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Abstract
The present work evaluates chitosan/sodium alginate blended with two nanomaterials of hydroxyapatite (HA) and commercial nanoclay‑Cloisite20A for 
improving bone regeneration. The free nano‑HA, nanoclay, and their scaffolds were characterized via TEM, SEM, EDX, FTIR, XRD, and TGA analyses. In 
vitro bioactivity, degradation, swelling, and cytotoxicity were investigated. For the in vivo studies, two groups of rats were used (n = five) in the study 
period (37 days). The scaffolds were implanted in the rat’s back. TEM analysis showed the nanorods of HA have a particle length of around 107 nm 
and a width around 17 nm, which is crystalline in nature, as XRD demonstrated. However, the SEM images showed the formation of honeycomb‑like 
scaffolds. The in vitro bioactivity results through the changes of PBS ions and SEM/EDX analysis after immersion in PBS detected the formation of 
a calcium phosphate layer which is important for bone regeneration. The cell viability results proved IC50 > 670 µg/mL and IC50: 116 µg/mL for HA 
and nanoclay, respectively. Furthermore, the histological analysis revealed the highest calcification after 1 month for the nano‑HA‑containing scaffold 
supporting them as promising substitute biomaterials for treating bone loss.

Introduction
Replacement of bone tissue is necessary to restore function fol-
lowing bone deficiencies, which are usually caused by trauma, 
surgery, infection, and diseases like osteoporosis and arthritis.[1] 
Surgery is necessary to promote tissue restoration because the 
large bone abnormalities cannot be repaired by the body on its 
own. The advancement of suitable tissue engineering methods 
may be advantageous over artificial replacement and speed up 
tissue regeneration.[2]

In the field of tissue engineering for bone loss, a biodegrad-
able scaffold acts as a temporary skeletal frame to help and pro-
mote bone tissue regeneration, while it eventually deteriorates 
and is substituted by new bone tissue that is identical to that of 
natural bone. In addition to promoting adhesion, proliferation, 
and differentiation of cells, also the scaffolds should be biocom-
patible, biodegradable, have a higher surface-to-volume ratio, 
have a particular mechanical potency, and be cast in esthetic 
shapes.[3]

Chitosan is a naturally occurring, cationic polysaccharide, 
semi-crystalline composed of repeating units of d-glucosa-
mine and N-acetyl glucosamine that is derived from partial 
chitin’s alkaline deacetylation, the primary constituent of 
crustacean shells.[4] Chitosan could be used for fabricating 3D 
scaffolds because of its exceptional properties which include 

non-toxicity, biodegradability, biocompatibility, and bio-func-
tionality. Its biocompatibility is due to the structural analogy to 
glycosaminoglycans (GAGs), a crucial part of the extracellular 
matrix of cartilage.[5]

The anionic polymer alginate, known for its biocompat-
ible, hydrophilic, and biodegradable characteristics, is fre-
quently employed in bone tissue engineering. Sodium algi-
nate boosts mechanical strength or structural integrity by 
forming a strong link with chitosan. In a short time, sodium 
alginate can create scaffolds, and the amount of porosity can 
be easily adjusted.[5]

The primary inorganic substance in human bone tissue is 
hydroxyapatite (HA), which exhibits strong biological activ-
ity, bone growth, and biocompatibility.[6,7] Moreover, HA 
is regarded as one of the most promising materials for bone 
implants. However, it cannot be employed in therapeutic set-
tings because of its low mechanical strength and excessive 
brittleness. High-molecular polymers and other macromol-
ecules are commonly mixed with HA to develop composites 
that can exhibit improved bone-forming capabilities to meet 
the demands for exceptional bone scaffold components.[8] Both 
sodium alginate and chitosan can encourage tissue regenera-
tion and has a significant role in bone tissue engineering when 
combined with hydroxyapatite.[9]
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The mineral montmorillonite (MMT) has an exceptional 
layered structure and strong intercalation capabilities. It can 
also be chemically altered to improve its compatibility with 
a polymer, making it an excellent choice for polymer nano-
composites, such as Cloisite20A. Cloisite20A is also known as 
nanoclays and is made of layered mineral silicate nanoparticles. 
A novel class of tissue engineering materials could be devel-
oped by mixing nanoclay with chitosan scaffolds.[10]

The current study aims to assess the bone-regenerative activ-
ity of the synthesized, characterized biocomposite scaffolds 
chitosan/alginate/nano-HA and chitosan/alginate/nanoclay. 
The characteristics of the scaffold, in vitro bioactivity in PBS, 
and cell viability are all covered in the current work, along with 
the impact of adding nano-HA and nanoclay. Furthermore, the 
calcification efficiency of scaffolds on rats as models for appli-
cations involving bone tissue engineering.

