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ABSTRACT 
Objective(s): To evaluate the potential of a novel alginate/chitosan/Zinc-strontium hydroxyapatite (AG/CS/SHA) 

composite scaffold for periodontal tissue regeneration by assessing its biocompatibility, bioactivity, and 

degradation characteristics. 

Materials and Methods: An AG/CS/SHA composite scaffold was fabricated using a freeze-drying technique. 

Characterization involved Fourier Transform Infrared Spectroscopy (FTIR) to confirm chemical composition, X-

ray Diffraction (XRD) to analyze crystallinity, Scanning Electron Microscopy (SEM) and Transmission Electron 

Microscopy (TEM) to investigate microstructure and surface morphology. In vitro studies assessed 

biocompatibility using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, cell 

viability with Acridine Orange/Propidium Iodide (AO/PI) staining, alkaline phosphatase (ALP) activity, and 

calcium deposition to evaluate osteogenic differentiation. 

Results: FTIR and XRD confirmed SHA incorporation. SEM/TEM revealed a porous structure with uniform SHA 

distribution. The composite exhibited controlled swelling and degradation. MTT assay and AO/PI staining 

demonstrated good cell viability. ALP activity (20% higher) and ARS staining (35% increase) were significantly 

higher in Zn and Sr in HA within AG/CS (AG/CS/SHA) scaffolds compared to AG/CS (control), indicating 

enhanced osteogenic differentiation and mineralization. 

Conclusion: The results demonstrate that the AG/CS/SHA composite possesses favorable characteristics for bone 

tissue engineering applications, including excellent biocompatibility, suitable mechanical properties, and the 

ability to promote osteogenic differentiation. These findings suggest that the AG/CS/SHA scaffold holds 

significant promise as a promising biomaterial for periodontal tissue regeneration, providing a supportive 

environment for cell growth, differentiation, and new tissue formation. 
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INTRODUCTION 

Periodontitis is one of the most common dental 
illnesses, and it is defined by the deterioration of 
periodontal tissues, which leads to tooth loosening 
and possibly tooth loss [1]. Periodontal therapy can 
reduce chronic inflammation and swelling while also 
slowing disease development. Periodontal problems, 
on the other hand, were difficult to restore to their 
natural structure and function. As a result, numerous 
studies have focused on the use of bioengineering 
techniques to accomplish periodontal rejuvenation, 
which consists of three key components: scaffolds, 

seed cells, and chemokines [2]. A permeable 
structure is a type of nanomaterial with pore 
diameters ranging from 2 to 100 nm that has gained 
popularity in recent years due to its well-ordered 
channel system, pore volume, and large interfacial 
area. Scaffolds with pores can load more signaling 
molecules and increase bioactivity and cell adhesion. 

In periodontal tissue regeneration, 
hydroxyapatite (HA) is recognized as one of the best 
scaffolds. It has high cytocompatibility and bioactive 
characteristics due to its resemblance to the 
elemental composition of bones [3]. To enhance the 
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physicochemical and biological properties of 
hydroxyapatite, such as mechanical characteristics, 
osseointegration potential, implant placement 
efficacy, antimicrobial activities, and degradation 
rate, by modifying hydroxyapatite composition 
through small quantities of ions co-doped, which are 
traced in human bones, minerals such as barium, 
silicon, magnesium, strontium, and zinc intrigued the 
interest of researchers [4].  

Recent studies have highlighted the advantages 
of ion substitution in hydroxyapatite (HA) for 
enhancing its properties in bone regeneration. 
Strontium (Sr) and zinc (Zn) have emerged as 
particularly promising substituents due to their 
unique contributions to bone health. Sr, with its 
chemical similarity to calcium, has been shown to 
promote bone formation and reduce bone 
resorption, making it valuable in treating 
osteoporosis and improving implant 
osseointegration [5]. Zn, on the other hand, plays a 
crucial role in collagen synthesis and mineralization, 
contributing to increased bone density and strength 
[6]. Additionally, Zn exhibits antibacterial properties, 
reducing the risk of implant-associated infections [7]. 
The combined use of Sr and Zn in substituted HA has 
shown synergistic effects, improving both the 
mechanical properties and biological activity of the 
material [8]. These findings underscore the potential 
of Sr and Zn co-doped HA as a promising material for 
bone regeneration applications. 

