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ABSTRACT

Hydroxyapatite-associated bacterial cellulose (BC/HA) is a promising composite for biomedical applications.
However, this hybrid composite has some limitations due to its low in vivo degradability. The objective of this
work was to oxidize BC and BC/HA composites for different time periods to produce 2,3 dialdehyde cellulose
(DAC). The BC and oxidized BC (OxBC) membranes were mineralized to obtain the hybrid materials (BC/HA and
OxBC/HA) and their physico-chemical, degradability, and bioactivity properties were studied. The results
showed that OxBC/HA was more bioactive and degradable than BC/HA, which isa function of the degree of BC
oxidation. High glucose levels in the BC degradation were observed as a function of oxidation degree, and other
products, such as butyric acid and acetic acid resulted from DAC degradation. Therefore, this chemical mod-
ification reaction favors BC degradation, making it a good biodegradable and bioactive material with a potential
for bone regeneration applications.
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1. Introduction

Bacterial cellulose (BC) is a linear polymer composed of B-D-glu-
copyranose units synthesized extracellularly by non-pathogenic bac-
teria, especially those of the genus Komagataeibacter. In contrast to a
vegetable cellulose, BC is free of hemicellulose, lignin, and other types
of impurities (Tanskul, Amornthatree, & Jaturonlak, 2013). This bio-
polymer has characteristics such as high purity, crystallinity, porosity,
mechanical strength, humidity, hygroscopicity, biocompatibility, and
good chemical stability, which makeBC a highly versatile biopolymer
used in different industrial fields (Mohite & Patil, 2014; Rajwade,

Paknikar, & Kumbhar, 2015).

The combination of natural polymers with organic or inorganic
materials has been proposed for regenerative medicine, to develop
composites with improved properties, such as antimicrobial activity
and tissue regeneration capacity (Armentano et al., 2018; Jesus, Pellosi,
& Tedesco, 2019). Among these combinations, previous studies have
described the association between BC and hydroxyapatite (HA), ob-
taining composites with biocompatible properties for the osteoblastic
and the stromal cells of the bone marrow (fibroblasts, macrophages,
endothelial cells, and adipocytes), which favors its use for bone re-
generation (Luz et al., 2018; Niamsap, Lam, & Sukyai, 2019; Saska
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et al., 2011).

Despite its properties as a promising polymeric matrix, there are
some drawbacks in BC structure that restricts its use for bone re-
generation applications, particularly its in vivo non-degradability (Hu
et al., 2016; Li, Wan, Li, Liang, & Wang, 2009). In this case, the pro-
duced bone-grafting material must be degraded for complete bone re-
pair and formation.

Several functionalization techniques using raw cellulose structure
have been described to tailor its properties for specific applications.
Various esterification, etherification, oxidation, copolymerization, and
grafting and crosslinking reactions have been performed on the cellu-
lose backbone. In this work, we have focused on oxidized BC (OxBQC),
since it is a process that does not alter the polymeric skeleton and oc-
curs partially or totally by means of covalent bonds, involving the
conversion of alcoholic groups to carbonyl or carboxyl groups (Klemm,
Philipp, Heinze, Heinze, & Wagenknecht, 1998). A strong oxidizing
agent, NalO4, was used in an aqueous medium, producing periodate
ions that interact with BC by an electrostatic attraction. These periodate
ions are specific oxidants that can oxidize the vicinal alcoholic groups
at carbon atoms 2 and 3 in an anhydroglucose unit of cellulose, forming
two aldehyde groups and a cellulose derivative known as 2,3-dialde-
hyde cellulose (DAC) (Coseri et al., 2013).

This process generates a material with adequate properties, espe-
cially for a guided bone regeneration (GBR). For this technique, it is
interesting to use degradable materials, avoiding the possibility of a
second surgery, reducing the psychological stress of the patient as well
as the risks of new infections to the implant site and the regenerated
tissue (Hou et al., 2018).

The insertion of active components, such as HA, may also be ben-
eficialfor potentialization of bone regeneration. Successful bone tissue
regeneration requires developing a matrix that provides structural
support for fixation, spread, migration, proliferation, and differentia-
tion of developing tissue. An important parameter is the material
bioactivity, which is the ability to induce calcification by anucleation of
calcium and phosphate crystals on its surface (Ribeiro et al., 2015).

