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ARTICLE INFO ABSTRACT

Keywords: This paper presents the fabrication and characterization of electrospun graphene oxide/calcium hydroxyapatite/
Graphene OXi.de polycaprolactone composite. Polycaprolactone is well-known for its excellent medical property and chemo-
Hydroxyapatite resistance. On the other hand graphene oxide (GO) and calcium hydroxyapatite (HAp) are both known for
Electrospinning

their superior biocompatibility, high mechanical properties, considerable electrical and thermal conductivity.
Under current research GO and HAp were synthesized from an abundant bio-wastes material. As-prepared GO/
HAp composite was dispersed in biodegradable polymer — polycaprolactone (PCL) in order to device a composite
scaffold with the purpose to enhance osteogenic differentiation of osteoblasts for potential medical application.
Synthesised composite was characterised using various chemo-physical methods. Biocompatibility was tested in
the cell proliferation assay with preosteoblasts MC3T3-E1 cell line in order to identify any cytotoxic effect caused
by its compounds. The bacteriostatic effect of GO was assessed using Staphylococcus aureus and Escherichia coli
bacterial strains. Obtained GO/HAp/PCL composite scaffold can serve as a biologically compatible matrix for
potential bone tissue regeneration with antimicrobial effect; provides an excellent biological compatibility for
prospective application in medicine and clinical dentistry.

Antimicrobial activity
Osteogenic differentiation

1. Introduction

Graphene oxide (GO) is widely used in various fields of science and
technology due to it’s unique mechanical and electrical properties [1]. A
number of research groups have shown the prospects of GO application
in nanoelectronics [2], biomedicine [3], as the main structural element
for supercapacitors [4], fuel cells [5], as well as various types of sensors
[6] and catalysts [7]. Wide application of GO is caused by its mechanical
strength, high specific surface area, biological compatibility, high
chemical and mechanical stability, which in turns facilitate synthesis of
composite materials with enhanced properties. Over the past few years
GO has been actively practiced in medical research in particular, for:
targeted drugs delivery [8], tissue engineering [9], as antibacterial

coatings [10], as an additive to improve mechanical properties and
biocompatibility of medical substances. Calcium hydroxyapatite (HAp)
a naturally occurring material and due to its excellent biological
compatibility and osteoconductivity has long been used for bone
regeneration, in the design of implants, and as an artificial bone tissue
substitute. Despite exceptional biocompatibility the HAp has low me-
chanical stability, low specific surface area, low wear resistance, and
low fracture toughness in comparison with the natural human bone
tissue [11] which preclude its potential application in bone regenera-
tion. To overcome these problems formulation of a composite scaffold
structure based on GO/HAp dispersed in a polycaprolactone (PCL) ma-
trix was proposed herein. Choice of PCL was made on a base of its high
mechanical stability and biological compatibility, the resulting scaffold
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can act as an osteoconductive framework that promotes the osteoblastic
cells migration [12]. GO in the composite structure significantly im-
proves the biological compatibility by the presence of many
oxygen-containing groups, such as hydroxyl, epoxy, and carboxyl on its
planes and edges. Moreover, it was reported that GO showed strong
antibacterial activity [13]. However, the mechanism of its action on
microbes is still not fully understood. Thus, the polymeric composite
scaffold-like structure based on GO/HAp/PCL is one of the promising
candidates for use in bone tissue engineering, combining together me-
chanical strength, biocompatibility, osteoconductivity and bacterio-
static properties.

To date, there are a number of established methods used for those
composites fabrication such as plasma sintering [14], sol-gel method
[15], biomimetic mineralization [16], as well as the electrospinning
method [17]. Electrospinning, among all listed methods, has numerous
advantages, which are: simplicity, appropriateness in GO/HAp com-
posite scaffold engineering, as well as control on the forming polymer
fiber diameters and the amounts of GO and HAp in the formed structure.

GO used in the work was obtained via carbonization and thermo-
chemical activation of bio-waste material i.e., walnut shells. Although
the resulting GO has a graphene-like structure, it has the mechanical,
optical, and electrical properties comparable to pure GO. HAp for this
research was synthesized via wet-chemistry route from recycled egg-
shells and phosphoric acid. The environmental sustainability of calcined
calcium phosphates production from the milling of eggshell wastes and
phosphoric acid is proven by abundance of eggshells as a byproduct of
the household, hatcheries, bakeries restaurants and etc.; and potential
environmental and health issues when those are dumped into landfill
[18]. Diversion shell of eggs from the landfill to HAp is of high economic
and environmental interest. Composites of GO/HAp dispersed in the PCL
matrix, under current research, when cultured with MC3T3-E1 pre-
osteoblasts had demonstrated the improved osteoblasts adhesion com-
bined with strong antimicrobial effect. Antimicrobial properties of
GO/HAp/PCL composite were studied against to Staphylococcus aureus
and Escherichia coli bacterial strains in respect to the GO content.

