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Nanocomposites from PLA/PU containing small concentrations of graphene oxide (GO) were prepared by simple liquid-phase
mixing followed by casting. The as-prepared ternary PLA/PU/GO composite films exhibited good antibacterial activity against
the gram-positive Staphylococcus aureus and the gram-negative Escherichia coli, due to the excellent antibacterial property of
GO sheets with high specific surface area. The addition of GO inhibited the attachment and proliferation of microbes on the
film surfaces, resulting in that the PLA/PU/GO composite films show remarkably improved antibacterial activity compared with
PLA/PU composite film. The inhibition efficiency is proportional to the amount of GO. Furthermore, PLA/PU/GO composite
fibrous paper was fabricated using electrospinning and exhibited good biocompatibility. The addition of GO does not destroy
normal cell’s proliferation and differentiation. PLA/PU/GO composites with good antibacterial activity and biocompatibility make
it attractive for the environmental and clinical applications and also provide a candidate for future application of tissue engineering.

1. Introduction

Tissue engineering is a field of research in biomedical
engineering that applies the principles and methods of
engineering and life sciences toward the fundamental under-
standing of structure/function relationships in normal and
pathological mammalian tissues and the development of bio-
logical substitutes to restore, maintain, or improve functions
[1]. This technique involves processes such as seeding cells
onto a scaffold, creating artificial organs and tissues, and
triggering or modulating new tissue formation. Currently,
synthetic biomaterials (bioceramics and biopolymers) have
been widely applied to the tissue engineering fields [2–
6]. Also, antimicrobial materials have attracted considerable
attention because bacterial infection is a major medical
complication associated with the use of implanted medical
devices [7–9]. Bacterial infection may result from tissue
destruction, premature device failure, and the spread of the
infection from other areas [8, 10]. Therefore, much effort has

been expended to improve antibacterial activity of synthetic
biomaterials [11–13].

As thermoplastic synthetic polymers with desirable
mechanical property profile, biocompatibility and biodegrad-
ability, polylactic acid (PLA) and polyurethane (PU) are two
of the most promising biopolymers for tissue engineering
territory, such as bone scaffolds, vascular grafts, and heart
valves [14, 15]. Moreover, PU exhibits a certain degree of
antibacterial efficacy [16, 17]. Compared with scaffolds fabri-
cated from PLA or PU alone [18], it has been known that the
composite PLA/PU scaffold exhibits advantageous morphol-
ogy, mechanics, cell adhesion, and growth-supporting prop-
erties. However, dissatisfactory antibacterial activity coming
from PU phase in PLA/PU composite limits its practical
application in tissue engineering fields.

Researchers had excitedly turned to the material to
discover graphene’s potential applications, since it was first
isolated with the help of Scotch tape in 2004 [19]. Graphene
and graphene oxide (GO), with extraordinary mechanical
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properties (high Young’s modulus and hardness and excel-
lent flexibility) [20], high specific surface area, and low
cost, have been considered to be effective reinforcements
for high-performance composites [21–24]. On the other
hand, GO contains a number of oxygen-containing groups,
which makes it relatively easy to be dispersed into some
polar solvents and form intercalated composites with polar
molecules through the strong interaction [25–30]. Recently,
graphene and GO have been proved to exhibit excellent
biocompatibility and high antibacterial activity [25, 30–34].
These have motivated us to explore the possibility of GO
as an antibacterial reinforcement in biomaterials and study
the antiseptic properties and cytotoxicity of GO-containing
composites.

In this study, PLA/PU/GO composite filmswere prepared
by introducing GO nanosheets into PLA and PU phases
through liquid-phase mixing and casting.The as-synthesized
composites are characterized by using transmission electron
morphology, X-ray diffraction, and field emission scanning
electron microscope. Moreover, we investigate the antibacte-
rial activity and biocompatibility of PLA/PU/GO. It showed
remarkably improved antibacterial activity compared with
PLA/PU composite. The addition of small amounts of GO
prevented the attachment and proliferation of microbes on
PLA/PU/GO surfaces, including the gram-positive Staphylo-
coccus aureus (S. aureus) and the gram-negative Escherichia
coli (E. coli), as causative organisms of many device-related
infections. PLA/PU/GO composites have excellent antibac-
terial activity and biocompatibility, suggesting their potential
application in tissue engineering.

