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Abstract

Multidrug resistance (MDR) is responsible for the relatively low effectiveness of 

chemotherapeutics. Herein, a nitric oxide (NO) gas-enhanced chemosensitization strategy is 

proposed to overcome MDR by construction of a biodegradable nanomedicine formula based on 

BNN6/DOX coloaded monomethoxy(polyethylene glycol)–poly(lactic-co-glycolic acid) (mPEG-

PLGA). On one hand, the nanomedicine features high biocompatibility due to the high density of 

PEG and biodegradable PLGA. On the other hand, the nanoformula exhibits excellent stability 

under physiological conditions but exhibits stimuli-responsive decomposition of BNN6 for NO 

gas release upon ultraviolet–visible irradiation. More importantly, after NO release is triggered, 

gas molecules are generated that break the nanoparticle shell and lead to the release of 

doxorubicin. Furthermore, NO was demonstrated to reverse the MDR of tumor cells and enhance 

the chemosensitization for doxorubicin therapy.
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1. INTRODUCTION

Multidrug resistance (MDR) is a primary challenge in tumor therapy because it can cause 

the failure of chemotherapy or the need to increase the effective dosage of chemotherapy 

drugs. A change in pH or signal molecules can change the membrane permeability of tumor 

cells to some molecules, especially chemotherapy drugs, which leads to decreased 

chemosensitization, reflected by the inability of extracellular molecules to enter cells and the 

rapid pumping out of intracellular molecules.1 The classic MDR pathway is usually 

mediated by ATP-binding cassette (ABC) transporters, including P-glycoprotein (P-gp), 

multidrug resistance-associated protein (MRP), lung resistance protein (LRP),2 and breast 

cancer resistant protein (BCRP).3 Most of these serve as transmembrane efflux pumps that 

eliminate exogenous substrates out of cells or the nucleus under the action of ATP.4–6 

Normal expression of ABC transporters in normal tissues and cells maintains the regulation 

of physical and defensive functions. However, overexpression of ABC transporters in MDR 

tumor cells seriously increases the efflux of anticancer drugs such as anthracyclines, taxanes, 

vinca alkaloids, and epipodophyllotoxins.7 The hypoxic environment and oxidative stress of 

tumor tissues are known to affect and increase the expression of ABC transporters,8–10 

which probably leads to adaptations such as enhancement of invasive and metastatic 

capabilities11 or vascular proliferation in tumor tissues.12,13 Several types of cancer which 

feature increased hypoxia and excessive reactive oxygen species (ROS) were observed in 

patients with a shorter lifespan.14–16 Therefore, reducing agent treatment is expected to play 

a vital role in anti-MDR through the release of oxidative stress of tumors.

Recently, both experimental and clinical studies indicate that nitric oxide (NO) as a 

chemosensitizer can effectively reverse MDR and restore the cytotoxicity of 

chemotherapeutics against tumor cells.17–21 NO is an odorless, colorless, lipophilic, highly 

diffusible, and short-lived radical molecule. It reacts with ROS in tumor tissue and relieves 

oxidative stress to inhibit the activation of the tolerance and scavenging systems of tumor 

cells.22,23 NO is also able to conjugate with heme groups of molecules such as soluble 

guanylyl cyclase (sGC), which is a classic downstream signal molecule of the NO 

pathway.24,25 After binding with NO, the heme maintains the “oxy” conformation in 

hypoxic environments, and the downstream pathway would not be activated, which 

deactivates the transport proteins.26
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In this research, a biodegradable nanomedicine based on a BNN6/DOX coloaded 

monomethoxy(polyethylene glycol)– poly(lactic-co-glycolic acid) (mPEG-PLGA) 

nanoparticle has been constructed for UV–vis-responsive NO and DOX release. Here, 

PLGA with a 50/50 ratio of lactide (LA) to glycolide (GA) was chosen because it has a rapid 

degradation rate under physiological conditions.27 The size (in nanometers) and high surface 

density of mPEG provide the nanoparticles with a relatively long blood circulation time and 

enhanced tumor accumulation, which is favored for cancer therapy. The NO donor BNN6 is 

sensitive to UV–vis illumination for NO release.28 The generated NO gas is able to break the 

nanoparticle shell and promote the release of wrapped DOX molecules, leading to a 

remarkable gas/drug effect that reverses MDR via NO-sensitized DOX efficacy 

enhancement (Figure 1).

