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Abstract. The key challenge in tissue engineering is to develop structures with sufficient characteristics that will
replicate the natural extracellular matrix (ECM) to promote tissue regeneration. Copper and manganese minerals substituted hydroxyapatite (CuMn-HA)/chitosan (CTS)–polyvinyl pyrrolidone (PVD) were fabricated by sol–gel and solvent
casting techniques, respectively. Fabricated biocomposites have been identified by the use of Fourier transform infrared
(FTIR), X-ray diffraction (XRD) and scanning electron microscopy (SEM) for the analysis of functional groups, crystalline phases and surface morphology. The XRD and FTIR spectra of the biocomposite revealed the existence of
functional groups and crystalline phases in the biocomposites. The SEM images revealed biocomposite and inclusion of
CuMn-HA in rough morphology. Physicochemical characteristics such as swelling and compressive strength have been
examined in the preparation of biocomposite materials. Biocomposites (10, 20, 30 wt% of CuMn-HA biocomposite)
exhibited great material characteristics where 30% displayed the minimum swelling and a compressive property of
71 MPa was tested. It displayed the highest inhibition zone towards bacteria population and was also found to be bloodcompatible with a haemolytic value of only about 2.5% relative to other compounds. Finally, in-vitro cell cultures were
performed in biocomposite scaffolds to determine the effects of CuMn-HA on the proliferation of osteoblast cells,
resulting in biocomposites contrast to pristine PVD/CTS.
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Introduction

Over the last four decades, there has been a great deal of
interest in the area of artificial organ material planning,
stem cell therapy, surgical regeneration and the use of
artificial prosthesis to treat organ or tissue damage or malfunction [1,2]. Autograft and allograft are known to be the
definitive bone grafting mechanism supplying osteoinduction and osteogenic growth factors [3]. Fortunately, there is
a need to establish an alternative to autograft and allograft
in donor site limits, extra surgery, disease propagation and
expense [4].
Owing to its large bioactivity, degradability, porous
composition, viability for cell formation, osteogenesis and
inherent antimicrobial existence, chitosan (CTS), a linear
polysaccharide generated from selective deacetylation of
chitin, widely found in fossils of aquatic invertebrates, bugs
and shells of crustaceans, has been substantially used in
biomedical applications [5–7]. The value of reusable polymeric devices reduces the need for a second surgery and
speeds up the development of new bones [8]. It is important
to boost the lower interconnected permeability for tissue
regeneration and mechanical properties of chitosan-based

