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Purpose: An efficient drug-delivery system was prepared based on graphene oxide using a 

facile and one-step strategy for controlling the release of anticancer drugs.

Methods: Fabrication of single-layer graphene oxide (GO) sheets was carried out by both 

modified and improved Hummers method. Biocompatible hyperbranched polyglycerol (HPG) 

was grafted on the surface of GO through the ring-opening hyperbranched polymerization of 

glycidol. Various ratios of GO and glycidol were used for polymer grafting. An anticancer drug, 

quercetin (Qu), was loaded into modified GO via noncovalent interactions.

Results: Polymer grafting on the surface of GO sheets was confirmed by results obtained 

from Fourier-transform infrared and Raman spectroscopy, thermogravimetric analysis, energy-

dispersive X-ray and X-ray spectroscopy, scanning electron microscopy, and atomic force 

microscopy. It was revealed that polymerization increased d-spacing between the basal planes. 

In addition, as a hydrophilic polymer, HPG improved the stability and dispersion of GO sheets 

in biological solutions and endowed extra drug-loading capacity for the sheets. The effect of 

hyperbranched structure on drug loading and release was investigated by comparing drug load-

ing and release for HPG-modified GO and linear PPO-modified GO. Our experiments indicated 

high drug-loading capacity (up to 185%), and excellent encapsulation efficiency (up to 93%) 

for HPG-GO compared to linear PO-grafted GO. The release profile of Qu under various pH 

levels exhibited controlled and sustained drug release without an initial burst effect for HPG-GO, 

suggesting that an acidic solution could facilitate drug release. HPG-GO did not show any cyto-

toxicity on the MCF7 cell line in different concentrations during 72 hours’ incubation. Uptake 

and entrance of HPG-GO into the cells were verified by determining the intracellular amount 

of Qu by high-performance liquid chromatography.

Conclusion: A combination of the unique properties of GO and the biodegradable polymer 

polyglycerol revealed high drug-loading capacity, pH-dependent drug release, and cytocom-

patibility with HPG-GO, thus introducing it as a promising nanocarrier for anticancer drug 

delivery.
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Introduction
There is an urgent demand for development of biocompatible drug carriers to improve 

the therapeutic profile of hydrophobic anticancer drugs. Drug-delivery systems based 

on nanomaterials can enhance the efficiency of free hydrophobic drugs by reducing 

systemic toxicity and increasing drug solubility and cellular uptake. High drug-loading 

capacity and triggering of drug release near cancer cells are two important issues in 

introducing a nanocarrier as a proper drug-delivery system. Graphene derivatives 
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have attracted remarkable attention for use in biomedical 

applications, due to their amazing and unique physical and 

chemical properties. A graphene sheet is a single layer of 

sp2-hybridized carbon atoms arranged as a two-dimensional 

honeycomb lattice1–4 and a novel substrate biomaterial that 

appeared in 2004.5 The formation of irreversible graphene 

aggregates in polar solvents by van der Waals interactions 

and π–π stacking has limited its biomedical applications.6

Graphene oxide (GO), one of the most important deriva-

tives of graphene, possesses hydroxyl and epoxide groups 

on the basal plane and carboxyl groups at the edges,4,7 which 

provide better dispersibility in pure water and also offer reac-

tive sites for further surface chemical functionalizations.8,9 

Unlike graphene sheets, the polar groups can facilitate 

the water solubility of GO nanosheets,10 enabling wide 

application in the biomedical sphere, including biosensing, 

molecular imaging, gene transfection, and drug delivery.4,11–15 

The excellent properties of GO, such as high aspect ratio, 

large specific surface area, abundant surface chemistry, 

and good dispersion in aqueous solution, have significantly 

increased its efficiency for loading aromatic molecules, 

such as anticancer drugs, and have introduced it as a much 

more effective drug-delivery system11,16,17 than other carbon 

nanomaterials.18 These have been the main drivers of GO 

drug-delivery system development in the last decade. 

Although GO makes stable suspensions in pure water,19 

it has a strong tendency to form irreversible agglomerates 

into multilayer GO in solutions rich in salts or proteins, such 

as cell media and sera, through strong π–π stacking and van 

der Waals interactions1,9,19 that pose a practical challenge for 

GO biomedical applications.

