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Abstract: In this work, nanocomposite membranes based on graphene and polylactide were evaluated
for mechanical properties and biocompatibility. Single-layer graphene (SLG), graphene nanosheets
(GNS), and poly L-lactic acid (PLLA) were prepared through layer-by-layer deposition and homoge-
neous mixing. The results revealed that PLLA/SLG nanocomposites and PLLA/GNS nanocomposites
could show enhanced mechanical properties and biocompatibility. The addition of a tiny amount
of SLG significantly improved Young’s modulus and tensile strength of the PLLA matrix by 15.9%
and 32.8% respectively, while the addition of the same mass ratio of GNS boosted the elongation at
break of the PLLA matrix by 79.7%. These results were ascribed to the crystallinity and interfacial
interaction differences resulting from graphene incorporation. Also, improved biocompatibility was
observed with graphene incorporation. Such nanocomposites membranes showed a lot of potential
as environment-friendly and biomedical materials.

Keywords: single-layer graphene; mechanical properties; thermal stability; biocompatibility

1. Introduction

Biodegradable polymers attract more and more attention in many biomedical and
environmental areas. As a typical biodegradable polymer, polylactic acid (PLA) is a
polyester material with superior optical, physical, mechanical, and barrier properties,
PLA has been widely used in the production of environment-friendly food packaging
as freestanding membranes or coatings [1–4] and has great potential as a sustainable
alternative to petrochemical-derived polymers [5]. In addition, PLA has also played
a great role in advancing the development of biomedical materials due to its superior
biocompatibility and degradability. Currently, sutures, stents, orthopedic implants, and
drug delivery systems produced from polylactic acid and other biodegradable polymers
have mature clinical applications [6–9].

However, rather poor tensile strength and weak impact toughness owing to the
amorphous or semi-crystalline structure of PLA limited its application. Normal technical
methods are found to be difficult to increase these crystalline characteristics [10,11]. Hence,
modification of PLA becomes one of the research focuses. The mechanical characteristics
and thermal stability of PLA have been improved using a variety of techniques. One
of the most efficient ways to enhance the crystallization characteristics of PLA is to use
nanofillers as nucleating agents to lower the nucleation activation energy [12–17]. Therefore,
a variety of high-performance nano-reinforcing agents such as nanoclays, nanofibers,
carbon nanotubes, etc. were developed [18–22].

Graphene is a nanomaterial with one-atom-thick carbon atoms arranged in a two-
dimensional honeycomb structure. Since the first separation of graphene by Navoselov
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in 2004 [23], graphene has sparked the extensive interest of scientists in various fields
due to its unique physical and chemical properties, including ultra-high specific surface
area, exceptional electrical, thermal, and mechanical properties [24–26]. At the same time,
these properties make graphene an ideal nano-enhancer, and some composite materials
with higher comprehensive properties have been obtained [27–29]. It is noteworthy that
the reinforcing impact of nanofillers like graphene in polymers is heavily reliant on their
efficient interfacial interaction with the polymer matrix [30,31]. In general, the larger the
contact area of the nanofiller with the polymer matrix, the better the dispersion and the
performance of composites. Considering the application requirements of biomedical mate-
rials, the good biocompatibility of nanofillers is essential. The response of living cells to
the graphene-filled polymer nanomaterials depends greatly on the properties of graphene
such as layer number, lateral size, purity, dose, surface chemistry, and hydrophilicity.
Therefore, the selection of nanofillers as reinforcing agents usually requires considera-
tion of several factors including the surface area, type, structure, and biocompatibility of
the filler [32].

Presently, numerous experiments and theoretical studies have been conducted on
the PLA composites of graphene and modified graphene [33–35]. Nonetheless, research
on single-layer graphene (SLG) and graphene nanosheets (GNS)-filled PLA composite
materials is still in its early stages. This is primarily because the compounding of PLA with
SLG based on completely preserving the properties of SLG is still challenging. Despite
this, as a material that can enhance the ability of human osteogenic differentiation [36], the
performance and prospective biomedical applications of SLG and GNS in PLA composites
cannot be underestimated.

In this article, the impacts and properties of SLG and GNS in poly L-lactic acid
(PLLA) nanocomposites are compared. The effects of the different interactions between
SLG/GNS and PLLA were elucidated by a direct comparison of various properties of the
two composites using the same preparation methods and process parameters. The tensile
properties and fracture toughness of SLG and GNS-filled PLLA nanocomposites were
investigated. The biocompatibility of the nanocomposites was also studied.

