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ABSTRACT

Background: Bone loss due to periodontal disease, trauma, or anatomical factors is a significant
challenge in periodontology. Guided Bone Regeneration (GBR) scaffolds, which provide a 3D
structure for cell attachment and tissue regeneration, have shown promise in treating bone defects.
However, non-biodegradable scaffolds require secondary surgery for removal, which can increase
the risk of infection and hinder bone regeneration. Biodegradable scaffolds with antibacterial
properties offer a solution to reduce infection risk and promote healing.The use of antibiotic-loaded
scaffolds, such as metronidazole nanoparticle-loaded (MNP) scaffolds, can address the issue of
prolonged antibiotic use and associated risks like resistance and side effects. Previous studies have
demonstrated the potential of MNP-loaded scaffolds in periodontal regeneration. This study aims to
evaluate the effectiveness of a collagen-chitosan scaffold loaded with metronidazole nanoparticles,
focusing on its in vivo biocompatibility and potential toxicity. Materials and Methods: A sample of
18 rats was chosen based on the Resource Equation Method, ensuring an adequate sample with a
20% attrition rate, in line with animal testing ethics (3Rs: replacement, reduction, refinement). Male
Sprague-Dawley rats (8 weeks, 250-300g) were divided into three groups: CC-MNP scaffold, CC
scaffold, and no scaffold (control). Anaesthesia was given intraperitoneally using ketamine (80 mg/kg)
and xylazine (10 mg/kg). A 5 mm skull defect was created surgically, and the respective scaffold
treatment was placed. The surgical site was closed, and post-operative monitoring focused on pain
and healing for four weeks, after which X-ray imaging assessed bone healing at the defect site.
Radiographic images were analyzed using Image J, measuring new bone formation percentage as a
function of the original defect size. Bone regeneration was quantified by defect closure area based
on ROl measurements. Histological analysis on decalcified tissue sections stained with hematoxylin
and eosin (H&E) was conducted to evaluate new bone morphology. Results: The CC-MNP scaffold
group demonstrated significantly higher rates of bone organisation compared to the CC scaffold and
control groups. Histological analysis showed denser and more compact bone regeneration within the
defect area, suggesting that the MNP-infused scaffold promotes cellular activity and tissue
integration. This study underscores the potential of a biodegradable, antibiotic-loaded scaffold to
support bone regeneration in critical defects, reducing the need for secondary surgeries and offering
a sustainable solution potentially suitable for clinical use in periodontal applications.
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INTRODUCTION
One of the common challenges with GBR application is the

use of non-biodegradable scaffolds, which do not degrade
naturally within the body over time. As a result, a second

Bone loss resulting from periodontal disease, trauma, or
anatomical factors poses a common therapeutic challenge

in the field of periodontology (Donos et al.,, 2015). To
promote bone regeneration in various types of bone
defects under different systemic conditions, a range of
bone grafts, bone substitutes, biomaterials, or combined
regenerative procedures have been employed. Guided
Bone Regeneration (GBR) scaffolds, which provide a three-
dimensional (3D) structure for cell attachment, growth,
and tissue regeneration, have been widely studied for the
treatment of periodontal disease (Lim et al., 2019).
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surgical procedure is often required to remove the scaffold
once bone regeneration is complete. After scaffold
removal, the site becomes exposed, creating a favourable
environment for bacterial colonisation and an increased
risk of infection. This bacterial colonisation can hinder the
natural bone regeneration process by causing
inflammation and tissue damage. To address these
limitations, biodegradable scaffolds with antibacterial
properties have been developed.
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These scaffolds aim to reduce the risk of infection,
promote a more conducive environment for bone
regeneration, and ultimately improve the outcomes of
GBR treatments. Biodegradable scaffolds are commercially
available; however, the halal status of these commercially
available scaffolds remains uncertain, particularly
regarding the materials and their source. As tissue
engineering for bone regeneration continues to grow, it is
crucial that scaffolds meet halal standards for Muslim
populations while also reducing the risk of infection.

