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Abstract

Bacterial nanocellulose (BNC) membranes have interconnected porous nanostructures and excellent biocompatibility.
Functionalizing these with calcium phosphate sources and metal ions confers optimized properties to the biomaterial.
This study aims to synthesize BNC membranes, functionalize them with copper and magnesium apatites, characterize
and evaluate their cytotoxicity and antimicrobial potential. Membranes were synthesized for 8 days in Mannitol Medium.
The biocomposite production was by immersion cycles. The biocomposites were characterized by porosity and swelling
capacity, Fourier transforms infrared spectroscopy (FTIR), scanning electron microscopy (SEM), thermogravimetric
analysis (TGA), antimicrobial properties and cytotoxicity assays. The FTIR and SEM results showed that phosphate
groups were incorporated into the BNC. The TGA analysis also indicated the incorporation of the inorganic phase. The
membrane functionalization with Cu promoted the antimicrobial properties of the biomaterial. However, functionalization
with Mg had a more positive behavior on cell viability, proving to be more suitable for use as an implantable material.
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1. Introduction

The healing process of bone fractures is considered a
regenerative and biologically complex process!!'’. Autologous
bone grafts have been pointed out as the primary solution®.
However, there is still the risk of transmitting infectious
diseases and rejection®). In this context, guided bone
regeneration (GBR) appears as one of the most effective
and reliable methods to promote bone restructuring.
In this context, scaffolds for bone regeneration emerged
to mimic the natural extracellular matrix of bone (ECM),
providing a basic structure and microenvironment for the
growth of bone tissue with excellent biocompatibility,
adaptable biodegradability, osteoconductivity and minimal
immunogenic responses®. For this reason, different
biomaterials have been studied.
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BNC is an extracellular polysaccharide produced by some
bacterial genera, especially the species of Komagataeibacter'®.
Its surface allows the adsorption of metallic ions or metallic
nanoparticles!’. It has low rejection and inflammatory reaction
due to its excellent biocompatibility, good permeability,
hygroscopicity, and flexibility, allowing its wide use in
tissue engineering as a scaffold®.. However, BNC alone
does not have all the properties necessary to act as a device
for a bone implant.

In this context, the incorporation of hydroxyapatite (HAp)
in the BNC matrix™ is studied. The chemical similarity of
HAp to the naturally occurring bone matrix, biocompatibility,
non-toxicity and high osteoconductivity makes it highly
attractive for bone regeneration and implantation'”,
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The biocomposite of BNC/HAp is formed by the porous
membrane reinforced with HAp crystals. This structure allows
this material to trigger the fixation and proliferation of bone
cells at the defect sitel®. In addition, since the HAp particles
are physically attached to the BNC fibers, these particles
do not migrate to neighboring areas, preventing damage
that could be caused to the surrounding soft tissues*!%.
Furthermore, adding divalent cations to these biomaterials
can promote optimized characteristics.

Copper (Cu) is an essential micronutrient involved in
the immune system and has bacteriostatic and antibacterial
effects, modifying cell permeability and eventually leading
to bacterial cell death!'"!. In addition, it has the potential to
stimulate angiogenic properties, assist in the regulation of
bone resorption rate and increase the deposition of collagen
fibers, attributing several functionalities when incorporated
into HAp!!!.

Magnesium (Mg) is also an essential trace element;
it acts in bone resorption processes and stimulates the
proliferation of osteoblasts!'?. The degradation product
(Mg?*) is a standard human body composition with antitumor
and antibacterial characteristics, reducing the risk of
infections and the need for further surgeries!'*!. Combined
with natural calcium phosphate, it helps the spontaneous
formation of bone bonding in vivo!', which can alter the
mineral metabolism, resulting in the modification of the
dissolution rate of the crystals and the biodegradation of
the related materials!'®.

In this context, this work aimed to synthesize and
characterize BNC membranes functionalized with copper
and magnesium apatites, seeking to produce a biocomposite
for application in GBR and evaluate its antimicrobial
activity and cytotoxicity. The study stands out because it
aims at combining biomaterials that have the potential to
mimic the native bone structure and the extracellular matrix.
Furthermore, including bivalent cations found in bone
tissue may increase the osteogenic potential, optimizing
the synergistic effects of this biomaterial.

