
Page 1/20

Green synthesis of bioactive
hydroxyapatite/cellulose composites from food
industrial wastes
Mohamed Abdelraof 
Mohammad M. Farag 
Zainab Mohammed Al-Rashidy  (  zmalrashidy@gmail.com )

https://orcid.org/0000-0002-5994-1206
Hanaa Y. A. Ahmed 
Houssni El-Saied 
Mohamed S. Hasanin 

Research Article

Keywords: Bacterial cellulose, Hydroxyapatite, Fermentation, Food industrials waste, Biomaterials

Posted Date: May 31st, 2022

DOI: https://doi.org/10.21203/rs.3.rs-1670361/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://doi.org/10.21203/rs.3.rs-1670361/v1
mailto:zmalrashidy@gmail.com
https://orcid.org/0000-0002-5994-1206
https://doi.org/10.21203/rs.3.rs-1670361/v1
https://creativecommons.org/licenses/by/4.0/


Page 2/20

Abstract
This work aimed at the preparation of cost-effective bioactive composites based on bacterial cellulose
(BC) and eggshell or hydroxyapatite (HAp) by a green method using bacteria. HAp was prepared from
eggshell wastes, and another one was synthesized from chemical precursors for comparison. The BC
productivity was evaluated, and the resultant composites were characterized by XRD, FTIR, and
SEM/EDX. Furthermore, the biodegradation and bioactivity were assessed in SBF, and the cell viability
was studied against oral normal cells. The results showed that the productivity of BC was not affected by
HAp at lower concentrations; however, the yield was decreased at higher concentrations. Moreover, the
eggshell was converted to Ca3(PO4)2 in BC/eggshell composite, while HAp in the composites contained
either eggshell-derived HAp or chemically-derived HAp was a combination of Ca3(PO4)2 and HAp phases.
The in vitro bioactivity test in SBF showed that all composites were induced the formation of a bone-like
apatite layer on their surface. Finally, the in vitro cell viability test was con�rmed good biocompatibility
against the composites which expectedly are as pure as to be used safely in different biomedical
applications.    

Introduction
Biopolymers are a large group of polymers that are produced from living organisms. Bacterial cellulose
(BC) is a unique material made in surface culture by such rod-shaped Gram-negative bacteria as
Gluconacetobacter xylinum. However, the extraction of cellulose from other components found naturally
in the plants has many drawbacks because hazardous chemicals are used in this process. Some
bacterial strains can produce bacterial cellulose (BC) with a high purity degree. In this process, bacteria
are used as the nutrients to produce cellulose. Hence, the cost of the nutrients plays an important role in
the production process economics. Additionally, is one of the most abundant macromolecule on Earth [1,
2]. Although its production is mostly by vascular plants, an alternative route that used to produce from
another resource such as bacterial systems [2–5]. Some kinds of bacteria can produce cellulose with the
same as cellulose produced by higher plants and algae, but overall, it exhibits extra chemical pure. Due to
its unique physical, chemical, and mechanical properties that involve high crystallinity, high water holding
capacity, large surface area, elasticity, mechanical strength, and biocompatibility, thus BC has potential
applications in edible packing as a food contact packaging material. In medicine, as wound dressing
materials, arti�cial skin, vascular grafts, scaffolds for tissue engineering, arti�cial blood vessels, medical
pads, dental implants [6]. In other industries products, such as sponges to collect leaking oil in drug
delivery agents, capsule shells, oil spill cleanup sponge; mineral and oil recovery; leather products, sports
items; ultra-�lters for water puri�cation; audio speaker diaphragm; plywood laminates; specialty papers
and polyesters; automotive and aircraft bodies and materials for absorbing toxins and optoelectronics
materials (liquid crystal displays) [7].

