymer Synthesis. LP/NO was synthesized as described
previously with some modifications.” Briefly, 2 g of LPEI and 1.3 g of
sodium methoxide were dissolved in 200 mL hydrous methanol/
tetrahydrofuran (THF) (1:1 v/v ratio). After the solution was placed
in a high-pressure reactor, the chamber was purged with 10 psi of Ar
for 5 min and ¢ d with 80 psi of NO. Three days later, after Ar
flushing, ice- ethyl ether was added to the solution to precipitate
the LP/NO. T ing three times with diethyl ether, the LP/NO
was vacuum-dried and stored at —20 “C for future use. To
characterize the LP/NO e distinctive absorption band of the
diazeniumdiolate groups was measured on a UV/vis spe pho-
tometer (Optizen 2120 UV, Mecasys, Republic of Korea), and Fourier
transform infrared (FT-IR) spectra were recorded on a Spectrum GX
FT-IR spectrometer (PerkinElmer, Norwalk, CT) using the KBr pellet
method. 41

PLP/NO was synthesized via carbodiimide-mediated esterification
between the carboxyl end of PLGA and the hydr end of LP/NO.
Briefly, for PLGA activation, 1 g of PLGA, 65 mg o C, and 40 mg
of NHS were dissolved in 20 mL of dichloromethane (DCM) at 30
°C for 12 h. After incubation, the PLGA-NHS was collected by
precipitation using excess methanol. The residual EDC and
were removed by washing twice with methanol. The PLGA-NHS was
dried under vacuum and stored at =20 °C for future use. For PLP/
NO coupling, 500 mg of PLG HS and 50 mg of LP/NO
(estimated molar ratio = 1:1) were dissolved in 8 mL of DCM and 4
mL of anhydrous methanol, respectively, and mixed together for 100
s. Th@Q the PLP/NO was immediately precipitated with diethyl
ether, washed twice with methanol, dried er vacuum, and stored at
=20 °C for future use. The PLP/NO was characterized by 'H nuclear

etic resonance (NMR) spectroscopy in CDCI, at 500 MHz
using a Varian Unity Inova 500 spectrometer (TOSO, Tokyo, Japan).
The FT-IR spectra of PLP/NO were obtained using the same method
described above. The dislinclivalasorption peak of the diazenium-
diolate groups in PLP/NO was measured using the UV /vis
spectrophotometer (Optizen 2120 UV, Mecasys) after dissolving it
in 1 M NaOH solution and adjusting the pH to 7.

2.3. Nanoparticle Fabricafn and Surface Modification. The
PLP/NO NPs were fabricated using an oil-in-water {O/W) emulsion
solvent evaporation method. Briefly, 100 mg of PLP/NO was
dissolved in 5@0( DCM and poured into 20 mL of ice-cold 2%
PVA solution (dissolved in 0.05 M Tris buffer, pH 10). The sclution
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was probe-sonicated at 150 W for 3 min and stirred at 500 rpm to
?porale the solvent. After residual solvent removal, the PLP/NO

Ps were collected by centrifugation (4 °C, 20 000g, 30 min) and
washed twice with ice-cold distilled water (DW). After washing, the
PLP/NO NPs were surface-modified by resuspension in 10 mL of 1%
BSA solution and incubation for 10 min. The Alb-PLP/NQO NPs were
washed twice with ice-cold DW to remove unbcunq& lyophilized
(50 mg of trehalose was added for cryoprotection ), and stored at =20

or future use. For confocal microscopy and in vive imaging, 1 mg
of Nile red and IR780 were added individually to the PLP/NO NPs in
DCM solutio o characterize the nanoparticles, their mean
hydrodynamic particle size and (-potential were measured using a
Zetasizer Nano Z590 (Malvern Instruments, Worcestershire, at
pH 7.4. The morphology of the Alb-PLP/NQO NPs was assessed using
a scanning electron microscope (SEM, Supra 25, Carl , Jena,
Germany) at an acceleration voltage of 5 kV and transmission
electron microscope (TEM; H7600, Hitachi, Tokyo, Japan) at an
accelerating voltage of 80 kV. T amount of BSA bound to the
surface of the nanoparticles was measured using a Pierce
bicinchoninic acid (BCA) protein assay kit (Thermo Fisher Scientific,
Rnckfoﬁ;L) following the manufacturer’s instructions.

24. Release Study. Real-time NO release from the NO-
releasing formulations was measured using a Sievers nitric oxide
analyzer (NOA 280i, GE Analytical Instruments, Boulder, CO)
following a previously reported protocol wiflffbme modifications.” "'
The instrument was calibrated with a 45 ppm of NO gas standard.
NO released from the sample was delivered to the instrument at a
flow rate of 80 mL/min by Ar gas. To investigate NO reled atterns
under physiological conditions, the releasing medium ﬁsphﬁte-
buffered saline (PBS) (pH 7.4)] was maintained at 37 °C. The
experiments were conducted in the dark to avoid unwanted NO
release upon light exposure. After stabilization, each sample was
dispersed in DW and added to the releasing medium.

