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Purpose: Nitric oxide (NO) can be clinically applied at low concentrations to regulate 

angiogenesis. However, studies using small molecule NO donors (N-diazeniumdiolate, 

S-nitrosothiol, etc) have yet to meet clinical requirements due to the short half-life and ini-

tial burst-release profile of NO donors. In this study, we report the feasibility of methoxy 

poly(ethylene glycol)-b-poly(lactic-co-glycolic acid) (mPEG-PLGA) nanoparticles (NPs) as 

NO-releasing polymers (NO-NPs) for inducing angiogenesis.

Materials and methods: The mPEG–PLGA copolymers were synthesized by typical ring-

opening polymerization of lactide, glycolide and mPEG as macroinitiators. Double emulsion 

methods were used to prepare mPEG–PLGA NPs incorporating hydrophilic NONOate (dieth-

ylenetriamine NONOate).

Results: This liposomal NP encapsulates hydrophilic diethylenetriamine NONOate (70%±4%) more 

effectively than other previously reported materials. The application of NO-NPs at different ratios 

resulted in varying NO-release profiles with no significant cytotoxicity in various cell types: normal 

cells (fibroblasts, human umbilical vein endothelial cells and epithelial cells) and cancer cells (C6, 

A549 and MCF-7). The angiogenic potential of NO-NPs was confirmed in vitro by tube formation 

and ex vivo through an aorta ring assay. Tubular formation increased 189.8% in NO-NP–treated 

groups compared with that in the control group. Rat aorta exhibited robust sprouting angiogenesis in 

response to NO-NPs, indicating that NO was produced by polymeric NPs in a sustained manner.

Conclusion: These findings provide initial results for an angiogenesis-related drug develop-

ment platform by a straightforward method with biocompatible polymers.

Keywords: mPEG-PLGA nanoparticles, sprouting angiogenesis, low concentration of nitric oxide, 

liposomal nanoparticles, amphiphilic polymers

Introduction
Nitric oxide (NO) can induce multiple biological functions by stimulating cellular 

signaling pathways. For example, representative NO-driven functions include various 

human physiological processes, such as immune responses, inhibition of platelet 

aggregation, angiogenesis, apoptosis, neurotransmission and inflammation.1 After these 

multiple functions of NO were identified, NO-based therapies began to be developed 

for clinical application. Specifically, the angiogenic activity of NO has been applied 

in repairing or regenerating damaged tissue due to the degradation of the extracel-

lular matrix.2 Use of NO donor molecules, such as N-diazeniumdiolate (NONOate), 

S-nitrosothiol (RSNO) and nitrate/nitrite/nitroso compounds, has been a way to cir-

cumvent the short half-life of NO. NONOate is one of the most studied NO donors 

because it stoichiometrically generates two NO products. NONOate donors that have 
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been developed to date include 1-(hydroxy-NNO-azoxy)-l-

proline (PROLI/NONOate), 3,3′-(hydroxynitrosohydrazino)

bis-1-propanamine (DPTA/NONOate), 1-(ethenyloxy-NNO-

azoxy)-pyrrolidine (PYRRO/NONOate) and N-[bis(2-amino

ethyl)amino]-N-hydroxynitrous amide (DETA/NONOate).3 

However, the short half-life and the initial burst-release 

profile remain the challenges.3

Alternatively, polymer-based release of NO represents 

the most commonly applied strategy to overcome these 

problems.1,4,5 NONOates are generated by reacting NO gas at 

5 atm with secondary amines in polymer chains.6 This reac-

tion leads to the development of NO-functionalized polymeric 

self-assembled micelles and star-shaped polymers.7–9 These 

materials can successfully release NO at physiological levels. 

However, since none of these materials is US Food and Drug 

Administration approved, clinical applications with human 

patients are limited. Poly(lactic-co-glycolic acid) (PLGA) is 

the most successful material for tissue engineering and drug 

delivery because its hydrolysis renders natural metabolite 

monomers, lactic acid and glycolic acid.10 By imparting 

PLGA the ability to release NO, PLGA can be fabricated 

for multifunctional applications. NO donors can be dispersed 

within the PLGA matrix, creating a completely biodegrad-

able NO-releasing material. When coated, PLGA can both 

promote and control the release of NO. Hydrolysis of the 

PLGA coating and its intrinsic acid residues provides the 

protons required for NO release.11 Previously, PLGA-based 

NO delivery vehicles had been examined for the treatment 

of vaginal dysfunction and wound healing.12–14 Polyethylene 

glycol (PEG)–PLGA (di- or triblock) copolymers have been 

widely studied as drug delivery systems with curcumin,15 

5-fluorouracil16 and rhodamine-labeled dextran15,17 due to 

their biocompatibility and biodegradability. Their amphiphi-

licity enables the simultaneous loading of hydrophobic and 

hydrophilic drugs. Amphiphilic methoxy poly(ethylene gly-

col) (mPEG)–PLGA copolymer nanoparticles (NPs) had been 

prepared successfully previously.18 For example, hydrophobic 

doxorubicin and hydrophilic paclitaxel self-assembled with 

each counterpart polymer. Although mPEG–PLGA copo-

lymers have not been approved by the US Food and Drug 

Administration, toxicity is not an issue when they hydrolyze.19 

A previous report described mPEG-protected NPs with  

(O
2
-{2,4-dinitro-5-[4-(Nmethylamino) benzoyloxy]phenyl} 

1-(N,N-dimethylamino)diazen-1-ium-1,2-diolate) (PABA/

NONOate) that release NO.20 However, this study employed 

PS-b-PEG and PLA-b-PEG, not PEG–PLGA copolymers.