2. Materials and methods
2.1. Reagents and materials

Phosphoric acid (H3PO4, 85%, Sigma Aldrich), eggshell (shells of
chicken eggs, Almaty region, Kazakhstan), polycaprolactone (PCL,
MW~1,300,000, Sigma Aldrich, USA), Staphylococcus aureus (S. aureus,
ATCC®25,923, BioVitrum) and Escherichia coli (E. coli, ATCC®25,922,
BioVitrum), MC3T3-E1 mouse preosteoblast cell line (provided by
Kazakh National Medical University), a-minimum essential medium
(a-MEM; Sigma Aldrich), fetal bovine serum (FBS; Sigma Aldrich),
trypsin (E.C.3.4.4.4, 15,500 U/mg protein, Sigma Aldrich), phosphate-
buffered saline (PBS, Sigma Aldrich), ethanol (CoHsOH, 90%, Chem-
Pharm, Kazakhstan), nitric acid (HNOs, 70%, Sigma Aldrich), urea (8 M
(aq.), BioUltra), walnut shells (Almaty region, Kazakhstan), hydro-
chloric acid (HCl, 37%, Sigma Aldrich). All reagents were used without
additional purification. Cell Counting Kit-8 (CCK-8) was purchased from
Sigma-Aldrich and used according to manufacturers’ instructions.

2.2. Methods

2.2.1. Synthesis of HAp

For the synthesis of HAp, the eggshells were preliminarily annealed
at a temperature of 950 °C for 2 h in a muffle furnace (SNOL 30/1300) in
an air medium with a heating rate of 30 °C/min. 1 g of CaO formed after
thermal treatment of eggshells was mixed with an aqueous solution of
orthophosphoric acid (6%, 20 ml) and stirred for 1 h on a magnetic
stirrer at a speed of 100 rpm. The resulting solution was allowed to stand
for 5 days; the solid deposit then was decanted and dried at the tem-
perature of 100 °C for 4 h. The synthesized powder was post-thermally
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dehydroxylated in air medium at the temperature of 1200 °C for 2 h with
a heating rate of 25 °C/min.

2.2.2. Synthesis of GO

Method for the graphene-like structures synthesis from walnut shells
was described in detail in our previous works [19,20]. Graphene oxide
was prepared from such graphene-like structures by means of chemical
oxidation of as-obtained graphene-like structures. The mixture of nitric
acid (35%) and urea (78 g/1) in the ratios 10:90, 20:80 and 30:70 was
used as the oxidizing agent. Samples of a graphene-like structure were
immersed into the oxidizer (in each experiment 2 g of graphene-like
sample was dispersed in 100 ml of oxidized mixture) for 3 h under
continuous stirring at 80 °C. Then the slurry was repeatedly washed with
DI water in ultrasonic bath (32 kHz) until pH reached 4, then the solu-
tion was centrifuged and the carbonaceous powder was collected. The
powder was further treated with 10% hydrochloric acid, washed with DI
water until pH reached 3, and dried at 100 °C for 12 h.

2.2.3. Preparation of GO/HAp/PCL composite

To obtain composites based on GO, HAp and PCL, the electro-
spinning method was used. 0.5 g of PCL was dissolved in 10 ml of
ethanol and GO and HAp were added to the mixture at certain ratios
(Supplementary, Table 1) under constant stirring for 30 min on a mag-
netic stirrer at 120 rpm to ensure an even distribution of GO and HAp
within the mixture. The resulting solution was loaded into a medical
syringe (2.5 ml) and fibers were formed using the downward experi-
mental setup (Supplementary, Fig. S.1).

2.3. Cytotoxicity assay

2.3.1. Cell cultures

MC3T3-E1 (passaese-16) was obtained from the Kazakh National
Medical University then cultured in a-MEM supplemented with 10% FBS
and 1% penicillin/streptomycin in an incubator (5% COg, 37 °C). The
culture medium was refreshed every two days, and cells were passaged
prior 100% confluence. At re-passaging cells were counted using the
hemocytometer and a then cell suspension was plated onto tested
samples in at a density of 2 x 10%cells/cm? (24-well plate, Corning) and
incubated as required.