Prolonged use of antibiotics can increase the risk of
systemic side effects, including antibiotic resistance,
potentially compromising the success of GBR procedures.
A promising approach to overcome this issue is the
development of scaffolds loaded with antibiotic
nanoparticles, such as metronidazole nanoparticle-loaded
(MNP) scaffolds. Previous studies have demonstrated the
potential of MNP loaded scaffolds, particularly their ability
to provide controlled and sustained drug release at the site
of infection, minimising the risks associated with systemic
antibiotic use, such as resistance and side effect. For
instance, a study by Zayi et al. (2023) developed a fish-
derived collagen scaffold incorporated with metronidazole
nanoparticles, = demonstrating  favorable  physical
characteristics, biodegradability, and swelling ability,
which shown potential for their application in periodontal
bone regeneration. In this study, we further evaluate the
suitability and effectiveness of a collagen-chitosan scaffold
loaded with metronidazole nanoparticles for periodontal
regeneration, focusing specifically on the biomaterial's in
vivo biocompatibility and potential toxicity.

MATERIALS AND METHODS

Development of Collagen-Chitosan Scaffold loaded with
Metronidazole

The fabrication of collagen-chitosan scaffolds loaded with
metronidazole nanoparticles (CC-MNP) followed the
protocol outlined in a previous study. Certified halal fish
collagen derived from Tilapia mossambica (Eva Chemicals,
Kuala Lumpur, Malaysia) was utilised. A 30:70 collagen-to-
chitosan ratio was prepared by dissolving the materials in
a 1% glacial acetic acid solution (w/v). Glycerin (20%) was
added as a plasticiser and stirred at room temperature for
one hour. Neutralisation was achieved using 5% sodium
bicarbonate (NaHCOs), and MNP at concentrations (30
wt%) were incorporated into the mixture. The blend was
transferred to 96-well moulds, subjected to slow freezing
at temperatures between -20°C and -80°C overnight, and
subsequently freeze-dried for 24 hours. The lyophilised
scaffolds were crosslinked through dehydrothermal
treatment (DHT) at 105°C for 24 hours.
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Experimental Design and Procedure

The Sprague-Dawley rat skull defect model was used in this
study, with sample size calculated based on the Resource
Equation Method by Charan & Kantharia (2013). A total of
18 animals, male Sprague-Dawley rats, approximately
eight weeks old and weighing between 250 and 300 grams,
were divided into three groups for examination on the 4th
weeks post-surgery, as shown in Table 1. In total, 18
animals were allocated across three groups, inclusive of a
20% attrition rate.

The study design involved three groups, each to be
evaluated at 4 weeks post-surgery:

Group A: Rats with skull defects left untreated, serving as
the control group to evaluate the natural healing process
without any scaffold.

Group B: Rats with skull defects implanted with a collagen-
chitosan (CC) scaffold. This group was used to assess the
potential of a biodegradable scaffold for promoting bone
regeneration without the addition of metronidazole
nanoparticles.

Group C: Rats with skull defects implanted with a collagen-
chitosan scaffold loaded with metronidazole nanoparticles
(CC-MNP). This group was included to evaluate the
combined effects of the scaffold and the localized
antibiotic delivery system for enhanced bone regeneration
and infection prevention.

Table 1: Study design

Groups A B C

Rats’ skull Rats' skull Rats' skull defect

defect without defect implanted with

any scaffold implanted with collagen-chitosan

implantation collagen- loaded with
chitosan (CC)

scaffold

skuldefect e eatolg
/

metronidazole

Skull Def i
Rt Noscaffl nanoparticles (CC-

MNP) scaffold

(n=6)

$caffoid
nano
antiblotic

Shull defect
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Anaesthesia and Surgical Procedure

Anesthesia was administered using ketamine (80 mg/kg)
and xylazine (10 mg/kg) to ensure deep sedation without
pain responses. After shaving and disinfecting the animals’
skulls with 10% polyvinylpyrrolidone (PVP), a 4 cm incision
was made along the midline of the scalp to expose the
skull. A'5 mm diameter defect was drilled into the skull
using a trephine bur. A hydrated scaffold was then placed
over the defect, and the surgical site was sutured with
absorbable sutures according to the protocol by Carlos et
al. (2020). Each animal was housed individually with free
access to food and water. The procedure is approved by
the IIUM Institutional Animal Care and Use Committee (I-
ACUC) (IACUC 2023-013).

