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ABSTRACT 

In view of preparing effective nitric oxide gas carriers, a fluorinated poly(ethylene glycol) (F-

PEG) was non-covalently conjugated with acid-treated graphene oxide (GO) to prepare the 

composite of F-PEG@GO. When the persistence of NO gas doped on GO and F-PEG@GO was 

investigated for 3 h, the conserved NO gas decreased from 49.00±7.06 to 2.17±1.36 nmol/mg 

carrier and from 58.51± 6.02 to 4.58±2.22 nmol/mg carrier, respectively. The adsorption of F-PEG 

on GO and the doping of NO on GO and F-PEG@GO were declarative by the increase of distance 

between GO sheets, and the NO-doping was also clarified by infrared absorption and X-ray 

photoelectron spectroscopies. The anti-bacterial effect was higher for NO-conserved F-PEG@GO 

than for NO-conserved GO and more effective against Staphylococcus aureus than against 

Escherichia coli. It is evident that the coating of F-PEG on GO is preferable for advancing the 

loading efficiency, the stability and the biomedical efficacy of NO gas. 
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INTRODUCTION   

Nitric oxide (NO), is known to have vasodilator, tumoricidal and antibacterial properties.1 The 

pharmacotherapeutic effect of NO has been proven by its concentration-dependence and high 

reactivity.2 In response to the needs for bioactive molecules in therapy, some works have been 

done on the synthesis of NO donor with prodrug concept: Though several NO donors were reported 

like N-diazeniumdiolate,3 S-nitrosothiol,4 transition-metal nitrosyl complexes and alkyl nitrites,5 

there is scarce work on developing novel material that can be an efficient scaffold to store gaseous 

NO and deliver it to the target localization. 

Graphene oxide (GO) is a sheet of carbon atoms bonded into a two-dimensional honeycomb 

lattice,6 which has carboxylic, phenol and epoxide groups at its defected edges.7 Due to the richness 

of oxidized functional groups, GO has a possibility of many biomedical applications including 

drug delivery,8, 9 biosensing10 and bioimaging.11 In order to increase the biocompatibility and water 

dispersibility, GO was hybridized with hydrophilic polymers like polyethylene glycol12, sugar 

based polymers,13,14 and poly(amido amine).9 Fluorocarbons are excellent media of gases, in 

particular, of respiratory gases, due to their low intermolecular van der Waals interactions.15 For 

this reason, they can be used as oxygen carriers, when they form emulsions.16-18 Because 

fluorinated carbon materials may be one of the most promising carriers of gases like oxygen for 

biological treatments,19 the binding of fluorinated poly(ethylene glycol) (F-PEG) on GO will be 

valuable as gaseous drug delivery systems with improved biocompatibility. 
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In the present work, F-PEG-coated GO nanocomposite platform was prepared as a novel 

material for NO gas delivery system.  Hybridization of F-PEG on the surface of GO was expected 

to heighten the doping of the NO gas for exogenous delivery methods. The loading and self-release 

efficiencies of F-PEG@GO composites for NO gas were determined using Griess assay methods 

and compared with those of GO. The anti-bacterial activities of carried NO on GO and F-

PEG@GO were examined against Escherichia coli and Staphylococcus aureus.  

EXPERIMENTAL  

Materials and methods 

Natural graphite flake of 4 µm size was obtained from Ito graphite Co. Ltd, Japan. Copper 

metal was purchased from Jianyuan Metal, Taiwan. Fluorinated polyethylene glycol derivative (F-

PEG) (F8H5COOPEG5000) was synthesized by esterification of F8H5COOH and 

CH3(OCH2CH2)5000OH. Other chemicals were of commercial grade. All the reagents were used as 

received. Ultrapure water (resistivity of 18.2 ΜΩcm-1, Yamato Millipore WT100) were used 

throughout the experimental work.  

Characterization  was performed using a transmission electron microscope (TEM, JEOL, 

Japan, 120 kV), a ultraviolet (UV)/Visible absorption spectrophotometer (UV–visible, JASCO V-

670, Japan), a Fourier transform infrared absorption spectrophotometer (FTIR, NICOLET 6700, 

Thermo Scientific, USA), a thermogravimetric analysis (TGA, TA Q500, USA), a dynamic light 

scattering (DLS, SZ-100, HORIBA scientific, Japan), an X-ray diffractometer (Bruker, D2 Phaser, 

USA), a Raman scattering spectrometer (Horiba Jobin Yvon iHR550, Japan) and a X-ray 

photoelectron spectrometer (XPS, VG Scientific, ESCALAB 250, England).  

