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Development of a chitosan-hydroxypropyl
methylcellulose/nano-fluorapatite hydrogel as

a novel biomaterial for enhanced post-tooth
extraction bone healing in diabetic conditions

Rania A. Hanafy,?® Rehab M. El-Sharkawy,

*¢ Eman M. Salem,® Nevien M. Ahmed,®

Omnia M. Abdelfatah® and Wafaa Yahia Alghonemy f9

A nanocomposite injectable hydrogel based on chitosan (CS), hydroxypropyl methylcellulose (HPMC), and

fluorapatite nanoparticles (Nano-FA) was developed and evaluated for its bone regenerative potential

following tooth extraction in diabetic rat models. Nano-FA was synthesized via a co-precipitation method and

incorporated into a CS—HPMC hydrogel matrix to obtain a homogeneous CS—Nano-FA-HPMC composite.
Forty adult male albino rats underwent bilateral extraction of the lower first molars and were randomly divided
into four groups: untreated control, CS, Nano-FA, and CS—Nano-FA-HPMC. Bone healing was assessed after

2 and 6 weeks using histological, immunohistochemical, ultrastructural, histomorphometric, biochemical, and

energy-dispersive X-ray analyses. The CS—Nano-FA-HPMC group exhibited significantly enhanced bone

regeneration compared with the other groups, as evidenced by increased new bone formation, a higher
number of entrapped osteocytes, and well-defined bone remodeling lines. Histomorphometric and statistical
analyses confirmed that this group achieved the highest percentage of new bone area at both time points. In
addition, infllmmatory markers were markedly reduced, while osteogenic markers, including alkaline
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phosphatase and osteocalcin, were significantly elevated in the nanocomposite-treated group. These findings

demonstrate that although CS and Nano-FA individually exhibit osteoconductive properties, their combination
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1. Introduction

In systemic conditions such as diabetes mellitus (DM), chronic
inflammation, impaired angiogenesis, and delayed healing are
common, with a notably higher incidence of alveolar bone
atrophy after tooth extraction compared to healthy individ-
uals.” Enhancing bone regeneration and increasing the size of
the alveolar ridge are crucial for improving the safety,
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within a CS—Nano-FA-HPMC hydrogel provides superior regenerative performance, offering a promising
strategy for enhancing bone healing under compromised diabetic conditions.

effectiveness, and stability of dental restorations. While autol-
ogous bones are regarded as the criterion for bone augmenta-
tion after tooth extraction in cases of bone diseases, the healing
process of an allograft has proven less robust. This led to
a paradigm shift towards engineered bone materials like
polymers.®

Chitosan (CS) polymers represent a contemporary advance-
ment in bone tissue engineering. They act as biodegradable
scaffolds that support tissue proliferation and differentiation
while accelerating the repair of injured tissues.* This function-
ality is attributed to its structural resemblance to glycosami-
noglycans, which enable seamless interactions with collagen
fibers in the extracellular matrix and promote efficient tissue
regeneration and the development of biomimetic scaffolds.
Histologically, it possesses osteoconductive properties, and the
number of osteoblasts can be increased by applying CS to the
tooth extraction socket.” Despite its outstanding properties as
a promising biomaterial for drug delivery and wound healing,
chitosan (CS) exhibits limited osteoinductive capacity, restrict-
ing its ability to regulate osteogenic differentiation effectively.®
Bioactive components have been incorporated into CS scaffolds
to address this challenge, significantly enhancing their bone-
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regenerative potential.” Hydroxyapatite nanoparticles (Nano-
HA) have recently been reported to reinforce CS scaffolds,
improving their mechanical performance.® Additionally, Nano-
HA is a biocompatible candidate that has been successfully
employed to enhance the alveolar ridge, sinus floor bone, and
implant coating.** Furthermore, HA can be fluoridated to
make FA;” which promotes collagen production and
osseointegration.”*** Hydroxypropyl methylcellulose (HPMC),
which has favorable physicochemical and rheological proper-
ties, was used as the paste-making agent in the formulation."®

Chronic inflammation is marked by a persistent and early
elevation of pro-inflammatory cytokines, which disrupts the
physiological cascade of tissue repair and consequently impairs
or delays healing. Among these mediators, transforming growth
factor-beta 1 (TGF-B1), tumor necrosis factor-alpha (TNF-a), and
interleukin-1 beta (IL-1B) are particularly critical, as they actively
modulate the inflammatory microenvironment and regulate key
downstream signaling pathways involved in tissue regenera-
tion.”” Concurrently, osteogenic biomarkers such as alkaline
phosphatase (ALP) and osteocalcin provide critical metrics for
evaluating osteoinductive activity and determining the efficacy of
therapeutic strategies aimed at enhancing bone regeneration.

Injectable chitosan-based composite hydrogels have recently
attracted increasing attention owing to their biocompatibility,
minimally invasive delivery, and in situ gelation behavior. Several
studies have reported the development of injectable CS-based
hydrogels for biomedical and regenerative applications, demon-
strating tunable rheological, mechanical, and drug-delivery
properties.”>"” In this context, the present work contributes to
this research direction by developing a CS-Nano-FA-HPMC
composite hydrogel with potential applicability as an injectable
or moldable scaffold system. The novelty of the present study lies
in the preparation of an injectable bone-substitute paste
composed of chitosan (CS), fluorapatite nanoparticles (Nano-FA),
and hydroxypropyl methylcellulose (HPMC). The developed
nanocomposite is designed to act as a bioactive and biocom-
patible matrix that enables easy clinical application, in situ gel
formation, and improved structural stability. Nano-FA is incor-
porated to mimic the mineral phase of natural bone and enhance
osteoconductive potential, whereas CS and HPMC contribute to
the injectability, biodegradability, and mechanical integrity of
the system. In addition, HPMC plays a key functional role by
acting as a viscosity-enhancing polymer and a physical cross-
linking component through hydrogen-bond interactions with
chitosan chains. These interactions reinforce the polymeric
network, improve cohesiveness, and contribute to enhanced
mechanical stability and swelling behavior.

Accordingly, this study aims to evaluate the regenerative
performance of the CS-Nano-FA-HPMC composite in
promoting bone healing within the extraction sockets of dia-
betic albino rats, a model that closely represents impaired
wound-healing conditions.

2. Materials & methods

All animal procedures were performed in accordance with the
Guidelines for the Care and Use of Laboratory Animals of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Pharos University in Alexandria and were approved by the
Research Ethics Committee of the Faculty of Pharmacy, Pharos
University in Alexandria (Ethical approval code: PUA-REC-012).
All experimental procedures were conducted in compliance
with institutional animal welfare regulations and in accordance
with the ARRIVE guidelines.

2.1. Sample size calculation

Sample size estimation in this work was guided by previously
reported experimental findings related to extraction socket
healing in rat models treated with boron and fish oil."® A stan-
dardized effect size of 0.8140 was identified according to the
reported primary outcome. Using this effect size, a statistical
power of 80% (8 = 0.20), and a significance threshold of 5% (« =
0.05), the minimum required number of animals was calculated
to be 10 per group, following standard sample size determina-
tion guidelines.” Subsequently, 40 male albino rats were
enrolled and equally distributed across four experimental
groups. Bilateral extraction of maxillary molars yielded 80
specimens, with assessments carried out at two predefined time
intervals. To ensure the statistical validity of the experiment,
any specimen loss resulting from unexpected technical or
histological processing errors was addressed through replace-
ment, thereby maintaining the intended sample size.

2.2. Group assignment and animal preparation

Forty male albino rats aged 8-10 weeks (200-250 grams) with
regular dentition were acquired from the animal house of
Pharos University, Egypt. Two weeks before teeth extraction, the
rats were selected and inspected for exclusion of any general or
dental diseases or any prior experimental study* The animals
received water and food throughout the experimental period
and were housed in an environment with controlled tempera-
ture and lighting.*"**

To minimize potential confounding, accurate random allo-
cation was implemented, whereby treatment status was deter-
mined using a computer-generated sequence of random
numbers. The participants and all personnel involved in the
study were unaware of their treatment assignment.

2.3. Induction of diabetes mellitus (DM)

Before the induction of diabetes, all experimental rats under-
went a 12 h fasting period to standardize their baseline meta-
bolic conditions. Diabetes mellitus (DM) was subsequently
induced via a single intraperitoneal injection of streptozotocin
(STZ) at a dose of 50 mg kg~ body weight, freshly dissolved in
0.1 M citrate buffer with a pH of 4.5, just before administration
(Sigma-Aldrich, USA). Three days post-injection, fasting blood
glucose levels were evaluated via a digital glucometer (i-SENS,
Inc., South Korea) to verify the onset of diabetes. Rats present-
ing fasting glucose levels above 250 mg dL ™ were regarded as
diabetic, by previously established criteria.>®* Blood glucose
monitoring was performed regularly during the experimental
period to maintain diabetic status.
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2.4. Tooth extraction procedures

To prevent postoperative infections, all animals received oral
antibiotic prophylaxis consisting of spiramycin (7 mg kg™ ';
Pharaonia Pharmaceuticals, Egypt) and metronidazole (12 mg
kg™"; Sanofi Aventis, Egypt), administered three days before
tooth extraction. On the day of surgery, diabetic rats were sub-
jected to a short fasting period of 1-2 h. At the same time,
unrestricted access to water was maintained to reduce proce-
dural stress and mitigate the risk of hypoglycemia associated
with anesthesia.

