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Abstract: The strong need for the utilization of industrial by-products and biowaste increases as we
transition towards a circular economy. On these grounds, the present research aims to explore the
applicability of the Symbiotic Culture of Bacteria and Yeast (SCOBY), a by-product of a functional
beverage industry, for applications in biomedicine. Herein, hydroxyapatite (HA)-coated SCOBY
nanocellulose (SN) nanocomposite (SNHA) was synthesized via a novel biomimetic approach using
Serratia marcescens strain by adopting two different in situ approaches. Characterization studies estab-
lished the presence of functional groups corresponding to pure nanocellulose and HA. Microscopic
analysis revealed SN fibers of the dimensions 30–50 nm surrounded by 10–15 nm rod-shaped HA
crystals. The SNHA membranes were carbonated and harbored traces of metal ions. A deposition
of nano-HA crystals as high as 30–50% was achieved. Overall, the synthesized SNHA membranes
reflected increased stability, low crystalline nature and an ion-substituted structure resembling the
natural bone; they are thereby suited for bone tissue engineering.

Keywords: SCOBY; nanocomposite; bacterial nanocellulose; hydroxyapatite; biomimetic deposition;
biomineralization; Serratia marcescens

1. Introduction

Kombucha tea, a probiotic health drink, gained traction in the beverage industry as a
result of its therapeutic properties. A by-product of this fermented tea, coined as SCOBY,
is a thick cellulosic pellicle formed on the surface. Literature highlighted its uses as a
bio-sorbent to remove heavy metal pollutants from wastewaters; as desserts or edible
gums; as clothing material and in edible packaging [1]. More importantly, the properties of
SCOBY, such as a high degree of purity, surface morphology, mechanical properties, water
retention capacity, biocompatibility, biodegradability, water absorption, crystallinity and
renewability, are comparable to that of cellulose synthesized by bacteria [1].

Bacterial cellulose and nanocellulose (BNC) are well-established for their applications
in biomedicine, particularly in hard tissue regeneration procedures, owing to their pure
nanofibrous structure similar to ECM, increased water-holding capacity, biocompatibility,
nano-mechanical properties and classification as materials generally recognized as safe
(GRAS). It is also worthy to mention that bacterial nanocellulose, unlike plant cellulose, is
devoid of lignin, hemicellulose and pectin, making it eco-friendly as no harsh chemicals or
treatments are required for its purification. Further, its production is extracellular thereby
consuming low energy and requiring simple purification using NaOH. Additionally, BNC
maintain an upper hand on a sustainable front as opposed to plant cellulose which entails
deforestation, energy intensive processes, laborious biological and chemical pretreatments,
disintegration and post-treatment processes [2–4]. Even from a global perspective there
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prevails an inclination towards biomaterials developed from bacterial sources over vegetal
sources owing to the comparative cost benefits and the purity of cellulose fibers [5].

Along these lines, hybrid inorganic–organic biocomposites of hydroxyapatite and
bacterial cellulose (HA/BC) have been investigated with a view of mimicking the mineral-
ization process of the natural bone. The basic components of the bone are mineralized nanos-
tructures of collagen fibers, percolated and surrounded by nanocrystals of hydroxyapatite
(HA) [6]. Prior research clearly depicts the clinical advantages of porous hydroxyapatite-
mineralized hybrid scaffolds for bone implantation. The porous interconnected morphology
of such scaffolds provides a conducive environment for osteo-integration, promoting cell
adhesion, multiplication and mineralization. The mineralization subsequently supports
integration between the natural bone and the scaffold, promoting faster regeneration of
bone tissue [7]. BC-HA membranes displayed high osteoblast adhesion, greater nodule
formation and mineralization when experimented upon for bone regeneration in calvarial
defect models. No signs of cytotoxicity were visualized as well [8]. HA incorporation also
enhanced mechanical strength of pure BNC membranes in addition to incurring bioactivity
and osteoconductivity [9].

