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! Bacterial cellulose gration to living tissues.

Bacterial cellulose (BC) is a nanofibrous biomaterial biosynthetized by a series of acetic
bacteria with unique properties with application in many tissue engineering purposes.
Calcium phosphates (CPs), mainly hydroxyapatite, are bioceramics that possess similar
composition of host bones and are able to stimulate osteoconduction and osteointe-

Bacterial cellulose-calcium phosphates composites have caught the attention of resear-

Calcium
Phosphates chers by their excellent mechanical properties and biocompatibility, being considered
an excellent proposal to development of new synthetic grafts to bone tissue enginee-
ring. The minireview presented here focuses on various fabrication methods used to
prepare and novel applications of BC-CPs composites and their applications in BTE.
Introduction obtain biocompatible and well-integrated materials with

In the last decades, researchers of different fields, such
as materials science and engineering, orthopedics and den-
tistry, have made efforts to develop new strategies in or-
der to replace autologous, allografts and xenografts-based
therapies for new viable alternatives to solve the problem
of millions of people that suffer with trauma, tumors and
bone related diseases. Despite having many advantages, as
stimulate osteoconductive, osteoinductive and low immu-
ne responses, autologous bone grafts, considered gold
standards in orthopedic and dentistry fields, provide a li-
mited supply of implant required for surgery. Furthermore,
a patient that requires this procedure is submitted to subse-
quent harvesting and insertion of material in the fractured
area, that leads to considerable incidence of site morbidity
associated with the harvested graft.

Allografts and xenografts, although are commonly used
as alternative techniques to overcome some disadvantages
of autograft therapy, due to unlimited availability of mate-
rial and no occurrence of donor sites morbidity (since the
grafts are harvested from bone banks), are limited because
of the possibility of infection and immunological rejec-
tion. Alloplastic grafts obtained from synthetic or natural
biomaterials has been considered a promisor solution to
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host bone, stimulating bone regeneration, that is the main
goal of bone tissue engineering (BTE)*>7.

Tissue engineering (TE) is a crucial subfield of rege-
nerative medicine, whose major concern is manufacturing
parts of body, such as tissues and organs ex vivo. Cells cul-
ture in scaffolds and the monitoring of their proliferation,
differentiation and activity is an essential concept of TE.
The main goal is to develop living constructs using bioma-
terials, cells and growth factors to restore, regenerate, pre-
serve or enhance functions of damaged or lost tissues *'°.

From cell cultures in scaffolds, the next step is to im-
plant the bioengineered organs or tissues in humans to
provide their integration and the biological environment
to synthetize extracellular matrix (ECM). The main requi-
rement of a TE scaffold is that degrades over time, while
allows tissue regeneration. Several materials have been
syccelsls_lfzully used for TE and specifically in BTE applica-
tions.

Bone is a hard tissue that support the structure of body.
It presents a three-dimensional (3D) hierarchical structure
compound by cells, non-collagenous proteins, hyaluronan,
peptoglycans and nanocollagen fibers mineralized with
hydroxyapatite (HA). HA, in particular, is the major bio-
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active Inorganic material of bone and is able to support
bone growth and osseointegration, being used in orthope-
dic, dental implants, spinal fusion and treatment of bone
defects. HA/collagen composites have been traditionally
employed to produce artificial bones.

Nevertheless, a more recent trend is to use other bio-
compatible materials to replace collagen, due to the possi-
bility of cross-infection and poor definition of commercial
sources'3 1.

Bacterial cellulose (BC), a renewable nanobiomaterial
with a three-dimensional structure of cellulose fibers, may
be considered a good candidate for this purpose, once it
has been proved that BC scaffolds pores are able to support
the ingrowth of human chondrocytes and human smooth
muscle cells in vivo 3.

Some studies have described the manufacturing and
applications of BC-CPs composites for bone tissue en-
gineering purposes, especially by enhancing osteoblastic
cell proliferation and differentiation. In this context,
the present review focuses on studies related to different
methods of synthesis and applications of BC/CPs compo-
sites in bone tissue engineering and hence in regenerative
medicine in the last ten years'®.