Materials and method
Chemicals and reagents
Chitosan, medium molecular weight from 50 to 190 kDa, with 
a deacetylation degree of 90.2%, was supplied from Fluka, Ger-
many. Acetic acid (glacial, 100%) was obtained from ADWIC, 
Egypt. Sodium hydroxide (NaOH) extra pure was supplied 
from (Loba Chemie, India). Montmorillonite clay (MMT) 
modified with dimethyl and di-hydrogenated quaternary ammo-
nium (Cloisite 20A) were procured from BYK-Chemie, GmbH, 
Germany. Twofold distilled water was used for preparing all the 
aqueous solutions. Sodium alginate was procured from Fisher 
Chemical, USA. Calcium Nitrate [Ca  (NO3)2], Ammonium 
Phosphate [(NH4)3PO4], and Ammonium Hydroxide  (NH4OH) 
were purchased from Sigma-Aldrich. Disodium hydrogen phos-
phate (MWt = 141.96; MERCK, Germany), potassium dihy-
drogen phosphate (99%, MWt = 136.09; Alfa Aesar, Germany), 
sodium chloride (MWt = 58.44; El-Nasr pharmaceutical chemi-
cals, Egypt), and hydrochloric acid (MWt = 36; El-Nasr phar-
maceutical chemicals, Egypt) were provided. All the reagents 
were used as received.

The fabrication of hydroxyapatite 
nanorods
A wet chemical precipitation method was used to synthesize 
the hydroxyapatite (HA) nanorods.[11]

In the present work, the Ca  (NO3)2 and  (NH4)3PO4 were 
utilized as precursors to produce HA nanorods, while the pre-
cipitating agent was  NH4OH. Firstly, a 500-mL flask with three 
necks was filled with a freshly made Ca  (NO3)2 aqueous solu-
tion (0.042 M). Secondly, two separate solutions of  (NH4)3PO4 
(0.025 M) and  NH4OH were prepared in two flasks. These solu-
tions were poured into the Ca  (NO3)2 solution drop by drop, 
keeping the pH of the resultant solution at 10. The white pre-
cipitate formed through the addition process confirms the HA 
formation. Then, the solution was stirred for 2 h, the distilled 

water was used for washing of the resultant precipitate until 
neutralization, filtered, and dried, and then the obtained white 
powder was calcined at 300°C for 2 h.

Preparation of chitosan/alginate/
nano‑HA and chitosan/alginate/nanoclay 
scaffolds
The bio-nanocomposite scaffolds of nano-HA and nanoclay 
contain chitosan as a building unit and were prepared via the 
freeze-dry method. Briefly, 2% (w/v) chitosan was dissolved 
in 1% acetic acid and using a magnetic stirrer it stirred for 12 h 
at room temperature. Then, the alginate was added to chitosan 
solution and agitated for 2 h to obtain a homogeneous solu-
tion. Then, nano-HA (1% by weight) was added to the previ-
ously prepared chitosan/alginate solution and agitated again for 
another 2 h. The obtained gel-like solution was transferred to 
24-well culture plates to produce a dried scaffold and pre-fro-
zen at − 20°C for 48 h before being freeze-dried (Freeze dryer, 
Model-SCANAC, Cool Safe, Denmark), which was adjusted 
at − 90°C for 48 h. Finally, the prepared scaffolds were neutral-
ized by submerging them in a 0.2 M NaOH solution, washing 
twice with deionized water, and further lyophilization. The 
same protocol was followed for fabricating chitosan/alginate/
nanoclay scaffolds, while the nanoclay was added instead of 
nano-HA. Another control sample containing only chitosan/
alginate was prepared via the same process.

Characterization techniques
The morphological features, including size, shape, and uni-
formity, were examined using a high-resolution transmission 
electron microscope (Model JEM 2010, Japan) that operated 
at 200 kV of accelerating voltage and was coupled to a Gatan 
camera (Model Erlangshen ES500). The surface morphology 
and porous structure of the prepared scaffolds were imaged 
by a Scanning Electron Microscope (SEM; JEOL model JSM-
IT100). The SEM was attached to Energy-Dispersive x-ray 
spectroscopy (EDX), which was employed to detect the ele-
mental composition. The x-ray diffraction (XRD) technique 
was used to determine the crystallinity/amorphous nature of the 
synthesized HA nanoparticles and clay, using an x-ray diffrac-
tometer (XRD-6000 Shimadzu) at 40 kV with current adjusted 
at 30 mA with CuKa1 radiation λ = 1.54056 Å, and the angle 
range was 10–80°. The crystallite size of the nanoparticles was 
evaluated from the peaks broadening in the XRD pattern meas-
ured following Scherrer’s equation

where D is the crystallite size (nm), λ is the x-ray beam wave-
length (λ = 01.54056 Å), β = FWHM is the full-width at half-
maximum, and θ is the diffraction angle (deg). The UV–Vis 
absorption spectra were obtained using a Shimadzu UV-2450 
spectrophotometer.

