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Bone tissue engineering aims to repair diseased or damaged bone that cannot be regenerated naturally. This study is designed to
develop biodegradable porous scaffolds as bone substitutes and evaluate the effect of gamma irradiation on these scaffolds for the
restoration of defected bone. Here, composite scaffolds (HA-COL-CS-Mg-ZnO) were prepared by the thermally induced phase
separation (TIPS) technique using collagen (COL) and chitosan (CS), hydroxyapatite (HA), magnesium (Mg), and zinc oxide
(ZnO) at different mass ratios. Thereafter, the scaffolds were subjected to 10 KGy y-radiation for physical cross-linking and
sterilization. The physicochemical and biological properties of the scaffolds were evaluated by Fourier transform infrared
spectroscopy-attenuated total reflectance (FTIR-ATR), field emission scanning electron microscopy (FESEM), physical stability
(biodegradability, swelling rate, porosity, and density), mechanical properties, biocompatibility, cytotoxicity, and antimicrobial
activity against Escherichia coli (ATCC-25922) and Staphylococcus aureus (ATCC-25923). We found that the irradiated scaffold
showed enhanced tensile strength and antimicrobial activities which are desirable characteristics of bone-mimicking scaffolds.
FESEM revealed that the average pore size decreased from 192.3 to 104.5 um due to radiation. FTIR-ATR spectra showed that
y-radiation triggered cross-linking in the polymer matrix which improved mechanical strength (0.82 N/mm? to 1.86 N/mm?)
by increasing pore wall thickness. Moreover, the irradiated and nonirradiated scaffolds were biocompatible and noncytotoxic
toward the Vero cell line which ensured their suitability for use in vivo. These results demonstrate that sterilization of HA-
COL-CS-Mg-ZnO scaffolds with gamma-irradiation substantially improves the physicochemical and morphological features
which aid bone tissue regeneration and could be supportive for new bone formation.

1. Introduction

Bone is the basic component of the human skeleton and a
widely transplanted organ that provides structure, supports
mechanical movement, protects organs, and produces and
hosts blood cells [1, 2]. It includes inorganic-organic com-
posite material made up of 50-70% apatite minerals, 20-
40% organic (mostly type I collagen), 3% lipids, and 5-10%
water [2]. Restoring lost tissue and organs is one of the cur-
rent challenges in the healthcare sector. Osteoporosis-related

bone fractures occur every 20 seconds in people over the age
of 50 worldwide [3]. For the treatment of these bone defects,
implantable biomaterials such as autografts, allografts, and
xenografts are currently being used clinically; however, these
approaches have several drawbacks, including postoperative
pain, increased blood loss, risk of infectious diseases, scarcity
of donors, high costs, immune rejection, and secondary sur-
gical wounds [4]. In order to alleviate these shortcomings,
tissue engineering (TE) integrates scaffolds, cells, and physi-
ologically active chemicals to generate functional tissues to
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improve tissue regeneration by recapitulating a difference in
the physical structure of the tissue [1, 5-7].

Here, scaffolds act as a three-dimensional network that
mimics the extracellular matrix, allowing cells to survive,
adhere, proliferate, and migrate while maintaining the shape
of the regenerated tissue in vivo. An ideal biocompatible
scaffold has optimal porosity, pore size, a controlled rate of
degradation, interconnectivity, suitable mechanical strength,
noncytotoxicity, and the ability to initiate chemical signals to
direct tissue formation [8, 9].

Although hydroxyapatite (HA) is a natural mineral and
cost-effective raw material for the formulation of scaffolds
for its biocompatibility, osteoconductivity, osteoinductivity,
noninflammatory, and nonimmunogenicity [10, 11], HA
has poor mechanical strength that cannot be used as a bulk
material for orthopaedic applications [12].

Magnesium (Mg) has favorable mechanical and biologi-
cal qualities, making it a prospective candidate for human
bone repair [13]. In a previous study, a biodegradable Mg/
HA composite showed higher compressive strength than
HA [14]. Zinc oxide (ZnO) is a promising biodegradable
orthopaedic implant material that can be integrated into
scaffolds to enhance bone tissue regeneration through anti-
bacterial and mechanical characteristics [15]. By incorporat-
ing ZnO into the HA/CS scaffold, the antibacterial
properties of ZnO in scaffolds were investigated [16]. In
order to elevate the mechanical strength and antimicrobial
activity, Mg and ZnO powder can be added with HA which
could greatly enhance the range of application for human
bone repair.