Several genera that have shown the ability to synthesize cellulose include Sarcina, Agrobacterium,
Rhizobium, and Acetobacter also known as Gluconacetobacter. The most e�cient producer of BC, a
Gram negative and acetic acid bacterium Gluconacetobacterxylinus is the model microorganism for
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basic and applied studies on cellulose. G. xylinus produces an extra-cellular gel-like material or pellicle,
which comprises a random assembly of cellulose ribbons, composed of several micro-�brils. This
organism and its product were �rst identi�ed and characterized over a century ago [8]. A three-
dimensional interconnected reticular pellicle is produced under static fermentation, whereas agitated and
stirred conditions to produce irregularly shaped, sphere-like cellulose particles [9, 10]. However, the high
cost of fermentation media has limited the industrial production of BC, as such media account for 30% of
the total production cost [11]. Thus, �nding new cost-effective culture media to achieve the highest yield
of BC in large-scale industrial applications is paramount and requires new carbon and nitrogen sources.
The Hestrin– Schramm (HS) medium is commonly used in the cultivation of BC. However, this medium is
expensive and requires additional products, such as glucose, yeast, peptone, etc. Thus, wider applications
of BC depend on practical considerations concerning scale-up capability and production costs [12–14].

In recent years, studies have focused on a variety of cellulose-producing bacterial strains, inexpensive
nutrient sources, and supplementary materials for the production of inexpensive BC [15]. Different waste
products from agricultural and industrial activities have been investigated as a means to improve the
yield and decrease the cost of BC production, such as dry olive mill residue [16], sugarcane molasses[7,
17], waste beer yeast [18], wastewater from candy processing [19], wood sugars [15], waste from fruit
processing [20], lipid fermentation wastewater [14], rice bark, konjac powder [21], cotton-based textile
waste [22], and coffee bean husks [23]. The use of such materials could improve the sustainability of BC
production as well as reduce environmental pollution associated with the disposal of industrial wastes.
The potential of BC goes beyond existing applications, especially if produced in large amounts from the
inexpensive feedstock. Such applications may include specialty textiles, packaging, and advanced
functional materials [13]. In this way, the high-value utilization of agricultural waste is regarded as
bene�cial in terms of economics, environment, and practicality [24].

Each year huge amounts of the eggs are consumed into foods such as cakes, mayonnaise, and fast
foods [25]. about 150,000 tons of eggshell waste is generated from the US only every year [26]. The
eggshell waste can be reused as fertilizer, animal feed constituents, and others [27]. If high amounts of
this kind of waste are kept in land�lls they will attract rats and vermin due to the organic membrane
attached to the shells [28], therefore, most land�ll owners do not like to dispose of eggshell wastes.
Consequently, the complete recycling of eggshell waste is considered the best choice to solve this
environmental and economic problem. The eggshells are considered a cheap, abundant, and natural
source of CaCO3 compound which can be utilized in the synthesis of hydroxyapatite (HAp) which is one
kind of bioceramic material. It has been reported that HAp is mostly preferred bioceramics, especially for
fabrication of bone engineering scaffolds, due to their similarity of composition with the inorganic part of
human bone [29, 30]. Synthetic HAp materials have been prepared by different methods, such as sol-gel,
wet precipitation, solid-state reaction, and hydrothermal method, and they are usually prepared from
chemicals. The natural precursors for the preparation of HAp are considered a versatile approach to
obtaining pure �nal products free from toxic impurities and they give more advantageous properties, such
as the pore structure carbonated constituent. Coral [31], bovine bone [32], and �shbone [33] are examples



Page 4/20

of natural raw materials for HAp synthesis. However, the mean problems of those materials are
changeability in their physical and chemical properties [32]. Eggshell is considered the most natural raw
material of the invariable chemical composition. Therefore, there have been numerous previous works
that prepared HAp from eggshells as a natural source [34–42]. Biocompatibility is an important quality of
biomaterials and cytotoxicity tests are primary biocompatibility tests which measure the capacity of a
material to impact on cellular viability. While a cell is in contact with a biomaterial, many reactions can
occur, and a sensing Phenomenon will launch between this cell and the biomaterial [18] Cells adhere to
surfaces through adhesion proteins (i.e. �bronectin, collagen, laminin, vitro- nectin) using speci�c cell
receptors, called integrins, attached to the cell membrane. Cell adhesion is the ability of a single cell to
stick to another cell or an extracellular matrix (ECM). [22]. Cell adhesion is involved in stimulating signals
that regulate cell differentiation, cell cycle, cell migration, and cell survival [23].

