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ABSTRACT: Graphene oxide (GO)-based nanohybrids were designed for small interfering RNA (siRNA) delivery for their high water dis-

pensability, good biocompatibility, easily tunable surface functionalization, and particular optical properties. In this study, novel nanohy-

brids based on GO were fabricated. Methoxypoly(ethylene glycol) (mPEG) was covalently conjugated to GO via amide bonds. Then,

poly(2-dimethyl aminoethyl methacrylate) (PDMAEMA), which was synthesized via reversible addition–fragmentation chain transfer

polymerization (RAFT) with 2-(dodecyl thiocarbonothioyl thio)-2-methyl propionic acid (DTM) as the RAFT agent, was attached onto

GO via physical interaction between DTM and GO. Compared with Lipofectamine 2000, the novel mPEG–GO/PDMAEMA nanohybrids

showed comparable gene transfection efficiency and a low cytotoxicity. Moreover, the mPEG–GO/PDMAEMA nanohybrids showed

enhanced optical properties compared to the original GO because of the presence of mPEG and PDMAEMA. Our work encouraged

further exploration of the novel nanovector for combined photothermal and siRNA delivery. VC 2015 Wiley Periodicals, Inc. J. Appl. Polym.

Sci. 2016, 133, 43303.
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INTRODUCTION

Small interfering RNA (siRNA) is a promising therapeutic platform

for modulating gene-related diseases, and it has been investigated

in the past decade since its debut.1–3 Nowadays, siRNA has emerged

as the most innovative nucleic acid medicine.4,5 However, there

exist significant challenges in the systemic delivery of siRNA. The

delivery of appropriate siRNA into targeted cells is a key step in

gene therapy.6 Therefore, so far, tremendous efforts have been

devoted to seeking efficient and safe gene carriers; these include lip-

osomes,7,8 polycations,9–11 nanomaterials (e.g., silica nanoparticles,

gold nanoparticles, calcium phosphate nanoparticles).12–15

Recently, graphene oxide (GO), a precursor of graphene, has

been proven to be one kind of promising material. GO holds

multiple distinct advantages over other nonviral vectors;16 these

include a high water dispensability, facile synthesis, easily tunable

surface functionalization, and good biocompatibility.17–19 Func-

tionalized GO has potential applications in drug delivery,20

cellular imaging,21,22 and photothermal therapy.23,24 At present,

numerous research groups have done a lot of work, and thus, a

variety of GO-based platforms have been developed. For example,

Huang and coworkers26,27 reported the covalent modification of

graphene with polymers by azide/alkyne click chemistry,25 atom-

transfer nitroxide radical coupling chemistry, or single-electron-

transfer nitroxide radical coupling chemistry. The most popular

method is chemical modification through 1-ethyl-3-[3-(dimethyl

amino)propyl] carbodiimide hydrochloride (EDC) chemistry. Dai

et al.28 demonstrated for the first time that poly(ethylene glycol)
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(PEG) could render a high aqueous solubility and stability of GO

in physiological solutions. Liu and coworkers29,30 also demon-

strated that the presence of PEG enhanced the optical properties

of GO.24 The PEGylation of graphene could make it a desired

carrier for the delivery of hydrophobic anticancer drugs. As for

gene therapy, polyethylenimine-functionalized GO was fabricated

as an efficient gene-delivery vector.31,32 To further improve the solu-

bility and stability of GO-based gene carriers, PEG–polyethyleni-

mine–GO as a new platform was synthesized through covalent

chemical conjugation.22,33 In addition to chemical modification, vari-

ous GO-based derivatives were fabricated through noncovalent phys-

isorption. For example, Liu et al.34 fabricated a pyrene-terminated

poly(2-dimethyl aminoethyl methacrylate) (PDMAEMA)–PEG and

attached it to the graphene surface via p–p stacking interactions.

However, even though tremendous progress has been achieved, few

nanovectors combine photothermal properties and siRNA delivery.

