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Abstract

The flexible and freestanding graphene oxide (GO) film was fabricated for drug delivery and antibacterial. The film was
synthesized by covalently attaching cefalexin onto graphene oxide sheets and then made by filtration of the colloidal
suspension. SEM and optical images show that the Cefalexin-grafted graphene oxide (GO-CE) film possesses the unique 2D
layer-by-layer structure and it could form channels for drug release when immersed in water. The drug loading and release
tests certify that the GO-CE film is a promising drug delivery membrane with high load capacity (0.621 mg mg™) and long-
acting release properties (72 h), and can effectively inhibit the growth of E. coli and S. aureus bacteria while showing
minimal cytotoxicity for a long time. The cellular culture results of the HeLa Cells indicate that the GO-CE film exhibits
excellent biocompatibility. Based on these advantages, the GO-CE film is expected to be used in the environmental and

medical applications. Copyright © 2017 VBRI Press.
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Introduction

Graphene, a unique carbon material comprises two-
dimensional one-atom-thick carbon atoms hexagonally
arranged into a 2D structure [1-3]. It has become one of
the most attractive function materials in some areas
because of its brilliant mechanical and electrical
properties [1, 4-6]. Graphene oxide (GO), an important
derivative of graphene, has inherited some unique
properties from graphene. Additionally, it contains
plentiful kinds of functional groups, such as hydroxyl,
carboxyl, epoxide and carbonyl groups on its surfaces
[7, 8]. Due to the functionalized surfaces, water-solubility
and high specific surface area, GO and its derivatives
have been researched as potential biological materials in
recent years [8, 9].

It has been proved that GO is an effective absorbent
material for several kinds of drugs [10-13]. These drug
molecules strongly deposited onto GO surface via
interaction, m-m bonding and cation-nt bonding [10, 14].
Hence, GO is a potential material to establish a novel and
efficient drug delivery system. So far, researchers have
developed a large amount of drug delivery systems based
on GO and its derivatives [8, 15-22]. In some researches,
some functional polymer is grafted onto the GO sheet to
improve its properties, such as solubility [15, 16, 23],
biocompatibility and interfacial interactivity for specific
drug [17, 18, 24]. Several forms of GO-based drug
delivery systems have been explored to fit different
situations, such as GO-polymer hybrid pills and
membranes [18, 25-29], hydrogels [19, 30], and water
soluble particles [25, 31-34].

Copyright © 2017 VBRI Press

The free standing and highly flexible GO film could be
easily prepared by flow-directed assembly of individual
GO sheets [35]. It has shown better mechanical strength,
electrical properties and chemical activity than many
other film-like materials [35, 36]. In some previously
research, GO film has been proved to be a biocompatible
substrate for adhesion and proliferation of several kind of
human cells [37-39]. Thus, it is attractive to develop a
new drug delivery film based on the GO film. However,
so far as we know, few studies have been reported
[40, 41].

Herein, we reported a simple way to fabrication of a
flexible and drug-loaded GO film for antibacterial
materials. Cefalexin, a commonly-used antibiotic, was
chosen as the model drug and grafted onto the GO surface
via amide linkage. The results demonstrate that Cefalexin,
which is a bactericidal antibiotic widely used for the
treatment of bacterial infections, can be released from
Cefalexin-grafted GO (GO-CE) film and the sandwich
structure of GO film provides adsorption space for the
drug. Furthermore, the antibacterial test results show that
hybrid films can inhibit bacterial growth for 48 hours.
This work makes it possible for the first time to directly
use GO-CE hybrid materials with antibacterial activity in
drug delivery, and may facilitate the development of
biological applications of GO-CE hybrid materials.

Experimental
Materials details

Graphite powder (1000 mesh) was purchased from
Qingdao Chenyang graphite Co. Ltd (Tsingtao, China).

309



Research Article

Cefalexin monohydrate (99%), N-(3-
dimethylaminopropyl)-N'-ethylcarbodiimide hydro-
chloride (EDC*HCI, 99%), N-hydroxysuccinimide (NHS,
98.5%) and 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium Bromide (MTT, 99.5%) were
obtained from Sigma Aldrich and used as received. Other
chemicals are products of Sinopharm Chemical Reagent
Co., Ltd (Shanghai, China). Deionized water was used
throughout the experiment.