Here, we demonstrate the feasibility of using mPEG–

PLGA copolymers as polymeric vehicles for the sustained 

release of NO to induce angiogenesis (Scheme 1). The double 

emulsion method was used to prepare mPEG–PLGA-incor-

porated NONOate (DETA/NONOate). The hydrophilic core, 

PEG, successfully encapsulated DETA/NONOate. PLGA seg-

ments prevented the initial burst release of NO as protecting 

layer and it had the important role for NO-releasing behavior 

Scheme 1 Schematic illustration of inducing angiogenesis via NO-releasing mPEG–PLGA nanoparticles.
Notes: The amphiphilic copolymeric nanoparticles were readily synthesized, which could encapsulate hydrophilic NO at relatively high entrapment efficiency. The NO-NPs 
released NO in a sustained manner and enhanced tube formation and sprouting angiogenesis. These results show that the NO-NPs can be used for biomedical applications 
such as wound healing, treating hind limb ischemia and other angiogenesis-related treatments.
Abbreviations: DETA NONOate, diethylenetriamine NONOate; mPEG, methoxy poly(ethylene glycol); NO, nitric oxide; NONOate, N-diazeniumdiolate; NPs, nanoparticles; 
PLGA, poly(lactic-co-glycolic acid).
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of NPs. NPs with different PEG:PLGA ratios released NO 

for varying lengths of time and showed no cytotoxicity in cell 

lines, including mouse fibroblasts (3T3 L1), human umbili-

cal vein endothelial cells (HUVECs) and human epithelial 

(EP) cells. Tube formation assays determined the optimum 

concentration of NO-releasing NPs (NO-NPs) for robust 

bridge formation. The aorta ring assay demonstrated that 

these carriers could promote angiogenesis. We expect that the 

mPEG–PLGA copolymer nanomaterial is a highly suitable 

scaffold for NO release, representing a promising material for 

therapeutic applications such as wound healing, treating hind 

limb ischemia and other angiogenesis-related treatments.

Materials and methods
Materials
Two types of mPEG (molecular weight [MW] 2,000 and 

5,000 Da) were purchased from Acros Organics (Gael, 

Belgium) and Sigma Aldrich (St Louis, MO, USA), respec-

tively. Lactide, glycolide and stannous octoate were pur-

chased from Sigma Aldrich. Before use, mPEG was dried in 

vacuum to remove moisture, and d,l-lactide and glycolide 

were recrystallized from ethyl acetate and stored at -20°C. 

Diethylenetriamine NONOate (DETA NONOate) was 

obtained from Acros Organics. Dichloromethane (DCM), 

toluene, methanol and ethyl acetate were purchased from 

Samchun Chemical (Seoul, Korea). Poly(vinyl alcohol) was 

purchased from Junsei Chemical (Tokyo, Japan). HUVECs 

were purchased from Lonza (Basel, Switzerland). The 3T3 

fibroblast, MCF-7 (breast adenocarcinoma), A549 (lung car-

cinoma) and C6 (mouse brain glial cell) cell lines were pur-

chased from Korea Cell Line Bank (Seoul, Korea). Human EP 

cells (PCS-600-010) were purchased from ATCC (Manassas, 

VA, USA). The cell counting kit-8 (CCK-8) was purchased 

from Dojondo Molecular Technologies Inc. (Rockville, MD, 

USA). The Live/Dead Assay kit was purchased from Thermo 

Fisher Scientific (Waltham, MA, USA).

Synthesis of mPEG–PLGA block 
copolymers and NO-NPs
The typical ring-opening polymerization was conducted to 

synthesize mPEG–PLGA copolymers initiated by mPEG 

catalyzed by stannous octoate, as described previously 

(Figure 1).20 Briefly, pretreated monomers (mPEG, d,l-

lactide and glycolide) were added to a dry round-bottom 

flask. Then, the flask was sealed and subsequently immersed 

in an oil bath. The catalyst, stannous octoate (0.05 wt % of 

the total monomer), was injected into the mixture. The tem-

perature was increased to 130°C with gentle stirring, followed 

by injection of the catalyst. The polymerization proceeded 

for 8 hours in a nitrogen environment. After cooling down 

by quenching the reaction, the crude residue was dissolved 

in DCM and then precipitated in excess cold diethyl ether. 

The mixture was subsequently filtered and washed at least 

three times. Finally, hydroxyl-terminated mPEG–PLGA was 

recovered by drying at room temperature for 24 hours.

mPEG–PLGA NPs containing DETA NONOate mPEG–

PLGA and PLGA NPs encapsulating DETA NONOate were 

prepared using the modified double emulsion (water-in-

oil-in-water) method, as previously reported (Figure 2).18 

Briefly, mPEG–PLGA (20 mg) was dissolved in DCM 

(1 mL). Then, water or the DETA/NONOate solution (5wt%, 

10 mM NaOH) was added and the mixture was emulsified 

using a probe sonicator in an ice bath for 3 minutes. Then, 

polyvinyl alcohol (2%) solution was added and emulsified 

for 5 minutes under the same conditions as the previous 

sonication. The emulsified mixture was poured into 0.6% 

°

Figure 1 Polymerization of mPEG–PLGA copolymers.
Note: The copolymers were synthesized by ROP for 8 hours.
Abbreviations: mPEG, methoxy poly(ethylene glycol); PLGA, poly(lactic-co-glycolic acid); ROP, ring-opening polymerization.
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polyvinyl alcohol solution (15 mL) and vigorously stirred 

for 30 minutes. After the DCM evaporated, the NPs were 

centrifuged and washed three times using distilled water. The 

NPs were then collected after freeze-drying for 3 days.