polymer nanomaterials [9]. However, all bone characteristics cannot be aided and imitated by a sole component and it
is thus essential to build a multi-component device as an
alternative to tissue regeneration.
In different areas, like knee substitute, oral and maxillofacial repair, bone fractures, fractured rehabilitation,
complete surgical intervention, and revision operation,
calcium phosphate mineral, hydroxyapatite is known to play
a critical role [10,11]. HA have few concerns, such as low
antimicrobial activity and fragility, rendering it unfit for
orthopedic applications [12]. This limitation adds to the
possibility of antibiotic infections to purely HA coating
implantable devices. Trace components (copper (Cu), zinc
(Zn), strocium (Sr), silver (Ag), cerium (Ce)) in bones that
exist normally may be used as substitution in HA to avoid
pathogenic bacteria [13]. Copper (Cu) is an important trace
factor for human life, in addition to its antimicrobial
activity, which activates the development of many proteins
and plays a significant role in the cross-linking of collagen
and cartilage elastin [14]. Cu plays a critical part in the
angiogenesis mechanism and facilitates endothelial proliferation as a trace factor in human psyche. Copper was either
supplemented by hydroxyapatite or entrapped onto the
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calcium phosphate composite to maximize the ability of
angiogenic mechanism. Consequently, not only does the
introduction of copper change the physical and mechanical
characteristics of apatite, but also reinforce its biocompatibility. There is already a shortage of comprehension about
the impact of copper among the accessible publications on
the study of hydroxyapatite coatings in hydrothermal
approaches. Manganese (Mn) also helps to activate and
strengthen integrin’s receptor attachment and cell permeability [15]. Receptors refer to a family named transmembrane protein that assists in extracellular matrix cell
attachment. Ligand binding serves to stimulate the receptors
and facilitates immediate transcription factor reactions.
The hybrid of chitosan with artificial apatite (HA) is more
commonly using it as an allograft replacement while
opposed to natural apatite. Some scholars have explored
native apatite extracted from pig bone coupled with chitosan (CTS) for bone replacement and no coastal origin of
apatite (HA) has been studied so far. Many tricomponent
scaffolds, relative to CTS scaffolds, have also been developed in recent years with enhanced cell growth on the
hybrid composites [16]. The use of tricomponent framework for tissue engineering applications, like carboxymethyl cellulose, gelatin, collagen, PVA, polyamide
66, PMMA, PLA, PCL and halloysite with HA/CTS, has
been explored by many researchers. Low-cost polyvinyl
pyrrolidone (PVD) has many significant medical and technical consequences for these polymeric materials [17].
These highly water-soluble materials are fine, non-toxic and
simple to synthesize for biomedical applications consistent
with the human psyche. For cartilage regeneration, PVAHA electrospun fibre has also been researched [18].
The sol–gel process for the manufacture of CuMn-HA is
followed in this research. Solvent casting process is used for
the production of biocomposites. Synthetic polymer (PVD)
and a natural polymer (CTS) are mixed with CuMn-HA.
Physical, mechanical characteristics and cytocompatibility
of the biocomposite are tested. Bioactivity and hemocompatibility tests are also performed for the chosen
biocomposites.

2.
2.1

Experimental
Preparation of CuMn-HA

The entire chemicals were purchased from Sigma-Aldrich,
India. Copper-manganese substituted hydroxyapatites were
synthesized by sol–gel method. In the sol–gel process, the
calcium nitrate was first dissolved in 100 ml of DD water
and mixed with appropriate amount of copper nitrate and
manganese nitrate dissolved in 20 ml of DD water. The
reaction mixture was sonicated for 2 h at room temperature
(RT). During that period, the amount of EDTA applied to
the 70 ml of DD water was ionized. The EDTA volume was
made up to an original mixture’s formulation. After
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sonication for another 30 min at RT, the (NH4)2HPO4 dissolved in 50 ml of DD water was included. The introduction
to the combined formulation of condensed ammonia
increased the pH to *10. The suspension was under sonication at 50°C for 12 h until the solvent vanished completely. The ensuing gels were cured for 4 h in a hot air
oven at 100°C, then cautiously crushed in pestle and mortar
and sintered in muffle furnace for 4 h at 400°C.

2.2

Preparation of biocomposites

Briefly, various Cu-HAP contents (0, 10, 20 and 30 wt%)
were applied to the CTS formulation (dissolving 1 wt%
of CTS in acetic acid and then holding for 3 h for
sonication). Later the PVD was formulated using DD
water and applied to the above combination, therefore the
solution of composite materials was blended for 2 h at
RT under sonication to obtain a solid mixture, and then
the solution was subjected to glass Petri dishes and dried
in an oven biocomposite (CuMn-HAP/CTS–PVD) at RT
(table 1). A related approach was adopted to design a
CTS–PVD composite formulation as a monitor without
CuMn-HA.

2.3

Characterization

X-ray diffraction (XRD) spectrometry was obtained using
CuKa radiation with XRD (DX-2000). The FTIR spectra
are measured with a NICOLET 200SXV Infrared Spectrophotometer at RT. Using SEM (JSM-5900LV, JEOL)
the morphological characterization of the biocomposites
was performed. A TEM (H-6009IV, Hitachi) was conducted for the morphological characterization of biocomposites. The biocomposite material characteristics
have been assessed using a testing machine (Model
H5KS).