Bacterial cellulose: a promisor material for TE

Bacterial cellulose (BC), also known as biocellulose
or microbial cellulose is a biocompatible polysaccharide
biosynthesized by several species of bacteria including
those belonging to the genera Komagataeibacter (for-
merly Gluconacetobacter), Aerobacter, Agrobacterium,
Zooglea, Azotobacter, Achromobacter, Alcaligenes, Acan-
tamoeba, Rhizobium, Pseudomonas, Salmonella and Sar-
cina'!,

This biomaterial presents the crystalline form cellulose
I and chemical structured formed by linked linear chains
of B-1,4-glucopyranose residues, that are the same of plant-
-based cellulose'*?". However, bacterial cellulose is free of
lignin and hemicelluloses and presents high purity and re-
markable mechanical and physical properties such as high
elasticity, durability, resistance to traction and high ability
to retain and absorb water. BC is also biodegradable and
easily purified using NaOH solution?'22, All those unique
and advantageous properties are mainly derived from its
ultrafine network structure (with approximately 1.5 nm in
width) and enable BC to be applied in various fields such
as megicinal (TE), environmental, food and cosmetics pur-
poses .

Hydroxyapatite and other calcium phosphates for
biomedical purposes

Calcium phosphates (CPs) are the main constituents of
mineral phase of bones and teeth in vertebrates. For this
reason, synthetic CPs have osteoconductive and osteoin-
ductive properties and have been widely used for bone
tissue regeneration and augmentation. CPs as biomate-
rials are generally classified according to composition as
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calcium hydroxyapatite (HA), Ca10(PO4)6(OH)2; alpha-
or beta-tricalcium phosphate (a- or B-TCP), Ca3(PO4)2;
biphasic calcium phosphates (BCPs) for mixtures of HA
and B-TCP; and unsintered apatites or calcium-deficient
apatites (CDAs)**?*. Solubility and biological properties
of those materials are extremely dependent on crystal size,
ionic impurities, specific surface area, and both macropo-
rosity and microporosity. Cell colonization, for example,
is possible in those CPs materials since it is induced by as-
sociating CPs with organic substances which are calcined
before sintering to achieve convenient porosity>*-3'.

Despite having exceptional characteristics, such as a
good integration with the host bone tissue and make the
environment more favorable for bone regeneration, due to
their cytocompatibility, synthetic CPs commonly present
poor biomechanical properties arising from their weak
tensile strength and inherent brittleness. To overcome this
limitation and enable clinical applications, an alternative
solution has been to add internal or external factors or
even to associate synthetic or natural polymers with CPs
forming composites'®.

BC-CPs comporsites for BTE applications: methods of
synthesis and applications

BC fabrication, as noted above, is resulting of the ac-
tivity some kind of Gram-negative acetic bacteria. There
are two methods to fabricating BC depending on the pur-
poses, namely as stationary and agitated culture. Pellicles
are formed under static culture, by the accumulation of a
gelatinous membrane at the air/liquid interface and fibrils
or spherical-like particles are obtained under agitated cul-
ture conditions'”.

Considering the macroscopic morphology of the resul-
ting composite, there are three pathways to prepare BC/
HA composites, which can be extended to BC/CPs compo-
sites: (1) in situ growing of CPs into culture media; (ii) ex
situ synthesis of CPs in BC fibers or for physical mixing of
those two materials; (iii) synthesis of BC composite from
BC solution. Fig. | presents a schematic representation of
each approach for prepare those composites!®.

The in situ approach consists of adding the reinforce-
ment CPs material into BC culture media at the beginning
of BC cultivation in agitated or static conditions (Fig. 1a).
This process has a great advantage of encaging materials
that become part of the fibrils, modifying and enhancing
substantially the physico-mechanical properties of BC fi-
brils, however presents a critical limitation when involves
the incorporation of reinforcement materials that also have
antibacterial activity against BC strains. From this point
of view, CPs are suitable to be incorporated into cultu-
re media, since some studies have revealed that HA, for
example, has been successfully suspended before BC cul-
tivation without toxic effects against BC producer strains.
Another disadvantage is related with the short time in
which those particles remain suspended in BC synthesis
media. To overcome this problem, the researchers have
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Fig. 1. (a) Schematic representation of BC composites produced through in situ synthetic strategy. Particles entrapped between
growing BC fibrils. (b) Schematic representation of BC composites synthesized through an ex situ synthetic strategy. (¢) Schematic
representation of BC composites synthesized from dissolved BC solutions. The composite solution is casted to prepare BC films.

