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ABSTRACT

Objectives: This study investigates the impact of injected fish-scale-derived hydroxyapatite nanoparticles (FsHA-
NPs) on orthodontic tooth movement (OTM) and the width of the periodontal ligament (PDL) space.

Materials and Methods: Twenty-six Wistar rats underwent mesial orthodontic traction with a force of 50 g for 21
days. Following the application of the orthodontic appliance, the rats were randomly divided into two groups: a
control group, which received a 0.3 pg saline injection, and the experimental FsHA group, which received 100
mg/0.3 ml of FSHA-NPs after thorough characterisation. Injections were administered immediately after appli-
ance application and repeated at 7 and 14 days. Statistical analysis was conducted with a significance level of P
< 0.05.

Result: The experimental group exhibited a significant reduction in OTM at 7-, 14-, and 21-day post-force
application. Additionally, a reduction in PDL width was observed in the mesiocervical and disto-apical re-
gions of the mesial and distal roots of the first molar.

Conclusion: FsHA-NPs derived from biowaste fish scales exhibit promising potential as biomaterials for enhancing
control over OTM. This study underscores the viability, accessibility, and safety of FSHA-NPs as a locally
injectable material for orthodontic applications.

1. Introduction

efficacy of HA and its potential as a promising biomaterial for tissue
defect regeneration and tissue engineering (Haraguchi, 2015). Various

The mechanical anchoring system in orthodontics plays a pivotal role
and necessitates careful planning before commencing active orthodontic
treatment to mitigate unwanted tooth movement (Retrouvey and Kou-
saie, 2021). Despite considerable advancements in biological research
proposing innovative approaches to inhibit tooth movement and
enhance stability, there remains a critical gap in effective strategies to
prevent such undesirable sequelae (Swidi et al., 2018). Hydroxyapatite
(HA) stands out for its exceptional biocompatibility and serves as a
fundamental component in numerous synthetic biomaterials (Alhasyimi
et al., 2021). Extensive research has been conducted to evaluate the
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methods for synthesizing HA nanoparticles (HA-NPs) have been
explored, including precipitation, hydrothermal, sol-gel, and micro-
wave techniques (Alhasyimi et al., 2018). These methods enable the
extraction of HA nanoparticles (HA-NPs) from biological waste sources
such as fish scales, cow bone, and eggshells (Alhasyimi et al., 2017).

This study aims to investigate the effects of naturally derived fish
scale hydroxyapatite nanoparticles (FSHA-NPs) on orthodontic tooth
movement (OTM) in rat molars. The hypotheses posited are that FsHA-
NPs can influence the rate of OTM and potentially enhance the stability
of dental structures during and after treatment.
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2. Materials and methods
2.1. Synthesis of fish scales nanoparticles

Tilapia fish scales, procured from a local market in Selangor,
Malaysia, served as the fundamental material for the synthesis of FsHA-
NPs in this investigation. Initially, the dried scales underwent mechan-
ical pulverisation into fine particles using a grinding machine. Subse-
quently, the powdered scales underwent calcination in a high-
temperature furnace, initially heated to 800 °C for two hours and sub-
sequently increased to 1000 °C for an additional two hours. As described
previously (Zainol et al., 2012), the fish ash underwent wet grinding
using ball milling for 48 h.

2.2. Characterisation of fish scales nanoparticles

The characterisation of the nanoproducts involved several tests,
including x-ray diffraction (XRD) using a PHILIPS® PANalytical X pert
M.P.D. X-ray diffractometer (Almelo, Netherlands), scanning electron
microscopy (SEM) coupled with Energy Dispersive X-ray Analysis (EDX)
using a JEOL® JSM-7200F instrument (Peabody, Massachusetts, U.S.
A.), and transmission electron microscopy (TEM) using a Zeiss LEO 9121
AB-100KV model (Germany).

