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ABSTRACT: With the increasing demand for composites of
multifunctional and integrated performance, graphene-based
nanocomposites have been attracting increasing attention in
biomedical applications because of their outstanding phys-
icochemical properties and biocompatibility. High product
yields and dispersion of graphene in the preparation process of
graphene-based nanocomposites have long been a challenge.
Further, the mechanical properties and biosafety of final
nanocomposites are very important for real usage in
biomedical applications. Here, we presented a novel high-
throughput method of graphene on mechanical exfoliation in a
natural honey medium, and a yield of ∼91% of graphene nanoflakes can be easily achieved with 97.76% of single-layer graphenes.
The mechanically exfoliated graphene (MEG) can be well-dispersed in the poly(vinyl alcohol) (PVA) matrix. The PVA/MEG
nanocomposite fibers are obtained by gel spinning and stretched 20 times. As a candidate for monofilament sutures, the PVA/
MEG nanocomposite fibers with 0.3 wt % of MEG have an ultrahigh ultimate tensile strength of 2.1 GPa, which is far higher than
that of the neat PVA fiber (0.75 GPa). In addition, the PVA/MEG nanocomposite fibers also have antibacterial property, low
cytotoxicity, and other properties. On the basis of the above-mentioned properties, the effects of a common surgical suture and
PVA/MEG nanocomposite fibers on wound healing are evaluated. As a result, the wounds treated with PVA/MEG
nanocomposite fibers with 0.3 wt % of MEG show the best healing after 5 days of surgery. It is possible that this novel surgical
suture will be available in the market relying on the gentle, inexpensive method of obtaining nonoxidized graphene and the
simple process of obtaining nanocomposite fibers.
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1. INTRODUCTION

Over the past decade, polymer-based nanocomposites have
generated great interest because of their wide applications in
the fields of energy technology,1 environmental treatment,2 and
biomedical.3 As a water-soluble and biocompatible polymer,
poly(vinyl alcohol) (PVA) can be used as a biomedical
material,4 such as skin suture, but much better mechanical
properties and more functions are needed. Until now, a few
attempts have been made to enhance the PVA fibers with a
variety of nanofillers. Among these nanofillers, carbon-based
materials have been exploited for their excellent mechanical and
electrical properties. Multiwalled carbon nanotubes
(MWCNTs)5 and single-walled carbon nanotubes (SWCNTs)6

have been used in the PVA matrix, but their impacts of
enhancement on the mechanical properties still have a potential
for improvement. Besides these carbon materials, graphene has

attracted more attention because of its outstanding physical,7

antibacterial,8 and other properties.9 The combination of
graphene and PVA may improve the tensile strength of the
fiber because the two-dimensional (2D) structure of graphene
helps to transfer the force between the ends of the polymer or
to give the nanocomposite fiber some new functionality.
However, the preparation of PVA/graphene nanocomposite
fibers that can be commercially used in the biomedical field is
still handicapped by the following problems: (1) the good
dispersion of graphene in PVA; (2) graphene must be cheap
and widely available and the preparation of nanocomposite
fibers should be as simple as possible for market development
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in this area; and (3) to be used for biomedical applications,
composite fibers must be safe for humans.
To overcome these problems, various efforts have been

tested in recent years. Wang et al. prepared graphene oxide
(GO)/PVA composite nanofibers via electrospinning, but they
are not practical because of the small diameter of 0.5 μm and
the low tensile strength of 16 MPa.10 Li et al. reported that the
PVA/reduced GO (rGO) composite fibers were prepared by
wet spinning, and the tensile strength of the 2.0 wt % rGO and
PVA composite fiber is 867 MPa.11 Obviously, a large amount
of graphene consumed and the low tensile strength suggest that
this method is still not as adequate as an ideal solution. Li et al.
and Hu et al. also prepared PVA/rGO composite fibers, and the
tensile strength of the composite fibers was increased.12,13