Among several methods for HA incorporation, biomimetic mineralization is recog-
nized for its ability to synthesize nano-scale HA, as replication of the nanoapatite assem-
blage within the collagen fibers was proven to augment the ability of the scaffold for bone
regeneration and repair [10]. Moreover, using biological systems renders the ability to
control the structure, orientation, phase and nanoscale topography of inorganic compounds.
Several organisms have been studied for their biomineralization capabilities on BNC; how-
ever, Serratia remains unexplored despite its potential to synthesize homogeneous HA
crystals. Moreover, biomineralization using Serratia is quoted as a non-line-of-sight method
for coating substrates with HA in pores and crevices of intricate architectures [11]. A culture
of Serratia marcescens was deployed to synthesize nanostructured HA of uniform shape and
the crystallite size thus obtained was similar to biological HA [12]. The bacterium is also
known to form spherical clusters of HA nanocrystals on titanium discs. Further, Thackray,
et al. used Serratia sp. to produce a homogeneous porous precursor bone scaffold of HA
with nanocrystal dimensions. The scaffolds depicted suitable lattice structures known for
promoting bone cell adhesion and microporosity known for vascularization and bone cell
ingrowth [13]. The properties demonstrated as a result of planktonic mineralization by
Serratia portrays its utilization in bone regeneration and even as a resorbable carrier for
osteoblasts [11].

The present study hereby aims to provide value addition to the industrial biowaste
of SCOBY as a bone grafting material by adopting simple microbial methods for the
deposition of a nano form of HA. On these grounds, the outcomes of this study, including
the nanocrystalline nature of synthesized HA via two novel routes, trace ion distribution
on the surface of the membranes, poor crystallinity, rich carbonated groups and thermal
stability, reveals the characteristics of the synthesized HA nanocomposite for its adoption
in bone regeneration and tissue engineering verticals.

2. Materials and Methods
2.1. Preparation of SN

SCOBY formed via the fermentation of Kombucha tea (Figure 1, Step 1) was collected
and washed several times with distilled water, followed by bleaching with 2 wt % NaOH
solution in an 80 ◦C water bath for 30 min. Later, rinsing was carried out with distilled water
and sterilization was performed by autoclaving [14,15]. In this way, pure cellulose-rich
nanostructured membrane was obtained and termed as SCOBY-nanocellulose (SN).
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Figure 1. Schematic representation of the synthesis of SNHA nanocomposite via two methods. The 
white pellicle is the native nanocellulose membrane, which has turned red upon deposition of S. 
marcescens NCIM5246 on its surface in method SNHA-A, whereas in SNHA-B the nanocellulose 
pellicle is allowed to grow in the medium incubated at 30 °C for 15 h at 70 rpm. (Step 1: Collection 
of SN membrane; Step 2a: Growing S. marcescens NCIM5246 on SN membrane in nutrient agar 
plate; Step 2b: Growing S.marcescens on SN membrane in nutrient broth in a conical flask; Step 3: 
Transfer of the SN membrane to mineralization media and collection of the SNHA nanocomposite 
membranes. The optical difference in both methods can be seen from the day 1 of incubation (Fig-
ure S1)). 

2.2. Preparation of SNHA Composite 
The SCOBY-nanocellulose hydroxyapatite (SNHA) composite was synthesized via 

two different methods to achieve biomineralization. In the first method, Serratia mar-
cescens (NCIM5246, NCMR Pune) was cultured on 2 × 2 cm SN membranes of wet 
thickness 2–3 mm on a nutrient agar plate (Figure 1, Step 2a). In the second method, the 
bacteria were grown along with 2 × 2 cm SN membranes of wet thickness 2–3 mm in nu-

Figure 1. Schematic representation of the synthesis of SNHA nanocomposite via two methods.
The white pellicle is the native nanocellulose membrane, which has turned red upon deposition of
S. marcescens NCIM5246 on its surface in method SNHA-A, whereas in SNHA-B the nanocellulose
pellicle is allowed to grow in the medium incubated at 30 ◦C for 15 h at 70 rpm. (Step 1: Collection of
SN membrane; Step 2a: Growing S. marcescens NCIM5246 on SN membrane in nutrient agar plate;
Step 2b: Growing S.marcescens on SN membrane in nutrient broth in a conical flask; Step 3: Transfer
of the SN membrane to mineralization media and collection of the SNHA nanocomposite membranes.
The optical difference in both methods can be seen from the day 1 of incubation (Figure S1)).