To determine NO loading in the formulations, LP/NO was
extracted from the nanoparticles using 0.5 M NaOH solution (for
degrading PLGA moiety). Then, the samples were added into the
releasing medium consisting of pH 3 citrate buffer (detection range
0.2-2000 nmeol of NO). To investigate the presence of
diazeniumdiolate groups inside the PLP/NO NPs, the NO release
patterns of PLP/NO NPs and PLGA NPs mixed with LP/NO were

ed in citrate buffer (pH 3.0) after dispersing in DW.
.5. Cell Culture. B16F10 murine melanoma cells were purchased
om the Korean Cell Line Bank (Seoul, Korea). The cells were grown
in DMEM (HyClone, South Logan, UT) supplemented with 10%
fetal bovine serum (FBS) (HyClone), penicillin (100 IU/mL,
HyClone), and streptomycin (100 gg/mL, HyClone) in the presence
of 5% CO, at 37 °C.

2.6. Intracellular Delivery of NO. 26.1. Quantification of
Intracellular NO. The amount of intracellular NO in BI6F10 cells
after treatment with LP/NQO, PLP/NO NPs, : b-PLP/NO NPs
was measured using DAF-FM DA.** Briefly, the cells were seeded in a
96-well plate at a density of 10000 cells per well. After overnight
incubation, the cell culture medium was replaced fresh medium,
and LP/NO, PLP/NO NPs, or Alb-PLP/NO NPs were added to each
well (final concentration adjus to 100 uM of equivalent NO
concentration). After incubating 30 min, the cell re washed three
times and incubated with 5 yM DAF-FM-DA for 2 h. Then,
medium was removed, the cells were washed three times, and 100 g
of djmer.hau]foxide (DMSO) was added. The green fluorescence in
each well was measured using a fluorescence multiwell plate reader
(Tristar LB 941, Berthold, Germany) at excitation and emission
wavelengths of 485 and 520 nm, respectively.

2.6.2. Visualization of Intracellular NO. NO inside the cells was
visualized using fluorescence confocal laser scanning microscopy
(CLSM) following the facturer’s protocol with some mod-
ifications. Briefly, B16F10 cells were seq in 4-well chamber slides
(SPL Lifesciences, Pocheon, Korea) at a density of 50000 cells per
well and incubated overnight. Next, the medium was replaced with
fresh medium, and LP/NO, PLP/NO NPs, or Alb-PLP/NO NPs was
added (100 pM of equivalent NO concentration). After incubating 30

min, the @Ws were washed twice and then incubated with 5 uM DAF-
FM-DA for 2 h. Then, the cells were washed three and
counterstained with DAPI solution (5§ pg/mL) for 10 min. Afterward,
the medium was removed and the cells were imaged using CLSM
(FV10, Olympus, Tokyo, Japan) at 60X magnification.

2.7. Cytotoxicity. The cytotoxic effects of the formulations
toward BI16F10 cells were evaluated using an MTT assay following a
previousfreported method with some modifications.™ Briefly, the
B16F10 cells were seeded in a 96-well plate at a density of 10 000 cells
per well. After overnight incubation, the medium was replaced with
fresh medium, and different concentrations of LP/NO, PLP/NO

, or Alb-PLP/NO NPs were added to each well. After incubating
or 24 h, the medium was replaced with fresh medi ntaining 1
mg/mL MTT. After incubating for 2 h, the medium was removed,
and DMSO was added to dissolve the formazan crystals. The
absorbance at 540 nm of each well was measured using a microplate
reader (iMark Microplate Reader, Bio-Rad Laboratories, Inc,
Richmond, CA). For IC, del@naliom, the experiments were
performed in triplicate, and the IC,, values were calculated through
nonlinear regression analysis using GraphPad Prism § software
(GraphPad Software, Inc, La Jolla, CA).

2.8. Tumor Penetration of Alb-PLP/NO NPs. 2.8.1. Evaluation
of In Vitro ECM Penetration Effects. The ECM penetration abilities
of PLP/NO NPs and Alb-PLP/NO NPs were evaluated by measuring
the maximum migration distance of fluorescence-labeled nano-
particles through a column of mouse ECM extract {Geltrex, ECM
extracted from murine Engelbreth—Holm—Swarm (EHS) tumors).
Prior to the experiment, the ECM column was prepared by adding
200 uL of ice-cold Geltrex (diluted 10 times in PBS) to the column
and incubating at 37 °C for hydrogel formation. After gel formation,
IR780-loaded PLP/NO and Alb-PLP/NO NPs were gently
added on top of the ter incubation at 37 °C for 6 h, the tubes
were imaged with an in vive imaging system (IVIS) (FOBI,
Neoscience, SuwoffjKorea). The maximum migration distance on
the IVIS images was measured using Image] software (National
Institutes of Health, Bethesda, MA).