proposed strategies such as BC synthesis in agitated
conditions or developing vessels equipped with spinning
discs. Agitation culture, as discussed before, produces fi-
brils and cannot be applied to produce gels or sheets used
in biomedical applications'®

The ex situ method, as noted in Fig 1b, involves
the incorporation of liquids or nanoparticles into BC
structural matrix. The application of this method is
successful when the reinforcement materials incorporated
have suitable size and reactivity to the group OH of BC.

For this reason, only submicron and nanoparticles
can be entrapped through hydrogen bonds with OH
group in the BC matrix for this strategy, being an efficient
and simpler method to obtain sheets and gels from static
cultures.

The synthesis of BC composites from BC solutions
is the best method to fabricate a large variety of
different composites with more control of BC matrix
composites and reinforcement materials. One of the most
critical challenges is to find a suitable solvent to solve BC
membranes and generally those solvents cause damages
to BC structure. We summarized in Table 1 the most
recent studies in which those strategies are employed to
produce BC-CPs composites and the main findings of
each one. These studies were found by combining the
keywords “bacterial cellulose” and (“calcium phosphate™
or hydroxyapatite) in Web of Science database in June
2018.

According to those reports, it is noted that in most
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studies, ex situ strategy has been chosen to prepare BC-
CPs composites. In this approach, CPs are incorporated
after BC cultivation process by soaking BC membranes
in simulated body fluid (SBF) with an ion concentration
equivalent to human blood plasma at physiological
conditions of pH and temperature to stimulate
biomineralization or in alternate solutions of Ca* and
PO43" ions'o*,

Among the surveyed studies, Grande et al47 and
Romanov et al.™ were the only ones to relate the in
situ addition of HA to BC culture medium in order
to produce BC-HA composites. Both of them previously
synthetized HA via a wet chemical precipitation and
then the apatite was incorporated to the culture medium.
However, considering that the viscosity of the culture
medium was not ideal to suspend homogeneously
HA particles, Grande et al 47 modified it, by adding
carboxymethylcellulose (CMC) at 1 or 2 % (w/v). The
incorporation of CMC in the culture medium, during
the formation of cellulose fibrils caused a decrease of
almost 50% in average diameter of cellulose fibrils and an
increase of 47.8% in pore size. Also, in accordance to the
authors, an amount of 22% of HA was not entrapped in BC
nanocomposite.

Romanov et al.* in turn, have suspended HA in
BC culture medium without adjusting of viscosity and
according to their results, have had the formation of
partly textured HA on the surface of the cellulose fibrils.
Actually, in this study, other two methods have been
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used to prepare BC-HA composites. In order to implement
them, HA was suspended in the process of dispersion of
BC nanogel films or synthetized in the suspended BC
medium. All those methods of BC-HA have produced
materials with potential biomedical applications, although
their biological properties were not assessed.

Several studies have been carried out with BC
membranes in vitro in preclinical assays for biomedical
purposes. These studies have investigated the application
of BC in drug, hormone and protein release systems,
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artificial skin, wound dressing, artificial cartilage, menisci,
invertebral disks, dental implants valvular prostheses,
artificial cornea and the urethrata™” " 4. Therefore, the
researches involving the use of BC membranes for tissue
engineering applications have increased considerably in
number, over the last few years, according to the Fig. 2.
These research works are based on bacterial cellulose
in tissue engineering and bacterial cellulose/calcium
phosphates composites.

