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Nitric oxide (NO) and hydrogen sulfide (H,S) have been the focus of research as therapeutic agents
because of their biological functions. The controlled release of NO and H,S can enhance NO-induced
angiogenesis by H,S inhibiting PDE5SA. Polymeric carriers have been researched to deliver gasotransmit-
ters and used as therapeutic agents because of their important ability to help control the concentration of
NO and H,S. Here, NO/H,S-releasing nanoparticles were self-assembled from carboxyl-functionalized
mMPEG-PLGH-thiobenzamide [(methoxy poly (ethylene glycol-b-lactic-co-glycolic-co-hydroxymethyl
propionic acid)-thiobenzamide)], PTA copolymer and encapsulated diethylenetriamine NONOate (DETA
NONOate). The PTA copolymers were characterized by FT-IR and *H NMR, and the PTA-NO nanoparticles
(PTA-NO-NPs) were confirmed to have core-shell structures with a size of about 140 nm. The
PTA-NO-NPs were demonstrated to be biocompatible with viabilities above 100% in various cell types,
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with a sustained NO and H,S releasing behavior over 72 h. Co-releasing NO and H,S accelerated tube for-
mation by HUVECs compared to the only NO- or H,S-releasing groups in vitro. Also, PTA-NO-NPs per-
formed enhanced angiogenesis compared to the control groups with statistically significant differences
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1. Introduction

Gaseous signaling molecules (i.e., gasotransmitters) have
emerged in therapeutics as physiological modulators because
they can freely permeate membranes and regulate physiologi-
cal pathways and cell functions."”” Gasotransmitters can be
endogenously synthesized by various types of cells, interacting
with each other in just a blip. The first identified gasotransmit-
ter was nitric oxide (NO), which has been researched in cardio-
vascular systems, neuronal systems, immune modulators,
wound healing, and cancer therapy.® Hydrogen sulfide (H,S) is
also involved in various systems of mammalian physiology and
is considered one of the most important signaling molecules.
NO and H,S are endogenously produced in concentrations of 5
nM-4 uM and 0.7-3 pM, respectively.*® Both gas molecules
mediate specific physiological functions based on their con-
centration, such as vascular signaling in low concentration

“Program in Nanoscience and Technology, Graduate School of Convergence Science
and Technology, Seoul National University, Seoul, Republic of Korea

bDepartment of Applied Bioengineering, Graduate School of Convergence Science and
Technology, Seoul National University, Seoul, Republic of Korea.

E-mail: kangwonlee@snu.ac.kr

tElectronic supplementary information (ESI) available. See DOI: 10.1039/
d1bmo00448d

{These authors contributed equally to this work.

5150 | Biomater. Sci., 2021, 9, 5150-5159

ex vivo. These results indicate the feasibility of medical applications through NO and HS crosstalk.

and apoptosis signaling in high concentration. These mole-
cules share signaling pathways by interacting dependently or
independently to modulate angiogenesis, vascular vasodila-
tion, immune response, etc.””® Therefore, their combinatorial
use could represent a promising therapeutic agent.

NO is endogenously produced by NO synthase, and NO
synthase can be activated by H,S production, which results in
increased NO levels. Endogenously produced NO converts gua-
nosine triphosphate (GTP) to cyclic guanosine monophosphate
(cGMP), and it stimulates protein kinase G (PKG). Similarly,
H,S participates in these cascade reactions by inhibiting
c¢GMP-specific phosphodiesterase type 5 (PDE5A), which can
degrade cGMP. These NO and H,S interactions allow increased
cGMP levels, which lead to a sufficient stimulation of PKG.
PKG provides the signals to regulate several physiological func-
tions, such as angiogenesis and vasodilation through control-
ling ion channels.' In addition, both NO and H,S can activate
Karp channels involved in angiogenesis. From these simul-
taneous actions, NO signals inducing angiogenesis can be ulti-
mately amplified by H,S."""*

Since endogenously synthesized gasotransmitters have
a short halflife and the direct administration of gas
molecules carries a risk of overdose, the development of donor
materials is necessary to deliver exogenously.">'* Various
NO or H,S donor materials, such as releasing moieties
(N-diazeniumdiolate, S-nitrosothiol, and peroxynitrate for NO

This journal is © The Royal Society of Chemistry 2021
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release, and arylthioamide, 1,2-dithiole-3-thiones, and
Lawessons’ reagent derivatives for H,S release), have been
developed for exogenous delivery in vivo."> *° In particular, di-
ethylenetriamine NONOate (DETA NONOate), which is one of
the derivatives of N-diazeniumdiolate, releases two NO pro-
ducts with proton-triggered NO-releasing mechanisms.?® DETA
NONOate was reported to have angiogenic potentials by con-
trolling the release rates via vehicles,*"** while 4-aminothio-
benzamide, one of the arylthioamide derivatives, was reported
to be a new promising therapeutic agent for cardiovascular dis-
eases with vascular effects. Arylthioamide derivatives have
showed thiol-triggered H,S-releasing properties, such as
L-cysteine, but no precise thiol-triggering mechanism has been
revealed yet.”* Also, 4-aminothiobenzamide has exhibited the
advantages of a slow and sustained H,S release as well as
having easy conjugation properties.**