The objective of this work was to oxidize the BC membranes to
different degrees, obtain DAC or OxBC, and produce a hybrid material,
OxBC/HA. These materials were characterized based on their chemical
structure, morphology, surface composition, crystallinity, and swelling
degree. The effect of degree of oxidation on in vitro material degrad-
ability properties was also evaluated. The main degradation products
and mineralization phenomena were quantified by high performance
liquid chromatography (HPLC) and surface analyses, respectively.

2. Materials and methods
2.1. BC synthesis and purification

BC was obtained from Komagataeibacter hansenii ATCC 53582 cul-
ture. Initially, inoculation of stock samples containing inclined agar was
carried out and a portion of cell mass was removed by scattering on the
surface of a centrifuge tube 50mL containing Hestrin Agar and
Scharmm HS (Hestrin & Schramm, 1954). In this process, the micro-
organism activation occurred at 30 °C for 3 days. Thereafter, a portion
of cell mass removed was placed in a Scott vial containing 100 mL of
the HS synthetic medium and incubated at 30 °C for 3 days. Thereafter,
5% (v/v) inoculum was with drawn and added into Scott flasks with
100 mL of HS liquid medium, and incubated for 5 days at 30 °C. The BC
membranes were synthesized and purified according to previously de-
scribed protocols (Luz et al., 2018).

2.2. Cellulose oxidation
The oxidation was performed by immersing the purified BC in

KCI-HCI (pH 1) for 12 h. The oxidation was carried out following these
experimental ratios: BC/NalO, (1.0 g/1.5 g) and BC/KCI-HCl (0.356 g/
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50mL). BC was added to the reaction system containing KCI-HCl and
NalO, pre-warmed at 55°C and soaked (125rpm) for 6h, 16 h, and
24 h. The system was then incubated with 12.5mL ethylenglycol at
25°C for 1 h to decompose the remaining periodate and stop the reac-
tion. It was subsequently successive washed with deionized water until
membrane neutralization was achieved.

2.3. Synthesis of OxBC/HA composite membranes

The oxidized BC were soakedin 0.1 mol/L CaCl, solution for
24 h,followed by an immersion in 0.06 mol/L of Na,HPO, solution for
24 h under stirring, as described by Luz et al. (2018).

2.4. Characterization of the materials produced

2.4.1. Oxidation degree by titration method

Oxidation with NalO4 converted the alcoholic groups (C—OH) into
aldehyde groups (R—CH=O0). The oxidized BCs (~0.25g) were im-
mersed in 0.1L of 0.75mol/L NH,OH-HCI solution at pH 5, and in-
cubated for 18 h at 40 °C under stirring. The samples were titrated using
1 mol/L NaOH solution. The oxidation degree was determined using the
direct relationship between the volume of NaOH spent and aldehyde
content (AC) formed, as described by Li et al. (2009).

2.4.2. Swelling degree

Samples (10 x 10 mm?) were immersed in distilled water (pH 7.1)
for O min, 1 min, 2min, 7 min, 12min, 22 min, and 32 min at 25°C.
Afterwards, the membranes were removed from water; the excess water
was removed using filter paper (Quanty; 8 um) and weighed. The
swelling degree was expressed as the percentage of weight gained
compared to the dry weight.

2.4.3. Scanning electron microscopy (SEM)

The samples were previously lyophilized and carefully placed on
metal supports, with the help of a double-sided carbon tape. Then,
metallization was performed with the deposition of an approximately
30nm thick conductive gold layerby sputtering, using a metallizer
(K650; Emitech; France). The micrographs were obtained using a
scanning electron microscope (DSM 940; Zeiss; Germany) with a vol-
tage of 15kV.

2.4.4. X-ray diffraction (XRD)

The XRD patterns were obtained using a diffractometer for poly-
crystalline samples (XPert Pro MPD - Panalytical, Netherlands) with a
Cu tube at 40 kV and 40 mA at 20 scale. The angular range used ranged
from 3°-50°, with a scanning speed of 0.5°/min. The crystallinity index
(CI) was estimated as described by Segal, Creely, Martin, and Conrad
(1959) using Eq. (1).

@

where Iy, and I,, is are the intensitiesof crystalline cellulose at
20°—23° and is the amorphous cellulose at 20°—17°, respectively.

CL(%) = (L’(’;ﬂ) x 100
002

2.4.5. Fourier transform infrared spectroscopy (FTIR)

The FTIR analyses were performed using the attenuated total re-
flectance (ATR) method in a spectrophotometer (660 Varian; United
Kingdom) with a reading range of 4000 cm ™! - 400 cm ™! with a re-
solution of 4cm ™! and 15 scans.