2“2, In Vivo Spatial Distribution of Alb-PLP/NO NPs in Tumors.
All animal experiments were reviewed and approved by the Pusan
National University Institutional Animal Care and Use Committee
(PNU IACUC) on November 25, 2020 (PNU-2020-2804). To
investigate the distribution of intratumor-administered PLP/NO NPs
and Alb-PLP/NO NPs in melanoma tissue, B16F10-bearing C56BL/
ali(ce were prepared as an animal model of melanoma. Briefly, 6-
week-old C57BL/6 mice were purchased from Samtako Bio (Osan,
Korea) and acclimated for 1 week prior to initiation of the
experiment. After anesthesia by intraperito administration of 0.5
mg/g of 2,2,2-tribromoethancl, 10° BI6F10 cells were subcutaneously
injected in the upper ﬂaaof the right hind leg of each mouse after
hair removal in the area. &le length (L) and width (W) of each tumor
were measured using digital calipers, and the tumor volume (V) was
calculated using the following formula: V = (L x W?)/2."" Whe
tumor volume was ~1000 mm®, IR780-loaded PLP/NO NPs and
Alb-PLP/NI Ps were intratumorally injected under anesthesia. Six
hours later, the mice were euthanized, and each tumor was excised.
The tumors were gently washed and fixed in 10% formalin solution
containing 4% sucrose for 6 h. After fixation, the excised tumors and
their cross-sectioned hemispheres were imaged using an IVIS.

For quantitative evaluation of spatial distribution, Nile red-loaded
PLP/NO NPs and Alb-PLP/NO NPs were injected intratumorally,
and the tumors were excised following the above-mentioned method.
Qr fixation, the tumors were cut into 48 pieces; each piece was

mbedded in FSC 22 frozen section media (Leica Microsystems,
Wetzlar, Germany) and then stored at —75 °C for future use. For
visualization, 5-pm-thick slices of each piece we@cduced using a
cryotome (Leica CM1860, Leica Microsystems), the cell nuclei were
stained with DAPI, and a representative confocal image of each piece
was acquired using CLSM. The number of red-fluoresce ositive
sections (nanoparticle-presenting areas) was counted, and the ratio of
this number to the total number of sections was caleulated to evaluate
the tumor penetration effects of the nanoparticles.
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Figure 1. Synthesis and characterization of PLP/NO. (A) Schematic diagram of PLP/NO synthesis. (B) 'H NMR spectrum of PLP/NO in CDCI,

at 500 MHz. (C) FT-IR spectrum of PLP/NO.

2.9. 9vao Antitumor Assay. The in vivo antitumor activity of
Alb-PLP/NO NPs was investigated in the B16F10-bearifffj C57BL/6
mouse model. BI6F10 nﬁrs were produced by the method
described in section 2.8.2. en the tumor volume reached ~150
mm?®, the mice were randomly assigned to five groups: untreated, Alb-
PLP NPs, LP/NOQ, PLP/NO NPs, and Alb-PLP/NO NPs. Every 2
days, under anesthesia, body weights and tumor sizes were measured
as representative parameters of systemic toxicity and disease severity.
The formulations were administered intratumorally an NO
equivalent of 6.6 ymol/kg after tumor size measurement. The specific
growth rate (SGR) of each tumor was calculated using the following
formula: SGR = ALog V/At, re { is the time in days.'“ Eight days
after treatment initiation, all mice were eutha , and their tumors
were excised. For histological examination, hematoxylin and eosin
(H&E) and terminal deoxynucleotidyl transferase-deoxyuridine
triphosphate nick end labeling (TUNEL) staining were conducted.
Briefly, the excised tumors were immediately immersed in 10%
formalin containing 4% sucrose for 12 h. After an additional
incubation using 30% suc for 24 h, the tumors were embedded
and sectioned by the same method as described in section 2.8.2. Each

30386

73
staining p! was performed according to the manufacturer’s
instructions. The H&E-stained images were acquired g a BXS3
light microscope (Olympus), and the TUNEL-stained images were
acquired using an LSM 800 confocal microscope (Carl Zeiss,
Oberkochen, Germany). The areas of the necrotic zone in tumor
tissues treated with PLP/NO NPs and Alb-PLP/NO N| ere
calculated from the three different H&E images obtained for each
group using the Image] software (National Institutes of Health,

Bel}ga, MD).

2.10. Statistical Analysis. All statistical analyses were performed
using Pad Prism 5.0 (GraphPad Software, Inc.) with two-tailed
I-tests, one-way ANO or two-way ANOVA followed by Tukey or
Bonferro st-tests to determine the differences of means among
groups. P-Values less than 0.05 were considered statistically
significant.

3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterization of PLP/NO. LPEI
diazeninmdiolate (LP/NO) was prepared by direct addition of
NO to the secondary amine moieties of LPEI, as shown in

ﬁs:ffdui.mgJ'IO.'IOZ'IJ‘atsami.' 07407
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0.5 um. (C) {-Potential distribution of PLP/NO NPs and Alb-PLP/NO NPs at pH 7.4.

Figure 1A. LP/NO showed @ characteristic absorption peak
of diazeniumdiolate groups at ~245 nm, the amplitude of
which was concentration-dependent, indicating successful
diazeniumdiolate formation [Figl.Lre , Supporting Informa-
tion (SI)]. The synthesis of LP/NO was also confirmed by FT-
IR analysis, with the characteristic stretch from the
diazeniumdiolate group observed at 1280—1250 cm™" (Figure
S1B, SI). The amount of NO loading was quantified from three
different batches of LP/NO using the NOA 280i instrument
and was found to be 7.2 + 0.8 ymol NO/mg of LP/NO.