By designing hybrid materials with the dual release of NO
and H,S, researchers can take advantage of a signal amplifica-
tion of the NO signals. The hybrid molecules, such as NOSH-
aspirin (NBS 1120) and ZYZ-803, have been reported.>>® For
delivering NO and H,S donor materials, the modification of
polymers is one of the most promising strategies. The grafting
of releasing moieties in the polymer backbone has been
reported, such as poly (vinyl alcohol), poly (ethyleneimine),
chitosan, alginate, and peptide-based hydrogels.>’ >° Notably,
the copolymer poly (ethylene glycol) (PEG) and poly (lactic-co-
glycolic acid) (PLGA) is one of the most common biocompati-
ble and biodegradable materials used in commercial thera-
peutics and clinical applications. With these great character-
istics of copolymers, chemical functionalization expands their
versatile applications, such as in drug delivery, hydrogels, and
engineered scaffolds.’*”** For instance, 2,2-bis(hydroxymethyl)
propionic acid (HMPA) allows carboxyl-functionalization
during the polymerization of lactic acid and glycolic
acid. Poly (lactic-co-glycolic-co-hydroxymethyl propionic acid),
PLGH, was used for the incorporation of drugs such as NO-
releasing materials, while maintaining the characteristics of
PLGA.»™

Delivery of the gasotransmitters, however, requires over-
coming some drawbacks, including their short half-life, stabi-
lity, the solubility of the donors, and ensuring a controlled
release without an initial burst. NO release from the polymer-
pendent moieties can facilitate diverse applications,**° also
showing a suppressed release behavior in polymeric
particles.*>*® Similarly, H,S-releasing molecules have been
developed to overcome the insoluble issue and initial bursting
of H,S-donating molecules."®*' Both gasotransmitters (NO
and H,S) can be delivered by macromolecules (-conjugating
donors or -encapsulation), which leads to appropriate biologi-
cal functions with “controlled” or “slow” release behaviors.
Our research group previously reported inducing angiogenesis
by the controlled release of NO from the self-assembled nano-
particles by amphiphilic copolymers.>® In this study, we
designed self-assembled polymeric nanoparticles for the deliv-
ery of nitric oxide and hydrogen sulfide simultaneously
(Fig. 1). For ensuring the cooperation of the two gasotransmit-

This journal is © The Royal Society of Chemistry 2021
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ters (NO and H,S), we modified methoxy poly (ethylene glycol-
b-lactic-co-glycolic acid) (mPEG-PLGA) with 2,2-bis(hydroxy-
methyl) propionic acid (HMPA) and 4-aminothiobenzamide
for cysteine-triggered H,S release. The self-assembled nano-
particles were characterized and displayed enhanced angio-
genic potential in vitro and ex vivo.

2. Results and discussion

2.1. Characterization of mPEG-PLGH and mPEG-PLGH-
thiobenzamide (PTA) copolymers

To deliver two different molecules together, biodegradable
amphiphilic mPEG-PLGA-based mPEG-PLGH-thiobenzamide
(PTA) copolymers were prepared and characterized by "H NMR
and FT-IR. First;, mPEG-PLGH copolymers, which have
carboxylic functional groups in the backbone chain of
mPEG-PLGA as H,S-donor-conjugating moieties, were success-
fully polymerized by a ring-opening polymerization with
t-lactide, glycolide, and HMPA. PTA copolymers were syn-
thesized by conjugating 4-aminothiobenzamide, which acts as
a H,S donor, to the carboxylic moieties with an amide bond.
All the peaks of the '"H NMR spectrum confirmed the PTA
copolymer structures (Fig. 2A). The peaks at 5.2 and 1.6 ppm
were attributed to the methine and methyl proton of the lactic
acid repeat units. The methylene protons of mPEG and glycolic
acid repeat units were presented at 3.6 and 4.8 ppm, respect-
ively. The methyl and methylene protons of HMPA were
revealed at 1.25 and 4.3 ppm. The peak at 2.8 ppm presented
hydrogen environments directly bonded to an aromatic ring.

FT-IR was used for further compositional analysis of the
mPEG-PLGH and PTA copolymers (Fig. 2B). The strong sharp
band at 1750 cm™' was attributed to the carbonyl C=0
stretch, and the 1080-1170 cm™" bands corresponded to the
C-O stretch. The peaks at 2875-2997 cm™" were assigned to
the C-H stretch, and the bands at 1386-1457 cm™' were
assigned to the C-H bending vibrations. The peaks at 1630
and 1550 cm™ " were attributed to the amide C=0 bond and
aromatic ring C-C stretch of conjugated thiobenzamide,
respectively. The molecular weights of the copolymers were
measured by GPC (Table S1t). According to the GPC results,
the conjugation of thiobenzamide to the mPEG-PLGH
backbone could be confirmed by the increased M, of
the PTA copolymers in comparison with the mPEG-PLGH
copolymers.