2. Materials and Methods
2.1 Biosynthesis and purification of BNC membranes

For this, the bacterium Komagataeibacter hansenii
ATCC 23769 was used. The culture medium used in the cell
activation step and the production of membranes was the
Mannitol Medium (MM) (pH 7), consisting of (gL1): 20 g
mannitol, 5 g peptone, 5 g yeast extract. In the cell activation
step, one Eppendorf tube containing the microorganism was
added to an Erlenmeyer flask and incubated at 30 °C under
static conditions for two days. Then, this pre-inoculum was
transferred to the culture medium at a rate of 20% (v/v),
containing an optical density between 0.15 and 0.19, measured
by absorbance in a spectrophotometer at 600 nm. The culture
medium was incubated at 30 °C under static condition for
8 days to form of BNC membranes. The formed membranes
were removed from the surface of the liquid culture, washed
with water, and treated with a 0.1 M NaOH solution at 80 °C
for 60 min. After that, the membranes were washed with
distilled water until reaching pH 7, sterilized, and stored in
a refrigerator, for later production of biocomposites.
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2.2 Production of biocomposites

The biocomposites functionalized with Mg and Cu
were produced according to the methodology described by
Hutchens et al.'"). The wet BNC membranes (never dried)
were immersed in hybrid solutions of MgCl, (0.1 M) and
CaCl, (0.1 M) or CuCl, (0.1 M) and CaCl, (0.1 M), with a
pH between 4 and 5, in different proportions for 24 h under
orbital agitation at 26 °C and 85 RPM. The concentrations
of the tested solutions were 50% CuCl, or MgCl, and 50%
CaCl,, 30% CuCl, or MgCl, and 70% CaCl,, and 10% CuCl,
or MgCl, and 90% CaCl, concerning the Na,HPO, solution
(0.06 M) with pH 8. Subsequently, the membranes were
washed with distilled water to remove residues from the
previous step and immersed in a Na,HPO, 0.06 M solution
for another 24 h. Three immersion cycles were performed
in each solution. The biocomposites formed were named
BNC/MgHAp and BNC/CuHAp. Then, the biocomposites
were lyophilized for 24 h and then characterized.

2.3 Characterization techniques

2.3.1 Determination of porosity and swelling degree

The samples were weighed previously wet and after drying
by lyophilization for 24 h. The porosity of biocomposites
was determined according to the Equation 117,

(m —my)

&%) =—Lwater__ 100
v
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Where ¢ is the porosity of the membrane, m, and m, are
the masses (g) of the wet and dry membrane, respectively,
P, 1S the specific mass of water obtained at 20 °C, which
is equivalent to 0.9982 g/cm?, and v is the volume (cm?)
calculated based on the membrane form.

For the determination of the swelling capacity of the
biomaterials, the samples were immersed in distilled water
until the sample mass remained constant (~1h). After
immersion, excess water from the samples was removed
with absorbent paper, and the samples were weighed. The
degree of swelling was calculated according to Equation 2:

vor="=") 160 Q)
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The samples were analyzed in triplicate and submitted
to analysis of variance (ANOVA) using the OriginPro®
8.5 software.

2.3.2 Fourier Transform Infrared Spectroscopy (FTIR)

Thirty-two scans were performed per sample from
4000 to 500 cm™, resolution of 4 cm!, using the attenuated total
reflectance module (ATR) in a spectrometer (Perkin-Elmer).

2.3.3 Scanning Electron Microscopy (SEM)

The samples were fixed on metallic supports and covered
with gold. The equipment used was a SEM (JEOL, model
JSM-6390LV). An electron beam bombarded the samples,
and the X-rays emitted from the samples were detected by
a silicon solid-state detector device for a point elemental
analysis (EDS) of the sample.
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2.3.4 Thermogravimetric Analysis (TGA)

The TG and DTG curves were obtained using the
TGA-Q50/TA Instruments. The samples were heated
from 25 to 600 °C at a 10 °C/min rate under an oxidizing
atmosphere.