2. Experimental

2.1. Synthesis of PLA/PU/GO Composite Films. Polyurethane
(PU) was synthesized in our laboratory according to previous
study [35, 36]. GO nanosheets were prepared according to
the method described by Hummer with a modification [37,
38]. In brief, powdery GO was dispersed in a 50mL of
DMF and dichloromethane (volume ratio = 2/3) solution
by ultrasonification to form a uniform suspension. After
that, 12 wt.% PLA (Mw = 26,000) and 3wt.% PU (mass
ratio = 4/1) were dissolved into the suspension with the aid
of ultrasonification and stirring. Subsequently, PLA/PU/GO
composite film was obtained by casting the suspension onto
a clean silicon wafer, evaporating organic solvents, drying at
60∘C in vacuum for 24 h, and peeling from the Si wafer. In our
system, the PLA/PU/GO composite films with two different
GO contents (the weight ratios between GO and polymers
were 3 : 100 and 5 : 100) were prepared, which were denoted
as PLA/PU/GO (3%) and PLA/PU/GO (5%), respectively.
In comparison, PLA/PU film was prepared under the same
conditions.

2.2. Synthesis of PLA/PU/GO Composite Nanofibers. PLA/
PU/GO nanocomposite fibrous membrane was prepared
by electrospinning. In brief, the above PLA/PU/GO (5%)
suspensionwas used as the electrospun precursor. In a typical
electrospinning process, the precursor suspensionwas loaded

into a plastic syringe equipped with a 23-gauge stainless steel
needle. A high voltage of 16 kV was supplied by a direct-
current power supply and the feeding rate for the precursor
suspension was adjusted to a constant rate of 0.3mL/h using
a syringe pump. A piece of aluminum foil was placed 15 cm
below the tip of the needle to collect the as-spun nanofibers.
Finally, the PLA/PU/GO fibrous paper was obtained by
removing residual solvents at room temperature and peeling
from the foil. Also, PLA/PU nanofibrous paper was prepared
under the same conditions.

2.3. Characterization. Transmission electron microscopy
(TEM, JEOL, JEM-2010) was employed to investigate the
morphology of as-preparedGO, using an accelerating voltage
of 200 kV. XPS measurement of the GO was performed on
a Perkin-Elmer PHI-5702 multi-functional X-ray photoelec-
tron spectroscope (Physical Electronics, USA), using Al-
K𝛼 radiation (photon energy: 1476.6 eV) as the excitation
source and the binding energy of Au (Au 4f

7/2
: 84.00 eV) as

the reference. X-ray diffraction (XRD) patterns were carried
out by an X-ray diffraction using CuK𝛼 radiation (XRD,
Rigaku, D/Max-2400), to investigate the microstructures of
the PLA/PU/GO composite samples. Field emission scan-
ning electron microscope (FESEM, JEOL, JSM 6701F) was
employed to investigate the cross section of the casted films
and the morphology of as-electrospun nanofibers.

2.4. Antibacterial Activity Test. The antibacterial activity
of PLA/PU and PLA/PU/GO nanocomposites against E.
coli ATCC 25922 and S. aureus ATCC 6538 was mea-
sured by using plastics-measurement of antibacterial activ-
ity on plastics surfaces (ISO 22196, International Standard
22196 : 2007(E)). Before the test, the film samples (PLA/PU,
PLA/PU/GO (3%) and PLA/PU/GO (5%)) were cut into
40mm × 40mm and washed repeatedly with sterile water,
then dried in the air. At the same time, polyethylene films
were prepared in 40mm × 40mm, sterilized in 75% ethanol,
and then washed with sterile water. 1.5 × 105 CFU/mL
bacterial suspension was seeded on each film sample and
covered with polyethylene film so that the bacterial sus-
pension can spread to the edges. Make sure that bacterial
suspension does not leak beyond the edges of the film. 40mL
of phosphate-buffered saline (PBS) was used to wash the
sample and polyethylene films in order to get the present
bacteria followed by gentle shaking for 1 h, then diluted to 10-,
100-fold with a gradient method, and 1mL of each dilution
was placed into separate sterile Petri dishes. After that, 15mL
of plate count agar was poured into each Petri dish to disperse
the bacteria by swirling gently. All plating shall be performed
in duplicate. The Petri dishes were inverted and incubated at
37∘C for 24 h. After incubation, the number of colonies in the
Petri dishes was counted. For each dilution series, record the
number of colonies recovered to two significant figures, as
well as the dilution factor for the plates used for counting.