Characterization of mPEG–PLGA 
copolymers
To confirm the existence of mPEG–PLGA copolymer 

structures, the prepared products were characterized using 
1H nuclear magnetic resonance (1H NMR) spectrometer 

(ADVANCE II 400; Bruker Corporation, Billerica, MA, 

USA) with chloroform as a solvent. Fourier transform infra-

red spectrometer (FT-IR; SpectrumGX; PerkinElmer Inc., 

Waltham, MA, USA) was used to measure the copolymer 

structure. Gel permeation chromatography (GPC; Ultimate 

3000; Thermo Fisher Scientific) confirmed the MW with 

tetrahydrofuran (THF) as a solvent.

Morphological characterization and size distribution
The morphological study was carried out using transmis-

sion electron microscopy (TEM; JEM-3100; JEOL, Tokyo, 

Japan). Negative staining with sodium phosphotungstate 

solution (1%) was conducted to pretreat the NPs. The size 

distribution and zeta potential of the NPs were measured 

using a Zetasizer (Malvern Instruments Ltd, Malvern, 

UK) with a fixed scattering angle of 173° at 25°C, and 

all samples were properly dispersed in deionized (DI) 

water.

Measurement of entrapment efficiency
The entrapment efficiency of DETA NONOate within NPs 

was confirmed using a previously reported method.21 The 

loading efficiency was measured by a ultraviolet–visible 

spectrometer (Lambda 35; PerkinElmer Inc.). The NPs 

were dispersed in 1 M sodium hydroxide and kept in a bath 

sonicator for 10 minutes. The mixture was continuously 

stirred until the NPs completely decomposed. After hydro-

lysis, the mixture was spectrophotometrically measured at a 

wavelength of 252 nm.22 The standard solution was prepared 

by combining blank NPs and known amounts of DETA 

NONOate in 1 M sodium hydroxide. The efficiency data 

were calculated using the following equation:

Entrapment efficiency (%)

Amount of  remaining DETA NONOate
=

  in the NPs

Amount of  initially added DETA NONOate
100.×

NO release measurement
NO released from the NO-NPs was detected by using the 

standard Griess assay with a Nitrite/Nitrate Assay Kit 

(Sigma Aldrich). The Griess assay is commonly used 

to determine nitrite and nitrate contents.9 Under normal 

physiological conditions, NONOate can easily produce NO. 

For the Griess assay, 10 mg of NO-NPs containing DETA 

NONOate was dissolved in PBS (2 mL). Then, the mixture 

was put into a dialysis bag (Cellu-Sep 1,000 molecular 

Figure 2 Double emulsion method to prepare DETA NONOate encapsulating mPEG–PLGA NPs. 
Note: Double emulsion began with an emulsification procedure creating a W/O phase for encapsulation of the DETA NONOates followed by a W/O/W phase.
Abbreviations: DETA NONOate, diethylenetriamine NONOate; mPEG, methoxy poly(ethylene glycol); NONOate, N-diazeniumdiolate; NPs, nanoparticles; PLGA, 
poly(lactic-co-glycolic acid); W/O/W, water-in-oil-in-water.
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weight cut-off) to diffuse NO freely. The dialysis bag was 

immersed in PBS (6 mL) and maintained at 37°C. At each 

time point, a 100 µL sample was taken. For each sample, 

nitrate reductase and the enzyme cofactor, as indicated by 

the manufacturer’s instructions, were added to the solution, 

followed by incubation at room temperature for 30 minutes 

with gentle shaking. The nitrate reductase reduces the nitrate 

to nitrite. Then, Griess reagents were added to the sample, 

which was left to incubate for .30 minutes with gentle 

orbital shaking. After completely mixing, each sample 

was mixed with DI water. This procedure was repeated 

for each sample at each time point. The total concentra-

tion of nitrate and nitrite was determined by absorbance 

at 540  nm and calculated from a standard curve across 

different time points.