Bilateral extraction of the mandibular first molars was
implemented under general anesthesia.

Firstly, animals received an intramuscular injection of atro-
pine sulfate at a dose of 0.4 mL kg " to reduce salivary secre-
tions. General anesthesia was then induced using
a combination of xylazine 2% (Adwia, 10™ of Ramadan City,
Egypt) and ketamine hydrochloride 10% (Ketamine Alfasan
10%, Woerden, The Netherlands) at doses of 0.2 mL kg™ " and
0.5 mL kg ' body weight, respectively, administered
intramuscularly.>*°

According to Moghadam et al.'s findings, animals belonging
to all groups experienced bilateral extraction of their first molar
teeth in the mandible.* First, an iodine swab was applied to the
surgical site. Then, each tooth was luxated using surgical
elevators by tipping it slowly in the buccal direction and then in
the lingual direction for 1 second in each direction. This was
repeated 10 times until the tooth was loosened. After this step,
the tooth was easily extracted with the lower remaining root
extraction forceps.

After tooth extraction procedures, a total of 40 rats were
categorized randomly into four groups (n = 10 rats per group).

2.4.1. In Group I (DM). The tooth sockets of diabetic rats
were left without any material applied.

2.4.2. In Group II (CS). The tooth sockets of diabetic rats
were loaded with CS.

2.4.3. In Group III (Nano-FA). The tooth sockets of diabetic
rats were loaded with Nano-FA.

2.4.4. In Group IV (CS-Nano-FA-HPMC). The tooth sockets
of diabetic rats were loaded with CS-Nano-FA-HPMC paste.

After placing the experimental materials into the extraction
sockets of groups II, III, and IV, the sites were closed using 4-
0 black silk sutures to ensure proper wound approximation.*”
Postoperatively, all animal groups received intramuscular
administration of Cataflam (Novartis, Egypt) every eight hours
for two days to provide analgesia. Additionally, ampicillin was
administered at a dose of 25 mg kg™ body weight every eight
hours for five days to prevent infection. Rats were monitored
daily during the first week for any signs of inflammation,
disease, or other postoperative complications.

2.5. Materials used

Chitosan, characterized by a high molecular weight ranging from
600 000 to 800 000 g mol ™" (CAS: 9012-76-4), with 75% to 85%
degrees of deacetylation, a pH level between 6.5 and 8.0, and
a viscosity of 200 to 800 cP; hydroxypropyl methylcellulose
(HPMC, molecular weight of 4237 Da, CAS: 9004-65-3; the average
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viscosity of 1% HPMC in 1% KCl at 25 °C under 60 rpm is nine
cP, hydroxypropoxyl group percentage: 30.3%, and methoxyl
group percentage: 19.6%), and calcium nitrate tetrahydrate
(Ca(NO,),-4H,0, formula weight of 236.15 g mol ', and assay of
=>99.0%), were sourced from Sigma Aldrich, USA. Ammonium
fluoride (NH,4F, formula weight of 37.04 g mol ', and assay
>99%), sodium hydroxide (NaOH, formula weight of 40.0 g
mol ', and assay >99%), and diammonium hydrogen phosphate
((NH,),HPO,, formula weight of 132.06 g mol ", and assay >99%)
and were supplied by Merck Company in Germany. Glacial acetic
acid (CH;COOH, formula weight of 60.05 g mol ", and assay
=99%), methanol (CH;0H, formula weight of 32.04 g mol *, and
assay 99.8%), and potassium chloride (KCl, formula weight of
74.55 g mol " and assay 99.5%) were provided by BDH in the UK.

2.6. Instrumentation for characterization

Throughout this investigation, several characterization proce-
dures were implemented to analyze the structural attributes of
the synthesized CS hydrogel, Nano-FA, and the CS-Nano-FA-
HPMC nanocomposite hydrogel samples. For intense, Fourier-
transform infrared (FT-IR) spectra were recorded with
a Bruker Vertex 70 spectrophotometer over the range 450-
4500 cm™'. X-ray diffraction (XRD) analysis was conducted
using a Shimadzu Lab X 6100 diffractometer (Kyoto, Japan)
operating at 40 kV and 30 mA with Cu-Ka. radiation (1 = 1.54 A),
scanning 26 angles from 10° to 80° with a step size of 0.02° and
a counting time of 0.6 s per step at room temperature (25 °C).
Morphological and microstructural analyses were carried out
using a JEOL JSM-IT200 scanning electron microscope (SEM)
equipped with a JEOL-JFC-1100E sputter coater, and a JEOL
JSM-1400 Plus high-resolution transmission electron micro-
scope (HR-TEM). Energy dispersive X-ray (EDX) spectroscopy
was performed on the JSM-IT200 SEM with an acceleration
voltage of 20 kV, working distance of 10 mm, and under high
vacuum conditions.

2.7. Synthesis of FA nano-powder

Nano-fluorapatite (Nano-FA) was synthesized using a co-
precipitation method adapted from a previous study.** A solu-
tion of Ca(NO3),-4H,0 was stirred for 30 min to ensure complete
dissolution. Separately, (NH,),HPO, was dissolved in double-
distilled water and stirred for an equal period, followed by the
addition of NH,F with continued stirring for 30 min. The
phosphate-fluoride solution was then added dropwise to the
Ca(NO;3),-4H,0 solution under continuous ammonia addition,
with the pH continuously monitored using a calibrated pH meter
and maintained above 10 by the gradual addition of aqueous
ammonia solution. The reaction was carried out at about 70 °C
with continuous stirring at ~500 rpm to promote uniform mixing
and reproducibility. The resulting precipitate was collected by
centrifugation, dried at 70 °C for 24 h, finely ground into
a powder, and stored under controlled conditions for future use.

2.8. Synthesis of CS hydrogel

Chitosan (CS) hydrogel was prepared according to the proce-
dure described by Lu et al.*” detailed, with some modifications

© 2026 The Author(s). Published by the Royal Society of Chemistry
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applied. Firstly, 300 mL of 10% (w/v) acetic acid was mixed with
200 mL of methanol to form a homogeneous solution, and the
pH was adjusted to 4 using 0.1 M NaOH. CS powder (15 g, 2%)
was then gradually introduced to the mixture at a rate of 0.1 mg
every 2 min under continuous stirring for 6 h to ensure
complete dissolution. Subsequently, a solution of 450 mL ethyl
acetate and 450 mL ethanol was added systematically, and the
resulting mixture was filtered to separate the solid hydrogel-like
material. The solid was washed multiple times using a blend of
90 mL anhydrous ethanol and 2-10 mL ethyl acetate for 30 min,
followed by a second filtration. Double-distilled water was then
added to the filtered material, which was transferred into
a rotary evaporation flask and concentrated at 60 °C. The
concentrated hydrogel was finally freeze-dried for 48 h to obtain
a fine, stable powder appropriate for further characterization.

2.9. Synthesis of CS-Nano-FA-HPMC nanocomposite
hydrogel

The assembly of the CS-Nano-FA-HPMC nanocomposite
hydrogel involved mixing the prepared CS hydrogel, the
synthesized Nano-FA powder, and hydroxypropyl methylcellu-
lose (HPMC) in a mass ratio of 1:1:3.>** Following the ratio
above, the adequate amounts of Nano-FA were gradually intro-
duced into the appropriate proportions of the CS hydrogel
solution. The resulting mixture was subsequently subjected to
ultrasonic stirring for 15 min, followed by magnetic stirring for
90 min at 45 °C to ensure the uniformity and effective disper-
sion of the Nano-FA throughout the CS hydrogel polymer
matrix. Afterward, HPMC powder at a concentration of 2% (w/v)
was dissolved in distilled water within a separate beaker, and
75% of the original volume evaporated. The solution is
permitted to reach room temperature. Subsequently, the
viscous solution was progressively added to the CS-Nano-FA-
HPMC hydrogel at room temperature and stirred until
a consistent white suspension was formed. It is worth
mentioning that, in this method, HPMC acted as both a thick-
ening agent and a cross-linking agent when incorporated into
the nanocomposite.** The resulting CS-Nano-FA-HPMC nano-
composite hydrogel was then placed into a scaffold mold and
underwent the freeze-thaw process, which involved freezing the
mixture at —20 °C for 18 h and thawing at 25 °C for 6 h. Finally,
the scaffold was removed from the mold and characterized
using XRD, EDX, SEM, and FTIR to verify the successful
formation and structural integrity of the nanocomposite
hydrogel. A schematic illustration depicting the synthesis steps
of Nano-FA, the preparation of CS hydrogel, and the fabrication
process of the CS-Nano-FA-HPMC nanocomposite hydrogel
scaffold is presented in Scheme 1.