Moreover, it has been proposed that zinc (Zn) 
and strontium (Sr) co-doping produce significantly 
better outcomes than single-element doping. 
Candidates for optimizing osteoconductivity by 
promoting new human bone formation and 
encouraging osteoinductivity include Zn and Sr-
substituted apatite. So, the ability of Zn and Sr to 
break down and form bone works together to 
improve interfacial adhesion, fatigue strength, and 
the implant's ability to change into a periodontal 
ligament [9]. 

Despite their advantages, substituted 
hydroxyapatites (SHA) have limits in mechanical 
characteristics, degradability, and release of drug 
characteristics. Furthermore, natural high-polymer 
substances like alginate (AG) and chitosan (CS) have 
excellent elasticity and permeability [10, 11]. 
Furthermore, chitosan possesses antibacterial and 
anti-inflammatory effects that are wide-ranging. It 
demonstrated excellent bactericidal activity against 
a variety of oral infections and reduced the 
development of chronic periodontitis. 

The synergistic combination of chitosan (CS), 
alginate (AG), and substituted hydroxyapatite (SHA) 
for periodontal tissue regeneration is what makes 
this study innovative. Although SHA has good 

biocompatibility and osteoconductivity, especially 
when co-substituted with strontium and zinc, its 
limitations in terms of mechanical characteristics, 
degradability, and drug release may prevent the best 
possible tissue regeneration [12, 13]. By using the 
beneficial qualities of chitosan and alginate, this 
research overcomes these drawbacks [14, 15]. By 
combining the elasticity and permeability of alginate 
with the antibacterial and anti-inflammatory 
properties of chitosan, a composite scaffold may be 
able to overcome the drawbacks of each component 
alone [16,17]. By combining the improved 
mechanical qualities, controlled degradation, and 
increased biological activity offered by the addition 
of alginate and chitosan with the structural support 
and osteoconductivity of SHA, this tri-component 
scaffold presents a promising strategy to improve 
periodontal regeneration. A more efficient and 
adaptable platform for periodontal tissue 
engineering might be produced by this innovative 
combination. 

This is the first time alginate/chitosan with 
substituted hydroxyapatite (AG/CS/SHA) has been 
used in periodontal regeneration. The purpose of 
this study was to explore the physicochemical 
characteristics, biocompatibility, and development 
of human periodontal ligament cells (HPDLCs) in an 
AG/CS/SHA composite. Furthermore, the 
AG/CS/SHA composite was implanted in a canine 
model with periodontal disorders to assess 
regeneration capacity. 

 
MATERIALS AND METHODS 
Preparation of substituted hydroxyapatite 

A calcium-zinc-strontium phosphate material 
was synthesized using a sol-gel method. The 
precursors employed were calcium nitrate 
tetrahydrate (Ca(NO3)2·4H2O), zinc nitrate 
hexahydrate (Zn(NO3)2·6H2O), strontium nitrate 
hexahydrate (Sr(NO3)2·6H2O), and ammonium 
phosphate ((NH4)2HPO4). Aqueous solutions of the 
respective metal ions were prepared with the 
following molar concentrations: 0.9 M calcium, 0.05 
M zinc, 0.05 M strontium, and 0.6 M phosphate. In 
the initial synthesis stage, zinc and strontium 
solutions were meticulously added dropwise to the 
calcium solution under simultaneous sonication at 
room temperature. Following a 15-minute stirring 
period, the pH of the combined solution was 
adjusted to 10 through the addition of ammonium 
hydroxide solution. Subsequently, the ammonium 
phosphate solution was slowly introduced to this 
metal ion mixture, resulting in the formation of a 
precipitate. The precipitated product was then 
purified through repeated rinsing cycles using 
deionized water and methanol. The rinsed 
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precipitate was subsequently dried in an oven at 100 
°C for 12 hours. Finally, the dried material was 
calcined under an argon atmosphere at 500 °C for 8 
hours, using controlled heating and cooling rates of 
5-10 °C/min, to yield the final SHA product. The 
phase purity and crystallinity of the synthesized 
material were confirmed by Fourier Transform 
Infrared Spectroscopy (FTIR) and X-ray Diffraction 
(XRD) for subsequent use in the preparation of an 
Ag/CS/SHA composite. 