In vitro cytotoxicity assessment
Cytotoxicity was assessed in various cell types. HUVECs, 

human EP cells, mouse fibroblast, MCF-7 (breast adenocar-

cinoma), A549 (lung carcinoma) and C6 (mouse brain glial 

cell) (~5×103) were placed in media in 96-well plates at 37°C 

for each time point, that is, 12, 24 and 48 hours. For HUVECs, 

endothelial growth medium-2 was supplemented with fetal 

bovine serum (FBS) (10 mL), hydrocortisone (2 mL), ascor-

bic acid (0.5 mL), human epidermal growth factor (hEGF-2) 

(0.5 mL), heparin (0.5 mL), human fibroblast growth 

factor-b (hFGF-β) (2 mL), gentamicin sulfate-amphotericin 

(GA-1000) (0.5 mL), human recombinant insulin-like growth 

facto (VEGF) (0.5 mL) and R3-IGF (0.5 mL). The 3T3 L1 

culture medium was DMEM supplemented with 10% bovine 

calf serum and 1% penicillin (PS). EP cells were cultured in 

DMEM with 10% FBS and 1% PS. The culture media were 

with 100 µL of 100 µg NP/mL or 50 µg NP/mL. At each time 

point, the viability of the cells was assessed using a CCK-8 

assay kit. To further test the cytotoxicity of the NO-NPs, a 

Live/Dead assay was conducted. Likewise, the CCK-8 assay 

was used to assess normal and cancerous cell types (human 

EP cells, mouse fibroblast MCF-7, A549 and C6). The cell 

viability was assessed using the LIVE/DEAD™ Viability/

Cytotoxicity Kit (Thermo Fisher Scientific). After the cells 

were cultured in a 96-well plate, the images were observed 

and captured randomly using a fluorescence microscope (Azio 

Observer Z1; Carl Zeiss, Oberkochen, Germany) at each time 

point (48 and 72 hours).

Tube formation assay
To confirm the angiogenic properties of NO-NPs, tube 

formation assays were conducted using HUVEC (passage 3) 

cells. Tube formation assay is one of the most established 

assays to investigate three-dimensional neovascularization 

mediated by endothelial cells. To construct a three-dimensional 

environment, 75 µL of Matrigel® Basement Membrane 

Matrix (growth factor reduced, #2354230; Corning Incor-

porated, Corning, NY, USA) was transferred to each well of 

a 96-well plate. The precoated plate was incubated at room 

temperature for 10 minutes and sequentially incubated in a 

37°C incubator with 5% CO
2
 for 30 minutes. The endothelial 

basal medium-2 (EBM-2, Lonza, catalog number: CC-3156; 

without VEGF) or endothelial growth medium-2 (EGM-2, 

CC-3162; with 50 ng/mL VEGF, wherein the concentration 

of VEGF was determined by adjustment of angiogenic envi-

ronment with considering self-generating growth factors in 

endothelial cells)  were added to each well. Ans the medium 

containing blank NPs (50 μg/mL), DETA NONOate (CAS: 

146724-94-9, 4 ng/mL, wherein the concentration of DETA 

NONOate is the same amount of NO released by 50 ng/mL 

NO-NPs) or NO-NPs (5, 10, 50, 75, 100 and 200 μg/mL) 

were treated at 2× concentration. The well plate was allowed 

to equilibrate at 37°C, 5% CO
2
, 90% humidity for at least 

30 minutes. HUVECs (2×104 cells/well) were seeded into 

prepared precoated well plates and incubated under the same 

conditions. After 16 hours, tubule formation was assessed by 

microscopy at 40× magnification and the number of micro-

vascular bridges was quantified using ImageJ software.

Aortic ring assay
First, 48-well cell culture plates were precoated with 100 µL 

Matrigel and incubated at 37°C and 5% CO
2
 for 30 minutes. 

Rat aortas (7-week-old male Sprague Dawley rats; DBL 

Company, Eumseong, Korea) were isolated and cut into rings 

with a thickness of 1.5 mm, and a single ring was placed in 

the top center of each well, which was then incubated for 

10 minutes at 37°C. Then 100 µL of the Matrigel Matrix was 

supplemented on the top of each ring and incubated for 30 

minutes at 37°C. Next, 500 µL of EBM-2 medium, containing 

blank NP (50 µg/mL), DETA NONOate (4 µg/mL) or NPs 

(50 µg/mL) with or without VEGF (50 ng/mL), was added to 

each well and incubated at 37°C and 5% CO
2
. The medium 

with or without growth factors and NPs was changed every 

other day. After 2 weeks, sprouting microvessel images were 

obtained using microscopy at 40× magnification and quanti-

fied using ImageJ software.

Statistical analysis
Data are represented as the mean±standard error of the 

mean. Statistically significant differences were analyzed by 

Student’s t-test or one-way ANOVA test (Sigma Plot; Systat 
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Software Inc., San Jose, CA, USA). A P-value ,0.05 was 

considered statistically significant.

Results
Characterization of mPEG–PLGA 
copolymers
The mPEG–PLGA copolymers were characterized by 1H 

NMR and FT-IR spectra (Figure 3). The peak at ~δ 1.55 

ppm in 1H NMR of the copolymer (1) was the methyl pro-

tons in the d- and l-lactic acid repeat units. The methylene 

protons of the methoxy PEG caused a large peak at ~δ 3.6 

ppm (2). The characteristic peaks revealed the successful 

synthesis of mPEG–PLGA copolymers from randomly 

ordered sequences of various d- and l-lactic and glycolic 

acid in the backbone of copolymer. The peaks at δ 4.8 ppm 

(3) and δ 5.2 ppm (4) were attributed to the protons in the 

CH
2
 groups in the glycolic acid and CH in the lactic acid 

segments, respectively.