However, none of these strategies satisfactorily solved the
aforementioned problems. Although the oxygenated groups of
rGO can hydrogen bond with the −OH groups of PVA, which
will contribute to enhancing the mechanical properties,
preparation of GO by the Hummers’ method relies on strong
acids and strong oxidants. Efforts to treat the wastewater
environmentally are costly.14,15 More importantly, it has the
risk of causing oxidative stress in human cells for biomedical
applications.16 It was reported that the interaction of the
surfaces of GO and rGO with the antioxidant glutathione and
oxygen groups show a strong catalytic activity. Therefore, it
may thereby mediate oxidative damage in living systems.
However, it is also a problem if graphene has no oxidized
groups and whether it will have a strong effect with PVA. In
fact, graphene will be closely bonded with PVA to reduce its
surface energy.
On the other hand, PVA/graphene nanocomposite fibers

used as surgical sutures require not only good mechanical
properties but also the ability to keep bacteria away from the
surgical site. This is also what the medical area is trying to solve.
After all, surgical sutures are one of the most widely used
medical devices nowadays. As far as we know, there are
generally two types of methods for preparing antibacterial
surgical sutures: “offline” and “online” processes. In the

“offline” process, the sutures are coated with a drug or soaked
in the drug solution, whereas in the “online” process, the drug is
added during the preparation of sutures. The difficulty of both
the methods lies in how to control the release of drugs. If the
release of the drug on the surface of the suture is too fast, it
cannot play a role in the entire period of trauma recovery. The
drug in the suture is often difficult to be released because of its
conjugation with polymers. It should be noted that graphene
has been tested to have a good antibacterial effect and that its
sharp edges can cause physical damage to nearby bacteria. This
may be a new way to solve the antibacterial problem of the
surgical line. Therefore, it strongly desires to design an
unoxidized graphene and PVA nanocomposite fibers with
good mechanical and antibacterial properties. Crucially,
graphene, as a filler, should be obtained by a nonoxidizing,
low-cost, high-yield method, and the process of producing the
nanocomposite fibers should be as simple as possible for
commercial production.
In this study, we report a green, simple, low-cost method for

preparing high-quality graphene with a high yield of ∼91% on a
three-roll mill by using natural honey as exfoliating media.
Then, a series of PVA/mechanically exfoliated graphene
(MEG) nanocomposite fibers were prepared by gel spinning.
The ultimate tensile strength of PVA/MEG nanocomposite
fibers is 2.1 GPa, which increased 180% over the pure PVA
fibers, showing a huge potential for skin suturing. In the
meantime, the antibacterial property and cytotoxicity of PVA/
MEG nanocomposite fibers were also examined. Furthermore,
the PVA/MEG nanocomposite fibers, neat PVA fibers, and
common surgical sutures were evaluated for a skin wound in a
mice model. The result indicated that the PVA/MEG
nanocomposite fiber with 0.3 wt % of MEG has better effects
on the healing of the wound compared with the others. We
expect these findings to be applied to other water-soluble
polymers and to be applied to biomedical, tissue engineering,
and other fields.

Figure 1. Characterization of MEG flakes. (a) AFM image of a monolayer graphene sheet and (b) corresponding height profile. (c) Statistical
thickness analysis of 179 MEG flakes in the inset AFM image. (d) TEM image of the monolayer graphene and SAED pattern (inset) from the flake.
(e) Raman spectra of natural graphite and MEG. (f) XPSof the C 1s signal of MEG.
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2. RESULTS AND DISCUSSION
2.1. Preparation of MEG. During the exfoliation of

graphite, the viscous medium passes the energy from the
three-roll mill to graphite in the form of exfoliation, which
obtains mono- and few layers of graphene because of the sliding
between the layers of the graphite. This means that an effective
exfoliation can only occur if the surface energy of the solvent is
close to that of graphite and the net energetic consumption is
very small. This energy balance can be approximately calculated
by the Hildebrand−Scatchard eq 1, where δi = √(Esur

i) is the
square root of the surface energy of phase i, TMEG is the
thickness of the MEG, and ϕ is the volume fraction of
graphene.17 Because graphite has a surface energy similar to
that of carbon nanotubes, Jonathan showed the maximum
dispersible concentration of rigid rods in solvents (2), where K′
is a constant and v ̅ is the molar volume of rods.18
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where DG is the diameter of a MEG flake. Here, the
approximation (x − a)2 ≈ 4a(√x − √a)2 was used. It is
reasonably accurate so long as the full width at half-maximum
of the resulting Gaussian is less than about half the center value.
This model is consistent with the actual measured data,19