2.10. Animal euthanization

After extracting the mandibular first molar, five rats in each
group were euthanized at the 2 week and 6 week marks,
respectively.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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2.11. Biochemical analysis

Upon completion of each follow-up period, the animals were
anesthetized, and blood samples were collected via sterile
cardiac puncture. The collected blood was allowed to clot at
room temperature for 20-30 min, after which the serum was
separated by centrifugation at 3000 rpm for 10-15 minutes at 4 ©
C. The resulting serum was carefully transferred into sterile
Eppendorf tubes and either immediately subjected to analysis
or stored at —80 °C to maintain protein stability and prevent
degradation from repeated freeze-thaw cycles. Portions of the
collected serum samples were immediately used to evaluate
specific biochemical markers. The levels of TNF-a. (Elabscience,
Catalog No. E-EL-R2856), IL-1B (Thermo Fisher Scientific,
Catalog No. BMS630ALP), TGF-B1 (Elabscience, Catalog No. E-
EL-0162), and osteocalcin (Thermo Fisher Scientific, Catalog
No. EEL123) were measured via enzyme-linked immunosorbent
assay (ELISA) tools following the procedures specified by the
manufacturers.

In addition, the activity of alkaline phosphatase (ALP) was
determined using a colorimetric assay (Sigma-Aldrich, USA).*"*

2.12. Histological evaluation

Following mandibular dissection, the left half of each mandible
was prepared for light microscopy (LM) evaluations to examine
the histological variations in tissue structure across the groups.
Following the established procedure, samples were decalcified,
fixed in 10% formalin, and embedded in paraffin blocks. After
sectioning the samples (5 um sections), they were stained with
Masson trichrome, hematoxylin, and eosin (H&E). Histological
analysis by two investigators was performed using LM with
a digital camera (Leica ICC50 HD), and pictures of characteristic
areas were taken and labelled.*

2.13. LM histomorphometric analysis

The H&E-stained sections were analyzed morphometrically to
determine the percentage of new bone development across the
four groups.*® The newly formed bone was identified based on
standard morphological criteria, including the presence of
numerous prominent osteocytes within their lacunae, an
irregular collagen matrix, and evidence of mineralization.*>**
Images were evaluated using Image] software (National Insti-
tutes of Health, USA).

2.14. Scanning electron microscopy (SEM) evaluation

An SEM Model Quanta 250 FEG (Field Emission Gun) was used
to examine the bone surfaces in each group's socket area of the
right side of the jaws, after the soft tissues had been thoroughly
removed. The JFC-1100E-IEOL ion sputtering evaporator was
then used to properly dry and gold-plate the samples. An SEM
(JEOL-JSM-5200LV, Tokyo, Japan) was then used to correct
them.%”

2.15. Statistical analysis

After entering the LM histomorphometric and EDX analysis
data into the computer, the analysis was conducted using IBM

RSC Adv., 2026, 16, 7230-7251 | 7233
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Scheme 1 Schematic illustration of the main preparation steps, including the synthesis of nano-fluorapatite (Nano-FA), the formation of the
chitosan (CS) hydrogel, and the fabrication of the CS—Nano-FA-HPMC nanocomposite hydrogel scaffold.

SPSS version 20.0 (Armonk, NY: IBM Corp.). After an ANOVA,
a post hoc test (Tukey) was applied to evaluate the overall
differences between the control and the other three groups. At
the 5% level, the significance of all collected results was
assessed. The chance of the three experimental groups’ dispa-
rate outcomes will be predicted by statistical probability.*®

3. Results

3.1. Clinical observations

Throughout the experimental period, the overall behavior of
diabetic rats in all four groups was monitored. The animals
remained active, exhibited no distress, and maintained normal
feeding behaviors. Although diabetes is typically associated
with weight loss, no significant alterations in body weight were
observed among the groups during the study. Every treatment
group of animals recovered without major issues and was
euthanized on time. During the trial, no rats dropped out.

3.2. Characterization of the CS-Nano-FA-HPMC
nanocomposite hydrogel

3.2.1. FT-IR spectroscopy. The primary step in establishing
the effectiveness of the synthesis process is the FT-IR. This
technique is regarded as an excellent method for validating the
incorporation process among the components of the as-
synthesized nanocomposite hydrogel. Fig. 1 displays the FT-IR

7234 | RSC Adv, 2026, 16, 7230-725]

spectra corresponding to CS, Nano-FA, HPMC, and the CS-
Nano-FA-HPMC nanocomposite hydrogel. The FT-IR spectrum
of CS is illustrated in Fig. 1a, distinctly displaying a broad band
at 3483.14 cm ™', which indicates the stretching vibrations of -
OH and N-H groups along with their associated hydrogen
bonds* A peak located at 1412.13 cm™ " corresponds to the
symmetrical deformation mode of -CH3;.** The weak peak
identified at 1345.82 cm ™" primarily arises from the stretching
frequency of the O=C-O group. Meanwhile, the additional two
weak peaks recorded at 1222.65 and 1023.51 cm ' can be
understood as the asymmetric stretching vibration mode of the
C-0O-C etheric bridge and the deformations of the C-O group,
respectively.*® The weakly defined peaks for amide I and amide
II were detected at 1644.42 and 1559.03 cm ', respectively,
which corroborates the considerable level of deacetylation of
CS.* The observed peak at 1559.03 cm ™" can also be related to
the C=N formed Schiff base, thereby supporting the cross-
linking agent's identification and confirming the successful
cross-linking and enhancing."? Furthermore, the band located
at 923.97 cm ™' is ascribed to the synergistic effects of the C-N
stretching vibration associated with primary amines and the
C-O stretching vibration originating from the primary alcohol
in CS hydrogel.* A band at 680 cm ™', indicative of an angular
distortion about H-N-H bonds, was also identified.?®

Fig. 1b represents the synthesized Nano-FA spectrum, which
shows a variety of distinct peaks. As indicated in previous

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 FT-IR spectra of (a) CS hydrogel, (b) Nano-FA, (c) HPMC, and (d) the CS—Nano-FA-HPMC nanocomposite hydrogel.

investigations, the weak band located at 3649.15 cm ™" is asso-
ciated with the OH-F band.** Accordingly, the detection of this
peak suggests the formation of fluoride-substituted hydroxy-
apatite (HA). The vibrations within the 1400-900 cm™* range,
related to the stretching modes of PO,, were characterized as
the unique peaks of pure apatite, confirming the complete
formation of apatite*® A significant band of PO, was detected at
1031.06 cm™". Additionally, the prominent bands observed at
1124.37 and 964.46 cm ™ * correspond to the »; and », vibrational
modes of the phosphate (PO,) group, respectively.**

The FT-IR spectrum of HPMC (Fig. 1c) exhibits several
notable absorption bands, indicating the functional groups and
structural attributes of this material. The significant broad
band observed at 3468.79 cm™" indicates the stretching vibra-
tions of the -OH groups in the HPMC molecule.** On the other
hand, the weak band corresponding to the bending vibrations
of the C-O-H bonds in hydroxyl groups is observable at
1319.98 cm ™. The additional significant peak, typically at about
1053.41 em™', indicates the glucose ring found in HPMC,
whereas the absorption band at 1578.24 cm ™ results from C=C
stretching vibrations.*” For the C-O and C-H stretching vibra-
tions, respectively, absorption bands at 1060.74 and
2907.32 ecm~ ' were noted.*® The peaks identified at 2312.80,

© 2026 The Author(s). Published by the Royal Society of Chemistry

2166.85, 2031.39, and 1978.42 cm™ ' designate the C=0
stretching vibration of the six-membered ring within the
molecular structure of HPMC.* Additionally, the distinctive
peaks related to the methoxy (-OCHj3) group, the vibration of
the C-O-C pyranose ring, and the band linked to the B-glyco-

sidic bond were observed at 1410.24, 1264.16, and 777.58 cm ™ *,

respectively.**

The FT-IR spectrum of CS-Nano-FA-HPMC is depicted in
Fig. 1d, clearly showing several significant peaks associated
with the functional groups of the nanocomposite components,
along with a slight shift in wavenumber and variations in peak
intensity. In comparison to the CS hydrogel spectrum (Fig. 1a),
it is evident that the spectrum of CS-Nano-FA-HPMC displays
new peaks that correspond to Nano-FA (Fig. 1b), along with the
distinctive peaks of HPMC (Fig. 1c). The absorption bands
found at 1057.61 and 2029.86 cm™ ' are linked to C-O and C-H
groups. In contrast, the peaks at 2326.85, 2133.79, 2029.86, and
1946.45 cm ™" are assigned to the C=0 stretching vibration of
the six-membered ring of HPMC.* Furthermore, the peaks
observed at 3483.14, 1644.42, and 1559.03 cm ™" displayed the
distinctive overlapping peak between the components of HPMC
and CS. These peaks are shifted towards lower wave numbers,
suggesting a reduction in free O-H/N-H stretching, ascribed to
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the formation of stronger intermolecular hydrogen bonds
among the CS, Nano-FA, and HPMC molecules. Shahzad et al.
also reported the infrared-shifted peak corresponding to O-H
stretching in their study on synthesizing carboxymethyl/CS/
gelatin/PEG-GO nanocomposite hydrogel.*® Identifying the
vibrational modes of CS, Nano-FA, and HPMC in the spectra of
CS-Nano-FA-HPMC signifies the successful synthesis of this
nanocomposite hydrogel.

