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Abstract

A novel sandwich nanomedicine (GO-BNN6) for near-infrared (NIR) light responsive release of 

nitric oxide (NO) has been constructed by self-assembling of graphene oxide (GO) nanosheets and 

a NO donor BNN6 through the π-π stacking interaction. GO-BNN6 nanomedicine has an 

extraordinarily high drug loading capacity (1.2 mg BNN6 per mg GO), good thermal stability, and 

high NIR responsiveness. The NO release from GO-BNN6 can be easily triggered and effectively 

controlled by adjusting the switching, irradiation time and power density of NIR laser. The 

intracellular NIR-responsive release of NO from GO-BNN6 nanomedicine causes a remarkable 

anti-cancer effect.

Introduction

Nitric oxide (NO) is a lipophilic, highly diffusible and short-lived free radical molecule 

which can be synthesized in vivo by the oxidation of L-arginine under the catalysis of nitric 

oxide synthase (NOS) enzymes. Molecular and nitrogenous free radical derivatives of NO, 

e.g. NO2, NO2
− and ONOO−, can play a role as messengers for signaling the reactive 

nitrogen signal pathway to modulate biofunctions.1 Especially in oncology research, tumor 

growth can be inhibited by increasing the level of NO, which was initially observed in 

macrophages mediated cytotoxicity.2 On the other hand, too low level of NO can accelerate 

Electronic Supplementary Information (ESI) available: NMR and MS data of BNN6, stability of GO-BNN6, NIR-responsibility 
comparison of BNN6 and GO-BNN6, and NMR spectrum of RBSP. See DOI: 10.1039/x0xx00000x

HHS Public Access
Author manuscript
Nanoscale. Author manuscript; available in PMC 2015 December 21.

Published in final edited form as:
Nanoscale. 2015 December 21; 7(47): 20055–20062. doi:10.1039/c5nr06630a.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



tumor angiogenesis.3 In addition, NO is also able to reverse plasma-membrane P-

glycoprotein (P-gp) transporters mediated multidrug resistance (MDR).4

Many NO donors have been developed for anti-tumor research, such as N-nitrosamines, 

metal NO complexes, Roussin’s black salt (RBS), bis-N-nitroso compounds (BNNs) and so 

on. However, NO release from these donors is either spontaneous or only responsive to UV/

Visible light (such as BNNs).5 The spontaneous release lacks controllability and therefore 

has a potential risk of NO poisoning, while UV/Visible light has limited tissue penetrability 

and is also prone to phototoxicity, thus restricting the application of photo-responsive 

donors. By comparison, near-infrared (NIR) light has a higher depth of tissue penetration 

and a lower phototoxicity than UV light. Therefore, the NIR-responsive nanomedicine for 

controlled NO release is highly desired.

Some nanoparticles have been developed as carriers of NO donors for NO delivery and 

controlled release.6 Ellen et al.6c covalently grafted silica nanoparticles with a NO donor, 

sodium 1-(pyrrolidin-1-yl)diazen-1-ium-1,2-diolate (PYRRO), on to with for therapy of 

ovarian cancer. However, the release of NO from PYRRO-Silica was spontaneous and thus 

had poor controllability. Recently, Zhao et al.6a,b used upconversion nanoparticles to 

mediate the NIR-triggered NO release from loaded RBS. This nanomedicine had some 

distinct advantages including good NIR-responsiveness and remarkable anti-MDR efficacy, 

but its drug loading capacity was poor and its photo-transferring efficiency (NIR-to-UV) 

was also low relatively. Therefore, more advanced NIR-responsive nanomedicine for NO 

controlled release is needed.

In this work, a novel NIR-responsive sandwich nanomedicine (GO-BNN6) is constructed by 

self-assembling graphene oxide (GO) nanosheets and BNN6 (N,N′-di-sec-butyl-N,N′-

dinitroso-1,4-phenylenediamine) through π-π stacking, as illustrated in Scheme 1. GO can 

absorb NIR light and transform photons into active electrons from GO to caged BNN6 and 

then excite BNN6 to decompose and release NO effectively. Owing to the specific sandwich 

structure, GO-BNN6 exhibit an extraordinarily high drug loading capacity (1.2 mg BNN6 

per mg of GO), and high NIR responsiveness and controllability for NO release. 