2. Materials and Experimental Procedure
2.1. Preparation of PLLA/SLG Films

The PLLA/SLG films were prepared following the method described in the liter-
ature [37]. Briefly, a single-layer Gr (Xianfeng Nanomaterials, Nanjing, China) grown
on a Cu substrate by CVD was spin-coated with 20–30 mg/mL PLLA solution (Huanuo
Biomaterials, Changchun, China, the solvent was dichloride methane, molecular weight
200,000). The spin-coated polymer film was dried at room temperature for 2 h to com-
pletely evaporate the solvent. Then, the copper substrate was etched away with an aqueous
ammonium persulfate solution (Aladdin Chemical Reagent, 0.1 M, Wokai Biotechnology
Co., Ltd., Shanghai, China) for less than 8 h. After the copper sheet was completely etched,
slowly rinse the PLLA/SLG film with deionized water more than 4 times.

2.2. Fabrication of PLLA/SLG and PLLA/GNS Composites

The composites were prepared by the solution casting method. Using a film applicator
to flatly and evenly cover the PLLA surface of the PLLA/SLG film with the 50 mg/mL
PLLA solution (the solvent was 1,4-dioxane), cut the obtained PLLA/SLG (PSG) film
into desired shapes after drying for 24 h. The mass ratio of PLA to monolayer graphene
(MPLLA/MGraphene) in PSG composite films was calculated. Then, graphene nanosheets
(GNS, Shanghai Pro-Graphene, Shanghai, China) containing the same MPLLA/MGraphene
were dispersed in 50 mg/mL PLLA solution to obtain PLLA/GNS solution. The PLLA/GNS
solution was uniformly spread into a film with the same thickness parameters using the
film applicator and then dried in an oven at 37 ◦C for 24 h to obtain composite films of
PLLA/GNS (PGN).
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2.3. Analysis and Characterization

Raman spectra were taken on samples to characterize the chemical components and
structure of SLG and GNS using Micro-Raman (Renishaw plc, inVia-Reflex, NT-MDT Co.,
Moscow, Russia) with a DXR laser operating at 532 nm. X-ray diffraction (XRD) mea-
surement was conducted by an X’ pert PRO (PANalytical B.V., Almelo, The Netherlands)
X-ray diffractometer at room temperature. The diffracted intensity of Cu Kα radiation
(k = 1.54178 Å) was recorded with a scanning speed of 5◦/min from 10◦ to 80◦. The surface
morphology of composites was observed with scanning electron microscopy (SEM, S-4800,
SU-70 Hitachhi, Tokyo, Japan).

The mechanical properties of composites were tested by using a tensile machine
(Zwick GmbH&Co.KG, Z005, Dongguan, China) at a crosshead speed of 5 mm/min at
room temperature. The samples were cut into rectangular shapes of 5 mm wide and 20 mm
long. The reported tensile strength and elongation at break were the average values of at
least four samples. Crystallization evolution was observed using an E600POL polarizing
microscope (POM, NIKON, Japan). To imitate the crystallization behavior during the
fabrication process of composites, the melted samples were cooled to room temperature
at 80 ◦C/min, and the crystallization morphology evolution during the cooling process
was observed. The thermal stability of the samples was checked using an STA analyzer
(TGA/DSC3+, Mettler Toledo, Switzerland) from the temperature range of 50–500 ◦C
with a heating rate of 10 ◦C/min under the nitrogen atmosphere. Differential scanning
calorimetry (DSC) measurement was performed on a TA-DSC calorimeter (PE, Mettler
Toledo, Zurich, Switzerland) under a nitrogen flow of 50 mL/min. To eliminate the thermal
history of the nanocomposite samples, the samples were heated from 20 ◦C to 200 ◦C at
a heating rate of 10 ◦C/min under a nitrogen atmosphere for 5 min. Then, the melt was
cooled to 20 ◦C at a rate of 10 ◦C/min and reheated to 200 ◦C. The first cooling and second
heating scan curves were recorded.