Collagen (COL), another vital organic component of
bone matrix, is a fibrous structural protein found in animals’
extracellular matrix and connective tissue and made up of
two alpha-1 and one alpha-2 chains [17]. It aids in the repair
of broken bones, provides an essential network for cartilage
and blood vessel formation, maintains structural integrity,
and helps in the cell’s biological processes [15, 16, 18].
Besides, chitosan (poly (-(1,4))-2-amino-2-deoxy-d-gluco-
pyranose) (CS) exhibits biocompatibility, bioactivity, biode-
gradability, antibacterial capabilities, and favorable
mechanical properties [16, 17].

Prior to the clinical application of the biomaterials, ster-
ilization is one of the most vital procedures. Gamma radia-
tion is a widely used method for sterilization in the
medical industry due to its efficiency, better penetration,
effectiveness independent of temperature and pressure con-
ditions, and better certainty of sterility [19]. Gamma irradi-
ation also acts as an essential source for changing scaffolds’
internal structure, resulting in many connected alterations
in the physicochemical properties of scaffolds making them
ideal as bone substitutes [20, 21].

Polymeric scaffolds for biomedical applications have
previously been prepared using a variety of approaches,
including electrospinning technology, thermally induced
phase separation (TIPS) technique, and 3D printing tech-
niques. Among these techniques, TIPS is easy to use, has a
low rate of errors, blends well with other manufacturing
techniques that can produce scaffolds with high porosity
with macro- and micropores up to 90%, and can easily reg-
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ulate the parameters affecting the scaffold structure like
polymer type, solvent, solution concentration, temperature,
cooling rate, and additives. This technique also produces
three-dimensional network structures that are like naturally
occurring extracellular matrix (ECM) [22]. Besides, the bone
marrow MSCs cultured on the scaffolds prepared by TIPS
exhibited a high degree of osteogenic differentiation, as evi-
denced by their alkaline phosphatase activity, mineralized
matrix formation, and osteocalcin expression in vitro [23].

In this study, on the basis of literature on Google Scholar
and PubMed from the last 15 years on bone tissue engineer-
ing, gamma irradiation, and scaffolds, biomimetic scaffolds
were fabricated using HA, COL, CS, ZnO, and Mg through
the thermally induced phase separation (TIPS) technique
and optimized for their composition. After that, gamma
irradiation was applied to these scaffolds as a physical
cross-linker as well as a sterilizing agent, and the effect of
gamma radiation on their physicochemical properties was
analyzed.

2. Materials and Methods

2.1. Extraction of Nanohydroxyapatite (nHA) from Bovine
Bone and Collagen from Rabbit Skin. Nanohydroxyapatite
(nHA) was derived from bovine bone by the thermal decom-
position process [11], and collagen type 1 was extracted
from rabbit skin [13] by acetic acid-pepsin treatment.
Detailed procedures have been given in the supplementary
materials (SM) section.

2.2. Characterization of nHA Powder and Collagen

2.2.1. Fourier Transform Infrared Spectroscopy (FTIR) of
nHA and Collagen. The functional groups of the nHA and
collagen were detected using FTIR spectroscopy (IRPres-
tige-21, Japan) in the 400-4000 cm’! range, with a spectral
resolution of 4cm™ and number of scans 12.

2.2.2. X-Ray Powder Diffraction (XRD) of nHA. An X-ray
diffractometer (Explorer, GNR Analytical Instruments
Group, Italy) was used to analyze the crystalline structure
and phase composition of the calcined nHA powder. The
scanning angles ranged from 9 to 70 degrees. The working
voltage and current were set at 40kV and 30mA, respec-
tively, with a 2 s/step counting time [24].

2.2.3. Molecular Weight of Collagen Determination by SDS-
PAGE. The molecular weight of collagen was determined
using sodium dodecyl sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE), and detailed procedures have been given
in the SM section.