Measurements of produced nanoparticles and scaffolds 
using FTIR analysis provided structural information within the 

D = 0.9�/β cos θ,
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range of 4000 to 400  cm−1. Zeta potential measurements were 
made in a disposable cell using a Zetasizer Nano ZS (Model 
Malvern) at 25°C. The scaffold formulation was freeze-dried 
using a Freeze dryer, SCANAC, Cool Safe, Denmark and was 
adjusted at − 90°C. To learn more about the heat degradation 
of synthesized materials, thermogravimetric analysis (TGA), 
performed in a DSC-60 Plus Series SHIMADZU, was used. 
Under a nitrogen atmosphere, samples weighing 10 to 15 mg 
were heated from 25 to 800°C at a flow rate of 60 mL/min. All 
the experiments were carried out within 10°C/min. Ca and P 
element concentrations were measured using a chemical kit and 
a UV/visible spectrometer (model SP-2000UV) at 585 and 640 
nm, respectively, was used to determine the concentrations.

The cell viability test
Fresh stock solutions of the nano-HA and nanoclay were 
prepared in media (DMEM) to determine the half-maximal 
cytotoxic concentration (CC50). The Vero (green monkey 
kidney cells) cell line was used to test the cytotoxic potential 
of tested materials using the 3-(4, 5-dimethylthiazol-2-yl)-2, 
5-diphenyltetrazolium bromide (MTT) technique as previously 
reported.[12] In a typical experiment, the Vero cells were seeded 
in a 96-well plate (100 µL/well and a density of 3×105 cells/
mL) and set for incubation for 24 h at 37°C in 5%  CO2.

Then, various concentrations of the investigated nanopar-
ticles were applied to the cells in triplicates. After 72 h, the 
supernatant was removed and sterile 1× PBS was used to wash 
the cell monolayers three times before adding the MTT solu-
tion (20 L of a 5-mg/mL stock solution). For 4 h, the cells 
were incubated at 37°C, followed by medium aspiration. The 
crystals of formazan that were produced were dissolved in 200 
µL of acidified isopropanol (0.073 mL of HCl in 50 mL of 
isopropanol is equal to 0.04 M of HCl in 100% isopropanol) 
in each well.

The absorbance of formazan solutions was measured at λmax 
540 and 620 nm, serving as a reference wavelength using a 
multi-well plate reader (BMGLABTECH ®FLUOstar Omega, 
Germany). To calculate the proportion of cytotoxicity in com-
parison to untreated cells using the following equation

The plot of % cytotoxicity versus sample concentration was 
used to measure the concentration, which displayed 50% cyto-
toxicity (TC50).

In vitro studies
Preparation of phosphate buffer saline (PBS)

After dissolving 1.38 g of disodium hydrogen phosphate in 
700 mL of distilled water, 0.19 g of potassium dihydrogen 

%Cytotoxicity =

(absorbance of cells without treatment− absorbance of cells with treatment)

(absorbance of cells without treatment)
× 100.

phosphate was added to the initial mixture. The mixture 
was mixed with 8 g of sodium chloride and then the pH was 
adjusted to 7.4 with a few drops of hydrochloric acid. Use dis-
tilled water to finish the aforesaid solution up to 1000 mL.[13]

Bioactivity evaluation
The in vitro bioactivity of the synthesized scaffolds was tested 
at 37°C in PBS at one, 4, 7, 14, and 28 days, followed by 
immersion of the scaffolds in 100 mL of PBS in plastic contain-
ers. Five mL was removed and replaced with fresh PBS after 
each period to measure the various concentrations of PBS ions 
using a UV spectrophotometer. The prepared scaffolds were 
taken out of the PBS, cleaned, and allowed to dry before being 
examined using a SEM and EDX to verify the development of 
a calcium phosphate layer on the surface of the scaffold.

Degradation
The degradation behavior of the scaffold was studied in PBS 
medium at 37°C at one, 4, 7, 14, and 28 days. The scaffolds 
were immersed in PBS and incubated for 28 days. After each 
period, the scaffolds were dried and weighed. The scaffold’s 
initial weight was noted as W0 and the dry weight after immer-
sion time as Wt, and the degradation of the scaffold was calcu-
lated using Equation (1) [14]:

Swelling
The swelling study of the scaffolds was operated in PBS 
medium at 37°C at one, 4, 7, 14, and 28 days. The scaffolds 
were immersed in PBS and incubated for 28 days. After each 
period, the scaffolds were gently put on filter paper to elimi-
nate the adsorbed PBS, weighed, and recorded as Ww. Wd was 
referred to the scaffold’s initial weight. The ratio of swelling is 
calculated by Equation (2) [15]:

Experimental animals and design
The protocol of the in vivo study followed the guidelines of 
the ethical committee of the National Research Center, Egypt 
(Approval No. 19/248). Ten rats were selected for this study, 
weighing 150 to 200 g and aged between 3 and 4 months. The 
intraperitoneal administration of sodium pentobarbital (0.025 
g/kg body weight) was used for anesthetization of rats. The hair 
on rat’s back was then shaved and disinfected using 5% iodine 
mixed with alcohol. Four incisions were surgically created in 
the dorsum, and subcutaneous pockets were carefully prepared 

(1)Degradation% =

(W0−Wt)

W0

× 100.

(2)Swelling ratio % =

(Ww−Wd)

Wd

× 100.
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to a depth of 15 mm. Two incisions were filled with the tested 
biocomposite scaffolds, containing Nanoclay and Nano-HA. 
The third incision was filled with the control material, while 
the fourth incision was left empty. The incisions were closed 
using black silk sutures. The tested rats were divided randomly 
into two groups of five each according to the 37-day evalua-
tion period.

After 1 week, five rats were sacrificed by inhalation of 
ether. The tissues around the incision lines were excised and 
immersed in 10% buffered formalin and fixed for 48 h and then 
processed for paraffin embedding. Followed by preparation of 
5-µm cut sections by a microtome, stained using hematoxylin 
and eosin (H&E). Prepared histological sections were exam-
ined blindly to examine response of tissue to the implanted 
materials. Tissue reactions were scored using the following 
scoring system:

Capsule
 1 Thin, less than 150 µm
 2 Thick, more than 150 µm

Inflammation
 0 No reaction with non or few inflammatory 

cells
 1 Mild reaction with fewer than 25 inflam-

matory cells
 2 Moderate reactions with inflammatory cells 

between 25 and 125
 3 Severe reaction with 125 and more cells

Dystrophic calcification
 0 No dystrophic calcification
 1 Dystrophic calcification

The statistical analysis
The Statistical Package for Social Sciences (SPSS), version 20, 
was used to collect data and conduct statistical analysis. The 
results were expressed using frequency (number) and percent-
age. The Chi-square test with Yates’ adjustment was utilized 
to compare groups. Microsoft Excel (Microsoft Corporation, 
Redmond, Washington, USA) was utilized to produce repre-
sentative figures. P values ≤ 0.05 were regarded as significant.

Results and discussion
The nano‑HA and nanoclay 
characterization
The FTIR studies

Firstly, the FTIR spectra of nano-HA ([Fig. 1(a)], Supplemental 
Information) showed several absorption peaks corresponding 
to carbonate  (CO3

2−), phosphate  (PO43−), hydroxyl  (OH−), and 
water molecule, which are characteristic of the HA. Regard-
ing the phosphate group, vibrational modes are observed at 
2001 and 2074  cm−1, attributed to asymmetric stretching modes 

ν1 and ν3 of phosphate ions. Additionally, three peaks at 963, 
1036, and 1098  cm−1 correspond to the ν1 symmetric and ν3 
asymmetric stretching modes of P–O in phosphate ions. The 
group of bands at 471  cm−1, 564  cm−1, and 601  cm−1 are identi-
fied for ν2 and ν4 symmetric bending modes for O–P–O exist 
in phosphate ions. The appearance of those peaks in a narrow 
and sharp form confirms the formation of crystalline nano-HA.

For the hydroxyl groups, 632 and 3430  cm−1 are character-
ized for the OH–symmetric stretching mode of the HA or the 
water molecule. While –OH ν2 bending mode peak appeared 
at 1635  cm−1. For the carbonate groups, the peaks observed at 
873  cm−1, 1321  cm−1, and 1417  cm−1 in the IR spectrum are 
attributed to components of ν2, ν1, and ν3 symmetric modes of 
carbonate ions.

Secondly, the stretching vibration of the –OH in water 
molecules is responsible for the twin peaks in the nanoclay 
FTIR spectra ([Fig. 1(b)], Supplemental Information), located 
at 1540–1640 and 3423  cm−1. The peaks that appeared at the 
region from 466 to 529  cm−1 are due to Si–O–Al and Si–O–Mg 
vibrational modes, while the peak centered at 1042  cm−1 cor-
responds to Si–O–Si vibrations.[16] The C–H bond, which is 
characteristic of the organic modifier of clay, dimethyl di-
hydrogenated quaternary ammonium, is verified by the emer-
gence of two sharp peaks presented at 2925 and 2857  cm−1. 
Furthermore, the peak that appeared at 1450  cm−1 may be due 
to the –CH2 bending vibration in the organic modifier.[17]

The zeta potential
As previously mentioned, the zeta-potential measurement 
directly relates to the stability of the nanoparticle dispersion.[11] 
The zeta potentials of the produced nano-HA and nanoclay 
([Fig. 2(a and b)], Supplemental Information) were 15.59 and 
− 13.2 mV, respectively; these values reflect the particle’s 
resistance to aggregation.