2.2. Preparation of SNHA Composite

The SCOBY-nanocellulose hydroxyapatite (SNHA) composite was synthesized via
two different methods to achieve biomineralization. In the first method, Serratia marcescens
(NCIM5246, NCMR Pune) was cultured on 2 × 2 cm SN membranes of wet thickness
2–3 mm on a nutrient agar plate (Figure 1, Step 2a). In the second method, the bacteria
were grown along with 2 × 2 cm SN membranes of wet thickness 2–3 mm in nutrient broth
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for 15 h at 70 rpm on a shaker at 30 ◦C. (Figure 1, Step 2b). Based on the phosphatase
enzyme activity 15 h grown culture of S. marcescens NCIM5246 was used in both Step
2a and 2b. In Step 3, SN membranes, along with bacteria obtained from both methods,
were transferred to 50 mL mineralization media consisting of 10 mM calcium chloride,
25 mM β-glycerophosphate disodium salt dihydrate, 20 mM trisodium citrate, and 25 mM
tris buffer with pH adjusted to 8.5. After incubation at 30 ◦C (70 rpm; 10 days) these
membranes were collected, dried at 40 ◦C and sterilized by autoclaving [12]. Thereby,
two different nanocomposites were prepared; one from the agar plate, namely, SCOBY-
nanocellulose-hydroxyapatite-agar plate media (SNHA-A), and one in broth termed as
SCOBY-nanocellulose-hydroxyapatite-liquid broth media (SNHA-B).

2.3. Characterization Studies

The synthesized nanocomposite membranes were characterized by Scanning electron
microscope (SEM) fitted with energy-dispersive X-ray spectroscopy (EDS) (FEI Quanta
FEG 200, The Netherlands) after gold sputtering operated at an accelerating voltage of
10 kV. Fourier transform infrared spectroscopy was carried out (Perkin—Elmer Spectrum
Two, USA) in the range of 500–4000 cm−1, with a resolution of 4 cm−1. Further, X-ray
diffractometer (XRD) (Bruker D8 discover powder XRD, Germany) using Cukα radiation
(λ = 1.54 Å) at a scanning rate of 1 step/s with a step size of 0.10 was performed. Thermo-
gravimetric analysis (TGA) (Model: SDTQ600) of the sample was studied in an aluminum
pan under nitrogen gas flow at a flow rate of 100 mL/min with a heating rate of 10 ◦C/min
and a temperature range of 30–800 ◦C.

3. Results and Discussion
3.1. Scanning Electron Microscope Study

Kombucha fermentation yielded a three-dimensional nano-structured cellulose. These
SN membranes collected from the fermented tea are known to contain yeast and bacterial
cells attached to it [16]. On treatment with alkali, almost all cell debris were removed,
(inset Figure 2a) and only pure cellulose fibers were witnessed. The treated SN membrane
depicted a highly porous 3D nanofibrous structure (Figure 2a) with a fiber diameter of 30
to 50 nm.

SEM pictures illustrated the deposition of HA on the nanocellulosic fibers of SN (inset
Figure 2b,c). Small rod-shaped HA crystals were seen surrounding the nanofibers with a
well-organized 3D network on both the SNHA-A and SNHA-B membranes (Figure 2b,c).
This nanofibrous network of SN, resembling a native extracellular membrane, displays
a conducive platform for cell adhesion and proliferation and is greatly suited for tissue
scaffold preparation [3]. The size of the HA particles was estimated to be within the range of
10 to 15 nm. Typical HA crystals were reported in an earlier study where bacterial cellulose
was sequentially incubated in solutions of CaCl2 and Na2HPO4 [17]. Such nano-HA
crystals are widely known to exhibit properties of biocompatibility and bioactivity aiding
applications in bone tissue engineering [18]. Moreover, a higher deposition of nano-HA
crystals was visualized in SNHA-B membranes in comparison to SNHA-A membranes as a
result of bacterial growth throughout the membrane. In contrast to the rosette-like crystal
structure in the BNC/HA scaffolds of Sundberg, et al., the SNHA nanocrystal pattern
displayed dense, rod-like crystals, similar to the BC/HA nanocomposite adsorbed with
polyvinylpyrrolidone (PVP) [19,20]. Prior literature review indicates that the biomechanical
features of the obtained nano-sized HA closely mimic natural bone composition in addition
to demonstrating an accelerated response to stimuli, increased delivery rates and controlled
release of bioactives. These traits consequently improve osteo-regenerative properties. The
nanocrystalline structure was also highlighted for its higher surface to volume ratio which
enhances sinterability and densification for effective fracture toughness and mechanical
properties [21].
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Figure 2. SEM micrographs and their corresponding EDS images of (a) alkali-treated SN (b) SNHA-A
nanocomposite (c) SNHA-B nanocomposite and corresponding low-resolution images are shown insets.