2.2.4. Nuclear Magnetic Resonance Spectroscopy of Collagen.
Collagen (~5mg) was added to a DMSO solution in an
NMR tube and sonicated for 30 minutes. Finally, the sample
was analyzed using 5mm NMR tubes in NMR equipment
(Ascend™ 400, Bruker, USA). Liquid-state NMR was con-
ducted at 400.23 MHz with number of scans 16 for 'H and
operated at 100.65 and 400.23 MHz with number of scans
1773 for 1°C [14].
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FiGurek 1: Characterization of nanohydroxyapatite (nHA). (a) Fourier transform infrared spectroscopy (FTIR). (b) Powder X-ray diffraction

pattern (XRD) of extracted nHA.

2.3. Fabrication of Scaffolds. Scaffolds were fabricated
according to a previously described thermally induced phase
separation (TIPS) with some modifications (SM Figure 1),
and details of the techniques have been given in the SM
section [3].

2.3.1. Fabrication of Hydroxyapatite-Chitosan-Collagen-Mg/
ZnO/Mg-ZnO Scaffolds. Scaffolds were fabricated according
to a previously described thermally induced phase separa-
tion (TIPS) technique with some modifications [4, 25]. Col-
lagen and chitosan powder were weighed as required and
dissolved in a 0.5M acetic acid solution in a 250 ml beaker.
The mixture was stirred for 2 hours by stirring at 40°C until
the collagen and chitosan powder were thoroughly dispersed
in a 0.5M acetic acid solution. Then, the Mg/ZnO/Mg-ZnO
solution was added to the mixture and stirred for 48 hours.

The prepared solution was adjusted to about pH 6 using
phosphoric acid (H304P, Sigma-Aldrich, USA) and stored
at 4°C for 24 h.

Finally, nHA powder was weighed as required and dis-
solved in distilled water. All solutions were mixed and stir-
red for 5 hours at room temperature to achieve a complete
mixture. The resultant solutions were transferred to the
petri dish and frozen at -40°C for 48 hours. To obtain
scaffolds, the samples were then lyophilized (-80°C,
005mTorr) for 48h and stored at the desiccator until fur-
ther usage. Liquid to solid (L:S) ratio of 94:6 was used to
fabricate scaffolds with different concentrations of metals
(ZnO/Mg/ZnO-Mg), mineral to polymer (M:P) ratio of
2:1 with polymer to polymer (P:P) ratios 1:1, and
gamma irradiation was applied at different doses: 10, 20,
and 40 (KGy).
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FiGure 2: Continued.
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FIGURE 2: Characterization of collagen. (a) Fourier transform infrared spectroscopy (FTIR) of collagen. (b) Nuclear magnetic resonance
(NMR) of collagen (H). (c) NMR of the collagen (3C). (d) SDS-PAGE of collagen.

2.4. Characterization of Scaffolds. The fabricated scaffolds
were characterized by analyzing their porosity, density,
swelling ability, and biodegradability, and detailed proce-
dures have been given in the SM section.

2.5. Fourier Transform Infrared Spectroscopy-Attenuated
Total Reflectance (FTIR-ATR) Analysis. Fourier transform
infrared spectroscopy-attenuated total reflectance (FTIR-
ATR) analysis was carried out on the freeze-dried sample
using a Nicolet iS5 spectrometer (Thermo Fisher Scientific
Inc., USA) with a resolution of 4cm™ by collecting 32 scans
times covering the 400 to 4000 cm™ range, using a diamond
ATR accessory model iD7 [26].

2.6. Measurement of Mechanical Properties. The mechanical
properties were measured by an electrical universal material
testing machine (Shenzhen Wance Testing Machine Co.
Ltd., China) with a stretching velocity of 0.5 mm/min. The
gauge length, width, and thickness of scaffolds were mea-
sured by slide calipers. Force was applied to these sample
holders using a lower and upper grip [24]. The tensile
strength was calculated from the slope of the stress-strain
curve in the linear region, providing the fracture toughness
value for samples.

2.7. Blood Biocompatibility Assay. In the blood biocompati-
bility assay, the scaffold powder was solubilized, and 0.5 ml
of the sample was mixed with 1.5ml of heparinized human
blood [4]. Blood samples were mixed at the same ratios with
distilled water and isotonic saline water which served as pos-
itive and negative controls, respectively. These mixtures
were spread on glass slides after 2 hours of incubation at
room temperature and observed under a light microscope
(Leica ICC50E, Japan).