3.2.2. X-ray diffraction (XRD). Using X-ray diffraction
techniques, the structural properties of CS hydrogel, Nano-FA,
and the as-synthesized CS-Nano-FA-HPMC nanocomposite
hydrogel were investigated, with the results depicted in Fig. 2.
The X-ray diffraction (XRD) pattern of the freeze-dried CS
hydrogel powder (Fig. 2a) reveals the coexistence of amorphous
and crystalline phases, indicated by a prominent peak at 26 =
22.31°, a less intense peak at 26 = 10.86°, and an additional
diffraction peak observed near 26 = 26.45°.*” These diffraction
peaks align with the semi-crystalline characteristics of CS and
are corroborated by the JCPDS file no. 039-1894.*® The first two
peaks are associated with hydrated and anhydrous crystalline
structures, whereas a broadened, distinctive peak signifies the
presence of the amorphous region.”® Fig. 2b displays the XRD
pattern of the prepared Nano-FA. The peak lines that represent
the FA phase are distinctly observable in the figure. The X-ray
diffractogram of the tested sample validated that the nano-
crystalline fluorapatite Ca;(PO,4);F is present in a pure crystal
phase. All diffraction peaks obtained for FA are consistent with
the standard pattern of fluorapatite (JCPDS file no. 15-0876),
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characterized by a hexagonal structure.*® Additionally, Fig. 2b
clearly shows that the XRD patterns of Nano-FA exhibit no
detectable impurity peaks or secondary crystalline phases.

The pristine CS and Nano-FA diffractograms were used as
reference standards to interpret the X-ray patterns observed for
the CS-Nano-FA-HPMC nanocomposite hydrogel (Fig. 2c).
Notably, the X-ray diffractogram of the nanocomposite exhibi-
ted peak broadening, indicating a significant rise in the amor-
phous phase at the expense of the crystalline phase compared to
that of pure CS (Fig. 2a). The absence of the CS-specific peak at
26 = 10.86° along with a significant decrease in the intensities
of the peaks at 22.31° and 26.45° further validated this obser-
vation. The observed reduction in crystallinity of the CS-Nano-
FA-HPMC nanocomposite hydrogel was attributed to the
intermolecular interactions between HPMC and CS, as well as
the excellent miscibility of the two polymers in the blended
hydrogel, which limited the rearrangement of HPMC's molec-
ular chains.” A similar finding was noted regarding the HPMC-
CMC film, with a decrease in the HPMC crystalline plane.*>
Furthermore, Fig. 2c clearly illustrates a slight shift in the peak
associated with CS, suggesting a potential cross-linking
between HPMC and CS.' The patterns further revealed new
distinctive peaks of Nano-FA, which appeared at their expected
positions and were consistent with the corresponding quanti-
ties in the nanocomposite hydrogel. Nonetheless, Nano-FA
content did not influence the crystallinity level of the CS-
Nano-FA-HPMC nanocomposite hydrogel.”® These findings
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Fig. 2 XRD patterns of (a) CS hydrogel, (b) Nano-FA, and (c) the CS—Nano-FA-HPMC nanocomposite hydrogel.
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robustly indicate that CS-Nano-FA-HPMC synthesis was effec-
tively achieved under the specified conditions.

3.2.3. Microstructural analysis using SEM and TEM. To
fully grasp the properties of hydrogels and their porous struc-
ture, the effectiveness of the freeze-dried CS-Nano-FA-HPMC
nanocomposite hydrogel in biological applications is largely
dependent on its morphology and particle size, which are
mainly analyzed through microstructural characterization
methods, including SEM and TEM, in this work. A pristine CS
hydrogel was prepared for comparative morphological studies
without including Nano-FA or HPMC. The SEM image depicting
the synthesized Nano-FA (Fig. 3a) exhibits semi-spherical and
hexagonal structures, with a particle size measuring 25.36 nm.
The HR-TEM image (Fig. 3b) presents similar findings, vali-
dating that Nano-FA particles displayed a typical needle-like
shape with minor variations in particle size as observed in the
SEM image. Furthermore, the Nano-FA particles were noted to
be non-agglomerated and evenly distributed.

Alternatively, the SEM images of the CS hydrogel (Fig. 3c)
and the CS-Nano-FA-HPMC nanocomposite hydrogel (Fig. 3d)
display a rough, interconnected, and complex three-
dimensional network structure. This structure is characterized
by longitudinal tubes featuring microchannels that present an
irregular pattern, a typical characteristic of CS-based gels.*

' * No.4 Sab R T CNCL e N
2361 hms . Se et
“No.2
24,88 nm

¥
No.3

28.85.nm

Fig. 3
nanocomposite hydrogel.
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Incorporating HPMC increases surface roughness, decreases
pore size, enhances network density, and maintains phase
continuity within the gel matrix. Consequently, the resulting
nanocomposite hydrogel exhibits a more homogeneous and
denser microstructure, as depicted in Fig. 3d. This phenom-
enon may arise from intermolecular hydrogen bonding between
CS and HPMC.” The gel matrix consistently observed in Fig. 3d
results from the development of triple-helix cores, which
subsequently undergo growth, leading to the formation of pores
due to ice crystal sublimation during the freeze-drying
process.*** Additionally, the surface morphology of the CS-
Nano-FA-HPMC nanocomposite hydrogel (Fig. 3d) revealed that
Nano-FA is present as white particles incorporated within the
hydrogel framework, characterized by a consistent dispersion
alongside slight agglomeration. Nonetheless, the hydrogen
bonds formed at the molecular level contribute to a denser
arrangement between Nano-FA and the CS/HPMC matrix, which
consequently minimizes the occurrence of agglomerations in
the resulting nanocomposite hydrogel. Moreover, the SEM
images of the CS-Nano-FA-HPMC nanocomposite hydrogel did
not reveal any isolated or phase-separated components, sug-
gesting that Nano-FA, CS, and HPMC were entirely compatible.
The findings from SEM and TEM can be directly utilized to

(a) SEM image of Nano-FA. (b) TEM image of Nano-FA. (c) SEM image of the CS hydrogel, (d) SEM image of the CS—Nano-FA-HPMC
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explain the successful preparation and formation of the CS-
Nano-FA-HPMC nanocomposite hydrogel.

3.2.4. Energy dispersive X-rays (EDX). EDX analysis was
employed to determine the elemental composition of Nano-FA
and the newly designed CS-Nano-FA-HPMC nanocomposite
hydrogel, as illustrated in Fig. 4. In the EDX spectrum analysis
of Nano-FA (Fig. 4a), peaks are observed for O (40.67%), F
(10.69%), P (14.07%), and Ca (28.42%), in addition to slight
traces of Si and C impurities. These results confirm the practical
synthesis of FA nano-powder. The EDX spectrum and elemental
analysis of the CS-Nano-FA-HPMC nanocomposite hydrogel,
presented in Fig. 4b, indicated that the composition of the
sample consisted of 30.89% C, 46.87% O, 2.28% F, 2.68% P, and
7.17% Ca, along with various trace elements. The significant
mass percentage of oxygen and carbon elements detected in the
EDX spectra of the CS-Nano-FA-HPMC nanocomposite hydro-
gel can be attributed to the presence of CS and HPMC. The
identification of peaks corresponding to P, F, and Ca elements
in the EDX spectrum of the CS-Nano-FA-HPMC nanocomposite
hydrogel supports the dispersion and physicochemical bonding
of Nano-FA in the hydrogel's composite structure, further
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confirming the successful of the

nanocomposite.

synthesis designed

3.3. Physicochemical characterization and functional
performance of the CS-Nano-FA-HPMC hydrogel

The CS-HPMC-Nano-FA hydrogel demonstrated a viscosity of
20660 £ 35 cP, confirming an injectable yet structurally stable
profile suitable for placement inside the extraction socket. This
test was carried out using a Brookfield DV-II + Pro RV rotational
viscometer (AMETEK Brookfield, Middleboro, MA, USA) with
spindle RV-3 at a rotational speed of 20 rpm. Viscosity and flow
behavior were assessed using a Brookfield DV-II + Pro RV rota-
tional viscometer (AMETEK Brookfield, Middleboro, MA, USA)
with spindle RV-3 at a rotational speed of 20 rpm. Approxi-
mately 25 mL of the formulation was placed, ensuring correct
immersion of the spindle. The temperature was maintained at
25 + 0.5 °C, readings were taken in triplicate and reported in
centipoise (cP).