2.3. Assessment of cytotoxicity of fish scales nanoparticles

The cytotoxicity evaluation of FsHA-NPs employed the 3-(4,5-
dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide assay (MTT
assay) conducted on 96-well plates. Initially, rat embryo fibroblast (REF)
cells were cultivated in RPMI-1640 medium supplemented with 10 %
fetal bovine serum, 100 units/mL penicillin, and 100 pg/mL strepto-
mycin. The cell culture was maintained at 37 °C with medium renewal
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twice a week (Al-Rahim et al., 2022).

2.4. Application of orthodontic traction force

This experiment utilized Wistar rats aged 2 to 3 months at the
Institute of Iraqi Centre for Cancer and Medical Genetic Research, Al-
Mustanseriah University. Ethical approval for this study was obtained
from the ethics committee of the College of Dentistry, University of
Baghdad, under reference number 896 and project number 896424. The
experimental procedures adhered to the Animal Research: Reporting of
in Vivo Experiments (ARRIVE) guidelines (Percie du Sert et al., 2020).
For each experimental session, rats were sedated via intramuscular in-
jection of ketamine (Rotexmedica™, Germany) and xylazine (Rom-
pun®, Germany) at dosages of 80-100 mg/kg and 10-12.5 mg/kg,
respectively. Mesial traction force was applied to the rat’s first molar
according to a previously described method with some adjustments
(Kaipatur et al., 2014) (Fig. 1). This setup ensured a constant 50 g mesial
traction force, as measured by a pointed tip Dentaurum® CORBLX
pressure gauge (Germany). The mesial traction was sustained for a
period of 21 days, until reaching the experimental endpoint.

2.5. Randomisation and group allocation

A total of 26 rats, each weighing between 250-350 g, were housed
and subjected to orthodontic force. Random allocation into two groups
was performed by numbering the cages from 1 to 26 and designating odd
and even numbers. The control group (N = 13) received 0.3 ml saline
injections, while the experimental group (N = 13) received injections of
100 mg/0.3 ml FsHA-NPs. The injection procedure was conducted
immediately after applying traction forces and repeated at 7 and 14
days. The injections were administered into the palatal mucosa between
the first and second right maxillary molars. Six rats expired during the

IR ERE) \Ahinu-nuqn "

50g spring

Fig. 1. The in-situ position of the experimental orthodontic appliance used to deliver a mesial traction force of 50 g to the rat’s right 1st molar by a closed, short
nickel-titanium coil spring (1 mm diameter, 0.2 mm thickness, 6 mm length; GAC International, Bohemia, New York, U.S.A.) which spanned from the right maxillary
1st molar to a self-drilled micro-implant (1.2 x 3 mm, Stryker-Leibinger Inc., Hamilton, Ontario, Canada) on the distopalatal side of the right maxillary incisor.
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experiment, leaving 20 rats for further analysis.

2.6. Experimental measurements (Body weight and orthodontic tooth
movement)

OTM was measured by taking vinyl polyether silicone impressions of
the rats’ upper dental arches under anaesthesia at 7-, 14-, and 21-day
post-mesial traction. These impressions were digitized using a Medit®
T710 desktop scanner (version 1.2.7, South Korea) and analyzed with
exocad™ software (Darmstadt, Germany). The distance between two
points in the most prominent area of the mesial marginal ridge of the
second molar to that of the first molar, on both treated (right) and non-
treated (left) sides, was calculated to quantify tooth movement (Fig. 2)
(Pathomkulmai et al., 2022). The body weight of the animals was also
monitored at specified intervals throughout the experiment to observe
any physiological changes.

2.7. Histological measurement (Periodontal ligament width)

Animals were humanely sacrificed via an overdose injection of ke-
tamine (Rotexmedica™, Germany) and xylazine (Rompun®, Germany),
with every effort made to minimize pain. Following sacrifice, the
maxillae were dissected and fixed in 10 % formalin for 48 h. Each
paraffin specimen contained half of the maxilla with the three molars.
Parasagittal sections parallel to the long axis of the first molar were cut
at 5 yum and mounted on Leica Biosystems® Surgipath® Snowcoat®
pearl microscope glass slides. These sections were then stained with
Leica® haematoxylin and eosin (H&E) for histological analysis using an
Olympus® light microscope (Japan) with objective lenses of 40 x and
100 x . The width of the periodontal ligament (PDL) was measured as
previously described by Franzen et al. (Franzen et al., 2013), with
measurements taken at the mesial and distal surfaces of the respective
roots of the first molar. The areas M1 and M2 represented width mea-
surements at the cervical and apical regions on the mesial surface,
respectively, while D1 and D2 represented measurements on the distal
surface, respectively (Supplementary data 1).