2.4.6. Solid state nuclear magnetic resonance (NMR)

13C MAS NMR spectra were recorded at room temperature (25 °C)
with an AVANCEIII HD 600 spectrometer (Bruker; USA) using an HXY,
Efree MAS probe of 3.2 mm at a spinning rate of 15 kHz. The magnetic
field was 14.1T, corresponding to a '°C resonance frequency of
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150.9 MHz. All spectra were recorded using a Cross Polarization Magic-
Angle Spinning (CP-MAS) pulso program: a combination of cross-po-
larization, high-power proton decoupling, and magic angle spinning.
The '3C chemical shift values were measured with respect to glycine as
a secondary reference (carbonyl signal at 176.03 ppm).

2.4.7. X-ray photoelectron spectroscopy (XPS)

XPS spectra were collected using aspectrometer (PHI Versaprobe II
Scanning XPS Microprobe; Physical Electronics; USA) with monochro-
matic X-ray Al Ka radiation (100 pm, 100 W, 20kV, 1486.6 eV) and a
dual-beam charge neutralizer. XPS spectra were analyzed using PHI
SmartSoft software and processed using the MultiPak 9.3 package. The
binding energy values were referenced to the adventitious C 1s signal at
284.8eV. Recorded spectra were fitted using the Gaussian-Lorentz
curves. The atomic concentration percentages of the constituent ele-
ments of the surfaces were determined considering the corresponding
area sensitivity factor for the different measured spectral regions.

2.4.8. Thermogravimetric analysis (TGA)

The TGAs were conducted using approximately 7.0 mg of each
sample between 0 °C and 700 °C at a heating rate of 10 °C/min under a
nitrogen atmosphere with a flow rate of 40 mL/min in a thermogravi-
metric analyzer (TGA-50; Shimadzu; Japan).

2.5. Invitro degradability test

For the in vitro degradation test, the samples were immersed in
phosphate-buffered saline solution (PBS) for 15 days, 30 days, 60 days,
and 90 days using a static condition in a Biochemical Oxygen Demand
(BOD) incubator at 37 °C. The degraded product was removed from the
supernatant and analyzed by HPLC using an AMINEX HPX-87H column
(Bio-Rad; Hercules, CA, USA) at 65 °C and 0.005 mol/LH,SO, in MilliQ
water as the mobile phase with a flow rate of 0.6 mL min~'. The freeze-
dried samples were cut into cubes (10 X 10 mm?), weighed, placed in a
50 mL centrifuge tube containing 0.01 L PBS, and incubated at 37 °C.

2.6. Bioactivity test

The bioactivity was evaluated using energy dispersive X-ray (EDX)
analysis to verify the ability of the material to induce an apatite for-
mation on its surface when immersed in PBS, whose ionic concentra-
tions were approximately equal to those of the human blood plasma
(Bohner & Lemaitre, 2009). The samples were freeze-dried, placed in
stubs, covered with a thin gold layer, and visualized using a scanning
electron microscope (Inspect-50; Japan) with a voltage of 15kV.

3. Results and discussion
3.1. BC weight loss

The oxidation were performed for three different time periods and
the weight loss during the production of BC derivatives was in-
vestigated. During oxidation, a part of the material is solubilized, in-
creasing weight loss with reaction time increase. The results showed
mass losses of 8%, 50 %, and 66 % for OxBC 40 %, OxBC 60 %, and
OxBC 90 % OxBC, respectively. After the reaction, the products of al-
cohol oxidation to carbonyl groups on the BC structure becomes in-
soluble in water but remains soluble in solvents, such as HCI used in
oxidation.

3.2. Swelling degree

These experiments were performed to investigate the effect of oxi-
dation on the swelling polymer matrix. Fig. 1A shows that the sample
equilibrium was achieved in a short time, approximately 22 min, and
decreased by increasing the oxidation degree from 40 % to 90 %. These
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results were found to agree with those previously described, which
showed that the OxBC samples were more hydrophobic than native BC,
probably due to the formation of aldehyde groups, decreasing hydrogen
bonds with the hydroxyl groups on the BC structure (Hutchens et al.,
2009). These results were similar to those reported by Yang, Zhen, Che,
and Shan (2016). Fig. 1B shows that the BC/HA and OxBC/HA swelling
equilibrium was achieved at a high equilibrium time. This characteristic
is associated with the hydrophilic character of HA in the production of
composite matrices (Luz et al., 2018).