2.4 Antimicrobial properties assay

The antimicrobial properties assay was performed
using the disk diffusion technique of Bauer et al.l'®, using
Miieller Hinton medium (MH) with the microorganisms
Escherichia coli (ATCC 8739) and Staphylococcus aureus
(ATCC 25923) activated for 24 h at 37 °C, in Brain Heart
Infusion Broth (BHI). The Mac Farland scale was used
as a parameter of cell concentration of the evaluated
microorganisms, standardizing the absorbance at 0.28
(according to the 0.5 tube of the Mac Farland scale). Then,
disks (@ 6 mm) of the biocomposites produced and a disk
of pure BNC (BR), added to each plate as a control, were
placed on the inoculated cells and incubated at 37°C for
24 h. The analysis was carried out in duplicate.

2.5 Cytotoxicity analysis

Cytotoxicity analysis was evaluated by measuring
the metabolic activity of mouse fibroblasts (line - L.929)
multiplied in Dulbecco’s Modified Eagle’s Medium (DMEM)

supplied with 15% FBS, following ISO 10993-5" using
the MTS colorimetric method™. The test was conducted in
triplicate, and submitted to analysis of variance (ANOVA)
using the OriginPro® 8.5 software.

3. Results and Discussions
3.1 Synthesis of the BNC membrane

The BNC membrane formed after cultivating had a
thickness varying between 2 and 3.5 mm (Figure 1A). After
purification, the membranes had a gelatinous appearance
in the form of a translucent hydrogel (Figure 1B). On the
other hand, lyophilization brought a spongy characteristic
to the membrane (Figure 1C).

3.2 Production of biocomposites

The biocomposites formed showed a change in their
color according to the percentage of the incorporated element
(Mg or Cu) (Figure 2). The biocomposites obtained were
lyophilized to maintain the pores’ integrity and provide an
environment conducive to the migration and cell adhesion
of this material when implanted. According to Kim et al.
21 how bigger the porosity, the better the permeability of
the material, which will facilitate vascularization, its gas
exchange and the transport of nutrients to the cells, thus
increasing the possibility of successful tissue regeneration.

Figure 2. Biocomposites with different concentrations: (A) BNC/MgHAp 50%; (B) BNC/MgHAp 30%; (C) BNC/MgHAp 10%; (D)

BNC/CuHAp 50%; (E) BNC/CuHAp 30%; (F) BNC/CuHAp 10%.
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3.3 Characterization techniques

3.3.1 Determination of porosity and swelling degree

BNC has a highly porous structure (96%), and incorporating
inorganic material can affect this characteristic. According
to Jin et al.??, the pore size of the matrix decreases with
increasing hydroxyapatite mass, and eventually, accumulations
may occur in the pore structure.

The concentration of metal ions did not significantly
influence the porosity values. However, Figures 3A and 3B
show an average reduction of 15% in the average porosity
percentage of the biocomposites concerning BNC, suggesting
the deposition of inorganic material. This result suggests
that metallic apatite deposition occurred superficially and
inside the BNC. The biocomposites still maintained a high
percentage of average porosity (+ 80%). This characteristic is
essential for implantable biomaterials because it helps anchor
cells and distributes nutrients and growth or differentiation
factors to cells.

The swelling of nanofibers is a fundamental parameter
for biomaterials since they are designed to be used in
high humidity conditions?*). BNC showed significantly
greater swelling capacity than functionalized biomaterials
(Table 1). However, within the group of functionalized
membranes, there was no significant difference in the
samples’ water absorption capacity, demonstrating that
the partial replacement of Ca?* ions by Mg?" or Cu*" did
not result in significant changes in this property in the
biomaterials. This result is likely due to the similarities
between these ions, such as similar ionic radius (Ca®* =99 pm,
Mg? =72 pm and Cu*" =73 pm)?* and the same valence (*").