2.3.2. Cell proliferation

Cell proliferation was investigated by Cell Counting Kit-8 (CCK-8),
MC3T3-E1 used for seeding the surface were seeded in 24-well plate at a
2 x 10* cells/well at 37 °C with the addition of the tested samples (HAp,
GO, GO/HAp/PCL composite) for 24 h. Prior to the experiment scaffold
composite was powdered in order to unify experimental condition and
simplify sample loading. Samples were sterilized via autoclaving, prior
experiment and following concentrations: 50, 100, 150, 200, 250, 300,
350, 400, 450, 500 and 550 pg/ml; were used to test samples cytotox-
icity, cells grown under medium were used as control. Three indepen-
dent experiments were performed for each assay conditions. At 24 h
after seeding, cell viability was measured using CCK-8. Further, ac-
cording to the method described in [21-23], the cell proliferation profile
was calculated

2.4. Antibacterial properties investigation

The antimicrobial activity of the composite samples against a
representative Gram-positive bacteria S. aureus (ATCC 25,923) and a
Gram-negative bacteria E. coli (ATCC 25,922) were assessed using the
agar diffusion technique. Prior to the experiment samples were sterilized
in autoclave. The agar diffusion assays were performed in 35 mm
diameter Petri dishes containing Mueller-Hinton agar (Sigma-Aldrich)
to a depth of 4 mm. The agar plates were spreaded with 100 ul 108CFU/
ml of bacteria suspension prepared in sterile saline solution. A sterile
tweezers was used to place 100 mg platelets of GO/HAp/PCL composite
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with GO at different concentrations into each Petri dish. The agar sur-
faces were examined for possible clear halo appearance after incubation
24 h at 37 °C. Further, according to the method described in [10,24], the
antibacterial activity of the samples was accessed. The presence of
clarification that formed around sample platelets on the plate medium is
recorded as inhibition against to bacteria strains tested. After incubation
the diameter of inhibition zones were measured in millimeters to the
nearest 0.1 mm using electronic calipers. Each experiment was repeated
five times, mean and the standard deviations calculated; the antimi-
crobial index (AI) was expressed as (surface area of clear zone — surface
area of sample) / (surface area of sample), and the surface areas were
calculated using the ImageJ software.

2.5. Characterization of the obtained samples

Raman spectroscopy studies were carried out on the Raman spec-
trometer NTEGRA SPECTRA™ (NT-MDT Spectrum) equipped with
solid-state laser at the excitation wavelength of 473 nm. FTIR spectra
were recorded using a finely ground samples pressed in KBr pellets
(pellets of 2 cm diameter were prepared by mixing of 3 mg sample with
300 mg KBr) in the wavenumber range of 4000-450 cm ™! at ambient
temperature using FTIR spectrometer (Perkin Elmer, Spectrum 65). The
structural features of the samples were analyzed with the transmission
electron microscope (TEM, JEM-2100, Jeol, Japan). The surface
morphology and elemental composition of the samples was examined by
scanning electron microscope (SEM, Quanta 3D 200i, FEI, USA, at
accelerating voltage of 15 kV) equipped with Oxford instrument X-sight
EDX system. XRD spectra were recorded with X-Ray diffractometer
(Drone-8, LOMO), using CuKa radiation (k = 0.15418 nm).

3. RESULTS and discussion
3.1. Characterization

IR spectra of the obtained biomass derived graphene-like material
and GO are presented in Fig. 1b. The IR spectrum of graphene-like

material is presented by two peaks with low intensity: 3430 cm™},

corresponding to O-H stretching vibrations and the peak at 1620 cm ™!,
which is assigned to the aromatic C-C stretching. After its chemical
functionalization, the IR spectrum of the obtained GO is presented with
peak at 3430 cm ™! with higher intensity, arising from the O-H stretching
vibrations, peaks with low intensity at 2930 ecm™! and 2840 cm ™!
attributed to sp? and sp® stretching bands of C-H, which are mainly
caused by the defect sites of GO surface, the peak at 1620 cm ™}, which

arises from the C-C aromatic stretching and the peak at 1260 cm ™! with
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highest intensity, corresponding to the C-OH stretching. Oxygen content
in the GO structure was confirmed with EDX, and its amount ranges from
15.94 to 19.66% on the edges of GO sample (Supplementary, Fig. S.5),
while the method does not detect oxygen in the middle parts of the GO
sample.