2.2. Characterization of PTA-NO-NPs

The polymeric PTA-NO-NPs were successfully prepared by a
water-in-oil-in-water (W/O/W) double emulsion with core-shell
structures. The PTA-NO-NPs were able to self-assemble into a
vesicular form with separated hydrophilic and hydrophobic
regions, because of the amphiphilicity with appropriate
volume fractions of the blocks.**™** H,S-releasing 4-aminothio-
benzamide was chemically conjugated into the hydrophobic
region, while NO-releasing DETA NONOates were physically
encapsulated into the hydrophilic core. Several properties that

Biomater. Sci, 2021, 9, 5150-5159 | 5151
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(A) Schematic illustration of NO & H,S co-delivery from self-assembled methoxy poly (ethylene glycol-b-lactic-co-glycolic-co-hydroxy-

methyl propionic acid)-thiobenzamide (MPEG-PLGH-thiobenzamide, PTA) nanoparticles for enhancing angiogenesis. (B) Synthesis scheme of

mMPEG-PLGH and PTA copolymers.

would be considered for useful nanoparticles were character-
ized, such as the appropriate particle size, entrapment
efficiency, and release profile.*

The prepared PTA-NO-NPs were well distributed with an
average size of 140.8 + 4.0 nm (Fig. 2C), indicating that the
PTA-NO-NPs had a suitable size as a nano-based delivery
system to sustain a longer circulation.”>*® The zeta potential,
one of the critical characteristics of nanoparticles, was also
estimated by DLS. The PTA-NO-NPs had an average zeta poten-
tial of —1.87 + 0.36 mV, which is a slightly more negative
charge than that exhibited generally in PLGA-based nano-
particles (Fig. 2D).

TEM images confirmed the morphology of the PTA-NO-NPs
(Fig. 2E). The image of PTA-NO-NPs presented clear spherical
core-shell structures resulting from the double-emulsion
method of fabrication of amphiphilic PTA copolymers. The
results indicated that the PTA-NO-NPs were uniformly made in
a size of about 140 nm according to the DLS results. The
entrapment efficiency is an important property to evaluate the
drug-loading ability of nanoparticles. The entrapment
efficiency of DETA NONOates measured from hydrolyzed
PTA-NO-NPs was 53.7 = 4.1% (data not shown), which was
much higher than for previously reported PLGA-based par-
ticles prepared in the same W/O/W method.*’

5152 | Biomater. Sci., 2021, 9, 5150-5159

2.3. Release measurement of NO and H,S

The release behaviors of NO and H,S from the nanoparticles
were confirmed respectively in physiological conditions. Using
the Griess assay, which is generally used for measuring
NO concentration by detecting nitrite or nitrate oxidized
from NO, NO release from the PTA-NO-NPs was confirmed
(Fig. 2F). At a concentration of 1 mg mL™', PTA-NO-NPs
encapsulating DETA NONOates exhibited a sustained NO-
release profile for 72 h of up to approximately 20 nmol. As
already revealed, free DETA NONOates have issues with an
initial NO burst release generating two NO products. However,
the PTA-NO-NPs released NO in a controlled manner similar
to in our previous study.*?

H,S release from the PTA-NO-NPs was assessed by the
methylene blue method, which is commonly used to
monitor the H,S concentration by colorimetric measure-
ment. The H,S release test proceeded with 4 mM of
thiobenzamide-trigger agent, because
arylthioamides releases H,S in the presence of organic
thiols, such as reduced glutathione, 1-cysteine.***° The H,S
release also showed a long-lasting sustained-release profile
(Fig. 2G). The H,S release from PTA-NO-NPs at 1 mg mL™"
was controlled with a low concentration under the range of

L-cysteine as a

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Characterization of the PTA copolymers and PTA-NO-NPs. (A) *H NMR spectrum of the PTA copolymers with p-chloroform as a solvent. (B)
FT-IR spectra of the mPEG-PLGH and PTA copolymers. (C) Size distribution and (D) zeta potential confirmed by DLS. The data are displayed as the
mean + SEM (n = 4). (E) Morphological analysis was determined by TEM. The scale bar is 200 nm. (F) Nitric oxide release measurement by Griess
assay and (G) Hydrogen sulfide release measurement by the methylene blue method were carried out in vitro. PTA-NO-NPs at 1 mg ml™* were
tested under physiological conditions. The data are displayed as the mean + SEM (n = 3).

15 pM. After 12 h, a constantly increasing behavior in H,S
concentration was observed over 72 h. Even though H,S
accumulated continuously over time, PTA-NO-NPs were
expected not to affect biocompatibility because of their very
low concentration. Many previous studies have reported that
arylthioamides can cause several issues, such as (1) toxicity
caused by high concentration, (2) uncontrolled release
mechanisms, (3) stability of prodrugs.”® Whereas, our
PTA-NO-NPs showed the potential to overcome these pro-
blems by delivering in nanoparticles.