In recent years, many experiments have been conducted 

in order to optimize the biocompatibility, solubility, and 

stability of GO sheets in physiological media via noncovalent 

or covalent functionalization.11,16,20–22 Such functionaliza-

tion improves the stability and biocompatibility of GO in 

the aqueous phase by preventing the formation of van der 

Waals and π–π interactions. Chemical modifications of 

carbon-based nanomaterials with polymers seem to be an 

efficient approach.23 A six-armed PEG-GO complex was 

used for the first time as a novel nanocarrier by Dai et al8 to 

load water-insoluble anticancer drugs via hydrophobic and 

π–π stacking interactions. Such polymers as chitosan,17,24 

polyvinyl alcohol,25 and poly-l-lysine21 have been dem-

onstrated to increase the aqueous solubility of graphene 

and its derivatives. Biocompatible coating for GO could 

transform it into a promising biomaterial with great poten-

tial for controlled anticancer drug delivery. The aliphatic 

polyether polyol polyglycerol (PG) has been known as a 

hyperbranched polymer with degrees of branching up to 

0.52–0.59.26 Hyperbranched PG (HPG)-based nanostructures 

have been widely investigated as applicable carriers in 

biotechnology and pharmacology, because of their biode-

gradability, high biocompatibility, and excellent solubility 

in aqueous media.27–32

In this work, an efficient GO-based drug-delivery system 

was designed for controlled release of quercetin (Qu), a 

hydrophobic anticancer drug, via the covalent grafting of 

HPG onto the surface of GO, based on in situ ring-opening 

polymerization of glycidol and polymer grafting via a one-

step strategy. As a hyperbranched polymer, PG is capable 

of expanding the distance between the GO nanosheets so 

that drug molecules can be physically entrapped in cavities 

between branches of this polymer, which is beneficial for 

achieving a larger drug-loading amount. Interactions between 

HPG-GO and drug molecules occur based on several types 

of interaction, such as hydrophobic interactions, hydrogen 

bonding, and π–π stacking.33 Moreover, the drug-loading 

capacity and drug-release profile of HPG-GO were compared 

with GO grafted with linear polypropylene oxide (PPO). It 

was concluded that the combination of the inherent char-

acteristics of GO and a biodegradable PG can result in a 

promising drug-delivery system.

Methods
Materials
Qu was obtained from Sigma-Aldrich (St Louis, MO, 

USA). Graphite powder (77882-42-5; Merck, Darmstadt, 

Germany) was used for GO preparation. PO 99% was pur-

chased from Tokyo Chemical Industry and glycidol 95% 

from Kanto Chemical (Tokyo, Japan). Sulfuric acid (H
2
SO

4
) 

95%, phosphoric acid (H
3
PO

4
) 95%, nitric acid (HNO

3
) 

65%, hydrogen peroxide 30%, hydrochloric acid (HCl) 37%, 

ethanol (99.5%), acetone, anhydrous dimethyl sulfoxide 

(DMSO), 0.1% Triton X-100, and 2-propanol 99.7% were 

acquired from Wako Pure Chemical Industries (Osaka, 

Japan). Methanol 99.8% was purchased from Junsei. Potas-

sium permanganate (KMnO
4
) was purchased from Merck. 

MCF7 and L929 cells were procured from JCRB Cell Bank 

(Osaka, Japan). DMEM, FBS, and penicillin–streptomycin 

1% were obtained from Thermo Fisher Scientific (Waltham, 

MA, USA). WST-8 based cell counting kit (CCK8) and 

dialysis bags (molecular weight 1,000 and 15,000 Da) were 

acquired from Dojindo (Kumamoto, Japan) and Repligen 

(Waltham, MA, USA), respectively. All other reagents were 

analytical grade and used as received.
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Preparation of graphene oxide
Graphite flakes were oxidized using two procedures: 

improved34 and modified Hummers35 method.

Synthesis of GO by modified Hummers method
At the first step, 0.5 g (1 weight equivalent) of graphite flakes 

was pretreated with a 3:1 volume ratio of concentrated 

H
2
SO

4
:HNO

3
 at room temperature for 24 hours. Deionized 

(DI) water (120 mL) was then added to the resultant solution 

to quench the reaction. The resultant product was washed 

out with DI water and freeze-dried. At the second step, 0.5 g 

of the product was mixed with 110 mL H
2
SO

4
 and 1.3 g 

(3 weight equivalents) potassium permanganate (KMnO
4
) 

was gradually added during 1 hour in an ice-water bath to 

maintain the reaction temperature below 20°C. The resultant 

solution was then stirred for 24 hours at room temperature. 

After that, 300 mL DI water was added to the mixture to 

produce a highly exothermic reaction. The temperature of 

the solution reached 25°C after 30 minutes. The reaction 

was terminated by adding a 3:1 volume ratio of an aqueous 

solution of H
2
O

2
, resulting in a yellow–brown mixture. The 

mixture was then centrifuged (10 minutes, 4,000 rpm) and 

washed out twice with HCl solution (37%) and three times 

with DI water.

synthesis of gO by improved hummers method
A 9:1 mixture of concentrated H

2
SO

4
/H

3
PO

4
 was added to 

graphite flakes (1 g, 1 weight equivalent) and KMnO
4
 (6 g, 

6 weight equivalents), producing a slight exothermic reaction 

(35°C–40°C). The temperature of the reaction was increased 

to 50°C and the mixture stirred for 12 hours. The reaction was 

cooled to room temperature and poured onto ice (100 mL) 

with H
2
O

2
 (1 mL). It was then centrifuged (10 minutes, 

4,000 rpm) and washed out twice with HCl (37%) solution 

and three times with DI water. In both procedures, NaHCO
3
 

was used for neutralization. GO was dialyzed with a dialysis 

bag (14,000 Da cutoff) against DI water for 48 hours to 

remove impurities. The dialysis product was centrifuged and 

freeze-dried to produce GO powders. The procedure was 

followed by sonication to produce nanosheets of GO.