2.8. Statistical analysis

Data obtained for cytotoxicity were subjected to statistical analysis
using an unpaired t-test with GraphPad® Prism 6. Results were
expressed as mean (+) standard deviation (SD), derived from three in-
dependent measurements. Statistical evaluation was conducted using
IBM® SPSS® version 22 (New York, U.S.A.). An intra-class correlation
coefficients test was performed to assess the inter-examiner measure-
ment reliability between two examiners, showing a good to excellent
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range of reliability. The normality distribution of numerical measures
was assessed using the Shapiro-Wilk test. For each experimental setup
across time and treatment groups, a one-way analysis of variance
(ANOVA) was used to evaluate variation in normally distributed data on
animal body weight and tooth movement. Furthermore, Siddk and
Tukey post-hoc tests for multiple comparisons were employed to
compare statistically significant test results across treatment groups and
time-independent variables. Graphs were generated using GraphPad®
Prism 8. The threshold for statistical significance was set at P < 0.05.
Two-way ANOVA was conducted with a post hoc test (Tukey’s multiple
comparisons) to identify differences concerning the four variables across
and within the groups.

3. Results
3.1. Characterisation of nanoparticles derived from fish scales

3.1.1. X-ray diffraction analysis
Upon analysis, FSHA-NPs exhibited three prominent peaks of sig-
nificant intensity (Supplementary Data 2).

3.1.2. Scanning electron microscopy (SEM) and energy-dispersive X-ray
(EDX) analysis

SEM examination of FSHA-NP revealed irregular size ranges and
diverse shapes, ranging from cubes to hexagons (Fig. 3). EDX readings
indicated the presence of Ca, O, P, and C phases within the FsSHA-NPs
(Supplementary Data 3).

3.1.3. Transmission electron microscopy (TEM) analysis

The histogram derived from TEM micrographs of FsHA-NPs depicted
a particle size distribution range consistent with SEM, with a mean
particle size of 57.7 nm (Supplementary Data 4A and B).

3.1.4. Cytotoxicity assays

Findings demonstrated good cell viability when comparing
morphological changes in REF cells between the non-treated and FsHA-
NP-treated groups (Supplementary Data 5).

3.2. Experimental measurements (Body weight and orthodontic tooth
movement)

Sidak multiple comparison test results revealed no significant dif-
ference at 0- and 7-days post-appliance application. Surprisingly, at the
last two time points (14 and 21 days), tooth movement was slower in the
FsHA group compared to the control group (Table 1). Tukey multiple
comparison tests between different time points showed significant

Fig. 2. The digital OTM measurement method. (A) The STL file was imported to exocad™ and (B) the amount of tooth movement was measured between two points

on the proximal surfaces of the 1st and 2nd molar.
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Fig. 3. SEM image depicting the particles’ sizes of the FSHA-NPs ranging from (a) 22.33 nm to 26.80 nm and (b) 33.49 nm to 50.24 nm at the magnification of 20 K

and 50 K.

Table 1
Sidak multiple comparisons test results of experimental OTM (mm) for studied
groups at each time point.

Control — Mean Mean Mean 95.00 % CI of Adjusted P-

FsHA 1 2 Diff. diff. value

0 0 0 0 —0.06528 to > 0.9999
0.06528

7 0.221 0.19 0.031 —0.03428 to 0.6467
0.09628

14 0.544 0.278 0.266 0.2007 to < 0.0001*
0.3313

21 1.038 0.45 0.588 0.5227 to < 0.0001*
0.6533

: Significant (P-value < 0.05).

differences for each studied group, indicating slower tooth movement in
the FsHA group across experimental intervals compared to the control
group (Supplementary Data 6). Results in Table 2 underscored the sig-
nificant influence of both time and treatment on experimental tooth
movement.