suggesting a surface energy of graphene of ∼68 mJ/m2. In this
case, N-methyl-2-pyrrolidone, dimethyl sulfoxide (DMSO), and
N,N-dimethylformamide have been used to exfoliate graphite
by different approaches. In addition to the organic and
inorganic solvents discussed above, honey, a kind of green
food with high stability, is another promising candidate. Most
importantly, not only the surface energy and tension of honey
can closely match with those of graphite, but also its viscosity
on the direct stripping of graphite plays a positive role. This
may be the fundamental cause of the ultrahigh yield of honey-
assisted exfoliation of graphite.
After the exfoliation for 5 h, the high quality of graphene was

successfully obtained from the exfoliation by the three-roll mill
because of the high viscosity of honey and the layered structure
of graphite. Figure 1a shows a typical atomic force microscopy
(AFM) image of MEG. The thickness and diameter of the
MEG are 0.65 nm and ∼1 μm, respectively (Figure 1b).
Considering the gap between the graphene flake and the mica
as a substrate and the folds of the graphene flake, the height of
graphene is often found to be higher than the theoretical value
of 0.34 nm. When the thickness of large graphene is less than
0.65 nm, we think it as a single layer, which can be confirmed
by transmission electron microscopy (TEM). In Figure 1c, the
thickness analysis for the MEG in the inset AFM image shows
that all of the MEG has a thickness lower than 1 nm and more
than 97.76% of the sheets are thinner than 1 nm. Figure 1d
shows the TEM image of a MEG, indicating that the film is very
lithe and slightly curly, and the corresponding selected area
electron diffraction (SAED) pattern indicates a typical

hexagonally arranged lattice of graphene. The intensities of
inner 01̅1 ̅0- and 1̅0 ̅10-type reflections are much stronger than
those of outer 12̅1 ̅0- and 2̅1 ̅10-type reflections, suggesting the
identity of the monolayer graphene.20

Raman spectroscopy is performed to further study the quality
and defect content of the MEG. For comparison, Raman
spectra of starting graphite and MEG are shown in Figure 1e.
There are three pronounced peaks used for analysis: 1346 cm−1

(D band), 1575 cm−1 (G band), and a second-order Raman
peak (2D band) for each sample. The defect content is defined
as the intensity ratio of the D band to the G band, commonly
known as ID/IG. It is found from Figure 1e that ID/IG slightly
increases from 0.22 for graphite to 0.27 for MEG, which is
much better than that of the rGO (0.9−1.4),21 indicating that
few additional defects have been introduced to the edge of
MEG after exfoliation for 5 h. Moreover, the number of
graphene layers directly affects the position, intensity, and
shape of the 2D band. The red shift and the perfect single
Lorenz type have proved the presence of monolayer
graphene.22,23 Also, the intensity of the 2D band is stronger
than that of the G band, which is the key to determine the
monolayer graphene.24 Figure 1f displays the X-ray photo-
electron spectroscopy (XPS) spectra of the MEG, which shows
a predominate CC band at 284.7 eV. The weak signals for
the C−C band (285.1 eV), C−O band (286.3 eV), and C(O)O
band (291.3 eV) confirm the low content of defects in the
MEG sample. In reality, natural graphite is not composed solely
of carbon but also contains impurities, such as oxygen.25 For
comparison, we also tested the content ratio of carbon and
oxygen atoms in natural graphite and graphene by XPS, and the
result was 70, demonstrating that the oxygen atoms were not
introduced in the milling process. To explore the quality of the
MEG in an intuitive way, the electrical conductivity of the MEG
film which was prepared by the vacuum filtration method was
measured by using the four-point probe technique. The
conductivity of the MEG film was measured to be 52 400 S/
m because of less defects, which is higher than that of the
graphene film prepared by the rGO.26

Figure 2a−c shows the AFM images of the graphene that was
obtained at different times during the exfoliation process, and
Figure 2d is a graph of the relationship between the thickness of
graphene with the time of milling. As the exfoliation process
was carried out further, the graphite gradually became thinner,
and the monolayer graphene was obtained finally as shown in
Figure 1a. This discovery may contribute to some applications
that have a specific demand for the thickness of graphene.
From the above-mentioned facts, high-quality monolayer

graphene and controllable layers of graphene can be easily
obtained through a green approach with a very high degree of
mechanization. In fact, in addition to the preparation through
an environmentally friendly process, the yield is another
important factor restricting industrial production. The compar-
ison in Table 1 shows that the yields of nonoxidized graphene
by similar methods are lower than our result. It is worth noting
that the production by this method will dramatically increase
with the effective area of a single roll or a number of rolls,
exhibiting a broad prospect for industrial applications in
nanocomposites and other fields.