2.8. Antimicrobial Activity Test. The antibacterial activity of
the fabricated scaffolds was performed using the Kirby-
Bauer disc diffusion method against two bacterial strains,
such as Escherichia coli (ATCC-25922) and Staphylococcus
aureus (ATCC-25923), which are commonly responsible
for osteomyelitis and other bone infections [27]. The bacte-
rial colonies were collected and cultured in a nutrient broth
medium for 18 hours at 37°C, adjusted to a turbidity of 0.5
McFarland standard (1.00 x 108 CFU/ml) based on the opti-
cal density (OD) measurement at 620nm [7, 28]. The
Mueller-Hinton agar medium (HIMEDIA/M173) was steril-
ized (121°C for 20min) for the disc diffusion experiment.
Then, two bacteria were cultured for 24 hours on a
Mueller-Hinton agar medium. Scaffold samples were
allowed to diffuse into the agar plate and incubated at 37°C
for 18 hours. The diameter of the growth inhibition zones
(mm) surrounding each disc was used to measure antibacte-
rial activity. Doxycycline (commercial antibiotic disc ~30 pg)
was used as a positive control, and normal saline (0.9%) was
used as a negative control.

2.9. In Vitro Cytotoxicity. The scaffolds were dissolved in
nuclease-free water at concentrations of 0.625mg/ml by a
tissue homogenizer. In vitro cytotoxicity of scaffolds was
measured using the Vero cell line (kidney epithelial cells
extracted from an African green monkey) and was main-
tained in DMEM (Dulbecco’s Modified Eagles’ medium)
containing 1% penicillin-streptomycin (1:1), 0.2% genta-
mycin, and 10% fetal bovine serum (FBS). Cells
(3.0x 10%/200 ul) were seeded onto a 48-well plate and
incubated at 37°C with 5% CO,. The next day, a 50pul
sample (sterilized) was added to each well. Cytotoxicity
was examined under an inverted light microscope after
48h of incubation. The Vero cell line and the Vero cell
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F1GURE 3: Physicochemical characterization of the HA-COL-CS-Mg/ZnO scaffolds: (a) porosity (%), (b) density (g/cm3), and (c) swelling

ability (%). *p <0.05, **p < 0.01, ***p <0.001, and ****p < 0.0001.

line with nuclease-free water were considered solvent-
negative control and solvent-positive control, respectively.
In vitro cytotoxicity was also performed by the brine
shrimp lethality test, and the procedure of this test has
been given in the SM section.

2.10. Field Emission Scanning Electron Microscope (FESEM)
Analysis. A field emission scanning electron microscope
(FESEM) (JEOL-JSM-7610F, Japan) was used to examine
the pore size and surface morphology of the biocomposite
scaffolds. Freeze-dried scaffolds were cut into small pieces
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F1GURE 4: Physicochemical characterization of the HA-COL-CS-Mg/ZnO scaffolds. (a) Biodegradability (%). (b) Lysozymes biodegradability

(%). *p<0.05, **p<0.01, ***p <0.001, and ****p < 0.0001.

and placed in the autofine coater for 45s (vacuum pressure
at least 2.5 pa) for 1-2 nm platinum coating. After sputtering,
samples were mounted on STV which was then placed in the
sample holders and finally placed in the FESEM chamber [7].

2.11. Statistical Analysis. Results were expressed as mean +
standard deviation (SD) and SD, as well as p values, were
calculated by Student’s t-test using Microsoft Excel version
2021. The significant values were considered *p < 0.05, **p <
0.01, ***p <0.001, and ****p < 0.0001.

3. Results and Discussion

3.1. Characterization of Extracted nHA. The final extraction
yield of nHA was 47.71%. Details of the extraction yield
coeflicient have been given in the SM Table 1.

3.2. Fourier Transform Infrared Spectroscopy (FTIR) of nHA.
The 570, 601, and 1089 (cm™") absorbance peaks correspond
to the v4 and v3 P-O stretching vibration of the phosphate
(PO4'3 ) group; the existence of carbonate ions (CO32_) was
confirmed by the peaks at 1411, 1458, and 1597 (cm™) in
the spectra, and similarly, the bands at 3545 and 3570 (cm™")
were linked to the hydroxyl group’s (OH") distinctive stretch-
ing modes (Figure 1(a)). The existence of absorbance peaks
corresponding to the phosphate, carbonate, and hydroxyl
groups in the calcined powder verified the presence of nHA
[4]. Similar peaks were observed previously by Rahman et al.
and Fernandes et al. [4, 29].