Our work highlighted the fact that GO with appropriate surface

modification is promising for gene delivery and that methoxypoly

(ethylene glycol) (mPEG) and PDMAEMA can be used to enhance

the optical properties of GO for photothermal therapy in future

research. In addition, the method of fabrication was simplified.

In this study, novel mPEG–GO/PDMAEMA nanohybrids for

gene delivery were prepared. To simplify the fabrication process,

both chemical modification and noncovalent physisorption were

combined. During the synthesis of mPEG–GO, EDC chemistry

was used first. Then, PDMAEMA was synthesized through the

adoption of 2-(dodecyl thiocarbonothioyl thio)-2-methyl propi-

onic acid (DTM) as a RAFT agent; this was then attached to the

surface of mPEG–GO through the interaction between DTM

and GO.35–37 Moreover, the influences of the presence of mPEG

and PDMAEMA on the optical properties of GO were investi-

gated with ultraviolet–visible–near-infrared (UV–vis–NIR)

spectroscopy. In addition, the cytotoxicity of the mPEG–GO/

PDMAEMA/siRNA complexes to HeLa–Luc cells was evaluated

with the MTT method in which 3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyl tetrazolium bromide (MTT) was applied to assess

cell viability. Furthermore, siRNA’s knockdown efficiency in

vitro was examined.

EXPERIMENTAL

Materials

GO powder was purchased from Alfa Aesar. EDC and N-hydroxy-

succinimide (NHS) were obtained from Aladdin. 2-Dimethyl amino-

ethyl methacrylate (DMAEMA) and a,a-azoisobutyronitrile (AIBN)

was purchased from Alfa Aesar. Methoxypoly(ethylene glycol)

amine HCl salt (mPEG–NH2 HCl) was purchased from Jenkem

Technology.

Synthesis of mPEG–GO

Before the conjugation of mPEG to GO, the purchased GO was

dispersed in deionized water through sonication for 1 h. As

shown in Scheme 1(a), EDC and NHS were added to the GO

dispersion in a vial to activate the carboxyl groups of GO.

Subsequently, mPEG–NH2 HCl was added to the activated GO

solution. Then, the mixture was stirred at room temperature for

1 day. Finally, excess mPEG, EDC, and NHS were removed by a

dialysis method through a membrane with a 3.5-kDa molecular

weight cutoff to obtain mPEG–GO.

Synthesis and Characterization of DTM–PDMAEMA

DTM was synthesized according to a previously described proce-

dure38 in our laboratory. DTM–PDMAEMA was synthesized by

RAFT with DTM as the RAFT agent, as shown in Scheme 1(b). Typ-

ically, DTM (72.92 mg, 0.2 mmol), DMAEMA (1257.68 mg, 8

mmol), AIBN (3.28 mg, 0.02 mmol), and tetrahydrofuran (THF;

3 mL) were added to a 25-mL Schlenk tube at one time. The mix-

ture was degassed through three freeze–pump–thaw cycles. The

Schlenk tube was placed in an oil bath at 708C for about 24 h under

an argon atmosphere; the tube was immersed in liquid nitrogen to

quench the polymerization. After that, the polymer solution was

dialyzed against water with a membrane with a 3.5-kDa molecular

weight cutoff and then lyophilized. The chemical stricture and

molecular weight of PDMAEMA were measured with an 1H-NMR

instrument (Varian Unity-Plus INOVA 500) and gel permeation

chromatography (GPC) instrument equipped with a PLgel Organic

GPC column (10-lm Mixed-B, Org 300 3 7.8 mm2) with an

RI2000 detector.

Preparation and Characterization of the mPEG–GO/

PDMAEMA Nanohybrids

Herein, the PDMAEMA was coated on the surface of mPEG–

GO through noncovalently interaction, as shown in Scheme

1(c). In the preparation of the mPEG–GO/PDMAEMA nanohy-

brids, the mPEG–GO was dispersed in PDMAEMA solutions by

sonication for 60 min; this yielded a black suspension, which

was centrifuged at 8000 rpm to remove unstable aggregates.