2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018

Publication Year

Fig. 2 - Annual publications of BC, BC with TE applications and BC-CPs composites since 2008 to June 2018. The

search was carried out in Web of Science™.
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BC-CPs composites Findings Reference
Silk fibroin from two different species was incorporated to BC membranes to improve mechanical properties of BC-HA
BC-HA composites using silk fibroin ascomposites. Bacterial cellulose-Antheraea yamamai silk fibroin/hydroxyapatite had advantages over Bacterial cellulose-| (34]
reinforcing phase Bombyx mori silk fibroin/hydroxyapatite and Bacterial cellulose/Hydroxyapatite on mechanical strength and in vitro
cytocompatibility, being the most indicated for applications in BTE.
BC was firstly modified with PVP and after activated with CaCl> 0.1 mol.L* for three days to be soaked with 1.5 SBF and|
BC-HA composites produced ex situ produce BC-HA. In order to mimic cartilage tissue, BC was treated with chondroitin sulfate salt sodium (BC-GAG). Attachment] 35]
p P land in vitro proliferation of osteoblasts and hACs were supported, respectively. In vitro studies revealed that those BC
bilayer scaffolds accelerated the regeneration of articular cartilage and subchondral bone in a rat model.
BC-gelatin/HA presented rougher surface topography, higher thermal stability and mechanical strength when compared
BC-gelatin/HA composites with BC/HA composites and in vitro cell culture of rat bone marrow-derived mesenchymal stem cells cultured in BC{ [36]
igelatin/HA revealed better adhesion, proliferation and differentiation than the cells cultured in BC-gelatin.
BC modified with chondroitin sulfateBC was produced with addition of chondroitin sulfate with good ex situ calcium phosphate deposition. Those materialscan| (37]
(added in culture medium). be applied to guided bone regeneration.
BC based hydrogels were produced by adding polyvinylpyrolidone (PVP) and carboxymethylcellulose (CMC) to B(
B(.:_B_TCP._HA based hydrogel Scaffo"““suspension and after that suspending B-TCP and HA. CaCOs was then incorporated in order to achieve biomineralization|
with addition of CMC or PVP to culture| d fficient i ‘on b he imol d the host b d | fold duced by sol [38]
media land an efficient interaction between the implant and the host bone. Hydrogels scaffolds were produced by solvent cast
: ttechnique.
BC-HA composites with adjust of[BC gel-film was firstly produced. The BC-HA composites were prepared ex situ, increasing BC fraction to modify mechanical 39]
mechanical properties properties of the resulting composites. The authors proposed the use of those materials for bonereplacement/fillers.
Calcium phosphates grown on BC as|in this report, the authors proposed the use of BC previously cultivated in static conditions as a template to grow CPs 18]
template deposited by soaking/ultrasound technique. CPs were non-toxic and suggested to be applied as cements/fillers.
Modification of BC culture media withBC fermentation medium was modified with hyaluronic acid 1% (w/w) and irradiated with gamma radiation in order to|
hyaluronic acid 1% (w/w) and ex situfavor biomedical applications. After that, biomimetic precipitation of CP was performed from simulated body fluid (SBF), [40]
biomimetic precipitation of CPs ffor perspectives in dental materials scaffolds applications.
3D nanofibrous BC-based templatesBC pellicles were produced and its surface was modified by coating on it various materials. Calcium phosphate formation for| [41]
with varying surface chemistry leach modified surface was investigated by X-ray absorption near-edge structure (XANES) spectroscopy.
BcéHt'?d::S(%cG'a;fgrW::tabc;niidggoothEBC—HA, BC-HA-OGP and BC-HA-OGP(10-14) were assayed to evaluate their potential in bone regeneration in critical- size [42]
:Jl(;j_“) p pep calvarial defects. It was verified that BC-HA was efficient for bone regeneration in critical-size conditions.
Modification of BC culture medium
:Z,S?fo'/ng ;:h)o;\:;o;hzvtang hny;z?\xr%r:ch fermentation medium was modified with chondroitin and hyaluronic acid 1% (w/w). After that, biomimetic precipitation| [43]
! o W/W, X SItUBIOMIMENC of cp \yas performed from simulated body fluid (SBF), for perspectives in dental materials scaffolds applications.
precipitation of CPs
BC-HA composites synthetized byBC-HA composites were produced by combined aggregation of HA and BC suspensions, introduction of the HA suspension| [24]
different techniques in the culture medium (in situ) and synthesis of HA in the medium of dispersed cellulose.
»>

Fig. 2 - Annual publications of BC, BC with TE applications and BC-CPs composites since 2008 to June 2018. The search was carried out in Web qf'ScienceT .
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BC-HA composites with adjust of me-
chanical properties

BC gel-film was firstly produced. The BC-HA composites were prepared ex situ, increasing BC fraction to modify mechanical
properties of the resulting composites. The authors proposed the use of those materials for bone replacement/fillers.