The EDS spectrum of the nanocomposite detected traces of mineral ions such as
strontium, magnesium, zinc and sodium on the SNHA membranes. The prevalence of ions
is a direct result of alkaline phosphatase (ALP) activity of S. marcescens NCIM5246. ALP is a
vital enzyme involved in the mineral formation of the natural bone [22]. The enzyme activity
ideally triggered the release of inorganic phosphate ions in the media, which further reacted
with calcium ions to form hydroxyapatite crystals [23]. When live cells of S. marcescens
NCIM5246 are challenged with calcium chloride and glycerol-2-phosphate, extracellular
crystals of calcium-deficient HA are produced (Figure 2b). The lipopolysaccharide (LPS)
then acts as nucleation sites for Ca2+ ions to bond with PO4

− ions. Meanwhile, the enzyme
catalyzes the cleavage of organic phosphate and releases HPO4

2−. This in turn reacts
with percolated Ca2+ on LPS to form HA. It was also reported that, followed by small
amount of organic phosphate, HA can be synthesized from inorganic phosphates present
in wastewaters as well, which favors sustainable manufacturing processes [24].

More specifically, each of the ions usually termed foreign ions carry out specific
functions in the remodeling and regeneration of bone. The imbalance of charges in calcium-
deficient HA is fulfilled by the incorporation of ions including Mg2+, K+, Na+, Sr2+, CO3

2−

and SiO4
4−. Such a feat results in a poor crystalline phase, higher specific area, better

solubility and bioavailability [25]. The poor crystallinity is clearly revealed by the XRD
results below (Figure 3).



Sustainability 2022, 14, 8144 6 of 12

Sustainability 2022, 14, x FOR PEER REVIEW 6 of 13 
 

cells of S. marcescens NCIM5246 are challenged with calcium chloride and glycer-
ol-2-phosphate, extracellular crystals of calcium-deficient HA are produced (Figure 2b). 
The lipopolysaccharide (LPS) then acts as nucleation sites for Ca2+ ions to bond with PO4− 
ions. Meanwhile, the enzyme catalyzes the cleavage of organic phosphate and releases 
HPO42−. This in turn reacts with percolated Ca2+ on LPS to form HA. It was also reported 
that, followed by small amount of organic phosphate, HA can be synthesized from in-
organic phosphates present in wastewaters as well, which favors sustainable manufac-
turing processes [24]. 

More specifically, each of the ions usually termed foreign ions carry out specific 
functions in the remodeling and regeneration of bone. The imbalance of charges in calci-
um-deficient HA is fulfilled by the incorporation of ions including Mg2+, K+, Na+, Sr2+, CO32− 
and SiO44 −. Such a feat results in a poor crystalline phase, higher specific area, better solubil-
ity and bioavailability [25]. The poor crystallinity is clearly revealed by the XRD results below 
(Figure 3). 

 
Figure 3. XRD spectra of the standard HA (JCPDS NO 09432), SN, SNHA-A and SNHA-B nano-
composites. 

Taking into account the aforementioned mechanisms, the biomineralization process 
of S. marcescens NCIM5246 clearly mimics that of the natural bone wherein hydroxyap-
atite mineralizes on the matrix via calcium and phosphate ion deposition from blood 
plasma [7]. SNHA membranes bearing ion-substituted HA is thereby advantageous in 
bone tissue engineering owing to its matrix resemblance to that of natural bone compo-
nents [26]. 

3.2. FTIR Characterization 
The ATR-FTIR spectra of SN were found to be identical to pure cellulose (Figure 4) 

owing to presence of hydroxyl groups and hydrogen bonds (3200–3500 cm−1). Further-
more, the absorption intensities at 1155 cm−1 and 1045 cm−1 corresponded to the C-O-C 
asymmetric stretching and C-O bond stretching modes of SN, respectively [27,28]. In 
both the SNHA-A and SNHA-B membranes, as opposed to SN, the stretching vibrations 
of hydroxyl groups is seen as strong broad adsorption bands indicating their interactions 

Figure 3. XRD spectra of the standard HA (JCPDS NO 09432), SN, SNHA-A and SNHA-B nanocomposites.