Preparation of F-PEG@GO composites  
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GO sheets were prepared using the modified Hummers method from natural graphite flakes.20 

In brief, graphite flake (2.0 g) was acid-treated and exfoliated by mixing with sulfuric acid (98 %, 

50 ml), sodium nitrate (2.0 g) and potassium permanganate (6.0 g), heating at 35 oC for one day, 

adding water (80 ml) and H2O2 (30 %, 20 ml). The product was separated from supernatant by 

centrifugation (for 20 min at 6000 rpm). The precipitate was washed with an aqueous HCl solution 

and water until the pH of the supernatant became neutral and dried in vacuum oven overnight. For 

fragmentation, graphene oxides (20 mg) were ultrasonicated in water (40 ml, 0.5 mg/ml) for 4 h 

using a homogenizer (QSONICA Sonicator, Q700, Misonix, USA, amplitude intensity 50 and 

applied power 50 W) in an ice bath. The concentration of produced graphene oxide was determined 

from the calibration curve. F-PEG@GO composites were prepared by mixing equal volumes of 

graphene oxide in aqueous dispersion (300 µg/ml) and F-PEG in aqueous solution (24 µg/ml) and 

sonicating for 4 h. Then the weight ratio of F-PEG:GO in F-PEG@GO was 0.083:1. 

Quantitative determination of doped NO gas by Griess assay method  

NO gas generated by reacting aqueous nitric acid with cupper metal was continuously taken 

into the carrier materials (GO and F-PEG@GO) in the closed system. NO gas doped in carrier 

materials was measured using the universal Griess assay method with an affordable 

instrumentation and conceptually a straightforward analysis procedure.21 As presented in the 

reaction scheme 1, the principle of the measurement is the reactivity of NO in the formation of 

nitrite in oxygenated aqueous media22 via the reaction with sulfanilamide under the acidic 

condition to form a diazonium salt intermediate. The diazonium salt intermediate is then coupled 

to N-1-napthylethylenediamine dihydrochloride to form the stable water-soluble azo dye, which 

has an absorption band at λmax ≈ 540 nm.23 
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 Scheme 1. Reactions involved in the formation of an azo dye by coupling of diazonium salt of 

sulfanilamide and N-1-napthylethylenediamine dihydrochloride. 

A stock solution of sodium nitrate (0.01 M) was prepared by dissolving sodium nitrite (17.25 

mg) in water (25 ml). N-1-napthylethylenediamine dihydrochloride (25 mg) was dissolved into 

water (25 ml) to be a stock solution (0.1 %). Sulfanilamide (250 mg, 1 %) and phosphoric acid 

(1.25 ml, 5 %) was dissolved in water (25 ml). To plot a calibration curve of sodium nitrite, a series 

of solutions were prepared by taking 2.25 to 11.25 µl (with an interval of 2.25 µl) from a stock 

solution of sodium nitrite (0.01 M) and 50 µl of both sulfanilamide and N-1-

napthylethylenediamine dihydrochloride and the resulting solution were further dissolved in 1.5 

ml of water. The calibration curve was prepared from the absorbance of the pink-colored solution 

at 540 nm.  

The NO-doped carrier materials (10 mg) were dispersed in water (14 ml) and filtered out. For 

the filtrate (1 ml), 150 µl of both sulfanilamide and N-1-napthylethylenediamine dihydrochloride 

were added. Then the nitrite concentration was determined by comparing the absorbance of the 

pink-colored azo dye solution at 540 nm to a calibration curve prepared with known concentrations 

of nitrite, and thus the amount of NO on carrier was determined stoichiometrically.  

Antibacterial activity test  
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The anti-bacterial test was done based on the standard agar disk-diffusion method.24 

Aerobically grown E. coli (gram negative) and S. aureus (gram positive) strain suspensions (100 

µl) with optical density 0.05 were spread evenly over the face of a sterile plate grown in luria 

bertani and tryptone soya broth agar medium, respectively. Equal amounts of GO and F-PEG@GO 

were applied as controls (non-NO doped) and tests (NO doped) on the surface of agar plate cultured 

with E. coli and S. aureus by incubated for 12-16 h.  