2.2. PVA/MEG Nanocomposite Fibers for Surgical
Suture. High-quality graphene prepared by the method we
proposed is the ideal candidate of nanofillers in the matrix of
PVA for monofilament sutures. The MEG with a sheet
structure and large specific surface area is contributed to the
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stress transferring of the material, which is helpful to improve
the mechanical properties of the fibers. Therefore, it is a very
promising composite reinforcement. A series of different
contents of MEG of nanocomposite fibers with a diameter of
∼200 μm were prepared. Figure 3 shows the photographs of
PVA/MEG nanocomposite fibers by the addition of different
contents of MEG.
2.2.1. Mechanical Properties of PVA/MEG Nanocomposite

Fibers. The ultimate tensile strength of the PVA/MEG
nanocomposite fibers with different contents of MEG is
presented in Figure 4a. The tensile strength of the nano-
composite fibers increased with the incorporation of MEG,
from 751.34 MPa for neat PVA to 2102.12 MPa for the PVA/
MEG nanocomposite fibers with the content of MEG at 0.3 wt
%. However, with the increasing MEG, the tensile strength
decreased around 1053.73 MPa with the content of 0.7 wt %.
Nevertheless, the growth rate of ultimate tensile strength for
PVA in this work is still higher than those in the previous
reports of enhancements by other carbon materials for PVA

fibers, including MWCNT,5 SWCNT,6,34 and rGO12,13 (see
Figure 4b).
In fact, the ultimate tensile strength of the nanocomposite

fibers is expected to be significantly enhanced by the good
dispersion of the MEG in PVA. This can be explained from the
schematic model in Figure 4c. It is assumed that there are three
dispersed states of MEG in the nanocomposite fibers: (1) the
MEG is dispersed in the PVA substrate independently. (2) The
MEG joins together side by side in the nanocomposite fibers
and transfers the strain that the nanocomposite fibers take. (3)
The MEG forms blocks because it stacks together.
Undoubtedly, the second situation is the ideal state, exhibiting
the ultimate contribution of MEG to the tensile strength with
the greatest efficiency. To investigate the dispersion state of the
graphene in the nanocomposite fibers, the cross sections of the
fibers were examined by a scanning electron microscopy (SEM)
instrument (Figure 5). With the increase of the content of
MEG, the cross sections of the fiber became rough (Figure 5a−
f). The content of MEG in Figure 5c is 0.3 wt %, which is the
turning point from smooth to rough. Higher than this content,
the dispersion of MEG in PVA was reduced, and the MEG
nanosheets were agglomerated into thick graphene sheets,
weakening the efficiency of the tensile strength. The surfaces of
the fibers also showed same characteristics (Figure S1). On the
other hand, breakage elongations of nanocomposite fibers had
the opposite trend. With the loading of MEG increasing to 0.3
wt %, the breakage elongations decreased to 13.96%. As more
graphene was added, the elongation at break gradually
increased to 17.92%. The close interaction between graphene
and the matrix affects the movement of the polymer chains.
This result shows that the MEG can effectively enhance PVA
within a reasonable range of addition and the PVA/MEG
nanocomposite fibers have sufficient mechanical properties as
candidates for surgical sutures.

2.2.2. Antibacterial Properties and Cytotoxicity of PVA/
MEG Nanocomposite Fibers. The ideal surgical suture should
have good mechanical properties not only to provide adequate
support for the tissue edge but also to prevent the breeding of
bacteria. To detect the antibacterial properties of nano-
composite fibers, both Gram-positive and Gram-negative
microorganisms were measured by using a viable cell-counting
method. It can be seen from Figure 6a,b that fibers show the
different antimicrobial effect after 4 h of exposure. The growth
curves of the bacteria in contact with different fibers are shown
in Figure 6c,d. It can be seen that the PVA fiber has no
antimicrobial properties, and with the increase in the content of
MEG, fibers showed a higher antibacterial effect. It is
noteworthy that the Gram-positive bacteria are more sensitive
to nanocomposite fibers than the Gram-negative bacteria.
Carpio et al. also observed the same phenomenon in previous
studies.35 They believe that the reason why the Gram-positive
bacteria are more sensitive than the negative bacteria is due to
their lack of external cell membrane. They also believe that
oxidative stress is one of the main mechanisms of the
antibacterial behavior. However, the MEG is prepared by the
mechanical method, which almost does not contain oxygen
groups. The possible mechanism of the antimicrobial behavior
can be explained by physical damage.36 The sharp edges of the
graphene flakes on the nanocomposite material can damage the
cell membrane, causing the cell membrane to fall off.37

Compared with oxidative stress which is caused by the rGO,
the physical damage will not affect large areas of cells but only
kill the adjacent bacteria.

