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Biodegradable tissue engineering scaffolds with tunable degradation, high biocompatibility, adequate mechanical
strength and intrinsic biomineralization potential instigating biomimetic interactions with osteogenic cells have
been well-received for effective bone-defect repair. This study demonstrates the early biomimetic as well as
biomineralization of aqueous stem extract (WE) of Cissus quadrangularis (CQ) integrated natural scaffold composed
of chitosan and collagen (CC) with a tunable degradation profile. Results demonstrate that the scaffold (CC-WE)
synergistically contributes to its biomineralization, water absorption capacity and tunable degradation. The microporous
CC-WE with an average pore size of 43.13 ± 13.59 µm attained complete swelling within 1h and maintained
equilibrium swelling for 10 days and subsequently underwent controlled degradation (42.3% by day 60) under
physiological pH and ambient temperature. Early biomimetic mineralization has been observed by SEM analysis
after immersing CC-WE in simulated body fluid under biomimetic conditions for 7 days. In complementary, early
biomineralization has been confirmed by Alizarin Red S (ARS) and von Kossa (VK) staining upon interaction with
Human Osteosarcoma (HOS) cells for 7 days, viewed as respective coloured adduct formation. The findings,
therefore, suggest innate biomineralization proficiency of CC-WE scaffold under a beneficial biological
microenvironment to aid faster bone defect healing.
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Introduction
In the biomimetic therapeutic approach, natural systems are being
emulated to mimic the structural and biofunctional features,
presenting revolutionary contributions to effective tissue
regeneration. Indeed, a significant number of natural as well as
synthetic materials have been explored for regenerative tissue
engineering by biomimetic approaches, including organic/inorganic
matrices to augment biomineralization, a distinctive feature of
osteogenesis [1, 2]. Such mineralized materials could function as
superior matrices to facilitate a better cell-material interface triggering
enhanced cell attachment, proliferation, and differentiation by
promoting extracellular microarchitecture functions and
simultaneously eliminating unfavourable cellular responses [3].
In particular, the cellular and molecular level interactions would be

www.biomaterials.org.in/tibao

key factors for the primary osteo-supportive microenvironment
that leads to osteogenesis, thereby rectifying the bone defects.

The predominant requisites for a biomimetic bone graft essentially
entail a hierarchically porous microstructure resembling the innate
bone tissue microenvironment, a higher degree of compatibility
with specific cells, controlled biodegradability to function as the
supportive temporary extracellular matrix and invoke
biomineralization of apatite with Ca/P ratio analogous to the
stoichiometric ratio of host bone [1, 4]. Inspired by the natural
mineralization process, collagen-based systems with diverse
biological characteristics have been extensively used as tissue
engineering scaffolds [5, 6].

The structural similarities with glycosaminoglycan and its
biodegradable nature enable chitosan, the natural biocompatible
polysaccharide, to function as a structural component of therapeutic
tissue regeneration scaffolds [7]. Besides, it enhances the activity
of growth factors to promote cell proliferation [7]. Moreover,
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chitosan is a cationic polyelectrolyte under acidic pH, contributed by
its protonating primary amine groups, which leads to the
formation of water-insoluble polyelectrolyte complexes with anionic
substances [8]. Interestingly, collagen, a polyanionic fibrous protein
that contains receptor-recognition repeats [9, 10], can form such
ionic complexes with chitosan [8].

It is a vital factor to envisage that, in the native bone, the
glycosaminoglycan in Extra Cellular Matrix (ECM) interweaves the
fibrous structure of collagen to ensure mechanical stability to the
bone tissue [7]. Hence, chitosan-collagen complex scaffolds could
be expected to provide a favourable mechanical match with the
host bone to be repaired and initiate osteogenic signals [7].
Furthermore, the chitosan-collagen scaffolds mimic the natural
mineralization process and can act as an appropriate supportive
platform to repair bone defects. [7]

Plants with medicinal significance are an enriched traditional resource,
and extensive research is ongoing to investigate their active
components towards formulating innovative therapeutic options
[11]. Cissus quadrangularis Linn (CQ) is a perennial plant from the
family Vitaceae with well-documented medicinal importance [12].
Various CQ stem extracts have extensively been investigated for
osteoporotic defect repair and bone tissue regeneration applications
[13,14]. Ethanolic CQ extract has been reported to induce bone
regeneration in ovariectomized rats [13], while petroleum ether
and hexane extracts of CQ have been investigated for their efficacy
in bone fracture healing in vitro [14, 15]. We have recently reported
a comparative evaluation of various extracts of CQ stem in
augmenting biomineralization [16]. Our studies manifested that
hexane and aqueous extracts have superior cell-proliferation and
biomineralization index [17]. The therapeutic efficacy of these herbal
medicines to invoke osteogenesis when combined with an
appropriate supporting matrix in the form of a scaffold would
complement each other for sustained functioning until the
regeneration phase is complete.