The spreadability test showed a mean spread diameter of
approximately 2 cm, indicating moderate spreading behavior
that supports positional stability and minimizes early wash-out.
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EDX spectra (a) Nano-FA, (b) The CS—Nano-FA-HPMC nanocomposite hydrogel.
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Fig. 5 Light micrographs of H and E stain for the socket area in all groups. (Al and A2) Group | (DM) at 2 and 6 weeks, show nearly no bone
formed inside the socket as it is filled with granulation tissue (star). Note the thin bone trabecula (arrow) from the socket wall (CB) with osteocytes
(curved arrow) inside. At 6 weeks, there is an increase in the bone inside the socket in the form of thin bone trabeculae with less granulation tissue
(star), more osteocytes (curved arrow), and more bone resting lines (arrowheads) than in week 2. (B1 and B2) Group Il (CSNPs) at 2 and 6 weeks,
showing bone resting lines (arrowheads) demarcating the fusion between the new (NB) and native (N) bones except at a space between them
(arrow). Also, the granulation tissue (star) is easily detected in larger amounts at week 2 than at week 6. In week 6, the mature bone fills most of
the socket area, with thin bone trabeculae (*) radiating from the socket walls. (C1 and C2) Group Il (Nano-FA) at 2 and 6 weeks, respectively,
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During this test, 0.5 g of gel was placed in a circle of 1 cm
diameter on a 20 x 20 cm glass plate, a weigh of 500 g was
placed over the second glass and allowed to rest for 5 min, the
increase in the diameter of gel due to spreading was recorded.

The extrudability assessment revealed a force requirement of
40 g cm? to initiate continuous flow from a syringe, reflecting
moderate resistance to extrusion and appropriate clinical
deliverability without excessive manual pressure (n = 3, mean +
SD). In this test, CS-HPMC-Nano-FA was filled into a 40 mL
disposable syringe without a needle, ensuring elimination of air
bubbles. The syringe was positioned vertically, and incremental
weights were applied to the plunger until steady extrusion was
initiated. The minimal mass required to sustain continuous
flow was recorded, and extrudability was calculated as (g cm ™).
The extrudability of the formulation was calculated according to
the following equation:*

Extrudability = g (1)

where W is the weight applied (g) to extrude the gel from de tube
and A is the area (cm®) of the extruded hydrogel from the tube.
The data obtained were expressed as the mean + SD of three
replicates.

The rheological, spreadability, and extrudability findings
confirmed that the developed hydrogel possessed an injectable
yet retention-stable behavior appropriate for socket application,
while histological observations demonstrated progressive in
vivo replacement of residual material by newly formed trabec-
ular bone, indicating gradual scaffold resorption and functional
integration.

Furthermore, in the prepared CS-Nano-FA-HPMC hydrogel
system, HPMC plays a dual functional role as both a thickening
and physical cross-linking agent. The hydroxyl groups of HPMC
are capable of forming hydrogen-bond interactions with the
amino and hydroxyl groups present in chitosan, which rein-
forces the polymeric network and enhances the viscosity,
cohesiveness, and mechanical stability of the hydrogel matrix.
These non-covalent interactions also contribute to improved
structural integrity and influence the swelling and viscoelastic
behavior of the hydrogel. Similar hydrogen-bond-mediated
interactions between chitosan and HPMC have been reported
in previous studies,****> where the incorporation of HPMC was
shown to strengthen the hydrogel network and modify its
physicochemical properties.

3.4. Light microscopic results

3.4.1. H&E stain results

3.4.1.1 Group I (DM). At 2 and 6 weeks, nearly no bone
formed inside the socket, and it appeared filled with granula-
tion tissue, with only the thin bone trabeculae from the socket
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wall and containing osteocytes. At 6 weeks, there is an increase
in the bone inside the socket in the form of thin bone trabeculae
with less granulation tissue, more osteocytes, and more bone
resting lines than in week 2 (Fig. 5 - A1 and A2).

3.4.1.2 Group II (CS). At 2 and 6 weeks, bone resting lines
demarcate the fusion between the new and native bones, except
at a space between them, where the granulation tissue is easily
detected in larger amounts at week 2 than at week 6. In week 6,
the mature bone fills most of the socket area, with thin bone
trabeculae radiating from the socket walls (Fig. 5 - B1 and B2).

3.4.1.3 Group III (Nano-FA). At 2 and 6 weeks, more osteo-
cytes were entrapped inside the newly formed bone trabeculae
radiating from the wall, and the number increased at week 6
than at week 2 around the granulation tissues. More bone
remodelling lines are depicted at week 6 (Fig. 5 - C1 and C2).

3.4.1.4 Group IV (CS-Nano-FA-HPMC). At 2 and 6 weeks,
there was more trabecular bone formation with less fibrous
tissue and bone remodelling lines. In week 6, there was
increased bone formation, with more prominent bone remod-
elling lines and entrapped osteocytes (Fig. 5 - D1 and D2).

3.4.2. Masson trichrome stain results

3.4.2.1 Group I (DM). At 2 and 6 weeks, less bone formed
inside the socket around a large amount of granulation tissue,
fewer osteocytes inside, and fewer bone resting lines. At 6
weeks, there was an increase in the bone inside the socket with
less granulation tissue, more osteocytes, and more bone resting
lines than in week 2 (Fig. 6 - A1 and A2).

3.4.2.2 Group II (CS). At 2 and 6 weeks, compared to Group I,
more osteocytes were entrapped within the newly formed bone,
with a greater number of bone resting lines. Also, the osteons
were formed inside the new bone. The granulation tissues were
more easily detected in large amounts at week 2 than at week 6
(Fig. 6 — B1 and B2).

3.4.2.3 Group III (Nano-FA). At 2 and 6 weeks, compared to
groups I and II, more osteocytes were captured inside the newly
formed bone, and more bone remodelling lines and osteon
formation were depicted inside the new bone. Additionally,
mixed fibrous and granulation areas were more easily detected
in large quantities at week 2; however, by week 6, only fibrous
tissue could be depicted (Fig. 6 - C1 and C2).

3.4.2.4 Group IV (CS-Nano-FA-HPMC). At 2 and 6 weeks
showed more bone formation with less fibrous tissue, more
bone remodelling lines, osteon formation, and entrapped
osteocytes compared to group III. In week 6, compared to week
2, there was increased bone formation, characterized by more
bone remodeling lines, osteon formation, and entrapped oste-
ocytes (Fig. 6 - D1 and D2).

3.4.3. SEM results

3.4.3.1 GroupI(DM). At 2 and 6 weeks, a well-defined socket
area was surrounded by the socket wall, with a few thin, short

showing more osteocytes (curved arrow) entrapped inside the newly formed bone trabeculae (*) that are radiated from the wall and increased at
week 6 than at week 2 around the granulation tissues (star). More bone remodelling lines (arrow) are depicted at week 6. (D1 and D2) Group IV
(CSNPs + Nano-FA) at 2 and 6 weeks, respectively, showing more trabecular bone formation (*) with less fibrous tissue (star), bone remodelling
lines (arrow). In week 6, there is more bone formation, with increased bone remodelling lines (arrow) and entrapped osteocytes (curved arrow)

(H&E stain X 400).
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Trichrome stain
2 Weeks 6 Weeks

Group 111

Fig. 6 Light micrographs of Gomori trichrome stain for the socket area in all groups. (Al and A2) Group | (DM) at 2 and 6 weeks, respectively,
showing less bone formed inside the socket with a large amount of granulation tissue (star), fewer osteocytes (curved arrow), and fewer bone
resting lines (arrow). At 6 weeks, there is an increase in the bone inside the socket with less granulation tissue (star), more osteocytes (curved
arrow), and more bone resting lines (arrow) than in week 2. (B1 and B2) Group Il (CSNPs) at 2 and 6 weeks, showing more osteocytes (curved
arrow) entrapped inside the newly formed bone, and more bone resting lines (arrow). Note the osteon formation inside the new bone (circled
area). Also, the granulation tissue (star) is more easily detected in large amounts at week 2 than at week 6. (C1 and C2) Group Il (Nano-FA) at 2 and
6 weeks, respectively, showing more osteocytes (curved arrow) captured inside the newly formed bone, and more bone remodelling lines
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bone trabeculae arising from the wall. At 6 weeks, the thin,
irregular bone trabeculae were increased in number around
wide bone marrow spaces (Fig. 7 - A1 and A2).