Rat bone marrow mesenchymal stem cells (BMSCs) were used as model cells. Cell
Counting Kit (CCK-8) was used to evaluate the cell adhesion and proliferation capacity of
neat PLLA, PLLA/SLG, and PLLA/GNS. After BMSCs (20,000 cells/cm2) had been seeded
on the surface of the nanocomposites and cultured for 1 day and 3 days, the solution of
CCK-8 (Dojingdo Laboratories, Kumamoto, Japan) with a concentration ratio of 1:10 to
the culture medium was added. Then, after the cells were incubated in an atmosphere
of 5% CO2 and 37 ◦C for 2 h, the optical density (OD) of the solution was measured at
450 nm with a microplate reader (Multiskan MK3, Thermo Fisher Scientific, Shanghai,
China). The contact angle test was used to evaluate the hydrophilicity and hydrophobicity
of material surfaces (OCA 20, Dataphysics, Stuttgart, Germany). Contact angles reported
are the average of at least three measurements per sample.

3. Results and Discussion
3.1. Composition, Structure and Morphology of the Nanocomposite Films

The compositions of neat PLLA and representative PLLA/SLG (PSG) and PLLA/GNS
(PGN) composites at the same mass ratio were determined by confocal laser Raman spec-
troscopy (Figure 1). Different from pure PLLA, exhibiting characteristic bands at 2940 cm−1

identified as C-H stretching modes of -CH3 groups (Figure 1a,b), new bands appeared in
the Raman spectra of PSG and PGN, with wavelengths around 1580 cm−1 and 2700 cm−1,
corresponding to the G and 2D peaks of graphene (Figure 1a,b). Combined with the IG/I2D
value of each composite material around 1:1 (Figure 1a,b), it can be seen that the graphene in
the composite material is complete and uniformly dispersed. Fully confirmed the effective
combination of SLG and PLLA, and GNS dispersed in the PLLA matrix. In addition, the
appearance of graphene D peaks was not observed, indicating that the structures of the
obtained SLG and GNS were complete and defect-free.
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Figure 1. Raman spectra of (a) PSG and (b) PGN nanocomposites with the same MPLLA/MGraphene.

To characterize the morphology and dispersion of SLG and GNS in the composites,
SEM images of PLLA, PSG, and PGN composite films were studied (Figure 2). Because of
the various types and adding procedures of graphene, the surface of each film was unique.
The surface of the composite film added with SLG was comparable to that surface of neat
PLLA, with dense and fine dendrites distributed (Figure 2a,b). The addition of GNS will
make the dendrites on the surface of the film connected to a certain extent, resulting in a
thicker crystalline surface (Figure 2c). This might originate from the interfacial interaction
between GNS and PLLA. It was also consistent with the subsequent crystallization test.
It is worth mentioning, however, that because of the limited compatibility of GNS with
the PLLA matrix, there were some GNS aggregation on the surface indicated by the red
arrows (Figure 2c).
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3.2. Crystallization Behavior of the Nanocomposites

The crystallinity of a polymer plays a crucial role in its performance. As a semi-
crystalline polymer, it is very meaningful to study the crystallization of PLLA and the
effect of SLG and GNS as fillers on its crystallization behavior. The XRD patterns of
nanocomposite films including pure PLLA, PSG, and PGN are shown in Figure 3. In general,
crystals with two different structures, α, and β, can be detected in PLLA. The diffraction
patterns of pure PLLA, PSG, and PGN in Figure 3 all have the strongest diffraction peaks
at 2θ = 16.5◦, corresponding to the (110) and (200) reflections of PLLA, which indicate
that PLLA in nanocomposites is in the order of orthorhombic α-crystal form exists [38].
Moreover, less intense diffraction peaks were observed at 18.7◦ and 21.7◦, corresponding to
the (203) and (210) reflections of PPLA, respectively. The creation of a few mesomorphic
structures in the PLLA due to an excessive cooling rate is primarily responsible for the
appearance of these peaks [39,40]. All XRD patterns revealed the same diffraction peaks,
which means that the incorporation of SLG and GNS did not change the crystal structure
of PLLA in the nanocomposites. Interestingly, the diffraction peak intensity of PLLA was
significantly increased in PSG and PGN nanocomposites, indicating an improvement in
crystallinity and an increase in crystal order [41]. In addition, as shown in Figure 3, in
the XRD patterns of PSG and PGN, the characteristic diffraction peak at 26.5◦ attributed
to graphite was not detected, indicating that the dispersion of graphene in the PLLA
matrix was good and close to the monolayer level, which was consistent with the results of
Raman spectroscopy.
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Since PLLA is a semicrystalline polymer, the mechanical properties are influenced
by the degree of the crystallinity to some extent [42,43]. DSC was used to investigate the
crystallization behavior of PLLA in the nanocomposite. Figure 4 showed the DSC heating
and cooling curves of the neat PLLA, PSG and PGN nanocomposites at a scan rate of
10 ◦C/min, and the results of typical thermal properties, including Tg (glass transition
temperature), Tc (cold crystallization temperature), Tm (melting point temperature), ∆Hc
(the cold crystallization enthalpy and χc (the crystallinity) were listed in Table 1. The degree
of crystallization of the films was calculated by the following Equation (1),