A controlled release profile in a drug-delivery system can
increase the drug bioavailability with a prolonged circulation
time and can decrease the side effects from burst drug
release. For inducing angiogenesis effectively, NO and H,S
should be released at low concentration and for a long time.
Compared to compounds such as NOSH-aspirin and ZYZ-803,
which bear NO- and H,S-releasing materials together and
have a release time of about 2 h, the PTA-NO-NPs showed a
prolonged release and increased circulation time of about 3
days.”® This release behavior is assumed to be caused via
diffusion or degradation of the core-shell structured nano-
particles. Because of the slow and prolonged release profile,
its application could be variable by adjusting the concen-
tration of the PTA-NO-NPs.

This journal is © The Royal Society of Chemistry 2021

2.4. Invitro cytotoxicity of PTA-NO-NPs

To evaluate the cytotoxicity of the PTA-NO-NPs for physiologi-
cal use, in vitro CCK-8 and LIVE/DEAD assays were carried out
with HUVECs, 3T3-L1, A549, C6, MCF-7, and ADSC cell lines.
The cytotoxicity tests were performed with three different con-
centrations (50, 100 pg mL™", and 1 mg mL™"), which were
determined based on the results from the NO- and H,S-release
tests. Quantitative analysis was carried out by CCK-8 assay
(Fig. 3A and S1t). For all the cell types, the PTA-NO-NPs at 50
and 100 pg mL™" concentration showed high cell viabilities
compared to the control group at every time point, with the
cell viabilities mostly above 100%. On the other hand,
PTA-NO-NPs at 1 mg mL ™", which represents a relatively high
concentration, showed toxicity to all cell types. Especially in
the 3T3-L1 and C6 cell lines, the toxicity of PTA-NO-NPs was
conspicuously high, with under about 60% cell viabilities after
24 h.

Fluorescence images were obtained by the Live/Dead assay
to further assess the cytotoxicity of the PTA-NO-NPs. The
results were matched to those of the CCK-8 assay (Fig. 3B and
$2+). PTA-NO-NPs at 50 and 100 pg mL ™" showed a high living-
cell density and few dead cells, similar to the control group in
all cell types at all time points; whereas a relatively high con-

Biomater. Sci,, 2021, 9, 5150-5159 | 5153


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1bm00448d

Open Access Article. Published on 23 April 2021. Downloaded on 8/2/2025 5:43:11 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
A HUVEC
120-
e 4 e of
2 oy
100 M M M
= 801 =
g g
B k|
8 3
40-
204
12h 24h 48h 72h
Time (hours)
B HUVEC
Control 50pg/ml 100pg/ml 1mg/ml
£ £
< =
N N
£ £
0 o«
< <+
£ £
N N
~ ~
Fig. 3

120

@
8

View Article Online

Biomaterials Science

3T3-L1
. — Az -
[ Control
3 50ug/mi
@@ 100ug/mi
@ 1mg/ml
12h 24h 43h 72h
Time (hours}
3T3-L1
Control 50pg/ml 100pg/ml 1mg/ml

In vitro cytotoxicity measurement of HUVECs and 3T3-L1. (A) Quantitative cytotoxicity analysis was proceeded by the CCK-8 assay. The data
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channel represents dead cells (scale bar = 500 pm).

centration of PTA-NO-NPs (1 mg mL™") showed a low living-cell
density and increased red fluorescence in comparison to the
control at 50 and 100 pg mL™', which means that a large
number of cells were dead and detached by the cytotoxicity of
high NO and H,S concentrations.

Various concentrations of PTA-NO-NPs and cell types were
examined to observe the influence of PTA-NO-NPs on the
reported physiological functions induced by NO and H,S in
addition to confirm the biocompatibility. As reported pre-
viously, a low concentration of NO or H,S mediates cell pro-
liferation and vascular effects, while a high concentration
induces cell apoptosis. From that point of view, 50 and
100 pug mL™" were selected for the low NO and H,S concen-
tration groups with biocompatibility and 1 mg mL™' was
selected for the high concentration group with cytotoxicity.
3T3-L1 was assessed because the fibroblast is the most
common type of cell discovered in connective tissue, and
HUVECs were observed because the endothelial cells are sub-
stantially involved in angiogenesis. Also, because NO and
H,S are known to play an important role in cancer progress
and therapy,"”' various cancer cell lines, including C6
(mouse brain glial cell), A549 (lung carcinoma), and MCF-7
(breast adenocarcinoma), were assessed. ADSCs, which are
stem cells that can differentiate into many different cell
types, were tested to observe the proliferation ability of the
PTA-NO-NPs.