Synthesis of GO

GO was prepared by a modified Hummers method [42,
43]. In a typical synthesis process, 9:1 mixture of
concentrated H,SOs /H3PO4 (180/20 mL) solution was
added to a 250 mL flask containing 1.5 g of graphite and
4.5 g of KMnOy at room temperature. Then the flask was
heated to 50 °C in an oil-bath for 15 h. After that, 150 g
ice was added into the resulting suspension to dilute the
solution and 2 mL H>0; (30 wt%) was injected. Then the
reaction product was washed twice by 100 mL HCI
(10 wt%). The remaining GO suspension was washed
several times until the pH of GO suspension was above 6.
Then the GO suspension was freeze-dried to obtain the
final product. Morphologies of GO sheets were shown in
Fig. S1+.

Synthesis of GO-CE film

The GO-CE films were synthesized by covalent linking of
the carboxyl (-COOH) groups of GO with the amino
(-NH2) groups of cefalexin molecule. The carboxyl
groups of GO were activated using EDC and NHS [19].
Briefly, GO (100 mg) was dispersed in a 100 mL solution
of phosphate buffer solution (PBS) (0.1 M, pH adjusted to
5.5). The mixture was sonicated for 30 min to obtain an
homogeneous colloidal suspension. Then EDC-HCI (1 g)
and NHS (0.2 g) were gradually added into the suspension
and reaction for 20 min. Afterwards, various amounts of
cefalexin monohydrate was added into the suspension and
sonicated for 30 min. The reaction was continued at 37 °C
in an oil-bath under vigorous stirring for 24 h. When the
reaction was terminated, the resultant was separated from
water via centrifugal separation. Then the resultant was
washed several times with a large amount of deionized
water. Then the products were freeze-dried to obtain GO-
CE sheets.

Free-standing flexible GO-CE film was prepared by
vacuum assisted flow-filtration method. Typically, GO-
CE (0.1 g) sheets were dispersed in 20 mL solution of
PBS (0.05 M, pH adjusted to 7.4).The mixture was
sonicated for 60 min to obtain a homogeneous colloidal
suspension. Then the GO-CE film was made by filtration
of the colloidal suspension using a cellulose acetate
membrane filter membrane (47 mm in diameter, 0.45 um
pore size). The GO-CE film samples were vacuum-dried
at room temperature before subsequent tests.GO film was
prepared by the same method.

Characterizations

X-ray diffraction (XRD) of all the prepared materials
were performed on a Rigaku Ultima 1V diffraction
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instrument (Rigaku Co., Japan) using a Cu tube as X-ray
source (ACu Ka = 1.54 A°) a tube voltage of 35 kV and a
current of 35 mA. The morphologies of the samples were
characterized by scanning electronic microscopy (SEM)
using a Zeiss SIGMA microscope (Germany).
Attenuation reflectance Fourier transformation infrared
spectrometry (ATR-FTIR) spectra were collected on an
Avatar 360 infrared spectro-photometer (America).

Results and discussion

As show in the photographs (fig. 1a and b), both GO and
GO-CE films are free-standing and flexible. Individual
GO sheets within the film form continuous networks via
layer folding and Vander Waals force which providing
good flexibility and mechanical integrity [38, 44]. The
colour of GO-CE film (Fig. 1b) is darkened and tarnish
compared with the brown GO film (fig. 1a) indicated that
a restore of the m-electron system in the GO sheets [45].
The flexibility and mechanical integrity of GO-CE film
suggest its applicability for varied fields such as food
packaging and biomaterial. The surface profiles of the GO
and GO-CE films are observed by SEM and were
displayed in Fig. 1 c-f. It could be found from the SEM
images that the surface of GO film (Fig. 1c, d) is flatter
than that of GO-CE film (Fig. 1e, f). More wrinkles both
on the micro- and macro-scopic scales are also observed
on the GO-CE film. The formations of wrinkles on the
GO and GO-CE films are related to the hydrogen bond
interactions between the adjacent GO.

@é ﬁp&’ﬁs :;r'é (e)

Fig. 1. Photographs of free-standing film samples: GO (a) and GO-CE
(b); SEM images of surface morphology of GO film (c) and (d), GO-CE
film (e) and (f) (All samples were Pt coated to improve the electrical
conductivity before test).

Fig. 2 shows the ATR-FTIR spectra of GO film, GO-CE
film and cefalexin monohydrate powders. ATR-FTIR
spectroscopy of GO film reveals that several kinds of
functional groups are formed on the surface of GO film.
The most characteristic features are the adsorption bands
corresponding to C=0 carbonyl stretching at 1734 cm™,
C=C skeletal vibrations of unoxidized graphite domains at
1629 cm*, C-OH stretching at 1208 cm™ , C-O stretching
(epoxy or alkoxy) at 1041 cm™ and ubiquitous O-H
stretches appear at 2800~3700 cm™ [46-48].
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Fig. 2. ATR-FTIR spectra of GO-CE film, GO film, and cefalexin
monohydrate powders.