3.3. X-Ray Diffraction of nHA Powder. Diffraction patterns
revealed that nHA was present in the calcined powder. The
peaks of HA appearing at 26.2°, 32.2°, 49.6°, and 64.0°
(2 theta) correspond to the 002, 211, 123, and 304 reflection
planes. The XRD pattern of the HA powder obtained is in
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FIGUrg 5: Fourier transform infrared spectroscopy-attenuated total reflectance (FTIR-ATR) spectrum of HA-COL-CS-Mg-ZnO-based
scaffolds: (a) S1, (b) S1-10, () S2, (d) S2-10, (e) S3, (f) S3-10, (g) S4, and (h) S4-10.

good agreement with the XRD pattern of a HA standard avail-
able from the Joint Committee on Powder Diffraction Stan-
dards (JCPDS; standard number 84-1998). The peaks at
32.2° (2 theta) position to the 211 plane implied that nHA
was highly crystalline, and the intensity of extracted bovine
bone-derived nHA was 593.4 au (Figure 1(b)) [30].

3.4. Characterization of Collagen

3.4.1. Fourier Transform Infrared Spectroscopy (FTIR) of
Collagen. FTIR confirmed the integrity of the proteins in
the conformation of the collagen molecules by detecting all
three major amide bands I, II, and III in the regions of
1618-1648, 1534-1545, and 1160-1281 (cm™), respectively
(Figure 2(a)). The C-S stretching vibrations were responsible
for the peak in the collagen, which was centered between 570
and 630 cm™". The protein band at 1400-1450 cm™ was most

likely related to C-H bending modes, while the amide A
band (NH stretching) and amide B (CH, stretching) were
found at 3430-3435cm™! and 2923-3092 cm™!, respectively,
which was in accordance with previously performed by Bel-
bachir et al. [31].

3.4.2. Nuclear Magnetic Resonance (NMR) Spectroscopy of
Collagen. The 'H NMR spectra revealed the peaks at
1.228 ppm, 3.109 ppm, and 3.495ppm were attributed to
unfolding amide and a-carbon protons, and the chemical
shifts at 1.228 ppm identified proline and tryptophan at
extracted collagen (Figure 2(b)). The "H NMR spectrum of
collagen reported an intense band between 4.002 and
5.279 ppm, presenting the hydration water (D,0) which sta-
bilized the helical structure by reacting with collagen. The
chemical shift of the imino group was observed with a peak
at 1.880-1.912 ppm. The >C NMR spectra also revealed the
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peaks of the amide bond and some amino acids at 39.25-
40.50 ppm (Figure 2(c)) [32].

3.4.3. Molecular Weight Determination of Collagen by SDS-
PAGE. The molecular weights of the a1l chain and a2 chain
were 102KDa and 118 KDa, respectively. A third band was
produced by cross-linking between two chains called the f3
chain, and its molecular weight was 220 KDa (Figure 2(d)).
This result was similar to the collagen extracted from the
rabbit skin conducted by Khodaei et al. [13].

3.4.4. Physicochemical Characterization of the Scaffolds. The
ideal porosity for efficiently functionalized scaffolds is
80-90% [33, 34]. The porosity of HA-COL-CS-Mg-ZnO-
based scaffolds ranged from 34.41% to 71.03%. The
porosity of S1, S2, S3, and S4 was 54.68, 60.33, 61.40,
and 71.03, respectively, whereas the values of S1-10, S2-
10, S3-10, and S4-10 were 47.36, 50.07, 49.37, and
60.71, respectively. It was observed that porosity was
decreasing due to the application of gamma irradiation
on these scaffolds (Figure 3(a)).
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*p<0.05, **p<0.01, ***p<0.001, and ****p <0.0001.

The density of fabricated HA-COL-CS-Mg-ZnO scaf-
folds ranged from 0.17g/cm’ to 0.64g/cm’, whereas the
apparent density of trabecular bone was reported to range
from 1 to 1.4g/cm® [16, 35, 36]. The density of irradiated
§3-10 scaffolds was significantly (p < 0.001) higher than that
of nonirradiated S3 scaffolds (Figure 3(b)). The swelling rate
was significantly decreased after applying radiation
(Figure 3(c) and SM Table 2).