Body weight measurements showed a significant decrease in both
groups following force application, with no significant difference
observed between the studied groups (Supplementary Data 7). The
Sidak multiple comparison test revealed a significant decrease in the
body weight of the animals post-orthodontic appliance, while the
treatment factor showed no significant effect on body weight (Supple-
mentary Data 8).

3.3. Periodontal ligament width

ANOVA and Tukey post-hoc analyses identified significant variations
in PDL thickness across both FsHA and control groups, as well as among
different locations within each group (Supplementary Data 9). Notably,

Table 2
Summary of Siddk multiple comparisons test results of experimental OTM (mm)
across time and treatment factors.

Source of Variation % of total variation P-value
Interaction 13.25 <0.0001*
Time 72.22 <0.0001*
Treatment Factor 11.71 <0.0001*
Subjects (matching) 0.3701 0.9661

" Significant (P-value < 0.05).
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within the FsHA group, PDL thickness at the M1 site was significantly
greater (P-value < 0.05) than that observed at the M2 and D1 sites. In
contrast, within the control group, PDL thickness at M1 was significantly
lower (P-value < 0.05) than at M2 and D1 locations. Additionally, the
M2 level was significantly higher than D1 locations within the control
groups.

Between the groups, PDL thickness at the M1 location was signifi-
cantly higher in the FsHA group compared to the control group, while
the opposite was observed at the M2 level. At the D1 level, PDL width in
the FsHA group was substantially below its counterpart in the control
group, whereas at the D2 level of PDL, the FsHA group showed a
significantly higher width compared to the control group (Supplemen-
tary Data 10). In Fig. 4, the micrograph of PDL space area illustrates the
effect and interaction of injection on OTM along with a notable area of
hypercementosis.

4. Discussion

This study synthesised FsHA nanoparticle powder from fish scales,
with the nanoparticles characterised using XRD, SEM, and TEM. The
XRD analysis confirmed the formation of standard HA indicating that
the crystallite size is within the nanometric scale (Mudhafar et al.,
2023), consistent with findings from other studies (Zhu et al., 2018).
SEM analysis suggested that the FSHA-NP exhibits varying morphologies
and some degree of agglomeration, likely due to static forces between
particles, a finding corroborated by Majhooll et al. (Majhooll et al.,
2019). TEM revealed poor dispersion and agglomerated particle
morphology, comprising spherical particles and some nanorod-shaped
apatite crystals. This aggregation behaviour can be attributed to the
considerable surface area and energy of nanoparticles, in agreement
with previous studies (Padmanabhan et al., 2009). Nanotechnology
presents significant advancements and benefits in dentistry, with recent
findings highlighting its potential, particularly in orthodontics. How-
ever, despite the recognized advantages of biowaste-derived nano-
materials, there remains a need for comprehensive validation of their
risks and benefits (Zakrzewski et al., 2021; Mahmood et al., 2024).

According to the MTT assay results, FSHA-NP exhibited excellent cell
viability and biocompatibility, suggesting its potential as a promising
biomaterial for various biological applications (Sathiskumar et al.,
2019). This study observed that the reduction in body weight of the
animal post-application of orthodontic devices was consistent with
previous experimental studies employing similar designs. Notably, the
nanomaterial injection did not significantly impact the body weight of
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Fig. 4. The photomicrograph of the rats’ 1st molar post orthodontic mesial traction showed histological changes in the periodontium. The PDL width of the (A)
control group and the (B) FsHA group. The measurements were carried out at the cervical and apical region on both mesial (M1 and M2) and distal sides (D1 and D2),
respectively (40X). Hypercementosis was observed in the apical region of the mesial root between the studied groups (100X).