The main objective of this work is in situ preparation of new bioactive composites based on BC
synthesized by G. xylinum by using agricultural residues as an alternative culture media without any
supplementation and hydroxyapatite (HAp) derived from eggshell or HAp derived from chemicals, as well
as, eggshell wastes were used added directly to the culture media for comparison. Accordingly, these
bioactive composites were prepared almost from natural raw materials (eggshells and bacterial cellulose)
which expectedly are as pure as to be used safely in different biomedical applications.

Materials And Methods

Materials
Eggshell and membranes resulting from Egg processing were collected from the disposal of free markets.
The collected eggshell waste without disease symptoms was selected and washed thoroughly with
distilled water to remove additional residues from its surface and then heated at 105°C for 72 h to dry,
sieved, and used as a template in the BC culture medium.

Methods

Synthesis of hydroxyapatite (HAp)
Hydroxyapatite powder was prepared from eggshell waste. Brie�y, collected hen eggshells were cleaned
in hot distilled water and left to dry in the air. And then, they heat treated up to 900°C to give CaO. The
calcined eggshell was dispersed in the water with a concentration of 0.5 M for 3 hours, and 0.3 M of
phosphoric acid was added dropwise on the calcium solution under stirring. After complete reaction, the
solution was left foraging for 1 day and then washed and �ltered. The precipitate was dried and sintered
at different temperatures ranging from 600°C to 900°C. For comparison, HAp was prepared from CaCO3

chemical following the same previous steps. The prepared powders were suspended in the bacterial
cellulose growth media to prepare in situ composite materials. Moreover, the collected eggshell waste
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was also used in the in situ preparation of composite material. The composites based on bacterial
cellulose (BC)/eggshell, BC/HAp synthesized from CaCO3 chemical, and BC/HAp synthesized from
eggshell herein encoded as BC/Eg, BC/HA-ch, and BC/HA-Eg, respectively.

Preparation Of Pure Bacterial Cellulose
Preparation of bacterial cellulose was achieved by the standard strain Gluconacetobacter xylinum ATCC
10245 that was purchased from ATCC (American Type Culture Collection, Manassas, VA, USA).
Preliminary activation of G. xylinum was carried out by cultivating it in Mannitol broth medium as
described by Abdelraof, et al. [43] for 24 h. at 30 oC under shaking conditions. Subsequently, the activated
strain was transferred to the standard HS culture medium for preparation of pure cellulose under
standard culture optimization according to our previous report [44]. At the end of the incubation period,
the cellulose pellicles were separated from the culture medium under centrifugation at 5000 rpm for 10
min. Then, the cellulose pellicles were subjected to puri�cation protocol as mentioned by Abdelraof, et al
[44].

In Situ Preparation Of Bc/eg, Bc/ha-ch, And Bc/ha-eg
In this regard, various concentrations of each of Eg, HA-ch, and HA-Eg (0.025–0.75 g/ 100 ml) were
incorporated into the standard culture medium of G. xylinum for examined their ability to use it as a
template to produce cellulose, and thus evaluation the formed composite. Investigation of different
parameters such as pH value, and glucose consumption and the relationship between them during
cultivation time of each concentration of these materials was carried out. Regarding the pH value, HS
culture medium was adjusted at 6.0 and the variation in the pH value after the addition of Eg, HA-ch, or
HA-Eg was recorded before inoculation. The sugar consumption was expressed by calculating the total
reducing sugar concentration via DNS reagent [45] using D-glucose as standard. After the fermentation
process, BC/Eg, BC/HA-ch, and BC/HA-Eg composites were collected from the top of the culture medium
and then puri�ed like that of prepared pure BC [44]. Consequently, pure composites were dried at 70°C for
24 h to evaluate the yield concentration in g/L. The in�uence of these materials on the cellulose yield can
also be determined after puri�cation of the composite [43] by estimating the cellulose amount in the
composite after subtracting the Eg, HA-ch, or HA-Eg concentration from the total weight of the composite.
The increase or decrease of cellulose yield (%) after treatment can be calculated as follows:

%=A − B/Ax100
Where A displayed the Cellulose production without any treatment, while B is the Cellulose producing
after treatment

Composite Characterization
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The XRD analysis of the composite samples was conducted by Philips PW1390 X-ray diffractometer
(U.S.D.) in the 2θ range from 20 to 70° in 0.02° steps at λ = 1.5418 Å using CuKα radiation. Moreover, FTIR
was performed for the samples using infrared absorption spectra at room temperature in the
wavenumber range of 4000–400 cm-1 using Fourier transform infrared (BRUKER). The prepared samples
each of 2 mg were mixed with 200 mg KBr in an agate mortar and pressed into a pellet. For each sample,
the FTIR spectrum was normalized with a blank KBr pellet. Furthermore, the sample surfaces were coated
with a thin layer of gold for SEM and EDX analyses to study the morphology microstructure of the
prepared composites.

In Vitro Biodegradation And Bioactivity Test
The bone-forming activity in vitro was tested in simulated body �uid (SBF) to monitor the formation of
hydroxyl-carbonated apatite (HCA) on the surface of composites samples over time. The samples were
placed into a vessel containing SBF and incubated at 37°C under pH 7.4 for periods 1, 3, 7, and d. At the
predetermined periods, the ions’ concentrations released from the samples into the incubating medium
was measured by colorimetric kits (SPECTRUM, Egypt), and they were characterized by scanning electron
microscope coupled with energy dispersive X-ray analysis (SEM/EDX), to investigate the hydroxyapatite
layer formed on coatings surfaces.

Evaluation Of The Cytotoxicity By Mtt Assay
MTT assay was applied to reveal the viability of (OEC) normal oral epithelial cells under the effect of
BC/Eg, BC/HA-ch, and BC/HA-Eg. Brie�y, OEC cells were plated in 96-well culture plates and exposed to
various concentrations (15.63, 31.25, 62.5, 125 and 250 µg/ml). In addition to controlling untreated cells.
All cultures were incubated for 24 hours at 37˚C using a 5% CO2 incubator. At the end of the incubation
period, the MTT solution (5mg/ml) was added to each well and incubated at 37 ˚C for 4 h. The
absorbance was measured in triplicates at 570 nm using the ELISA Reader system (SunRise TECAN, Inc.,
USA). The morphological changes of normal oral epithelial cells under the effect of BC/Eg, BC/HA-ch, and
BC/HA-Eg of 250 and 125 µg/ml concentrations were captured using an inverted microscope (Leica,
Germany) equipped with the digital microscopy camera [46].

Results And Discussion

Evaluations of BC yield in the presence of eggshell,
chemically-derived HAp, and eggshell-derived HAp
Eggshell is a zero value waste, as well as the contaminant, have drawback against the environment
which mainly consisted of su�cient quantities of calcium carbonate (94%), magnesium carbonate (1%),
calcium phosphate (1%), and organic matter (4%) [42]. The management of large amounts of eggshell
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waste annually produced in the world is problematic as generally this material is only disposed of at
land�lls with odor production and microbial growth [47]. Table 1 shows a preliminary evaluation of
bacterial cellulose production in the presence of each eggshell, eggshell-derived HAp, and chemically-
derived HAp, while Table 2 shows detailed data of evaluation of bacterial cellulose production.

Table 1
Preliminary evaluation of bacterial cellulose production in the presence of each of eggshell, eggshell-

derived HAp, and chemically-derived HAp.
Sample pH Reducing

sugar (g/L)
Cellulose
Yield (g/L)

Increase (I) or decrease (D) ratio
in Cellulose yield (%)

Initial Final Initial Final

HS (control) 6.1 4.9 20 5.6 1.22 -

Eggshell
(0.1%)

6.2 7.2 20 8.8 1.37 12.29 (I)

Eggshell-HAp
(0.1%)

6.3 7.1 20 5.7 1.83 50 (I)

Chemical-
HAp (0.1%)

6.2 7.1 20 7.2 1.84 50.8 (I)

As shown in Table 2 it was evident that the BC production in the presence of Eg, HA-ch, or HA-Eg at a
concentration of 0.1% to the culture medium before inoculation of G. xylinum does not cause any change
in the pH level. Meanwhile, at the end of the cultivation period,, the pH values were signi�cantly increased
by more than 7 and that could be attributed to the fact that the redox reactions occurred among the
metabolic components in the HS culture medium, which consumed the H+ and led to the increase in the
pH value of the cultivated culture medium.