Samples tested in current investigation has only a couple of Raman
bands visible in the spectra (Fig. 1a), the in-phase vibration of graphene
lattice (sp2 characteristic or G band) at 1584 cm ™! as well as the disorder
band (sp® characteristic or D band) caused by defective graphene
structure at approximately 1357 cm™!. The Ip/Ig ratios (defect ratio of
graphene) are here obtained considering the peak intensity at D and G
band frequencies. The graphene-like sample Ip/Ig value is equal to 0.81
confirming a highly defective structure associated with carbonization
and thermo-chemical activation of biomass. However, both the G and D
bands undergo significant transformation upon oxidation of graphene-
like material. An observation is that oxidation leads to reduction in
disorder band intensity (D band), as well as to appearance of 2D band at
2717 em™ L. The Ip/Ig ratio of graphene oxide sample reduces to 0.36
compared to the one of graphene-like one. These results are in accor-
dance with previously published reports [25-27]. Such transformation
is presumably happened because oxidative mixture removes highly
defected fragments from the sample to such extend that 2D band became
well-resolved and helps to estimate the multilayer structure by Iop/Ig
ratio of 0.62 as a trilayer sample structure [28]. The relatively high
intensity of D band in the graphene oxide after oxidative mixture
treatment is probably due to the presence of unwashed amorphous
carbonaceous agglomerates observed in TEM images (Fig. 2).

The TEM images are presented in Fig. 2, were used to characterize
the surface morphology and structural features of GO. Morphology and
topography of the obtained GO (Fig. 2) is typical of graphene materials.
The high ordering and orientation of the carbon structure with the
presence of transparent edges, according to [29], indicates a small
thickness of the material [30], confirming three-layer structure of gra-
phene oxide sample concluded from Raman spectroscopy. TEM images
(Fig. 2) shows agglomerates of amorphous carbon (with an average
diameter of 18.5 nm) entrapped into the sample structure and unwashed
with oxidative treatment.

The characterization of the synthesized HAp powder was performed
using XRD (Fig. 3a) and SEM (Fig. 3b) analysis. XRD spectra of syn-
thesized HAp (Fig. 3, a) completely coincide with the JCPDS card no.
09-0432 of hydroxyapatite and the average crystallite size was calcu-
lated from the broadening in the XRD pattern according to Scherrer’s
equation as 17.1 nm. The values of the lattice parameters are also in
agreement with the data obtained in [31-33] and are the following: a=
9.8218 + 0.004; b= 2a; c= 9.473 + 0.002, which is of hexagonal lattice
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Fig. 1. Evolution of Raman spectra during the oxidation of graphene-like structure into graphene oxide (a) and IR spectra (b) of graphene-like structure and gra-

phene oxide.
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19.17 nm

Fig. 2. TEM images of synthesized GO (TEM image of extended area of Graphene oxide sample (a) and a “zoom-in” counterparts of sample (b)).
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Fig. 3. XRD spectra (a) and SEM (b) image of as-synthesized HAp.

structure. SEM images of as-obtained HAp sample revealed average
agglomerate diameters of about 10 pm. However, within the composite
scaffold structure only particles of Hap with sizes less than 100 nm were
detected (Fig. 4), This can be explained by the size reduction of HAp
particles under high voltage at the time of electrospinning [34-36]. An
apparent reason for such particle refinement this is the effect of an
electric field, which concentrates inside of solid dielectric, resulting in
the large HAp particles destruction. Chemical composition of the HAp
was determined using EDX (Supplementary, Fig. S.4).

Fig. 4 captures SEM images of the resulting composite morphology in
the form of a typical filamentous polymer fibers with the GO and HAp
inclusion. The conducted semi-quantitative analysis indicates the pres-
ence of HAp particles in the structure of polymer fibers (Supplementary,
Figs. S.2 and 3), and simultaneously, according to [37], rough spots on
SEM images (Fig. 4, ¢ and d) indicate the presence of GO in the structure
of the formed fibers. Presence of oval shaped formations in SEM (Fig. 4, a
and b) is attributed to the HAp inclusion into the structure of electrospun
layer (confirmed by EDX, Supplementary, Figs. S.2 and 3) and described
in literature for similar systems [38].