After LP/NO preparation, PLP/NO was synthesized by an
esterification reaction between the terminal hydroxyl group of
LP/NO and PLGA-NHS prepared by activation of the
terminal carboxyl group of PLGA (Figure 1A). Because of
the poor solubility of LP/NO in DCM caused by increased
hydrophilicity after diazeniumdiolate formation, the reaction
was conducted in methanol:DCM (1:2, v/¥), which was able
to maintain both LP/NO and PLGA-NHS in solution. The
reaction time was optimized to 100 s through a series of pilot
studies because long-term exposure of LP/NO to PLGA leads
to hydrolysis of PLGA under the reaction conditions due to
the highly basic nature of LP/NO. Optimization of the
synthesis of PLP/NO resulted in a yield [ 99%.

Next, the synthesized PLP/NO was characterized by 'H
NMR and FT-IR. In the 'H NMR spectrum of PLP/NO,
characteristic peaks from both the PLGA LP/NO moieties
were observed (Figure 1B). Moreover, in the 'H NMR spectra
of PLP and PLP/NO, the peak from the repeating unit of LPEI
(=NH-) (6 =171 ppm, peak e) was downfield-shifted (& =
2.17 ppm, peak g; & 234 ppm, peak ]) owing to the

30387

deshielding effects provided by the increased intermolecular
hydrogen bonding with oxygen atoms of the PLGA moiety
(Figure S2A, SI). In the '"H NMR spectrum of PLP/NO,
compared with that of PLP, a broader and smaller, downfield-
shifted peak was observed because ~25% of the total hydrogen
molecules of the (—NH—) moieties were substituted with
diazeniumdiolates, which are strong electron-withdrawing
groups. A stretch peak was observed in the FT-IR spectrum
of PLP/NO at a wavenumber of 1280—1250 em™! (Figure
1C), indicating that the diazeniumdiolate groups were
maintained after PLP/NO synthesis. Moreover, the prese?
of diazeniumdiolate groups in PLP/NO was also confirmed
UV/vis spectroscopy; the characteristic absorption peak was
observed at a wavelength of 245 nm with a concentration-
dependent amplitude (Figure S2B, SI). This stability was due
to the use of nonaqueous solvents and short reaction times that
prevented diazeniumdiolate hydrolysis.

3.2. Fabrication and Characterization of Alb-PLP/NO
NPs. The albumin-coated PLP/NO (Alb-PLP/NO NPs)
were successfully fabricated via an emulsion solvent
evaporation method followed by surface modification with
BSA (Figure 2A). Since the diazeniumdiolate groups of PLP/
NO are easily hydrolyzed at a high temperature or under acidic
and neutral pH conditions, a basic pH (pH 10) and ice-cold
temperature were maintained to minimize the unwanted
release of NO during fabrication of the nanoparticles. After
fabrication of the PLP@JO NPs, BSA was adsorbed on their
surface through the electrostatic interaction between the
negatively charged BSA and positively charged PLP/NO NPs
at pH 7.4. After surface modification, the hydrodynamic
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Table 1. Physicochemical Characteristics of the Nanoparticles

size (nm) polydispersity index (PDI) {-potential (mV) NO loading (gmol/mg)
PLP NDs 2218 + 6.9 0176 + 0.04 14.6 + 0.4
PLP/NO NPs 2132 + 3.0 0097 + 0.05 15.6 + 0.4 0.35 = 004
Alb-PLP NPs 2244 + 1.8 0087 + 0.06 =101 £ 1.5
Alb-PLP/NO NPs 2155 £ 32 0.104 + 0.08 —85 05 0.34 + 003

Table 2. NO Release Properties of LP/NO, PLP/NO NPs, and Alb-PLP/NO NPs“
[NO]: (pmol/mg) Jmax (ppb/mg) tol,.. (h) tijz (h) ty (h)

LP/NO 7.5 £ 0.80 33047 £ 9.0 010 = 0.01 146 + 0.18 11.18 + 028
PLP/NQ NPs 0.35 + 0.04 3927 + 157 016 + 0.02 224 + 0.20 20,67 + 053
Alb-PLP/NO NPs 0.34 + 0.03 374.8 + 206 0.13 + 0.03 227 + 012 21.80 + 037

1
4[NO];: total NO releas

99% of NO is released).

ﬁxo]m: maximum NO flux. fy¢;. : time to reach [NO] .. t,,: halflife of NO release. t;: duration time (time when
esults are presented as means # standard deviations (n = 3).
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Fi@ 3. NO release profiles of PLP/NO NPs and Alb-PLP/NO NPs. (A) @-ﬁme NO release profiles oP/NO NPs and Alb-PLP/NO NPs
in pH 7.4 buffer at 37 °C. (B) Cumulative NO release profiles of PLP/NO NPs and Alb-PLP/NO NPs in pH 7.4 buffer at 37 °C.

