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Modification of Graphene Oxide by a Facile Coprecipitation 

Method and Click Chemistry for Drug Carrier  
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A graphene oxide based ternary composite was synthesized for targeted drug carrier. 
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A ternary composite based on graphene oxide (GO), Fe3O4 nanoparticles and poly[2-(dimethylamino) 

ethyl methacrylate] (PDMAEMA) was synthesized via anchoring Fe3O4 nanoparticles onto GO nanosheet 

by a facile coprecipitation method and subsequently grafting PDMAEMA to the surface by click 

chemistry. It was characterized that the composite had defined structure and morphology. 

Thermogravimetric analysis (TGA) results showed that the weight ratio of attached Fe3O4 nanoparticles 10 

was above 10.86 wt% and the surface grafting density reached above 2 chains per 10000 carbon atoms of 

GO sheet. The composite exhibited good water dispersive stability depending on surface grafting density 

and grafted chain length. Loading and release behaviours of levofloxacin (LOFX) demonstrated that the 

composites had high loading capacity and pH triggered controlled release property. 

Introduction 15 

Graphene oxide (GO) has been widely studied in such fields as 
paper1, Photovoltaic device2, catalyst3, biotechnology4. Due to its 
ultrahigh specific surface area and huge aromatic domains, 
aromatic molecules can be absorbed on its surface via Van der 
Waals, π-π stacking interaction and other noncovalent 20 

interactions5-8. Common covalent modification methods suffer 
from several drawbacks, such as low efficiency, tedious 
processes, lack of proper control of polymer molecular weight 
and architecture, requiring rigorous reacting conditions9. 
Therefore, it is necessary to adopt approaches to solve these 25 

adverse factors. 
Click chemistry, especially Cu(I)-catalyzed Huisgen 1,3-

dipolar cycloaddition between azides and alkynes (CuAAC), has 
advantages in high reactivity and efficiency9,10, mild reacting 
condition11, chemoselectivity and regioselectivity12,13. Therefore, 30 

it has aroused comprehensive applications in synthesis14 and 
modification11, architecture design15,16, biochemistry17-20 and 
medical engineering21-23. Recently, click chemistry has been used 
in surface modification of GO and graphene. For instance, Wu et 

al9 firstly combined click chemistry and atom transfer radical 35 

polymerization (ATRP) to graft polystyrene (PS) onto graphene 
surface, which improved grafting efficiency and significantly 
enhanced the dispersity of graphene sheets in organic solvents in 
contrast to in situ polymerization24. Yang et al25,26 also confirmed 
that a combination of click chemistry and reversible addition 40 

fragmentation chain transfer (RAFT) polymerization could be a 
powerful tool in functionalization of GO. Given these 
explorations, we believe that the combination of click chemistry 
and control radical polymerization methods will offer versatile, 
high efficient and facile approaches to modify GO with well-45 

defined polymeric components. 

Poly[2-(dimethylamino) ethyl methacrylate] (PDMAEMA) 
is a biocompatible and stimuli-responsive polymer for the 
potential application in biomedical fields29-31. It is water soluble 
at room temperature, but undergoes a coil to globule transition 50 

above the low critical solution temperature (LCST) which 
fluctuates from 32 °C to 53 °C due to the impact of molecular 
weight, pH value and salt concentration of solution32,33. Thus, 
functionalization of GO by PDMAEMA is promising to prepare 
materials with unique properties for various applications. 55 

Magnetic nanoparticles, including Fe3O4, γ-Fe2O3, can be 
magnetically driven to the desired positions inside the body, 
which helps to improve the therapeutic efficiency and protect the 
normal organs or tissues from drug toxicity. Hence, a few of 
researches about targeted delivery were reported based on 60 

Fe3O4
34-37. With the interaction between GO sheets and Fe3O4 

nanoparticles preventing themselves from agglomerating, 
Fe3O4/GO composites could be used as sensor, switch, electrode, 
energy storage and drug carrier38-45. However, the Fe3O4/GO 
composites were generally prepared above 180 °C in the previous 65 

researches. Thus, it is meaningful that Fe3O4 nanoparticles are 
directly anchored onto GO platform by a facile method. In 
addition, water solubility and dispersive stability of the Fe3O4/GO 
composite still need to be enhanced for further applications. 
Consequently, modification of the Fe3O4/GO composite with a 70 

water soluble polymer like PDMAEMA seems to be feasible. 
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Fig. 1 Schematic illustration for the synthesis of Fe3O4/PDMAEMA-GO 
and loading of drugs 