After repeated water washing, the mPEG–GO/PDMAEMA

nanohybrids collected on filter membranes were resuspended in

water through brief sonication and centrifuged at 8000 rpm for

10 min to remove any aggregates formed during the filtration

step. The mPEG–GO/PDMAEMA nanohybrids were stored as

the suspension, and part of the mPEG–GO/PDMAEMA nano-

hybrids were freeze-dried for further characterization. The

chemical structure of the mPEG–GO/PDMAEMA nanohybrids

was confirmed by Fourier transform infrared spectroscopy

(Bruker Vector-22 IR spectrometer) with a KBr pellet. The suc-

cessful loading of PDMAEMA to mPEG–GO was then measured

by UV–vis–NIR spectroscopy, and the relative amount of mPEG

and PDMAEMA in the mPEG–GO/PDMAEMA nanohybrids

was confirmed by X-ray photoelectron spectroscopy (XPS; Per-

kinElmer Phi 1600 electron spectroscopy for chemical analysis

system) with Mg Ka (1254.0 eV) as the radiation source.

The surface morphologies of the GO, mPEG–GO, and mPEG–GO/

PDMAEMA nanohybrids were determined by scanning electron

microscopy (SEM; an Hitachi H-7650 instrument operating at an

acceleration voltage of 3.0 kV). GO, mPEG–GO, and mPEG–GO/

PDMAEMA nanohybrids dispersions (�0.1 mg/mL) with one

droplet, respectively, were dropped into freshly prepared silicon

wafers, which were then dried at room temperature. Finally, the

samples were observed by SEM after a gold-sputtering treatment.

f Potential Measurements

The surface charges of the GO, mPEG–GO, and mPEG–GO/

PDMAEMA nanohybrids in PBS buffer (pH 7.4) were confirmed

by f potential measurements with a Nano Z Zetasizer (Malvern

Instruments, Malvern, United Kingdom).
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Agarose Gel Retardation Assay

mPEG–GO/PDMAEMA/siRNA complexes were prepared

through the addition of mPEG–GO/PDMAEMA nanohybrids

suspension to the siRNA solution at various N/P ratios from 0

to 30 in diethylpyrocarbonate (DEPC) and then incubated for

1 h at room temperature. The mPEG–GO/PDMAEMA/siRNA

complexes were mixed with 4 lL of 63 loading buffer (Takara

Biotechnology, Dalian, Liaoning Province, China), and then, the

mixture was added to a 2% agarose gel containing 5 lg/mL eth-

idium bromide. Electrophoresis was carried out at a voltage of

120 V for 20 min in 13 Tris-acetate-EDTA (TAE) running

buffer. Finally, the results were recorded at a UV light wave-

length of 254 nm with an Image Master video data sequences

(VDS) thermal imaging system (Bio-Rad, Hercules, CA).

Cell Viability Assays

The in vitro cytotoxicity of the mPEG–GO/PDMAEMA/siRNA

complexes was investigated by MTT assay. HeLa–Luc, a

luciferase-steady expressional cell line, was used to evaluate the

MTT assay. First, HeLa–Luc cells were seeded in 96-well plates

(1 3 104 cells/well), which were treated with the complexes

containing 0.25 lg of siRNA and then incubated for 24 h. Later,

5 lL of MTT solution was added to each well. After incubation

for 4 h, 50 lL of dimethyl sulfoxide was added to each well and

further incubated for 30 min at 378C. The absorbance of the

solution was measured at 570 nm with a microplate reader. The

results were expressed as a percentage of the absorbance of the

blank control.

In Vitro Luciferase Gene Silencing

To verify the cellular transfection of the mPEG–GO/PDMAEMA/

siRNA complexes, gene knockdown was evaluated in a modified

HeLa cell line where the HeLa cells were genetically engineered to

express luciferase. In the gene knockdown study, luciferase activ-

ity was adopted as an indicator of the magnitude of the silencing

effect. Lipofectamine 2000 was used as the positive control.