During the cultivation period, it was noted that the addition of HA-Eg and HA-ch at 0.05% exhibited the
maximum BC production with 59% and 75% when compared with the standard HS culture medium (i.e.
without any addition). In contrast, the incorporation of Eggshell to the culture medium was found to be
insigni�cant in terms of the BC productivity, in which the BC production was increased by 12% at 0.1%
Eggshell concentration. Releasing of Phosphorus caused a decrease in the pH value only when it was
from inorganic P. and there was a signi�cant correlation between the culture pH and P mineralization.

Moreover, it is more noticeable than the process of consuming glucose with 0.05% of HA-Eg and HA-ch
was increased more than other concentrations. The pH level has been a slight change from 6 to 6.3 and
at the end of the cultivation period (i. e. 7th day) and that could be related to the maximum BC
productivity, which still maintains the buffering capacity of the culture medium and thus resistance the
gluconic acid action [43, 44]. The vital role of HA-Eg and HA-ch on the BC productivity explains that the
minerals such as calcium, magnesium, and phosphate group were greatly contributed to the processes of
cell division and assisted in the various biological processes within it and the phosphate group was may
be responsible for the buffering capacity of the culture medium through the cultivation period, and this, in
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turn, contributed to an increase in its growth, glucose uptake, and decrease the action of gluconic acid on
the pH value and thus an increase in its BC production. While at concentrations of more than 0.25%, the
culture medium becomes more turbidity and the level of BC production would be decreased, and this may
be attributed to impeding the movement of the bacterium in the culture medium and the lack of ease to
obtaining the nutrient elements for their growth [43, 48].

Table 2
Effect of different eggshell, chemically-derived HAp, and eggshell-derived HAp concentrations on

the composite formation and the cellulose yield.

  Eggshell concentration (%) HS (control)

0.025 0.05 0.1 0.25 0.5 0.75

pH Initial 6 6.2 6.2 6.2 6.4 6.6 6.1

Final 6.4 6.7 7 7.1 7.4 7.4 4.9

Reducing sugar (g/L) Initial 20 20 20 20 20 20 20

Final 6.7 5.7 8.8 7.6 10.2 9.7 5.6

Cellulose yield (g/L) 1.21 1.23 1.37 1.24 1.03 0.91 1.22

  Eggshell-derived HAp concentrations (%) HS (control)

0.025 0.05 0.1 0.25 0.5 0.75

pH Initial 6 6.3 6.2 6.5 6.4 6.6 6.1

Final 6.4 6.7 7.2 7.1 7.3 7.3 4.9

Reducing sugar (g/L) Initial 20 20 20 20 20 20 20

Final 8.5 5.7 5.7 5.5 5.9 7.8 5.6

Cellulose yield (g/L) 1.48 1.94 1.83 1.91 1.68 1.03 1.22

  Eggshell-derived HAp concentrations (%) HS (control)