Taking into account the aforementioned mechanisms, the biomineralization process of
S. marcescens NCIM5246 clearly mimics that of the natural bone wherein hydroxyapatite
mineralizes on the matrix via calcium and phosphate ion deposition from blood plasma [7].
SNHA membranes bearing ion-substituted HA is thereby advantageous in bone tissue
engineering owing to its matrix resemblance to that of natural bone components [26].

3.2. FTIR Characterization

The ATR-FTIR spectra of SN were found to be identical to pure cellulose (Figure 4)
owing to presence of hydroxyl groups and hydrogen bonds (3200–3500 cm−1). Further-
more, the absorption intensities at 1155 cm−1 and 1045 cm−1 corresponded to the C-O-C
asymmetric stretching and C-O bond stretching modes of SN, respectively [27,28]. In both
the SNHA-A and SNHA-B membranes, as opposed to SN, the stretching vibrations of
hydroxyl groups is seen as strong broad adsorption bands indicating their interactions
with HA. The crosslinking of Ca2+ from nano-HA with -OH groups or through hydrogen
bonding was shown to aid the interfacial behavior and strength of biocomposites [29].
Besides, both the spectra revealed functional groups corresponding to HA at 1020, 600
and 559 cm−1 (Figure 4). Peaks obtained at 1020 and 963 cm−1 portrayed the stretching
mode of the PO4

3− vibration of pure HA, while intensities at 600 and 559 cm−1 were
attributed to bending O-P-O bonds of phosphate groups. Notably, the characteristic P-O
bonds in HA (1020 cm−1) was found to overlap with the C-O-C groups of SN [6] evinc-
ing the deposition of HA on SN. More importantly, two functional groups of CO3

2− and
HPO4

2− (1422 and 873 cm−1) were seen as present in biological HA [12]. This indicates the
presence of carbonate ions in both the SNHA-A and SNHA-B membranes. Thereby, the
HA deposited on SN can be identified as carbonate-containing HA [19]. Results showed
that carbonate-containing HA crystals were deposited on the 3D fibrous network of both
SNHA membranes and they bear functional groups similar to that of biological HA. Such
illustrations are consistent with the composition of the natural bone [30]. It is also vital to
indicate that similar to prior results, the 963 cm−1 peak was found to lay on the shoulder of
1029 cm−1 as opposed to a sharp band in the standard HA spectra. This reveals the poorly
crystalline nature of HA which is in agreement with XRD results given below [31].
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3.3. X-ray Diffraction Study

The XRD pattern of SN is shown in Figure 3. Peaks located at 14.2◦ and 22.4◦ were
assigned to (100) Iα,(110) Iβ, (010) Iβ, (110) Iα and (002) Iβ crystallographic planes of
cellulose I, comprising of Iα and Iβ allomorphs [17,27]. Broad diffraction peaks similar to
bacterial cellulose reported by Grande, et al. were observed [32]. The crystallinity index
(CI) was calculated by the equation.

CI = [(I200) − (Iam)/I200)] × 100

where I200 is the intensity of (200) peak at 2θ = 22.4◦ and Iam is the intensity of diffraction
peak at 2θ = 18◦ [33]. The crystallinity index of the SN membrane was around 90%
which was higher than that of the Kombucha synthesized bacterial cellulose produced by
Zhu, et al. [34]. The XRD pattern of the SNHA-A and SNHA-B samples confirmed the
presence of HA peaks at 25.8, 31.8, 40◦ in accordance with the HA reference pattern (JCPDS
NO-09432) [35] (Figure 3). Further, a decrease in the intensity of cellulose peaks can be
attributed to the deposition of HA [17]. The XRD data were in alignment with reports by
Grande, et al. wherein HA particles were introduced in the culture medium during the
formation of cellulose nanofibrils [32]. Moreover, in both the sample preparation methods,
characteristic peaks of HA were broad; which displayed the low crystallinity of HA. Poorly
crystalline HA has been reported previously [19,31,36,37]. This very low crystalline nature
is essential to enhance the in vivo resorbability rates for biomedical scaffolds [38]. Similar
reduced crystallinity along with increased thermal stability was reported earlier in a
BNC/HA composite via cellulose nanocrystal-assisted dispersibility method [39], while
Asha, et al. highlighted the increase in mineralization with an increase in incubation
days via a decrease in the crystallinity index. Such mineralization of hydroxyapatite on
nanocellulose membranes promotes the integration between the membrane and bone,
thereby accelerating the bone regeneration process [7].
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3.4. Thermogravimetric Analysis