Herein, for the first time, we reported the preparation of a 
ternary composite Fe3O4/PDMAEMA-GO via a facile chemical 5 

coprecipitation method and a combination of click chemistry and 
ATRP. Firstly, alkynyl groups were introduced onto the GO 
surface by esterification between hydroxyl of propargyl alcohol 
and carboxyl of GO. Secondly, the in situ decoration of the 
alkynyl pendant GO sheets (Alkynyl-GO) with Fe3O4 10 

nanoparticles was performed based on a facile chemical 
coprecipitation method. Finally, PDMAEMA that synthesized by 
ATRP was grafted onto the as-prepared Fe3O4/Alkynyl-GO 
composite via click chemistry after polymeric substitution of 
halide end groups by azide groups, as schematically illustrated in 15 

Fig. 1. A series of composites were prepared and the structures 
and morphologies were determined by Fourier transform infrared 
spectroscopy (FTIR), Raman spectroscopy, thermogravimetric 
analysis (TGA) and transmission electron microscopy (TEM). 
After the procedures, the influence of the surface grafting density 20 

and the grafted chain length on the aqueous dispersive stability of 
the composites was discussed. As the domains of GO unoccupied 
by PDMAENA chains or Fe3O4 nanoparticles can absorb 
aromatic drugs, the application of Fe3O4/PDMAEMA-GO in 
loading and releasing behaviours of levofloxacin (LOFX), a 25 

broad-spectrum antibacterial drug, was investigated. Effects of 
factors on the loading capacity and release rate were also 
discussed. It is believed that, with a higher aqueous dispersive 
stability than Fe3O4/GO composites and with magnetic control 
compared to nonmagnetic GO-polymer composites, the ternary 30 

composite will have a greater potential in targeted delivery, 
controlled release and other biomedical applications. 

Experimental 

Materials  

N,N,N’,N″,N″-Pentamethyldiethylenetriamine (PMDETA), 35 

CuCl and CuBr were obtained from Tokyo Chemical Industry 
Co., Ltd. NaN3 was purchased from Xiya Reagent Company 
(Chengdu, China). LOFX (99%) was purchased from Maya 

Reagent Company (Jiaxing, China). Dicyclohexylcarbodiimide 
(DCC), 4-dimethylaminopyridine (DMAP), sodium L-ascorbate 40 

were analytical grade and purchased from Aladdin Chemical 
Reagent Company (Shanghai, China). Dimethyl formamide 
(DMF), propargyl alcohol, ferric chloride hexahydrate 
(FeCl3·6H2O), ferrous chloride tetrahydrate (FeCl2·4H2O), 
ammonium hydroxide (28wt%) were all analytical grade and 45 

purchased from Sinopharm Chemical Reagent Co., Ltd. 
(Shanghai, China). N2 (99.9%) was purchased from China 
Resources Co., Ltd. (Wuxi, China).  

Synthesis procedures 

GO was prepared through a modified Hummers’ method46. 50 

Azido-terminated PDMAEMA (PDMAEMA-N3) homopolymers 
with different molecular weights were synthesized by ATRP and 
substitution reaction47-51 (Figure S1 in Electronic Supplementary 
Information (ESI)). The structure was confirmed by FTIR spectra, 
and the results showed that GO and PDMAEMA-N3 were 55 

synthesized successfully (Figure S2A and Figure S3A in ESI). 
Molecular weights of PDMAEMA-N3 with different molar ratios 
were determined by GPC measurements (Figure S2 B and Table 
S1 in ESI).  

The brown solid GO (1 g) was suspended in 100 mL dry 60 

DMF by ultrasonication. Propargyl alcohol (2.68 g, 47 mmol), 
DCC (2 g, 10.44 mmol) and DMAP (0.3 g, 2.46 mmol) were then 
added into the GO suspension. The mixture was reacted at room 
temperature for 24 h with magnetic stirring. Alkynyl-GO was 
obtained after filtered, washed by DMF and deionized water and 65 

then dried. Alkynyl-GO (0.5 g) was dispersed in 100 mL 
deionized water in a 250 mL three-necked round bottom flask by 
ultrasonication. The flask was then purged with N2 for 60 min. A 
mix solution of FeCl3·6H2O (300 mg) and FeCl2·4H2O (4 g) in 
deionized water (25 mL) was added into the flask after pre-70 

purged with N2. The mixture was stirred for 1 h under N2 
atmosphere. Then, 2 mL of ammonium hydroxide was rapidly 
added into the solution. The suspension was kept at 65 °C for 6 h. 
The product was collected with a magnet and thoroughly washed 
by deionized water. Fe3O4/Alkynyl-GO was obtained after being 75 