2. MATERIALS AND METHODS

2.1. Synthesis and Characterization of BNN6

N,N′-di-sec-Butyl-N,N′-dinitroso-1,4-phenylenediamine (BNN6) was synthesized as 

reported previously;28 2.34 mL (10 mmol) of N,N′-bis-sec-butylamino-p-phenylenediame 

(BPA, TCI America) was added to 18 mL of ethanol, and then 20 mL of a 6 M degassed 

aqueous solution of NaNO2 (Sigma-Aldrich) was added under stirring and nitrogen 

protection. After 30 min, 20 mL of a 6 M aqueous solution of HCl was added dropwise 

through a separating funnel. The reaction solution color gradually changed from orange to 

red, and the reaction yielded a beige precipitate. After being stirred for 4 h, the solid product 

was collected by centrifugation at 1000 rpm for 15 min. The collected precipitate was 

washed with water and 50% (v/v) ethanol/water in turn three times to remove residual 

reactants and then dried under freezing vacuum in a dark environment overnight. The 

structure of the synthesized BNN6 was tested by 1H NMR (Bruker Magnet System, 300 

MHz/54 mm) and mass spectrometry (Waters LC-MS System) measurements. 1H NMR 

(300 MHz, CDCl3): δ 7.52 (4H), 4.95–4.69 (2H), 2.00–1.84 (2H), 1.81–1.69 (2H), 1.48 (t, J 
= 7.6 Hz, 6H), 1.08 (td, J = 7.4, 5.3 Hz, 6H). MS (ESI+): calcd for C14H22N4O2 [M]+ 278.2. 

Found [M]+ 279.2.

2.2. Synthesis of mPEG-PLGA Block Copolymer

For the synthesis of mPEG-PLGA, 1.5 g of LA (Sigma-Aldrich), 1.2 g of GA (Sigma-

Aldrich), and 2.5 g mPEG-OH (MW = 5000, Sigma-Aldrich) were added to a flask with 

nitrogen for 30 min. Then, 10 µL of tin(II) 2-ethylhexanoate (Sigma-Aldrich) was added, 

and the solution was flushed with nitrogen for 10 min. The polymerization of LA and GA 

was carried out at 130 °C for 30 h. The resulting mixture was cooled to room temperature, 

dissolved in 10 mL of tetrahydrofuran (THF, Sigma-Aldrich), precipitated into cold hexane 

three times, and dried under vacuum to obtain the product as a white solid. 1H NMR data: 

3.72 (−O−CH2CH2−), 1.61 (−CH3), 4.82 (−CO−CH-O), 5.28 (−CO−CH2−O−) (Figure S5).

2.3. Preparation and Characterization of mPEG-PLGA-BNN6 and mPEG-PLGA-BNN6-DOX 
Nanoparticles

We utilized a microemulsion strategy to prepare the mPEG-PLGA-BNN6-DOX 

nanomedicine. A mixture of 2 mg of lyophilized mPEG-PLGA copolymer, 1 mg of BNN6, 
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and 1 mg of doxorubicin was dissolved in 100 µL of dichloromethane under sonication for 

20 s. One milliliter of a 0.2% SDS (sodium lauryl sulfate, Sigma-Aldrich)/water solution 

was added to the solution, and then the mixture was sonicated for 1 min to form an oil-in-

water emulsion. The emulsion solution was then stirred at room temperature for 12 h to 

evaporate the dichloromethane. After the solution became clear, the mPEG-PLGA-BNN6-