Furthermore, the intracellular NIR-responsive release of NO from GO-BNN6 causes 

remarkable anti-cancer effect.

Results and discussion

Synthesis and characterization of BNN6

Pacheco et al.7 synthesized BNN5, a soluble NO donor, by adding a water-soluble p-

phenylenediamine and nitric acid. Here we modified the method to synthesize water-

insoluble BNN6 in an aqueous reaction system by using a kind of water-insoluble p-

phenylenediamine (BPA, N,N′-bis-sec-butylamino-p-phenylenediamianne) as reactant, as 

shown in Fig. S1A. The reaction was facile as the red oil-like liquid BPA quickly became a 

beige solid BNN6 (Fig. S1A) once hydrochloric acid was added into the reaction system. 

The synthesized BNN6 was purified by washing with EtOH and drying under vacuum, and 

then characterized by 1H NMR and MS. The 1H NMR spectrum (Fig. S1B) indicated that 

two NO had replaced two hydrogen atoms on the p-phenylenediamine of BPA, forming the 
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NO-caged structure of BNN6, as illustrated in Fig. S1A. The MS data further suggested that 

the molecular weight of synthesized BNN6 is 279 Dalton in accordance with the molecular 

structure of BNN6 (Fig. S1C). These results accordingly confirmed the success in the 

synthesis of BNN6. Furthermore, we confirmed that the photo-responsiveness of 

synthesized BNN6 to UV light. As shown in Fig. S1D, the light yellow solution of BNN6 in 

DMSO quickly became red once irradiated by UV light (365 nm), suggesting the 

photochemical degradation of BNN6 into NO and BHA. This indicated that synthesized 

BNN6 indeed has a UV-responsive decomposition profile that is similar to BNN5 with a 

similar NO-caged molecular structure.8

Synthesis and characterization of GO-BNN6 nanomedicine

GO was synthesized according to Liu’s method.9 From AFM data as shown in Fig. 1A–C, 

synthesized GO has a sheet-like morphology with about 100 nm in diameter (Fig. 2A) and 

0.8 nm or 1.6 nm in thickness (Fig. 1C). This suggested that the synthesized GO consists of 

both single-layered and double-layered GO nanosheets. After assembly with BNN6, the 

diameter of GO-BNN6 remained almost unchanged (Fig. 1B), but the thickness of GO-

BNN6 was increased to 4.4 nm. This indicated that GO and BNN6 self-assembled a 

sandwich structure with 3~4 layers of GO nanosheets in a single GO-BNN6 particle through 

the π-π attraction between them, as illustrated in Fig. 1D. Although GO-BNN6 was washed 

for more than 7 times with a DMSO/H2O (50%:50%) solution, it could still maintain this 

sandwich structure and dimensions in water, indicating that GO-BNN6 was a stable complex 

in water. High dispersibility of GO-BNN6 in water suggested that the sandwich structure of 

GO-BNN6 remarkably improved the water solubility of highly hydrophobic BNN6 owing to 

the excellent hydrophilicity of synthesized GO. Since BNN6 is highly hydrophobic, the 

hydrophobic interaction between BNN6 and the hydrophobic zone of the GO nanosheet (as 

shown in Fig. 1D) also possibly made partial contribution to the self-assembly for GO-

BNN6 besides the π-π attraction. Moreover from FTIR spectra (Fig. 3), it can be found that 

GO-BNN6 exhibited the characteristic peaks of BNN6 (green bands) and GO, indicating 

that the synthesized GO-BNN6 nanomedicine is indeed the complex of BNN6 and GO. In 

addition, the aqueous solution of GO-BNN6 nanomedicine had a high stability as there was 

no visible decomposition after storing at room temperature in dark for 7 days (Fig. S2).