FT-IR spectra further confirmed the mPEG–PLGA copo-

lymer structure. The C=O stretch attributed a strong band at 

1,760 cm−1, and the bands at 1,090.92–1,188.61 cm−1 were 

assigned to the stretch of C-O bond. The bands at 2,995 and 

2,943 cm−1 indicated C-H bond stretching in -CH
2
, and the 

peak at 2,875 cm−1 indicated C-H bonds. The strong band at 

3,477 cm−1 was assigned to terminal hydroxyl group stretch 

in the copolymer. Since they possess the same functional 

groups, similar characteristic peaks were observed in the 

FT-IR spectra of the mPEG–PLGA and PLGA. The MW 

was confirmed by GPC with THF as a solvent. We measured 

four groups: PLGA and mPEG–PLGA synthesized by using 

mPEG MW 5,000 Da, and PEG MW 2,000 Da at different 

ratios (LE:GE), as shown in Table 1. The copolymers have 

a polydispersity index of 1.19–1.62.

Characterization of mPEG–PLGA NPs: 
morphology, size, zeta potential, and 
entrapment efficiency
The mPEG–PLGA NP morphology was confirmed by TEM 

(Figure 4A). The NPs synthesized by the emulsification 

method using amphiphilic copolymers had a core–shell struc-

ture similar to those of other previously reported materials.23 

The resulting NPs were characterized by dynamic light 

scattering (DLS), as shown in Figure 4B. mPEG–PLGA 

NPs showed an estimated size of 200 nm, which is small 

enough for pharmaceutical applications. The DLS results 

revealed that the NPs had similar size and a relatively nar-

row size distribution. The particle sizes of mPEG–PLGA 

5 kDa and mPEG–PLGA 2 kDa differed. NPs having 

larger molecular weight than mPEG which were around 

20 nm larger than another one. When the same emulsion 

methods were applied to prepare PLGA NPs, their particle 

size was ~350 nm with DETA/NONOates (data not shown). 

The zeta potential of NO-NPs displayed a slightly negative 

charge (avg. 1.59±0.254 mV; Figure 4C). These results are 

similar to other reports of PLGA-related NPs. The entrap-

ment efficiency of DETA NONOate was calculated from 

hydrolyzed mPEG–PLGA NPs. The amount of NONOate 

was measured and calculated using a ultraviolet–visible 

Figure 3 Characterization of mPEG–PLGA copolymers.
Notes: (A) FT-IR spectra of mPEG–PLGA and PLGA. (B) 1H NMR spectrum of mPEG–PLGA.
Abbreviations: FT-IR, Fourier transform infrared; mPEG, methoxy poly(ethylene glycol); NMR, nuclear magnetic resonance; PLGA, poly(lactic-co-glycolic acid); TMS, 
tetramethylsilane.
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spectrometer. The encapsulation efficiency was calculated 

to be 70%±4%. This result is a relatively higher value than 

that of previously reported hydrophobic micelle structures 

or NPs.12

NO release measurement
At physiological conditions, the free radical NO spontane-

ously oxidizes to nitrite or nitrate. The Griess assay is com-

monly used for NO detection by quantifying the amount 

of both nitrite and nitrate. Therefore, we conducted Griess 

assay to confirm that mPEG–PLGA efficiently releases NO 

in a controlled manner. We also tested NPs with PLGA 

segments of various lengths and found that as the PLGA 

portion shortens, more NO is released.

As free NO donors, DETA NONOates rapidly release 

NO under the same conditions, reaching ~80% in 24 hours. 

However, NO-NPs showed sustained-release behavior with a 

relatively lower flux of NO than that of free NO donors during 

the release period. mPEG–PLGA NPs (ratio 1:4) release NO 

that can promote angiogenesis, whereas mPEG–PLGA NPs 

(ratio 1:1) generate a relatively high concentration of NO, 

which can induce an antibacterial response or apoptosis. 

From this result, we conclude that the mPEG–PLGA ratio 

is a vital determinant for controlled NO release. To further 

investigate the role of PEG in the copolymer, we synthesized 

mPEG–PLGA with different MWs of mPEG (2 and 5 kDa). 

Our results showed that different polymer ratios affected NO 

release (Figure 5). The mPEG–PLGA NPs with high-MW 

mPEG released NO relatively rapidly, while NPs with higher 

proportions of PLGA or lower MW mPEG exhibited slower 

NO release.

Table 1 Molecular weight and polydipersity index of mPEG–PLGA 
and PLGA

Polymeric NPs Mn Mw Mw/Mn

PLGA 17,006 27,549 1.62
mPEG–PLGA (5 k, 1:4) 21,411 31,604 1.48
mPEG–PLGA (5 k, 1:1) 14,301 17,061 1.19
mPEG–PLGA (2 k, 1:4) 16,227 24,747 1.53

Notes: Mn, number average molecular weight; Mw, weight average molecular weight; 
Mw/Mn, polydispersity.
Abbreviations: mPEG, methoxy poly(ethylene glycol); PLGA, poly(lactic-co-
glycolic acid).