χc = (
∆Hc

∆H0
m
) × 100% (1)

where χc is the percent crystallinity, ∆Hc was the enthalpy of the cold crystallization
of nanocomposites, and ∆H0

m was the enthalpy of the melting with a value of 93.0 J/g,
which was reported to be the melting enthalpy for 100% crystalline PLLA [44]. With the
existence of SLG and GNS, the exothermic peaks become more noticeable and ∆Hc was
higher. Furthermore, at the same mass ratio of graphene filling, PSG nanocomposites have
distinct and sharper exothermic peaks than PGN nanocomposites. This is because graphene
provides PLLA with heterogeneous nucleation sites, which improves the crystallization
ability of PLLA, and the nucleation speed of SLG is faster than that of GNS. Both Tc and
χc of the nanocomposites were significantly increased after the addition of SLG and GNS,
indicating that the presence of SLG and GNS favored the non-isothermal cold crystallization
behavior of PLLA due to the efficient nucleating effect of graphene for PLLA crystallization.
For polymers, the high molecular mobility at high temperatures is very beneficial for
crystal nucleation. In the presence of graphene, the exothermic amplitude of PLLA crystals
increases and the crystallization exotherm sharpens, meaning that both crystallization
nucleation and crystal growth of the PLLA matrix are enhanced. Ajala et al. [40] likewise
came up with similar findings. The increased Tg values of PSG and PGN nanocomposites
can be attributed to the effective linkage of PLLA to graphene that restricts the segmental
motion of PLLA chains, and this increased stability also indicates a higher interfacial
bond strength between PLLA and graphene [45]. Further, a rise in Tm in nanocomposites
suggested that SLG and GNS are beneficial to the perfection of crystallites and prevent the
formation of more defective PLLA crystallites.

Table 1. Calorimetric data derived from the DSC cooling curves and heating curves for the PLLA,
PSG and PGN nanocomposites.

Samples Tg (◦C) Tc (◦C) Tm (◦C) ∆Hc (J/g) χc (%)

PLLA 60.4 116.9 176.5 33.4 35.9
PSG 62.1 132.2 177.6 38.0 40.9
PGN 65.3 122.8 178.6 39.6 42.6
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nanocomposites with different filler contents.

To further specifically explore the nucleation effect of graphene on PLLA crystal-
lization, polarizing microscopy (POM) was used to study the isothermal crystallization
morphologies of neat PLLA and its nanocomposites at around their crystallization temper-
atures (120, 127 and 136 ◦C, respectively). Figure 5 showed the spherulitic morphology
of neat PLLA, PSG, and PGN at different crystallization times. Only a few nuclei ap-
pear in neat PLLA whereas PSG and PGN show more nuclei after 1 min (Figure 5a,d,g).
The morphological differences for PLLA, PSG, and PGN are more obvious after 5 min
(Figure 5c,f,i). For neat PLLA, the number of spherulites is small, and their size is rela-
tively big because the spherulites had large space to grow before impinging on each other
(Figure 5c). With the addition of graphene, the number of PLLA spherulites increases
significantly, and consequently, their size is dramatically reduced (Figure 5f,i). Spherulitic
morphology studies here clearly suggest the strong heterogeneous nucleation effect of
graphene, which is in agreement with DSC findings.
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3.3. Mechanical, Thermal Properties and Biocompatibility