DOX nanomedicine was purified by centrifugation at 8000g for 5 min. Because BNN6 is 

sensitive to UV–vis light, all of these operations were done in a dark environment. The 

mPEG-PLGA-BNN6 nanoparticles were prepared using the same procedure but without 

DOX. The as-prepared mPEG-PLGA-BNN6 nanoparticles were treated with 365 nm light 

irradiation to trigger the release of NO from BNN6. Then, the morphology of the mPEG-

PLGA-BNN6-DOX nanomedicine was characterized by transmission electron microscopy 

(TEM, JEM 2010 electron microscope, Jeol Ltd.) and scanning electron microscopy (SEM, 

SU-70 Schottky field emission gun scanning electron microscope, Hitachi Inc.). The mPEG-

PLGA-BNN6-DOX nanoparticles without UV light treatment were set as a control. The zeta 

potential and size of the mPEG-PLGA-BNN6-DOX nanoparticles were measured by a 

nanoparticle analyzer (SZ-100, HORIBA). UV– vis spectrophotometry (Genesys 10S UV–

vis spectrophotometer, Thermo Scientific) was applied to detect the loading of BNN6 and 

doxorubicin in the mPEG-PLGA copolymer. A standard curve of concentrations of DOX in 

PBS solution from 1.56 to 100 µg/mL was established to calculate the DOX loading amount 

and efficiency in the mPEG-PLGA micelles.

2.4. Nitric Oxide Release Property of mPEG-PLGA-BNN6 Nanoparticles

The classic Griess method (Promega) for detecting NO release in a PBS (pH 7.4) solution 

was utilized in this experiment to measure the stability and release properties of the mPEG-

PLGA-BNN6 nanoparticles, in which the NO donor BNN6 particles were wrapped inside. 

Two hundred microliters of the sample was mixed with 200 µL of a sulfanilamide solution 

(1% sulfanilamide in 5% phosphoric acid), and then the mixture was shaken for 10 min at 

room temperature in the dark. A NED solution (0.1% N-1-naphthylethyle-nediamine 

dihydrochloride in water, 200 µL) was added to the mixture, and the solution mixture was 

incubated for 10 min at room temperature in the dark. Finally, the mixture was measured 

using a UV–vis spectrophotometer. NaNO2 standard samples (0.05–25 µM) were used to 

establish a standard curve for the calculation of NO concentrations. Three groups were set in 

this research: the mPEG-PLGA-BNN6 UV group was treated with 365 nm light irradiation 

for 2 min and then tested using a Griess assay, the mPEG-PLGA-BNN6 control group with 

the same amount of mPEG-PLGA-BNN6 was placed in a 37 °C dark environment for 5 days 

and tested every day, and the mPEG-PLGA-BNN6 LED lamp group was treated with LED 

lamp (Personal Lighting System, Finelite Inc.) irradiation for 1 h and then tested using a 

Griess assay.

2.5. DOX Release Behavior of mPEG-PLGA-BNN6-DOX after UV Light Treatment in PBS 
Solution

The obtained mPEG-PLGA-BNN6 nanomedicine was exposed to 365 nm light for 2 min to 

trigger NO gas generation and break the shells of the micelles to release the wrapped 

doxorubicin; then, the nanoparticles were kept in a 37 °C dark environment, and DOX 
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release was monitored by UV–vis spectrophotometry (Figure S1). A control group without 

UV light irradiation was applied to test the effect of NO release.

2.6. Intercellular NO Release Detection with an RBSP Fluorescence Probe

A NO detection fluorescence probe based on rholdamine B (RhB) was prepared and utilized 

in this research. The probe synthesis followed a previously reported method;28,29 briefly, 0.4 

mmol RhB was dissolved in 20 mL of a chloroform solution. Then, 8 mmol o-

phenylenediamine and 0.4 mmol (benzotriazol-1-yloxy)-tripyrrolidinophosphonium 

hexafluorophosphate were added and mixed in the RhB solution, and the color turned red. 

The mixture was stirred at room temperature for 24 h under Ar protection, and the color 

turned yellow. The solvent was then removed by a rotary evaporator under reduced pressure. 