39
p-article size, {-potential, and NO-loading of the Alb-PLP/NO
NPs were measured (Figure 2, Table 1). The particles were
spherical in shape in SEM images, the average hydro-
dynamic particle size was 215.5 £ 3.2 nm with a narrow size
distribution (polydispersity index (PDI): 0.104 + 0.08)
(Figure 2B). In addition, owing to the successful adsorption
of BSA, 205 + 3.3 nm of corona was observe und the
surface of the nanoparticles by TEM (Figure 2B). The amount
of bound BSA was measured via BCA protein assay, and an
amount of BSA equivalent to 5.96 + 0.53% of the total particle
weight was bound to the surface of Alb-PLP/NO NPs. The
albumin coating did not increase the mean hydrodynamic
particle size of the nanoparticles (PLP/NO NPs vs Alb-PLP/
NO NPs: 2132 + 5 vs 2155 + 3.2 nm, not statistically
significant ), which may have been caused by the attenuation of
mild particle aggregation due to the increased cgi@idal stability
of the albumin coat. Hyun et al. also reported that there is no
significant difference in particle size between albumin-coated
PLGA nanoparticles (185 + 16 nm) and uncoated PLGA
nanoparticles (188 + 13 nm).** The amount of NO loading
was also similar between the PLP/NO NPs and Alb-PLP/NO
NPs (0.35 + 0.04 and 0.34 + 0.03 pgimol/mg, respectively),
indicating that the albumin-coating process had no effect on
NO loading. The encapsulation efficiency (EE) was ~64% of
the theoretical NO loading, suggesting that 36% of the NO was
prematurely released during the nanoparticle fabrication
processes. Unlike particle size and NO loading, the {-potentials
of the PLP/NO NPs and Alb-PLP/NO NPs were very

30388

Frent (+15.6 + 0.4 and —8.5 + 0.5 mV, respectively) due to
e adsorption of negatively charged BSA on the positively
charged surface of the PLP/NO NPs, which is attributed to the
secondary amine moiety of PLP/NO (Figure 2C). The {-
potential values remained constant after seve shes,
suggesting that the BSA molecules were bound to the surface
of the PLP/INO NPs via electrostatic interactions that were not
easily disrupted. Taken together, the Alb-PLP/NO NPs and
PLP/NO NPs showed similar hydrodynamic particle sizes and
NO loading, but the surface charge of the former was negative
from the adsorption of BSA.

3.3. NO Release Study. The NO release profiles of LP/
NO, PLP/NO NPs, and Alb-PLP/NO NPs were evaluated by
measuring real-time NO release using the NOA 280i. flife
(ty,2, time when 50% of the NO has been released), duration
time (t, time when 99% of the NO has Egen released), total
amount of NO ([NO];), momentary maximum NO flux
([NO],..), and time to reach [NOJ.., (tTNO'_,._.K) were

calculated to evaluate the NO release patterns. Since PLP/
NO is not soluble in aqueous medium, the analysis of NO
release from PLP/NO could not be conducted using the NOA
instrument. Under physiological conditions, LP/NO released
NO for 11.18 + 0.28 h with a ta of 1.46 + 0.18 h [Table 2
and Figure S3A (SI)]. Both PLP/NO NPs and Alb-PLP/NO
NPs released NO for more than 20 h following similar first-
order kinetics (t;, 20.67 + 0.53 and 21.8 + 0.37 h; t 224 £
0.20 and 2.27 + 0.12 h, for PLP/NO NPs and Alb-PLP/NO
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NPs, respectively) (Table 2 and Figure 3). The ?Jumin
coating on the surface of the PLP/NO NPs did not
significantly affect the NO release pattern of the nanoparticles.
Although albumin can act as a NO reservoir via the formation
of S-nitroso albumin,’® the thin coating of BSA on the surface
of the PLP/NO NPs was not suflicient to significantly alter
NO release. The prolonged duration of NO release from the
PLP/NO NPs and Alb-PLP/NO NPs compared with that of
LP/NO can be explained by the lower rate of hydrolysis of the
diazeniumdiolate groups in the nanoparticles. Since the
diazeniumdiolate groups inside the nanoparticles are protected
from the extemal aqueous medium, the release of NO from the
nanoparticles due to diazeniumdiolate group hydrolysis would
be slow and sustained (Figure $3B, SI). A sufficient duration of
NO release is important for a local antimelanoma therapeutic
to deliver NO to the target site (cancer cells) since it takes
time after administration to reach the cancer cells located
beyond dense ECM networks. Otherwise, all of the NO would
be prematurely released before reaching the target cells,
resulting in delivery failure. Thus, in this study, a formulation
that releases NO for more than 21 h was developed by
synthesizing PLP/NO, followed by nanoparticle fabrication
and albumin coating. The NO release profile of the Alb-PLP/
NO NPs indicates that they could exert antimelanoma effects
by efficiently delivering NO because of their high NO loading
and sustained NO release.