0.025 0.05 0.1 0.25 0.5 0.75

pH Initial 6 6.2 6.2 6.3 6.5 6.6 6.1

Final 6.4 6.3 7.1 7.1 7.4 7.1 4.9

Reducing sugar (g/L) Initial 20 20 20 20 20 20 20

Final 6.2 6.6 7.2 9.4 6.8 7.3 5.6

Cellulose yield (g/L) 1.77 2.14 1.84 1.45 0.96 0.81 1.22

XRD
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Figure 1 represents XRD analysis of as-prepared BC/Eg, BC/HA-ch, and BC/HA-Eg composite samples.
The diffraction peaks at 2θ around 15o and 20o are attributed to cellulose structure. These peaks are
corresponding to the planes (1 0 0) and (1 1 0) of cellulose (Cellulose produced by Gluconacetobacter
xylinus strains ATCC 53524 and ATCC 23768: Pellicle formation, post-synthesis aggregation, and �ber
density). Otherwise, the addition of inorganic materials (eggshell and HAp) to the in-situ production of BC
led to the disappearance of BC peaks that referred to good incorporation of the BC with Eg and HA as
resulting in modi�ed BC production condition. It can be noticed from the �gure that the eggshell powder
(sample BC/Eg) was converted from CaCO3 (the main component of eggshell) to tricalcium phosphate
(Ca3(PO4)2, Card # 00-151-7238) in the growth medium of the bacteria (G. xylinum) during the synthesis
of cellulose by this bacteria. Whereas, the addition of chemically-derived HAp (sample BC/HA-ch) to the
bacterial culture medium produced the composite based on bacterial cellulose and combined tricalcium
phosphate (TCP) and HAp (Card # 00-901-3629), where TCP was the main crystalline phase. In contrast,
incorporation of eggshell-derived HAp (sample BC/HA-Eg) in the culture medium also yielded bacterial
cellulose and combined HAp and TCP, but, HAp was the main crystalline phase.

FT-IR
The main characteristic functional groups in the composites under investigation were determined using
FT-IR analysis. Figure 2 shows the FT-IR of BC/Eg, BC/HA-ch, and BC/HA-Eg composites. The spectrum
was operated in the wavenumber range of 4000–400 cm− 1. The very weak and shallow peaks observed
around 3274 and 2970 were assigned to (O-H) stretching vibration mode and stretching vibration of
methylene (–CH2–), respectively, of BC. The peak allocated around 1642 cm− 1 was attributed to the
bending vibration mode of (O-H) group.

Moreover, the mean characteristic peaks of hydroxyapatite (HAp) can be detected from the �gure. Where,
the peaks observed in the range 900–1150 cm− 1 were attributed to the asymmetric stretching vibration
mode of PO4 group [49]. This peaks range was split into sharp peaks for BC/HA-ch and BC/HA-Eg
composite samples, whereas, it was only one peak for weak shoulder for BC/Eg composite. This can be
explained by the formation of poor-crystalline HAp during the in situ formation of bacterial cellulose with
the eggshell waste by using phosphate ions presented already in the bacteria growth medium, while,
splitting of this peak in case of the composites based on bacterial cellulose and HAp prepared from
CaCO3 chemical or eggshell indicated to the well-crystallinity of HAp added to the bacteria medium.

substitution, as identi�ed by characteristic peaks of CO3
2− at around 875 and 1415 cm− 1, which are

attributed to the vibrational modes of the carbonate [50]. These peaks were stronger and sharper for
BC/Eg composite than the other two composites, which is an acceptable result as the eggshell containing
carbonate ions. The carbonated HAp is more favorable for implantation due to its more resorbability than
the pure HAp [51]. In addition, the peaks at 561 and 600 cm− 1 were assigned to P-O-P vibration mode [52,
53].

SEM/EDX
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The morphology and the elemental analysis of the composites were examined using SEM/EDX. Figure 3
shows SEM micrographs of BC/Eg, BC/HA-ch, and BC/HA-Eg composites. From the �gure, it can be
observed that all samples were characterized by good homogeneity in the morphology and
microstructure, and there was no signi�cant difference among the composite samples in the morphology.
Interestingly, EDX analysis showed a peak of phosphorus appeared in BC/Eg composite sample, where,
the starting eggshell did not contain any phosphate ions. Likely, the calcium ions released from the
eggshell particles were combined with the phosphate ions presented originally in bacterial growth
medium to form nuclei of Ca-phosphate crystals. This �nding was con�rmed from the Ca/P atomic ratio
calculated from EDX analysis, where, this ratio was 1.35 (Table 3) which is close to the ratio in
hydroxyapatite crystal (1.67). In contrast, this ratio was far from the ratio in HAp for BC/HA-ch, and
BC/HA-Eg composites (0.56 and 0.83 respectively). This was mostly due to the precipitation of more
phosphate ions presented in the growth medium on the composite surface.