Herein, we present a natural biodegradable bone scaffold, aqueous
CQ stem extract (WE) integrated chitosan-collagen (CC), holding
early biomimetic and biomineralization potential. Chitosan-
collagen 75:25 (w/w) crosslinked with glyoxal has specifically been
chosen owing to its optimum physico-chemical and mechanical
characteristics, as per our recent study [16, 17]. The CC-WE scaffold
has been evaluated for its physicochemical and morphological
features, water absorption capacity and degradation behavior under
physiological conditions. Subsequently, biocompatibility evaluation
(MTT assay and actin-DAPI staining) and proficiency to induce Ca-
P mineralization (in biomimetic conditions and after cell-scaffold
interaction) were determined to present tangible evidence of matrix
mineralization, a noticeable characteristic of a bone regenerative
scaffold. The CC-WE demonstrates inherent early Ca-P
mineralization, better cytocompatibility, hydrophilicity, and
biodegradation; hence, it could be proposed as a suitable
biofunctional scaffold for bone tissue repair and regeneration.

Materials and Methods
All the reagents for Phosphate Buffered Saline (PBS), Simulated
Body Fluid (SBF) [Sodium chloride (NaCl), Potassium chloride
(KCl), Potassium dihydrogen phosphate (KH2PO4), Di-sodium
hydrogen phosphate dihydrate (Na2HPO4.2H2O), Sodium
bicarbonate (NaHCO3), Di-potassium hydrogen phosphate
(K2HPO4), Magnesium chloride hexahydrate (MgCl2.6H2O),
Calcium chloride (CaCl2), Sodium sulphate (Na2SO4), and Tris
buffer] were procured from Sigma Aldrich, India. Cell culture media
and its supplements were obtained from Gibco Thermofisher

Scientific, India and Hi media, India. In addition, reagents and
stains for biocompatibility and biofunctional assays were purchased
from Sigma Aldrich, India. Silver nitrate was obtained from
Spectrochem, India.

Fabrication of CC and CC-WE scaffold

The CC scaffold has been fabricated as per the optimized procedure
reported recently, where the chitosan-collagen ratio has been
optimized as 75:25 for favourable physico-chemical and mechanical
characteristics [17]. In a typical procedure, chitosan and collagen in
the ratio (w/w) of 75:25 was mixed thoroughly and allowed to stir
for 3h. Subsequently, 25 mg of  WE were added to 10 mL of
polymer solution; bath sonicated for 60 min and lyophilized for
48h. The lyophilized sample was then cross-linked with a 4% (v/v)
glyoxal solution followed by a repeated lyophilization procedure
for another 48h to obtain the CC-WE scaffold. The CC scaffold
without WE served as the control of  the study. Finally, the as-
obtained scaffold was cut into square pieces (2 mm × 2 mm) for
further analyses.

Physico-chemical characterizations

The compositional evaluation of CC and CC-WE scaffolds was
performed by ATR spectral analysis (PerkinElmer, UK), while
surface morphology and microarchitecture analyses were carried out
by Optical (Lawrence and Mayo, India) as well as Scanning Electron
Microscopy (SEM; (JEOL Model, JSM-6390 LV, UK)).

In vitro swelling and degradation studies

Swelling and degradation of the scaffolds were conducted in
phosphate-buffered saline (1X PBS, pH 7.4) under ambient
conditions. Briefly, the dry weight of  the scaffolds (n = 3) was
recorded and then immersed in PBS solution (1X; pH 7.4) at 37°C.
The medium was replenished every third day, and the weight of
the scaffolds was measured at definite time intervals. The percentage
of swelling was calculated as per equation (1).  After 60 days of
incubation, the scaffolds were dried at 37°C, and the percentage of
degradation was calculated using equation (2).