Several new peaks appear on the FTIR spectrum of
GO-CE film in comparison with the GO film’s spectrum.
The characteristic of amide (—~C(O)NH-) stretching
vibration at 1564 cm* indicates the presence of the amide
bond formed by reaction between GO and cefalexin
molecule. Moreover, there are also a few characteristic
peaks of cefalexin molecule appeared in the GO-CE film.
The bands at 1361 and 1455 cm™ represent C-H bending
vibrations and the band at 1284 cm? represents C-N
stretching vibrations in cefalexin [49]. These results
indicate that cefalexin molecules were grafted onto the
GO surface during the experiment [50]. The quantified
atom fraction of the elements C, O, N and S found in the
surface composition of the GO and GO-CE films is
shown in Table 1. The oxygen content reduced from
40.15 at.% for GO film to 32.50 at.% for GO-CE film and
the corresponding O/C ratio decreases from 0.685 to
0.524 as well. What is more, the nitrogen content in GO-
CE film is 4.6 at.%, while it is not detected in GO film.
The result of element content further confirms the
conclusion of ATR-FTIR spectra analysis.

Table 1. EDS analysis of element content and calculated C/O and C/N
ratios for GO and GO-CE film samples.

Sample C (0] N S Organic  Nitrogen
(at. (at. (at. (at. groups  groups
%) %) %) %)
GO 585 40.1 0 126 COOH None
paper 9 5

GO- 620 325 4.62 0.63 COOH, amino,
CE 0 0 diisocya  cefalexin
paper nate

SEM images of the cross section of GO-CE film (Fig.
3d) reveal the well-packed layers in a 2D layer-by-layer
hierarchy. It can be seen from the cross section that most
of the GO sheets pack tightly in an ordered fashion. Only
few elongated gaps could be seen on the cross section
because of the debonded GO sheets or bundles [51].
However, apparent gaps (about 0.5~1.5 pm) could be
observed in the cross section of water-swollen GO-CE
film (Fig. 3e), which is attributed to the separation and
“corrosion” of the graphene oxide sheets by the water. As
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shown in Fig. 3a-c, the film would be swollen when soak
in PBS solution. The appearance of gaps in the water-
swollen sample might act as a “release channel” for drug
release.

Fig. 3. The images of GO-CE film’s side face thickness increase when
soaked in PBS (pH=7.4). Primitive thickness (a), after 1 h (b), after 24 h
(c); SEM images of cross section of GO-CE film (d) and water-swollen
sample of the same film (f).

Earlier studies had found two common routes for small
molecules to adsorb on the surface of GO sheets. For one
thing, some small molecules with aromatic group could
adsorb on the surface of GO sheets with the help of Van
der Waals force between them [12, 13, 15, 20, 27]. The
other routes were chemical interaction between carboxyl
groups in GO and functional groups in drug molecules [8,
16, 18, 22]. The loading capacity of cefalexin on GO was
determined by UV spectrum, and was calculated by the
difference of cefalexin concentrations between the initial
solution and the supernatant solution after reaction. The
loading of cefalexin on GO is shown in Fig. 4a.
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Fig. 4. Loading capacity of cefalexin on GO in different initial

concentrations (a), the release of cefalexin on GO-CE film in PBS
solution (pH=7.4) (b)
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The saturated loading amount of cefalexin on GO is
0.621 mg mg?. Fig. S3 and Fig. 4b shows the release
profiles of cefalexin molecules from GO-CE film in PBS
solution (pH= 7.4), in comparison with those from the
free GO-CE particles. It can also be observed that the
GO-CE films exhibited a longer release time than the free
GO-CE particles. Moreover, on the basis of the release
profile, the equilibrium percentage of released cefalexin
molecules was not as high as 100% (11% for GO-CE
films and 92% for GO-CE particles), which is due to the
characteristics of the ion-exchange reaction. The ion-
exchange reaction is an equilibrium process, thus the
interlayer molecules cannot be exchanged completely
[54, 56]. The results revealed that the combination of
cefalexin with GO to form a sandwich structure film
could help to prolong the release time and most of the
cefalexin (about 89%) was adsorbed on the interlayer
space. The swelling property of the GO-CE film reveals
an important factor in drug process as well. Water
molecules could intrude into 2D layer-by-layer GO sheets
and separate the adjacent nanosheets when GO-CE film
was water-swollen. Hence, cefalexin molecules absorbed
on GO surface could find a way to dissolve in water and
release from the membrane.
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Fig. 5. The antibacterial inhibition zone of GO film (a) and (c), GO-CE
film (b) and (d). Reduction in the bacteria colonies as an index of
bacteriostasis ability for each drug release solution ().