Results and Discussion  

Characterization of Composites 

F-PEG@GO composite was prepared by mixing GO with F-PEG. TEM images were taken for 

GO and F-PEG@GO and their morphologies were compared in Fig.1: In contrast to thin GO sheets 

with lateral dimensions ranged around hundred nm, a TEM image of F-PEG@GO displayed the 

dense density of GO sheet, suggesting the adsorption of F-PEG. It has been reported that the 

binding and covering of poly(propylene fumarate)/poly(ethyl glycol) derivative on the surface GO 

sheet causes to increase the size.25 Averaged particle sizes of F-PEG, GO and F-PEG@GO in 

water were measured by dynamic light scattering. While the average hydrodynamic size of F-PEG 

was 1,098 nm, GO and F-PEG@GO showed values of 207 and 250 nm, respectively. The large 

size of F-PEG indicates the aggregation of F-PEG. Different from such situation, when F-PEG 

was mixed with GO, the size of F-PEG@GO was only slightly larger than it of GO and large 

aggregates of F-PEG alone were not observed. The drastic size variation between F-PEG and F-

PEG@GO suggests the enough adsorption of F-PEG on GO and the formation of the complex. 
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Fig. 1.  TEM images of GO and F-PEG@GO.  

FTIR spectra of F-PEG, GO and F-PEG@GO are shown in Fig. 2A. An FTIR spectrum of F-

PEG showed bands of O-H(H2O) stretching (3430 cm-1), alkane CH2 stretching (2914 cm-1), O-

H(H2O) bending (1640 cm−1), CH2 scissor (1460 cm-1), CH2 wagging (1350 cm-1), CH2 twisting 

(1258 cm-1) and C-F stretching (1110 cm-1). GO contains the absorption bands of O-H (3380 cm−1), 

carbonyl C=O (1730 cm-1), aromatic C=C (1630 cm−1), O-H bending (1360 cm-1), aromatic C–C 

(1220 cm−1), and alkoxy C–O–C (1050 cm−1) groups.26 The appearance of oxygen-containing 

functional groups confirmed the preparation of GO. Meanwhile, F-PEG@GO composite had 

characteristic IR bands of both F-PEG and GO; CH2 stretching (2880 cm-1) and C-F stretching 

(1110 cm-1) from F-PEG and carbonyl C=O (1730 cm-1) from GO were noticeably observed in the 

composite, indicating the coexistence of F-PEG and GO in F-PEG@GO.  
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Fig. 2. (A) FTIR absorption spectra and (B) UV-visible absorption spectra of F-PEG, GO, and F-

PEG@GO.  

Fig. 2B presents the UV-visible absorption spectra of F-PEG, GO and F-PEG@GO. Although 

F-PEG did not show any absorption band in the region of 200 to 800 nm, GO displayed a main 

band at 230 nm and a shoulder band around 300 nm, which correspond to a π-π* and n-π* 

electronic transition modes, respectively.26 Same bands were observed even for F-PEG@GO and 

thus no variation happened on UV-visible absorption bands after adsorption of F-PEG on GO, 

indicating that F-PEG on the surface of GO does not affect the electron transition state of GO.8   

TGA curves of GO and F-PEG@GO were compared as presented in Fig. 3. While graphite 

possessed high thermal stability at the range from 25 to 650 °C and was completely decomposed 

at 980 °C,27 GO displayed 8 % loss of its mass below 100 °C, due to the evaporation of adsorbed 

water and small molecules. The first decomposition occurred below 200 °C and lost about 29 % 
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of the mass. Additional decomposition of about 15 % happened below 320 °C. The remaining 

mass loss (about 48 %) started at 475 °C. Oxygen-including moieties should be burned in early 

stages and the elimination of the graphene moiety could be at the last stage but at the lower 

temperature than that of graphite. Thermogram of F-PEG@GO composite showed the thermal 

decomposition pattern of the 4 % mass lost bellow 100 °C as a result of the evaporation of absorbed 

water and small molecules. The weight losses of F-PEG@GO happened at two steps of about 46% 

loss and the remaining about 50% loss. However, these losses occurred at higher temperatures 

(about 27 °C) than those of GO, and the final decomposition was at 580 °C.25 The temperature rise 

of the final decomposition is because of the heat-generated aromatization in F-PEG@GO.28  

 

Fig .3. TGA charts of GO and F-PEG@GO.  