3.4. Intracellular Delivery of NO. Since NO exerts its
cytotoxic effects by interacting with various cell components,
the amount of intracellullar NO is strongly associated with
cytotoxicity. Thus, efficient NO delivery into cancer cells is
essential to achieve potent cytotoxic effects using NO-releasing
formulations. To evaluate the efficiency of the intracellular NO
delivery of the LP/NO, PLP/NO NPs, and Alb-PLP/NO NPs,
the level of NO inside the cells after exposure to the

formulations was measured using DAF-FM-DA. Green
fluorescence from the cell-membrane-impermeable DAF-FA/
NO, which is a stoichiometric reaction product of NO and
DAF-FM-DA, was measured and imaged after removal of the
medium to quantify the amount of NO delivered into the cells.
After a 30 min incubation, distinct green fluorescence,
indicative of intracellular NO, was observed near the nudeus
in the CLSM images of the PLP/NO NP- and Alb-PLP/NO
NP-treated groups, while negligible green fluorescence was
observed in the groups treated with LP/NO and albumin-
coated PLP NP (Alb-PLP NP) (Figure 4A). Although the
same NO equivalent was used, only a dim green fluorescence
could be observed in the LP/NO-treated group. The signals
were quantified using a microplate reader and the results
revealed that the PLP/NO NP- and Alb-PLP/NQ NP-treated
groups had more than 7 times higher fluorescence intensity
than the Alb-PLP NP-treated group (Figure 4B). In addition,
the signals from the PLP/NO NP- and Alb-PLP/NO NP-
treated groups were more than 2 times stronger than that of
the LP/NO-treated group. Unlike with the CLSM imaging
results, the LP/NO-treated group exhibited 3 times the
fluorescence intensity of the Alb-PLP NP-treated group.
Owing to low fluorescence intensities and imaging detection
limits, it was difficult to distinguish the fluorescence of the Alb-
PLP NP- and LP/NO-treated groups with CLSM imaging.
Since a limited amount of LP/NO could be attached to the
surface of the cells and release NO before internalization, a
limited amount of NO could be delivered into the cells by this
treatment. In contrast, the PLP/NO NPs and Alb-PLP/NO
NPs can be easily internalized by nonspecific endocytosis’’
and albumin-receptor-mediated endocytosis™”” to release NO
in the cells; thus, more than twice the amount of NO could be
delivered into the cells compared with that from LP/NO. The
enhanced delivery efficiency of the PLP/NO NPs and Alb-
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PLP/NO NPs may have resulted from the properties of the
nanoparticle formulations that enable them to be internalized
via endocytosis (Figure 54, SI). The NO delivery efficiencies of
the PLP/NO NPs and AIb-PLP/NQO NPs were similar,
indicating that the albumin coating did not reduce the
efficiency of NO delivery. These results suggest that the Alb-
PLP/NO NPs can deliver sufficient quantities of NO into
melanonfcells to produce potent antimelanoma effects.

3.5. In Vitro Cytotoxicity of Nanoparticles in
Melanoma Cells. The cytotoxicity of Alb-PLP NPs, LP/
NO, PLP/NO NPs, and Alb-PLP/NO NPs was evaluated in
B16F10 murine melanoma cells using an MTT assay. As
shown in Figure 5, all NO-releasing formulations (LP/NO,
PLP/NO NPs, and Alb-PLP/NO NPS) exhibited concen-
tration-dependent cytotoxic activity. The Alb-PLP NPs did not
show any cytotoxic effect, indicating that the toxicity of the
Alb-PLP/NO NPs resulted from released NO and not from
the nanoparticles themselves. In addition, since the Alb-PLP/
NO NPs would be converted to Alb-PLP NPs after releasing
their NO stores, local antimelanoma therapy could be achieved
by the local administration of Alb-PLP/NO NPs without the
risk of systemic toxicity. The PLP/NO NPs and Alb-PLP/NO
NPs exhibited more potent cytotoxic effects than LP/NO with
IC;y values of 455.5 + 122.1, 1349 + 15.5,and 97.1 + 6.1 uM
of NO concentration for LP/NO, PLP/NO NPs, and Alb-
PLPNO NPs, respectively. In Figure 4, we showed that the NP
formulations could enhance intracellular delivery of NO. Thus,
the cytotoxicity caused by NO delivery into the cells was
stronger with PLP/NO NPs and Alb-PLP/NO NPs than
with LP/NO. However, there was no significant difference in
cytotoxicity between the PLP/NO NPs and Alb-PLP/NO NPs
due to similar levels of intracellular NO between the two
treatments.

3.6. Tumor Penetration Ability of Alb-PLP/NO NPs.
The tumor ECM consists of three-dimensional networks of
various macromolecules, such as collagen, fibronectin, laminin,
and hyaluronic acid. The ECM is one of the major obstacles
that limit the therapeutic efficacy of nanoparticle formulations
by hinf:}ering their diffusion to cancer cells in the tumor
tissue.” ECM penetration is a crucial factor affecting
antitumor activity because restricted access to the cancer
cells reduces drug efficacy by limiting drug delivery.
Accordingly, the absence of ECM in 2D cell culture models
is considered to be one of the main reasons that several

nanoparticle formulations that exhibited potent cytotoxicity in
tumor cell culture failed to demonstrate in vivo antitumor
activity.m