Figure 4 Morphological study and size distribution of mPEG–PLGA NPs.
Notes: The morphology and size distribution were confirmed by (A) TEM ([ai] scale bar=100 nm), (B) DLS and (C) zeta potential (mPEG–PLGA [2k]). Data are represented 
as the mean±SEM (n=3).
Abbreviations: DLS, dynamic light scattering; mPEG, methoxy poly(ethylene glycol); NP, nanoparticle; PLGA, poly(lactic-co-glycolic acid); SEM, standard error of the mean; 
TEM, transmission electron microscopy.
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In vitro cytotoxicity of NO-NPs
To apply these particles pharmaceutically, the particles 

must not be cytotoxic. Various cell lines were used to 

assess cytotoxicity, including mouse fibroblasts, HUVECs, 

human EP cells, C6, A549 and MCF-7. Cytotoxicity assays 

were carried out using different concentrations of NPs 

with NO over 48 hours. For all cell types tested, the results 

demonstrated that particles with NO were not cytotoxic at 

any of the experimental concentrations (Figure 6). The mouse 

fibroblast (3T3 L1) cell line showed a slightly higher cell 

density than the control group during early stages, but for 

cell viability, no significant difference was observed. To test 

our new materials in wound-healing applications, we tested 

the viability of the human EP cells. Similar to the other two 

cell types, mouse fibroblast and HUVEC, human EP cell 

viability did not decrease in response to NO-NPs. To observe 

cancer cell behavior when treated with NO-NPs compared 

to normal cells, further cytotoxicity tests were conducted. 

Like normal cells, the viability of the cancer cells showed no 

significant decrease in both the CCK-8 and Live/Dead assay 

(Figures 6 and 7). The Live/Dead assay showed result similar 

to that of cell viability in both normal cells and cancer cells. 

Low concentrations of NO can mediate angiogenesis in the 

early stages of new blood vessel formation, as NO participates 

in tip cell sprouting after extracellular matrix degradation.2 

Additionally, HUVECs displayed no significant toxicity 

response to NO-releasing mPEG–PLGA NPs (Figure 6A).

Induction of angiogenesis by NO-NPs
To evaluate the induction of angiogenesis by NO-NPs, 

a tubular formation assay was performed in vitro using 

Figure 5 NO-release profiles of mPEG–PLGA NPs at different ratios.
Note: Data are represented as the mean±SEM (n=3).
Abbreviations: DETA NONOate, diethylenetriamine NONOate; mPEG, methoxy 
poly(ethylene glycol); NP, nanoparticle; PLGA, poly(lactic-co-glycolic acid); SEM, 
standard error of the mean.

Figure 6 In vitro cytotoxicity after treatment with NO-NPs.
Notes: (A) HUVEC, (B) human EP cells, (C) 3T3 L1, (D) A549, (E) C6 and (F) MCF-7, the cell viability against to NO-NPs showed similar to the non-treated group. Data 
are represented as the mean±SEM (n=5).
Abbreviations: EP, epithelial; HUVEC, human umbilical vein endothelial cell; NO, nitric oxide; NP, nanoparticle; SEM, standard error of the mean.
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HUVECs. When NO-NPs were treated, HUVECs responded 

with more significant growth and formation of branched 

bridges than the negative control (without VEGF and NPs), 

as shown in Figure 8A. This induction of angiogenesis 

depended on the concentration when they were treated with 

up to 50 µg/mL of NO-NPs. In particular, at 50 µg/mL, 

more tubes were formed than those in the EBM-2+VEGF 

group (P,0.001), and the DETA NONOate group, which 

showed no significant differences but had high mean values, 

emitted the same amount of NO (Figure 8B). Interestingly, 

when treated with 75, 100 and 200 µg/mL of NO-NPs, the 

induction of angiogenesis was gradually inhibited.

In addition, we further evaluated tube formation with 

VEGF (50 ng/mL) addition to the NO-NPs group at 

50 µg/mL concentration and found that tube formation 

was significantly decreased relative to that caused by NO-

NPs alone (ie, no significant difference was observed). To 

assess the ex vivo induction of angiogenesis, the rat aorta 

ring assay was carried out according to relatively short- or 

long-term treatment with NO-NPs (50 µg/mL). This experi-

mental system mimics in vivo neovascularization because 

the vessels grow out from the aorta ring and then engage 

with both smooth muscle cells and pericytes to establish 

endothelial cell tubes.24,25 When NO-NPs were added to rat 

aorta rings, new vessels were dramatically induced around 

the aorta ring (Figure 9A and B). No significant differences 

in the number of branches were observed between the con-

trols, blank NPs and free NO donor groups. The NO-NP 

Figure 7 Live/Dead assay of NO-NPs.
Notes: (A) MCF-7, (B) C6, (C) A549, (D) 3T3 L1 and (E) human EP cells were cultured with NO-NPs. The viable cells (green) and dead cells (red) were observed at 48 and 
72 hours after NO-NP treatment using fluorescence microscopy (scale bars=200 µm).
Abbreviations: EP, epithelial; NO, nitric oxide; NP, nanoparticle.
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group exhibited significantly more branches, with ~586%, 

344% and 424% relative to those of the control (P,0.001), 

blank NPs (P,0.05) and free NO donor (P,0.001) groups, 

respectively. Therefore, use of NO-NPs in vivo could poten-

tially induce neovascularization in the body. In addition, 

we further evaluated whether NO-NPs could induce 

angiogenesis when accompanied by VEGF (50 ng/mL). 