The EDX measurements
The chemical composition of the prepared nano-HA and nano-
clay was justified by the EDX results ([Fig. 3(a and b)], Sup-
plemental Information). The obtained EDX pattern of nano-HA 
showed that it exhibited typical peaks with mass percentages of 
carbon, oxygen, phosphorous, and calcium at 8.33%, 36.68%, 
17.18%, and 37.82%, respectively. As measured, the Ca/P ratio 
is 2.20, indicating a slightly high Ca content for the sample pre-
pared, which closely aligns with what has been detected in the 
literature.[18] While the EDX pattern of the nanoclay provided 
the presence of the elements of carbon, oxygen, magnesium, 
aluminum, silicon, potassium, and calcium with mass percent-
ages of 38.08%, 41.04%, 0.87%, 5.23%, 14.25%, 0.20%, and 
0.33%, respectively.

The TEM imaging
The morphological analysis detected by the high-resolution 
transmission electron microscope (HR-TEM) for the synthesized 
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Figure 1.  (a) FTIR spectra of the synthesized CH/Alg, CH/Alg/nano-HA, and CH/Alg/nanoclay scaffolds, (b) the HR-TEM images of synthe-
sized nano-HA (inset its SAED, (c) the HR-TEM images of the nanoclay, and (d) the XRD pattern for nano-HA and the nanoclay.
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nano-HA and the nanoclay is represented in [Fig. 1(b and c)]. The 
TEM images of nano-HA showed that the particles had a mostly 
rod-shaped  morphology[19] with a particle length size around 
107 nm and a width of 15–20 nm, according to the histogram 
calculated Fig. 4 Supplemental Information.[19] Furthermore, 
the Selective Area Diffraction (SAED) image (inset [Fig. 1(b)] 
showed the presence of ring patterns with well-defined dots 
conform crystalline nature of the synthesized HA. The particles 
appeared in definite shape, indicating their well capping from 
aggregation.[20] Additionally, the HR-TEM image ([Fig. 4(c)] 
Supplemental Information) for lattice fringes that represent the 
lattice crystal space showed d-spacing of 0.258 nm, 0.298 nm, 
and 0.348 nm, corresponding to 310, 211, and 002, respectively, 
that fit the XRD results discussed below. However, the TEM 
images of nanoclay appeared as lamellae thin sheets with many 
folds due to the organic modifier in the clay. 

The XRD analysis
Figure 1(c) displays the XRD patterns of nano-HA and nanoclay. 
The XRD graph of nano-HA showed the characteristic peaks of 
HA, as reported previously.[21] The main peaks appeared at 2θ of 
25.54°, 31.59°, 32.52°, 33.84°, 39.43°, 46.44°, 49.28°, and 53.06°, 
which are indexed to (022), (211), (112), (300), (310), (312) (213), 
and (004), (JCPDS #09-0432) for the crystalline nature of HA.[22] 
The crystal size calculated using Scherrer’s equation revealed for-
mation of particles with size about 17.5 nm that are comparable 
to the TEM results.[23–28] The appearance of sharp peaks in the 
XRD pattern implies the sample crystallinity, which may be the 
result of the fact that the prepared HA is very rich in Ca; this 
result is matched with the obtaining from the TEM results. Fur-
thermore, it was  previously[29] reported that the degree of crystal-
linity increased as the ratio of Ca/P increased. However, the XRD 
pattern of the nanoclay showed peaks identical to those detected 
in the literature.[30]

The TGA analysis
(Figure 5(a) Supplemental Information) displays the whole ther-
mal TGA curve of the anno-HA, which displayed three thermal 
curves. The weight loss below 100°C corresponds to the vaporiza-
tion of the trapped moisture water molecules. Around 261.2°C, the 
2nd weight loss was due to the loss of structural water. At 334.6°C, 
the third curve represents the reaction between two molecules of 
calcium monohydrogen phosphate that produce pyrophosphate 
and water. The last mass loss at about 638°C is anticipated to be 
dehydroxylation, indicating that HA had been produced in its pur-
est state.[31] The TGA curve for the nanoclay ([Fig. 5(b)], Supple-
mental Information) was somewhat resemble to the correspond-
ing TGA findings reported earlier.[32] The curve revealed a slight 
weight loss peak at 100°C that is correlated to water molecule 
loss. The broad peak for weight loss from 165.22 to 407.6°C may 
correspond to the decomposition of the organic modifier. The last 
weight loss detected from 407.6 to 698.8°C was due to the thermal 
decomposition of the inorganic residue in nanoclay.