Moreover, the BNN6-loading capacity of GO-BNN6 was measured to be as high as 1.2 mg 

of BNN6 per mg of GO, which should be attributed to highly effective π-π interaction 

between GO and BNN6. Recently, Zhang and Garcia et al. used a core-shell structure of 

UCNP@MSN as carrier of RBS to develop a NIR-responsive nanomedicine (UCNP@MSN-

RBS) for NO controlled release.6a,b How, the saturated RBS loading capacity of 

UCNP@MSN was merely 10wt%. In comparison, the developed sandwich structure of GO-

BNN6 in this work has a remarkably higher drug loading capacity (120wt%). Such a high 

drug loading capacity will favor the decrease of carrier dosage and the duration of NO 

release per nanoparticle, consequently enhancing drug efficacy and lowering toxic side 

effects, which is highly desired in engineering high-performance anti-cancer 

nanomedicines.10
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NIR-responsive release profiles of GO-BNN6 nanomedicine

The responsivity of GO-BNN6 nanomedicine to NIR light was investigated firstly. The NO 

concentration in PBS was measured using a Griess kit and a RBSP (Rhodamine B 

Spirolactam-based Probe) fluorescence probe (Fig. S3A). It can be found that BNN6 was not 

responsive to NIR light (808 nm), but to UV light (365 nm) for NO release (Fig. S3B and 

Fig. 2A), probably because its adsorption band mainly locates in the UV region rather than 

in the NIR region. By comparison, after BNN6 was stacked with GO, GO-BNN6 

nanomedicine became sensitive to NIR light for NO release (Fig. S3B and Fig. 2A), and was 

also remarkably stable in the PBS solutions of pH=7.4 and 5.5 in the absence of NIR 

irradiation (Fig. S4). This indicates that GO plays a key role in the NIR-responsive NO 

release from GO-BNN6 nanomedicine. It has been proven that graphene has a 

photoelectronic effect, where the photo-induced electron/curent is generated on a single 

graphene nanosheet under excitation of light with different wavelengths from visible to 

infrared regions.11a–c Johannsen et al. have further discovered that graphene can effectively 

convert a single photon into multiple electrons.11d Recently, we have empolyed the 

photoelectronic effect of GO to convert NIR light into electrons for the degradation of caged 

metal carbonyl and the NIR-responsive on-demand release of CO successfully.12 Therefore, 

we think that GO-BNN6 can also transform NIR photons into active electrons. Further, the 

sandwich structure of GO-BNN6 favors the transferring of active electrons on GO towards 

stacked BNN6 by a π-π approach, as illustrated in Scheme 1. These active electrons can 

therefore be utilized to excite BNN6 for photochemical decomposition of BNN6 and 

generation of NO (Scheme 1).

The mechanism for the photochemical decomposition and NO release of BNN-type NO 

donors (or BNNs) is that the photo-induced electrons excite the electron transfer along the 

aromatic ring and the detachment of two NO free radicals from one BNNs molecule.13 The 

light absorption range of BNNs is limited in the UV region, and BNNs are therefore 

sensitive only to UV light, rather than NIR light. In this work, the developed sandwich 

structure of GO-BNN6 can absorb NIR light effectively, and transform photons into 

electrons, thus causing the decomposition of BNN6 into NO. Compared with BNNs, GO 

within GO-BNN6 seems like a NIR “antenna”,14 extending the function of the aromatic ring 

of BNNs.

Furthermore, the NIR-responsive profiles of GO-BNN6 nanomedicine for NO release in the 

PBS was investigated under the excitation of 808-nm NIR light with different power 

densities. It could be found that GO-BNN6 nanomedicine was responsive to NIR light in a 

power density-dependent and irradiation time-dependent manner (Fig. 2A). It is very clear 

that more than half of NO can be quickly released from GO-BNN6 nanomedicine under 

excitation of 808-nm laser within several minutes, and then residual NO was released in a 

sustained way (Fig. 2A). This kind of drug release profile is thought to be quite useful for 

quickly achieving an effective drug concentration for therapy and then maintaining the drug 

concentration within an effective but safe range. Moreover, higher power densities of NIR 

light caused faster release of NO from GO-BNN6 nanomedicine (Fig. 2A). Therefore, it is 

facile to control the NO release rate and amount by adjusting the NIR light power and/or 

NIR irradiation time. By increasing NIR light power and NIR irradiation time, GO can 
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absorb more light energy to yield more electrons, and thus more quickly excite caged BNN6 

to release NO.