% Swelling = [(w1 - w0)/w0] x 100 (1)

(w0 and w1 are dry and wet weights of the scaffolds, respectively).

% degradation = [(wi - wd)/wi] x 100 (2)

(wi and wd are the initial and final weights of the scaffolds,
respectively).

In vitro mineralization in SBF

The CC and CC-WE scaffolds were immersed in SBF (1.5X; pH
7.4) for determining the biomimetic mineralization potential of
the scaffolds, according to the procedure reported elsewhere [18].
The scaffolds in SBF were incubated at 37°C for 14 days. The
medium (SBF) was refreshed every alternative day to maintain the
ionic concentration and pH of the medium intact. On days 7 and
14, the scaffolds were carefully collected, washed with Milli Q water,
and dried at 37°C overnight. The Au-sputtered scaffolds were
subjected to SEM analysis to gather information on the nucleation
of apatite and mineralization features. The CC scaffolds treated in
the same way served as control.

MTT assay and Actin/DAPI staining

The biocompatibility of the scaffolds was evaluated using Human
Osteosarcoma (HOS) cells (procured from NCCS, Pune, India) by
MTT assay and Actin/DAPI staining. In brief, the HOS cells (1×104
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cells/well) were cultured on the sterile scaffold (n = 3) and placed in
a 24-well plate provided with standard culture media and
conditions. After 24h of incubation, an MTT assay was performed,
and the absorbance of formazan crystals dissolved in DMSO was
measured at 570 nm using Spark® Multimode Microplate Reader
(Tecan, Switzerland). The percentage viability of  the cells on the
scaffolds with respect to the control (cells without scaffolds) was
calculated. For Actin/DAPI staining, the cells (1×104 cells/well)
were seeded into a 24-well plate on the sterile scaffold and incubated
for 24h under standard culture conditions. After incubation, the
cells were fixed with 4% (w/v) paraformaldehyde solution for 20
min, and Alexa fluor-488 Phalloidin was added to stain the F-actin
filaments of the fixed cells followed by counterstaining with 4’6
diamidino-2-phenylindole (DAPI). The stained cells were observed
under a phase-contrast inverted fluorescence microscope (Nikon
Eclipse Ti2 Series, India).

Alizarin red S and von Kossa staining

Alizarin red S (ARS) and von Kossa staining methods were adopted
to determine the innate Calcium Phosphate mineralization
potential of the CC and CC-WE scaffolds [19, 20]. The HOS cells
(1×104 cells/well) were seeded onto the sterile scaffolds in 24 well
culture plates and incubated for 7 days by following standard cell
culture conditions. After 7 days of incubation, the cells were fixed
with 4% (w/v) paraformaldehyde solution for 20 min.  For ARS
staining, the fixed cells were washed multiple times with sterile

water followed by ARS (40mM; pH 4.1) staining for 30 min under
gentle shaking. The cells were carefully washed with water, and the
red-coloured deposition of  Ca nodules was observed using a phase-
contrast inverted microscope (Nikon Eclipse Ti2 Series, India). In
the von Kossa staining procedure, the fixed cells were washed with
cacodylate buffer and incubated with 5% (w/v) silver nitrate solution
under UV light for half an hour and finally added 5% (w/v) sodium
thiosulphate. The brownish to black deposition of phosphate
was captured using a phase-contrast inverted microscope.

Results and Discussions
Physico-chemical and morphological characterizations of the
scaffolds

The photographic and optical microscopic images provide
preliminary information on the physical features of the scaffolds.
The porous architecture of CC and CC-WE scaffolds is visible
from optical micrographs [figure 1A (a-b)]. The yellowish colour
of CC scaffold [figure 1A(a) (inset)] is transformed to intensified
brown colour for CC-WE scaffolds due to the presence of WE
[figure 1A(b) (inset)]. The characteristic peaks of chitosan and
collagen in the CC-WE scaffold are affirmed from the ATR spectrum
[figure 1B]. More specifically, the broad peak at 3291 cm-1 exemplifies
-NH stretching vibrations of  CC. Peaks observed at 2941 cm-1 and
2864 cm-1 represent asymmetric and symmetric stretching vibrations
of  the -CH2 group, while the presence of  residual N-acetyl group