In this study, we investigated the ECM-peff@lating ability of
the PLP/NO NPs and Alb-PLP/NO NPs by measuring the
maximum migration distance of the nanoparticles through an
ECM. As shown in Figure 6A, the albumin surface
modification substantially enhanced the ability to penetrate
the ECM; the maximum migration distance was 2.94 + 1.24
and 8.77 + 0.59 mm for the PLP/NO NPs and?-PLP/NO
NPs, respectively. Considering the fact that there was no
significant difference in particle size between the two
formulations (Table 1), the 3-fold er maximum migration
distance of the Alb-PLP/NO NPs can be attributed solely to
the presence of albumin on the particle surface. This can be
explained by the surface charge adjustment provided by the
albumin coating. ECM penetration of the positively charged
PLP/NO NPs (+15.6 + 04 mV (-potential) was limited
because the increased electrostatic forces between the
positively charged nanoparticles and negatively charged ECM
components would restrict diffusion of the former.*!
Conversely, repulsive forces would be generated between the
negatively charged Alb-PLP/NO NPs (—8.5 £ 0.5 mV (-
potential) and negatively charged ECM, enhancing migration
and ECM penetration. The effect of ECM penetration on the
treatment of melanoma could be even more important with
NO-based nanoparticles than with conventional chemo-
therapeutic-loaded nanoparticles. Since NO released from the
nanoparticles is able to diffuse only a short distance (40—200
gm in a few seconds) and it quickly loses its activity,” NO-
releasing nanoparticles bound by the ECM cannot deliver
sufficient NO quantities to the entire tumor tissue, resulting in
decreased anticancer activity. Therefore, by increasing the
ECM-penetrating ability via albumin coating, accessibility of
the Alb-PLP/NO NPs to the cancer cells is increased, resulting
in enhanced NO delivery tt@e entire tumor tissue.

Next, we determined the spatial distribution of the
nanoparticles in the tumor tissue to evaluate in vivo tumor
penetration. First, 6 h after intratumoral administration of
IR780-loaded PLP/NO NPs and Alb-PLP/N@§ NPs, the
tumors were excised and imaged using an IVIS. shown in
Figure 6B, fluorescence was observed in approximately 75% of
whole tumor images with the Alb-PLP/NO NPs and
approximately 40% with the PLP/NO NPs. After whole
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and the maximum migration distance of the nanoparticles. Data are presented as means + standard deviations (n = 3, *P < 0.05 compared to the
PLP/NO NPs group). (B) Representative IVIS images of excised BI6F10 tumors and their cross-sectional planes. Images were taken 6 h after
intratumoral administration of IR780-loaded PLP/NO NPs and Alb-PLP/NO NPs. (C) Schematic illustration of the spatial distribution test after
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tumor treated with Nile red-loaded PLP/NO NPs and Alb-PLP/NO NPs. (E) Percentage of sections exhibiting red fluorescence. Horizontal bars
represent means (1 = 5, *P < 0.05 compared to the PLPNO NPs group).

tumor imaging, cross-sectional planes of the tumors were also is quenched by black-colored melanin produced by melanoma
imaged using the IVIS. It is worth noting that whole tumor cells. In the tumor images, fluorescence in the Alb-PLP/NO
imaging cannot precisely analyze the internal distribution of NP-treated group encompassed ~92% of the cross-sectional
nanoparticles because fluorescence from deep inside the tumor plane of the tumor, while this value was ~31% for the PLP/
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17
NO NP-gted group. There was no significant difference in
tumor penetration effect between particles without NO (PLP
NPs and Alb-PLP NPs) and those with NO (PLP/NO NPs
and Alb-PLP/NO NPs), indicating that tumor penetration of
the nanoparticles is affected only by the albumin coating and
not by the presence of NO (Figure S6, SI).

To investigate the spatial distribution of the nanoparticles
further, the tumors were sectioned into 48 pieces, and the
presence of red fluorescent nanoparticles in each piece was
examined using CLSM (Figm‘e 6C). We found that 56.7 +
8.5% and 31.2 £ 2.1% of the sections were positive for red
fluorescence in the Nile red-loaded Alb-PLP/INO NP-treated

PLP/NO NP-treated groups, respectively (Figure 6D,E).
ese results are consistent with those from the in vitro ECM
penetration study discussed earlier in this section. Since
diffusion of positively charged PLP/NO NPs through the
ECM network was restricted, their spatial distribution was also
limited in B16F earing tumors possessing a dense ECM. In
contrast, owing to the reduced electrostatic interactions with
the ECM caused by the albumin coating, the Alb-PLP/NO
NPs showed a widespread spatial distribution to the entire
tumor tissue, resulting in increased NO delivery.

3.7. In Vivo Antitumor Activity. To investigate the
inhibitory effects of LP/NO, PLP/NO NPs, and Alb-PLP/NO
NPs on tumor growth, the B16F10 murine melanoma cell
bearing C57BL/6 mouse was used as an animal model of
melanoma. Each formulation was administered intratumorally
every 2 days to avoid the stress caused by frequent anesthesia
and injection. Compared with the untreated group, the PLP/
NO NPs and Alb-PLP/NO NPs significantly inhibited tumor
growth, while LP/NO and the Alb-PLP NPs did not (Flgure
7). In particular, the Alb-PLP/NO NP-treated group exhibited
the most potent antitumor effect and showed significantly
stronger tumor growth inhibition than the PLP/NO NP-