Polymer grafting to graphene oxide
synthesis of hPg-gO
Different predefined amounts of glycidol (Table 1) and GO 

powder were mixed and sonicated for 2 hours in an ice-water 

bath. Subsequently, the mixture was magnetically stirred 

under a nitrogen atmosphere for 20 hours at 140°C in an oil 

bath. The resulting black gel-like product was cooled and dis-

solved in methanol, and the resultant mixture was precipitated 

in acetone (10 minutes, 4,000 rpm). Finally, HPG-GO was 

dialyzed in DI water with a dialysis bag (1,000 Da cutoff) for 

24 hours to remove the solvent and impurities. After purifica-

tion, the product was centrifuged and freeze-dried.

synthesis of PPO-gO
Polymerization of PO on the surface of GO was initiated by 

sonication of GO and PO in an ice-water bath for 2 hours, 

followed by magnetic stirring for 20 hours at 40°C. The 

sediment of linear PPO grafting was obtained by a similar 

approach for HPG-GO.

spectroscopic and microscopic 
characterization
Thermogravimetric analysis (TGA) was carried out with an 

STA 503 analyzer at a heating rate of 10°C/min from ambient 

temperature to 800°C under an argon atmosphere. Fourier-

transform infrared (FTIR) spectra were recorded on an IR 

Prestige 21 spectrometer (Shimadzu Corporation, Kyoto, 

Japan) at 400–4,000 cm−1 with a resolution of 1 cm−1 using 

potassium bromide pellets. Raman spectra were performed 

on an NRS-5100 (Jasco, Tokyo, Japan) using an excitation 

laser with a wavelength of 532 nm. X-ray diffraction (XRD) 

patterns of 2°–65° with a scanning rate of 2°/min were col-

lected with a SmartLab® goniometer (Rigaku Corporation, 

Table 1 summary of polymer grafting to graphene oxide

Entry Monomer Monomer  
volume (mL)

Polymerization  
time (hours)

Polymerization 
temperature (°C)

1 gly 0.25 20 140
2 gly 0.5 20 140
3 gly 1 20 140
4 gly 1.5 20 140
5 gly 2 20 140
6 gly 2.5 20 140
7 PO 2.5 20 40

Abbreviations: gly, glycidol; PO, propylene oxide.
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Tokyo, Japan). XRD patterns of 1°–3° were also generated 

with the SmartLab (Rigaku Corporation) with CuKa radia-

tion (λ=1.5406 Å). Atomic force microscopy (AFM) images 

were obtained with an MFP-3D microscope (Oxford Instru-

ments, Abingdon, UK) using NCH probes (NanoWorld, 

Neuchâtel, Switzerland) in AC mode to measure thickness 

and particle-size distribution. AFM samples were prepared 

by spin-coating the aqueous solution of the nanosheets 

onto a freshly cleaved silicon substrate. The morphology 

and elemental analysis were obtained using field-emission 

scanning electron microscopy equipped with an energy-

dispersive X-ray (EDX) spectrometer (MIRA3; TESCAN, 

Brno, Czech Republic). Absorption spectra were measured 

using ultraviolet (UV)-visible spectrophotometry (V-550; 

Jasco).

Qu loading in hPg-gO and PPO-gO
The drug-loading behavior of the HPG-GO nanocarrier 

was assessed by encapsulation of Qu as a drug model. 

HPG-GO was dispersed in DI water for 1 hour, producing 

the homogeneous solution. Various ratios of aqueous solu-

tion of nanocarrier and Qu dissolved in ethanol (1:1, 1:2, 

and 2:1 ratios) were mixed together and vigorously shaken 

for 12, 18, and 24 hours at 4°C. The product (drug-loaded 

nanocarrier) was collected by centrifugation. The amount 

of free Qu was determined by UV visibility at 373 nm. 

To quantify free Qu, standard curves were prepared by 

measuring the UV absorbance of a series of Qu solutions 

with known concentrations in ethanol. The Qu-loading 

capacity and entrapment efficiency were calculated based 

on Equations 1 and 2:

 

% loading 

capacity (LC)

Total quercetin added (wt)

Querceti
=

−
nn unentrapped (wt) 

Total nanocarrier (wt)
×100

 
(1)

 

% entrapment

efficiency

Total quercetin added 

Que

(EE)

(wt)

=

−
rrcetin unentrapped (wt)

Total quercetin(wt)
×100

 

(2)

Moreover, the loading capacity of PPO-GO was com-

pared with HPG-GO according to the same protocol.

Qu release from hPg-gO and PPO-gO 
nanocarriers
Drug-release profiles of HPG-GO and PPO-GO nanocarriers 

were investigated at a physiological temperature of 37°C, 

pH 6.6 (environmental pH of tumors), and pH 7.4 (physi-

ological pH). Briefly, 2 mL drug-loaded nanocarrier aqueous 

solution was transferred into a dialysis bag (1,000 Da cutoff), 

which was immersed in 25 mL PBS 0.1 M and incubated at 

37°C. All drug-release media were withdrawn after certain 

intervals. Fresh medium was used for each measurement. The 

amount of Qu released into the buffer solution was measured 

using UV-visible spectrophotometry. The cumulative release 

(%) of the drug-loaded nanocarriers was calculated accord-

ing to Equation 3:

 

% cumulative

release

Cumulative amount released

Total
=

(wt)

mmass loaded (wt)
×100

 (3)

cellular experiments
cell culture
The human breast cancer MCF7 cell line and normal mouse 

fibroblast L929 cell line were cultured in DMEM supple-

mented with 10% FBS and penicillin–streptomycin 1%. 