 
Preparation of biocomposite  

Biocomposite scaffolds composed of alginate 
(AG), chitosan (CS), and substituted hydroxyapatite 
(SHA) were fabricated using a freeze-drying 
technique. Chitosan (2% w/v) was initially dissolved 
in 20 mL of a 1% acetic acid (CH3COOH) solution. 
Subsequently, sodium alginate (2% w/v) was added 
to the chitosan solution, and the mixture was 
sonicated at room temperature for 30 minutes to 
ensure homogeneity. For the SHA-containing 
scaffolds, 3% (w/v) SHA was then incorporated into 
the homogeneous AG/CS solution and sonicated for 
an additional 30 minutes. Control scaffolds 
consisting of only AG and CS were prepared following 
the same procedure, omitting the SHA addition. 
Following preparation, the solutions were 
transferred to culture plates and frozen overnight at 
-60°C. The frozen samples were then lyophilized 
(LGJ-10 freeze dryer) for 48 hours at a vacuum 
pressure of 20 Pa and a cold well temperature of -
60°C. Prior to lyophilization, the samples were rinsed 
three times with deionized (DD) water. The resulting 
dried composite scaffolds were stored in sealed jars 
for further analysis. 

 
Characterization 

The FTIR analysis was performed on prepared 
samples using a Bruker Vertex FTIR spectrometer, 
with a spectral range of 4000 to 500 cm-1. The 
crystallinity of the prepared samples was determined 
using a Rigaku D/Max2500VB2 + /Pc diffractometer 
(Rigaku Company, Tokyo, Japan) with Cu Kα radiation 
(λ= 0.154nm) at 40 kV and 50mA. The samples were 
scanned over a 2θ range of 10°-80° at a scanning rate 
of 5°/min. 

Scanning electron microscopy (SEM) was used to 
examine and characterize the prepared samples.  
Samples underwent critical point drying with a 
SANDRI 795 and were then sputter-coated with gold. 
Images were obtained with a JEOL-JSM6490LV 
microscope at an accelerating voltage of 10 kV. Pore 
size was quantified using the FIJI image processing 
program. Three specimens of each scaffold type 
were examined.  High-resolution transmission 
electron microscopy (HRTEM) using a JEOL-JEM2100 

microscope at 200 kV was used to investigate the 
internal structure and characteristics. 

 
Swelling studies  

The degree of swelling was measured using the 
traditional gravimetric procedure [18]. The tests 
were carried out by taking before-weighed 
specimens and placing them in a Phosphate buffer 
for 1-7 days before the balanced swelling was 
achieved. After that the specimens were withdrawn 
from the solution, pushed between two absorbent 
paper to dry it and eventually weighed on an 
electronic scale. 

 
Biodegradability 

The biodegradation activities of biocomposites 
have been tested by weight loss calculation. The 
biocomposite is immersed in PBS in liquid/solid-lined 
polyethylene bottles at 37 °C. At the specified 
periods (1 to 7 days), the samples were taken out. 
The samples were measured when wet, after 
cleaning off the surface moisture. They were flushed 
again with DD water after calculation, dried in a hot 
air oven at 37 ° C for one day, and assessed 
accordingly. 

 
MTT assay  

The evaluation of cell attachment and 
proliferation on AG/CS (control) and AG/CS/SHA 
composite scaffolds was performed using the 
colorimetric MTT assay. This assay quantifies cellular 
metabolic activity by measuring the reduction of the 
yellow tetrazolium salt, MTT, to purple formazan 
crystals. This reduction is carried out by 
dehydrogenase enzymes released from the 
mitochondria of metabolically active cells. The 
amount of formazan produced is directly 
proportional to the number of viable cells present. 
Following the cell culture period, samples were 
carefully washed with PBS to remove any non-
adherent cells. Subsequently, a 20% MTT reagent 
was added to each well containing the scaffold and 
cells. The samples were then incubated for 4 hours 
at 37°C in a humidified atmosphere containing 5% 
CO2. Finally, the absorbance of the resulting 
formazan dye was measured at 490 nm using a 
microplate reader. All MTT assays were performed in 
triplicate to ensure statistical reliability. 
 
AO/PI dual staining assay 

To assess cellular mortality, periodontal ligament 
stem cells (PDLSCs) were cultured in tissue culture 
flasks. Following trypsinization, cells were 
resuspended at a concentration of 1 x 10^5 cells/mL 
in 200 μL of DMEM supplemented with 
biocomposites and incubated for 30 minutes. 
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Subsequently, cells were exposed to 150 μM 
hydrogen peroxide (H₂O₂) in serum-free DMEM for 
20 minutes to induce oxidative stress. Post-
treatment, cells were centrifuged at 1200 RPM for 5 
minutes, the supernatant was removed, and the cell 
pellet was resuspended in 10 μL of fresh medium. An 
equal volume (10 μL) of a dual fluorescent staining 
solution containing 10 μg/mL acridine orange (AO) 
and 10 μg/mL propidium iodide (PI) was added to the 
cell suspension. The stained cells were then 
transferred onto glass slides, coverslips were 
applied, and the samples were immediately analyzed 
using an Olympus BX53 Digital Fluorescence 
Microscope. Cell counts were performed using 
ImageJ software with the cell counting plugin. This 
AO/EB staining procedure was performed in 
triplicate. 