treated group did (Figure 7B). Intratumoral administration of
LP/NO with an NO equivalent of 6.6 ymol/kg did not exhibit
significant antitumor activity, possibly due to the low delivery
efficiency of NO and higher ICsq of LP/NO (Figures 4 and 5).
To evaluate the growth inhibition efficacy of the NO-releasing
formulations, SGR, a parameter for assessing the exponential
growth of tumors,” was calculated from the time—tumor
volume profiles. As shown igure 7C, the PLP/NO NP- and
Alb-PLP/NO NP-treated groups showed significantly lower
SGR than the untreated groups, while the SGR of the Alb-PLP
NP- and LP/NO-treated grou as not significantly different.
The SGR of the Alb-PLP/NO 's was significantly lower than
that of the PLP/NO NPs; the enhanced inhibitory effect of the
Alb-PLP/NO NPs on tumor growth resulted from their
increased tumor penetration compared with that of the PLP/
NO NPs. Since the Alb-PLP/NO NPs can distribute to a larger
volume of the tumor than the PLP/NO NPs, more melanoma
cells were exposed to NO with the former nanoparticles,
resulting in enhanced antitumor effects.

To investigate the systemic toxicity of the intratumorally
administered formulations, bo weight changes were
monitored during the experiment. Compared with the healthy
group, none of the groups showed significant body weight
reductions (Figure 7D). Owing to the short diffusible distance
of NO, its cytotoxic effects would be limited to the local tumor
tissue, resulting in minimal off-target systemic toxicity. Thus,
NO-based therapeutics could be desirable formulations for the
local treatment of melanoma since potential toxicity cannot be
excluded using traditional chemotherapeutic formulations.

To understand the enhance titumor effects of the Alb-
PLP/NO NPs further, H&E staining and TUNEL staining
were cn@ted to evaluate morphological changes and the
presence of apoptotic cells, respectively, in the tumors treated
with the formulations. H&E staining revealed that the area of
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the necrotic zone in tumor tissues from the Alb-PLP/NQ NP-
treated group was approximately 3-fold larger than that from
the PLP/NO NP group [Figures 8A and S7 (SI)]. The results
suggest that treatment with Alb-PLP/NO NPs enhanced
tumor growth inhibition via cytotoxic effects to a larger region
than treatment with PLP/NO NPs, an effect caused by the
enhanced tumor penetration of the Alb-PLP/NO NPs. H&E
images of the LP/NO- and Alb-PLP NP-treated tumors (and
those from the untreated group) did not show detectable
necrotic zones. In addition, owing to tumor angiogenesis,
blood vessels were observed in the H&E images of Alb-PLP
NP-treated and untreated tumors.

To evaluate the extent of apofbsis in the tumors, TUNEL
assays were conducted on day 8. As shown in Figure 8B, higher
numbers of TUNEL-positive cells (green fluorescence) were
observed in the Alb-PLP/NO NP-treated tumors than in
tumors from the other experimental groups. In the TUNEL-
stained images of the PLP/NO NP-treated tumors, TUNEL-
positive cells were observed in a narrow region due to limited
diffusion of the PLP/NO NPs in the tumors. Apoptotic cells
were also observed in the TUNEL-stained images of LP/NO-
treated tumors, but the number of TUNEL-positive cells was
not sufficient to inhibit tumor growth. Taken together, the Alb-
PLP/NO NPs showed more potent anticancer effects than the
other formulations. This occurred via enhanced induction of

Rep
els, circled areas indicate necrotic zones, and the yellow scale bar represents 100 um. (B) Representative CLSM
images of tumor sections after terminal deoxynucleotidyl transferase-deoxyuridine triphosphate nick end labeling (TUNEL) staining. The scale bar
represents 50 pm.

tative microscopic images of H&E-stained tumor sections. White

apoptosis caused by efficient NO delivery to a large number of
cancer cells throughout the tumor tissue, a characteristic
attributed to increased tumor penetration.

4. CONCLUSION

In this study, tumor-penetrable NO-releasing nanoparticles
were developed for the local treatment of melanoma. Alb-PLP/
NO NPs were successfully generated via three sequential
processes: synthesis of PLP/NQ, fabrication of the nano-
particles, and albumin cuﬂg on the surface of the positively
charged PLP/NO NPs. e average particle size and [-
potential of the Alb-PLP/NO NPs were 215.5 + 3.2 nm and
—85 + 05 mV, and the nanoparticles could release 0.34 +
0.03 pmol of NO/mg of particle in a sustained manner for
more than 21 h. Owing to their prolonged NO release and
enhanced cellular uptake, the Alb-PLP/NO NPs exhibited
potent intracellular NO delivery and cytotoxicity in B16F10
cells compared with that of LP/NO treatment. In vitro ECM
penetration and in vivo spatial distribution studies revealed that
the spatial distribution in tumors was higher with Alb-PLP/
NO NPs than with PLP/NO NPs, res@fing from the enhanced
ECM penetration caused by reduced electrostatic interactions
between the nanoparticles and negatively charged ECM
components. Finally, the Alb-PLP/NO NPs showed potent
growth inhibitory effects on tumors without systemic toxicity
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in a murine melanoma mouse model through the efficient
delivery of NO into melanoma cells throughout the ?re
tumor tissue because of enhanced tumor penetration. se
results suggest that P/NO NPs are a promising
formulation for the local treatment of melanoma.
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Characterization of LP/NO (Figure S1); character-
ization of PLP/NO and 'H NMR spectra of PLGA,
LPEI, PLP, and PLP/NO (Figure §2); real-time NO
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