From the results, the PTA-NO-NPs at low concentration
were demonstrated to be biocompatible and showed potent
cell proliferation and angiogenesis. On the other hand, the

5154 | Biomater. Sci,, 2021, 9, 5150-5159

PTA-NO-NPs at high concentration were highly effective at
inducing apoptosis in a dose-dependent manner, and there-
fore could be promising anticancer therapeutic materials.
Thus, our nanoparticles were verified to have various physio-
logical functions that mean they could serve as a multifunc-
tional therapeutic material in a wide range of clinical appli-
cations in the future.

2.5. Angiogenic potential of the PTA-NO-NPs

The angiogenic property of the PTA-NO-NPs was assessed by
an in vitro tube assay and ex vivo aortic ring assay. To demon-
strate the synergistic angiogenic ability by co-delivery of NO
and H,S from PTA-NO-NPs, DETA NONOates as a NO donor
only group and PTA-NPs as a H,S donor only group were also
tested. First, a tube formation assay was performed in vitro,
and the tubular branching ability by HUVECs was assessed
(Fig. 4). PTA-NO-NPs at various concentration were tested, and
the results showed that all the groups treated with
PTA-NO-NPs had much higher angiogenic potentials than the
negative control group. Moreover, HUVECs treated with
PTA-NO-NPs formed more tubes in comparison to the group
treated with VEGF. Besides, PTA-NO-NPs at 10, 25, and 50 pg
mL ™" induced more tubes than DETA NONOates and PTA-NPs
with statistically significant differences (p < 0.001 for 10 and
25 pg mL™", p < 0.01 for 50 pg mL~"; data not shown). Below
25 pg mL™", the number of tube branches was increased in
proportion to the PTA-NO-NP concentration. At 25 pg mL™",
tubes were formed the most, and above that tube branches
were decreased gradually.

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 Endothelial cell tube formation assay to assess the angiogenic potential of PTA-NO-NPs in vitro. Data are shown for HUVECs on a matrigel
matrix at 16 h. (A) Representative microscopic images (scale bar = 500 pm). (B) The average number of tube branches formed in the assay was
measured. The data are displayed as the mean + SEM (n = 4). Statistical differences between the experimental groups were determined using one-
way ANOVA test followed by Tukey's test (***p < 0.001 vs. EBM2, ###p < 0.001 vs. EBM2 + VEGF).

Furthermore, the aortic ring assay was performed using rat
aorta for an ex vivo study. This assay is an organ culture-based
model that can be used to observe the ability to sprout new
microvessels from aorta. We observed enhanced angiogenic
potentials in PTA-NO-NPs (10 and 25 pug mL™") at day 7. The
area of sprouted neovessels was evaluated. Since a higher

EBM2

EBM2 + VEGF

angiogenic potential can induce more microvessel sprouting,
the outgrowth area of neovessels would be a marker of angio-
genic estimation. The results were comparable to the results of
our in vitro study (Fig. 5). In all groups treated with
PTA-NO-NPs, new microvessels sprouted more than the groups
of EBM2 and EBM2 with VEGF. Also, the angiogenic potentials
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Fig. 5 Ex vivo aortic ring assay using rat aorta. (A) Representative microscopic images of sprouted microvessels from the aorta after 7 days of incu-
bation (scale bar = 500 pm). (B) The area of new microvessels outgrowth was quantified by ImageJ software. The data are displayed as the mean +
SEM (n = 3). Statistical differences between experimental groups were determined using one-way ANOVA test followed by Tukey's test (***p < 0.001

vs. EBM2, ###p < 0.001 vs. EBM2 + VEGF).

This journal is © The Royal Society of Chemistry 2021
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were slightly increased in the PTA-NO-NP groups compared to
the DETA NONOates and PTA-NPs groups. Between 10 and
25 pg mL ™", there were no significant differences in the micro-
vessel sprouting abilities of the PTA-NO-NPs.

The results showed that only NO or H,S groups could
promote angiogenesis rather than the control group and VEGF
treated group, whereas PTA-NO-NPs induced angiogenesis
more strongly. This means that NO and H,S can induce angio-
genesis independently, but the angiogenic potential was much
higher when delivering NO and H,S together in nanoparticles
than in delivering each separately. Despite the low release con-
centration of H,S from PTA-NO-NPs, the results exhibited that
the released H,S can fully help NO signal amplification.
Because of the much longer release time than delivery by the
compounds, the delivery of NO and H,S by PTA-NO-NPs is
expected to be more effective in angiogenesis.