The chitosan/alginate/nano‑HA 
and chitosan/alginate/nanoclay 
characterization
The FTIR studies
Figure 1(a) represents the FTIR spectra of CH/Alg, CH/Alg/
nano-HA, and CH/Alg/nanoclay. The FTIR spectra of the 
three scaffolds are matched in general peaks. First, the peak at 
3404–3424  cm−1 is assigned to the OH stretching vibrations or 
to the interaction between the amide group and the OH group 
of chitosan. Liu et al.[9] suggested that the changes in the OH 
group of chitosan after loading with HA may be due to the for-
mation of hydrogen bonding between C=O groups in chitosan 
and OH– groups in HA. The peak seen within the range from 
1637 to 1643  cm−1 is due to the C=O in the alginate or the 
amide group in the chitosan. In addition, the FTIR spectrum 
of CH/Alg/nano-HA showed major peaks similar to those of 
the free nano-HA, such as the phosphate group, indicating the 
presence of the HA phase. Furthermore, the FTIR spectrum of 
CH/Alg/nanoclay showed a stretching vibration peak of the 
Si–O network at 1037  cm−1.[33]

The sharp peak at 1559  cm−1 in the spectra of nano-HA and 
nanoclay scaffolds due to the amide II could be attributed to the 
NH bending vibrations linked to CN stretching vibrations. The 
section of sharp peaks in the nano-HA and nanoclay scaffolds 
FTIR spectra within the range from 650 to 400  cm−1 are because 
the phosphate groups and other metal–O groups, which provided 
another confirmation that linkage occurred between the building 
unit of the scaffold (chitosan), and the doping nanomaterials.

The SEM and EDX measurements
SEM and EDS analyses were utilized on their lyophilized 
sponges to ensure the real presence of nano-HA or nanoclay 
in the fabricated scaffold [Fig. 6(a–c)] Supplemental Informa-
tion. As presented in SEM images in [Fig. 2(a)], crystalline 
aggregates of Ca and P, as measured by EDX, appeared on the 
scaffold walls, indicating the deposition of nano-HA on the sur-
face of the CH/Alg/HP scaffold; however, the determined Ca/P 
ratio was close to the obtained for nano-HA only. Although 
the scaffold SEM images showed several spheroids of vari-
ous diameters with pore sizes around 52.5 µm, as calculated 
from its histogram,[25] the SEM result of the Nanoclay-doped 
scaffolds revealed noticeable porosity microstructure with vari-
able pore sizes and shapes, but a minimal decrease in CS/Alg/
nanoclay pore sizes was detected in comparison with the CS/
Alg/nano-HA scaffold. The clay particles were heavily depos-
ited on the mouth of the scaffold, reducing the diameter of the 
pores 56.5 µm rather than control sample. Furthermore, the 
EDX analysis detected the same elements that appeared in the 
free nanoclay, which emphasizes the creation of a clay-doped 
CH/Alg scaffold. On the other hand, the control sample (CH/
Alg) chemical composition detected by EDX showed only the 
elements (C, N, O, and Na) that make up the control scaffold. 
Also, the SEM images of the control sample showed a few sets 
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of pores (pore numbers less than those of scaffolds containing 
HA or nanoclay) with larger pore diameters around 92 µm.

Brennanetal et al.[34] stated that pores existing in scaffolds 
were advantageous for the regeneration of bone tissue and 
could be chosen according to their pore diameter. Addition-
ally, Brennanetal et al. proved that pores of scaffolds between 
100 and 200 µm exhibit blatant osteogenic effects in vitro. 
Furthermore, Roosa et al.[35] recorded that scaffolds with pore 
diameters between 350 and 800 µm can exhibit bone tissue 
protruding outside the scaffold, whereas those with pore diam-
eters under 350 µm exhibit pronounced in-stent bone growth.

The XRD analysis
The x-ray diffraction patterns for the fabricated three scaf-
folds ([Fig. 7(a–c)] Supplemental Information) demonstrated 
amorphous phases with only a few crystalline peaks. The peaks 
observed at 2θ range of 21° to 23.5° could be caused by the 
semi-crystallinity of chitosan that is generally found within 
this range.[36] Alginate is known for its amorphous nature. The 
other peaks observed are due to the incorporation of the crystal-
line nano-HA and nanoclay, which became evidence for their 

successful dispersion inside the polymer matrix. To sum up, the 
findings of FTIR and XRD analyses indicated that the integra-
tion of nano-HA and nanoclay into chitosan scaffolds did not 
cause any damage to their crystal structure.