Branches increased significantly in comparison to those in 

the control (517%; P,0.001), blank NPs (303%; P,0.05) 

and free NO donor (374%; P,0.001) groups in response 

Figure 8 Tube formation assay using HUVECs.
Notes: (A) Angiogenic effect of NO-NPs across different concentrations (scale bars=200 µm). (B) The average number of bridges in the tubes formed across different 
concentrations of NO-NPs. Data are represented as the mean±SEM (n=5, ***P,0.001 vs EBM-2 [negative control], ###P,0.001 vs EGM-2 [+VEGF medium], &&&P,0.001 vs 
blank NP [PEG–PLGA polymer]). &&P,0.05, &&&P,0.001 vs blank NP [PEG–PLGApolymer]. Differences among experimental groups were determined by one-way ANOVA 
test with Holm–Sidak’s method.
Abbreviations: EBM-2, endothelial basal medium-2; EP, epithelial; HUVEC, human umbilical vein endothelial cell; PEG, poly(ethylene glycol); NO, nitric oxide; NONOate, 
N-diazeniumdiolate; NP, nanoparticle; PLGA, poly(lactic-co-glycolic acid); SEM, standard error of the mean; VEGF, vascular endothelial growth factor; EGM-2, endothelial 
cell growth medium-2.
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to addition of VEGF. However, angiogenesis induction 

by NO-NPs was not significantly different in response to 

VEGF (Figure 9B).

Discussion
NO was first discovered as a physiological modulator that 

is functionally identical to endothelium-derived relaxation 

factor.26 This finding gained notable scientific attention, and 

subsequently, biological processes that were mediated by NO, 

either directly or indirectly, were discovered. As the knowl-

edge of physiological NO increases, studies on its clinical 

application have also been thriving. In particular, NO-related 

drugs such as l-arginine are used to treat cardiovascular 

disease and arteriosclerosis.27 As numerous studies have 

been conducted on drug delivery systems, attempts to exog-

enously deliver NO and other gaseous signaling molecules 

as therapeutic agents are increasing.

Several factors were considered when designing NO-

releasing materials for clinical use. First, the concentration 

of NO is important because NO functions in a concentration-

dependent manner. Taking this into account, a polymeric 

vehicle that could maintain appropriate drug concentrations 

could potentially be applied for NO release (Figure 1). Bio-

compatibility and biodegradability were the other factors 

considered for clinical NO delivery material designs. mPEG 

and PLGA are advantageous in that they are currently used 

in drug delivery systems and are both biocompatible and 

biodegradable. Thus, we designed mPEG–PLGA polymeric 

vehicles encapsulating NO donors to accomplish sustained 

NO release to promote angiogenesis. mPEG–PLGA copoly-

mers were synthesized by common ring-opening polymeriza-

tion and characterized by 1H NMR, FT-IR and GPC studies. 

Our 1H NMR and FT-IR results confirmed the copolymer 

structure, as shown in Figure 3. The MWs of various copo-

lymers with different mPEG:PLGA ratios were assessed by 

GPC (Table 1). Our results illustrated that copolymers with 

increased mPEG ratios display lower MWs.

As mPEG–PLGA copolymers exhibit amphiphilic 

properties, they form NPs through emulsification 

(Figure 3). The NPs have an appropriate size to avoid 

destruction in the reticuloendothelial system and to allow 

for prolonged circulation in the human body.28 Accord-

ingly, mPEG–PLGA forms various structures owing to 

their amphiphilicity.29–32 Linear amphiphilic copolymers 

with hydrophilic volume fraction factors of 25%–40% 

are known to produce NPs by self-assembly.33–35 With 

this knowledge, mPEG–PLGA block copolymers with 

appropriate MWs can be used to prepare NPs due to their 

high stability,36 potential various modifications15,37,38 and 

absence of significant toxicity in vivo.17,39–41 Biodegradable 

amphiphilic copolymers also facilitate vesicular formation, 

which facilitates delivery of both hydrophilic and hydro-

phobic compounds. Exemplary findings have demonstrated 

that mPEG–PLGA can load both hydrophilic doxorubicin 

and hydrophobic paclitaxel each to their affinitive site to 

enhance antitumor efficacy.18 To load either hydrophilic 

or hydrophobic drugs into polymeric NPs, the double 

emulsion method is most widely used.42,43 In this study, we 

used a two-step emulsification process of W/O emulsion 

followed by generating a water-in-oil-in-water emulsion 

to prepare the NPs (Figure 3).44

Because DETA NONOate is hydrophilic, encapsulating 

it in the micelle structure is difficult.45 As such, vesicular for-

mation using linear amphiphilic copolymer nanocarriers has 

emerged as a method to enhance encapsulation efficiency46,47 

and cellular uptake.48 Using vesicular formation with 

Figure 9 Rat aortic ring assay.
Notes: (A) Sprouting microvessels from rat aortic ring after treatment with NO-NPs with or without VEGF for 2 days or 2 weeks (scale bars=200 µm). (B) Numbers of 
sprouted branches of microvessels around rat aortic rings. Data are represented as the mean±SEM (n=7, *P,0.001 **P,0.05, ##, no significance).
Abbreviations: DETA NONOate, diethylenetriamine NONOate; EBM-2, endothelial basal medium-2; NO, nitric oxide; NONOate, N-diazeniumdiolate; NP, nanoparticle; 
SEM, standard error of the mean; VEGF, vascular endothelial growth factor; EGM-2, endothelial cell growth medium-2.
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biodegradable amphiphilic copolymers improves the effi-

cacy of nanocarrier preparation, encapsulation efficiency 

and usability. Therefore, we used hydrophilic-core NPs to 

encapsulate the hydrophilic NO donor and to leave room for 

the codelivery of other hydrophobic drugs. TEM and DLS 

results show the core–shell structure and size of mPEG–

PLGA NPs (Figure 4A and B). As shown by the TEM and 

DLS results, mPEG–PLGA synthesized from various ratios 

resulted in various NP sizes: the longer the chain of mPEG, 

the more space that was occupied in the self-assembled 

structure (Figure 4A and B).