 
ALP assay 

Periodontal ligament cells were cultured in 6-well 
plates at a density of 4 x 105 cells per well to examine 
the effect of new scaffolds on their alkaline 
phosphatase (ALP) activity. The control group cells 
received no treatment (AG/CS), while the 
experimental group was administered AG/CS/SHA 
composite scaffolds at a dose of 50 µg/ml. All 
cultures were sustained at 37°C in a 5% CO2 
environment, with medium supplemented bi-daily. 
ALP activity, a crucial marker of cellular 
differentiation and mineralization, was evaluated at 
one, two, and three weeks with an ALP Assay kit 
(Sigma-Aldrich). At each time point, cells were 
collected using 0.25% trypsin-EDTA (Gibco) and 
enumerated. Aliquots of 2 x 104 cells per group were 
subjected to three washes with PBS to eliminate 
leftover media and then resuspended in 70 µL of 
Assay Buffer. To exclude insoluble debris, samples 
were centrifuged at maximum velocity at 3°C, and 
the supernatant containing ALP was collected. ALP 
standards were formulated in accordance with the 
manufacturer's specifications. For the experiment, 
40 µL of a 6 mM pNPP (p-nitrophenyl phosphate) 
solution was included in each sample and standard, 
followed by incubation at 27°C for 50 minutes, 
shielded from light. The reactions were terminated 
using 25 µL of Stop Solution. Optical density (OD) was 
measured at 405 nm with a spectrophotometer (Bio-
Rad). A standard curve, derived from known ALP 
values, was used to determine the ALP content in 
each well. The ALP concentration data for each 
treatment group was displayed and compared using 
histograms created using GraphPad Prism. The 
morphology of the cell monolayer next to the test 
samples was analyzed using phase-contrast 
microscopy (Olympus 40×) to assess cellular 
reactions to the scaffolds. 

 
ARS assay 

Alizarin Red S (ARS) staining was performed to 
assess calcium deposition at one, two, and three 
weeks. Following two washes with phosphate-
buffered saline (PBS), cells in each well were fixed 
with 300 µL of 10% formalin for 20 minutes. The 
fixative was then removed by three washes with PBS. 
Subsequently, the cells were stained for 20 minutes 
with 300 µL of a freshly prepared 2% ARS solution, 
adjusted to pH 4.2 using 0.5% ammonium hydroxide. 
To remove the unbound dye, the cells were washed 
approximately five times with 1 mL of distilled water 
per well, continuing until no further dye was visibly 
released. After the stained cells were allowed to air 
dry, images were captured using an Olympus 
inverted microscope. 

 
Statistical analysis 

Data are expressed as mean ± standard deviation 
(SD).  Statistical analysis was conducted using one-
way ANOVA, succeeded by Tukey's multiple 
comparison test (GraphPad Prism 8.). Statistical 
significance was established as p < 0.05 (p < 0.05, *p 
< 0.01, **p < 0.001, ***p < 0.0001). 

 
RESULT AND DISCUSSION 
Functional group analysis 

The FTIR spectra of AG/CS and AG/CS/SHA 
scaffolds are shown in Fig. 1, which depicts the 
spectrum of individual elements utilized in scaffold 
development. The absorption peaks of C-O-C 
stretching (1022 cm-1) and COO- (1597 cm-1, 1408 cm-

1) are clearly seen in the alginate spectra (Fig. 1 a) 
[18]. As shown in Fig. 1 b, chitosan's typical FTIR 
spectra emerged at 1645, 1556, 1410, 1375, and 
1022 cm-1, referring to amide I, amide II, CH2 
bending, CH3 symmetrical bending, and C-O-C, 
respectively [19]. The peaks at 1610 cm-1 sharpened 
owing to the COO groups in the AG, while the CS 
amino band at 1596 cm-1 vanished, indicating the 
development of the AG/CS complex (Fig. 1c). A minor 
peak appeared at about 1080 cm-1, perhaps as a 
result of ionic interactions between the COH and 
NH3+ groups at the hydrogel surface. The SHA spectra 
reveal a strong absorption peak at 1019 cm-1, which 
corresponds to the PO4

3- band, and peaks at 962 cm-
1 and 1087 cm-1, which correspond to the P-O 
stretching (Fig. 1d) [20]. Comparing the FTIR 
spectrum for AG/CS and AG/CS/SHA composite in 
Fig.1e clearly indicates the predominance of the 
interaction between AG/CS and SHA in the ternary 
composite and the interaction in the ternary 
composite leads to the distribution of SHA. This 
report was consistent with previous reports [21, 22]. 
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Fig. 1. FT-IR spectra of (A) alginate (B) chitosan, (C) AG/CS (D) SHA and AG/CS/SHA composite (E). 