The NIR controllability of GO-BNN6 nanomedicine for NO release was also investigated, 

as shown in Fig. 2B. When NIR light was switched on, the release of NO was initiated. 

Once NIR light was switched off, the release of NO stopped almost completely. The repeat 

of switching NIR light could also control NO release well in spite of decreased release rate 

with the increase of NIR irradiation time. This indicates that GO-BNN6 nanomedicine has 

an excellent NIR controllability for NO release. The NO concentration can be well 

controlled on demand through controlling the switching and power of NIR light, which is of 

great significance to manipulate the drug concentration within the therapeutic window and 

also reduce the risk of NO poisoning.

In addition, the influence of the photothermal effect of GO on NO release from GO-BNN6 

nanomedicine was also investigated. As shown in Fig. 3, GO-BNN6 nanomedicine exhibited 

the photothermal effect compared with the blank control. The photothermal effect of GO-

BNN6 depended on the power density of NIR light and the concentration of GO-BNN6. 

Higher power density of NIR light and higher concentration of GO-BNN6 led to stronger 

thermal effect (Fig. 3A). Among these sample groups, the greatest increase of temperature is 

33°C after 20 min of NIR irradiaiton (200 μg/mL, 1.0 W/cm2) with a final temperature of 

about 56°C. Direct heating to 60°C without NIR irradiation was used for comparison. It is 

clear that 1 min of direct heating at 60°C did not cause distinct NO release from GO-BNN6 

nanomedicine, but 1 min of NIR irradiation at 1 W/cm2 did lead to remarkable release of 

NO from GO-BNN6 nanomedicine (Fig. 3B). Temperature increase to 32.9°C in 1 min 

should not make contribution to the decomposition of GO-BNN6 nanomedicine as direct 

heating at 60°C did. Further increase of NIR-irradiation time to 20 min resulted in increased 

NO release, but the increase of direct heating time to 20 min at 60°C did not cause obvious 

NO release. Therefore, the NIR responsiveness of GO-BNN6 nanomedicine for NO release 

mainly derived from a photochemical decomposition effect of GO-BNN6 rather than the 

photothermal effect. In addition, we can suppress or enhance the photothermal effect by 

adjusting NIR irradiation time, NIR power density and GO-BNN6 concentration in order to 

avoid or combine the influence of thermal effect on NO therapy.

In order to demonstrate the photochemical conversion efficiency of GO-BNN6 

nanomedicine for NO release, we compared it with another nanomedicine with a core-shell 

structure of BNN6-loaded gold nanorods@mesoporous silica nanoparticle (GNR@MSN-

BNN6), which is similar to that of UCNP@MSN reported by Zhao.6a,b By comparison of 

their absorption spectra (Fig. 4A), it can be found that GO has a broad absorption band 

centered in the UV region, while GNR@MSN has a relatively narrow adsorption band 

centered in the NIR region. At the same concentration, GNR@MSN has higher absorbance 

at 808 nm than GO. But GO-BNN6 nanomedicine actually exhibited higher responsiveness 

to 808 nm NIR light compared with GNR@MSN-BNN6 nanomedicine in spite of NIR 

power density as more than 60% NO could be quickly released from GO-BNN6 

nanomedicine after 5 min of NIR irradiation while the NO released percentage of 

GNR@MSN-BNN6 nanomedicine was less than 20% (Fig. 4B). This suggests that GO can 

more effectively transfer active electrons to loaded BNN6. Higher electron transferring 
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efficiency of GO-BNN6 nanomedicine could be credited with its sandwich structure of the 

close π-π stacking between GO and BNN6.