Figure 2. AFM analysis of the graphene materials at different periods
of exfoliation. (a−c) AFM images of MEG obtained at different
exfoliation times. (a) 3, (b) 4, (c) 4.5 h, and (d) correlation between
the thickness of MEG and exfoliation time. The inset in (d) shows
times from 4 to 5 h.

Table 1. Comparison of the Graphene Yield Using Various
Exfoliation Production Methods

precursors processing features
yield efficiency

(%) references

graphite shear exfoliation 3.0 27
graphite in (NH4)2CO3 7−65 28
graphite 460 h bath

sonication
36.4 29

graphite 1 h shear mixer 0.2 30
pyrolytic graphite hydrothermal ∼35 31
unmodified isostatic
graphite

1 h stirred media
milling

4.3 32

graphite 30 h ball milling 35.6 33
raw pyrolytic graphite 4−10 h

hydrothermal
10 18

graphite 5 h three-roll mill 91.32 this work
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The enhanced mechanical properties of PVA fibers by MEG
as well as the antibacterial properties of nanocomposite fibers
show great potential, which can be used as skin suture and for
tissue engineering. However, as surgical sutures, the nano-
composite fibers will come in direct contact with human tissues,
so it is particularly necessary to ensure the safety of PVA/MEG
nanocomposite fibers for human cells. In this work, peripheral
blood mononuclear cells (PBMCs) were used to assess the
cytotoxicity of PVA/MEG nanocomposite fibers with different
contents of MEG. It is well-known that this cell is sensitive to
exogenous toxicity. As shown in Figure 6e, after 48 h of
exposure, the cells in neat PVA fiber and PVA/MEG
nanocomposites with 0.05, 0.1, 0.3, and 0.5 wt % of MEG

did not show significant apoptosis, so these nanocomposite
fibers have no adverse effect on these cells. However, the cells
exposed to nanocomposite fibers containing 0.7 wt % of MEG
were slightly reduced. According to the results, nanocomposite
fibers in a certain content range of MEG are safe for PBMCs.
Therefore, PVA/MEG nanocomposite fibers can be directly
applied to human tissues in the current research process.
However, the reason that PVA/MEG nanocomposite fibers
showed opposite results to bacteria and that human cells may
be related to the different size and structure of the two kinds of
cells is worthy to be further explored.
In addition, other properties of nanocomposite fibers were

valued, for instance, the thermal stability (Figure S2) and UV
blocking (Figure S3).

2.2.3. Wound Healing Test. On the basis of the study of
mechanical properties, antibacterial properties, and the
cytotoxicity to human cells of PVA/MEG nanocomposite
fibers, we selected the common surgical suture, neat PVA fiber,
and three kinds of PVA/MEG nanocomposite fibers to suture
mouse wounds. Figure 7a,b shows the representative images of
stitched wound and unhealed wound rates during 5 post-
operative days. The scalpel exposed to air for 24 h was used to
cut a wound on the back of every mouse, and all the wounds
were not disinfected. Then we sew these wounds with five
kinds of lines, and the ordinary interrupted suture was used. At
4 h, the wounds stitched by the common surgical suture, neat
PVA fiber, and PVA/MEG nanocomposite fibers (containing
0.05 and 0.1 wt % MEG) were all inflamed by a bacterial
infection. It should be noted that the common surgical suture-
treated wound has severe edema with exudate, and the
involution of neat PVA fiber-treated wound was not good.
On the other hand, PVA/MEG nanocomposite fibers with 0.05
and 0.1 wt % MEG-treated wounds showed a certain
inflammation, but the involution of wounds was good with
no exudate. With further increasing the MEG content to 0.3 wt
%, the nanocomposite fiber-treated groups exhibit a reduced
unhealed wound area without inflammation and exudate. On
the fifth day, except the common surgical suture-treated group,
neat PVA fiber, and the nanocomposite fiber with 0.05 wt % of
MEG-treated groups, all of the other groups have reached the

Figure 3. Images of PVA/MEG nanocomposite fibers with different loadings of MEG. (a) 0, (b) 0.05, (c) 0.1, (d) 0.3, (e) 0.5, and (f) 0.7 wt %.