 
 

 
Fig. 2. The XRD patterns of SHA powder (A) and AG/CS/SHA composite (B). 

 

Crystalline structure analysis 
The XRD patterns of SHA powder (a) and 

AG/CS/SHA composite (b) are shown in Fig. 2.  For 
SHA powder, the existence of the diffraction planes 
of (0 0 2), (2 1 1), (1 1 2), (3 0 0), (2 0 2), (1 3 0), (2 2 
2) and (2 1 3) corresponded to the 2 theta bands at 
25.8◦, 31.8◦, 32.1◦, 32.9◦, 34.0◦, 39.9◦, 46.7◦ and 49.4◦ 
of the SHA crystallites (Fig. 2a) [23]. The AG/CS/SHA 
composite displayed alike peaks to the SHA, 
although the peaks were weaker. The diffraction 
peaks were affected by the molecular contact 
between AG/CS and SHA, which resulted in 
hybridization (Fig. 2b) [24, 25]. The observed 

diffraction peaks closely match the standard 
pattern for hydroxyapatite (HA), JCPDS 09-432, 
confirming the presence of the SHA phase 
(Ca10(PO4)6(OH)2) within the composite matrix 
[26, 27]. 

 
Morphological analysis 

Fig. 3 shows SEM images of different SHA and 
AG/CS/SHA composites. Fig. 3a, depicts the SHA 
morphologies of ordered flakes with a width 
smaller than 250 nm. Because of its similarity to 
bone minerals, hydroxyapatite (HA), a significant 
inorganic constituent of bone tissues, is an 
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attractive contender for bone regeneration scaffold 
material. In our study, SHA was incorporated into 
the AG/CS scaffold by generating an AG/CS/SHA 
composite. Mineral crystals with an even dispersion 
were found on the scaffold skeleton in the 
AG/CS/SHA composite. AG/CS/SHA composite has a 
porous structure with excellent interconnectivity, 
with pores ranging in size from 100 to 300 µm (Fig. 
3b). The size and form of the pores affect the cell's 
capacity to adhere and develop, therefore affecting 
the rejuvenation of tissues [28]. As a result, these 
micropores may enable nutrient and oxygen 
movement in the composite. The Scanning Electron 
Microscope (SEM) study demonstrated a porous 
architecture in the biocomposite, characterized by 
uniformly distributed tiny particles attributed to the 
presence of SHA (Fig. 3 B). The pore size of the 
AG/CS/SHA composite varied between 40 and 60 ± 
13 μm. Porous morphology composite scaffolds, 
like AG/CS/SHA composites, are a significant 
advancement in bone tissue engineering, especially 
for dental and orthopedic implant applications [29, 

30]. These scaffolds have a highly interconnected 
porous structure, promoting cell adhesion, 
proliferation, differentiation, and nutrient and 
oxygen diffusion. AG and CS offer biocompatibility 
and biodegradability. Lastly, hydroxyapatite (SHA) 
mimics the natural mineral composition of bone, 
enhancing osteoconductivity and mechanical 
strength [31]. These multifunctional scaffolds not 
only support bone growth but also address implant 
challenges like biocompatibility and mechanical 
stability, making them promising for dental and 
orthopedic regenerative medicine. 

The study using transmission electron 
microscopy (TEM) revealed the minuscule and 
complex structure of SHA nanoparticles, with a 
mean particle size of 55 ± 5 nm. There is a strong 
correlation between the TEM and SEM pictures of 
the AG/CS/SHA composite flakes with excellent 
interconnectivity structures. SAED was used to 
detect and designate the produced SHA and 
AG/CS/SHA composite patterns. This pattern 
matched previously estimated XRD patterns (Fig. 2). 

 

 
Fig. 3. SEM images of (A) SHA and (B) AG/CS/SHA composite; TEM images of (C) SHA and (d) AG/CS/SHA composite; SAED images of (c) 

SHA and (d) AG/CS/SHA composite. 
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Fig. 4. Swelling studies of AG/CS and AG/CS/SHA composite 
in PBS medium. Statistical significance was established as *p 

< 0.01, **p < 0.001, ***p < 0.0001. 