Post-operative Observation

Rats were observed every 12 hours for the first 48 hours
post-surgery and every other day afterwards. The pain was
assessed based on guidelines from the University of
Michigan’s Unit for Laboratory Animal Medicine and the
IACUC-IIUM Code of Practice, paying special attention to
signs like arching, twitching, and aggression. The surgical
wound was examined for signs of infection, including
haemorrhage, scabbing, discharge, and swelling (Grant,
2009; Lansdown & Rowe, 2001).

Animal Sacrifice

Euthanasia was performed using CO, gas in a chamber pre-
filled to a 20-30% concentration, gradually increased to 70-
100% to ensure humane termination (Moody et al., 2014).
Mortality was confirmed by the absence of vital signs, after
which skull samples were fixed in 10% formalin for further
examination.

In vivo X-ray

At the end of the 4th week, rats were euthanised and
underwent X-ray imaging to assess scaffold efficacy in
promoting defect healing. Imaging parameters were set
for small animals (mFX-1000, FUJIFILM, Tokyo, Japan) with
images focusing on the defect site. Bone regeneration was
measured using Image J software, calculating new bone
formation as a percentage of the initial defect area:

% Bone Regeneration = (Initial ROl area- Final ROl area)
/ (Initial ROl area) x 100 (1)
Histological Analysis
Following X-ray analysis, tissue samples were processed
for histological evaluation. The skull defects were
decalcified in 17% EDTA, dehydrated, and embedded in
paraffin. Sections approximately 5um thick were stained
with hematoxylin and eosin (H&E) and examined
microscopically (Carlos et al., 2020; Ma et al., 2016).
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RESULTS AND DISCUSSION

The critical size defect (CSD) is a fundamental concept
when creating bone defect models, as it represents a bone
defect that cannot heal spontaneously and instead forms
fibrous connective tissue. CSDs require the application of
a bone graft or substitute material to facilitate healing
(Mukherjee et al., 2022; Zain & Hamdan, 2021). The term
was first defined by Schmitz and Hollinger (1986) as "the
smallest size intraosseous wound in a particular bone and
animal species that will not naturally heal during the
lifetime of the animal." In rat calvarial defects, a CSD of 5-
8 mm is frequently used, allowing for successful
regeneration within four weeks with intervention (Schmitz
et al., 2018; Spicer et al., 2012; Ma et al., 2016).

This study utilized a 5 mm CSD in the rat calvarium, with
no bone regeneration observed within the defect area in
the absence of intervention, as shown in Figures 3a and 4a.
This observation establishes a clear baseline for evaluating
the effectiveness of the biomaterials used in this study.

Post-operative observation & Wound Healing

No behavioural differences were observed between the
control and experimental groups, showing effective post-
operative care. By week 2, healing varied: the control
group displayed redness and swelling, while scaffold-
treated groups showed wound closure without
inflammation. The accelerated healing in scaffold-treated
groups is credited to metronidazole nanoparticles, which
acted as antimicrobials, reducing infection and promoting
recovery (El-Shanshory et al., 2022). By week 4, the
redness had diminished across all groups, and fur regrowth
indicated successful skin and epidermal layer healing,
signalling to restore normal skin function as depicted in
Figure 1. Scab formation is crucial in wound healing,
controlled bleeding, blocking contamination, and

protecting underlying tissues. In the final proliferative
phase (lasting from days 4 to 14), new granulation tissue
supporting

and extracellular matrix formed, skin

regeneration (Desmiaty et al., 2024).
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Figure 1: Photographs showing the wound area in all
groups; non-implanted (a-b), implanted with CC-scaffold
(c-d), and implanted with CC-MNP scaffold (e-f) at the
week 2 and week 4.