S. aureus and E. coli were seeded on glass plate and
PLA/PU/GO (5%) film and incubated for 24 h.The glass plate
and PLA/PU/GO (5%) film seeded with bacteria were rinsed
twice with PBS and fixed in 3% glutaraldehyde for 4 h, then
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Figure 1: Characterization of GO sheets: (a) TEM image and (b) C1s XPS spectrum. The scale is 100 nm.
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Figure 2: Cross section SEM images of PLA/PU film ((a) and (b)) and PLA/PU/GO (5%) film ((c) and (d)) with different magnifications.

rinsed in 0.1mL of PBS. Thereafter, they were dehydrated
with upgrading concentrations of ethanol (30%, 50%, 60%,
70%, 80%, 90%, 95%, and 100%) twice for 15min each. After
final washing with 100% ethanol, the samples were kept in
fume hood. Finally, the glass plate and PLA/PU/GO (5%) film
were sputter-coated with gold and observed under SEM to
examine the morphology of E. coli and S. aureus.

2.5. Biocompatibility Test. To study the biocompatibility of
the fibrous samples, MC3T3-E1 cells were used in our system,
which are commonly used to assess cytotoxicity of materials.
MC3T3-E1 cells were maintained at RPMI-l640 medium
with 10% fetal bovine serum and 1% antibiotic/antimycotic
solution in a 5% CO

2
incubator at 37∘C, refreshed every

3 days with Trypsin-EDTA solution, and then resuspended
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Figure 3: XRD patterns of GO, PLA/PU, and PLA/PU/GO (5%).
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Figure 4: Photographs of (a) S. aureus and (b) E. coli grown
on PLA/PU, PLA/PU/GO (3%), and PLA/PU/GO (5%) for 24 h,
respectively.

in a fresh culture medium. The PLA/PU and PLA/PU/GO
(5%) fibrous papers were cut into pieces (1 cm × 1 cm) as
scaffolds, soaked in 75% ethanol for 1 h to be sterilized, and
then exchanged with PBS for three times (30min each).
The fibrous scaffolds were then washed with RPMI-1640
containing 10% FBS for two times (2 h each). 2 × 105 cell
suspension was seeded on each scaffold. The cell-scaffold
constructs were cultured in RPMI-l640 supplemented with
10% FBS, 1% antibiotic/antimycotic solution for up to 48 h.
Finally, the cells were stained with acridine orange (AO),
which was cleaved to yield a green fluorescent product by
metabolically active cells.The density of the cells that adhered
on each scaffold was observed at 100-fold magnification with
a fluorescence microscopy (Olympus BX51).
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Figure 5: Photographs of (a) S. aureus and (b) E. coli grown on
PLA/PU/GO (3%) and PLA/PU/GO (5%) for 4 h, respectively.

3. Results and Discussions

As shown in Figure 1(a), as-prepared GO sheets are nearly
transparent under electron irradiation, indicating that the
GO sheets are quite thin. As shown in Figure 1(b), the
C1s XPS spectrum of GO indicates the presence of four
components: the C in C=C bonds (284.5 eV), the C in C-O
bonds (286.6 eV), the C in C=O bonds (287.7 eV), and the
C in O–C=O bonds (288.7 eV). It indicates the considerable
degree of the oxidation existing in GO material [39, 40]. GO
sheets are a chemically modified graphene with suspended
hydroxyl, epoxyl, and carboxyl functional groups [41], which
result in the hydrophilic nature of GO.

As we know, fully exfoliated GO nanosheets can be
dispersed in a polar organic solvent N,N-dimethylformamide
(NMF) without any assistance of chemical treatment [42]. In
our system, PLA/PU/GO composite films were prepared by
a simple liquid-phase mixing followed by casting. Figure 2
shows the SEM images of the fracture surfaces of the PLA/PU
and PLA/PU/GO (5%) films.

As low-magnification images show (Figures 2(a) and
2(c)), two fracture surfaces exhibit the same morphology:
the PU particles are randomly distributed within the PLA
polymer matrix without obvious agglomeration. However,
high-magnification images (Figures 2(b) and 2(d)) show that
their fracture surfaces are totally different. For the fracture of
the PLA/PU film, the surface of the individual PU particle
is relatively smooth. In comparison with the fracture of
the PLA/PU/GO (0.5%) film, the surface of the individual
PU particle is wrapped by layer-stacked GO sheets. Our
fabrication process is presented to explain the combination
of GO sheets and PU particles in PLA polymer matrix. As we
know, PUmolecule chains contain plenty of N-H groups and
GO sheets contain many oxygen-containing groups. After
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Figure 6: SEM images of S. aureus attached to (a) glass plate and (b) PLA/PU/GO (5%) for 4 h incubation at 37∘; SEM images of E. coli
attached on (c) glass plate and (d) PLA/PU/GO (5%) for 4 h incubation at 37∘C.
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Figure 7: SEM images of (a) electrospun PLA/PU nanofibers and (b) electrospun PLA/PU/GO (5%) nanofibers.

they are mixed by ultrasonication and high speed stirring,
PU particles and GO sheets will preferentially stick together
due to the strong interactions, as a result that PU particles are
wrapped by GO sheets.