The yellow solid product was collected and purified by silica column chromatography with 

1/1 ethyl acetate/hexane (v/v) as a white powder. 1H NMR (300 MHz, CDCl3): δ 8.03 (d, J 
= 6.1 Hz, 1H), 7.60–7.50 (m, 2H), 7.23 (s, 1H), 6.95 (t, J = 7.4 Hz, 1H), 6.64 (d, J = 8.7 Hz, 

2H), 6.55 (d, J = 8.3 Hz, 1H), 6.41 (t, J = 7.5 Hz, 1H), 6.31 (d, J = 9.1 Hz, 2H), 6.26 (s, 2H), 

6.09 (d, J = 7.9 Hz, 1H), 3.32 (q, J = 7.1 Hz, 8H), 1.14 (t, J = 7.0 Hz, 12H).

OVCAR-8/ADR cells used as the multidrug resistant ovarian tumor cell line was seeded on 

slides. The mPEG-PLGA-BNN6 nanoparticle solution (100 µg/mL with about 30 µg/mL 

BNN6) was added onto the slide. After incubation for 2 h, the cells were washed with a PBS 

solution to remove free nanoparticles. Then, the slides were kept under 365 nm light 

exposure for 2 min to trigger NO release from BNN6. The RBSP was dispersed in DMSO to 

a concentration of 10 mM, diluted to 20 µM in a cell culture medium, and added to the UV 

light treated cells for NO detection. The OVCAR-8/ADR cells were incubated with RBSP 

for 4 h, and then the slides were imaged under a fluorescence microscope.

2.7. Fluorescence Imaging of DOX Release in OVCAR-8/ADR MDR Cells

The mPEG-PLGA-BNN6-DOX nanomedicine was incubated with OVCAR-8/ADR cells in 

a 96-well plate at a DOX concentration of 50 µg/mL. The same amount of mPEG-PLGA-

BNN6-DOX was dissolved in an acetonitrile solution and tested using high-performance 

liquid chromatography (HPLC, Agilent Technologies 1200) to calculate cell uptake of the 

nanomedicine (Cbefore). After incubation for 2 h, the excess free nanoparticles were 

collected by centrifugation and redissolved in acetonitrile for HPLC testing (Cafter). The 

cells were washed with PBS and then replaced with cell culture medium. The amount of 

mPEG-PLGA-BNN6-DOX nanomedicine in the cells was calculated by subtracting Cafter 

from Cbefore (Cbefore – Cafter). The conditions for the HPLC method were as follows: solvent 

A consisted of 0.05% trifluoroacetic acid (TFA) in water, solvent B consisted of 0.05% 

(TFA) in acetonitrile, and the flow rate was 1 mL/ min with 30% solvent B and 70% solvent 

A.

The cells were exposed to 365 nm light for 2 min to trigger NO release and were then kept at 

37 °C. Doxorubicin release was monitored at 1, 12, 24, and 48 h. The cells treated with 

mPEG-PLGA-BNN6-DOX without UV irradiation and the cells treated with free DOX were 

set as controls. SlideBook 5.0 software was utilized to calculate and analyze the cell 

fluorescence images.
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2.8. Measurement of Cytotoxicity of mPEG-PLGA-BNN6-DOX Nanomedicine

OVCAR-8/ADR cells were seeded at a concentration of 5 × 105 cells/well in a 96-well plate 

and incubated for 24 h. Then, cells were treated with 100 µL of mPEG-PLGA (200, 100, 50, 

25, 12.5, 6.25, and 0 µg/mL), 2/1 mPEG-PLGA-BNN6 (300, 150, 75, 37.5, 18.75, 9.375, 

and 0 µg/mL), 4/1 mPEG-PLGA-DOX (250, 125, 62.5, 31.25, 15.625, 7.8125, and 0 µg/

mL), free DOX (50, 25, 12.5, 6.25, 3.125, 1.5625, and 0 µg/mL), or 4/2/1 mPEG-PLGA-

BNN6-DOX (350, 175, 87.5, 43.75, 21.875, 10.9375, and 0 µg/mL) for 2 h. The treated cells 

were then washed with PBS; 100 µL of RPMI 1640 medium was added, and the solution 

was irradiated with 365 nm light for 2 min. After incubation for 48 h, for the MTT (3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium) assay, the cell medium was replaced with 

100 µL of a 0.5 mg/mL medium solution of MTT and further incubated for 2 h. The liquid 

was then removed, and 100 µL of DMSO was added to each well to completely dissolve the 

crystals. An absorbance of 570 nm was selected to evaluate cytotoxicity.