In vitro NIR-responsive release behavior and anti-cancer effect of GO-BNN6 nanomedicine

Intracellular NIR-responsive release profiles of GO-BNN6 nanomedicine were measured 

using RBSP fluorescence probe (Fig. S3A), which was synthesized according to Xue’s 

method.15 Human osteosarcoma 143B cells were chosen as a model cell line for the 

measurement of intracellular NIR-responsive NO release and anti-cancer effect of GO-

BNN6 nanomedicine. After 2 h incubation with GO-BNN6 nanomedicine (100 μg/mL) and 

RBSP fluorescence probe (20 μM), residual nanoparticles and probe outside cells were 

washed off, and then treated 143B cells were irradiated under 808 nm NIR laser (0.2 

W/cm2) for 2 min. The determination of reasonable NIR irradiation parameters will depend 

on the balance between drug efficacy and toxic side effect. In order to avoid the side effects 

of NIR irradiation against cells as much as we can, we chose relatively low NIR irradiation 

power (0.2 W/cm2) and short irradiation time (2 min) for cell experiments. From Fig. 5A, it 

could be found that large amounts of NO were released in 143 cells in the GO-BNN6+NIR 

group as suggested by intracellular red fluorescence. In the absence of NIR irradiation, there 

was negligible red fluorescence in cells in the GO-BNN6 group, indicating a low level of 

NO. Similarly, the GO+NIR group as a control also had no distinct NO signal. Therefore, 

these low levels of NO were thought to be possibly derived from cells rather than 

nanomedicine, and could therefore be considered as background. Furthermore, the 

fluorescence intensity of treated 143B cells was quantified by flow cytometry (Fig. 5B). The 

statistics results also indicated that the GO-BNN6+NIR group exhibited remarkably stronger 

fluorescence signal as compared to other groups. These results consistently indicated that 

GO-BNN6 can responsively release NO in cells under NIR irradiation.

Furthermore, the cytotoxicity of GO-BNN6 nanomedicine against 143B cells was 

investigated (Fig. 5C). In the absence of NIR irradiation, GO-BNN6 nanomedicine exhibited 

a weak cytotoxicity against 143B cells as more than 80% cells remained viable at GO-

BNN6 concentration of as high as 440 μg/mL, suggesting relatively good biocompatibility. 

However after NIR irradiation (0.2 W/cm2) for only 2 min and then incubation for 16 h, 

GO-BNN6 nanomedicine always killed more 143B cells regardless of GO concentration, 

suggesting a remarkable NIR-responsive anti-cancer effect. Moreover, the anti-cancer effect 

depended on the concentration of GO-BNN6 nanomedicine. At higher concentration of GO-

BNN6, the difference of cytotoxicity between GO-BNN6 and GO-BNN6+NIR groups 

became more distinguished, possibly owing to more uptake of GO-BNN6 nanomedicine by 

cells and thus more NO release in cells under the NIR triggering. Since the high intracellular 

level of NO can kill cancer cells,3 the anti-cancer effect of GO-BNN6 should be mainly 

derived from the intracellular NIR-responsive release and accumulation of NO.

Experimental

Synthesis and characterization of BNN6

N,N′-Di-sec-butyl-N,N′-dinitroso-1,4-phenylenediamine (BNN6) was synthesized with an 

addition reaction as following. 2.34 mL (10 mmol) N,N′-bis-sec-butylamino-p-
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phenylenediamianne (BPA, TCI America Inc.) was diluted into 18 mL ethanol, and then 20 

mL 6 M degassed aqueous solution of NaNO2 (Sigma-Aldrich) was added under stirring and 

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

dropwise using a separating funnel. The reaction solution gradually became orange from 

red, and meanwhile a beige precipitation yielded. After stirring for 4 h, the solid product was 

collected by centrifugation, and the collected precipitate was washed with water and 50% 

(v/v) ethanol/water in turn several times to remove residual reactants, and then dried under 

freezing vacuum in dark environment overnight. The structure of synthesized BNN6 was 

confirmed by Hydrogen Nuclear Magnetic Resonance (1H NMR, Bruker Magnet System, 

300 MHz/54 mm) and Mass Spectrum (MS, Waters LC-MS System, Milford, MA) 

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, 278.2 [M]+; found 279.2 [M]+.