2.4

Swelling studies

Clean, dry biocomposite samples with known weights were
submerged in phosphate buffer solution (PBS) of pH 7.4 at
37°C up to the point of stabilization (almost 24 h). Swelling
specimens were then extracted at daily intervals; the substrate moisture is removed by separating papers and then
Table 1.

Preparation of CuMn-HA/CTS–PVD biocomposites.

Composite
CTS–PVD
Biocomposite (BC-1)
Biocomposite (BC-2)
Biocomposite (BC-3)

CuMn-HA (g)

CTS (g)

PVD (g)

0
1
2
3

1
1
1
1

1
1
1
1

Bull. Mater. Sci. (2021)44:222
measured. The proportion of water consumption was
determined using the following equation:
Ws  Wd
Water uptake % ¼
 100;
Wd
where Wd and Ws are the dry and wet specimen measurements, respectively [19].
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applied. Cells were permitted to cultivate with MTT for 4 h,
equal volume of DMSO as a solubilizing component. Plates
were viewed at 570 nm, spectrophotometer and percentage
of feasibility was measured as the ratio of absorbance in the
plate without samples to absorbance in the plate with
samples [22].

2.8
2.5

In-vitro hemocompatibility assay

A quantity of 0.8 ml and 0.2 ml of formulated PBSs and
blood sample were added, respectively. 1 9 1 cm of the
composite was drawn, thereafter the electric shaker
blended the solution thoroughly. After, it was cultured for
1 h at RT, and then it was centrifuged for 30 s at 5000
rpm. The lysis buffer solution obtained after centrifugation was studied by an enzyme-linked test monitor with a
spectral region of 570 nm. The ratio of haemolysis of all
the specimen composite was computed using the equation
[21].

2.7

Statistics

In-vitro antibacterial analyses

The antibacterial behaviour of the specimens was detected
by standard methods using E. coli and S. aureus on nutrient
agar plates. The specimens were disinfected at 110°C before
antimicrobial activity examination. Each nutrient broth,
calibrated to 0.5 McFarland turbidity, was scrubbed onto
the nutrient agar plate using a disinfected paper towel. After
this, the specimens were put on the interfaces of the nutrient
agar protected by the pathogenic bacteria examined.
Nutrient agar plates were kept at RT (27°C) for 1 day. The
antimicrobial property was examined by calculating the
inhibition region. Positive findings have been found to be
consistent zones arising from microorganisms by biocomposite materials [20].

2.6

222

In-vitro biocompatibility studies

In-vitro biocompatibility experiments have been done in
compliance with ISO 10993-5 recommendations. The MG63 osteoblast cell line was collected from NCL, Pune.
Osteoblast cells were regularly cultured and stored in
DMEM containing 10% FBS at 5% carbon dioxide. Osteoblast cells were collected from near-confusion fascia by
trypsinization, immersed in full medium and cultivated at a
concentration of 3.0 9 105 cells cm–2 in a standardized
96-well plated tissue culture plate. Cells were needed to
progress at 37°C, 5% carbon dioxide, for 1 day. The MG-63
cells were softly placed on biocomposite samples (32 mg). It
was also permitted to cultivate for 1 more day, maintaining
other incubation parameters stable. Specimens were withdrawn using forceps and a solution of MTT (0.5 mg ml–1) was

Every quantitative outcome was acquired from triplicate
tests and information appeared as a mean ± standard
deviation.