3.3. SEM

Fig. 2 shows the microscopy surfaces of the native and the oxidized
bacterial cellulose samples. Nanofiber uniformity was observed in the
BC samples. The average fiber diameter was 50nm * 1nm, con-
firming the nanometric dimensions. In the 40 % OxBC sample, a slight
change in texture was detected, but the structure was preserved with
some nanofibers. For the samples with a high oxidation degree (60 %
and 90 %), a dense and compact cellulose nanofiber network structure
was observed, with some ruptures in the nanofiber surface layer, sug-
gesting fragility in the fibers and probably a decrease in the crystalline
structure.

It was observedthat both BC/HA and OxBC 40 %/HA samples had
similar morphological behavior, indicating that this slight oxidation did
not modify the polymer structure, generating the same HA agglomer-
ates on BC samples. However, it was not possible to accurately identify
the BC nanofibers in OxBC 60 %/HA and OxBC 90 % /HA because of
their high compaction and uniform HA deposition. Hutchens et al.
(2009) have proposed that calcium ions can bind to the aldehyde
groups of oxidized cellulose by a strong chemical bond and potentialize
the chemical stability. It has been suggested that calcium nanoparticles
can be deposited in different forms of HA, explaining the limitation of
identifying them by SEM images.

3.4. XRD

XRD analyses were performed to determine the effect of oxidation
on material crystallinity. The X-ray diffractograms for the BC and OxBC
samples have been shown in Fig. 3.

It was observed that the diffractograms (Fig. 3A) depicted three
evident peaks for all the samples. The peaks at approximately 16.9° and
26.5° indicate the presence of type I cellulose and the peak near 18.5°
indicate amorphous cellulose (Keshk & Sameshima, 2006; Kronenthal,
1975). It was also observed that the crystallinity index reduced with an
increase in the oxidation content. These values were calculated using
eq. (A.3): BC (78 %), 40 % OxBC (71 %), 60 % OxBC (61 %), and 90 %
OxBC (27 %). These results confirm that crystallinity reduction oc-
curred as a function of oxidation, as reported by Li, Wu, Mu, and Lin
(2011). This phenomenon resulted from the opening of the glucopyr-
anose rings and destruction of their ordering structure (Li et al., 2009).
Previous studies suggest that three reactions occur simultaneously
during periodate oxidation: a rapid initial attack of the periodate in the
amorphous region of the cellulose, a second slow reaction attributed to
the oxidation of the surface of the crystalline regions, and a third very
slow reaction due to the oxidation of the crystalline nucleus (Calvini,
Gorassini, Luciano, & Franceschi, 2006). In the composite diffracto-
grams (Fig. 3B), diffraction peaks attributed to the type I standard
cellulose were found in regions A and B as there was a decrease in the
intensity of these peaks, indicating that HA was the dominant compo-
nent (Hutchens et al., 2009).

HA pattern peaks were observed in C, D, E, F, G, H, I, and J regions
as shown in Fig. 3B (Hutchens et al., 2009). The crystallinity index of
BC/HA (86 %), OxBC 40 %/HA (84 %), OxBC 60 %/HA (79 %), and
OxBC 90 %/HA (68 %) composites indicated that HA made the mate-
rials more crystalline than those observed with the BC and OxBC
composites.
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Fig. 1. Swelling degree (%) of (A) BC and its oxidized derivatives (OxBC 40 %, OxBC 60 %, OxBC 90 %) and (B) BC/HA composites with different oxidation degrees

(OxBC 40 %/HA, OxBC 60 %/HA, OxBC 90 %/HA).

3.5. FTIR

In the spectra referring to BC (Fig. 4A), characteristic BC vibrational
bands were identified at 3353 cm ™! (stretching of the —OH bond),
2897 ecm ™! (symmetrical stretch of C—H group), 1645 cm ™! (referring
to the bending deformation of —C—OH), and 1000-1600 cm ™! (low-
intensity bands attributed to C—H groups in cellulose) (Sun, Hou, Liu, &
Ni, 2015). It could also be observed that the intensity of the bands re-
lated to the stretching of the OH bond (3353 cm ™ 1) decreased with an
increase in the oxidation degree, which could be explained by the
conversion of hydroxyl into carbonyl groups (presented by the band at
2897 cm™') by oxidation, and in accordance with the previously re-
ported results (Sun et al., 2015).