 
Swelling study 

Figure 4 (Table S1 in Supplementary file) 
illustrates the swelling characteristics of the AG/CS 
and AG/CS/SHA composite scaffolds. SHA-
integrated scaffolds had a reduced swelling ratio in 
comparison to AG/CS control scaffolds. This may be 
due to the robust interaction between AG/CS and 
SHA. This may be attributable to the incorporation 
of SHA, which diminishes pore size. Swelling 
intensified throughout time until day 7, when the 
scaffolds commenced degradation. Swelling and 
porosity facilitate nutrition delivery inside 
composite scaffolds while enhancing the density for 
cellular attachment, which is crucial for tissue 
engineering applications [32]. Conversely, other 
investigations examining alginate/ chitosan/ 
gelatine composites with diverse fillers, including 
titania/hydroxyapatite or other bioceramics, have 
shown inconsistent swelling tendencies [33, 34]. 

 
 

 
Fig. 5. In vitro biodegradation profile of AG/CS and 

AG/CS/SHA composite in PBS–lysozyme medium. Statistical 
significance was established as *p < 0.01, **p < 0.001, ***p 

< 0.0001. 

 

 Moreover, research on alginate/chitosan 
composites including various reinforcing agents, 
such as graphene oxide (GO) or cellulose 
nanocrystals (CNC), indicates that the swelling 
behavior is significantly influenced by the kind and 
concentration of the filler [35, 36]. The swelling 
behavior of AG/CS/SHA scaffolds is more regulated 
than that of other AG/CS-based composites, 
rendering them appropriate for tissue engineering 
applications where controlled swelling is essential 
for preserving mechanical properties and 
facilitating cell attachment and nutrient delivery. 
The regulated swelling, together with the bioactive 
characteristics of SHA, establishes AG/CS/SHA 
composites as viable options for biomedical 
applications, especially in bone tissue engineering. 

 
Biodegradability study 

In vitro biodegradation investigations Fig. 5 
(Table S2 in Supplementary file), demonstrated 
unique degradation trends for AG/CS and 
AG/CS/SHA composite scaffolds. The AG/CS/SHA 
composites demonstrated a somewhat elevated 
initial degradation rate relative to AG/CS scaffolds 
up to day 14, likely due to the preferential 
dissolution of inorganic constituents inside the SHA 
particles. A significant reduction in the 
deterioration rate of AG/CS/SHA composites was 
reported post-day 21. The reduced degradation 
rate is likely due to the incorporation of SHA inside 
the matrix and the establishment of ionic cross-
links with Ca2+ ions, enhancing scaffold durability 
[37]. 

The obtained biodegradation patterns indicate 
that AG/CS/SHA composites have regulated and 
adjustable degradation characteristics. The initial 
elevated degradation rate of AG/CS/SHA 
composites, followed by a notable decline, suggests 
a capacity for the regulated release of bioactive 
agents and a progressive degradation pattern that 
aligns with tissue regeneration timeframes [38, 39]. 
The regulated degradation behavior is essential for 
effective tissue engineering applications, as it 
enables the scaffold to provide structural support 
during the early phases of tissue creation and then 
progressively dissolve as the newly developed 
tissue grows. The results indicate that AG/CS/SHA 
composites have favorable biodegradation 
properties, making them suitable for diverse tissue 
engineering applications. 
 
Cell viability assay 

The viability of PDLF in each of the two groups 
was greater than 90 percent. The proliferation rate 
of PDLF was investigated using a MTT test during a 
7-day period (Fig. 6A). The cell population in the 
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two groups rose consistently over the course of 
seven days, with no notable variations between 
them at any stage. These findings suggest that 
AG/CS/SHA had no effect on the viability and 
multiplication of PDLF. Phase contrast microscopy 
demonstrated a time-dependent enhancement in 
cell spreading on both AG/CS and AG/CS/SHA 
biocomposites from 1 to 7 days post-seeding (Fig. 
6B). Comparative research revealed that cells 
showed increased proliferation on the 
biocomposites relative to the control. The noted 
increase in cell spreading and proliferation on the 
biocomposites indicates that these materials 
provide a favorable environment for cell 
development. The integration of SHA into the 
AG/CS matrix likely augments its bioactivity, 
perhaps via mechanisms such as increased surface 
roughness, greater protein adsorption, and the 
liberation of bioactive compounds [40]. The 
observed increase in cell proliferation 
corresponding to elevated SHA concentration 
further substantiates this notion. The outstanding 

cytocompatibility shown by the MTT experiment 
signifies that the biocomposites are biocompatible 
and do not provoke considerable cytotoxicity to the 
PDLF cells. The results indicate that AG/CS/SHA 
biocomposites are promising for several biological 
applications, especially those necessitating cell 
proliferation and tissue regeneration. 