Antibacterial activity of GO and GO-CE films against
S. aureus and E. coli are shown in Fig. 5. It can be seen
that the inhibition zone generated by GO film was
obscure and tiny. The GO suspension liquid with
excellent antibacterial ability had been confirmed in some
previous studies [39, 52]. However, the antibacterial
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ability was weakened when GO flocked together to form
particles or films [39, 53], since it is hard for dissociative
GO nanosheets to “escape” from an orderly and compact
tissues. The antibacterial ability of GO-CE film achieves
significant improvement by the addition of cefalexin. The
GO-CE disks produce clearness zones of inhibition
against S. aureus (r = 0.69 ¢cm) and E. coli (r = 0.63 cm)
(fig. 5b and d). The release of cefalexin exhibits an
excellent bactericidal ability as compared with the GO
sample. Bacterial reduction for the immersion fluid of GO
and GO-CE film also validates the previous result
(Fig. 5d). The bacterial reduction bar graph reveals that
the antibacterial effect of GO-CE film is effective rapidly
(1 h for 89.375% bacterial reduction) and the antibacterial
effect could sustain for a long time (24 h for almost 100%
bacterial reduction). The GO-CE film has shown better
antibacterial activity as compared to other GO related
antibacterial material (Table S1), suggesting that GO-CE
film is a very hopeful antibacterial material. The reason
for the efficiency inhibition of bacterial growth may be
due to the following factors. First, GO could induced
cellular damage of S. aureus and E. coli from the effects
of oxidative stress and physical disruption [36]. Secondly,
the combined effect of antibacterial activity of GO and
cefalexin released from GO-CE paper [19].

The results of MTT assay for the GO and GO-CE
suspension are summarized in Fig. 6. As indicated in Fig.
6a, there is no obvious toxicity (>80% cell viability) for
GO and GO-CE suspension after 72 h, even at a high
concentration of 50 ug mL* for HeLa Cells. Since little
GO-CE sheets could peel off from GO-CE when soaked
in the water, it is seen that the GO-CE film is an
antibacterial materials with mild cytotoxicity.
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Fig. 6. Relative cell viability of HeLa cells treated with GO and GO-CE
at various concentrations (a), SEM morphologies of the HeLa cells
cultured on the surface of GO (b) and GO-CE (c) films for 24 h.
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The morphologies of HeLa Cells cultured on the GO
and GO-CE films were studied by SEM (Fig. 6b, c).
From the SEM images, HelLa cells show a large spreading
area and the cell-substrate boundary is hardly
distinguishable, in addition, pseudopodias are formed in
the edge of cells (Fig. 6¢). The morphology of the HelLa
cells indicates that HelLa cells grow well and adhere
tightly on the GO-CE film. This association may be
attributed to the synergistic effects of the reactive
hydrophilic groups and the increase of surface wrinkles of
GO-CE film [59].

Conclusion

In this work, a flexible and free-standing antibacterial
film is prepared via a simple way based on the cefalexin-
grafted GO nanosheets. The GO-CE film possesses a
unique 2D layer-by-layer structure and the sandwich
structure of GO film provides adsorption space for the
drug. The drug release behavior of GO-CE film suggests a
dramatic increase of effective release time. Additionally,
GO-CE film exhibits a high-efficiency antibacterial effect
with  favorable biocompatibility. The novel film
structures, combined with multi-functionalities including
biocompatibility, drug loading and delivery, and
antibacterial activities, suggest promising applications of
this kind of hybrid material in biological and medical
areas.
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Experimental section

Cell viability assay

Cell viability was evaluated using the standard MTT
assay proto-col. HeLa Cells were seeded in 96-well plates
and grown overnight prior to studies. Then cells of ~80%
confluent were incubated with fresh media containing GO
or GO-CE suspensions (0, 25, and 50 ug mL?) at 37 °C
for 24 h, 72 h. After each interval, MTT at a concentration
of 5 mg ml* was added to each well and the cells were
incubated for 4 h. Upon removal of the MTT solution, the
formed crystals were solubilized within isopropanol for
15 min. After centrifugation, the absorbance of the
supernatants was measured at 490 nm by using a
microplate reader (Infinite M200 Pro, Switzerland).