All the spectra present vibrational bands characteristic of BC;
however, in the spectrum of the oxidized hybrid materials (Fig. 4B),
these bands were attenuated, which may be due to HA deposition on
the polymer surface (Hu et al., 2016). A reduction in the intensity of
some bands, mainly around 3350 cm™?, 1640 cm !, and 2897 cm !,
were identified according to the increase of oxidation degree, possibly
due to HA deposition on the polymeric surface. These results suggested
that oxidation altered the molecular structure of the material, due to
the conversion of alcohol groups into carbonyl groups, as reported in
previous studies (Li et al., 2009; Yang et al., 2016). New bands ap-
peared in the hybrid materials at around 1020 cm ™ ‘and 960 cm ™!
(referring to the phosphate groups), which decreased with the oxidation
degree, suggesting that the introduction of aldehyde groups affect mi-
neral deposition. Hutchens et al. (2009) showed a low HA concentra-
tion in OxBC samples, suggesting that the chemical modification of the
cellulose network contributed to some restrictions in calcium and
phosphate salt diffusion. Aldehyde has been suggested to affect an
apatite nucleation, preventing HA from depositing in the DAC portions.
Yang et al. (2016) suggested that oxidation elevated the anionic char-
acter of BC, allowing dipolar bonds between aldehyde clusters and
Ca®™ ions, influencing the interaction of calcium with phosphorus to
form HA.

3.6. Solid state NMR

13C CP-MAS profiles (Fig. 5) showed the characteristic peaks of
cellulose. In general, it clearly showed the peaks in the range 60
ppm-70ppm associated with C6 carbon, between 70 ppm-80 ppm
assigned with C2, C3, and C5 carbons, and from 80 ppm to 905 ppm
corresponding to the C4 carbon (Idstrom et al., 2016). Signals at low
shifts, especially those of C4 and C6, indicate amorphous regions
(Lemke, Dong, Michal, & Hamad, 2012). After oxidation, the signals are
broadened, which can be associated with a crystallinity loss, since high
resolution and sharp peaks usually imply high crystallinity. The broa-
dened signals were noticeable in OxBC 60 % and OxBC 90 % samples,

where a new broad contribution close to 100 ppm was also related to
the C1 carbon. Andersson, Hoffman, Nahar, and Scholander (1990)
assigned a peak at 93 ppm to C1 of the terminal a-p-glucose unit that
appeared when cellulose was oxidized with sodium nitrite in ortho-
phosphoric acid C2 and C3 signals affected by aldehyde formation were
also less defined and there were no peaks due to the formation of car-
bonyl carbons of ketones (200 ppm-210ppm), resulting from the
oxidation of C2 or C3 secondary hydroxyl groups (Isogai & Kato, 1998).
Similar observations were obtained by Jiang, Wu, Han, and Zhang
(2017) when treating cellulose with ammonium persulfate. This sug-
gests that C2 or C3 have not been oxidized; if oxidized, the crystallinity
of the resultant material will bequite low to determine the formation of
these groups by NMR. These results suggest that oxidation mainly af-
fects the crystallinity of the samples.

3.7. XPS

Oxidized BC membranes were evaluated using XPS. The Cls and
O1s core level spectrawere studied to analyze the relationship between
oxygen and carbon and the oxidation reaction (Fig. 6). The C1 level
spectra can be decomposed into fourcontributions with maxima at ap-
proximately 284.8eV, 286.4eV, 287.8eV, and 289.1eV. The first
contribution (C1) is assigned to —C—H, —C—C, and —C=C bonds
mainly from an adventitious carbon.

The second contribution (C2) corresponds to —C—OH,
—C—0—C,and —C—NH,, bonds, while the third contribution (C3) is at-
tributed to —C=0 groups and the fourth contribution at a high binding
energy (C4) can be assigned to the carboxylic groups (Briggs, 1981).