3.
3.1

Results and discussion
XRD analysis

Figure 1a displays the XRD pattern of CuMn-HA. XRD
pattern of CuMn-HA nanoparticles revealed 2h at 64°, 53°,
50°, 49°, 45°, 39°, 34°, 32°, 31° and 27° with planes (304),
(004), (321), (213), (222), (310), (300), (211), (210) and
(002), respectively, and was compared with the standard
JCPDS card no. 09-0432 [23]. Transformation in the lefthanded peaks was found as opposed to the norm indicating
the existence of substitution. The layered diffraction of
CTS–PVD and biocomposite with 10–30 wt% of CuMnHAP is seen in figure 1b and c, the diffraction peaks of CTS
and PVD ranged from 2h = 25° and 18°, accordingly [24].
The amorphous aspect of the hybrid CTS–PVD was the
product of the mixture of CTS and PVD. (313), (321),
(222), (202), (300), (211) and (002) correspond to the
diffraction bands at 57°, 50°, 46°, 33°, 31° and 25°,
respectively [25]. All biocomposites (BC-1 to BC-3)
showed the bands referring to CuMn-HA. The appearance
of these bands reflects the integration of various percent of
CuMn-HA into the CTS–PVD. With a raise in amount of
CuMn-HA, the CTS–PVD bands declined and the CuMnHA bands improved, suggesting a stronger integration of
CuMn-HA into the CTS–PVD. Hydrogen bond forming
diffraction peak merging and molecular level mixing may
be the cause for the decline and improvement in peak
intensity.

3.2

FTIR analysis

The CuMn-HA and biocomposite FTIR spectra are
shown in figure 2a. The stretching vibration of the
hydroxyl group occurs at 3450 cm-1 and the slight
peak found at 626 cm-1 is attributable to the bending
vibration of the hydroxyl group [26]. The band at 577
cm-1 characterizes the bending vibration of P–O bonds,
a band at 1032 cm-1 represents the stretching vibration
of P–O bonds of PO43– group [27]. The biocomposite
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Figure 1.

XRD pattern of (a) CuMn-HA and (b–e) CTS–PVD with different wt% of CuMn-HA.

Figure 2.

FTIR spectrum of (a) CuMn-HA and (b–e) CTS–PVD with different wt% of CuMn-HA.

FTIR spectra are shown in figure 2b–e. The CTS–PVD
spectrum has a good bandwidth of 3448 cm-1 corresponding to the hydroxyl group of polymeric materials.
The appearance of a wide peak occurring at about
1075 cm-1, suggests extending CTS vibration, is
clearly explained by the FTIR spectrum. Additionally,
the signature hydrogen-bonded band developed between
both the PVD and CTS groups appears as a wide peak
extending between 3500 and 3400 cm-1; the typical
N–H stretching vibrations of CTS coincide with the
PVD hydroxide ions groups [28]. The resulting band at
2928 cm-1 is characteristic of C–H intense vibrations.
All the stretching and bending peaks of CuMn-HA and
CTS–PVD were seen in biocomposites.

3.3

Morphological analysis

The SEM images of the CuMn-HA and biocomposites are
shown in figure 3. CuMn-HA morphology has been observed
to have a coagulated form with a significant number of needle-like particles. The composite CTS–PVD reveals a flat and
smooth surface. The characterization of polymeric specimens
incorporated in bioceramics is shown in figure 3a–e. The
microstructure looks rugged and all the biocomposites have
shown the existence of intertwined pores. The inclusion of
CuMn-HA into the CTS–PVD network contributes to the
aggregation of the particles that have been demonstrated to be
rough surface. The development of needles improves as the
ceramic material increases. The development of needle rises
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Figure 3. SEM images of (a) CuMn-HA, (b) CTS–PVD, (c) BC-1, (d) BC-2 and (e) BC-3 biocomposites.

Figure 4.

(a) Tensile strength and (b) modulus of prepared samples.

as CuMn-HA is raised from 10 to 30 wt%, and the biocomposite substrate becomes rougher.

3.4

Mechanical properties

The mechanical characteristics of the biocomposite are
shown in figure 4a and b. Module and strength of
CTS–PVD are identified at 380 and 38 MPa, respectively.
The tensile strength and modulus are improved by the
rise in the CuMn-HA bioceramic material. Along with the
CTS–PVD polymers, BC-2 (59 MPa) and BC-3 (71 MPa)
with 20 and 30 wt% of CuMn-HA exhibited the greatest

mechanical properties. The improvement in the mechanical characteristics of the composite may be
attributable to cross-linking between the CuMn-HA and
the CTS–PVD. Increased stiffness resulted in the introduction of CuMn-HA bioceramic into the CTS–PVD
polymer.