3.4.3.2 Group II (CS). At 2 and 6 weeks, compared to group I,
it revealed a narrow socket area surrounded by the socket wall
with thin, short bone trabeculae arising from the wall. At 6
weeks, the thin bone trabeculae were increased in number
around the narrow bone marrow spaces (Fig. 7 - B1 and B2).

3.4.3.3 Group III (Nano-FA). At 2 and 6 weeks, compared to
groups I and II, it presented a socket area filled with thick bone
trabeculae arising from the wall, except for a small part at week
2 and the bone marrow spaces at 6 weeks (Fig. 7 - C1 and C2).

3.4.3.4 Group 1V (CS-Nano-FA-HPMC). At 2 and 6 weeKks,
compared to group III, nearly all the socket area was filled with
thick bone trabeculae from the wall, which appeared at week 6
as compact bone formed from mixed smooth and rough surface
areas with some depressions in between (Fig. 7 - D1 and D2).

3.5. Result biochemical analysis

3.5.1. Inflammatory cytokines (TNF-o and IL-1B)
(Fig. 8 and Table 1)

3.5.1.1 TNF-« levels. Two weeks after tooth extraction, the
—ve control group possessed the highest levels of TNF-a at 369.4
+ 22.73 pg mL ™, while the CS-Nano-FA-HPMC group showed
the lowest levels at 266.8 + 20.36 pg mL™'. This difference
among groups was statistically significant (F = 16.698, p <
0.001). A deeper analysis confirmed that the combination
treatment significantly lowered TNF-a. levels when compared
with both the —ve control group (p < 0.001) and the groups
receiving either CS (p = 0.039) or Nano-FA (p = 0.002) alone. By
six weeks, TNF-a. levels had dropped significantly across all
groups (p < 0.001). The CS + Nano-FA group continued to
maintain the lowest levels (51.8 + 11.80 pg mL '), exhibiting
a statistically significant variation compared to the other groups
(F = 41.835, p < 0.001).

3.5.1.2 IL-18 levels. A similar pattern was seen with IL-1p. At
the two-week mark, the —ve control group had the highest IL-1
levels (213.6 + 14.99 pg mL '), while the combination group
(CS-Nano-FA-HPMC) showed the lowest (74.8 + 10.28 pg
mL '), with a substantial statistical difference (F = 99.075, p <
0.001). Pairwise comparisons confirmed that the combination
group had significantly lower IL-1B than all other groups (p <
0.001). By six weeks, IL-1B levels had dropped further in all
groups except the CS-only group, where the reduction wasn't
statistically meaningful (p = 0.966). Still, the combination
group had the lowest IL-1B at 49.2 + 12.85 pg mL ™", again with
a significant difference across groups (F = 21.607, p < 0.001).

3.5.2. Bone remodeling markers (TGF-B1, osteocalcin, and
ALP) (Fig. 8 and Table 2)
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3.5.2.1 TGF-B1 levels. At two weeks, the highest TGF-B1
levels were recorded in the —ve control group (2.07 £+ 0.20 ng
mL "), while the combination group (CS-Nano-FA-HPMC) had
the lowest (1.39 + 0.12 ng mL ') with significant group differ-
ences (F = 15.323, p < 0.001). By six weeks, levels had decreased
in all groups. Still, the combination group showed the lowest
values (1.30 + 0.13 ng mL™ "), remaining significantly different
from the rest (F = 14.945, p < 0.001; p = 0.002 vs. other groups).

3.5.2.2 Osteocalcin levels. Osteocalcin, a key indicator of
bone formation, was notably higher in all treatment groups
than in the —ve control at both time points. At two weeks, it
ranged from 23.8 + 3.56 ng mL ™" in the —ve control group to
70.6 + 7.33 ng mL " in the CS-Nano-FA-HPMC group (F =
74.830, p < 0.001). This upward trend continued at six weeks,
with the combination group peaking at 80.6 + 6.54 ng mL ™" (F
= 106.186, p < 0.001).

3.5.2.3 Alkaline phosphatase (ALP) activity. The pattern was
consistent for ALP activity. After two weeks, the CS-Nano-FA-
HPMC group recorded much higher ALP levels (198.6 + 5.13 U
L") compared to the control (101.4 + 5.59 U L") with a highly
significant difference (F = 151.688, p < 0.001). At six weeks, ALP
levels increased across all groups, and the CS-Nano-FA-HPMC
group reached the highest value at 315.4 + 11.87 U L%,
significantly outperforming the others (F = 47.688, p < 0.001).

3.6. Statistical results

3.6.1. Histomorphometric results of bone surface area
(Fig. 9). Table 3 and Fig. 9 display the new bone surface area
percentages for all groups over the two study intervals (2 and 6
weeks). The results are summarized as the means and standard
deviations. Group IV (CS-Nano-FA-HPMC) showed the highest
rate of new bone formation (39.73 + 1.07), (88.33 £ 2.78) after 2
and 6 weeks respectively, followed by group III (Nano-FA) (24.50
+1.10), (75.53 & 4.72) then group II (CS) (18.77 + 0.45), (66.07 &
3.09) while group I (—ve control) exhibited the lowest
percentage (11.30 + 0.85), (31.83 £ 3.50) after 2 and 6 weeks,
respectively. After weeks 2 and 6, there was a statistically
significant difference in the percentage of newly formed bone
between group I and the treatment groups (II, III, and IV) (p <
0.001). Moreover, at the two intervals, there was a statistically
significant difference regarding the percentage of new bone
among the treatment groups (II, III, and IV) (p; < 0.001), (p, <
0.001), and (p3 < 0.001), respectively.

4. Discussion

The quality assessment and histological evaluation of the CS as
an inorganic composite in alveolar socket repair are poorly
understood, despite numerous biomaterials-related studies
having been conducted.**** Considering this, the current work

(arrow) and osteon formation inside the new bone (circled area). Also, mixed fibrous and granulation areas (star) are more easily detected in large
amounts at week 2, but by week 6, only fibrous tissue (star) can be depicted. (D1 and D2) Group IV (CSNPs + Nano-FA) at 2 and 6 weeks,
respectively, showing more bone formation with less fibrous tissue (star), bone remodelling lines (arrow), osteon formation (circled area), and
entrapped osteocytes (curved arrow). In week 6, there is more bone formation, with an increased number of bone remodelling lines (arrow),
osteon formation (circled area), and entrapped osteocytes (curved arrow) (Gomori trichrome stain X 400).
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Fig. 7 Scanning electron micrographs of the socket for all groups. (A1 and A2) Group | (DM) at 2 and 6 weeks, respectively, showing a well-
defined socket area (star) surrounded by the socket wall (W) with few thin short bone trabeculae (arrow) arising from the wall. At 6 weeks (A2), the
thin, irregular bone trabeculae are increased in number around the wide bone marrow spaces (star). (B1 and B2) Group Il (CS) at 2 and 6 weeks,
respectively, showing a small socket area (star) surrounded by the socket wall (W) with thin short bone trabeculae (arrow) arising from the wall. At
6 weeks (B2), the thin bone trabeculae are increased in number around the narrow bone marrow spaces (star). (C1 and C2) Group Il (Nano-FA) at
2 and 6 weeks, respectively, showing socket area filled with bone except for a small part (star), note that the socket contains thick bone
trabeculae (arrow) arising from the wall (W). At 6 weeks (C2), the bone trabeculae filled the socket area except at the bone marrow spaces (star).
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aims to determine the osteogenic properties of CS, Nano-FA,
and their combinations in CS-Nano-FA-HPMC paste on bone
regeneration and healing following tooth extraction in diabetic
rat models.

Notably, we selected the mandibular first molars because
they are the most prominent teeth in the rodent dentition and
provide well-defined sockets that allow consistent surgical
procedures and reliable post-extraction assessment.> Bilateral
extraction was performed as no previous studies have shown
anatomical or biological distinctions in healing patterns
between the left and right mandibular molar sockets in rats.
Also, we examined the right-side sockets by SEM to maintain
methodological consistency across samples and reduce pro-
cessing variability. The left-side sockets were prepared for LM
evaluations. Healing sequelae are affected by DM, which
impairs blood circulation, lowers the immunological response,
and delays tissue regeneration, as in tooth socket recovery after
extraction.®® The most crucial point is that uncontrolled DM
compromises the immune system, decreasing the efficiency of
immune cells, and may increase the risk of dry socket after
extraction.’® In addition, hyperglycemia developed from DM
hampered angiogenesis and collagen-scaffolded formation
during tissue regeneration.®” Thus, dentists should confirm the
blood glucose level and prove that DM is controlled before
extraction.”® In some cases, DM is difficult to control, as in the
case of obese patients consuming poor diets, a lack of physical
activity, and patients under stress.>»*

To assess the long-term effects of DM on the regeneration of
bone in extraction sockets, diabetic rats were selected to
undergo tooth extraction at intervals of 2 and 6 weeks. In
comparison, 2 weeks were needed to evaluate the initial healing
and inflammation, and 6 weeks were required to assess the
formation and development of the bone tissue in the socket.**
Histological assessment included staining with H&E to analyze
bone regeneration and with Masson trichrome to evaluate
collagen formation.** Similarly, rat sockets were assessed using
SEM to investigate the superficial morphology of the bone
following the application of the materials.*

CS-Nano-FA may provide distinct benefits compared to CS-
Nano-HA in healing extraction sockets in diabetic rat models.
The rationale is that incorporating fluoride into the apatite
lattice results in lower solubility in acidic environments, leading
to prolonged structural stability in inflamed or diabetic tissues,
where the local pH may be compromised. This could potentially
offer prolonged structural support during bone regeneration.*
Moreover, FA has been shown to suppress osteoclastic bone
resorption, a feature of relevance in diabetic conditions, where
bone turnover is often impaired.® Also, hydroxypropyl methyl-
cellulose (HPMC) was used as the paste-making agent in the
formulation due to its favorable physicochemical and rheolog-
ical properties. Its compatibility with polysaccharide-based

View Article Online
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systems allows for the formation of a stable, cohesive gel with
CS, as reported by Yu et al.*®* Blending HPMC with hydrox-
ypropyl starch (HPS) has enhanced mechanical strength and
barrier function while minimizing moisture diffusion from the
surrounding area.