Cells were incubated in a humidified atmosphere at 37°C 

containing 5% CO
2
.

cell-toxicity assays
WST8 assays were performed to evaluate the cytotoxicity of 

free Qu and GO, HPG-GO, and Qu-HPG-GO nanocarriers. 

Qu was dissolved in DMSO (1%) and diluted in DMEM 

to evaluate the growth inhibition of MCF7 cells. Cells 

were seeded in 96-well plates at a density of 104 cells/well. 

Then, cells were incubated with different concentrations of 

samples for predetermined periods. Relative cell viability 

was evaluated by adding CCK8 (10 µL/well) after 2 hours. 

Cytotoxic activity of compounds was quantitatively deter-

mined using a fluorescence microplate reader (PerkinElmer 

Inc., Waltham, MA, USA) at 450 nm. Data are presented 

as mean ± SD.

cellular uptake
Quantitative cell-uptake assay
MCF7 and L929 cells (2.5×105 cells/well) were separately 

seeded in 24-well plates, followed by incubation at 37°C 

and 5% CO
2
 for 24 hours. Subsequently, after 24 hours, 

the medium was replaced with fresh medium containing 

free Qu (dissolved in DMSO 1%) and diluted Qu-HPG-GO 

nanocarriers with a concentration of 50 µg/mL. Uptake 

studies were carried out in a time-dependent manner. 

At predetermined time intervals, the culture medium 

was removed and cells were rinsed twice with cold PBS 

(pH 7.4). Further, 0.1% Triton X-100 was applied for lysing 

the cells, and the internalized drug was then solubilized 

via washing the cells with methanol. The cell extract was 
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centrifuged at 15,000 rpm for 15 minutes and the superna-

tant subjected to high-performance liquid chromatography 

(HPLC) analysis for quantification of drugs. Analysis of 

samples was performed using a Smartline 2600 HPLC sys-

tem (KNAUER, Berlin, Germany) equipped with a Pronto-

Sil C
18

 (5 µm–150 mm) column and UV detector (detection 

wavelength of 373 nm). The mobile phase employed for 

the analysis was a mixture of methanol and water (0.1% 

orthophosphoric acid, 35:65 v:v). The flow rate was main-

tained at 1 mL/min and 20 µL sample injected, with a run 

time of 30 minutes and column temperature of 25°C. The 

concentrations of Qu were determined by comparing peak 

areas with the standard curve.

Results and discussion
synthesis of gO sheets
To obtain GO, graphite exfoliation typically occurs with 

powerful oxidizing agents. KMnO
4
 and NaNO

3
 in concen-

trated H
2
SO

4
 and a mixture of KMnO

4
 and concentrated 

H
2
SO

4
 can be considered common oxidizing agents. The 

specific oxidants, the source of graphite, and conditions of 

reactions influence the final product greatly.35 We utilized 

flake graphite as a mineral source of graphite to synthesize 

GO. The structure of graphene sheets will not be completely 

maintained by these procedures, and remarkable defects 

appear in the sheet structure.36 Recently, Marcano et al have 

demonstrated that treating graphite with H
3
PO

4
 keeps the 

graphitic basal planes more intact.34

For clarity, herein we use the terms “IGO” for the 

product of an improved method and “MGO” for the 

product of a modified method. For a modified Hummers 

method, in addition to KMnO
4
, HNO

3
 acts as an oxidizing 

agent and is introduced to react strongly with aromatic 

carbon surfaces.37 Oxidization of graphite provides GO 

with various oxygen-containing species, such as epoxides, 

alcohols, ketone carbonyls, and carboxyls, in its structural 

lattice.34

FTIR spectra of graphite oxide did not show any signifi-

cant absorption peaks (Figure 1). FTIR spectra of GO revealed 

the existence of characteristic peaks: OH stretching vibrations 

(3,420 cm−1), C=O stretching vibrations (1,724 cm−1), C=C 

from unoxidized sp2 C–C bonds (1,616 cm−1), C–O–H in plain 

bending vibrations (1,382 cm−1), C–O–C stretching vibrations 

(1,253 cm−1) in the epoxy groups, and C–O stretching vibra-

tions (1,064 cm−1) in the alkoxy group verifying the forma-

tion of carboxyl and hydroxyl groups. Oxidation of flake 

graphite increased water-solubility and available surface 

functional groups (carboxyl and hydroxyl) for subsequent 

polymer grafting. With regard to FTIR spectra, MGO sheets 

consisted of fewer defects in the basal plane in comparison 

with IGO sheets.

Raman spectra demonstrated extreme similarity in both 

IGO and MGO sheets. Two prominent characteristic peaks 

were visible in Raman spectra: D bonds at ~1,350 cm−1 

and G bonds at ~1,590 cm−1, confirming lattice distortions 

(Figure 2A). The G band was attributed to the domains of 

sp2-hybridized carbons, whereas the D band was ascribed 

to structural defects. The intensity ratio of the D band to G 

band (I
D
:I

G
) was considered an indication of the extent of 

disorder in graphene-based materials. The spectra recorded 

for GO sheets showed that the I
D
:I

G
 ratios of IGO and MGO 

were 0.98 and 0.89, respectively. Raman spectra showed 

more regular structure for MGO sheets than IGO, illustrating 

a greater amount of basal plane framework retained.