3. Experimental

3.1. Materials

Lactic acid, glycolic acid, HMPA (2,2-bis(hydroxymethyl) pro-
pionic acid), and stannous octoate were supplied by Sigma
Aldrich (St Louis, MO, USA). Methoxy poly (ethylene glycol)
(mPEG) (average M,, 2000) was supplied by Tokyo Chemical
Industry (Tokyo, Japan). 4-Aminothiobenzamide was pur-
chased from Carbosynth (Berkshire, UK) and diethyl-
enetriamine NONOate (DETA NONOate) was supplied by Acros
Organics. The nitric oxide assay kit was purchased from
Abcam (Cambridge, UK). The dialysis membrane (Spectra/por
6 MWCO 1 kDa) was purchased from Spectrum Industries, Inc.
(Los Angeles, CA, USA). 3T3-L1 (mouse fibroblast), C6 (mouse
brain glial cell), A549 (lung carcinoma), and MCF-7 (breast
adenocarcinoma) cell lines were obtained from Korea Cell Line
Bank (Seoul, Korea). HUVECs (human umbilical vein endo-
thelial cell) and ADSC (adipose-derived stem cell) cell lines
were supplied by PromoCell (Heidelberg, Germany) and Cefo
Co., Ltd (Seoul, Korea), respectively. The Cell Counting Kit-8
(CCK-8) was supplied by Dojindo Molecular Technologies
(Rockville, MD, USA) and the LIVE/DEAD Viability/Cytotoxicity
kit was supplied by Thermo Fisher Scientific (Waltham, MA,
USA).

3.2. Preparation of mPEG-PLGH copolymers (carboxyl-
functionalized mPEG-PLGA)

mPEG-PLGH copolymers were polymerized through a typical
ring-opening polymerization using stannous octoate catalyst,
as reported previously.>>>* Briefly, lactide (4 mmol), glycolide
(4 mmol), HMPA (0.09 mmol), and mPEG (20 wt% of the total
monomer) were added into a flask, and the flask was sealed.
After the flask was immersed in an oil bath, stannous octoate
(0.1 wt% of the total monomer) was added as a catalyst. For
20 h, the mixture was gently stirred at 130 °C in an N, environ-
ment. After quenching the polymerization by cooling down,
the crude product was dissolved in DCM and precipitated out
by adding excess methyl alcohol. The product was washed with
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methyl alcohol and then recovered by drying under vacuum
for 24 h at room temperature.

3.3. Preparation of mPEG-PLGH-thiobenzamide (PTA)
copolymers

mPEG-PLGH-thiobenzamide (PTA) copolymers were prepared
by conjugating 4-aminothiobenzamide to the carboxyl residue
of mPEG-PLGH copolymers with an amide bond, as described
previously.*®*> The carboxyl-functionalized mPEG-PLGH and
NHS (2.5 molar eq. to carboxyl group) were mixed in DMF (4
vol.) in an N, environment. After EDC-HCI (2.5 molar eq.) was
dissolved in DMF (6 vol.), the solution was added into the
mixture. The synthesis was proceeded at room temperature for
24 h to activate all the available carboxyl groups of
mPEG-PLGH. 4-Aminothiobenzamide (5 molar eq.) solution
mixed with triethylamine (8 molar eq.) in DMF (2 vol.) was
added into the activated mPEG-PLGH copolymer mixture in an
N, environment and maintained with stirring gently for 24 h
at room temperature. The resulting solution was concentrated
to remove DMF, and then the crude residue was precipitated
using excess diethyl ether. The precipitate was redissolved in
DCM and extracted two times with saturated NaCl solution to
remove any remaining salts and excess 4-aminothiobenza-
mide. The clear DCM phase was separated, and then the
solvent was removed by distillation. After recrystallization
using excess cold diethyl ether, the product was obtained
using a vacuum oven at room temperature for 24 h.

3.4. Preparation of PTA nanoparticles with DETA NONOate
(PTA-NO-NPs)

PTA-NO-NPs encapsulating DETA NONOate were prepared
through the previously reported water-in-oil-in-water (W/O/W)
double emulsion method.***® Briefly, 20 mg of PTA was dis-
solved in 1 mL of DCM, and then 0.2 mL of DW (for PTA-NPs)
or 5 wt% DETA NONOate solution (in 10 mM NaOH) was
mixed. Using a probe sonicator, the mixture was emulsified for
3 min in an ice bath. Next, 2 mL of 2% polyvinyl alcohol in
DW was added into the emulsion, followed by emulsification
by sonication for 5 min. The final emulsion was mixed with
15 mL of 0.2% polyvinyl alcohol solution and filtered with a
0.45 pm PES syringe filter. After the solution was diluted with
DW, the final PTA-NO-NPs or PTA-NPs were freeze-dried for at
least 3 days and then collected.