Fig. 6 shows the deconvoluted Cls core level spectra of OxBC 40 %,
OxBC 60 %, and OxBC 90 % samples. The contribution of C1 in all
spectra, assigned to the adventitious carbon contamination, present
different relative intensities, and these intensities are independent of
the oxidation degree. To follow the surface oxidation of the samples,
C2/(C3 + C4) area ratios must be considered where the contribution C2
corresponds to the C—OH and C—O—C bonds from cellulose, and C2 and
C3 contribute to the oxidized groups, C=0 and O=C—O", respec-
tively. The C2/(C3 + C4) area ratios were 2.37, 2.07,and 1.55 for the
OxBC 40 %, OxBC 60 %, and OxBC 90 %, respectively. These results
clearly confirm the surface oxidation of the alcoholic group of cellulose.
The O1s core level spectra of OxBC 40 % and OxBC 60 % samples (data
not shown) exhibit one symmetric peak centered at 532.8 eV, indicating
that this binding energy value is similar to that found in the literature
for cellulose (Dolinina, Vlasenkova, & Parfenyuk, 2017). This peak is
broad and should include the —C—O—C and/or C=0 and C—OH
groups. In OxBC 90 % sample, the Ols spectrum can be decomposed
into two contributions at 531.5eV (6%) and 532.9eV (94 %). The
contribution at a low binding energy is assigned to oxygen from car-
boxylic, and the more intense contribution to the C—O—C and / or C=0
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(A) (B)
Fig. 2. Scanning electron microscopy for (A) BC and its oxidized derivatives (OxBC 40 %, OxBC 60 %, OxBC 90 %) and (B) BC/HA and composites with different
oxidation degrees (OxBC 40 %/HA, OxBC 60 %/HA, OxBC 90 %/HA).
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Fig. 3. X-Ray diffractograms for (A) BC and its oxidized derivatives (OxBC 40 %, OxBC 60 %, OxBC 90 %) and (B) BC/HA and composites with different oxidation

degrees (OxBC 40 %/HA, OxBC 60 %/HA, OxBC 90 %/HA).
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Fig. 4. Vibrational spectra in the infrared region for (A) BC and its oxidized derivatives (OxBC 40 %. OxBC 60 %, OxBC 90 %) and (B) BC/HA composites with

different oxidation degrees (OxBC 40 %/HA. OxBC 60 %/HA, OxBC 90 %/HA).

and C—OH groups.

The experimental O/C ratio of OxBC samples were (0.70) OxBC 40
%, (0.60) OxBC 60 %, and (0.46) OxBC 90 %. The XPS results showed
that the longer the membrane was subjected to oxidation, the lower was
its O/C ratio. The theoretical value for pure cellulose is 0.83, according
to Topalovic et al. (2007). The decrease in this ratio is related to the
degradation and possible loss of oxygen atoms during oxidation, cor-
roborating the BC mass loss, since during oxidation there is a mass
reduction due to this modification occurring in an acidic environment
that may cause material degradation; therefore, it does not guarantee
the same proportions of the elements O and C present in the BC.

3.8. TGA

The thermogravimetric curves for BC and its oxidized derivatives
have been shown in Fig. 7A. From these curves, a first event of weight
loss (3%-7%) was observed at about 100 °C for volatile compounds. In
the second event, the weight loss occurred due to the processes of
cellulose degradation, such as depolymerization, dehydration, and
glycosidic unit decomposition. The third event at about 400 °C to 700 °C
could be correlated to the formation of carbon residues (Duarte et al.,
2015). By the derivation of thermogravimetric (DTG) curves (Fig. 7B),
it was possible to identify the maximum temperature degradation for
each sample. It was observed that the OxBC 90 % sample showed two
degradation peaks, probably due to the high oxidation degree, resulting
in a fractional degradation of the material (Siller et al., 2015). Although

oxidation decreases the thermal stability, this does not limit the type of
application as the material is capable of with standing autoclave ster-
ilization temperatures, and degradation processes occur at much higher
temperatures than sterilization processes.

The TGA of the BC composites with different degrees of oxidation
and Ca-HA (Fig. 7C) also showed a gradual reduction in degradation
temperature, according to the increase in the oxidation degree as well
as in BC and its oxidized derivatives. However, due to the interactions
between HA and the samples, a high deviation was observed in terms of
the percentage values of residues at 700 °C. The non-oxidized composite
presented a lower degradation temperature than that by the non-oxi-
dized BC because of HA deposition on its surface (Ahn et al., 2015). The
results obtained (Fig. 7D) show a reduction in loss of mass due to
thermal stability asa function of the interaction between the samples
and HA (Ahn et al., 2015; Hu et al., 2016).