Figure 1: Physico-chemical characteristics and optical microscopic images of CC and CC-WE scaffolds, wherein A (a) and A (b)
represent optical microscopic images of CC and CC-WE scaffold with photographs of the scaffolds as inset; (B) ATR spectrum
and (C) density chart of CC and CC-WE scaffolds (all values are presented as mean ± SD)
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was confirmed by the peak at 1645 cm-1. Additionally, the peak
responsible for -CO stretching vibrations is noticed at 1035 cm-1.
Density measurement data [figure 1C] indicate an increment in
density for CC-WE (0.076 ± 0.015 g/cm3) compared to CC scaffold
(0.046 ± 0.005 g/cm3), which is contributed by the presence of
WE.

Water absorption and Degradation of  CC-WE scaffold

The swelling and degradation profile of the scaffolds were
investigated in biomimetic physiological conditions (figure 2A and
B). Maximum swelling of CC and CC-WE scaffolds was obtained
within 1h of incubation [figure 2A] in the medium and from there
onwards a plateau is maintained for 10 days [figure 2B]. Thereafter,
a drop in mass is observed for the scaffolds and is correlated to the
preliminary phase of degradation, and an average weight reduction
of 49% was recorded for CC and 42.3% for CC-WE on day 60
[figure 2C]. The swelling profile supports the suitability of the
scaffolds for tissue regeneration applications. Precisely, the
hydrophilic nature of the CC and CC-WE scaffold is crucial for
cellular infiltration through the supportive three-dimensional matrix
as well as for nutrient and metabolites transfer [21]. Apart from
this, the increase in pore size and surface area/volume ratio of the
scaffolds, due to controlled degradation, provide a better
environment for the cells to infuse, attach and thereby enhance
proliferation and differentiation [22]. Furthermore, the slow
degradation of these scaffolds would deliver adequate support to
the tissue until the repair phase completes [23].

Both CC and CC-WE exhibited microporous structure with open
and closed cells evident from the SEM images [figure 3 A (a-b)],
where the pore size is in the range of 34.0 to 64.7 µm and 23.4 to

64.4 µm, respectively. The inter-connected microporous arrangement
of the scaffolds together with surface roughness provides a better
platform for cellular infiltration [22,24], which would facilitate the
cell-matrix interaction and initiate appropriate signaling to promote
cell growth and proliferation [25]. It is well-known that the surface
roughness enhances the nucleation and growth of apatite crystals
[26]. Further, the amino groups of chitosan reinforce the triple
helical structure of the collagen while cross-linking via dialdehyde,
donated by glyoxal, significantly enables matrix integrity [27]. The
EDX spectra of the scaffolds provided in figure 3A inset confirm
the elements present in the system.

Biomimetic mineralization of scaffolds in SBF

Biomimetic mineralization in SBF provides preliminary insight
into the bone-bonding ability of a three-dimensional tissue
engineering matrix [18, 28]. The coherent apatite nucleation is
apparent in SBF treated CC and CC-WE scaffolds (SEM
micrographs) on days 7 and 14 [figure 3B and C]. The primary
nucleation on the matrix (day 7) validates early mineralization [figure
3C (a)]. The thick layer of nodule-like mineralization, predominantly
on CC-WE (day 14), provides clear evidence for the progression of
nucleation to a secondary level, confirming the inherent biomimetic
mineralization potential of CC-WE [figure 3C (b-c)].  A similar
trend, but to a lesser extent, has been observed for the CC scaffold
[figure 3B (b-c)]. The early mineralization witnessed in the CC-WE
scaffold can be attributed to the synergistic effect of the chitosan-
collagen and bioactive phytoconstituents of the WE containing
nucleation sites and subsequently accelerating the mineralization
process [29,30].

Figure 2: Swelling behavior of  CC and CC-WE scaffolds after (A) short term and (B) long term incubation
in PBS; (C) degradation kinetics of scaffolds. All values are presented as mean ± SD.
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Figure 4: Cytocompatibility of CC and CC-WE scaffolds by (A) MTT assay and (B) Actin/DAPI staining
[B(a-c) represent the control (no scaffold), CC and CC-WE respectively]. Note: Values are presented as
mean ± SD. ‘ns’ indicates non-significance with p > 0.05; * and ** indicate statistical significance with p-
value < 0.05 and < 0.01, respectively.