The research underscores the benefits of 
AG/CS/SHA biocomposites compared to other 
biomaterials, including synthetic polymers and non-
sulfated polysaccharides, regarding bioactivity and 
cytocompatibility [41, 42]. In contrast to synthetic 
polymers such as PLGA, which often need surface 
changes to enhance cellular contact, the inherent 
characteristics of AG, CS, and SHA make them more 
suitable for biological applications. The results 
correspond with other studies, highlighting the 
promise of these biocomposites in tissue 
engineering and regenerative medicine. The 
integration of SHA augments the bioactivity of the 
AG/CS matrix, facilitating cell proliferation and 
tissue regeneration. 

 

 
Fig. 6. (A) Assessment of PDLF cell growth rate through MTT assay conducted over a period of 7 days.  (B) Images from the phase 

contest showcasing various samples taken on different days. 
* Statistical significance was established as *p < 0.01, **p < 0.001, ***p < 0.0001. 
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Fig. 7. Live/dead staining of PDLF cells cultured on various samples for 4 and 7 days. 

Live /dead assay 
Fluorescent microscopy pictures of scaffolds 

stained with Acridine Orange/Propidium Iodide 
(AO/PI) were evaluated to evaluate cell viability 
over time (Fig. 7). Following a 7-day culture period, 
both the AG/CS and AG/CS/SHA groups had a 
marginal increase in cell mortality, as shown by red 
fluorescence. This indicates that while these 
scaffolds initially facilitate cell development, they 
may possess constraints for long-term cell survival. 
The breakdown rate of the scaffolds or the 
production of degradation products may contribute 
to this diminished viability. Conversely, the 
ALG/CS/SHA samples exhibited markedly improved 

biocompatibility, as shown by an increased 
percentage of viable cells. The exceptional 
performance is due to the synergistic effects of ALG, 
CS, and SHA. ALG, a natural polysaccharide, offers a 
biocompatible and biodegradable framework, 
while CS enhances cell adhesion and proliferation 
[43-45]. SHA, a bioactive ceramic, liberates vital 
ions for bone mineralization, hence increasing the 
scaffold's bioactivity [46, 47]. The amalgamated 
characteristics of these components provide an 
optimal milieu for cellular development, 
proliferation, and differentiation, resulting in 
enhanced cell viability and tissue regeneration. 

 

 
Fig. 8. ALP activity: (A) quantitative investigation. (B) ALP staining images of PDLF cell cultured on AG/CS and AG/CS/SHA composite. 

Statistical significance was established as *p < 0.01, **p < 0.001, ***p < 0.0001. 
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Alkaline phosphatase activity  

ALP activity analysis revealed an initial increase 
in PDLF cells cultured on AG/CS/SHA composite 
scaffolds in 1st week, followed by a decline at 2-3 
weeks (Fig. 8). This biphasic pattern is consistent 
with osteoblastic differentiation, where ALP activity 
peaks during the early stages of mineralization and 
subsequently decreases as cells mature and matrix 
mineralization progresses. Previous studies have 
reported similar ALP activity profiles in scaffolds for 
regenerative medicine applications. The addition of 
SHA to the AG/CS composite significantly enhanced 
ALP activity compared to the control AG/CS 
scaffold. This can be attributed to the bioactive 
nature of SHA, which releases ions and soluble 
compounds that stimulate osteogenic gene 
expression and accelerate bone formation. Optical 
microscopy images of scaffolds stained with ALP 
further corroborated these findings (Fig. 8B). 
Intense staining was observed on all composite 
scaffolds at 1-2 weeks, indicating significant ALP 
activity during the early stages of mineralization. 
The reduced staining intensity at 3 weeks aligns 
with the expected decline in ALP activity as 
osteoblasts mature and mineralization progresses 
[48, 49]. 