A 120

100 a
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Thus, despite the decreased water absorption capacity,
the biomaterials did not lose their swelling capacity and
were as quick to absorb as pure BNC.

3.3.2 Fourier Transform Infrared Spectroscopy (FTIR)

The FTIR spectrum (Figure 4) characteristic of pure
BNC is marked by bands in the region of 3345 cm!, which
according to He et al.*, is characteristic of the stretching of the
hydroxyl groups present in BNC. In addition, the CH stretching
and asymmetric stretching at 2897 cm', CH,, deformation at
1427 cm!, OH deformation at 1315 and 1359 cm'!, as well
as the antisymmetric bridge of the C-O-C stretch at 1109 and
1162 cm™ and the band in the region of 1056 cm™! related
to the vibrations of the C-O stretch are characteristic of
BNCP6, Another exciting band, located around 400 to
700 cm', is characteristic of the torsion of the OH groups.

However, it is worth mentioning that typical HAp
behaviors are also observed in the composites; this can be
verified in the band around 1248 cm', which, according
to Salarian et al.l?®], can be attributed to the P-O stretching
vibration of PO,*, the band at 1367 cm' was also attributed
by Panda et al.””! to the presence of carbonate ions in a
Ca-deficient HAp, indicating cationic substitution in the
biocomposites produced in this work. Another point worthy
of note is the band at 3345 cm’, attributed to the BNC
hydroxyls, which had its intensity significantly reduced
in the biocomposite spectra. According to Minatti®”, this
change in intensity suggests that the HAp crystals affected
the hydroxyl groups of the BNC, confirming an interaction
between the OH group and the HAp. The chemical interaction
between BNC and HAp stabilizes the biocomposite to
maintain mechanical integrity.

120

100 a

£ (%)

S
&
>

Figure 3. Analysis of the average percentage of porosity: (A) BNC/MgHAp; (B) BNC/CuHAp.

Table 1. Study the degree of water absorption by samples of BNC and functionalized biomaterials.

Samoles BNC BNC/ BNC/ BNC/ BNC/ BNC/ BNC/
P MgHAp50%  MgHAp30%  MgHAp10%  CuHAp50%  CuHAp30%  CuHAp10%
Swelling capacity (%) ~ 629.3 £56.44* 3049+ 19.82° 251.6+2759 2187+045  251.6+6.17°  266.1+18.92° 263.9+3541°

Lowercase letters indicate comparisons between the biocomposites and the BNC (control). Equal letters indicate means that did not differ from each other.

4/11

Polimeros, 33(3), €20230034, 2023



Evaluation of potential biomaterials for application in guide bone regeneration from Bacterial Nanocellulose / Hydroxyapatite

The bands at 1030 cm™ and 962 cm™, are related to the
PO,B'2]. The band at 1030 cm™' was observed only for the
samples BNC/CuHAp30% and BNC/MgHAp10%, while
the bands at 962 cm™ were seen in all analyzed samples
(Figure 4). According to Hutchens et al.l'®), these two bands
may represent the elongation mode of the phosphate group
vibration, which can overlap the BNC membrane groups at
wavenumbers between 1000 and 1100 cm.

Bands at 1750 and 873 cm™! were also observed in all
functionalized biomaterials, corresponding to the C=0
bond and the carbonate ion (CO,?), indicating that part
of the phosphate group incorporated into the BNC was
replaced by carbonate. This replacement can be attributed
to the CO, present in the air since the functionalization
was produced under agitation. Wan et al.33! highlighted
that the composition and structure of the incorporated
carbonate produce an apatite similar to that found in
natural bone.

3.3.3 Thermogravimetric Analysis (TGA)

Figure 5 shows the TG and DTG curves obtained for
BNC, Mg, and Cu apatites. Pure BNC presented the first
stage of mass loss of 1.77%, (Table S1), which refers to the
water loss present in the sample. The second stage occurred
atT ,,at316°C, where the highest percentage of sample
mass loss was observed, equivalent to 74.38%, related to
cellulose degradation. The last stage of degradation for
the BNC showed a mass loss of 17.19%, which occurred
at T of 494 °C and is related to the degradation of

peak4 A
carbonaceous residues¥.