Table 2: Analysis of Skin Abnormalities

Groups Week 2 Week 4
Non- Large scab - Wound mostly
implanted covering healed
wound (red arrow) - No scab visible
Visible - Fur regrowth
inflammation and observed in the
tissue damage wound area
Slow/incomplete
healing
Implanted - Partial wound - Complete
with CC closure wound closure
scaffold - Smaller scab than - Minimal signs
non-implanted of wound
- - No inflammation - Fur regrowth
observed
Implanted - Wound nearly Complete wound
with CC- healed closure
MNP - No scab and No scab or
scaffold inflammation inflammation

- Accelerated healing - Fur regrowth

compared to other observed,
groups suggesting full
recovery

Table 2 presents the analysis of skin abnormalities at
weeks 2 and 4. At week 2, the non-implanted group
displayed a large scab covering the wound with visible
inflammation and slow, incomplete healing. In contrast,
rats implanted with the CC scaffold showed partial wound
closure and smaller scabs with no inflammation. The CC-
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MNP scaffold group exhibited the most advanced healing,
with nearly healed wounds and no scab or inflammation.
By week 4, the control group showed minimal scab
presence, with fur regrowth indicating that the wound was
mostly healed. The CC scaffold group achieved complete
wound closure, with minimal signs of a wound, and fur
regrowth observed. The CC-MNP scaffold group
demonstrated complete wound closure, no scab or
inflammation, and fur regrowth, suggesting full recovery.

Fur regrowth across all groups indicated significant
healing, with the CC-MNP scaffold group demonstrating
the fastest recovery, especially at week 2. This

improvement is attributed to the metronidazole
nanoparticles, which functioned as antimicrobials,
inhibiting  microbial growth and promoting an

environment conducive to tissue regeneration. These
findings are consistent with previous studies where
metronidazole-loaded nanofibrous scaffolds enhanced
wound healing by reducing microbial activity and
supporting granulation tissue formation (El-Shanshory et
al., 2022), as depicted in Figure 1e. In contrast, the non-
implanted control group exhibited thicker scabs and
residual debris, characteristic of early-phase wound
healing (Choudhary et al., 2024), as shown in Figure 1a.

Radiological Observation

The study assessed the percentage of bone regeneration
under various conditions, as illustrated in Figure 2. The
control group without scaffold implantation exhibited
minimal bone regeneration (16.79% + 2.99), consistent
with previous research, which suggests that natural
healing is limited without biomaterial support (Togari et
al., 2012). The defect in the control group remained largely
unhealed, highlighting the body's limitations in repairing
large bone defects without structural support. By contrast,
groups receiving scaffold implants showed significantly
improved outcomes, underscoring the necessity of a
structural matrix for effective tissue regeneration (Daei-
farshbaf et al., 2014; Hatakeyama et al., 2013; Kashte et
al., 2021). The CC scaffold group achieved nearly complete
regeneration (97.45% + 0.51), indicating that even a simple
scaffold framework can support the natural healing
process by providing a structure for cellular infiltration and
tissue development. Prior studies support that
biodegradable scaffolds facilitate bone growth and defect
closure (Suvarnapathaki et al., 2022). Additionally, the CC-
MNP scaffold group demonstrated nearly full bone
regeneration (99.08% + 0.76), highlighting the role of
bioactive nanoparticles in enhancing healing. Figure 3
presents X-ray images of the bone defects. The control
group’s defect area remained largely unhealed, while the
CC scaffold and CC-MNP scaffold groups showed
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progressive bone formation, filling the entire defect area
in the CC-MNP group. Figure 4 shows ROl (Region of
Interest) images, visually confirming these differences,
with the CC-MNP scaffold group demonstrating near-total
defect closure. The enhanced osteogenesis observed in
the CC-MNP scaffolds likely due to the nanoparticles
influencing cellular behaviours such as proliferation and
differentiation, thus providing both mechanical support
and the potential for therapeutic agent delivery.

1201

99.1

97.5

801

60+

Bone regeneration (%)

a0

2l 168

Control CC scaffold CC-MNP scaffold

Groups

Figure 2: Percentage of bone regeneration in the rat skull
defect area for the control group (no scaffold
implantation) and groups implanted with scaffolds,
without and with metronidazole (CC empty and CC-MNP
scaffolds).