Construction and characterization of GO-BNN6 nanomedicine

GO-BNN6 nanomedicine was constructed by a facile self-assembly route. GO nanosheets 

were firstly synthesized according to Yang’s protocol.9 GO (4.2 mg) was resuspended in 4 

mL DMSO under stirring, and then a DMSO solution of BNN6 (1 mL, 8.4 mg/mL) was 

dropwise added. Keep stirring in dark for 12 h to mix GO and BNN6 fully, and then keep 

static for 2 h to allow their self-assembly. The mixture solution was diluted with 5 mL water 

to allow the filtration of nanoparticles by an Amicon® centrifugal filter device (molecular 

weight cutoff: 10 K). The separated nanoparticles were washed with excess water to remove 

residual BNN6 and DMSO, and then dispersed into 5 mL water for storing. All the filtered/

washing solutions were collected to calculate the loading capacity according to the Beer-

Lambert law and UV absorbance measurement (Genesys 10S UV-Vis spectrophotometer, 

Thermo Sci.).

Morphologies of GO and GO-BNN6 were characterized by Atomic Force Microscope 

(AFM). Diluted aqueous solutions of GO-BNN6 and GO were deposited on clean mica, and 

then dried by blowing away the excess fluid with nitrogen gas. The dried samples were 

sealed into the sample compartment dehumidified by Drierite® particles, and then imaged 

with a gentle tapping mode by a PicoForce Multimode 8 AFM (Bruker, CA). The collected 

AFM images were further processed to obtain dimensional histograms with the Nanoscope® 

software (version 7.3, Bruker, CA). The collected AFM images were further processed to 

obtain dimensional histograms with the Nanoscope® software (version 7.3, Bruker, CA).

Structures of GO and GO-BNN6 were characterized by attenuated total reflectance Fourier 

transform infrared spectroscopy (ATR-FTIR). Concentrated sample solutions were dropped 

on the universal diamond ATR sampling accessory and slowly dried by blowing with 

nitrogen gas. FT-IR spectra were then collected on a Thermo-Nicolet Nexus 670 ATR-IR 

spectrometer.

Measurement of stability of GO-BNN6 nanomedicine

The UV spectrum of a freshly prepared aqueous solution of GO-BNN6 (0.7 mg/mL) was 

measured. The solution was put at room temperature in a light-sealed environment. After 7 
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d, the UV spectrum of the solution was collected again. The stability of GO-BNN6 could be 

confirmed by checking the difference of UV spectra before and after 7 d.

Detection of NO release in the aqueous solution with a Griess kit

A commercial Griess assay kit (Promega Corporation, USA) was used to detect the release 

of NO from BNN6 and GO-BNN6 nanomedicine. The instruction method was modified as 

follows to meet our instruments and obtain a lower limit of detection. 100 μL of sample was 

mixed with 100 μL of the sulfanilamide solution (1% sulfanilamide in 5% phosphoric acid), 

and then the mixed solution was shake for 10 min at room temperature in dark. Then 100 μL 

of the NED solution (0.1% N-1-napthylethylenediamine dihydrochloride in water) was 

added to incubate 10 min at room temperature in a light-sealed environment. Finally, the 

mixture was diluted with 200 μL water for UV spectrophotometer measurement. In order to 

eliminate the effect of GO, the GO nano-composites were removed from the GO-BNN6 

samples after NIR exposure (808 nm laser) by centrifugation at a speed of 20,000g. The 

supernatant was collected for measurement by following the modified Griess method. 

NaNO2 standard samples (0.05 μM ~ 25 μM) were used to establishing a standard curve for 

calculation of NO concentrations.