The biodegradability of the irradiated S1-10 and S3-10
scaffolds was 75.17% and 80.98% at 21 days (Figure 4(a)),
and the biodegradation test using lysozymes reported that

§1-10 and S3-10 have a biodegradation rate of 53.25% and
46.37%, respectively (Figure 4(b) and SM Table 3).
Scaffolds’ biodegradation and density were increased, and
porosity and swelling ability were decreased due to
applying irradiation.

3.4.5. Fourier Transform Infrared Spectroscopy-Attenuated
Total Reflectance (FTIR-ATR) Analysis of HA-COL-CS-Mg-
ZnO Scaffolds. The ATR spectra of scaffolds exhibited peaks
at 602, 952, and 1035 (cm'), corresponding to the PO, ion
of HA. A small and sharp band was detected at 3572cm™”
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FIGURE 8: Characterization of HA-COL-CS-Mg-ZnO-based scaffolds. (a) Antimicrobial activity of the HA-COL-CS-Mg-ZnO scaffolds. (b)
Statistical analysis of the zone of inhibition in antimicrobial activity. *p <0.05, **p <0.01, ***p <0.001, and ****p < 0.0001.

corresponding to the stretching mode of the OH" group of
HA. A weak peak was observed at 876cm™, and a strong
peak at 1450cm™, which corresponded to the stretching
vibration of C03'2 ions of HA (Figures 5(a)-5(h) and SM
Table 4) [29].

The main absorption of HA-COL-CS-Mg-ZnO scaffolds
had amide A (3299 cm™), amide B (2950-2919 cm’), amide
II (1500-1585 cm—1), amide III (1200-1300 cm ™), and amide
I (1632-1664cm’") with N-H stretching signatures in these
composites presented between 3400 and 3440 (cm™). After
applying gamma radiation, amide I was found at 1635-
1641 (cm'), and N-H stretching was at 3213 and 3266
(cm™) [31]. The spectrum around 3430cm™ was attributed
to the pooled stretching vibration of the OH™ and N-H
groups of chitosan. The band at 2845cm™ corresponded
to the C-H bond stretching. The comprehensive bands at
1637 and 1543 (cm™) were assigned to the existence of
the amide I and amide II groups of chitosan. The peak
appeared at 562, 843, 1000, and ~4000 (cm™') due to
Mg metal and ZnO incorporated in these scaffolds.

The functional groups of HA-COL-CS-Mg-ZnO-based
scaffolds in the ATR spectrum were similar to the study of
Rahman et al. [4], but some differences in the spectrum
range (Figures 5(a)-5(h)) were due to the different polymer,
mineral ratios, and incorporation of metallic materials (Mg/
ZnO/Mg-ZnO) with a 10 KGy irradiation dose.

3.4.6. Mechanical Test of HA-COL-CS-Mg-ZnO-Based
Scaffolds. The mechanical strength of nonirradiated scaffolds
S1, S2, 3, and S4 were 1.06, 0.72, 0.82, and 0.56, and the
irradiated scaffolds were 2.41, 0.88, 1.86, and 1.38, respec-

tively (Figures 6(a)-6(d) and SM Table 5). The mechanical
strength  increased significantly due to radiation
(Figure 6(e)). Qu et al. reported that the tensile strength of
bones (vertebra, tibia, and femur) ranges from 2.4 to 6.8 N/
mm?®, whereas the tensile strength of S3 and $3-10 was
0.82N/mm” and 1.86 N/mm’, respectively [37].

3.4.7. In Vitro Cytotoxicity Test of HA-COL-CS-Mg-ZnO-
Based Scaffolds. The mortality rate of nonirradiated scaffolds
S1 and S3 was 16.18 + 1.80 and 15 + 2.18, whereas for irradi-
ated scaffolds S1-10 and S3-10, it was 12.33 +3.44 and
10.53 + 3.30, respectively, at a concentration of 0.625 mg/
ml. The brine shrimp lethality test suggested that the mortal-
ity rate decreased with 10 KGy irradiation doses on scaffolds
(Figure 7(a)).