Before the gene silencing experiments, the HeLa–Luc cells were

plated in 24-well culture plates at an initial density of 5 3 104

cells per well and incubated for 1 day before transfection. As

before, the transfection experiment was performed with three

Scheme 1. (a) Synthesis of the mPEG–GO conjugate, (b) preparation of PDMAEMA via RAFT, and (c) preparation of the mPEG–GO/PDMAEMA com-

plexes. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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wells per sample. After 24 h of incubation, the medium was

removed, and the cells were washed twice with PBS. Then, the

cells were lysed with 200 mL of 13 reporter lysis buffer (Prom-

ega Co., Madison, WI); this was followed by violent shaking for

30 min to ensure complete lysis. The cell lysate was transferred

into a 1.5-mL centrifuge vial and centrifuged for 30 s at

12,000 rpm. Then, the supernatant was collected for lumines-

cence measurements. The fluorescence intensity was measured

with a fluorometer (Synergy HT, BioTek).

RESULTS AND DISCUSSION

Synthesis and Characterization of PDMAEMA

To develop the GO-based gene-delivery carrier, PDMAEMA

[weight-average molecular weight (Mw) 5 5.5 kDa] was synthe-

sized via RAFT with DTM as the RAFT agent [Scheme 1(b)].

The chemical composition and molecular weight of PDMAEMA

were determined by 1H-NMR and GPC. As shown in Figure 1,

the characteristic peaks of PDMAEMA were exhibited. Sharp

peaks at 0.83 ppm (terminal CH3, a), 1.25 ppm (CH2CH2, b),

3.21 ppm [C(@S)ASACH2, c], and 1.65 ppm (CH3, d) were

attributed to the methyl and methylene protons of the DTM,

and the characteristic peaks of PDMAEMA were observed at d
values of about 0.97 (h), 1.75 (i), 4.00 (g), 2.50 (f), and 2.20

(e) ppm. These results confirmed the formation of PDMAEMA.

The peak intensities of the hydrogen protons on the methyl of

DMAEMA (d � 2.20, e) and methylene protons of DTM (d �
1.25, b) were used to calculate the chemical composition and

number-average molecular weight (Mn) of PDMAEMA. The

GPC curve of PDMAEMA with a narrow molecular weight dis-

tribution (Mw/Mn 5 1.10) is shown in Figure 2. We found that

the molecular weight calculated from 1H-NMR (Mn 5 4.9 kDa)

and the molecular weight determined by GPC (Mn 5 5.1 kDa)

were both in good agreement with the theoretical values; this

indicated the well-controlled nature of RAFT.

Figure 1. 1H-NMR spectrum of PDMAEMA in CDCl3.

Figure 2. GPC elution chromatogram of PDMAEMA.

Figure 3. IR spectra of GO–COOH, mPEG–GO, and mPEG–GO/

PDMAEMA. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 4. UV–vis–NIR spectra of GO–COOH, mPEG–GO, and mPEG–

GO/PDMAEMA at a GO concentration of 0.1 mg/mL and PDMAEMA at

a concentration of 0.1 mg/mL. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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Characterization of the mPEG–GO/PDMAEMA Nanohybrids

To improve the biocompatibility of the GO-based gene-delivery car-

riers, mPEG–NH2 (Mw 5 5.0 kDa) was covalently conjugated to the

carboxyl group of GO with EDC/NHS chemistry [Scheme 1(a)].

Then, mPEG–GO/PDMAEMA nanohybrids were prepared accord-

ing to the described steps. After freeze drying, the resulting nanohy-

brids were characterized by Fourier transform infrared spectroscopy,

UV–vis–NIR spectroscopy, XPS, and SEM, as shown in Figures 3–6,

respectively. As shown in Figure 3, IR spectroscopy revealed the exis-

tence of OH (�3400 cm21), COOH (1757 cm21), and C@CAC@C

(1600 cm21) functional groups in the GO–COOH. After the conju-

gation of the amino of mPEG and the carboxyl group of GO, the IR

characterization of carefully purified mPEG–GO samples indicated

NH (3065 cm21) vibrations, C@O (1545 cm21), and characteristic

amide–carbonyl (NHACO) stretching vibrations (�1632 cm21);

this was consistent with the grafting of the mPEG molecules onto

GO sheets. After mPEG–GO was mixed with PDMAEMA, IR char-

acterization of the carefully purified mPEG–GO/PDMAEMA sam-

ples indicated CH3 (2952 cm21) vibrations, C@O (1733 cm21), and

C(O)AO (1150 cm21); this suggested the successful fabrication of

the mPEG–GO/PDMAEMA nanohybrids.