dried in vacuum at 65 °C overnight. Finally, Fe3O4/Alkynyl-GO 
(0.1 g, containing ~5.34 mg and ~0.097 mmol alkynyl group) and 
PDMAEMA-N3 (Mn (GPC)=5710) (0.51 g, 0.089 mmol) was 
dissolved in 25 mL DMF and degassed. Under N2 atmosphere, 
CuBr (64 mg, 0.445 mmol), PMDETA (77 mg, 0.445 mmol), and 80 

sodium L-ascorbate (88.1 mg, 0.445 mmol) were added into the 
flask. The mixture was stirred for 48 h at room temperature, and 
the product named as S1 was collected by additional magnet, 
washed with DMF and deionized water, and then dried. Other 
products (S2~S5) with various feed weights were then prepared by 85 

the same method (Table S3 in ESI).  

Drug load 

5 mL of LOFX solutions with different initial concentrations 
(from 4 to 36 µg/mL) were sonicated with 0.5 mL 
Fe3O4/PDMAEMA-GO (0.1 mg/mL) suspension for overnight at 90 

room temperature. The complex (LOFX@Fe3O4/PDMAEMA-
GO) was collected by a magnet, washed with deionized water and 
then dried for further use. The amount of unloading LOFX in the 
remained solution was determined by a UV-vis 
spectrophotometer with a standard LOFX concentration curve. 95 
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The amount of LOFX loaded on the Fe3O4/PDMAEMA-GO was 
determined based on Eq. 1. 

Carrier
LOFX LOFX'

( ) /M M MΦ = −                                             Eq. 1 

Where Φ is the amount of LOFX loaded on 
Fe3O4/PDMAEMA-GO (mg/mg), MLOFX is the initial amount of 5 

LOFX, MLOFX’ is the amount of unbound LOFX, and Mcarrier is the 
amount of Fe3O4/PDMAEMA-GO added. 

In vitro drug release 

To examine drug release behaviors, 
LOFX@Fe3O4/PDMAEMA-GO composites were dialyzed in 10 

beakers against 20 mL phosphate buffer solution (PBS) with pH 
at 5.0, 7.2 and 9.18, respectively. All the beakers were placed in 
water baths at 37 °C for a period of 3 d. At each predetermined 
time, 3 mL medium was drawn out and an equal volume of fresh 
PBS was replenished to the beaker. LOFX release profiles were 15 

obtained by measuring the amount of released LOFX at each time 
point via a standard LOFX concentration curve generated by a 
UV-vis spectrophotometer. All the drug release experiments were 
repeated at least three times. 

Characterization 20 

Fourier transform infrared (FTIR) spectra were recorded in 
KBr pellets on an ABB Boman FALA 2000-104 FTIR 
spectrophotometer. Gel permeation chromatography (GPC) was 
performed by a Waters 1515 system equipped with a refractive 
index and a photodiode array detector, with tetrahydrofuran 25 

(THF) used as eluent (elution rate, 1.0 mL/min) and PS standards 
used for calibration. Thermogravimetric analysis (TGA) was 
performed on a Mettler-Toledo TGA-1100SF thermogravimetric 
analyzer from 25 to 800 °C at a heating rate of 10 °C/min and N2 
flow rate of 50 mL/min. Raman spectra were recorded by a 30 

Renishaw Invia Raman spectrometer using a 532 nm argon ion 
laser. Scanning electron microscopic (SEM) images were 
acquired by a Hitachi S-4800 field emission scanning electron 
microscopy. Transmission electron microscopic (TEM) images 
were obtained using a JEOL JEM-2100 transmission electron 35 

microscopy at an accelerating voltage of 200 kV. One drop of 
sample solution (at a concentration of 0.01 mg/mL) was placed 
on a copper-mesh coated with carbon and then air-dried before 
measurement. Fluorescence emission spectra were acquired on a 
Shimadzu RF5301PC fluorescence spectrophotometer with a 40 

excitation wavelength of 300 nm. Zeta potential and size of the 
composites were determined by a Brookhaven ZetaPALS zeta 
potential and nanosize analyzer. Ultraviolet-visible (UV-vis) 
absorbance spectra were recorded on a Rayleigh UV-1100 
spectrophotometer. A standard LOFX concentration curve was 45 

generated by the UV-vis spectrophotometer from a series of 
LOFX solutions with different concentrations at a wavelength of 
290 nm. The standard curve was used to determine the amount of 
LOFX loaded on the Fe3O4/PDMAEMA-GO and the release rate 
of the loaded LOFX. 50 