Considering the remarkable mechanical properties of graphene, such as high me-
chanical strength and high modulus, it is predicted that the mechanical properties of
PLLA nanocomposites will be enhanced by SLG and GNS. The mechanical properties
of pure PLLA, PSG, and PGN nanocomposite films were evaluated using tensile tests,
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and typical stress-strain curves are shown in Figure 6a. The variations of tensile strength,
Young’s modulus, and elongation at break are plotted in Figure 6b–d. As seen in Figure 6a,
all nanocomposite films show a typical characteristic of ductile fracture behavior with a
well-defined yield point, including the neat PLLA films. While as a brittle material, the
reason why neat PLLA exhibit a typical characteristic of ductile fracture behavior may be
due to the incomplete discharge of the dissolving agent. Nevertheless, some significant
changes can be observed in the mechanical properties of polymer by graphene. The tensile
strength and Young’s modulus of PSG nanocomposite films were significantly increased as
compared to that of neat PLLA film (30.47 MPa and 1.13 GPa), and reached a maximum
of 40.45 MPa and 1.31 GPa (Figure 6a,b), indicating that the mechanical strength of PSG
nanocomposite films is enhanced. Different from the previous study [46], the toughness
of PSG was also improved compared with that of neat PLLA film, and the elongation at
break increased from 114.07% to 123.95%. The reason for this simultaneous improvement of
mechanical strength and toughness is mainly attributed to the good interfacial interaction
between SLG and PLLA matrix. Meanwhile, GNS greatly improves the toughness of PGN
nanocomposite films based on sacrificing some mechanical strength, and the elongation at
break increases to 204.97%, an increase of 79.7%. (Figure 6d). Compared with neat PLLA,
SLG can play the role of strengthening and toughening at the same time, while GNS can
greatly improve stretch ability with low content. Therefore, choosing different kinds of
graphene as reinforcing fillers has different effects, which is consistent with many previous
reports of nanofiller-reinforced PLLA composites [47,48]. This result may be attributed to
the different interfacial structures between nanofillers and polymer matrix.
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In fact, the improvement in tensile strength and tensile modulus depends on factors
such as the shape and dispersion of nanofillers in the matrix, nanofillers interfacial adhesion,
and strength with the matrix material. However, the shape and dispersion of graphene play
an important role in the enhancement of the tensile properties of PLLA. In PSG, the SLG is
composited with the polylactic acid matrix in the mode of whole-sheet coverage, and the
compatibility between SLG-PLLA acid and PLLA matrix is stronger, so the effective contact
area between the nanofiller and the matrix is larger, and the adhesion energy is higher.
When the composite nanomaterials are subjected to stress stretching, SLG can limit the
expansion of cracks, avoid the formation of larger cracks, and improve the tensile strength
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of the composites. In addition, SLG also restricts the mobility of polymer chains under
load by blocking the molecular chains. The increased crosslinking rate in the PLLA matrix
and the restricted movement of the PLLA macromolecular chains ultimately improved the
tensile modulus of the nanocomposite PSG. From the shape and dispersibility of nanofillers,
GNS are complexed in the matrix in the form of small clusters. Due to the strong van der
Waals forces between GNS, GNS are more likely to accumulate in the matrix and have
poorer dispersion. The interfacial interaction force between GNS and PLLA is weaker,
which also leads to a slight decrease in the strength of PGN. Therefore, the good interfacial
interaction between SLG and PLLA can effectively transfer the load to SLG, enhancing the
tensile strength and tensile modulus of PLLA/graphene nanocomposites.

On the other hand, since PLLA is semi-crystalline, including the interfacial interaction
between the nanofillers and the polymer matrix, the crystal structure, and morphology of the
polymer matrix are also key factors affecting the mechanical properties of nanocomposites.
The results of XRD (Figure 3), DSC (Figure 4), and POM (Figure 5) confirmed that the addition
of SLG and GNS both improved the crystallinity of PLLA, and benefited from the excellent
heterogeneous nucleating ability of graphene on PLLA crystallization. The nanofiller-induced
interfacial crystallization layer plays a key role in the non-covalent stress transfer between
graphene and PLLA. As mentioned earlier, the larger contact area between SLG and PLLA
matrix results in the formation of a larger interfacial crystalline layer, which can lead to a
significant increase in mechanical strength. The addition of SLG and GNS not only improved
the crystallinity of the nanocomposites, but also tended to induce the PLLA matrix to form
spherulites with smaller diameters. It is very important for the improvement of toughness. In
general, unreinforced amorphous polymers undergo plastic deformation through unhindered
shear band propagation. The fine-grained PLLA crystals in PSG and PGN provide resistance
to the propagation of shear bands, thus, the plasticity of the nanocomposites is greatly
enhanced. Especially in the PGN nanocomposites with the highest crystallinity and the
smallest spherulite size, this toughness enhancement is extremely obvious.