Additional evidence that the mPEG–GO/PDMAEMA nanohy-

brids were successfully formed was provided by UV–vis–NIR

spectroscopy. As shown in Figure 4, the UV–vis–NIR spectrum of

the nanohybrids revealed mPEG–GO peaks superimposed with

the absorption curve of PDMAEMA; this suggested the successful

preparation of the mPEG–GO/PDMAEMA nanohybrids.

The XPS spectrum of GO–COOH is shown in Figure 5(a). It

provided evidence for the presence of three elemental species C,

N, and O in Figure 5(b). The mPEG–GO/PDMAEMA nanohy-

brids contained 33.7% PDMAEMA by theoretical calculations,

according to the spectral intensities observed in the experi-

ments. Figure 5(c,d) present the C1s and N1s narrow scans,

respectively. As shown in Figure 5(c), the C1s narrow scan

consisted of five components, among which the component

centered at 286.2 eV was assigned to the CAOAC of mPEG. As

shown in Figure 5(d), the N1s narrow scan had two peaks at

398.5 and 402.1 eV; these were assigned to AN(CH3)2 of

PDMAEMA and ANAC@O of mPEG–GO, respectively.

The morphologies of the GO, mPEG–GO, and mPEG–GO/

PDMAEMA nanohybrids were investigated by SEM. As shown

Figure 5. XPS spectra: (a) survey spectra of GO–COOH, (b) survey spectra of mPEG–GO/PDMAEMA, (c) C1s narrow scan of mPEG–GO/PDMAEMA,

and (d) N1s narrow scan of mPEG–GO/PDMAEMA. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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in Figure 6(a), a lot of folds on the surface of the original GO–

COOH were observed. As shown in Figure 6(b), a majority of

folds on the surface disappeared after the conjugation of mPEG

with GO; this may have been because of the mPEG on the

surface of GO. As shown in Figure 6(c), those folds were sel-

dom seen with PDMAEMA absorption on the surface of

mPEG–GO; this may have been due to the increased amount of

polymer on the surface.

Figure 6. SEM of (a) GO–COOH, (b) mPEG–GO, and (c) mPEG–GO/PDMAEMA.

Figure 7. (a) f potential of GO–COOH, mPEG–GO, and mPEG–GO/PDMAEMA at a concentration of 0.1 mg/mL and (b) agarose gel retardation study

of siRNA complexed with mPEG–GO/PDMAEMA at various N/P ratios.
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Complexation of mPEG–GO/PDMAEMA with siRNA

The f potentials of the mPEG, mPEG–GO, and mPEG–GO/

PDMAEMA nanohybrids were investigated by f potential meas-

urements. As shown in Figure 7(a), the f potential of GO–COOH

was about 240 mV, whereas the f potential of mPEG–GO was

about 220 mV because mPEG was conjugated with GO. After the

absorption of PDMAEMA, the f potential of the mPEG–GO/

PDMAEMA nanohybrids turned from negative to positive and

reached 29 mV because of the immobilized cationic polymer

PDMAEMA, which was critical to successful complexation with

siRNA. The loading capability of the mPEG–GO/PDMAEMA

nanohybrids as a gene carrier was investigated by agarose gel assay.

As shown in Figure 7(b), the complete retardation of siRNA was

achieved when the weight ratio of the mPEG–GO/PDMAEMA

nanohybrids to siRNA was higher than 10; this suggested the com-

plete condensation of siRNA.