Results and discussion 

The molecular weight of PDMAEMA-N3 polymers largely 
increased from 5710 to 17130 with increment of monomer 
amounts from 1:50 to 1:200 (Figure S2 B and Table S1 in ESI), 

meaning the polymers with various chain lengths. A series of 55 

Fe3O4/PDMAEMA-GO composites were synthesized via the 
chemical deposition method and “grafting to” method by click 
chemistry, as shown in Fig. 1 and Table S3 in ESI. As shown in 
Table S3, S1~S3 were prepared with different feed amounts of 
PDMAEMA-N3 by the same component. S3~S5 were prepared by 60 

the PDMAEMA-N3 with different molecular weights but with the 
same molar ratio. Thus, products S1~S3 had the same grafted 
chain length but different surface grafting densities, and products 
S3~S5 should have the same surface grafting density but different 
grafted chain lengths. FTIR spectrum of representative 65 

Fe3O4/PDMAEMA-GO (S1) showed the characteristic features 
(Fig. 2a), 582 cm-1 (Fe–O stretching), 1090 cm-1 (C–O bending), 
1434 cm-1 (–CH2– stretching), 1700 cm-1 (C=O stretching), 2918 
cm-1 (C–H stretching), which existed in FTIR spectra of its 
intermediates (Figure S2A and S3A, ESI). Driven by external 70 

magnetic field indicated potential of the composite (S1) in 
targeted delivery (Fig. 2b). 
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Fig. 2 (a) FTIR spectrum of Fe3O4/PDMAEMA-GO (S1) and (b) 
photographs of Fe3O4/PDMAEMA-GO (S1) with and without external 75 

magnetic field 
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Fig. 3 TGA curves of Fe3O4/PDMAEMA-GO composites at a heating rate 
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Table 1 Weight ratio and grafting density of the composites determined 

by TGA 

Sample Weight ratio(%) Dp
(a) Dc

(b) 

PDMAEMA GO Fe3O4 

S1 10.98 76.65 12.37 2.95 5629.77 

S2 9.8 78.52 11.67 2.61 4980.91 

S3 8.4 78.87 12.73 2.19 4179.38 

S4 9.8 78.52 11.67 2.15 4103.05 

S5 21.9 67.24 10.86 2.22 4237.8 

aCalculated from Eq. 2 
bCalculated from Eq. 3 

Weight ratio of each constituent of the ternary composites 5 

was determined by TGA (Fig 3, Table 1, Figure S2 C and S4, 
Table S2, ESI). The grafting density could be calculated by Eq. 2 
and Eq. 352, which was then proved to be one of factors affecting 
dispersive stability of composites in PBS. 

p C p p C10000 /D M W M W=                                                Eq. 2 10 

8
c C p p b C=10 /D M W M A W                                                   Eq. 3 

Where Dp is the grafting density (grafted chains per 10000 
carbon atoms), Dc is the grafting density (grafted chains per µm2 
sheet), MC is the relative molar mass of carbon (MC = 12 g/mol), 
Mp represents Mn,(GPC) of the grafted polymer, WC and Wp are the 15 

weight fractions of the GO backbone and the grafted polymer. Ab 

represents the area of a benzene ring (5.24 Å2). 
Structures of products were further confirmed by Raman 

spectroscopy (Figure S6 and Table S4, ESI). The morphological 
analyses of the ternary composites were investigated by TEM 20 

(Fig. 4). As shown in Fig. 4, lots of Fe3O4 nanoparticles with a 

diameter of ~20 nm were deposited on the surface of the GO 
sheets randomly without aggregation. Even though a long time of 
reaction process in preparation of Fe3O4/PDMAEMA-GO, the 
Fe3O4 nanoparticles were still firmly anchored on the surface of 25 

GO, implying the strong interaction between the two 
substances41-43. By contrast, the bare Fe3O4 nanoparticles 
aggregated to clusters (Figure S5, ESI).  

The dispersive stability of the composites in PBS was tested 
according to the fact that when composites disperse well in PBS, 30 

the transmittance will stay low. As was shown in Fig. 5A, the 
stability depended on either the grafting density for the 
composites with the same grafted chain length (S1, S2, S3) or the 
grafted chain length for the composites with the same grafting 
density (S3, S4, S5). The photographs of samples (Table S5 and 35 

S6, ESI) displayed that S1 and S5 had the best stability in each 
group. In addition, it was evident that the ternary composites had 
better dispersive stability than Fe3O4/GO (Figure S7, ESI). Since 
the interaction between the nanoparticles and GO avoided 
restacking of the exfoliated GO sheets, the grafted polymers 40 

helped to prevent the agglomeration of the ternary composite. 
Zeta potential values of samples matched with the stability test, 
as nitrogen atoms of PDMAEMA chains can capture the 
protons30,33, thus S1 and S5 with more nitrogen atoms had higher 
positive zeta potential values (Table S7, ESI). Accordingly, S1 45 

and S5 displayed better stability than others. Due to the 
thermosensitivity of the grafted polymer29, the ternary composites 
exhibited slight size change when environmental temperature 
varied (Fig. 5 B), as the polymer chains extend at low 
temperature and shrink at high temperature (Fig. 5 C). The stretch 50 

of surface polymer chains promoted water solubility and 
dispersity of the ternary composites in PBS, which could explain 
the slight decline of transmittance in Fig. 5A during 22nd and 
23rd day.  