If NO released from NPs induces angiogenesis, then 

NO should be released at low concentrations. In this study, 

polymeric vehicles protected NO donors from stimuli 

sources such as protons, as specified in our report. We first 

hypothesized that the ratio of hydrophilic and hydrophobic 

chain lengths affects the NO release profile. As shown in 

Figure 5, the concentrations of released NO increase as the 

PLGA portion of the copolymer decreases. Likewise, the 

use of higher MW mPEG increases the particle size and 

slightly increases the NO release rate. Thus, we concluded 

that NO release can be controlled by varying the ratio of the 

copolymer components to determine the optimum ratio of 

mPEG–PLGA (2 kDa, 1:4). Subsequently, we used mPEG–

PLGA (2 kDa, 1:4) for further investigation.

The NO-NPs exhibit no significant cytotoxicity against 

various cell lines, including 3T3 L1, HUVEC, human 

EP cells and other cancer cells, as shown by our results 

(Figures 6 and 7). The live cells overwhelmingly outnum-

bered the dead cells in both the normal and cancer cell types. 

In some cases, the cell population increased when treated with 

NO-NPs. This lack of cytotoxicity is evidence that NO-NPs 

can attain sustained release of NO while effectively protect-

ing the contents from protons. In addition, our results suggest 

that the concentration of NO that is maintained is low even 

in the cancer environment.

To confirm NO as the sole contributor to angiogenesis, 

tube formation assay was conducted. This confirmed that NO 

promotes formation of bridge networks (tubule formation), 

as shown in Figure 8A and B. In addition, we conducted 

experiments with or without VEGF and blank NPs. Later, 

we confirmed that tubule formation was most robust at 

concentrations of 50 µg NP/mL and least induced at 200 µg 

NP/mL. This result is reasonable since gaseous NO promotes 

angiogenesis only in specific concentration ranges that 

exceed ~50 µg NP/mL. Altogether, our results indicate that 

angiogenesis is mainly stimulated by NO released from NPs 

rather than by the copolymer itself.

The aortic ring is a three-dimensional tool to evaluate the 

angiogenic potential of selected drugs or factors ex vivo.49 

We used the aortic ring assay to confirm that NO induces 

angiogenesis without growth factors. Our results showed that 

NO released from NPs promotes angiogenesis (Figure 9A 

and B). These results provide further evidence that only NO 

can accelerate angiogenesis and that mPEG–PLGA NPs pro-

tect NO donors from protons and external stimuli to ensure a 

low concentration of NO is released. The extent of endothelial 

branching was significantly enhanced by treatment with NO 

(Figure 9B). On the other hand, rings treated with free NO 

donor groups showed limited branching compared to those 

in the NO-NP groups. Levels of proangiogenic microvessels 

branching out from the aortic ring were similar to those in 

the blank NP and free NO donor groups, with both exhibiting 

slightly more branches than the control. Furthermore, blank 

NPs induced more branches than did free NO donor groups, 

indicating that sprouting angiogenesis is dependent on a low 

concentration of NO. Interestingly, we observed slightly 

fewer branches in response to NO-NP with VEGF treatment 

in the aortic ring assay, as shown in the quantitative analysis. 

This finding could be due to the reciprocal regulation between 

NO and VEGF, where small amounts of NO upregulate 

VEGF expression through the hypoxia-inducible factor-1-

mediated signal pathway, which enhances NO production 

from endothelial NOS by VEGF.50 Such reciprocal interac-

tion could be responsible for the restrained angiogenesis 

observed in response to NO-NPs and VEGF treatment, which 

was expected to be robust. We believe NP concentration to 

be important in circumventing the diminishing effect of NO 

and VEGF interaction. Optimal concentrations of NPs for 

in vivo angiogenesis were not studied; however, our team 

plans to investigate this concentration in future studies. Addi-

tionally, our group also plans to investigate the applicability 

of NO-NPs to disease models that require neovascularization 

for successful recovery, such as in wound healing and lower 

limb ischemia disease models.

Conclusion
In this work, we prepared NO-releasing mPEG–PLGA NPs 

and confirmed that NO released from the NPs promotes 

angiogenesis in vitro and ex vivo. NO-NPs were prepared 

by mPEG–PLGA block copolymers, which encapsulated 

DETA NONOates as NO donors. We evaluated the NO 

release capacity, cytotoxicity and angiogenic potential of the 

NPs. The NPs displayed low cytotoxicity and released NO in 

a sustained manner. Furthermore, their angiogenic potential 

was confirmed by endothelial cell tubule formation and aortic 
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ring assays. In the aortic ring assay, we identified that only 

NO released from the NPs promoted angiogenesis. To the 

best of our knowledge, this report is the first to confirm the 

promotion of angiogenesis using only NO-NPs without other 

biomolecules. These results suggest that liposomal mPEG–

PLGA copolymer nanocarriers are a promising platform to 

promote angiogenesis, such as during wound healing, lower 

limb ischemia and cardiovascular disease.
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