3.5. Characterization of the mPEG-PLGH and PTA
copolymers

To verify the PTA copolymer structure, "H nuclear magnetic
resonance spectrometry (lH NMR, ADVANCE II 500, Bruker,
Billerica, MA, USA) was used with p-chloroform as a solvent.
To confirm the structures of mPEG-PLGH and PTA copoly-
mers, Fourier transform infrared spectrometry (FT-IR, Bruker
Corporation, Billerica, MA, USA) was used. To assess the mole-
cular weight of the copolymers, gel permeation chromato-
graphy (GPC, Ultimate 3000, Thermo Fisher Scientific,
Waltham, MA, USA) was used with DMF as a solvent.
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3.6. Characterization of the size distribution and
morphology of the PTA-NO-NPs

A zetasizer instrument (Malvern Instruments, Malvern, UK)
was used to assess the size distribution and zeta potential
of the PTA-NO-NPs. The measurement carried
out with a 173° scattering angle at room temperature
with the PTA-NO-NPs well-dispersed in DW. For morpho-
logical characterization, field emission transmission elec-
tron microscopy (FE-TEM, JEM-F200, JEOL Ltd, Tokyo,
Japan) was used. To pretreat the PTA-NO-NPs, negative
staining was conducted using sodium phosphotungstate
solution (1%).

was

3.7. Entrapment efficiency measurement of the PTA-NO-NPs
The DETA NONOate entrapment efficiency of the
PTA-NO-NPs was measured as previously described

using a Nanodrop 2000 spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA).>* The PTA-NO-NPs dispersed
in NaOH (1 M) were kept under ultrasonication for at least
10 min, and then continuously stirred for complete hydro-
lysis of the PTA-NO-NPs. The absorbance of the completely
decomposed PTA-NO-NP mixture was measured at 252 nm
wavelength. The standard solution of PTA-NPs and an equi-
valent amount of DETA NONOate were prepared in 1 M
NaOH for carrying out the calibration. The DETA NONOate
entrapment efficiency was determined using the equation as
follows:

Entrapment efficiency (% )
__ Amount of remaining DETA NONOate in the NPs
~ Amount of initially added DETA NONOate

x 100

3.8. NO-release measurements

To confirm the NO release from the PTA-NO-NPs, the Griess
assay was performed with a nitric oxide assay kit following the
manufacturer’s protocol. The Griess assay is a common
analytical test that measures the presence of nitrite and
nitrate. DETA NONOate can spontaneously dissociate and
release two NO products under normal physiological con-
ditions. Briefly, PTA-NO-NPs (2 mg) encapsulating DETA
NONOate were fully dispersed in PBS (2 mL). The dispersed
solution was placed into a dialysis membrane, so that NO can
be diffused freely across the membrane. Then, the dialysis
membrane was immersed in 6 mL of PBS and incubated at
37 °C in darkness. Next, 85 pL of sample was taken at each
time point, and after that nitrate reductase (5 pL) and enzyme
cofactor (5 pL) were added. Each sample was incubated at
room temperature for 1 h to convert nitrate to nitrite by
nitrate reductase. Enhancer (5 pL) was added into each
sample, and then incubated for 10 min at room temperature.
After the Griess reagents were mixed, the optical density was
measured by a microplate reader (Synergy H1, Bio Tek,
Winooski, VT, USA) at 540 nm. The total amount of NO,
which is the sum of nitrate and nitrite, was calculated against
a standard curve.
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3.9. H,S-release measurements

H,S release from the PTA-NO-NPs was confirmed by using the
methylene blue method as previously reported.*® The methyl-
ene blue method is a colorimetric assay for measuring the
intensity of methylene blue color directly proportional to the
H,S concentration. In the presence of r-cysteine, arylthioa-
mides can produce H,S. Briefly, 0.5 mL of i-cysteine in PBS
(4 mM) was added into 0.1 mL of zinc acetate in DW (1% w/v).
After 0.5 mL of PTA-NO-NPs (1 mg mL™") in DW was mixed,
the mixture was incubated at 37 °C in darkness. At each time
point, 150 pL of 20 mM N,N-dimethyl-p-phenylenediamine
dihydrochloride dye in 7.2 M HCI and 150 pl of 30 mM iron
(I11) chloride in 1.2 M HCI were added into the samples, which
resulted in the formation of methylene blue. After 10 min, the
H,S concentration of each sample was measured by a micro-
plate reader at 670 nm and calculated against a calibration
curve. NaHS, a representative H,S-releasing molecule, was
used to graph the standard curve of H,S release. PBS (0.5 mL)
was mixed with zinc acetate (0.1 mL) followed by adding
0.5 mL of NaHS in DW (0-300 pM). The samples were incu-
bated for 30 min under the same conditions described above
for the trapping of H,S by zinc acetate and for transforming
into stable zinc sulfide. Then the samples were mixed with N,
N-dimethyl-p-phenylenediamine dihydrochloride dye and iron
(I11) chloride and measured at 670 nm as described above.