XRD patterns of pristine graphite and GO powder 

samples are shown in Figure 3. The strong, sharp peak cor-

responding to the (002) plane of graphite appears at 2θ=26.5° 

and that of GO exhibits a single sharp diffraction peak (001) 

at 2θ=10.4°, corresponding to the presence of functional 

Figure 1 FTIr spectra for gO and hPg-gO nanocarriers.
Abbreviations: FTIr, Fourier-transform infrared; gO, graphene oxide; hPg, 
hyperbranched polyglycerol; MOD, modified hummers; IMP, improved hummers 
method.
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groups containing oxygen, formed by the oxidation process.38 

Interlayer spacing of the materials was proportional to the 

degree of oxidation. The functional groups cause increased 

d-spacing from 0.33 nm (2θ=26.5°) to 0.85 nm (2θ=10.4°). 

The same order of overall oxidation can be concluded from 

the XRD pattern. An increase in interlayer spacing from 

0.33 nm for graphite to 0.85 nm for both MGO and IGO 

sheets was attributed to disruption of the carbon lattice, rather 

than to the contiguous aromatic lattice of graphene.

Polymer grafting to gO sheets
The functional groups provided the possibility of surface 

modification for GO sheets. The hydroxyl and carboxyl 

groups on the GO surface initiated the polymerization of 

epoxy ring-opening branching. As a substrate, GO increased 

the ordering and level of polymerization. Polymerization of 

the monomers and grafting of the resultant polymer on the 

surface of GO sheets occurred simultaneously. Successful 

polymerization of glycidol and polymer grafting on the 

surfaces of GO sheets was carried out by various ratios of 

glycidol to GO powder (Table 1).

Covalent attachment of PG on the surface of both types 

of GO sheets (M and I) was verified by FTIR spectroscopy 

(Figure 1). The FTIR spectrum of the HPG-GO nanocarrier 

differed from that of GO sheets, due to the presence of new 

picks at ~2,900 and ~1,240 cm−1, which were attributed to 

the stretching vibrations of the methylene C–H and C–O–C 

bonds, respectively, in the epoxy group. This supported the 

grafting of HPG on the surface of GO sheets. I
D
:I

G
 indicates 

the extent of disorder in graphene-based materials. Raman 

spectra showed that the I
D
:I

G
 ratio for the modified GO materi-

als increased in the order MGO  HPG-IGO  IGO  HPG-

MGO. Based on these findings, it is recommended to use 

MGO than IGO for polymer grafting. Moreover, in the 

case of HPG-MGO, using 1 mL and 1.5 mL monomers led 

to increases in I
D
:I

G
 ratio of 1.04 and 1.20, respectively. 

However, a further increase in monomer decreased the I
D
:I

G
 

ratio to 1.10 (Figure 2B). The ascending trend of I
D
:I

G
 was 

associated with a decline in average size of the sp2 domains 

and a higher degree of disordered structure, which was due 

to the polymer-grafting procedure.

Figure 2 raman spectra (A); ID:Ig ratio recorded for gO and hPg-gO nano-
carriers (B).
Abbreviations: gO, graphene oxide; hPg, hyperbranched polyglycerol.

θ

θ

Figure 3 XrD patterns of graphite, gO and hPg-gO nanocarriers recorded at 
various ranges: 1°–3° and 3°–50°.
Abbreviations: XrD, X-ray diffraction; gO, graphene oxide; hPg, hyperbranched 
polyglycerol.
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The crystallinity of the synthesized modified GO was 

also investigated using XRD (Figure 3). The appearance 

of the diffraction peak at 2θ=2° indicated successful HPG 

grafting on the GO surface. In contrast to GO, the HPG-GO 

sheets exhibited larger d-spacing than GO, attributed to the 

polymer grafting on the GO surface (Table 2). In addition, the 

emergence of a broad reflection peak at ~20° associated with 

the grafted PG as a polyepoxide confirmed our hypothesis. 

In accordance with Raman spectra, XRD patterns indicated 

that MGO sheets were the more suitable substrate for polymer 

grafting compared with IGO. By increasing the concentration 

of glycidol, at first both I
D
:I

G
 ratio and d-spacing increased 

more than pure GO sheets. However, these factors were 

decreased when more monomer was added, and finally 

higher concentrations of monomers resulted in reincreased 

I
D
:I

G
 ratio and d-spacing. This phenomenon could have 

been due to polymerization and branching, which occurred 

at low concentrations. The branches reverted to the inside 

with the addition of more monomers. In particular, the ter-

minal groups can fold back into the interior of the molecule 

by hydrogen binding,39,40 and eventually after saturation of 

the interior space, the branches will regrow to the outside 

at higher concentrations of monomers. The thickness and 

size of GO and HPG-GO sheets were characterized using 

AFM. As Figure 4A shows, the thickness and diameter of 

individual GO sheets were 1 nm and ~0.3–0.7 µm, respec-

tively. Considering the typical thickness of monolayer GO 

flakes (ca 0.71 nm),3,41 most of the synthesized GO sheets 

were single-layered.