In Vitro Bioactivity Test
The in vitro degradation and bioactivity of the prepared composites were studied by immersion of the
samples in SBF. This method is widely used as a strategy for examining the ability of a material to adhere
to the living tissue. The key mark of the material biocompatibility is its facility to induce the formation of
bone-like apatite crystals on its surface upon soaking in the SBF. Figure 4 presents the SEM coupled with
EDX analysis of the surface of BC/Eg, BC/HA-ch, and BC/HA-Eg composite samples after immersion in
SBF for 30 days. As shown from SEM micrographs, new crystals of bone-like apatite layer were formed
on all composite surfaces. The typical hydroxyapatite crystal shape can be observed on BC/HA-ch, and
BC/HA-Eg samples, while, it was unobvious in the case of BC/Eg sample. The corresponding EDX spectra
of the new crystals formed on the BC/HA-ch and BC/HA-Eg composite surfaces showed that the intensity
of calcium atom was increased compared to EDX spectra of the samples before immersion in SBF (see
Fig. 3). While there was no noticeable change in this ratio for BC/Eg sample. The Ca/P atomic ratio of the
samples before and immersion in SBF was calculated from the EDX results (Table 3). As it can be seen,
the calculated ratio of BC/EG sample was closer value (1.49) to the ratio in hydroxyapatite crystals (Ca/P 
= 1.67) than the other two composites. Moreover, the change of Ca/P ratio of BC/Eg before and after
immersion in SBF was small (1.35 and 1.49, respectively), but, there were big differences in this ratio for
BC/HA-ch and BC/HA-Eg samples. This can be explained likely by the precipitation of phosphate ions
presented in the bacteria growth medium.

The change of pH of the SBF incubated BC/Eg, BC/HA-ch, and BC/HA-Eg composite samples were
tracked at different times. Figure 5a demonstrates a change of SBF with the time during immersion in
SBF up to 14 d. It can be observed from the �gure that the pro�le of pH change for all samples was nearly
similar, and the differences between the samples were insigni�cant (P > 0.05), where the pH was
progressively decreased from 7.40 to about 6.68, 6.83, and 6.90 for BC/Eg, BC/HA-ch, and BC/HA-Eg,
respectively, till 7 d of incubation, followed by an increase up to the end of soaking time.
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Table 3
The calculated Ca/P atomic ratio of the samples before and immersion in SBF

was calculated from the EDX analysis

  Before immersion in SBF Before immersion in SBF

BC/Eg BC/HA-ch BC/HA-Eg BC/Eg BC/HA-ch BC/HA-Eg

Ca/P 1.35 0.56 0.83 1.49 1.35 1.41

Calcium and phosphate ion concentrations in SBF were also measured as a sign of bone-like apatite
layer formation on the composite surfaces. Figure 5b and c show the concentration of calcium and
phosphate ions, in SBF solution. Likewise, the release pro�les of all samples were similar. Where, for
calcium ion, the concentration was decreased after 1 d of immersion to become 83.0, 84.6, and 87.0 ppm
for BC/Eg, BC/HA-ch, and BC/HA-Eg, respectively. The calcium ion concentration �uctuated thereafter till
the end of incubation time. On the other hand, the concentration of phosphate ions was abruptly
decreased after 1 d of immersion to 57.1, 51.7, and 55.2 ppm, for BC/Eg, BC/HA-ch, and BC/HA-Eg,
respectively, followed by a slight change up to the end of the immersion time. The decrease of calcium
and phosphate ions in the initial soaking time was due to using of such ions in the precipitation of
calcium phosphate layer on the composite surfaces. The �uctuation of ion concentrations can be
explained from the repeating deposition and dissolution process of the newly formed bone-like apatite
layer.