Gene Silencing Efficiency of the mPEG–GO/

PDMAEMA/siRNA Complexes

To investigate the potential of the mPEG–GO/PDMAEMA

nanohybrids as an efficient gene carrier, the siRNA transfection

activities of the mPEG–GO/PDMAEMA/siRNA complexes were

examined with HeLa–Luc cells. As shown in Figure 8(a), com-

pared to naked siRNA, the mPEG–GO/PDMAEMA/siRNA com-

plexes enhanced the luciferase silencing efficiency remarkably.

The level of luciferase expression was reduced gradually by the

transfection of the mPEG–GO/PDMAEMA/siRNA complexes

with the increasing weight ratio of the mPEG–GO/PDMAEMA

nanohybrids to siRNA. Moreover, the mPEG–GO/PDMAEMA/

siRNA complexes reached gene knockdown efficiencies compa-

rable to those of Lipofectamine 2000/siRNA (Lipo/siLuc) when

the weight ratio of the mPEG–GO/PDMAEMA nanohybrids to

siRNA reached 12.5. Hence, the mPEG–GO/PDMAEMA nano-

hybrids enhanced the gene silencing efficiency of siRNA more

efficiently.

In Vitro Cytotoxicity of the mPEG–GO/PDMAEMA/siRNA

Complexes

The cytotoxicity of a gene vector is critical for its practical

applications in gene therapy. The toxicity of the mPEG–GO/

PDMAEMA/siRNA complexes was evaluated by the MTT assay

with HeLa–Luc cells. As shown in Figure 8(b), the cell viability

decreased when the weight ratio of the mPEG–GO/PDMAEMA

nanohybrids to siRNA increased; this was mainly because of

the strong positive charge inducing intense interactions with

cell membranes. Although the toxicity of the mPEG–GO/

PDMAEMA nanohybrids to HeLa cells increased when the

weight ratio of the mPEG–GO/PDMAEMA nanohybrids to

siRNA increased, the viable cells reached 80% when the weight

ratio of mPEG–GO/PDMAEMA nanohybrids to siRNA was

12.5. Coupled with the results of the gene silencing efficiency

study, we drew the conclusion that the mPEG–GO/PDMAEMA

nanohybrids could deliver siRNA more efficiently with a rela-

tively low toxicity.

Optical Properties of the mPEG–GO/PDMAEMA

Nanohybrids

As shown in Figure 4, the optical properties of GO were

enhanced after modification. As shown in Table I, the mPEG–

GO possessed a higher absorbance than the original GO–

COOH at 808-nm peaks; this was because mPEG improved the

stability of GO and prevented GO from aggregating in solution.

After absorption with PDMAEMA, the mPEG–GO/PDMAEMA

nanohybrids possessed the highest absorbance among the three

kinds of materials; this may have been attributed to the positive

charge of the complexes. The results may indicate that the

potential of the mPEG–GO/PDMAEMA nanohybrids as a pho-

tothermal reagent is enormous.

CONCLUSIONS

A cationic gene carrier based on GO was successfully prepared

by the combination of chemical modification with mPEG–NH2

Figure 8. (a) Luciferase expression silencing in the HeLa–Luc cells and (b) cytotoxicity of the mPEG–GO/PDMAEMA/siRNA complexes to the HeLa–

Luc cells.

Table I. UV–vis–NIR Spectra of GO–COOH, mPEG–GO, and mPEG–

GO/PDMAEMA at 808 nm at a Concentration of 0.1 mg/mL

Absorbance

GO–COOH 0.0070

mPEG–GO 0.0119

mPEG–GO/PDMAEMA 0.0159
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and adsorption with PDMAEMA. With the benefit of PEGyla-

tion, the mPEG–GO/PDMAEMA nanohybrids displayed accept-

able cell viability. The mPEG–GO/PDMAEMA nanohybrids

possessed a comparable gene-delivery efficiency to that of Lipo-

fectamine 2000. In addition, compared to that of the original

GO, the optical properties of the mPEG–GO/PDMAEMA nano-

hybrids were enhanced; this may indicate that mPEG–GO/

PDMAEMA could be used as a photothermal reagent. In the

future, the mPEG–GO/PDMAEMA nanohybrids may achieve

triple therapeutic application, including gene therapy, drug

delivery, and photothermal therapy.
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