3.9. Invitro degradability test

The degradation of composite membranes was quantified by HPLC,
measuring the amount of glucose (fundamental BC unit) in the PBS
supernatants. Fig. 8 shows the mechanism for hydrolytic degradation of
oxidized cellulose, producing 2,4-dihydroxybutyric acid, glycolic acid
(or hydroxyacetic acid), and carbohydrates (Hutchens et al., 2009). The
BC samples showed a low level of degradation, as explained by Li et al.
(2009), who described that BC degradation in the body was very low
and increased by chemical modifications such as oxidation.
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Fig. 5. '3C NMR spectra of BC and OXBC samples.

The results showed an increase in glucose concentration with in-
crease in the oxidation degree. As hypothesized, in addition to glucose,
OxBC degradation products, identified as butyric acid and acetic acid,
were also found for some samples. This degradability can be an im-
portant requirement for guided bone regeneration, since it can be
modulated inside the body.

Comparing Fig. 9A and B, it was observed that glucose concentra-
tion in the composites was lower than that in the BC samples, sug-
gesting that hybrid materials conferred some chemical stability to the
final product, corroborating the FTIR, SEM, and TGA results. This
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increase in stability can be attributed to the isolated pairs in the alde-
hyde groups that coordinate the calcium ions, forming a strong che-
mical bond and decreasing the degradability rate.

OxBCs degrade faster than oxidized composites, which may be an
interesting focus for tissue engineering. For cases where a long material
permanence is required, the use of composite as a controlled release
system is more appropriate, while for use as a carrier for drugs where
fast degradation is required, OxBC is the most appropriate choice.

Earlier studies have reported that HA is stable under physiological
conditions. In this study, we used a mildly basic pH of 7.4, which did
not degrade HA. However, some in vivo studies have shown HA
breakdown due to the response of an organismto a foreign component,
lowering the medium pH to a range of 4-5 locally, which is considered
the initial inflammation pH (Habraken, Habibovic, Epple, & Boher,
2016). HA dissolves in this pH range and is subsequently absorbed by
the individual. Noteworthy, in bone regeneration studies with active
osteoclastic cells, they release H* ions, making the physiological en-
vironment acidic (Seo, Ryu, Park, Huh, & Baek, 2016).

3.10. Bioactivity test

To evaluate the potential of materials for use in bone regeneration, a
bioactivity test was performed to identify the ability of the samples to
induce calcification. Material bioactivity is identified by the ability of
the biomaterial to establish a stable bond with living tissues via an HA
deposition (Czarnecka, Coleman, Shaw, & Nicholson, 2008). According
to Duarte et al. (2015), HA precipitation on the material surface ex-
posed in vitro to simulated body fluid (SBF) solution indicates a
bioactivity.

Microanalysis using an EDX detector was performed to quantify the
surface chemical composition and describe if the material has potential
bioactivity. It compared BC samples and their oxidized derivatives, as
well as the composites of BC with different oxidation degree and HA
(Table 1) after being immersed in SBF for 15 days, to identify a possible
interaction with the SBF medium causing the deposition of ions such as
calcium and phosphorus.

Only carbon and oxygen, the fundamental elements of cellulose,
were present in BC and its oxidized derivatives. However, calcium and
phosphorus was also detected in the BC composites with different de-
grees of oxidation and HA, forming HA elements. Chlorine and sodium

290 288
Binding Energy (eV)

1
292 290 288 286 284 282
Binding Energy (eV)

Fig. 6. Cls core level spectra corresponding to X) OxBC 40 %, Y) OxBC 60 %, and Z) OxBC 90 %.
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Fig. 7. Thermogravimetric analysis (TGA/DTG) of (A, B) BC and its oxidized derivatives (OxBC 40 %, OxBC 60 %, OxBC 90 %) and (C, D) BC/HA and composites
with different degrees of oxidation (OxBC 40 %/HA, OxBC 60 %/HA, OxBC 90 %/HA).

was also detected in smaller quantities, derived from the solutions used
for producing the hybrids (CaCl, and NazPO,). The predominance of
carbon and oxygen (Table 1) in the elemental composition of these
samples confirms its cellulosic nature. There were small variations in
the percentage of these elements among the samples, probably due to
the area chosen for the analysis.

Comparing the calcium values before and after immersion in
SBF,calcification was observed for the OxBC 60 % and OxBC 90 %
samples, demonstrating that the polymeric matrix favored an HA de-
position, which was related to the cellulose chain hydroxyl clusters,
confirming the minetic route for producing the hybrid BC/HA ac-
cording to Li et al. (2009). For the composites, interaction with the SBF
medium was identified, causing calcium release and deposition me-
chanisms, as exemplified in the results of BC/HA and OxBC/HA 90 %,
respectively.