The XRD patterns of graphite, F-PEG, GO and F-PEG@GO were presented in Fig. 4.  While 

an X-ray diffractogram of graphite, the highly ordered carbon material, appeared a sharp 

diffraction peak (002)  at 2θ = 26.60° of hexagonal crystalline structure (JPCDS No 89-8487),27,29 

an (001) peak of GO (hexagonal crystalline structure, JPCDS No 46-1628) at 11.40° confirmed 

the formation of graphene oxide. F-PEG displayed two major peaks at 19.05° and 23.30° and weak 
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peaks at 14.69° and 26.18°, which were indexed to (120), ( 1#31), (021) and (2#24), respectively, of 

monoclinic crystalline structure (JPCDS No 52–2279).25 However, the addition of F-PEG on GO  

arose a strong peak to diffract at 9.14° and a weak peak at 18.40° assigned to (001) and (002), 

respectively, of hexagonal crystalline structure (JPCDS No 53-1791).30 These results indicate the 

strong adsorption of F-PEG on GO enough to perturb the crystallography of each component.  

 

Fig. 4. XRD patterns of graphite, F-PEG, GO and F-PEG@GO. 

Fig. 5 presents the Raman spectra of graphite, F-PEG, GO and F-PEG@GO. For F-PEG, bands 

appeared at 2936 cm-1 was assigned to stretching vibration mode of alkyl chain. The CH2 

scissoring, wagging and twisting bands were found at 1471 cm-1, 1271 cm-1, and 1225 cm-1, 

respectively. A band at 1132 cm-1 attributed to C-F stretching mode and the C-O-C stretching 
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vibration band was observed at 1055 cm-1. A band at 835cm-1 was assigned to carbon skeleton of 

F-PEG.31 While graphite had three Raman bands: A G-band (sp2) and a weak D-band (sp3) 

appeared  at 1581 and 1326 cm-1 and the 2D band was observed at 2689 cm-1,32 in GO, the 

appearance of a D-band  at 1333 cm-1 besides a G-band  at 1601 cm-1 confirms the partial defect of 

graphitic structure in GO. Then, the G-band and D-band (1598 and 1327 cm-1, respectively) of F-

PEG@GO were scarcely changed, as compared to GO.33 Non covalent binding of F-PEG on GO 

may cause the scarce variation on the vibration state.  

 

Fig. 5. Raman spectra of graphite, F-PEG, GO and F-PEG@GO.  

Doping of NO gas 

The loading efficiency of NO in carriers was evaluated: The loaded amount of NO after 5 min 

was 58.51±6.02 mmol/g for F-PEG@GO carrier and 49.00±7.06 mmol/g for GO carrier. However, 

the loaded NO in both carriers decreased with time in air atmosphere and thus it came down to 
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4.58±2.22 and 2.17±1.36 mmol/g(carrier), respectively, after 3 h, As seen in Fig. 6. This 

phenomenon may happen by the reasons that NO was probably oxidized to NO2 by coexisting 

oxygen or released from the carrier. Thus, it was confirmed that GO can load NO but the coating 

of F-PEG on the surface of GO enhanced the trapping ability of NO gas on the carrier. Moreover, 

the reservation of NO gas on carriers was only 8 % for F-PEG@GO and 4 % for GO.  

 

Fig. 6. NO gas reserved in GO and F-PEG@GO carriers. 

After NO gas was doped on GO and F-PEG@GO, FTIR absorption spectra were compared 

with those of carriers before NO-doping. As seen in Fig. 7A(a), even after NO was doped, intrinsic 

absorption bands of both GO and F-PEG@GO were conserved, except the appearance of a strong 

band at 1384 cm-1, which may be attributed to a NO-relating vibration mode. This result confirmed 

the proper loading of NO in GO and F-PEG@GO carriers. Fig. 7A(b) displays FTIR absorption 

spectra of GO, which was NO-doped and leaved without additional doping for adequate time 

indicated in the figure. A band at 1384 cm-1 decreased with the leaving and the diminution was 
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calculated as an intensity ratio of a band at 1384 cm-1 against intensity of a band at 1630 cm−1, 

where a band intensity at 1384 cm-1 was subtracted the contribution of intrinsic GO band. Then the 

ratio 2.4 at 10 min decreased to 1.4 after 120 min. This tendency is consistent with the decrease of 

NO in Fig. 6. 