TGA analysis
The thermogram curve for the control sample (CH/Alg) 
([Fig. 8(a)] Supplemental Information) showed decomposition 
for mass loss at about 145.9°C anticipated for the removal of 
the loosely bound water in the CH/Alg, and the second degra-
dation and terminated peak at 408°C with weight lost 44.80% 
may be due to the pyrolysis reaction of chitosan.

Rizwan et al. found that chitosan thermal breakdown 
occurred between 217 and 300°C,[37] whereas sodium alginate 
thermal decomposition occurred between 200 and 248°C. The 
thermograms of scaffolds containing nano-HA nano nanoclay 
([Fig. 8(b and c)], Supplemental Information) showed their 
decomposition at lower temperature peaks with respect to the 
TGA curves of the free nanomaterials. This late decomposition 
may be due to the fusing of their crystalline structure by the 
polymer matrix.

Figure 2.  (a) Representative SEM images for the control (CH/Alg), the CH/Alg/nano-HA, and for the CH/Alg/nanoclay; (b) ions concentra-
tions of P ion, (c) Ca ion, and (d) corresponding pH values recorded at the same intervals of immersion in PBS.
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In vitro bioactivity evaluation
Changes in PBS ions’ concentrations
Using a UV spectrophotometer, the concentrations of calcium 
and phosphorus in the PBS were measured at various immersion 
times. Figure 2 shows the P and Ca release from the prepared 
scaffolds, whereas [Fig. 2(b)] illustrates that the P concentration 
was progressively raised from the 1st day of immersion until it 
decreased at the point of 14 days, which is due to the precipi-
tation of P ion on the scaffold surface. Figure 2(c) shows the 
calcium ion, where at the beginning, the concentration of Ca ion 
is the highest because of the leakage of ions from the prepared 
scaffolds and then the Ca concentrations decreased sharply over 
time until the point of 14 days that correspond to the maximum 
precipitation of Ca ion on the scaffold surface. These findings 
indicated the calcium phosphate layer was formed on the surface 
of the scaffold. For confirmation after this period, the scaffolds 
were eliminated down so that SEM and EDX investigations 
could be used to see the precipitations on their surfaces. Fig-
ure 2(d) shows the differences in pH value that correspond to the 
P and Ca release, where the increase and decrease of these ions 
affect the pH value. The pH increase for the two samples (CH/
Alg/HA and CH/Alg/Clay) was due to the high release of Ca ion 
in the beginning, which is considered an alkaline metal. With 
time, the concentration of Ca ion decreased and P ion increased, 
decreasing the pH value because of the acidic nature of P.

Scaffold surface changes after soaking in PBS
The formation of a calcium phosphate layer by SEM coupled 
with EDX (Fig. 3) was used for analysis of the prepared scaf-
fold. Figure 3(a) shows the surface morphology of the CH/Alg 
scaffold after immersion in PBS for 14 days. EDX analysis 
showed precipitations of Na and Cl ions on the scaffold surface. 
Figure 3(b) displays the image of the CH/Alg/HA surface, and 
EDX analysis indicated the formation of the calcium phosphate 
layer. The SEM and the EDX analyses shown in Figure 3(c) 
for the CH/Alg/clay scaffold does not show any precipitation 
of Ca ions. So, the best sample is CH/Alg/HA, which enhances 
bone regeneration.

In vitro studies
For investigation of the mass loss % of the prepared scaffolds, 
degradation studies were applied in PBS solution after 28 days 
of incubation. As shown in Fig. 9 Supplemental Information, 
HA and clay affected the degradation behavior, especially 
the HA composite scaffold showed a lower degradation. In 
detail, incorporating the inorganic filler in the polymer matrix 
decreased the porosity, decreasing the exposed area to the PBS 
solution, and the scaffold became more compact, subsequently 
decreasing the degradation rate.[38] As known, the formation 
and replacement of newly formed bone tissue required a low 
degradation rate to assess the new cells to attach and prolif-
erate.[38] Thus, adding HA and clay to the polymer matrix 
enhances the proliferation and cell attachment.

Swelling studies
Swelling studies were used to detect the interconnected pores 
of the studied porous scaffolds by water absorption. The signifi-
cance of these interconnected pores stems from their function 
in gaseous exchange, nutrition transportation, and cell migra-
tion.[15] Figure 3(d) reveals that the control scaffold had the 
highest swelling ratio at the beginning due to the porosity, and 
the swelling behavior of the HA and clay composite scaffolds 
happened slower than the control sample, consistent with the 
degradation results. The swelling rate would be slowed down 
if an inorganic filler that reduces porosity was present. It is 
noticed that the swelling of the HA composite scaffold hap-
pened more slowly, and this also agrees with the degradation 
results. With time, saturation occurred; therefore, the swelling 
results are partly stable.