Figure 3 shows the XRD patterns of PLA/PU and
PLA/PU/GO (5%) films as well as the XRD pattern of
powdery GO.The XRD pattern of the GO powders exhibits a
characteristic diffraction peak at 11.6∘ (the shoulder centered
at 20∘ is attributed to the glass plate, which is used as the sub-
strate of supporting powdery sample for XRDmeasurement).
The XRD patterns obtained from the PLA/PU/GO (5%) film
is similar to those of the PLA/PUfilmapart from the existence

of a weak peak ascribed to the GO phase.Therefore, the XRD
result further confirms the successful addition of GO sheets
into PLA/PU film, which is consistent with the result coming
from SEM investigations. The weakening of GO peak is due
to two aspects: one is the relatively low content of GO and
the other is the good dispersion of GO within the PLA/PU
matrix.

Figure 4 exhibits considerable antibacterial activities
when the bacteria are attached to PLA/PU/GO (3% GO
and 5% GO) for 24 h. The incorporation of 5% GO into
PLA/PU composite reduced E. coli and S. aureus growth up
to 100%. Moreover, the incorporation of 3% GO reduced E.
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Figure 8: Fluorescencemicroscopy image ofMC3T3-E1 cells grown
on the electrospun PLA/PU/GO (5%) nanofibers for 48 h at 37∘C.
The magnification is 100x.

coli growth up to 100% and reduces S. aureus growth up
to 99%, at 24 h. As the control group, PLA/PU composite
showed the ability to inhibit bacterial growth, but not more
effective than experimental groups. Such a release profile is
consistent with SEM studies in Figure 4. The introduction
of GO nanoparticles may reduce the probability that the
bacteria will colonize on implant surface [23].

After 4 h incubation with PLA/PU/GO nanocomposites
of (3% GO, 5% GO) at 37∘C, the antibacterial activity for E.
coli decreased to 54% and 91% (Figure 5(a)), suggesting the
strong inhibition ability of PLA/PU/GO nanocomposites to
E. coli. We also employed a classic-colony counting method
to measure the microbial viability of S. aureus for 4 h. We
found that viability significantly lose up to 54% and 89%,
respectively (Figure 5(b)). These results further confirmed
that GO contents were responsible for the observed strong
antibacterial effect.

Figure 6 shows that the morphology of S. aureus and E.
coli when seeded on glass plates and PLA/PU/GO nanocom-
posites for 4 h at 37∘C. The control group (seeded on glass
plates) displays a normal bacterial appearance of S. aureus
and E. coli (Figures 6(a) and 6(c)). The SEM studies (Figures
6(b) and 6(d)) reveal that S. aureus and E. coli largely lost
their original appearance; such irreversible changes might
arise from the effects of either oxidative stress or physical
disruption that have been related to carbon nanomaterial
[24, 28].

Figure 7 shows the SEMmicrographs of the PLA/PU and
PLA/PU/GO nanofibers. It is clearly seen that ultrafine fibers
have been successfully fabricated via electrospinning and all
the fibers present loose three-dimensional (3D) frameworks.
Also, the integration of 3D frameworks thatmimic the natural
extra-cellular matrix (ECM) structure is beneficial for cell
adhesion and growth [30].

Figure 8 shows the fluorescence microscopy result after
the cells were seeded directly on PLA/PU/GO fibrous scaf-
folds and incubated for 24 h.The PLA/PU/GO nanocompos-
ite appeared to enhance the cell adhesion and proliferation.
It can be definitely attributed to the excellent intrinsic
biocompatibility and the hydrophilic nature of GOmaterials,
which can greatly promote the cell-material interaction. The

soluble and nonsoluble degradation products were found to
be nontoxic to bovine AF cells grown in vitro.

4. Conclusion

PLA/PU/GO nanocomposites passess strong antimicrobial
activities and exhibit excellent biocompatibility, suggesting
that such nanocomposite could be a good candidate material
applied in tissue engineering territory, while simultaneously
reducing the threat of bacterial colonization and subsequent
chronic infection of surrounding tissue.
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