Figure 4. Mechanical properties of PVA/MEG nanocomposite fibers
and schematic models. (a) Tensile strength of PVA/MEG nano-
composite fibers, (b) diagram of mechanical performance for PVA/
carbon materials in previous and in this work (dots in the light blue
area), and (c) schematic models for the dispersed states of MEG in the
PVA/MEG nanocomposite fibers.
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standard of the stitches that the collagen fibers on both sides of
the wounds were connected and the fibers were moved.
Obviously, the PVA/MEG nanocomposite fiber-treated groups
(0.1 and 0.3 wt % of MEG) almost have no unhealed wound
areas compared to the other groups (see Figure 7b). To
evaluate the microscopic appearances of local skin for the
common surgical suture-treated group and the nanocomposite
fiber with 0.3 wt % MEG-treated group on the 7 days,
histological examination of the full-thickness wounds was
performed (see Figure 7c,d). The number of inflammatory cells
in the nanocomposite fiber with 0.3 wt % MEG-treated group
was much less than that in the common surgical suture-treated
group.

These results indicate that PVA/MEG nanocomposite fibers
are efficacious for the healing of the wounds. It is not surprising
that PVA/MEG nanocomposite fibers are better than the neat
PVA fiber and common surgical suture for infectious wounds
because of the outstanding antimicrobial properties and
excellent mechanical properties. It is worth mentioning that
the PVA/MEG nanocomposite fibers are smooth monofila-
ment sutures. Compared with the rough surface of multibeam
surgical sutures, the suture resistances of the PVA/MEG
nanocomposite fibers are very small and will not cause
secondary damage.

Figure 5. SEM images of cross sections of PVA/MEG nanocomposite fibers. (a−f) Cross sections of PVA/MEG nanocomposite fibers with loadings
of 0, 0.05, 0.1, 0.3, 0.5, and 0.7% MEG, respectively.

Figure 6. Antimicrobial activity of PVA/MEG nanocomposite fibers. Plate count result of (a) Escherichia coli and (b) Staphylococcus aureus after 4 h
of exposure to PVA/MEG nanocomposite fibers with different contents of MEG; the optical measurements of (c) E. coli and (d) S. aureus under
optical density (OD600) in tryptic soy broth after 4 h and exposure to each fiber, and (e) percent cytotoxicity of cells after 48 h of exposure to PVA/
MEG nanocomposite fibers.
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3. CONCLUSIONS

In summary, we have obtained MEG with a high yield of 91%
in viscous medium via a three-roll mill as a nanofiller for the
PVA matrix. AFM, TEM, Raman spectra, and XPS have
demonstrated that nonoxidized MEG has a complete structure
and good electrical property. Furthermore, PVA/MEG nano-
composite fibers were prepared by gel spinning and a high
ultimate tensile strength of 2.1 GPa was much higher than that
of the neat PVA fibers of 0.75 GPa. The high strength is
attributed to the uniform dispersion of MEG in PVA and
noncovalent bonding with the polymer, which conducts the
external forces on the polymer chains. On the basis of the good
antibacterial properties and low cytotoxicity of PVA/MEG
nanocomposite fibers, both the common surgical suture and the
PVA/MEG nanocomposite fibers with three kinds of MEG
loadings were valued on the mice model. The results showed
that the wound healing cycle of the PVA/MEG nanocomposite
fiber with 0.3 wt % of the MEG-treated group was the shortest.
Therefore, the PVA/MEG nanocomposite fiber can be used as
a promising new candidate for surgical sutures.