  55 

   
Fig. 4 TEM images of Fe3O4/PDMAEMA-GO 
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S3  S4  S5  
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 5 

Fig. 6 Fluorescence spectra of (a) LOFX, (b) Fe3O4/PDMAEMA-GO and 
(c) LOFX@Fe3O4/PDMAEMA-GO 

The composites were as carriers for loading and releasing 
the drug, such as LOFX. LOFX was loaded on the composite via 
strong π–π stacking interaction between LOFX and GO 10 

platform53, which was confirmed by the fluorescence spectra (Fig. 
6). At the same LOFX concentration, free LOFX exhibited a 
fluorescence emission peak at ~490 nm, while 
LOFX@Fe3O4/PDMAEMA-GO (as S1 as example) exhibited 
drastic quenching of emission band at the same excitation 15 

wavelength. The quenching might be the result of a photoinduced 
electron-transfer from LOFX to GO, which was induced by 
strong π-π stacking interaction between GO platform and 
LOFX[53-56]. Except for the π–π stacking interaction, there exist 
hydrogen bond and electrostatic interaction between GO plane 20 

and LOFX. Since there is a carboxyl and nitrogen atoms which 
could be positively charged interacting with the remaining 
oxygen-containing groups in GO plane, and the hydrogen bond 
and electrostatic interaction might contribute to the fluorescence 
quenching as well. The loading mount of LOFX on 25 

Fe3O4/PDMAEMA-GO was investigated in different initial 
LOFX concentrations with respect to the same concentration of 
Fe3O4/PDMAEMA-GO (0.1 mg/mL). The loading capacity of 
LOFX was faintly affected by the grafting density and the grafted 
chain length (Fig. 7). The loading amount of LOFX could reach 30 

1.75~1.95 mg/mg, higher than many other drug carrier materials6. 
Comparing the composites with different grafting densities (Fig. 
7 A), sample S3 with the lowest grafting density had the highest 
loading amount for LOFX. However, the effect of chain length on 
the loading amount was more notable at low concentration and 35 

fainter at high concentration than that of the grafting density (Fig. 
7 B). This phenomenon might result from the loading capacity of 
the samples (S3~S5) tending to saturation at high concentration. 

The release behaviours of LOFX from Fe3O4/PDMAEMA-
GO (S1) at 37 °C in different pH buffers were investigated (Fig. 40 

8). In the initial period, LOFX was released fast from the carrier, 
and the release rates slowed down after 24 h. The property of 
controlled release under neutral was considerable. It was found 
that ~88% of the total bound LOFX were released from the 
carrier under basic condition, which was much higher than the 45 

other two conditions. It might attribute to the dissociation of 
hydrogen bond between LOFX and GO plane under basic 
condition, and higher solubility of LOFX under basic condition57. 
Hence, the amount of released LOFX was much greater. 
Protonation of nitrogen atoms of LOFX under acidic condition 50 

might lead to faster release rate and greater release amount than 
neutral condition.  

A B 

C 
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Fig. 7 (A) Loading capacity of samples with different grafting densities. The inset figure is standard curve of LOFX. (B) Loading capacity of samples with 
different grafted chain lengths 
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Fig. 8 Release profiles of LOFX@Fe3O4/PDMAEMA-GO 

Conclusions 

In summary, the GO based ternary composites have been 
successfully prepared with well-defined grafted polymers and 
considerable quantity of firmly anchored Fe3O4 nanoparticles via 10 

a facile coprecipitation method and click chemistry. This 
combination prompts the feasibility of synthesis of polybasic GO 
or graphene based composites, leading to further development of 
multifunctional materials based on GO and facilitating GO based 
materials closer to real applications. The as-prepared composite 15 

has magnetic control property and good aqueous dispersive 
stability depending on grafting density and grafted chain length. 
As a drug carrier, the composite has high loading capacity and pH 
triggered controlled release properties for LOFX in different 
buffer solutions. With these advantages, the composite has the 20 

potential applications in targeted delivery, controlled release and 
other applications. 
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