Histologically, as depicted in H&E, Masson trichrome, and
SEM results, the granulation tissue, comprising collagen, tiny
blood vessels, and fibroblasts, developed in all groups with
varying amounts between weeks 2 and 6. It is an essential
component of the initial healing response, as a foundation for
later bone repair.®* In group I (DM), bone development has
significantly increased at 6 weeks. Thinner bone trabeculae
were formed, and the granulation tissue became less notice-
able. Furthermore, bone resting lines, which indicate the
development of new bone layers and the advancement of bone
remodeling, become more evident. This transition is apparent
from the granulation tissue, which represents the initial phase
of inflammation, to a more regenerative phase characterized by
increased bone production.®**® Additionally, within group II
(CS), CS appeared to promote effective bone regeneration.
Granulation tissue and the development of bones were signs of
early healing observed at week 2. In contrast, by week 6,
a notable presence of mature bone was observed, accompanied
by a decrease in granulation tissue and evidence of active
remodeling. CS contributes to bone repair by encouraging the
proper transition of tissue from inflammation to maturation.®
Nevertheless, in the present investigation, the application of CS
hydrogel in the extraction socket failed to achieve adequate
bone regeneration after a 6 week healing interval. These
observations align with earlier studies demonstrating limited
osteogenic outcomes when chitosan (CS) is used solely as
a scaffold material.” Notably, the degree of deacetylation and
the molecular weight are significant parameters of CS. As
aresult, the chitosan used in this study exhibited a considerable
degree of deacetylation, which facilitated its degradation rate.
Still, it failed to adequately sustain the whole regenerative
process over the full period of bone remodeling. Li et al.”
concluded that CS created a cell-friendly environment that
facilitated the rapid infiltration and healing of the extraction
wound. Still, it did not provide sufficient structural integrity to
support robust bone formation in critical-sized defects, such as
extraction sockets. In group III (Nano-FA), more osteocytes were
incorporated into the new bone structure over 2 to 6 weeks, and
increased activity indicates bone remodeling and healing.
However, it did not result in appropriate bone regeneration
after a 6 week healing interval. This finding is consistent with
earlier research by Zeng et al,*” which found that although
Nano-FA has good bioactivity in vitro, its in vivo osteogenic
potential is frequently limited. It lacks the biological climate
required for osteoblast adhesion and migration. Nonetheless, in
group IV (CS-Nano-FA-HPMC), at 2 and 6 weeks, compared to

(D1and D2) Group IV (CS + Nano-FA) at 2 and 6 weeks, respectively, showing nearly all the socket area filled with bone (star), note that the socket
contains thick bone trabeculae (arrow) arising from the wall (W). At 6 weeks (D2), the bone trabeculae filled the socket area, and mixed smooth (S)
and rough (R) surface areas appeared with some depressions (star) in between (SEM, original magnification; (A1 and D1) x200; (B1 and C1) x150;

(A2) x500; (B2) x430; (C2 and D2) x250).
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Fig. 8 Comparison between the different studied groups according to TNF-alpha, IL-1B, TGF-B1, osteocalcin, and ALP over the two intervals, 2
and 6 weeks, respectively, Group | (DM, Group Il (CS)), Group Il (Nano-FA), and Group IV (CS + Nano-FA).

group III, there was an increase in trabecular bone formation,
accompanied by a reduction in fibrous tissue and fewer bone
remodeling lines. By week 6, bone formation was more
pronounced, with more bone remodeling lines and entrapped
osteocytes. The entire socket area was filled with thick bone
trabeculae extending from the wall.

© 2026 The Author(s). Published by the Royal Society of Chemistry

The statistical evaluation of the histomorphometric results
for bone surface area was consistent with the histological
findings. As group IV (CS-Nano-FA-HPMC) showed the highest
rate of new bone formation after both 2 and 6 weeks, followed
by group III (Nano-FA), then group II (CS), group I (—ve control)
showed the lowest new bone area percentage after 2 and 6
weeks, respectively. After weeks 2 and 6, there was a statistically
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Table 1 Comparison between the different studied groups according to TNF-alpha and IL-1B B*
D + Ext. teeth CS Nano-FA CS-Nano-FA-HPMC F 4
TNF-alpha After two weeks
(pg ml’l) Min.-Max. 340-390 285-350 290-350 240-288 16.698 <0.001*
Mean + SD. 369.4 £+ 22.73 311% 4 26.08 331.4 + 24.02 266.8%°° + 20.36
Do 0.006* 0.087 <0.001*
Sig. bet. Grps. P1 = 0.529, p, = 0.039%, p3 = 0.002*
After 6 weeks
Min.-Max. 115-156 65-90 84-110 42-72 41.835% <0.001*
Mean + SD. 138.6 + 16.40 78.80% & 10.13 95.60" & 11.06 51.80°"° + 11.80
Do <0.001* <0.001* <0.001*
Sig. bet. Grps. p1=0.191, p, = 0.018%, p; < 0.001*
Pa <0.001* <0.001* <0.001* <0.001*
1L-1B After two weeks
(pg ml™?) Min.-Max. 190-230 73-100 100-145 61-86 99.075* <0.001*
Mean + SD. 213.6 £+ 14.99 88" £ 10.70 128.4 % + 18.58 74.80% + 10.28
Po <0.001* <0.001* <0.001*
Sig. bet. Grps. p1 = 0.002% p, = 0.469, p3 < 0.001*
After 6 weeks
Min.-Max. 90-147 73-100 82-100 31-65 21.607%* <0.001*
Mean =+ SD. 120.4 + 21.52 88.40% + 10.83 93.60% + 7.23 49.20°"° + 12.85
Do 0.012* 0.038* <0.001*
Sig. bet. Grps. P1 = 0.936, p, = 0.002%, p; = 0.001*
Da 0.001%* 0.966 0.028* 0.009*

“ SD: standard deviation, a: significant with group 1, b: significant with CS, c: significant with Nano-FA. F: F for one-way ANOVA test, pairwise
comparison between. Each of the 2 groups was done using the post hoc test (Tukey). p: p-value for comparing between the studied groups. po: p
value for comparing between D + Ext. teeth and each other group. p;: p-value for comparing between Chit and Nano-FA. p,: p-value for
comparing between CS and CS-Nano-FA-HPMC. p;: p-value for comparing between Nano-FA and CS-Nano-FA-HPMC. p,: p-value for Paired ¢-
test for comparing between after two weeks and after 6 weeks in each group. *Statistically significant at p = 0.05.

significant difference in the rate of newly formed bone between
group I and the treatment groups (II, III, and IV). Moreover, at
both intervals, there was a statistically significant difference in
the percentage of new bone among the treatment groups (11, III,
and IV). When Nano-FA was used alone as a graft biomaterial
inside the alveolar socket of diabetic rats, it didn't produce
sufficient bone regeneration. This is despite Nano-FA being
known for having better mechanical strength and a slower rate
of degradation than HA, which can promote osteoblast prolif-
eration and mineral deposition.”” On the other hand, the
combination of Nano-FA with CS produced better histological
results. The probable reason for this was the synergistic effect of
the two substances: Nano-FA contributed to mineralization and
osteoconductivity, whereas CS supplies a biocompatible and
biodegradable matrix that enhances cell migration, adhesion,
proliferation, and differentiation.”” The CS matrix could also
facilitate a more even dispersion of the Nano-FA and prevent
their aggregation, which ensures sustained ionic release and
improved functionality of the extraction socket.®® A study that
implemented a CS-HA scaffold for periodontal regeneration
reported an increase in new bone production.® Their outcomes
highlighted the significance of CS in regulating the degradation
profile and bio-distribution of Nano-HA to remedy bone defi-
ciencies in low-load-bearing areas, which encompass peri-
implant and periodontal regenerative procedures.
Inflammatory markers in groups treated with CS (Group II),
Nano-FA (Group III), and particularly CS-Nano-FA-HPMC
(Group 1V) revealed a substantial decline in TNF-o. and IL-18