AFM images revealed variations in the thickness of 

HPG-GO sheets: 3.5 and 7 nm associated with single and 

double layers, respectively (Figure 4B). Statistical analysis 

demonstrated an increase in thicknesses for HPG-GO sheets 

compared to pristine GO, due to polymer grafting. Notably, 

Table 2 summary of d-spacing of nanosheets (nm)

Synthesis  
method

Nanosheets

Graphite GO HPG-GO
(1 mL)

HPG-GO
(1.5 mL)

HPG-GO
(2 mL)

HPG-GO
(2.5 mL)

Improved hummers 0.33 0.85 4.26 4.26 4.26 4.26
Modified Hummers 0.33 0.85 4.33 4.7 4.2 4.7

Abbreviations: gO, graphene oxide; hPg, hyperbranched polyglycerol.

Figure 4 aFM of gO sheets (A), hPg-gO sheets (B), hPg-gO elliptical shape (C).
Abbreviations: aFM, atomic force microscopy; gO, graphene oxide; hPg, hyperbranched polyglycerol.
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the lateral size of some sheets was smaller than pristine GO 

sheets by ~0.26 µm (Figure 4C). Observations of elliptical 

HPG-GO sheets suggested size reduction resulting from the 

polymer condensation-reaction process.7

Field-emission scanning electron microscopy provided 

morphological information on GO sheets and HPG-GO 

nanocarriers (Figure 5). The GO sheets had flake-like shapes 

with sharp edges and flat surfaces. In contrast, HPG-GO 

sheets showed thicker and wrinkled surfaces. This demon-

strated the grafting of polymer onto GO-sheet surfaces. The 

wrinkled surface can provide not only a high surface area 

for more drug loading but also prevents the aggregation of 

GO sheets.17 EDX analysis was utilized to characterize the 

chemical composition of GO and HPG to support the FTIR 

results. In addition, EDX mapping (element-distribution 

images) was provided to exhibit a meaningful picture of 

element distribution on the surface, and verified the pres-

ence of carbon and oxygen elements throughout the surface 

of both GO and HPG-GO sheets (Figure 6). EDX spectra 

also showed peaks for carbon (C) and oxygen (O) for both 

GO and HPG-GO sheets. The TGA curve of GO showed 

the first weight-loss stage below 100°C, due to the removal 

of physically adsorbed water. The second stage occurring 

around 180°C–220°C was ascribed to pyrolysis of the 

oxygen-containing groups on GO sheets,1 and overall GO lost 

almost 50% of its total weight (Figure 7). In contrast, TGA 

curves of HPG-GO exhibited the main weight loss around 

a wider temperature range of 300°C–420°C, attributed to 

thermal degradation of the grafted PG on the surface of GO 

sheets.1 The content of grafted polymer was estimated to 

be ~70 wt%. The increasing amount of monomer resulted in 

a slight increase in polymer content.

α

α

α

α

Figure 6 eDX spectra of gO sheets (blue) and hPg-gO sheets (red).
Abbreviations: eDX, energy-dispersive X-ray; gO, graphene oxide; hPg, hyper-
branched polyglycerol.

Figure 5 seM of gO sheets (A) and hPg-gO sheets (B).
Abbreviations: seM, scanning electron microscopy; gO, graphene oxide; hPg, hyperbranched polyglycerol.
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Drug-loading capacity and encapsulation 
efficiency
Phytochemicals, such as polyphenols and carotenoids, have 

been receiving great attention, due to their contribution to 

human health.42–44 A variety of biological activities, such as 

anticancer, antioxidation, and anti-inflammation have been 

reported using Qu. As a polyphenol, Qu is the major repre-

sentative of the flavone subclass, which limits the negative 

effects of free radicals through the quick transfer of hydrogen 

atoms to the radicals.44,45 However, low aqueous solubility and 

instability in physiological media hamper application of this 

compound, but entrapment of this therapeutic molecule into 

biodegradable polymeric nanoparticles could be introduced 

as an approach to improve the efficacy of Qu. Nanosystems 

can protect chemically labile bioactive compounds in target 

pathways and blood circulation and also reinforce aqueous 

solubility, biological half-life, and subsequent bioavailability 

of hydrophobic drug, resulting in enhancement of therapeutic 

effects of Qu and improvement in biodistribution.

Drug-loading assays were carried out under different 

time intervals and various ratios of nanocarrier and drug. 

Increasing exposure time did not influence drug-loading 

capacity, though our data indicated a significant effect of 

nanocarrier and drug ratios on this capacity. The concen-

tration of Qu present in different samples was obtained by 

standard regression, based on equation 4:

 A ,= −0 0814 0 061 0 9981. . .× r =2

 (4)

Average drug-loading and entrapment efficiency of 

HPG-GO achieved with the optimized formulation are 

summarized in Tables 3 and 4, respectively. Our obser-

vations revealed the highest encapsulation efficiency for 

Qu-loaded HPG-GO (93%) and the highest drug-loading 

capacity (185.4%). Encapsulation efficiency and drug-

loading capacity for Qu were increased from 40% to 93% 

and 80% to 185.4%, respectively, by increasing the amount 

of monomer. This can be attributed to the saturation of 

hyperbranched polymer structure. Moreover, we compared 

the drug-loading capacity of HPG-GO with linear polymer-

grafted GO (PPO-GO). The drug-loading capacity of the 

hyperbranched polymer was approximately five times that 

of the linear polymer.