NIR laser irradiation (808 nm) at different power densities of 0.2, 0.5 and 1 W/cm2 was used 

to trigger the NO release from BNN6 and GO-BNN6 nanomedicine. By comparison, UV 

light (365 nm) was also used to trigger the release of NO from BNN6. The amount of 

released NO was detected by the above-mentioned Griess method. In addition, an infrared 

thermal imaging device (FLIR® Systems, Inc.) was used to measure the change in 

temperature of sample solutions with time under NIR irradiation.

Detection of intracellular NO release with the RBSP fluorescence probe and by flow 
cytometry

Firstly, the RBSP fluorescence probe based on rholdamine B (RhB) was prepared according 

to Xue’s method as the following.15 To a solution of RhB (192 mg, 0.4 mmol) in 20 mL 

chloroform, o-phenylenediamine (864 mg, 8 mmol) and (benzotriazol-1-

yloxy)tripyrrolidinophosphonium hexafluorophosphate (208 mg, 0.4 mmol) were added to 

obtain a red solution. The mixture was stirred at room temperature for 24 h under N2 

protection to form a yellow solution. Then the solvent was removed under reduced pressure, 

the yellow powder product was purified by the silica column (ethyl acetate/hexane, v/v, 1:1) 

to obtain the white power in the yield of 70%. The structure of the product RBSP was 

confirmed by 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) (Fig. S5).

The DMSO solution of RBSP (10 mM) was diluted 500 times with cell culture medium 

under shaking. 143B cells (5×103) were seeded on a slide. The RBSP solution (20 μM) and 

the GO-BNN6 solution (100 μg/mL) were added. After incubation for 2 h, cells were 

washed with PBS to remove residual RBSP and nanoparticles, and then were irradiated 

under 0.2W/cm2 NIR laser for 2 min. The slides were put back into incubator. After 8 h of 

Fan et al. Page 8

Nanoscale. Author manuscript; available in PMC 2015 December 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



incubation, cells were imaged on a confocal fluorescence microscope. Moreover, cells were 

also collected for statistics of the fluorescence intensity by flow cytometry.

In order to investigate the stability of GO-BNN6 at tumor microenvironment and under 

physiological conditions, two GO-BNN6 samples were incubated respectively in pH 7.4 and 

5.5 PBS solutions at 37°C in the absence of NIR irradiation for 40 min. The Griess assay 

was used to detect NO release.

Synthesis and characterization of GNR@MSN carrier and GNR@MSN-BNN6 nanomedicine

GNRs with the strongest absorption peak at 780 nm were synthesized according to Xia’s 

method.16 The growth solution was prepared as, HAuCl4 (0.01 M) 9 mL, silver nitrate (0.02 

M) 1.1 mL, hydroquinone (0.33 M) 3.6 mL were sequentially added into 210 mL of CTAB 

(0.11 M) solution under slight mixing. After standing for 5 min, 0.75 mL NaBH4 (0.498 

mM) solution was added and kept standing in 30°C over 12 h. Then mesoporous silica was 

coated on GNRs according to the following method. 50 mL GNRs were washed with water 

for 2 times and then re-dispersed into 10 mL water. 30 μL ammonium hydroxide (30%) was 

added and the mixture was stirred 1 h at 40°C. Dropwise add 100 μL 2.5% EtOH solution of 

TEOS, keep stirring 24 h, and wash with water and EtOH to remove CTAB in turn. The 

prepared GNR@MSN was mixed with 100 mg/mL BNN6 solution in DMSO, and the 

mixture solution was shake overnight. GNR@MSN-BNN6 nanoparticles were collected by 

centrifugation, washed with water and used for NIR-responsive release experiments.

Measurement of cytotoxicity of GO-BNN6 nanomedicine

Cell viabilities of 143B cells treated with GO-BNN6 nanomedicine and GO-BNN6 plus NIR 

irradiation were determined by the colorimetric MTT method. 143B cells were seeded in 96-

well plate at a density of 2×104 cells per well, and incubated overnight at 37 °C in 5% CO2 

atmosphere. After being washed with PBS (pH 7.4), the cells were incubated with 100 μL 

GO-BNN6 nanomedicine at different concentrations (0, 22, 110, 220 and 440 μg/mL) at 37 

°C for 2 h under the same conditions. Then all cells were rinsed with PBS and incubated 12 

h in MEM at 37°C in 5% CO2 atmosphere. Cells were exposed under 808 nm NIR laser with 

a power density of 0.2 W/cm2 for 2 min, and then cell plates were put back to incubator. 