4. EXPERIMENTAL SECTION
4.1. Materials. Graphite powder with an average particle size of 25

μm and a purity of >99.9% was purchased from Sinopharm Chemical
Reagent Co. Ltd (Shanghai, China); natural honey from Beijing
Flowers Apiculture Technology Development Co. Ltd. (Beijing,
China); and PVA (Mw ≈ 74 800) from Kuraray Co. Ltd. (Japan).
DMSO and ethanol were purchased from the Tianjin Guangfu Fine
Chemical Research Institute (Tianjin, China). Cellulose acetate
membranes were supplied by Xinya Purification Device Factory
(Shanghai, China). Adult male Kunming mice, 6−8 weeks old, were
obtained from the Animal Laboratory Center in Lanzhou University,
and all the experimental designs were carried out in strict accordance
with institutional guidelines of the Care and Use of Laboratory
Animals. S. aureus (ATCC 25923), E. coli (ATCC 25922), and PBMC
were obtained from the Lanzhou University School of Medicine.
Surgical sutures were purchased from Yangzhou Yuan Kang Medical
Devices Co., Ltd. (Yangzhou, China). All reagents are of chemical
grade and were used as received without further purification.

4.2. Preparation of Graphene. First, the graphite powder (1 g)
was added to honey (8 mL) and stirred at 200 rpm for 10 min by a
mechanical stirrer. Then, the mixture was placed between the feed and
the center rolls of a three-roll mill. In the three-roll machine rotation
process, the high viscosity of the viscous medium will be evenly
distributed in every roll, and the natural graphite was exfoliated for 3,
4, 4.5, and 5 h, respectively. Here, it is noted that, during the
exfoliation process, the roller temperature and the humidity of the
mixed material should be in a stable state. The productions with
different peeling time were transferred to a beaker and washed three
times with distilled water at 80 °C to remove the viscous medium and
obtain the monolayer and multilayers of graphene. Finally, high-quality
graphene can be separated from the mixture dispersion of exfoliated
graphite by a centrifuge of 1000 rpm for 15 min, and then, the
precipitate of unexfoliated graphite was removed.

4.3. Fabrication of PVA/MEG Nanocomposite Fibers. First, a
certain amount of PVA and graphene at the expected ratio were slowly
added into a mixed solution of DMSO and water at a volume ratio of
4:1 by shear mixing at 300 rpm and 80 °C for 1 h, and the solid
content of the spinning solution was 0.16 g/mL. Next, the spinning
solution was placed in a hot oven at 70 °C for 4 h to remove air
bubbles and was spun into 75% ethanol solution at −10 °C by a
syringe which was placed on a syringe pump at a rate of 1 mL/min.
Then, the nascent fibers were taken out after 1 h and dried at room
temperature for 24 h. Finally, the composite fibers were stretched 20
times on a hot plate at 180 °C.

4.4. Characterization. AFM was performed on an Asylum
Research MFP-3D instrument in a tapping mode to investigate the
heights and the lateral dimensions of the MEG sheets. The TEM
images were recorded by using a FEI Tecnai F30 microscope. Raman
spectra of graphene were obtained with a HORIBA Jobin Yvon
LabRAM-HR800 microscope with a 532 nm argon-laser excitation.
XPS was performed on the exfoliated graphene to study the chemical
modification, and the XPS spectra were carried out on a Kratos AXIS
Ultra DLD instrument with Al Kα radiation at room temperature. For
electrical testing, MEG was pressed into a circular thin flake with a
diameter of 10 mm, and the conductivity was measured using the RTS-
8 four-point probe tester. Tensile testing was performed through an
Instron 3343 material testing machine at a loading rate of 2 mm/min
with a gauge length of 10 mm. The morphological features of the
PVA/MEG nanocomposite fibers were characterized by a Hitachi S-
4800 SEM instrument with an accelerating voltage of 5 kV. Thermal
gravimetric analysis for the samples was performed on a PerkinElmer

Figure 7. Wound healing evaluation of mice model. (a) Representative wounds at different times after surgery and (b) unhealed wound rate in five
groups during 5 postoperative days. Histological examination of (c) nanocomposite fiber with 0.3 wt % of MEG-treated group and (d) common
surgical suture-treated group.
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Diamond thermal analyzer from room temperature to 600 °C with a
heating rate of 10 °C/min and with N2 as the sample purge gas.
Ultraviolet−visible spectra of PVA/MEG nanocomposite fibers were
recorded via using a TU-1901/1900 spectrophotometer at a scanning
wavelength between 200 and 1000 nm. On the basis of the recorded
data in accordance with the Australia/New Zealand standard AC/NZS
439:1996, ultraviolet protection factor (UPF) was calculated as
follows38