3.5

Swelling test

Swelling features are essential for cartilage application [29].
Swelling, which plays a significant role in in-vitro and
in-vivo cell research, assists in plasma transfer and cell
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3.7

Figure 5.

Swelling percentage of prepared biocomposites.

attachment. The effect of unregulated swelling within
physiological condition would be inflammation and faster
implant deterioration. The swelling ratio of the overall
biocomposite is shown in figure 5. The findings revealed
that the CTS–PVD swelling activity tends to be maximum
at 40% and BC-1, BC-2 and BC-3 exhibited the best
swelling ratio (36, 28 and 22%, respectively) in comparison
to all other biocomposites (figure 5). As the CuMn-HA
bioceramic concentration rises, the swelling performance
degrades. The cause for the decline in the swelling ratio
may be attributable to the cross-linking of bioceramics to
the hydrophilic groups of polymeric materials.

3.6

In-vitro antimicrobial activity

Using E. coli and S. aureus, the antimicrobial activities of
the biocomposite were tested by the agar diffusion system, where most microbes used were connected to
something like a human disease [30]. The inhibition zone
(ZOI) is defined in figure 6a. The ZOI of CTS–PVD was
estimated to be 21 and 16 mm, for E. coli and S. aureus,
respectively. As the CuMn-HA content in the CTS–PVD
polymer rises, the ZOI enhances. In contrast with other
substances and control, BC-3 demonstrated high ZOI for
all the bacteria reported. The BC-3 ZOI for E. coli and
S. aureus was 37 and 31 mm, respectively. The biocomposite’s positive ions interfere with the microbes’
negatively charged membranes, which interfere and
infiltrate the microbes’ cell membranes, causing injury to
the essential biomolecules and inhibiting the microbes’
development [31]. Another potential explanation for
antimicrobial behaviour may be attributed to the efficacy
of the metals in preventing bacteria growth and metal
aggregation, which results in the disturbance of the bacterial cell membrane and other cell parts [32].

In-vitro hemocompatibility assay

To research the hemocompatibility of the fabricated biocomposites, a blood-compatibility test was done. When a
device is inserted internally, it takes numerous in-vivo
contacts and ion exchange transport occurs, which can
allow hemolysis to damage the blood cells [33]. The formulated insert substance had to be examined for its interaction with human blood to avoid denaturation of
lymphocytes. In figure 6b, all developed biocomposite
specimens were examined for blood-compatibility. For all
the specimens, the hemolysis percentage value was hardly
less than 5% hemolysis, which suggested that the specimens
were extremely blood-compatible. With the rise in the
integration of CuMn-HA into the CTS–PVD, the ratio of
hemolysis value was observed to be lowered, while the
CTS–PVD reported a greater proportion of hemolytic of
4.6%, which is less than 5% percent hemolytic. Therefore
all the designed biocomposites exhibited less than 5%
hemolytic, so they could all be used during medicinal
application. The lowest percent hemolytic quality of 2.5%
was seen by BC-3.