The BNC/MgHAp50%, BNC/MgHAp30%, BNC/
MgHAp10% and BNC/CuHAp10% samples showed an
additional mass loss stage of 6.6%, 7.1%, 1.6% and 2.0%,
respectively, with T around 180 °C. This event can
be attributed to adsorbed water in HAp that is reversibly
removed from 25 to 200 °C without affecting the network
parameters®,

The T s presented by BNC was 316 °C, while
for biocomposites, it was around 290 °C. According to

Saska et al.’®l this event can be associated with broken
hydrogen bonds to form apatites. Another feature that
stands out is the high percentage of residue at the end of
the test, which presented a value greater than 60% for
all biocomposites produced, while for BNC it was 6.6%.
These residues can be attributed to the inorganic material
in the sample because the analysis was performed in an
oxidizing atmosphere, which confirms the incorporation of
the desired phosphate sources on the BNC membranet®®!.
In this context, it is interesting to note that the higher the
Cu concentration, the higher the residue, while for Mg, the
behavior was the opposite, the higher the Mg concentration,
the lower the residue.

3.3.4 Scanning Electron Microscopy (SEM)

In Figure 6A, it is possible to observe the morphology
of the BNC obtained by SEM, with nanofibers randomly
arranged in a three-dimensional structure, forming a highly
porous structure. This type of 3D structure makes BNC
an excellent biomaterial allowing the exchange of fluids
containing nutrients and growth factors, as well as the
extracellular matrix, stimulating cell growth. In addition,
membrane porosity is essential to promote cell adhesion,
initiating the process of tissue regeneration®”. In the
BNC/MgHAp biocomposites with 10%, 30% and 50%
M (Figure 6B-6D), the phosphate crystals formed were
in the form of plates deposited on the BNC nanofibril
network but with low interaction with them. The energy
scattering X-ray spectroscopy (EDS) result confirmed
the presence of calcium, magnesium and phosphorus
elements (Figure 6H).

According to RabeloP®, the formation of HAp is
dependent on the diffusion and adsorption of OH-, Ca**
and PO,* ions. Thus, at more acidic pH, the adsorption of
OH- ions is limited, and the most common morphological
growth presents the phosphate crystals in the form of
plaques. In this work, BNC was immersed in CuCl,, MgCl,
and CaCl, with pH between 4 and 5 and Na,HPO, at pH 8,
which may have enabled the formation of these structures.

A B
BNC/MgHAp-50% BNC/CuHAp-50%
Gy BNC/MgHAp-30% = BNC/CuHAp-30%
s 8
& |BNC/MgHAp-10% & |BNC/CuHAp-10%
o Al
© ©
= [BNC F [BNC
T ] T L] T J T 4 T T 1 T T T ¥ T T L T 1
4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Wavenumber (cm™)

Figure 4. FTIR spectra obtained for BNC membranes compared with: A) BNC/MgHAp; B) BNC/CuHAp biocomposites.
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Figure 5. TG (A and C) and DTG (B and D) curves for BNC compared with: A,B) BNC/MgHAp; C,D) BNC/CuHAp biocomposites.
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Figure 6. Micrographs of the surface of the membrane of BNC (A) and of the biocomposites incorporated with Mg: (B) BNC/MgHAp50%;
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The morphology of the BNC/CuHAp biocomposites
can be seen in Figures 6E-6G. The energy scattering X-ray
spectroscopy (EDS) result also confirmed the presence of
calcium, copper and phosphorus elements (Figure 61). In
Figures 6E and 6F, it is possible to observe the nanofibrils
of'the BNC but with the deposition of the inorganic material
with lamellar crystalline form or rosettes referring to the
compositions BNC/CuHAp 30% and 50%. Interestingly, in
Figure 6F, the biomaterial with 30% Cu showed a denser
crystalline formation, covering the entire surface of the
BNC. While in the BNC/CuHAp10% sample (Figure 6G),
there was a second flat crystalline form in addition to those
already described as lamellar or rosettes.