Cellular morphology on the GO-CE surface was
visualized using SEM. Briefly, HeLa Cells were cultured
on the GO-CE film incubated at 37 °C in 5 vol% CO, for
48 h. The specimens were then gently washed 3 times
with PBS solution and fixed with 2.5 wt% glutaraldehyde
solution for 120 min followed by dehydration through a
graded series of ethanol/water solutions (25 wt%, 35 wt%
50 wt%, 70 wt%, 80 wt%, 90 wt% and absolute ethanol
for 30 min each). Finally, the specimens were vacuum-
dried and platinum-coated for SEM study.

Drug release from GO-CE film

The GO-CE film was cut into a circular sheet (diameter =
6 mm) and weighed. Then the specimens were immersed
in PBS solution with controlled pH and temperature of 7.4
and 37 “C. The volume of PBS solution was 3 mL for 1
mg specimens. The specimens were immersed in PBS for
various times and the solute-ion was analyzed by
ultraviolet visible spectroscopy (Shimadzu Co., UV-2550,
Japan) at a wavelength of 262 nm. A series
concentrations of cefalexin solutions (1~40 pg ml™?) were
prepared to obtain a linear calibration curve (R? = 0.998)
(Fig. S2+t). In order to eliminate any possible interferences
of the products, blank solutions for the UV-Vis
spectroscopy assay were prepared by collecting leaching
solution from the GO film at the same incubation times.

Antibacterial evaluation
Zone of inhibition method

Antibacterial activities of GO and GO-CE films against S.
aureus and E. coli were evaluated using the disc diffusion
method. Nutrient agar plates were prepared by dissolving
15 g of agar, 5 g of tryptone, 1 g of glucose, and 2.5 g of
yeast extract in 1 L of water. The pH of the solution was
then adjusted to 7.0£0.2. The contents were then sterilized
by autoclaving at 120 °C and 0.1 MPa for 30 min. The
agar was poured into Petri plates in quantities of 4.5 mL,
and left on a flat surface to solidify. The bacteria, in their
exponential growth phase, were cultured in the nutrient
broth at 37 °C. Then, 50 pL of the bacterial suspension
was added drop wise onto the agar medium and dispersed
by a triangle glass rod. The GO and GO-CE film were
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sterilized by 70 wt% ethanol and cut into a circular sheet
(diameter = 6 mm).Then the circular sheets were applied
onto the surface of inoculated agar plates. After 24 h of
incubation at 37 °C, the culture dishes were examined and
recorded.
3.2. Effect of GO-CE drug release solutions on
antibacterial activity

GO and GO-CE films were sterilized by 70 wt%
ethanol and cut into a circular sheet (diameter = 6 mm).
Then the circular sheets were immersed in 3 mL of PBS
solution with controlled pH and temperature of 7.4 and 37
°C. The drug release solutions were obtained by taking
100 pL solutions at various times (1 h, 12 h and 24 h). For
antibacterial tests, 50 pL of the S. aureus suspensions
were mixed with 50 pL of drug release solutions and drop
wise onto the agar medium and dispersed by a triangle
glass rod. For controlled trial, 50 pL of the S. aureus
suspensions were mixed with 50 pL. of PBS solution (pH
= 7.4) and then followed the same procedures. After 24 h
of incubation at 37 °C overnight, the numbers of colony
forming units on agar medium were recorded.
Antibacterial activity of drug release solutions were
evaluated by:

Bacterial Reduction (%) = B-A

*100
@)

where, A and B are colony forming units of bacteria for
the experimental group and control group.

1 Em;

Fig. S1. Morphology of GO sheets. SEM images of GO sheets (a) and
(b), TEM image of GO sheets (c).

For scanning electron microscopy (SEM), GO samples
were imaged using a Zeiss SIGMA microscope
(Germany). About 0.05 mg mL' GO suspension was
dropped on a silicon wafer and dried in a vacuum oven at
room temperature for 24 h. Then the silicon wafer was
platinum coated and imaged to get a tile image of GO
(Fig. S1 (a)). SEM image of agglomeration of GO was
shown in (Fig. S1 (b)). For transmission electron
microscopy (TEM) observation, 0.01 mg mL?! GO
suspension was casted onto lacey carbon supported TEM
grids. TEM was carried out on a JEM-2100 (Japan)
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transmission electron microscope operated at an
accelerating voltage of 200 kV.
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