The cytotoxicity studies
The MTT assay is an analytical method that measures the meta-
bolic activity of cells and serves as a gauge for their cytotoxic-
ity, viability, and proliferation. For this colorimetric assay to 
work, metabolically active cells must reduce a yellow tetra-
zolium salt (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide or MTT) to purple formazan crystals. The purple 
formazan was dissolved in DMSO, and the color was measured 
at 570 nm. In the current study, the MTT assay was used to 
evaluate the anti-proliferation effects of serial concentrations 
(3.9, 7.8, 15.6, 31.25, 62.5, 125, 250, 500, and 1000 µg/mL) 
from hydroxyapatite and nanoclay in Vero Normal cells. Based 
on cellular proliferation, Vero Normal Cells gradually prolifer-
ated after 72-h incubation with 90%, 85.9%, 77.8%, 69.5%, 
65.8%, 63.8 %, 61.8%, 58.7%, and 56.2% from hydroxyapa-
tite, respectively, and 83.3, 78.1%, 73.2%, 67.2%, 59%, 55.4%, 
53.5%, 21.6%, and 12.2% from nanoclay, respectively. Moreo-
ver, the potential inhibitory effect was detected after their incu-
bation to concentration (1000 µg), exhibiting cytotoxic activity 
(56.2%) in the case of hydroxyapatite and (12.2%) in the case 
nanoclay, respectively. Our findings confirmed that the cyto-
toxic activity of hydroxyapatite and nanoclay was examined at 
 IC50 > 670 µg/mL and  IC50: 116 µg/mL, respectively (Fig. 10 
Supplemental Information).

Histological findings
I‑Capsule Figure 4(a–d) shows the histological findings of the 
capsule scoring. After 1 week, 80% of the cases of the control 
and nano-HA groups had a score (1), compared to 40% of the 
nanoclay group and 100% of the negative control group. Score 
(2) was present in 20% of the cases of the control and nano-
HA groups, 60% of the nanoclay group cases, and absent in 
the negative control group. The groups’ differences were not 
statistically significant (p = 0.493). After a month, Fig. 11. Sup-
plemental Information, score (1) was recorded in 100% of the 
cases of the control group and negative control group com-
pared to 60% of the cases of the Nano-HA group and 40% of 
the nanoclay group. Score (2) was recorded in 40% of the cases 
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of the nano-HA group compared to 60% of the cases of the 
Nanoclay group and was absent in the control and negative 
control groups. The groups’ differences were not statistically 
significant (p = 0.402).

II‑Inflammation (Figure 12 Supplemental Information) shows 
the histological findings of the inflammation scoring. After 
1 week, 60% of the cases of the control and negative control 
groups had a score (1) compared to 40% of the cases of the 
Nano-HA group. 60% of the cases of the Nano-HA and Nano-
clay groups had a score (2), while only 40% of the control and 
negative control groups had a score (2). 40% of the cases of the 
nanoclay group had a Score (3). The groups’ differences were 
not statistically significant (p = 0.941). After 1 month, 40% of 

the cases of the control group and Nano-HA group had a score 
(0) compared to 100% in the negative control group. 60% of 
the cases of the control group, Nano-HA group, and nanoclay 
group had a score (1). 20% of the cases of the Nanoclay group 
had Scores (2) and (3). The groups’ differences were not statis-
tically significant (p = 0.626).

III‑Calcification (Figure 13 Supplemental Information) shows 
the histological findings of the calcification scoring. After 1 
week, the capsule was observed in 20% of the Nano-HA group 
and in 40% of the Nanoclay group but was absent in the control 
and negative control groups. The groups’ differences were not 
statistically significant (p = 0.759). After 1 month, the capsule 
was observed in 80% of the Nano-HA group and in 20% of the 

Figure 3.  SEM/EDX images of (a) CH/Alg, (b) CH/Alg/HA, and (c) CH/Alg/clay, after 14 days of immersion in PBS. (d) Swelling (%) of CH/
Alg, CH/Alg/HA, and CH/Alg/clay.
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Nanoclay group but was absent in the control and negative con-
trol groups. The groups’ differences were not statistically signifi-
cant (p = 0.083).

Conclusion
Biocomposite scaffolds with nano-HA and nanoclay based on 
chitosan/alginate have a macroporous nature, with pore sizes 
varying between 100 and 200 µm. The presence of nanomateri-
als in the polymer matrix did not affect nanomaterials’ crystal-
linity. The cytotoxicity effect of nano-HA is much less than 
that of nanoclay, and incorporating nano-HA has improved the 
calcium deposition on the scaffold surfaces more than nan-
oclay-doped scaffolds. Furthermore, tested scaffolds showed 
significant calcification. Adding the nano-HA to chitosan/algi-
nate scaffolds provided a new strategy for promising scaffolds 
for therapeutic applications, especially bone tissue engineering.
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