2.9. Statistical Analysis

At least three independent samples were tested in each group, and t test was done to perform 

a statistical analysis. P < 0.05 was considered as statistically significant.

3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterization of mPEG-PLGA-BNN6 and mPEG-PLGA-BNN6-DOX 
Nanoparticles

A microemulsion strategy has been widely applied to produce nanocarriers to load 

hydrophobic drugs or other molecules with a high loading efficiency. With such a method, 

microemulsions are generated with the help of surfactants which make oil and water an 

immiscible continuous medium to form an emulsion mixture droplet system with the size 

ranging from nano- to micrometers. In this research, the mPEG-PLGA copolymer (MW = 

7600) was employed to load the thermally stable and water-insoluble NO donor BNN6 and 

chemotherapeutic drug doxorubicin. As shown in Figure 5A, the characteristic absorption 

peaks of BNN6 (around 370 nm) and DOX (around 480 nm and a shoulder around 540 nm) 

were observed in the UV–vis absorption spectrum of mPEG-PLGA-BNN6-DOX. We further 

utilized UV–vis spectrophotometry to detect the supernatant after the nanoparticles were 

washed and to calculate the DOX loading amount and efficiency (Figures S1–2). Because 

BNN6 is water insoluble and no solid precipitate was found in the solution of mPEG-PLGA-

BNN6-DOX, we assumed quantitative entrapment of BNN6 into the nanoparticles.

3.2. Characterization of mPEG-PLGA-BNN6-DOX Nanomedicine Before and After UV Light 
Treatment

TEM and SEM images of the synthesized mPEG-PLGA-BNN6-DOX nanomedicine showed 

complete spherical morphology with good monodispersity and uniformity of the particles 

(Figures 2A and C). Most nanoparticles were less than 200 nm in size with a zeta potential 

around −7.0 (Figures 2E and F). Treatment with 365 nm UV light for 2 min resulted in most 

of the nanoparticles becoming collapsed or defected, presumably induced by NO release 
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from the wrapped BNN6 donor as evidenced by the TEM (Figure 2B) and SEM (Figure 2D) 

images. A similar phenomenon was also reported by Sung et al.30

3.3. NO Release Property and Stability of mPEG-PLGA-BNN6

The classic Griess assay kit was utilized to detect NO release from the mPEG-PLGA-BNN6 

nanoparticles after UV light irradiation. In our previous research, BNN6 was proven to be an 

efficient UV–vis light-responsive NO donor in PBS buffer, but the water insoluble property 

of BNN6 limits its biological applications.28 In this research, amphiphilic mPEG-PLGA 

allows efficient loading of BNN6 and solubilization of the NO donor in aqueous media. 

Synthesized mPEG-PLGA-BNN6 is highly responsive to the 365 nm light with fast NO 

release from the mPEG-PLGA nanoparticles. The LED lamp irradiation with visible light 

also triggered some release of NO over time (Figure 3C and Figure S3). Thus, mPEG-

PLGA-BNN6 is deemed to be a UV–vis light-responsive NO release material that is able to 

load the chemotherapeutic drug doxorubicin.