Aliphatic polyesters such as PLLA in particular are easy to hydrolyze and thermally
degrade to monomers and oligomers, improving the thermal stability of PLLA an impor-
tant part as regards processing. It was found that the incorporation of SLG and GNS not
only improved the mechanical properties of PLLA, but also enhanced its thermal stability.
Figure 7 and Table 2 show the TGA and corresponding differential thermogravimetric
analysis (DTA) results of the neat PLLA, PSG, and PGN composite films. In PSG and PGN
nanocomposites, the decomposition onset temperature (Tonset), the maximum decompo-
sition temperature (Tmax), and the decomposition temperature at 50% weight loss (T50)
of the composite films shifted to higher temperatures. Among them, the decomposition
onset temperature and maximum decomposition temperature of PSG were observed to
vary from 267 ◦C to 271 ◦C and from 348 ◦C to 349 ◦C, respectively. The improved thermal
stability is mainly due to the presence of SLG and GNS as reinforcing fillers, they can delay
oxygen permeation and volatile degradation products escape and coke formation by the
so-called “tortuous path” effect of graphene [49]. Moreover, it can be seen from the DTA
curves that the DTA peaks of PGN and PSG are higher in temperature than that of neat
PLLA. This change can be ascribed that when PLLA is heated, free radicals are generated
which cause the degradation of the PLLA matrix. The increase in the crystallinity of PSG
and PGN makes the degradation rate slower, and the degradation requires more energy, so
the degradation temperature is also higher [50]. Therefore, good interfacial interaction and
high crystallinity also contribute to the thermal stability of PLLA nanocomposites.

Table 2. Thermal data derived from the TGA curves and DTA curves of neat PLLA, PSG and PGN
nanocomposites.

Samples Tonset (◦C) Tmax (◦C) T50 (◦C)

PLLA 267 354 348
PSG 271 355 349
PGN 259 357 350
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Figure 7. (a) TGA and (b) DTA curves for neat PLLA, PSG and PGN nanocomposite.

From the results obtained above, the fact can be known that SLG and GNS can be used
to improve the mechanical properties and thermal stability of PLLA, but the biocompatibility
of the composites determines whether PLLA/graphene nanocomposites can be used for
the preparation of biomedical materials. The biocompatibility of the nanocomposites was
evaluated by the CCK-8 test (Figure 8). All samples were 0.5 × 0.5 cm2 in size. Rat bone
marrow mesenchymal stem cells (BMSCs) were inoculated and cultured for 1 day and
3 days. As shown in Figure 8, the OD values of PSG and PGN increased slightly after
1 day of culture. But after 3 days, it was found that the OD values of the PLLA/SLG and
PLLA/GNS groups were significantly higher than those of the neat PLLA group, indicating
that the cells on the surface of the nanocomposites are more than that of neat PLLA. This
may benefit from the improvement of SLG and GNS on the surface of the nanocomposites,
and the hydrophilic surface improves the cell proliferation ability. From the contact angle
test results, the contact of a pure PLLA film was 94.3◦ (±1.7◦). However, after adding
a layer of single-layer graphene, the contact angle of the PSG surface was reduced to
88.3◦ (±1.4◦), and the hydrophilicity of the surface was further improved. Meanwhile, there
was a small-decreased contact angle of PGN (91.2◦ ± 0.7◦), and all the results revealed
the surface of the nanocomposite materials is hydrophilic. All these tests proved that
the existence of SLG and GNS provided a good adhesion environment for cells, which is
conducive to cell proliferation and has good cell activity.
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4. Conclusions

In this paper, two kinds of graphene, single-layer graphene (SLG) and graphene
nanosheets (GNS), and poly L-lactic acid (PLLA) nanocomposite membranes were success-
fully prepared. The effects of SLG and GNS on the mechanical properties, crystallization
ability, thermal stability, and cell viability of PLLA nanocomposites were investigated.

SLG and GNS act as nucleating agents to further enhance the crystallinity of PLLA.
The good interaction between SLG and PLLA matrix makes PSG have high mechanical
strength. Moreover, SLG and GNS greatly improve the toughness of PGN by changing the
shape and crystallinity of PLLA crystal. The tensile strength and fracture toughness of PSG
were increased by 32.8% and 8.7% respectively, and the toughness of PGN was increased
by 79.7%.

In addition, CCK-8 results indicated that PSG and PGN were non-cytotoxic, and the
nanocomposite membranes showed good cell survival and proliferation ability. These PSG
and PGN nanocomposites with higher mechanical properties, thermal stability, and cell
viability exhibit broad application prospects as biomedical materials.
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