The hybrids mostly interacted with the SBF medium, indicating that
HA presence in the material optimized the calcification in the material,

making it more bioactive. Besides being more bioactive with higher
oxidation degree, the hybrid materials formed by oxidized matrices are
degradable and useful for successful bone tissue engineering. It is es-
sential that the implanted graft materials should have an appropriate
cell affinity and be potentially degradable. The calcification process is
correlated to the surface characteristics of the material, which may be
related to the chemical composition, which causes a process of com-
plexation of chemical groups on the surface of the material, with cal-
cium or phosphorus ions leading to an apatite nucleation or due to
roughness, contributing to an ionic anchorage in their pores (Ribeiro
et al., 2015).

For the composites, the Ca/P ratios were calculated, which can be
used to characterize the composition of calcium phosphates (Habraken
et al., 2016). Traces of chlorine and sodium, probably residues from the
reagents used in the mineralization were identified. The formula for
stoichiometric HA is Ca;o(PO4)s(OH),, with a Ca/P ratio of 1.67, which
is the most stable and least soluble calcium phosphate of all (Duarte
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Fig. 8. Scheme of bacterial cellulose oxidation by sodium periodate and mechanism for hydrolytic degradation of oxidized cellulose producing carbohydrates, 2,4-
dihydroxybutyric acid and glycolic acid (or hydroxyacetic acid),proposed by Hou et al. (2018).
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Table 1
Surface chemical analysis by EDX for all BC samplesbefore and after SBF im-
mersion.

Sample C(%) O() Ca(®%) P@®%) Na@®%) Cl(%)
b BC 72.7 27.3 - - - -
"F OXBC 40% 72.7 27.3 - - - -
> OxBC 60% 72.7 27.3 - - - -
"> OXBC 90% 72.7 27.3 - - - -
" BC/HA 8.5 50.4 21.5 13.5 5.5 0.6
f OXBC 40%,/HA 12.5 55.0 16.8 10.3 4.9 0.5
b OxBC 60%/HA 18.1 62.0 18.1 11.3 1.8 0.1
> OxBC 90%/HA 11.7 54.2 23.1 10.5 0.3 0.1
afBC 60.5 39.3 - 0.1 - 0.1
af OxBC 40% 56.7 43.1 - - - 0.2
af OxBC 60% 47.1 52.6 0.1 - 0.1 -
““f OxBC 90% 50.6 48.7 0.5 0.1 - 0.2
af BC/HA 6.8 55.8 17.9 8.5 0.4 0.1
af OXBC 40%/HA 13.8 48.6 185 12.9 5.0 1.2
2’ OxBC 60% /HA  18.8 48.4 18.7 11.0 2.7 0.4
af OXBC 90%/HA 3.5 44.9 28.1 16.6 5.9 1.0

*bf before immersion in SBF.
*af after immersion in SBF.

et al., 2015). The Ca/P ratio in BC/HA (1.59), 40 % OxBC/HA (1.63),
and 60 % OxBC/HA (1.60) was close to that in biological HA, but was
higher in 90 % OxBC/HA (2.20). Calcium ion content plays a role in
osteoblast adhesion and proliferation, which can be an important step
towards the secretion of abone matrix mineralization and the formation
of a new bone.

4. Conclusions

This work describes, for the first time, the production of hybrids
based on OxBC and HA at different time periods of oxidation with re-
spect to degradation of the material, favoring biomaterial research
aimed at future applications in guided bone regeneration.

The oxidation, under the study conditions, proved to be effective for
degrading the bacterial cellulose membrane, indicating that it had a
direct relationship with the increase in the degree of oxidation. It has
also been shown that oxidation influences the swelling and crystallinity
of the material. The degree of oxidation can be controlled by the re-
action time. Thus, we can conclude that oxidation is an alternative
chemical modification to optimize BC degradability.

Oxidized matrix composites have been shown to be the most sui-
table for use in bone regeneration as they have an initial stable support
for bone cells that have active components that interact with bone cells.
This material slowly degrades, allowing favorable conditions for the
cells to mineralize and form new bones. The special highlight of the
materials produced is the ability to adjust the degradation profiles
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according to the degree of oxidation of the polymer matrix.
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