3.10. Invitro cytotoxicity measurements

In vitro cytotoxicity was confirmed with 3T3-L1, HUVECsS,
A549, C6, MCF-7, and ADSC. 3T3-L1 and ADSC were cultured
in DMEM containing 10% fetal bovine serum (FBS) and 1%
penicillin-streptomycin (PS). A549, C6, and MCF-7 were cul-
tured in RPMI with FBS (10%) and PS (1%). The culture
medium for HUVECs was endothelial growth medium-2
(PromoCell, Heidelberg, Germany) with FBS (10 mL), ascorbic
acid (0.5 mg), heparin (11.25 mg), human recombinant epider-
mal growth factor (2.5 pg), human recombinant basic fibro-
blast growth factor (5 pg), hydrocortisone (0.1 mg), insulin-like
growth factor (R3 IGF-1) (0.01 mg), and human recombinant
vascular endothelial growth factor 165 (0.25 pg). For the CCK-8
assay, 1 x 10" cells of each cell line were incubated in 96 well
plates at 37 °C treated with PTA-NO-NPs in the concentration
of 50, 100 ug mL™", or 1 mg mL™". At 12, 24, 48, and 72 h, the
cytotoxicity was determined at 450 nm using the microplate
reader. For the Live/Dead assay, the cells were placed in 48 well
plates in the same conditions as described above. At 24, 48,
and 72 h, the fluorescence images were randomly obtained by
fluorescence microscopy (Axio Observer Z1, Carl Zeiss,
Oberkochen, Germany).

3.11. Tube formation assay

To verify the angiogenic potential of the PTA-NO-NPs in vitro, a
tube formation assay was performed. The tube formation assay
is a commonly used method to measure the ability of for-
mation of new blood vessels by endothelial cells in a quantifi-
able manner.”> Growth factor reduced matrigel (Corning
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Incorporated, New York, NY, USA) was evenly distributed to
each well as the basement membrane matrix. The coated well
plate was incubated at room temperature for 30 min and
under humidified conditions (5% CO,, 37 °C) for 1 h. The pre-
pared conditioned media was added to each well in a two-fold
concentration. As the control medium, the endothelial cell
growth basal medium-2 (EBM2, Lonza, Basel, Switzerland)
with FBS (10 mL) and gentamicin-amphotericin (0.5 mL) and
without any other growth factors was prepared. EBM2 with
0.1% (v/v) VEGF was prepared to compare the angiogenic
potential of the PTA-NO-NPs against VEGF. Also, the media
containing PTA-NPs (25 pg mL™'), DETA NONOate (1.7 ug
mL~", the same concentration of DETA NONOate in 25 ug
mL™' PTA-NO-NPs), and PTA-NO-NPs (5, 10, 25, 50, 75, and
100 pg mL™") were prepared for the test media. The media-
treated well plate was incubated under humidified 37 °C, 5%
CO, conditions for 1 h. Among the endothelial cell lines,
HUVECs were prepared and transferred into each well. After
incubation for 16 h, the tubular network was imaged by a
microscope and the number of tubular branches was counted
using Image].

3.12. Aortic ring assay

To further assess the angiogenic properties in an ex vivo
model, a rat aorta ring assay was performed.’® Animal experi-
ments were performed with the approval (Approval No.
BA-1903-268-017-01) of the Institute of Animal Care and Use
Committee of Seoul National University Bundang Hospital.
First, matrigel matrix was used to precoat each well and incu-
bated under 5% CO, and 37 °C conditions for 30 min. Rat
(4-week-old female Sprague Dawley rats; Orient,
Seongnam, Korea) were excised and sliced into rings in
1.5 mm widths. Every single ring was located in the top center
of each well, followed by incubation for 10 min. On top of each
ring, supplemental Matrigel matrix was added. After incu-
bation for 30 min, EBM2, EBM2 with VEGF, PTA-NPs (25 pg
mL™"), DETA NONOate (1.7 pg mL™"), and PTA-NO-NPs (10
and 25 pg mL™") were added to each well. The well plate was
incubated under 37 °C, 5% CO, conditions and all the con-
ditioned media were changed at day 3. After 7 days, sprouting
microvessels were imaged using a microscope and the area of
sprouting was calculated using Image].

aortas

3.13. Statistical analysis

All the results are represented as the mean + SEM of indepen-
dent experiments. The significance of statistical differences
was analyzed using one-way ANOVA test (Prism; GraphPad
Software, San Diego, CA, USA). P < 0.05 was regarded to have
statistical significance.

4. Conclusions

In this study, PTA-NO-NPs releasing NO and H,S together were
prepared by a double emulsion from amphiphilic PTA copoly-
mers. We demonstrated the synergistic effect of the co-delivery
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of two gas molecules, NO and H,S, via nanoparticles for
enhancing angiogenesis. In contrast with compounds bearing
NO- and H,S-releasing moieties, the PTA-NO-NPs exhibited
controlled NO- and H,S-release profiles with a prolonged circu-
lation time. With this sustained-release manner, PTA-NO-NPs
at low concentration showed biocompatibility. Furthermore,
through the in vitro and ex vivo assays, we confirmed the
enhanced angiogenic effect caused by the co-delivery of NO
and H,S from PTA-NO-NPs compared to the groups delivering
each gas molecule separately. To the best of our knowledge,
this study is the first application of NO and H,S into nano-
sized delivery vehicles for the purpose of inducing angio-
genesis. We believe that our PTA-NO-NPs have potential as an
effective delivery system for inducing angiogenesis and other
various physiological functions that are affected by both NO
and H,S.
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