In vitro release assays
The release behavior of polymer-GO nanocarriers was 

recorded under different pH values (Figure 8). In the first 

12 hours, 20.6% and 27% of Qu was released from HPG-GO 

nanocarriers in PBS at natural and acidic pH, respectively. 

After 72 hours, total released drug had risen to 36.5% and 

49.2% at natural and acidic pH, respectively. The different 

release rates at 72 hours can be associated with the different 

locations of drug in nanocarriers. 

In vitro release assays indicated a higher release ratio 

for HPG-GO nanocarriers under acidic pH than natural pH. 

The drug-release behavior of PPO-GO nanocarriers was also 

studied in the same conditions. Qu was released quickly in 

°
Figure 7 Tga data recorded for gO and hPg-gO nanocarriers.
Abbreviations: Tga, thermogravimetric analysis; gO, graphene oxide; hPg, hyper-
branched polyglycerol.

Table 3 summary of drug-loading capacity (%)

Drug  
(μg/mL)

Nanosheets

HPG-GO
(0.25 mL)

HPG-GO
(0.5 mL)

HPG-GO
(1 mL)

HPG-GO
(1.5 mL)

HPG-GO
(2 mL)

HPG-GO
(2.5 mL)

100 79.8 111.8 185.4 178.58 181.64 182.8
50 41 57.1 89.08 91.16 90 85.3
25 18.3 23.4 39.2 41 42.52 41.94

Abbreviations: gO, graphene oxide; hPg, hyperbranched polyglycerol.
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Table 4 Summary of drug-entrapment efficiency

Drug  
(μg/mL)

Nanosheets

HPG-GO
(0.25 mL)

HPG-GO
(0.5 mL)

HPG-GO
(1 mL)

HPG-GO
(1.5 mL)

HPG-GO
(2 mL)

HPG-GO
(2.5 mL)

100 39.91 55.94 92.75 89.3 91 91.4
50 30 48 89.1 91.16 90 85.3
25 21.5 35.2 78.4 82 85.04 84

Abbreviations: gO, graphene oxide; hPg, hyperbranched polyglycerol.

Figure 8 cumulative quercetin release (%) from hPg-gO and PPO-gO 
nanocarriers at 37°c in PBs (ph 6.6 and 7.4) at different time points.
Abbreviations: gO, graphene oxide; hPg, hyperbranched polyglycerol; PPO, poly-
propylene oxide.

the initial stage: 40.2% of loaded drug had been released 

after 12 hours’ incubation at pH 7.4, and the maximum 

release ratio reached 92% at 72 hours. However, 31.6% 

of the drug was released at pH 6.6 for the same incubation 

time and had increased to 80% after 72 hours. The release 

profiles of the drug from HPG-GO and GO-PPO nanocar-

riers were significantly different at the same physiological 

conditions. 

HPG-GO nanocarriers showed a sustained and slow 

release, avoiding the initial burst release of Qu compared to 

PPO-GO nanocarriers. The controlled and sustained release 

from HPG-GO nanocarriers could have been due to drug 

entrapment in cavities, hydrophobic attractions between 

hydrophobic segments of polymers, hydrophobic bioactive 

compounds,46 and hydrogen bonding between polymers and 

drug, which may have reduced the diffusion of Qu. On the 

other hand, hydrogen bonding and hydrophobic interaction 

between the hyperbranched polymer and drug were stronger 

than the linear polymer and drug, and drug, since there are lots 

of hydroxyl groups and hydrophobic cavities inside the struc-

ture of the hyperbranched polymer. Moreover, it was revealed 

that these graphene derivatives exhibited pH-dependent 

drug-release profiles. Based on the drug-release pattern from 

HPG-GO nanocarriers, it is suggested that an acidic solution 

can facilitate drug release. The Qu-release rate from HPG-GO 

nanocarriers at pH 6.6 was faster than at pH 7.4. This can be 

ascribed to the hydrogen bonding between drug and HPG, 

which was more prominent in neutral conditions, resulting 

in a sustained-release pattern. The three-dimensional struc-

ture of hyperbranches can be influenced significantly by the 

polarity of the solvent.39 The interaction between water and 

polymer takes preference over the weak interaction between 

polymer and Qu.47 The higher release rate at neutral pH 

compared to the acidic solution and rapid-burst effect is not 

proper for anticancer drug delivery and cancer therapy, as the 

drug would immediately be removed from blood circulation 

(pH 7.4) by reticuloendothelial system macrophages before 

reaching cancer tissue. Due to the acidic tumor environment, 

pH-dependent drug release from HPG-GO nanocarriers 

could be exploited for controlled drug-delivery applications, 

subsequently reducing premature drug release and its related 

side effects. HPG seems to play two key roles in HPG-GO 

nanocarriers: stabilizing GO sheets in electrolyte solutions 

and preventing fast drug release in neutral media. It could 

be a good candidate for smart drug release.