 

Fig.7. (A)(a) FTIR absorption spectra and (B) XRD patterns of GO and F-PEG@GO. Green: NO-

nondoped, red: NO-doped. (A)(b) FTIR absorption spectra of NO-doped GO. Time indicates after 

NO-doped. 
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The effect of NO-doping on the crystalline structure of GO and F-PEG@GO was also 

investigated as presented in Fig. 7B. The (001) diffraction peak of GO was shifted to low angle by 

3.20° from its intrinsic peak position (11.40°) as a result of NO-doping. The (001) peak of F-

PEG@GO were similarly changed from 9.14° to 6.85°, which were lowered angle by 2.29°. These 

shifts of (001) peaks correspond to 0.30 and 0.31 nm expansion of hexagonal layers after NO-

doping in GO and F-PEG@GO, respectively. Considering to the space size (0.78 nm) between 

GO sheets, the space size (0.97 nm) after adsorption of F-PEG and molecular size (0.39 nm x 0.28 

nm) of NO, the structures of GO, F-PEG@GO and their NO-doping states can be estimated as 

illustrated in Scheme 2. It was clearly shown that the crystalline structure of GO and F-PEG@GO 

were expanded due to the adsorption-induced deformation effect of NO gas.  

 

Scheme 2 Schematic illustration of adsorption of F-PEG on GO and NO-doping on GO and F-

PEG@GO. 

The variation of chemical composition in GO and F-PEG@GO before and after NO-doping 

was assessed using XPS as shown in Fig. 8, where full XPS scan and fine analyses including their 

deconvolution are presented. The binding energy and the area intensity of deconvoluted peaks are 
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given in Table 1. Full XPS scan surveys were exhibited peaks that are assigned to C1s, N1s, O1s, 

and F1s. GO possessed deconvoluted C1s species of aromatic CC, carboxylic acid (COOH), 

ketone (C=O) and phenol (C-OH). F-PEG@GO showed additional alkyl (CH2) and carbon-

fluorine (C-F) species contributed from F-PEG. O1s fine analysis appeared chemical species of 

ketone (C=O), carboxylic acid (C=O and OH) and phenol (OH) in GO. On the other hand, F-

PEG@GO showed an additional species of ether (COC) from F-PEG but the binding energies of 

ester (C=O and C-O) were overlapped on binding energies of species from GO. Another 

characteristic of F-PEG@GO different from GO was the existence of F1s originated from CF2 and 

CF3 in F-PEG. The existence of these species was consistent with the results from FTIR and 

Reman spectra.  

Essentially, similar binding energies and area intensities were obtained for species of GO 

besides additional species from F-PEG even after the binding of F-PEG and, moreover, the binding 

species and their energies of GO and F-PEG@GO were not significantly changed after NO-

doping. These results imply that the chemical state of GO was not affected by non-covalent 

functionalization by F-PEG, being coincided with the result of electronic state from UV-visible 

absorption spectra.  

It should be noted that both NO-doped GO and F-PEG@GO provided chemical species of both 

NO and NO2: N1s fine analysis of GO and F-PEG@GO showed two species coming from NO34 

and NO2,35 although O1s of NO and NO2 indicated similar binding energies. Relatively higher area 

intensity of NO species in N1s of F-PEG@GO than those of NO2 species in N1s of F-PEG@GO 

and NO species in N1s of GO may support the result of NO-loading in F-PEG@GO superior to 

GO as shown in Fig. 6. Coexisting NO2 may be doped simultaneously with NO or oxidized from 

NO. 
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Fig. 8. XPS spectra and elemental deconvolution spectra of GO, F-PEG@GO, NO-doped GO, and 

NO-doped F-PEG@GO.  

Table 1. Binding energy and area intensity from XPS spectra of GO, F-PEG@GO, NO-doped GO 

and NO-doped F-PEG@GO.  