Hutchens et al.' produced different Ca-deficient HAp
BNC (CdHAp) compositions by immersion cycles. The
authors observed the formation of crystallites with a needle
or lamellar morphology that resembles the “rosette” structure,
highlighting the similarity with the structures of apatite found
in physiological bone. They found that this “rosette” structure
implies that apatite was nucleated from a distinct location on
the BNC nanofibrils. Moreover, at higher concentrations of
CdHAp, the particles appeared to have a larger and rougher
texture, indicating that the molecules of CdHAp provided
secondary nucleation sites for additional apatite formation.
This characteristic was also observed in Figure 6F of this
work (BNC/CuAp30%). The authors observed that the distinct
arrangement of the BNC nanofibers appears to have guided
the growth of apatite in clusters, which can also be seen in
Figures 6E and 6F. Suggesting that the apatite formed in
these cases resembles native bone tissue and, through new
nucleations, could stimulate bone regeneration.

3.4 Antimicrobial properties

Table 2 shows the result of the antimicrobial susceptibility
test with the BNC/MgHAp and BNC/CuHAp biocomposites
after 24 h of incubation at 30 °C with the microorganisms
Escherichia coli and Staphylococcus aureus. The absence
of inhibition halos in the samples containing Mg indicates
that these samples did not show an antimicrobial effect.

On the other hand, all compositions of BNC/CuHAp
biocomposites showed inhibition halos that varied between
11 and 13 mm in diameter (S2).

Studies reported by Demishtein et al.?>! propose that
magnesium affects cell membrane permeabilization, making
bacteria more sensitive. The authors present a survey of different
effects on different microorganisms, further highlighting the
potential to affect the formation of microbial biofilms. However,
in this study, no antimicrobial effect of Mg was observed on
the microorganisms tested in any of the concentrations used.

On the other hand, Cu showed higher antibacterial activity,
as seen in the formation of inhibition halos for E. coli and
S. aureus bacteria (Table 2 and Figure S1). Aratdjo et al.l”)
point out that the Cu(Il) ion can act on microorganisms
by different mechanisms, breaking the plasma membrane,
blocking biochemical pathways, forming complexes with
proteins and even causing DNA damage.

3.5 Cytotoxicity analysis

A preliminary cytotoxicity assay is one of the critical
assessments of the biological properties of biomaterials before
in vivo assessment!*!l. According to ISO 10993-5:20091"),
if the cell viability is greater than 70% compared to the
control group, the material is considered non-cytotoxic.
The cell viability results for the BNC/MgHAp and BNC/
CuHAp biocomposites during the 1, 3 and 7-day incubation
period are shown in Table 3.

The BNC/MgHAp biomaterials did not show change
concerning the control group (BNC) after the first and third
days of the test. Biocomposites containing BNC/CuHAp
showed a slightly negative effect on the first analysis day,
reducing cellular metabolic activity to 90% but remaining
above 70%. However, after 3 days of testing, the Cu samples
started to show cytotoxic effects, except for the BNC/
CuHAp30% sample, which still maintained cell viability of
77.27%. However, after 7 days, all BNC/CuHAp samples
confirmed a negative effect on long-term cell viability, with
values around 35%.

Table 2. Antimicrobial activity test of the BNC/MgHAp and BNC/CuHAp biocomposites against the microorganisms Escherichia coli

and Staphylococcus aureus.

Samples BNC BNC/ BNC/ BNC/ BNC/ BNC/ BNC/
MgHAp50%  MgHAp30% MgHAp10% CuHAp50%  CuHAp30%  CuHAp10%
@ (mm) E. coli 0 0 0 0 11.5+0.5 13.0+£1.0 11.0+ 1.0
@ (mm) S. aureus 0 0 0 0 12.5+0.5 11.0£1.0 11.5+0.5
Table 3. Cell viability resulting from the cytotoxicity analysis of the biomaterials produced.
1 day 3 days 7 days
Sample Cell viability Standard Cell viability Standard Cell viability Standard
deviation deviation deviation
(%) (%) (%)