Biocompatibility Assay
The in vitro biocompatibility of BC/HA-Eg, BC/HA-ch and BC/Eg was evaluated against the normal oral
epithelial cells (OEC) (Fig. 6). The cytotoxic effect of the prepared composites, given in different
concentrations of 15.63 to 250 µg/ml, showed more than 50% of viable cells and exhibited all
concentrations of BC/Eg, BC/HA-ch, and BC/HA-Eg caused no toxic effect against OEC cells. Also,
inverted microscopy (Fig. 7) revealed no morphological variations in the OEC cells treated with different
composites from 125 to 250 µg/ml compared with the untreated cells. According to the SEM/EDX
analysis, the BC/HA-Eg, BC/HA-ch, and BC/Eg improved the precipitation of hydroxyapatite.
Hydroxyapatite made from natural bases or waste such as eggshells [35, 54] is an excellent Ca and P
source [55]. In our study, The high Ca/P ratio of hydroxyapatite supports the growth and survival of
normal oral cells due to the increase in the expression of the calcium canal. In addition, calcium-sensing
receptor (CaSR) could notice any change in the external concentration of Ca2+ and increase Ca2+ entry
(6–9). Also, the XRD pattern displayed that the composites (BC/Eg, BC/HA-ch and BC/HA-Eg) were
mainly constituted of bacterial cellulose and combined tricalcium phosphate (TCP) and Hap. The
phosphate group in both tricalcium phosphate (TCP) and Hap act as a buffering system to maintain the
culture medium at neutral pH, which is the best for cell proliferation and differentiating [46, 56–59]. In
dental orthopedics, tricalcium phosphate and Hydroxyapatite have been used to coat the implant; the
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coating materials stimulate new bone formation and increase protein adsorption on the interior surfaces,
leading to enhanced cell adhesion [60, 61].

Conclusion
The bioactive composites based on eggshell wastes, hydroxyapatite (HAp) synthesized from eggshell, or
HAp synthesized from chemicals and bacterial cellulose (BC) were successfully prepared in situ by G.
xylinum by using agricultural residues as an alternative culture media without any supplementation. FTIR
analysis showed the main functional groups of BC and the ceramic �llers. Furthermore, SEM/EDX
analysis presented that the produced composites were characterized by good homogeneity, and the in
vitro bioactivity test in SBF demonstrated that the composites under investigation were induced the
formation of a bon-like apatite layer on their surface. Finally, the in vitro cell viability test was con�rmed
good biocompatibility against the composites which expectedly are as pure as to be used safely in
different biomedical applications.

In the future work, based on good biocompatibility results of BC/eggshell composite, we`ll emphasize the
possibility to prepare composites based on bacterial cellulose and eggshell directly without converting
the last one to HAp. This approach will save extra costs for the production of this kind of composite.
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Figures

Figure 1

XRD patterns of BC/Eg, BC/HA-ch, and BC/HA-Eg composites.
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Figure 2

FT-IR of BC/Eg, BC/HA-ch, and BC/HA-Eg composites.

Figure 3

SEM coupled with EDX analysis of (a) BC/Eg, (b)BC/HA-ch, and (c) BC/HA-Eg composites.
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Figure 4

SEM coupled with EDX analysis of (a) BC/Eg, (b)BC/HA-ch, and (c) BC/HA-Eg composites after
immersion in SBF for 30 days.
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Figure 5

(a) pH, (b) Ca2+ ion concentration (ppm), and (c) phosphate ion concentration (ppm) of BC/Eg, BC/HA-ch,
and BC/HA-Eg composites after immersion in SBF.

Figure 6

The In vitro cell viability of BC/Eg, BC/HA-ch, and BC/HA-Eg composites in normal oral cell lines as
measured with MTT assay.
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Figure 7

Morphological characteristics of OEC cells treated with BC/Eg, BC/HA-ch, and BC/HA-Eg observed under
an inverted microscope after 24 h. The OEC normal cells stained with a crystal violet stain. (a) Control
OEC cells at 24 h, (b) Cells treated with (250 µg mL-1) of BC/Eg, (c) Cells treated with (250 µg mL-1) of
BC/HA-ch, (d) Cells treated with (250 µg mL-1) of the sample BC/HA-Eg, (e) Cells treated with (125 µg mL-

1) of BC/Eg, (f) Cells treated with (125 µg mL-1) of BC/HA-ch, and (g) Cells treated with (125 µg mL-1) of
the sample BC/HA-Eg Magni�cation: × 40.