3.8

In-vitro biomineralization test

In studying apatite development on the substrate of fabricated biocomposite, biomineralization was carried out. For
any substance to use for bone tissue engineering-related
uses, the apatite composition analysis on the specimen plays
a critical role [34]. In-vitro biomineralization experiments
will approximate the in-vivo bioavailability of fabricated
specimens by soaking the specimen in stimulated body fluid
(SBF) solution over different periods of time [35]. Nearly
all of the behaviours displayed greater yields for the BC-3
biocomposite, by the in-vitro biomineralization behaviour
in the SBF solution. The chosen sample was immersed for
28 days in SBF solution and the samples were collected at
periodic intervals to identify the bones as forming HA.
Specimens were collected at 7, 14 and 28 days out of the
SBF solution, and were cured and evaluated using SEM and
XRD (figure 7a–d). Before immersion, the XRD pattern of
the SBF immersed specimens was contrasted with the
control XRD analysis. The specimen was described by SEM
during 7, 14 and 28 days of bathing in the SBF solution to
variables that is determined in the structure of the specimen
(figure 7a–c). Apatite development is also seen since day 7
of the specimen, wherein the crystallites occupied the entire
spongy structure of the material. The crystallization rises
with the 14-day specimen and the apatite development
consumed almost complete substrate and the plate-like
structure begins to emerge. The specimen revealed platelike HA development all around the specimen surface while
being soaked in SBF for 28 days. Therefore, growing the
dripping period of SBF strengthens the deposition of HA on
the surface of the specimen.
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(a) Antibacterial activity and (b) hemolytic percentage of prepared biocomposites.

Figure 7. SEM images of biomineralized biocomposite (BC-3) after (a) 7, (b) 14 and (c) 28 days
immersion in SBF solution. (d) XRD pattern of biomineralized biocomposite in 7, 14 and 21 days.

In figure 7d, the XRD pattern of the biomineralized
specimens is shown. After specimens were immersed in
SBF for 7 days, the polymer-based peak that was observed
before being immersed was noticed to have completely
vanished. The strength of the peaks for the immersed
specimens differed from the test before immersion, but the
peaks existing corresponded to the hydroxyapatite and there
was no development of unclean or additional phase [36].

3.9

In-vitro biocompatibility assay

In-vitro cell viability experiment was undertaken on
osteoblast cell lines for CuMn-HA and biocomposite (BC3) (figure 8a). The CuMn-HA and biocomposite (BC-3) cell
growth, cell adhesion and viability were contrasted with one
another across different days of culture media. The
absorption benefit rises as the time span grows. In contrast
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Figure 8.
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Cell viability and live/dead cell assay of CTS–PVD and biocomposite (BC-3) on 1, 3 and 7 days.

to the first and third days, the viability value on the seventh
day of CTS–PVD and biocomposite (BC-3) displayed
maximum numbers, which suggests that the biocomposite
aid in cell growth.
As shown by the live/dead analysis demonstrating
their cytocompatibility and good biocompatibility, the
biocomposite (BC-3) displayed excellent cell proliferation. As shown in figure 8b, the osteoblast cells were
able to infiltrate and bind to the internal surfaces of the
biocomposite (BC-3), indicating that the composites
had the necessary pore size distribution and permeability needed for cell proliferation and adherence that
is important for orthodontic treatment. The amount of
death cells also reduced between third and seventh day,
with biocomposite displaying nearly good percent viability at the research median, leading over a period to a
growing trend in viable cells. Biocomposite (BC-3) was
considered to be a strong relative to CTS–PVD because

its cell proliferation properties and cell binding were
better than CTS–PVD.

4.

Conclusion

CuMn-HA and CuMn-HA/CTS–PVD were prepared by
sol–gel and solvent evaporation methods, respectively. For
their physical characteristics, including such swelling and
mechanical strength, the prepared biocomposites were
analysed. In-vitro biological functions, including certain
antibacterial activities and blood-compatibility, have been
investigated. The findings revealed that 30 wt% of CuMnHA in CTS–PVD exhibited superior properties relative to 0,
10 and 20 wt% of CuMn-HA/CTS–PVD biocomposites.
The findings of biocomposite (BC-3) mineralization and
bioactivity have shown that 30 wt% of CuMn-HA/CTS–
PVD could be used for aspects relevant to bone. Prepared
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inorganic/organic biocomposite (BC-3) and the proposed
protocol for biocomposite preparation culminated in possible scaffolding with improved mechanical properties,
physiochemical characteristics and apatite-forming capabilities. After that in-vivo research, this possible biocomposite (BC-3) could be used in bone regeneration.
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