∫

∫

λ

λ
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× ×

× × ×

λ λ

λ λ λ
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E S T
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d

d
290

400

290

400

(4)

where Eλ is the relative erythemal spectral effectiveness, Sλ is the solar
UV spectral irradiance, Tλ is the spectral transmittance of the
specimen, dλ is the wavelength increment (nm), and λ is the
wavelength (nm).39

4.5. Biological Tests of the PVA/MEG Nanocomposite Fibers.
In vitro antibacterial activity of PVA/MEG nanocomposite fibers was
tested against the Gram-positive bacteria S. aureus (ATCC 25923) and
the Gram-negative bacteria E. coli (ATCC 25922) in a suspension by
using the viable cell-counting method. The fibers were mixed in
phosphate-buffered (PB) solution, and a blank prepared with bacteria
alone in PB solution was used as a control. Both of the two solutions
were added to 2 mL PB suspension of microorganisms and incubated
for 18 h at 37 °C with shaking. The samples were serially diluted and
mixed with melted Luria−Bertani agar and poured into a sterile Petri
dish. After incubation at 37 °C for 4 h, the numbers of bacterial
colonies were counted and averaged from three replicate tests for each
sample.
The toxicity of PVA/MEG nanocomposite fibers was measured

after 4 h of exposure to these samples, and the survival of the bacteria
was determined by measuring the growth curve by OD. After the
exposure, the OD of every group in 200 μL of fresh media was
measured every half hour at 600 nm with a Synergy MX Microtiter
plate reader. This process is repeated three times. Statistical analyses
(two-sided t-test, 95% confidence interval) were implemented to
identify whether the OD values of the samples with nanocomposite
fibers were significantly different from the control.
The cytotoxicity of PVA/MEG nanocomposite fibers was

investigated by a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium
bromide assay. PBMCs were seeded to a 96-well flat plate (Falcon,
USA) and cultured in RPMI-1640 medium (Sigma-Aldrich, USA)
supplemented with 10% heat-inactivated bovine serum and 1%
streptomycin. The survival of PBMCs in the control sample and
nanocomposite fibers was studied after 48 h. There is a linear
relationship between the amount of the formazan compound produced
by living cells and the number of living cells. All the results were
calculated according to eq 5

= ×A ALive cells (%) / 100%S N (5)

where AS is the absorbance of samples and AN is the absorbance of a
negative control.
In vivo wound healing study was carried out by PVA/MEG

nanocomposite fibers using an animal model. Adult male Kunming
mice, 6−8 weeks old, were obtained from the Animal Laboratory
Center in Lanzhou University. After the mice were anesthetized with
an intraperitoneal injection of pentobarbital sodium (0.05 mg/g), the
hair of the mice was removed and an open surgical wound of 1.5 cm in
length was created on the dorsal skin by a scalpel, which was sterilized
and exposed to air for 24 h. The wounds were sutured with common
surgical sutures, neat PVA fiber, and PVA/MEG nanocomposite fibers,
respectively. The postoperative mice were exposed to unsterilized air
to create an ordinary wound healing environment. At postoperative
hours 0, 4, 12, and 5 days later, the appearance of the wounds was
photographed and the wound healing rate was calculated by the
percentage of At/A0, where At and A0 were the inflammation areas on
the specified time and the time of operation, respectively. The wound
with adjacent normal skin was excised at the seventh postoperative day

for counting inflammatory cells. Sections were stained with
hematoxylin and eosin and counted using ImageJ 1.41 software.

■ ASSOCIATED CONTENT

*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acsami.7b17835.

SEM of surfaces, thermal degradation behavior, and UV-
blocking properties of PVA/MEG nanocomposite fibers
(PDF)

■ AUTHOR INFORMATION

Corresponding Author
*E-mail: baiyx@lzu.edu.cn.

ORCID
Yongxiao Bai: 0000-0001-5821-3015
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
We would like to thank the PetroChina project Foundation
(kywx-17-006) and the National Natural Science Foundation of
China (no. 50703017). We also acknowledge the support for
the basic scientific research business expenses by the central
university and Open Project of Key Laboratory for Magnetism
and Magnetic Materials of the Ministry of Education, Lanzhou
University.

■ REFERENCES
(1) Han, M. Y.; Özyilmaz, B.; Zhang, Y.; Kim, P. Energy band-gap
engineering of graphene nanoribbons. Phys. Rev. Lett. 2007, 98,
206805.
(2) Munuera, J. M.; Paredes, J. I.; Enterría, M.; Pagań, A.; Villar-
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