3.4. DOX Release Behavior of mPEG-PLGA-BNN6-DOX Nanomedicine

We used UV–vis absorbance of DOX at 490 nm to detect DOX release from mPEG-PLGA-

BNN6-DOX after irradiation. After 2 min of UV light exposure, some pores shrank or 

collapsed on the nanoshell, and more than 60% of the wrapped doxorubicin was released 

within 48 h at 37 °C in the dark (Figure 3D, black line, and Figure S4). As a control 

experiment, incubation of the same amount of mPEG-PLGA-BNN6-DOX at 37 °C for 96 h 

without UV light treatment resulted in the release of only 28% of the DOX (Figure 3D, red 

line, and Figure S4). The slower and spontaneous release was caused by hydrolysis of PLGA 

or by DOX leaking from the innate defect of the nanostructure.

3.5. Intracellular NO Release Detection using an RBSP Fluorescence Probe

Encouraged by the high efficiency of light triggered DOX release from mPEG-PLGA-

BNN6-DOX, we investigated its application for cancer therapy. Intracellular NO release 

from mPEG-PLGA-BNN6 after UV light treatment was measured by an RBSP fluorescence 

probe (Figure 3B). In our previous research,24 we synthesized and investigated the RBSP 

nitric oxide sensor which is derived from rhodamine B fluorescent dye. The sensor exhibited 

a negligible fluorescence signal after synthesis. Its fluorescence signal was recovered 

immediately after binding with NO or nitrite. In the current study, incubation of doxorubicin 

resistant OVCAR-8/ADR cells with mPEG-PLGA-BNN6 nanoparticles and treatment with 

365 nm UV light led to the fluorescence recovery of RBSP caused by NO release from 

BNN6. On the contrary, a negligible fluorescence signal was detected in the mPEG-PLGA-

BNN6 control group without 365 nm light treatment (Figure 3A). These results indicate that 

mPEG-PLGA-BNN6 is an excellent light-responsive NO donor nanomaterial.

3.6. Intracellular DOX Release in OVCAR-8/ADR MDR Cells

The exact amount of mPEG-PLGA-BNN6-DOX nano-medicine in cells was obtained by the 

HPLC method. The results showed that cell uptake of DOX was about 34% (2.78 µg/105 

cells) after 2 h of incubation (Figure 5B and Figure S6). All of the 365 nm light treated 

OVCAR-8/ADR cells were incubated at 37 °C for 96 h. After 1 h of incubation, some red 
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granular fluorescence signals in the cytoplasm were observed, which were attributed to DOX 

(around 490 nm). DAPI (4′,6-diamidino-2-phenylindole) was employed to stain the cell 

nucleus (Figures 4A1–A3). After incubation at 37 °C for 24 h, some dispersed and weak red 

fluorescence signals were found in the cytoplasm and nucleus, indicating that some of the 

DOX had been released from the micelles and penetrated into the cell nucleus (Figures 4B1–

B3). After 48 h of incubation, most of the DOX was observed in the nucleus, and the growth 

and fission of cells were significantly inhibited (Figure 4C1–C3). Taken together, we 

conclude that the DOX release is caused by NO release from BNN6, which breaks the 

structure of the nanoparticles.

As a control experiment, OVCAR-8/ADR cells were incubated with the same concentration 

of PEG-PLGA-DOX nanoparticles but without UV light treatment. After 48 h of incubation, 

most of the red fluorescence signals from DOX still remained in the cytoplasm, suggesting 

that the nanoparticles did not release DOX to stain the nucleus (Figure 4D1–D3). The same 

amount of free DOX (50 µg/mL) was also incubated with OVCAR-8/ADR cells as another 

control. Because the cells are resistant to doxorubicin, only a weak DOX fluorescence signal 

was observed after 48 h of incubation (Figure 4E1–E3).

The cell fluorescence intensities of UV light treated mPEG-PLGA-BNN6-DOX, mPEG-

PLGA-BNN6-DOX without UV light treatment, and free DOX at 48 h after incubation were 

calculated and analyzed using the SlideBook 5.0 software (Figure 5C). The fluorescence 

intensity of free DOX dropped rapidly over time (Figure 5C, blue column), and that of 

mPEG-PLGA-BNN6-DOX without UV light treatment decreased slightly after 48 h, likely 

due to some clearance of the nanoparticles from the cells (Figure 5C, red column). In the 

mPEG-PLGA-BNN6-DOX UV group, the fluorescence signal first increased and then 

decreased (Figure 5C, black column). The UV light breaks the nanostructure, releases DOX 

molecules, and leads to the initial increase in fluorescence signals and subsequent 

penetration of DOX through the nuclear membrane, which causes fission inhibition and cell 

apoptosis and eventually decreases fluorescence intensity.