 
Mineralization assay 

Optical microscope pictures of scaffolds stained 
with Alizarin Red S (ARS) were examined to evaluate 
mineralization over time (Fig. 9). One to two weeks 
post-implantation, all samples had varied levels of 
mineralization, as shown by the presence of white 
regions signifying calcium phosphate deposition. 
Nevertheless, the ALG/CS sample exhibited much 
fewer white regions than the ALG/CS/SHA samples, 
indicating decreased mineral deposition at this 
initial phase. A further analysis of the photos 

indicated that ALG/CS/SHA samples had more 
mineral deposition on their surfaces in comparison 
to ALG/CS samples at the 1–2-week mark. The 
ALG/CS/SHA samples had a pronounced red hue, 
indicating substantial calcium accumulation. The 
results indicate that the inclusion of SHA into the 
ALG/CS scaffold improves mineralization and 
facilitates bone graft integration. A comparison 
examination was performed between ALG/CS and 
undifferentiated samples at three weeks post-
implantation to reinforce these conclusions. The 
ALG/CS scaffold demonstrated a significant 
increase in mineralization, as shown by the 
pronounced red staining. This outcome highlights 
the capability of the ALG/CS/SHA scaffold to 
expedite bone regeneration and tissue healing. 

The study highlights the enhanced 
mineralization observed in ALG/CS/SHA composite 
scaffolds, attributed to the synergistic effects of 
alginate (ALG), chitosan (CS), and Zinc-strontium 
hydroxyapatite (SHA). ALG's biocompatibility and 
biodegradability, CS's ability to promote cell 
adhesion and mineral deposition, and SHA's release 
of calcium and phosphate ions Zinc-strontium 
collectively create an optimal environment for bone 
tissue repair [50, 51]. The findings align with 
existing literature on the importance of 
mineralization in bone regeneration and the 
benefits of composite scaffolds in tissue 
engineering. Notably, the addition of SHA 
significantly boosts mineralization due to the 
bioactive properties of zinc and strontium ions. The 
results suggest that ALG/CS/SHA scaffolds can 
effectively enhance bone regeneration, with 
implications for improved clinical outcomes in bone 
repair. Future studies should explore the long-term 
effects of these scaffolds in vivo and their potential 
use in load-bearing. 

 
Fig. 9. Microscopy images showcasing ARS staining related to mineralization in PDLF cells over a period from day 1 to 3 weeks. 
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The physicochemical and biological results from 
the ALG/CS/SHA scaffold investigation indicate 
substantial therapeutic significance for bone tissue 
repair and regeneration. The synergistic 
interactions of ALG, CS, and SHA provide an ideal 
environment for mineralization, as shown by 
increased calcium phosphate deposition and 
significant calcium accumulation in the ALG/CS/SHA 
samples. ALG offers a biocompatible and 
biodegradable scaffold, CS enhances cell adhesion, 
proliferation, and mineral deposition, whilst SHA 
releases vital calcium and phosphate ions required 
for bone mineralization. These qualities 
synergistically enhance bone regeneration and 
tissue healing, as shown by the heightened 
mineralization and red staining in the ALG/CS/SHA 
scaffolds relative to ALG/CS alone. This indicates 
that the ALG/CS/SHA scaffold may function as a 
superior biomaterial for bone grafts, facilitating 
enhanced integration and expedited healing in 
orthopedic and dentistry contexts, hence 
diminishing recovery durations and improving 
patient outcomes. 

 
CONCLUSION  

This work effectively fabrication and 
characterized a new AG/CS/SHA composite scaffold 
infused with zinc and strontium-substituted 
hydroxyapatite (SHA) for applications in bone tissue 
engineering. The scaffold exhibited a porous, 
interconnected architecture favorable for cell 
proliferation and nutrient distribution, with 
regulated swelling and biodegradation 
characteristics. In vitro tests demonstrated higher 
biocompatibility, improved cell proliferation, and 
markedly elevated ALP activity and mineralization 
(ARS assay) relative to the AG/CS control. The 
addition of Zn and Sr in HA enhanced the scaffold's 
osteogenic capacity, presumably by facilitating cell 
proliferation, bone formation, and exhibiting 
antimicrobial properties. The results indicate that 
the AG/CS/SHA composite, augmented with Zn and 
Sr in HA, has considerable potential as a biomaterial 
for bone tissue engineering, especially in 
periodontal and orthopedic contexts. Although 
more research, including in vivo studies and clinical 
trials, is required to comprehensively evaluate its 
effectiveness and safety, this new scaffold presents 
a promising foundation for future progress in 
regenerative medicine. The possibility for 
optimization via new production processes, the 
integration of supplementary bioactive 
compounds, and the examination of alternative 
growth factors further substantiates the argument 
for further research into this intriguing biomaterial.  
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