After 16 h of incubation, medium was replaced with 100 μL 0.5 mg/mL MEM solution of 

MTT. After 2 h, the medium was removed and 100 μL of DMSO was added in each well to 

completely dissolve the crystals. The absorbance at 570 nm was recorded by a microplate 

reader. The cytotoxicity was expressed as the percentage of cell viability as compared with 

the blank control. Each data point was represented as a mean ± standard deviation of eight 

independent experiments (n = 8).

Conclusions

BNN6 as a NO donor has been successfully synthesized. GO-BNN6 nanomedicine has been 

successfully constructed with GO nanosheets and BNN6. The constructed GO-BNN6 

nanomedicine has a novel sandwich structure, high thermostability and excellent dispersion 

in water. The NO release is measured using a Griess kit and a RBSP fluorescence probe, 

suggesting a high NIR-responsiveness and controllability of GO-BNN6. Through adjusting 
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the switching, irradiation time and power density of NIR laser, the release of NO from GO-

BNN6 nanomedicine has been well controlled. The in vitro anti-cancer cell experiments 

have indicated that the GO-BNN6 nanomedicine could release NO in cancer cells under the 

irradiation of NIR light, and thus inhibited the growth of 143B cancer cells effectively. This 

advanced nanomedicine is hopefully applied for NO therapy of cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
AFM images of GO (A) and GO-BNN6 (B), their height histograms (C), the molecular 

illustration (D) of the formation of GO-BNN6 via the π-π stacking between GO and BNN6, 

and FT-IR spectra (E) of GO, BNN6 and GO-BNN6 where three green areas indicate the 

characteristic bands of BNN6.
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Fig. 2. 
(A) NO release profiles of GO-BNN6 nanomedicine in PBS under the excitation of 808-nm 

NIR light with different power densities (0.2, 0.5 and 1 W/cm2) measured by using a Griess 

kit; (B) the NIR controllability of GO-BNN6 nanomedicine for NO release by switching 

on/off 808-nm NIR light.
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Fig. 3. 
Photothermal effect of GO-BNN6 at different concentrations (20, 100, 200 μg/mL) and 

under different NIR power densities (A), and the influence of NIR irradiation and direct 

heating on NO release from GO-BNN6 (B). In Fig. 3A, water without GO-BNN6 was used 

as blank control.
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Fig. 4. 
Comparison of the adsorption spectra of GO and GNR@MSN at the same concentration 

(A), and comparison of the NIR-responsivity of GO-BNN6 and GNR@MSN-BNN6 

nanomedicines for controlled release of NO at different power densities of NIR irradiation 

(B).

Fan et al. Page 15

Nanoscale. Author manuscript; available in PMC 2015 December 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. 
Intracellular NIR-responsive NO release profiles of GO-BNN6 nanomedicine under the 

excitation of 808-nm NIR light detected with RBSP: (A) qualitative observation under 

fluorescence microscope; (B) flow cytometry statistics of the fluorescence intensity of 

treated 143B cells. (C) Cytotoxicity comparison of GO-BNN6 and GO-BNN6 plus NIR 

irradiation (808 nm NIR laser, 0.2 W/cm2, irradiated 2 min) at different concentrations 

against 143B cells.

Fan et al. Page 16

Nanoscale. Author manuscript; available in PMC 2015 December 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scheme 1. 
Self-assembly and NIR-responsive mechanism of GO-BNN6 sandwich structure, which was 

assembled by GO nanosheets and BNN6 molecules through π-π stacking. The integrated 

sandwich structure of GO-BNN6 absorbs NIR light via GO and transforms photons into 

active electron from GO to caged BNN6 (green lightning), and then excites BNN6 to 

decompose and release NO (yellow bubbles).
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