3.2. Antibacterial activity evaluation

Qualitative results of antimicrobial activity of composites in the
presence of bacteria strains of S. aureus and E. coli are shown in Fig. 5. All

tested composites showed an inhibition zone with the absence of
microorganism growth, confirming the antibacterial activity (Table 1).
Sample of GO/HAp/PCL (0.1 wt.% of GO) yielded the larger clear zone
on both strains (Al are 9.59 and 6.53 for E. coli and S. aureus, corre-
spondingly), whereas lower GO loading in GO/HAp/PCL (0.05 wt.% of
GO) sample resulting in decreasing of the clear zone diameters strains
(Al are 4.58 and 2.13 for E. coli and S. aureus, correspondingly).

Presence of GO in the composite structure greatly depresses the
bacteria growth (Table 1, Fig. 5). Analysis revealed that the composite
disregards to the GO concentration has more pronounced inhibitory
effect against the Gram-negative bacteria E. coli compared to the Gram-
positive bacteria S. aureus.

Several studies [39,40] devoted to the use of graphene and
graphene-based structures in medicine made an assumptions about the
mechanisms of the antimicrobial effect of GO. Such as authors [41]
considered that GO is prone to the reactive oxygen species (ROS) and
free radical (FR) formation which prevents the microbial growth. The
obtained results, demonstrate the effect of GO on the antibacterial
properties of composite structure, in some cases exceeding 97% (Fig. 5).
This remarkable effect of GO can be explained not solely by ROS or FR
but as well might be associated with sharp edges and the high level of
fictionalization, which in turn damage physically membranes of bacte-
rial cells. Evaluation of the antibacterial properties of the obtained
composite structures showed a significant increase in the diameter of the
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Fig. 4. “Zoom-in” SEM images of GO/HAp/PCL composite counterparts. Scale bars: 2 pm (a), 1 pm (b), 100 pm (c) and 100 nm (d).

E.Coli E.Aureus

GO/HAp/PCL (0.05% GO)

GO/HAp/PCL (0.1% GO)

Fig. 5. Digital images of antibacterial activity tests for GO/HAp/PCL composite
with different GO loading towards E. coli and S. aureus.

zone of inhibition (Fig. 5) from 5.2 to 9.1 mm with an increase in the GO
content in the composite based on GO/HAp/PCL from 0.05 up to 0.1 wt.
%. The obtained experimental results are in agreement with the works
[42-44] and confirm the excellent antibacterial properties of graphene
containing composite tested under current investigation.

3.3. Cytotoxicity of GO/HAp/PCL composites

Cell survival under the influence of HAp, GO and a composite GO/
HAp/PCL (Fig. 6) decreases with an increase in their concentration in
the solution. For a HAp concentration of 350 pg/ml, cell viability
decreased to 57%, which is associated with a change in the pH of the
medium upon the addition of HAp, leading to a sharp decrease in cell
proliferation. It was shown in [45,46] that despite the fact that the size

Table 1
Antimicrobial activity of GO/HAp/PCL composite against to E. coli and S. aureus
in respect to the GO loading.

Microorganisms Zone of inhibition (mm) Antimicrobial index
GO/HAp/ GO/HAp/ GO/HAp/ GO/HAp/
PCL_0.05" PCL 0.1 PCL_0.05 PCL0.1
Gram-positive
bacteria
Staphylococcus 7.21 + 0.55" 19.32 + 2.13 6.53
aureus 0.92
Gram-negative
bacteria
Escherichia coli 16.87 + 0.62 26.2+1.01 458 9.59