Figure 3: Error signs highlight the X-ray images of the
defect area. (a) Baseline of the bone defect prior to
treatment, (b) X-ray of the bone defect in a rat without any
implantation, (c) newly formed bone at the defect closure
in rats implanted with CC scaffold, and (d) newly formed
bone at the defect closure in rats implanted with the CC-
MNP scaffold
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Figure 4: Error signs highlight the ROl images of the defect
area using Imagel. (a) Baseline of the bone defect, (b) the
rat without any implantation, (c) newly formed bone at
defect closure in rats implanted with an CC scaffold and (d)
CC-MNP scaffold

Histological analysis

The histological analysis in Figures 5 and 6 illustrates bone
regeneration across experimental groups. Rats with CC-
MNP scaffolds, CC scaffolds, and without any scaffold were
examined using haematoxylin and eosin (H&E) staining.
Comparing baseline, control, CC scaffold, and CC-MNP
scaffold groups highlighted the scaffolds' role in enhancing
bone healing. In the baseline (Figure 5a), no new bone
formed, and the defect remained largely unfilled, marked
only by old bone (OB) on each side. By the 4th week, the
control group (Figure 5b) showed fibrous tissue (FT) but no
new bone (NB), consistent with X-ray findings and prior
studies (Ono et al., 2014; Sun et al., 2018). This result aligns
with earlier findings where natural healing without
scaffolds was limited to soft tissue infiltration rather than
bone regeneration (Chen et al.,, 2013), indicating that
critical-size defects require scaffolds or bioactive agents
for effective healing (Zhou & Lee, 2016).

In contrast, both scaffold-treated groups demonstrated
notable bone formation. The CC scaffold provided a
framework for new bone growth, facilitating the natural
healing process by offering structural support and cellular
infiltration space, as shown in previous studies (Sato et al.,
2020). By week four, the CC-MNP scaffold group exhibited
a more organised, dense new bone structure (Figure 5d),
compared to the less organised bone in the Cc scaffold
group (Figure 5c). Histological images showed NB
formation, with a well-organised matrix and increased cell
density. OB integrated seamlessly with NB, indicating
active remodelling, similar to prior studies (Farazin &
Mahjoubi, 2024).

Histological images at four weeks post-implantation
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(Figure 6) further confirm these findings, revealing
evidence of active remodelling. This is consistent with
studies involving poly (L-lactic acid)-hydroxyapatite-gelatin
scaffolds that similarly promoted osteogenesis and
remodelling through osteoblast proliferation and osteoid
matrix formation (Kashte et al., 2021). Previous studies
have shown bacterial infections can hinder bone repair
due to inflammation, often requiring prolonged antibiotic
treatment or multiple surgeries. The nano-antibiotics in
the scaffold may have reduced bacterial colonisation at the
defect site, creating a favourable environment for bone
healing (Farazin & Mahjoubi, 2024). The bioactive
nanoparticles in the scaffold promoted mineralised matrix
formation, accelerating regeneration and producing
superior bone formation (Dasari et al., 2022).

Defect area

Defect area

Figure 5: Histological images showing bone regeneration
in rat skull defect areas under different conditions (a)
shows the control group at baseline (0 weeks), with the
presence of old bone (OB) and fibrous tissue (FT). (b)
shows the same control group at 4 weeks, highlighting OB
and FT. (c) displays rats implanted with a CC scaffold at 4
weeks, showing the presence of old bone (OB) and new
bone (NB) in the defect area. (d) shows rats implanted with
a CC-MNP scaffold at 4 weeks, demonstrating extensive
new bone (NB) formation alongside old bone (OB) in the
defect area (4x magnification).
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Figure 6: Histological images of rat bone sections at 4
weeks post-implantation. (a) CC scaffold group; (b) CC-
MNP scaffold group. Arrows indicate osteocytes within the
bone matrix at 100x magnification.

CONCLUSION

The study highlighted significant bone healing
improvements when using CC-MNP scaffolds compared to
CC scaffolds. Although X-rays showed no major difference
in bone healing between scaffold types, detailed analysis
indicated denser and more organised bone growth in
MNP-loaded scaffolds, suggesting that MNP supports
enhanced cellular activity and bone quality. Minimal bone
growth in the non-scaffold group underscores the
importance of scaffolds in repairing larger bone defects.
These findings suggest that the incorporation of MNP into
scaffolds can improve structural integrity and cellular
response, making MNP-loaded scaffolds a promising
option for bone tissue repair.
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