Element GO NO-doped GO F-PEG@GO   NO-doped                 Assignment 
F-PEG@GO      

 BE 
(eV) 

Area 
intensity 

BE 
(eV) 

Area 
intensity 

BE 
(eV) 

Area 
intensity 

 BE 
(eV) 

Area 
intensity 

   

     283.6 1735 283.6 2588 CH2* 
C1s 284.8 3463 284.8 1494 284.8 1120 284.8 1168 CC(aromatic) 
     285.8 810 285.8 608 CF* 
 286.7 2448 286.7 997 286.4 575 286.4 253 COOH(acid) 
 287.2 472 287.2 342 287.2 262 287.2 148 C=O(ketone) 
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 288.7 219 288.7 114 288.1 110 2881. 103 COH(phenol) 
N1s   399.5 30   399.5 64 NO** 
   401.2 117   401.3 10 NO2** 
O1s     530.1 1010 529.6 996 COC(ether)* 
   530.9 200   530.3 479 NO**, NO2** 
 531.4 991 531.4 448 531.4 3144 531.0 3540 C=O(ketone) 

O-C=O(ester)* 
 532.5 5433 532.5 2632 532.1 520 532.4 475 C=O(acid)  
 533.1 1944 533.1 762 532.8 1033 533.5 1062 COH(acid, phenol) 

O-C=O(ester)* 
F1s     687.7 882 687.1 1509 CF2* 
     689.3 167 689.2 428 CF3* 

*, assignment to F-PEG. **, assignment to NO or NO2. 

Anti-bacterial effect of NO doped on GO and F-PEG@GO  

Following the reports that NO is known as a promising anti-bacterial agent,36 the anti-bacterial 

activity of NO in GO and F-PEG@GO carriers was examined against gram negative and gram 

positive bacteria compared to control, as presented in Fig. 9. While the grown E. coli colonies 

were clearly visible on the control GO, the NO-doped GO showed the anti-bacterial activity 

towards E. coli (see Fig. 9A(a) and (c)). Similarly, the growth of E. coli colonies happened on the 

control of F-PEG@GO but NO-doped F-PEG@GO displayed significant anti-bacterial activity 

against E. coli with wider zone of inhibition than N-doped GO (see Fig. 9A(b) and (d)). Same 

tendency was observed even for S. aureus. As shown in Fig. 9B, control GO did not influence the 

growth of S. aureus, but the doping of NO on GO inhibited its growth (Fig. 9B(a) and (c)). 

Correspondingly, while control F-PEG@GO had no resistance on the growth of bacteria, NO-

doped F-PEG@GO showed the observable conquest against pathogen with the higher zone of 

inhibition than NO-doped GO (Fig. 9B(b) and (d)). Moreover, it should be noted that NO was 

more effective for S. aureus than for E. coli. Similar result was reported previously.37 NO-loading 

systems in the present work with anti-bacterial activity without chemical derivatization showed a 
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comparable conservation efficiency to the previously reported NO donors, N-diazeniumdiolate 

and S-nitrosothiol, with a principle of chemical variation in the carrier.38  

  

Fig. 9.  Images after anti-bacterial test for (A) E. coli and (B) S. aureus on (a) control GO, (b) 

control F-PEG@GO (c) NO-doped GO and (d) NO-doped F-PEG@GO. 

CONCLUSIONS  

The biomedical application of NO is consequently limited owing to the instability of the gas 

and the unavailability of the materials that were developed to encapsulate the gas. In this work, 

NO-preserving graphene-based platform and its composite with F-PEG were successfully 

prepared. The conserving efficiencies of the GO and F-PEG@GO were compared on the same 

time course framework. The efficiency may depend on the chemical structure and characteristics 

of NO carriers. Graphene was assumed to be familiar to NO-doping. The possible trial to increase 

the NO conservation is the creation of the hydrophobic domain possessing gas-encapsulating 

properties. Thus, the F-PEG-coated GO composite with hydrophobic perfluorocarbon moiety was 

effective for NO conservation superior to GO. Moreover, F-PEG@GO exerted the anti-bacteria 

effect than GO. However, the NO-conservation on these carriers showed the decreasing tendency 
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with time. This phenomenon should be the oxidation of NO to NO2 rather than the release of NO 

from the carrier. Thus, the further invention is necessary for creating the conserved NO-protecting 

system.  
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