7246 | RSC Adv, 2026, 16, 7230-7251

levels compared to the untreated diabetic group (Group I). This
aligns with previous studies, which have shown that CS exhibits
potent anti-inflammatory properties by inhibiting pro-
inflammatory cytokines. For example, some studies reported
reduced TNF-o and IL-1f expression in inflamed tissues treated
with CS scaffolds.®® Likewise, Li et al.”* found that CS reduced
inflammatory cytokine production in diabetic wound healing
models. Nano-FA also played a role in the anti-inflammatory
response, probably by creating a conducive microenvironment
for tissue regeneration. TGF-31 modulation: In all groups, TGF-
B1 levels decreased from week 2 to week 6, which aligns with the
expected biological progression from the proliferative phase to
the remodeling phase of wound healing. The most substantial
decline was observed in group 1V, suggesting accelerated tissue
maturation. These results are supported by research from Eli-
melech et al.,”> who found that TGF-B1 expression was modu-
lated more effectively with the application of a bioactive scaffold
in bone regeneration.

Bone regeneration markers: Osteocalcin and ALP levels
elevated over time in all groups, with the highest values
consistently detected in group IV. This suggests that combining
CS and Nano-FA improves osteoblastic activity and matrix
mineralization. These results agree with earlier reports high-
lighting the osteoinductive potential of CS and nano-
hydroxyapatite combinations. According to Chesnutt et al.,”
CS-Nano-HA composites considerably upregulated ALP activity
and osteocalcin expression in vitro and in vivo. Another study

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Comparison between the different studied groups according to TGF-B1, osteocalcin, and ALP*
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D + Ext. teeth CS Nano-FA CS-Nano-FA-HPMC F P
TGF-b1 (ng ml™") After two weeks
Min.-Max. 1.84-2.34 1.32-1.77 1.52-1.83 1.22-1.55 15.323* <0.001*
Mean =+ SD. 2.07 = 0.20 1.61% £ 0.18 1.71% £ 0.13 1.39%¢ 4+ 0.12
Po 0.002* 0.014* <0.001*
Sig. bet. Grps. p1=0.757, p, = 0.178, p3 = 0.029*
After 6 weeks
Min.-Max. 1.64-1.85 1.42-1.61 1.43-1.72 1.11-1.46 14.945%* <0.001*
Mean =+ SD. 1.72 £ 0.08 1.51 £ 0.08 1.59 £ 0.11 1.30°"¢ + 0.13
Po 0.024%* 0.188 <0.001*
Sig. bet. Grps. p1=0.691, p, = 0.020%, p3 = 0.002*
Pa 0.029%* 0.306 0.047%* 0.151
Osteocalcin After two weeks
Min.-Max. 20-28 31-40 45-61 62-78 74.830%* <0.001*
Mean + SD. 23.80 £ 3.56 35.60% + 3.51 53.60 *° + 5.81 70.60%%° + 7.33
Po 0.014* <0.001* <0.001*
Sig. bet. Grps. P1 < 0.001%, p, < 0.001% p3 = 0.001*
After 6 weeks
Min.-Max. 28-35 45-51 58-71 72-88 106.186* <0.001*
Mean =+ SD. 31.20 £+ 2.86 48.40" + 2.41 63 +£5.15 80.60%"° + 6.54
Po <0.001* <0.001* <0.001*
Sig. bet. Grps. p1 = 0.001%, p, < 0.001% p; < 0.001*
Pa 0.013* 0.005* 0.095 0.081
ALP After two weeks
Min.-Max. 95-109 149-173 174-197 192-205 151.688* <0.001*
Mean =+ SD. 101.4 £ 5.59 160* + 9.87 185 P £ 9.41 198.6%"° + 5.13
Po <0.001* <0.001* <0.001*
Sig. bet. Grps. p1 = 0.001%, p, < 0.001%, p; = 0.061
After 6 weeks
Min.-Max. 202-231 210-260 236-255 300-332 47.688* <0.001*
Mean =+ SD. 219 + 12.69 235 + 20 245.2% 4 7.60 315.4%%° 4 11.87
Po 0.293 0.038* <0.001*
Sig. bet. Grps. p1=0.653, p, < 0.001% p; < 0.001*
Pa <0.001* 0.001* <0.001* <0.001*

% SD: standard deviation, a: significant with group 1, b: significant with CS, c: significant with Nano-FA. F: F for One-way ANOVA test, pairwise
comparison between. Each of the 2 groups was done using the post hoc test (Tukey). p: p-value for comparing between the studied groups. po: p
value for comparing between D + Ext. teeth and each other group. p;: p-value for comparing between Chit and Nano-FA. p,: p-value for
comparing between CS and CS-Nano-FA-HPMC. p;: p-value for comparing between Nano-FA and CS-Nano-FA-HPMC. p,: p-value for paired ¢-
test for comparing between after two weeks and after 6 weeks in each group. *Statistically significant at p < 0.05.

Table 3 Comparison between all groups regarding the percentage of surface area of the newly formed bone over the two intervals, 2 and 6

weeks

Group I Group II Group III Group IV
Percentage of new bone (DM) (n = 10) (CSNPs) (n = 10) (nano-FA) (n = 10) (CSNPs + nano-FA) (n = 10) F P
Week 2 (n = 5)
Min.-Max. 10.50-12.20 18.30-19.20 23.40-25.60 38.80-40.90 530.316* <0.001*
Mean + SD. 11.30 £ 0.85 18.77 £ 0.45 24.50 £ 1.10 39.73 £1.07
Median 11.20 18.80 24.50 39.50
Peontrol <0.001* <0.001* <0.001*
Sig. bet. grps P1 <0.001%,

P2 < 0.001%, p; < 0.001*

Week 6 (n = 5)
Min.-Max. 29.20-35.80 63.30-69.40 70.10-78.60 85.20-90.50 135.704* <0.001*
Mean + SD. 31.83 £+ 3.50 66.07 £ 3.09 75.53 £ 4.72 88.33 £2.78
Median 30.50 65.50 77.90 89.30
Peontrol <0.001* <0.001* <0.001*
Sig. bet. grps p1=0.001%,

P> < 0.001%, p; = 0.001*

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Bar chart comparing all groups regarding the percentage of newly formed bone surface area over the two intervals, 2 and 6 weeks,

respectively.

reported improved bone formation in diabetic rat models
treated with CS and HA blends.™

Thus, the synergistic effect observed in group IV likely stems
from the complementary actions of CS and Nano-FA. CS
provides antibacterial, anti-inflammatory, and matrix-
stabilizing functions, while Nano-FA contributes to osteo-
conduction and mineralization. Together, they create a bioac-
tive scaffold that reduces inflammation and supports robust
bone regeneration.”

5. Conclusion

According to the histological and biochemical exploration, the
current study's findings showed that although CS and Nano-FA
had beneficial osteoconductive qualities, they did not promote
bone formation as much as the novel CS-Nano-FA-HPMC
paste. CS supports anti-inflammatory responses and regenera-
tive processes, promoting angiogenesis and tissue repair, which
are often impaired in diabetic conditions. The regeneration
pattern shown in the histomorphometric results further
supports this.

6. Recommendation

Although the benefits of the suggested hydrogel in this work are
promising, assessing its effectiveness in larger animal models is
still necessary to more accurately research the clinical use of
CS-Nano-FA-HPMC scaffolds in bone regeneration.

7. Study limitations

While this study focused on histological and ultrastructural
analysis of bone socket healing in diabetic rats, future research
should consider analyzing additional markers to provide
a molecular overview of this process and further exploring any
systemic effects of the Nano-FA and CS-Nano-FA-HPMC

7248 | RSC Adv, 2026, 16, 7230-7251

nanocomposite. The SEM-based microstructural evaluation in
this work was performed as a qualitative confirmatory tool to
support the physicochemical analyses rather than as a quanti-
tative porosity evaluation approach. Although quantitative pore-
network measurements (e.g., n-CT stereology) were beyond the
scope of the present biologically-focused investigation, future
work will incorporate these analyses to further correlate scaffold
architecture with tissue-level regenerative outcomes. In addi-
tion, while histological and SEM analysis provide correspond-
ing data at the cellular and surface levels, they are limited to
two-dimensional sections. Micro-CT minimizes these limita-
tions, providing a more objective assessment of overall bone
healing. Incorporating immunohistochemistry (IHC) or immu-
nofluorescence (IF) to visualize key osteogenic markers (e.g.,
Runx2, OCN, ALP) would indeed provide more direct evidence
of protein-level changes in bone healing.
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