In vitro cytotoxicity
The cytocompatibility of a nanocarrier is a prerequisite for 

applying drug-delivery systems. The concentration- and 

time-dependent cytotoxicities of free drug, GO, HPG-GO, 

and Qu-HPG-GO nanocarriers were evaluated on MCF7 

cells using WST8 assays. As shown in Figure 9, HPG-GO 

sheets did not affect cell viability at any incubation time 

or studied concentration, whereas GO, Qu-HPG-GO, 

and free Qu induced concentration- and time-dependent 

toxicities for MCF7 cells. GO had not exhibited any sig-

nificant change in cell viability after 24 hours’ treatment 

for 25 and 50 µg/mL concentrations, while 100 µg/mL 

decreased cell viability by 96%. Notably, the viability 

of cells had decreased after 48 hours and 72 hours for 

all studied concentrations. These results indicate that the 
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Figure 9 relative viability of McF7 cells incubated with quercetin formulations at various incubation times.
Notes: at 24 hours (A), 48 hours (B), and 72 hours (C) by standard WsT8 assay. each data point shows the mean ± sD (n=3).

Figure 10 Time-dependent uptake of Qu formulations by McF7 cells.
Abbreviations: gO, graphene oxide; hPg, hyperbranched polyglycerol.

cytotoxicity of GO is directly related to time and con-

centration. Loading Qu in HPG-GO nanocarriers led to a 

reduction in cell viability according to the release rate of 

the drug over time and increased concentration of Qu into 

HPG-GO nanocarriers. According to diagrams, free Qu 

displayed appreciable toxic effects on cells. The IC
50

 values 

of the free Qu with optimal concentration (100 µm/mL) 

after 72, 48, and 24 hours were 95, 123/76 and 135/13,  

respectively.

In comparison with free Qu, the IC
50

 values of the 

Qu-HPG-GO nanocarrier were calculated at 137, 203/25, 

and 943/39, respectively. The lower cell-killing ability of 

Qu-HPG-GO nanocarriers compared to free Qu could be 

attributed to delayed Qu release, as only 32.92%, 41.72%, 

and 49.22% of the drug had been released after 24, 48, and 

72 hours, respectively, and only 50% of the drug had been 

released after 3 days. The charts revealed a significant reduc-

tion in viability of MCF7 cells with increased concentrations 

of free drug or drug-loaded nanocarriers. HPG-GO nanocar-

riers enhanced the solubility of Qu in the cell-culture medium 

compared to free Qu.

Quantitative cellular uptake
Cellular uptake and intracellular amount of free Qu and Qu 

loaded in HPG-GO nanocarriers for normal and cancer cells 

were investigated by HPLC. Figure 10 depicts the quantita-

tive cellular uptake for MCF7 and L929 cells. After 12 hours’ 
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incubation, the Qu uptake from drug-loaded HPG-GO and 

free Qu was almost similar for both cell lines (~27%), while 

after 24 hours’ incubation, a negligible change was revealed 

in the level of Qu by being exposed cells to Qu-HPG-GO 

compared to free Qu. This phenomenon could be attributable 

to two factors. First, in accordance with toxicity results, only 

33% and 25% drug had been released after 24 hours under 

acidic and neutral conditions, respectively. Therefore, only 

a third of the drug had been released after 24 hours. Second, 

the distinct pathways of cellular uptake can influence the 

rate of drug release. It is well known that endocytosis is a 

pathway for the internalization of nanocarriers into cells, 

whereas free Qu molecules are transported into cells via 

passive diffusion.48–50 This is noteworthy: Qu is very hydro-

phobic and not dissolvable in water or cell-culture medium. 

Therefore, DMSO (1%) was used as an adjuvant to improve 

Qu solubility. In our body, free Qu had very low solubility 

and exhibited insignificant bioavailability.

Conclusion
In summary, we synthesized GO using modified and 

improved Hummers methods. HPG-GO nanocarriers were 

developed by grafting biocompatible HPG onto the surface of 

GO based on in situ ring-opening polymerization of glycidol 

via a one-step procedure. More desirable polymer grafting 

was achieved by MGO in comparison with IGO. Increased 

d-spacing was observed for HPG-MGO only when the amount 

of applied monomer for polymerization was increased. This 

effect can provide more interlayer space for increasing 

drug-loading capacity. The thicker and wrinkled surface 

after polymer grafting introduces HPG-MGO sheets as suit-

able nanocarriers for delivering the hydrophobic aromatic 

anticancer drug Qu. Moreover, drug release from HPG-GO 

nanocarriers was found to be more sustained and controlled 

than PPO-GO (as a linear nanocarrier). Excellent cytocom-

patibility of HPG-GO nanocarriers was verified using WST8 

assays, illustrating that Qu-HPG-GO induced inhibition for 

MCF7 cells in a concentration- and time-dependent manner. 

Our in vitro quantitative cellular studies of the Qu-HPG-GO 

nanocarriers revealed that surface functionalization played a 

significant role in improvement in biocompatibility and suf-

ficient uptake of graphene-based nanomaterials. This study 

points to HPG-GO nanocarriers being a promising and potent 

drug-delivery system for cancer therapy.
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