3.7. Cytotoxicity of mPEG-PLGA-BNN6-DOX

The cytotoxicity of mPEG-PLGA-BNN6-DOX against the MDR ovarian cancer cell line 

OVCAR-8/ADR was investigated using an MTT assay (Figure 5D). The results showed that 

the nanocarrier mPEG-PLGA micelles had negligible cytotoxicity against OVCAR-8/ADR 

cells at a high concentration of 100 µg/mL (Figure 5D, red line). After mPEG-PLGA was 

loaded with BNN6, the cytotoxicity increased (Figure 5D, pink line), which was caused by 

NO release from BNN6. The same amount of free DOX (Figure 5D, blue line) or mPEG-

PLGA-loaded DOX generated weak toxicity to these MDR cells. However, after mPEG-

PLGA was loaded with both BNN6 and DOX, a substantially increased cytotoxicity 

compared to that of the other groups was observed (Figure 5D, green line) with an IC50 

value around 20 µg/mL of the wrapped DOX. This strongly suggests that the NO generated 

from BNN6 reversed MDR and increased the potency of DOX.

As a reducing agent, NO reacts with ROS in the tumor tissue and relieves oxidative stress to 

inhibit the activation of tolerance and scavenging systems of tumor cells. Moreover, NO as a 

signal molecule is able to conjugate with the heme group of sGC and impact the downstream 
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pathway.21–24 NO is expected to be an auxiliary therapeutic molecule that is able to 

overcome tumor MDR. Graham’s group reported that low concentrations of NO agents such 

as glyceryl trinitrate (GTN), diethylenetri-amine NO (DETA/NO), and isosorbide dinitrate 

(ISDN) could selectively inhibit hypoxia-induced MDR to DOX and paclitaxel.8 

Furthermore, results from a Phase II clinical trial indicated that NO is a promising adjuvant 

with vinorelbine and cisplatin chemotherapy in stage IIIB/IV non-small cell lung cancer 

treatment.31 The GTN/NO donor treated patients showed increased response to the 

chemotherapeutics and longer time to progression. The expression of tumor MDR and the 

growth-related genes HIF-1, P-gp, and VEGF decreased in comparison with that of patients 

not treated with the NO donor.32 Sung et al. developed a pH-responsive NO and 

camptothecin release system. The PLGA hollow microsphere was synthesized as a 

NONOate and CPT-11 carrier. Upon injection of this system into tumor tissue, the low pH 

environment of tumor tissues would degrade the encapsulated NONOate to form NO 

bubbles and trigger localized CPT-11 drug release to serve as a P-gp mediated MDR reversal 

agent.30

4. CONCLUSIONS

In this research, a biodegradable nanomedicine was developed based on an mPEG-PLGA 

copolymer wrapped with the UV– vis light-responsive nitric oxide donor BNN6 and the 

chemotherapeutic drug doxorubicin. This nanoformula is stable under physiological 

conditions and shows excellent UV–vis light response release properties. After NO release 

from BNN6 is triggered, gas is generated to break the nanoparticle shell and lead to the 

release of wrapped doxorubicin. NO functions to reverse the MDR of tumor cells and 

enhance the chemo-sensitization of DOX therapy. This multifunctional amphiphilic 

nanoparticle formula with the high surface density of mPEG is expected to have prolonged 

blood circulation time and facile tumor penetration properties in future anticancer treatment 

studies.
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Figure 1. 
mPEG-PLGA-BNN6-DOX nanoparticles release NO and DOX inside cells.
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Figure 2. 
TEM and SEM images of synthesized mPEG-PLGA-BNN6-DOX nanoparticles are 

presented in A and C, respectively, showing complete spherical morphology and good 

monodispersity of the particles. The size of most nanoparticles was less than 200 nm (E). 