[39]

Calcium phosphates grown on BC as
template

In this report, the authors proposed the use of BC previously cultivated in static conditions as a template to grow CPs
deposited by soaking/ultrasound technique. CPs were non-toxic and suggested to be applied as cements/fillers.

[18]

Modification of BC culture media with
hyaluronic acid 1% (w/w) and ex sity
biomimetic precipitation of CPs

BC fermentation medium was modified with hyaluronic acid 1% (w/w) and irradiated with gamma radiation in order to|
favor biomedical applications. After that, biomimetic precipitation of CP was performed from simulated body fluid (SBF),
for perspectives in dental materials scaffolds applications.

[40]

3D nanofibrous BC-based templates
with varying surface chemistry

BC pellicles were produced and its surface was modified by coating on it various materials. Calcium phosphate formation for|
leach modified surface was investigated by X-ray absorption near-edge structure (XANES) spectroscopy.

[41]

BC-HA associated with bone growth|
peptides (OGP) or pentapeptide OGP|
(10-14)

BC-HA, BC-HA-OGP and BC-HA-OGP(10-14) were assayed to evaluate their potential in bone regeneration in critical- size|
calvarial defects. It was verified that BC-HA was efficient for bone regeneration in critical-size conditions.

[42]

Modification of BC culture medium by
adding chondroitin and hyaluronic acid|
(1% w/w) and ex situ biomimetic preci-
pitation of CPs

BC fermentation medium was modified with chondroitin and hyaluronic acid 1% (w/w). After that, biomimetic precipitation|
of CP was performed from simulated body fluid (SBF), for perspectives in dental materials scaffolds applications.

[43]

BC-HA composites synthetized by diffe-
rent techniques

BC-HA composites were produced by combined aggregation of HA and BC suspensions, introduction of the HA suspension
in the culture medium (in situ) and synthesis of HA in the medium of dispersed cellulose.

[44]

Sand Dollar skeleton coated by BC and
cp

[The skeleton of sand dollar (Clypeaster subdepressus), that is formed by interconnected pores, was coated by BC and then|
coated with calcium phosphates. Sand dollar skeleton provides a suitable geometry for bone regeneration, while BC/CP|
loffers a bioactive surface for cell adhesion.

[45]

BC-CPs composites with CPs from diffe-
rent precursors

In this report, BC-CPs composites were synthetized by deposition of CPs previously synthetized by three different]
compositions. Theintroduction of a small number of Mg?*ions (~5% wt), according to the authors, favored the crystallization
lprocess of CPs.

[46]

BC/ calcium deficient HA composite

Fig. 2 - Annual publications of BC, BC with TE applications and BC-CPs composites since 2008 to June 2018. The search was carried out in Web of Science!" M(Com,),
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Carboxymethilcellulose (CMC) was added to the BC culture medium to improve its viscosity and facilitate the posterior]
suspension of HA, before the formation of BC nanofibrils. HEK cells were cultivated, demonstrating its biocompatibility and|
icell viability.

[47]
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Conclusions
With the growing demand for new biomaterials for

bone replacement and repair, the manufacturing of BC-
CPs composites has been a viable alternative once those
materials are able to mimic extracellular matrix of native
bone, that is primarily compound by hydroxyapatite and
fibrous collagen, namely an organic-inorganic composite.
CP materials are bioactive and osteoconductive and if
produced with suitable geometry and topography, have
the potential to be osteoinductive, becoming closer to the
“gold standard” autogenous therapy. In alignment to this,
some studies have been translated into efforts to enhance
biomechanical performance of those composites and also
the rates of cell proliferation, migration, adhesion and
differentiation, by associating other materials to BC-CPs
systems.
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