The survivability rate of Vero cells in S3 and S3-10 scaf-
folds was more than 95% at 0.625 mg/ml. There was no dif-
ference between irradiated (S3-10) and nonirradiated (S3)
scaffolds. The Vero cell line was used as a solvent negative
that showed 100% survival of Vero cells in the culture plate.
Both the irradiated and nonirradiated scaffolds were noncy-
totoxic in the Vero cell line (Figure 7(b)).

The biocompatibility and functionality of the scaffolds
can be greatly enhanced by coating them with biomolecules
via antigen/antibody, DNA hybridization, or ligand/receptor
interactions to provide biological and mechanical support
for bone abnormalities [38]. In our future study, we will
incorporate biomolecules via antigen/antibody and DNA
hybridization with scaffolds to enhance biocompatibility
and functionality.
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F1GURE 9: Field emission scanning electron microscopy (FESEM) of HA-COL-CS-Mg-ZnO-based scaffolds.

3.4.8. Blood Biocompatibility of HA-COL-CS-Mg-ZnO-Based
Scaffolds. Cell damage occurred in the positive control due to
the osmotic shock, and the negative control showed an intact
morphology of RBC. Resistance of the blood cells toward
deformation in the presence of HA-COL-CS-Mg-ZnO-
based scaffolds is shown in Figure 7(c), where gamma-
irradiated scaffolds S1-10 and S3-10 were more biocompati-
ble than nonirradiated S1 and S3 scaffolds.

3.4.9. Antimicrobial Activity of HA-COL-CS-mg-ZnO Based
Scaffold. The zone of inhibition for the irradiated samples
S1-10 and S3-10 was greater than for the nonirradiated sam-
ples S1 and S3 against both Staphylococcus aureus and
Escherichia coli (Figures 8(a) and 8(b)) which are also
responsible for bone infection [39, 40].

3.4.10. Field Emission Scanning Electron Microscope
(FESEM) Analysis of Scaffolds. The average pore size of the
nonirradiated S3 (HA-COL-CS-Mg-ZnO) and irradiated
(53-10) scaffolds was 207.24 ym and 120.25 ym, respectively,
which is demonstrated in Figure 9 and SM Figure 2. Here,
the pore diameter was decreased after applying gamma
irradiation on these scaffolds.

For effectively functionalized scaffolds, the optimal pore
diameter is 200-400 ym; therefore, the pore diameter of the
fabricated S3 scaffold was favorable for osteoblast prolifera-
tion and migration for bone tissue engineering [33, 41].

4. Conclusion

Our study demonstrated that the irradiated HA-COL-CS-
Mg-ZnO scaffold exhibited desirable physicochemical prop-
erties including enhanced tensile strength and antimicrobial
activities, a functionalized ATR spectrum, and noncytotoxic
toward the Vero cell line which would meet the basic
requirements for bone tissue engineering. Since the manu-
factured scaffold has all the criteria of becoming an ideal
scaffold, in the future, the scaffolds incorporated with green
nanomaterials (environmentally friendly, which effectively
avoid disadvantages of conventional physical and chemical
technologies, such as toxicity, pollution, and uneconomical
and complicated operation) as well as stem cells and growth
factors targeting bone cells will be applied preclinically
against various osteogenic metabolic disorders.
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The detailed procedures of extraction of nHA from bovine
bone, fabrication of scaffolds, extraction and SDS-PAGE of
collagen, physiochemical characterization of scaffolds
(porosity and density, swelling ratio, and in vitro biode-
gradability), in vitro blood biocompatibility assay, brine
shrimp lethality test, and antibacterial activity test have
been mentioned in the supplementary materials (SM)
section. SM Figure 1: hydroxyapatite-chitosan-collagen
(HA-COL-CS)-Mg-ZnO-based scaffolds, S1 [HA-COL-
CS-ZnO], S2 [HA-COL-CS-Mg], S3 [HA-COL-CS-ZnO-
Mg], S4 [HA-COL-CS]. SM Table 1: extraction yield
coefficient of nHA. SM Table 2: physiochemical study of
HA-COL-CS-ZnO-Mg scaffolds. SM Table 3: biodegrad-
ability study of HA-COL-CS-Mg-ZnO scaffolds. SM Table
4: functional groups of HA-COL-CS-Mg-ZnO scaffolds in
the ATR spectrum. SM Table 5: mechanical strength of
HA-COL-CS-Mg-ZnO scaffolds. (Supplementary Materials)
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