After UV light irradiation for 2 min, some collapses or defects were observed in most of the 

nanoparticles as shown in B and D. (F) The zeta potential of mPEG-PLGA-BNN6-DOX 

nanoparticles.
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Figure 3. 
An RBSP fluorescent probe was utilized to detect intracellular NO release from mPEG-

PLGA-BNN6 nanoparticles in OVCAR-8/ADR cells. There was no significant fluorescence 

signal detected in the mPEG-PLGA-BNN6 control group (without UV light treatment) (A), 

but fluorescence recovery of RBSP was observed in the cytoplasm after the cells were 

treated with 365 nm light (B). The Griess assay detected NO release from mPEG-PLGA-

BNN6 under three different conditions (C). After being wrapped in mPEG-PLGA 

nanoparticles, BNN6 was still highly responsive to the 365 nm UV light and presented a fast 

NO release. Similarly, the nanoparticles were stable at 37 °C (in PBS, pH 7.4). The LED 

lamp irradiation also generated NO after 1 h of irradiation. (D) After 2 min UV light 

exposure, more than 60% of the wrapped DOX leaked out in 48 h (D, black line). mPEG-

PLGA-BNN6-DOX without UV light treatment (D, red line) had only about 28% DOX 

release after 96 h of incubation at 37 °C.
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Figure 4. 
UV light treated OVCAR-8/ADR cells were incubated at 37 °C for 96 h. After 1 h of 

incubation, some red granular fluorescence signals in the cytoplasm were observed. A DAPI 

stain showed the nucleus (A1–A3). After incubation at 37 °C for 24 h, some dispersed red 

fluorescence signals were found in the cytoplasm and nucleus (B1–B3). After 48 h of 

incubation, most of the DOX signals were observed in the nucleus, and the growth and 

fission of cells were significantly inhibited (C1–C3). In the mPEG-PLGA-BNN6-DOX 

control group (without UV), most of the DOX fluorescence signals were still concentrated 
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on the cytoplasm after 48 h of incubation (D1–D3). In the free DOX control group, only 

weak DOX fluorescence signals were found after 48 h of incubation (E1–E3).
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Figure 5. 
(A) Characteristic absorption peaks of BNN6 around 370 nm, DOX around 480 nm, and a 

shoulder around 540 nm in the UV–vis spectra of mPEG-PLGA-BNN6-DOX. (B) The exact 

amount of mPEG-PLGA-BNN6-DOX nanomedicine in cells was calculated by an HPLC 

test (black line, before incubation; red line, after 2 h of incubation). (C) Cell fluorescence 

intensities of mPEG-PLGA-BNN6-DOX with UV, mPEG-PLGA-BNN6-DOX without UV, 

and free DOX over 48 h. The fluorescence intensity of free DOX decreased quickly over 

time (C, blue column). The fluorescence intensity of mPEG-PLGA-BNN6-DOX without 

UV light treatment decreased slightly in 48 h (C, red column). In the mPEG-PLGA-BNN6-

DOX UV group, fluorescence signals first increased and then decreased (C, black column). 

(D) The cytotoxicity of mPEG-PLGA-BNN6-DOX nanomedicine against OVCAR-8/ADR 

was investigated using an MTT assay. The mPEG-PLGA micelles presented weak 

cytotoxicity against OVCAR-8/ADR cells at a concentration of 100 µg/mL (D, red line). 

After mPEG-PLGA was loaded with BNN6, the cytotoxicity increased (D, pink line). 

Similar amounts of free doxorubicin (D, blue line) or mPEG-PLGA-loaded DOX generated 

less toxicity in the MDR cells. After mPEG-PLGA was loaded with both BNN6 and DOX, a 
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cytotoxicity was observed that was significantly increased over the other groups (D, green 

line) with an IC50 value around 20 µg/mL of the wrapped DOX.
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