Figure 3: SEM images of the porous microarchitecture and biomimetic mineralization of CC and CC-WE scaffolds: Fig A (a)
represents SEM images of the CC scaffold, A (b-c) represent the CC-WE scaffold at two different magnifications. Inset illustrates
corresponding EDX spectrum. B(a) and C (a) represent SEM images of  CC and CC-WE after 7 days of  incubation in SBF,
whereas B (b-c) and C (b-c) represent SEM images of CC and CC-WE scaffolds after 14 days of incubation at two different
magnifications.
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Cytocompatibility evaluation of CC and CC-WE scaffold

The viability and morphological architecture of the cells
demonstrated by MTT assay and F-actin/DAPI staining affirmed
cytocompatibility of the CC-WE scaffold [figure 4]. The viability
data from the MTT assay is presented as percentage cell viability in
figure 4A, demonstrating CC-WE for a significantly high viability
index (94.5% ±7.7), which is comparable to that of the control
(untreated; no scaffold) cells, inferring the presence of metabolically
active cells. Corroborative findings were noticed from Actin/DAPI
staining as well [figure 4B]. The cells exhibited typical normal F-
actin cytoskeleton morphology, indicating cytocompatibility of  the
scaffolds. Further supportive evidence was obtained from DAPI
stained nuclei, where the nuclei remain intact analogous to the
control cells after the cell-scaffold interactions. The elevated
cytocompatibility of CC-WE originated from the synergistic effect
of bioactive phytocomponents in the aqueous extract of CQ bound
to the microporous CC scaffold presenting abundant availability
of  these components to interact with the cells and thereby, providing
an adequate cellular microenvironment for adhesion and
proliferation of the cells.

Biomineralization of CC-WE scaffolds

In general, an efficient bone tissue engineering scaffold should be
capable of eliciting extracellular biomineralization while in contact
with the cells [30]. The biomineralization potential of the scaffolds
assessed by ARS and von Kossa staining following 7 days of cell-
scaffold interaction is illustrated in figure 5. The ARS forms a red-
colored complex with Ca nodules, while von Kossa staining
produces a brownish to the black-colored product upon reaction
with phosphate groups [19, 20], suggestive of  biomineralization.
An appreciable amount of red-colored Ca-ARS adduct was evident
in the CC-WE scaffold [Fig. 5A(c)] and the cells incubated with CC
scaffolds also showed Ca nodule formation, but less intense than

CC-WE [figure 5 A (b)].  Further, a higher degree of brownish-
black deposition in CC-WE than CC after von Kossa staining
portrays the cell-scaffold interaction triggered intense mineralization
[figure 5 B]. The above observations clearly describe the innate
capability of the CC-WE to persuade biomineralization, a
remarkable feature of bone tissue regeneration.

The integration of WE to the natural CC scaffold refined the tissue
regeneration behavior of the scaffold system by exploring the defined
osteogenic potential of the individual components. As-fabricated
CC-WE scaffold with well-distributed interconnected pores
augmented the early biomimetic mineralization with added benefits
on controlled degradation profile in the physiological condition,
illustrating its suitability for bone tissue regeneration. Besides active
components, the compatible cellular response due to suitable
functional group, surface characteristics and morphological
microarchitecture facilitated a better scaffold-cell interface
subsequently invoked significant biomineralization.

Conclusions
Recent decades witnessed a notable advancement in translational
medicine, where traditional medicinal plants related knowledge are
scientifically transformed into an established strategy with greater
therapeutic potential. The present study demonstrates solid
evidences of the early biomineralization potential of the aqueous
CQ stem extract (WE) integrated chitosan-collagen hybrid scaffold.
The porous micro-architecture and other surface features together
with controlled degradation profile transformed the entire system
(CC-WE) as an appropriate matrix, consequently facilitating better
interaction with the cells, and thereby, augmented the aggregation
of Ca-P minerals, a remarkable event of osteogenesis.  Altogether,
the CC-WE scaffold delivers a favorable microenvironment to
promote a forthcoming platform for bone tissue regeneration
applications.

Figure 5: Early biomineralization of the scaffolds. A (a-c) represent ARS-stained images of the control (no scaffolds), CC, and
CC-WE respectively. B (a-c) denote the control (no scaffolds), CC, and CC-WE, respectively, after von Kossa staining.
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