2 Concentration of GO in the composite.
Y Values of zone inhibition are represented as mean =+ standard deviation.

Hl:sp Eco [ GOHAp/PCL
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20

Relative cell viability, (% of control)
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Fig. 6. In vitro cytotoxicity investigations of GO, HAp and GO/HAp/PCL sam-
ples in respect to their concentration.
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and shape of HAp particles significantly affect cytotoxicity, they can be
used as bone grafts. In turn, the cell viability for the GO/HAp/PCL
composite (Fig. 6) shows that for concentrations up to 250 pg/ml
composite has no statistically significant cytotoxicity, and even at limit
concentrations of 550 mg/ml its effect is much lower than that of Hap at
350 pg/ml. In current experiment viability of MC3T3-E1 is higher on a
GO sample and statistically equal to that one for GO/HAp/PCL com-
posite at highest concentrations (500 and 550 pg/ml). Data for the
GO/HAp/PCL sample indicates negligible cytotoxicity in concentration
range from 50 to 350 pg/ml. The further increase in sample concen-
tration gradually decreases cells viability mainly due to the HAp pres-
ence in the sample structure. Thus, the positive effect of GO in a
composite structure with HAp on the viability of MC3T3-E1 preosteo-
blasts was reported due to the ability of graphene nanosheets to
sequestrate [47]. In addition, it is proposed that GO in the structure of
the GO/HAp/PCL composite binds HAp particles, which significantly
affects cytotoxicity of the cells. utilization of polymer scaffolds rein-
forced with diverse materials such as graphene (GO), carbon nanotubes,
as well as biocompatible materials, is of great interest in tissue engi-
neering. These composite scaffolds can be used as an extracellular ma-
trix, providing not only mechanical support for cells, but also effectively
influencing the migration of both nutrients and individual components.
Further, the introduction of GO in the structure of such composite
impart the antibacterial properties to the resulting material. Existing
models describes the effect of GO on bacteria indicate the high demand
in more detailed both in vivo and in vitro study, for a deeper under-
standing of the influence of various factors, including synthetic
approach and source of GO, HAp and the resulting composite, as well as
biological compatibility and degradation rate of the polymer matrix.

GO has the highest antibacterial activity among carbon-containing
materials [41], which is explained by the high specific surface area,
which provides high adsorption activity. In addition, the local defects in
the GO’s sheet cause mechanical destruction of bacterial cell via direct
interaction (Fig. 7). At the same time, authors [48-50] indicates the
cytotoxic effect ROS and FR on bacteria. The performed studies are in
agreement with pioneering works in the field of studying the mechanism
of bacterial inactivation by creating composites based on GO, rGO, and
graphene. Presumably, the basis of this mechanism lies in the mechan-
ical effect of a defective structure on cell membranes, thereby causing
their destruction and death. This effect on bacteria is also observed for
other carbon materials such as carbon nanotubes, graphite and amor-
phous carbon. Despite the fact that the mechanism of GO antibacterial
activity is extremely complex and the described pathways of action on
bacterial membranes are not fully understood, it can be assumed that GO
sheet structural defects, the number of layers, and functional groups
create the bacterial membrane destruction. It is proposed that GO ob-
tained from bio-wastes with great number of structural defects, great
deal of fictionalization and with residual amounts of other carbon
structures has an advantage over commercial GO due to abundant
source material, and imperfections which impart the antimicrobial ac-
tivity. The complex composite polymer matrices containing GO and HAp
are successfully utilized as biologically compatible scaffolds that can be
applied as an extracellular matrix, providing mechanical support, cell
growth, and nutrient transport.

4. Conclusion

GO and HAp were syntesised under current investigation from
abundant bio waste materials. Furthermore, polycaprolactone solution
was used as a binder and composites of (GO/HAp/PCL) were success-
fully manufactured via the electrospinning method. The resulting
structures were studied using a variety of analytical research methods,
including XRD, TEM, SEM, Raman and IR spectroscopy. Comprehensive
analysis showed that the synthesized HAp has a purity of over 97%, and
the parameters of its crystal lattice completely coincide with biological
apatite. Based on the obtained results, it was suggested that GO obtained
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Coverage and isolation

Oxidative stress
Membrane stress

Fig. 7. Schematic illustration of the mechanisms of the antibacterial effect
of GO.

from biomass (walnut shells) with carbon-containing impurities, such as
amorphous carbon and graphene, not only possesses antibacterial ac-
tivity, but is also more economically advantageous compared to pure
commercial GO. This can be explained by the fact that the presence of
defective structures and carbon-containing impurities increases the
destruction on bacteria and leads to their mechanical damage. Com-
posites, studied under current investigation shown great antimicrobial
activity against to Gram-positive and Gram-negative bacteria strain in
respect to the GO loading. Also, studied GO/HAp/PCL composite have
no cytotoxic effect towards the MC3T3-E1 preosteoblast cells, and the
observed decrease in cell proliferation is related to high sample loading
(350 mg/ml and higher). Both GO and GO-loaded composite shown
good biocompatibility which indicates a positive effect of GO in a
composite structure with HAp on a PCL matrix on cell attachment,
proliferation and possible further differentiation.
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