Thermogravimetric (TGA) studies were carried out to estimate the thermal stability
of the prepared nanocomposites (Figure 5). The decomposition of SN was found to be
around 320–350 ◦C (Figure 5) which was in agreement with the range reported by Dima,
et al. [27]. In similar fashion, both the SNHA-A and SNHA-B membranes decomposed
around 320–350 ◦C. However, both displayed weight loss which could be attributed to the
dehydroxylation and decomposition of organic molecules [17]. There was no weight loss
after 650 ◦C, indicating that all the organic components were decomposed. Yet only the
mineral phase of the apatite remained stable even at higher temperatures. In SNHA-A,
the mineral phase constituted around 35% of the total weight, whereas in SNHA-B the
mineral phase was around 50% of the total weight of the nanocomposite. It was clearly
understood that the sample deposition of HA was higher in SNHA-B compared to SNHA-A,
likely influenced by their preparation protocols. Carbonaceous residue of around 20% was
observed in SN; 55% in SNHA-A and 70% in SNHA-B, from which the HA deposition on SN
membranes was around 35 and 50%, respectively. Similar thermogravimetric results were
discussed earlier by Zhang, et al., wherein HA-coated bacterial nanocellulose exhibited a
residue of around 50% at 700 degrees after immersion in simulated body fluid [40], whereas
Grande, et al. reported a 23.7% mineral phase of the synthesized bacterial cellulose- and
calcium-deficient hydroxyapatite nanocomposite [32]. Further, a 25% residue (indicative of
a lower 7% HA content) was revealed in an HA-coated bacterial cellulose scaffold prepared
using Gluconacetobacter hansenii [41]. The higher abundance of HA distribution in SN
membranes coupled with stability at increased temperatures advocates its suitability in
bone graft repair.
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3.5. Deposition of HA on SN Membrane by S. marcescens NCIM5246

The culturing of S. marcescens NCIM5246 a has produced extracellular crystals of
HA on the nanocellulose membranes via the enzymatic cleavage of β-glycerophosphate
in the presence of calcium chloride (Figure 1; steps 2 to 3). The non-pathogenic Gram-
negative bacterium is known to over-produce the phosphatase enzyme which results in HA
deposition. In the agar plate technique (SNHA-A), the growth of S. marcescens NCIM5246
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was confined precisely to the membrane, indicative of bacterial entrapment onto the surface
of SN alone (Figure 1: Step 2a). Meanwhile, in the second method (SNHA-B), utilizing
a liquid medium, the bacterial growth and subsequent deposition of HA extended to
the interior pores of the membrane (Figure 1: Step 2b). Consequently, a higher surface
deposition of HA on SN membranes was visualized. This can be attributed to the free-
flowing access of S. marcescens NCIM5246 to react with the SN membrane, as opposed
to the agar plate technique. The SNHA-B nanocomposite synthesis route is thus more
advantageous in terms of higher thermal stability and denser deposition of HA nanocrystals
spread throughout the SN membrane. The infiltration of nanocompartments of SN by HA
was achieved successfully by adopting biomimetic methods. This indicates that the SN
membranes acted as insoluble collagen fibrils, as in the case of natural bone, by providing
conducive nanocompartments for mineral deposition [42].

Upon comparison with similar BNC/HA nanocomposites, varying results have been
obtained as shown in Table 1.

Table 1. BNC/HA nanocomposites and their findings compared to the present research.