BNC 100.00 0.02 100.00 0.02 100.00 0.18
BNC/MgHAp50% 100.27 0.02 101.72 0.01 55.41 0.03
BNC/MgHAp30% 100.27 0.02 103.25 0.02 100.56 0.15
BNC/MgHAp10% 101.47 0.01 108.32 0.01 52.46 0.06
BNC/Cu HAp50% 90.14 0.01 50.00 0.06 35.93 0.02
BNC/CuHAp30% 90.60 0.02 77.27 0.12 35.53 0.01
BNC/CuHAp10% 90.40 0.02 45.07 0.19 37.73 0.01
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The BNC/MgHAp30% sample maintained the same behavior
from the beginning to the end of the test, demonstrating that it
does not have a long-term cytotoxic effect. This result makes
this biomaterial the most suitable implantable material, despite
not having an antimicrobial effect. The presence of Mg?* ions
influence mineral metabolism, playing an important role in
the process of bone mineralization through the activities of
osteoblasts and osteoclasts!'¥. Thus, the presence of Mg helps
to obtain adequate mineralization in the correct formation
of HAp and stimulates the production of new bone tissue.
Thus, although the biomaterial BNC/MgHAp30% does not
show antimicrobial activity, the partial replacement of Ca**
by Mg*" can bring other benefits for bone regeneration.

Lima et al.*” evaluated the biocompatibility of HAp
partially replaced by several divalent ions in just 1 day of
contact. The authors also observed increased total viable
cells in the presence of MgHAp, while CuHAp samples
reduced this parameter. In the present study, however,
all BNC/CuHAp samples after the first day of testing still
showed 90% cell viability. Even after 3 days of testing,
the sample containing 30% Cu still showed cell activity
higher than 70%. However, unfortunately, in the long term,
all concentrations harmed cell viability.

4. Conclusions

The results demonstrated a promising interaction between
BNC and metallic apatites as a biocomposite for application in
GBR, offering good porosity, swelling capacity and available
hydroxyls to connect with HAp. These characteristics are
essential in producing a biomaterial with the potential for
application in GBR because they combine the osteogenic
properties of HAp with the properties of BNC that make it
similar to the extracellular matrix. Furthermore, the partial
replacement of Ca by bivalent cations demonstrated that the
effect is directly linked to the chemical nature of the ion.
In this study, incorporating Cu in apatites promoted antimicrobial
action against E. coli and S. aureus. However, at the tested
concentrations, this element was cytotoxic in comparison,
biomaterials incorporated with Mg. With particular emphasis
on the BNC/MgHAp30% sample, which maintained cell
viability values around 100% throughout the entire study,
making this composition the most suitable for application as
an implantable material and application in GBR, although
not promoting antimicrobial activity. In addition, studies with
multiple ionic replacements seeking synergistic effects and
more remarkable similarity with natural bone composition
are important factors to be investigated as future directions.
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Supplementary Material

Table S1. Maximum degradation temperature (Tpeak) and percentage of mass loss (M%) data, obtained from the TG and DTG curves
of BNC (standard) and BNC/CuHAp and BNC/MgHAp samples.

Sample M, (%) M,(%) T, ,C0 M%) T, .0 M%) T,,(°C) Residue(%)

BNC 1.8 - - 74.4 316.5 17.2 493.9 6.58
BNC/MgHAp50% 53 6.6 182.4 23.6 3164 44 368.4 60.45
BNC/MgHAp30% 48 7.1 181.6 17.8 288.7 47 4739 65.91
BNC/MgHAp10% 59 1.6 180.5 19.5 2979 47 374.1 68.58
BNC/CuHAp 50% 4.0 - - 16.9 2947 56 417.4 72.33
BNC/CuHAp 30% 52 - - 16.9 294.0 5.8 354.1 72.01
BNC/CuHAp 10% 59 2.0 180.4 17.3 288.1 6.5 394.0 68.56
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Figure S1. Antimicrobial susceptibility test of the BNC/MgHAp and BNC/CuHAp biocomposites against the microorganisms
Escherichia coli and Staphylococcus aureus.
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