S. No
Nano

Composite
Studied

Technique Used Inducers Description of
Material

Characteristic
Application References

1. BNC/HA Calcium phosphate
mineralization

Paraffin
particles as
porogens

Rosette-like crystal
structure HA; stiffer

biomaterial

Improves
osteoconductivity [20]

2. OBC-HA-G
Immersing BC in

cycles of CaCl2 and
Na2HPO4

Oxidization of
BC with

immersion in
gelatin

Poor crystallinity; a
greater load-bearing

capacity and
mechanical strength

Promote adhesion
and proliferation of

the bone cells;
complexation of

Ca2+ in the
composites

[36]

3. HAp/BNC 7 day immersion in
1.5 × SBF

CaCl2
immersion;

PVP

Spherical rod-like
carbonate-apatite

crystals; low
crystallinity

Facilitate cell
adhesion [19]

4. HA/BC 1.5 × SBF solution
at 37 ◦C for 14 days

Chemical
pretreatment
with CaCl2

Dense homogeneous
particles of

calcium-deficient HA
even beneath the
surface; poorly
crystalline HA

Bone tissue
engineering [37]

5. HAp/BC
1.5 × SBF solution

at 37 ◦C for 7 or
14 days

CaCl2 and phos-
phorylation

Poor crystallinity;
HAp crystals with
needle-like shape

Control of in vivo
resorbability rates;
Biodegradability

[31]

6. BC/HA

Alternating
incubation cycles
with calcium and

phosphate
solutions

-

Surface deposition of
50% of HA in the BC
(weight calculated by

comparison with
control cellulose

weight)

Osteoblast
proliferation;

Greater nodule
formation and
mineralization

[15]

7. HA-coated BC 5 × SBF
solution

Irradiated at
300 kGy by an
electron beam

accelerator

7% HA content
(TGA); HA spherical
only on the surface

of BC

No inflammatory
reactions [41]

8. SNHA-A and
SNHA-B

S. marcescens
NCIM5246 in

biomineralization
media

-

Poor crystallinity;
50% HA desposition
even inside pores of
SN; thermal stability

High resemblance
to bone

composition and
mechanism

Present
study
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Table 1 clearly depicts the novelty of the adopted method to utilize live S. marcescens
NCIM5246 for HA deposition with the amount of deposition as high as 50%. Despite the
clear resemblance to natural bone parameters as evinced by characterization studies and
distribution densities of HA, the present study only provides a preliminary assessment of
the potential of SNHA. Several factors need to be examined prior to scaling up research.
Previously, Silva, et al. evaluated the biological behavior of synthetic hydroxyapatite
when implanted in dental cavities and covered with nanocellulose. It was found that
nanocellulose associated to the HA promoted faster bone regeneration in comparison with
the control. However, there were certain limitations, such as the presence of an infection
caused by periodontal disease and periapical lesions. Further, even a study on mongrel
dogs showed negligible improvements compared to the control [29]. Real-time experiments
would better predict the need for any modifications that could improve the functionality
of SNHA. Nevertheless, compared to present researched materials (Table 1) in terms of
sustainability, characteristic traits, homogenous 3D nanofibrous structure morphology and
amount of HA deposition, SNHA synthesis via S. marcescens NCIM5246 holds immense
potential for bone tissue engineering applications.

4. Conclusions

The capacity of a nanocellulosic by-product from the Kombucha tea industry as a
potential biomedical material was explored. The use of live S. marcescens NCIM5246
cultures for depositing HA on SN was reported for the first time, adopting two different
growth methodologies. HA deposition as high as 50% was witnessed via culturing in
liquid broth medium. Such live bacterial deposition methods enable better control of
the distribution and density of HA in SNHA nanocomposites. Essentially, the highly
porous nanostructure incorporated with nano-HA crystals, significant trace ion distribution,
stability at high temperatures and low crystalline nature of the SNHA membrane indicates
its applicability in bone grafting. Future research aims to establish the biocompatibility,
biodegradability, mechanical and biochemical properties of SNHA via in vivo and in vitro
studies. Additionally, the economic feasibility of production and sustainable manufacturing
processes shall be estimated to aid commercialization prospects.

5. Patents

An Indian patent has been filed based on the work completed above.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/su14138144/s1. Figure S1: SEM micrographs of cross-sections
of BNC-HA nanocomposite (a) SNHA-A nanocomposite (b) SNHA-B nanocomposite. Figure S2:
SEM and EDS spectra of HA nanoparticles. Figure S3: TEM micrograph of HA nanoparticles with
SAED pattern.
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