the animal, as no significant difference was observed compared to the
control group (Hara et al., 2015). While hydroxyapatite nanoparticles
have been investigated for various applications (Refaat and Hamad,
2016; Malik and Ghaib, 2017; Khan et al., 2022), no prior studies have
examined their local injection to assess the effects on OTM and PDL
tissue. OTM is attributed to alveolar bone remodelling and PDL response
to mechanical stimulation. Following mesial force application, the PDL
space divides into compression and tension sites aligned with the force
direction. This study found that the control group exhibited typical PDL
responses. Conversely, the FsHA group demonstrated slower OTM after
14 days of force application, along with PDL widening at M1 and D2
sites, opposite the force direction. These findings are consistent with a
previous study evaluating PDL width after mechanical retention on a rat
molar (Franzen et al., 2013).

Studying PDL width in conjunction with OTM is crucial as it adheres
to both new cementum and alveolar bone. Prior research has enhanced
our understanding of periodontal fibroblastic cells’ involvement in
repairing bone defects when exposed to HA powder (Alhasyimi et al.,
2018). A subpopulation of fibroblastic cells appeared to adapt to the
presence of HA, exhibiting behaviour similar to osteoblastic cells under
comparable conditions. It was found that nano-sized particles signifi-
cantly enhance cell proliferation by increasing alkaline phosphatase
activity after ten days of incubation compared to dense HA. Addition-
ally, nano-sized HA accelerates osteogenic differentiation (Sun et al.,
2007). Controlling unwanted tooth movement (precisely controlled
anchorage) in orthodontics may be achieved through biological tech-
niques influencing tooth movement at the molecular and cellular levels
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(Crawford et al., 2022). The results of this study suggest that FsHA-NP, a
biocompatible and accessible biomaterial derived from biowaste, could
serve as an effective biological orthodontic retainer. Local injection of
FsHA-NP could help manage unwanted tooth movement by reinforcing
the anchorage system in orthodontic treatments.

Since nano-hydroxyapatite exhibits significant osteoinductive po-
tential and enhances osteointegration at the bone-implant interface, it
has been extensively employed and studied in recent years. A recent
study assessed the potential adhesion of PDL cells to a scaffold filled with
HA particles derived from eggshells. The researchers observed im-
provements in the structural characteristics and sustained fibre viability
of scaffolds (Espitia-Quiroz et al., 2022). However, a limitation of this
study was that cellular and molecular interactions were not evaluated.
Nonetheless, the clinical and histological findings corroborated previous
in vitro studies examining PDL and bone tissue at cellular and molecular
levels. Another recent study evaluated the effectiveness of naturally
derived HA from Portunus pelagicus biowaste on bone defects. The re-
searchers found that this material significantly enhanced the expression
of bone morphogenetic protein-2 and inhibited the production of the
proinflammatory cytokine interleukin-1, indicating the efficacy of the
material in promoting periodontal tissue regeneration (Gani et al.,
2022). The response of roots to OTM following force application has
been studied at cellular and molecular levels, including the pathways of
either resorption or formation (Mohammed-Salih et al., 2023). Recent
research has focused on evaluating molecular events around the root
area in response to force application via biochemical analysis of gingival
crevicular fluid (Mohammed-Salih and Saloom, 2022). However, a
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limitation of the current study was the collection of this fluid, as the
minute size of the sulcus rendered its collection nearly impractical.

In this study, photomicrographs of the molars of rats treated with
FsHA showed a remarkable area of hypercementosis around the apical
part of the mesial root compared to the control group. The local injection
of FsHA nanoparticles could trigger a cascade of molecular interactions,
as functional groups of FsHA nanoparticles may conjugate with
cementoblast-like cell receptors, leading to root hypercementosis (new
cementum-like tissue formation) and increased alkaline phosphatase
activity. A recent study demonstrated the expression of various genes
and proteins when a composite of HA was applied to a culture of human
PDL cells in vitro. The in vivo experiments indicated successful induc-
tion of cementum-like tissue formation, highlighting its osteogenic and
cementogenic effects (Liao et al., 2020). These cementum reaction
products could serve as promising conductive biomaterials for treating
orthodontically induced inflammatory root resorption.

5. Conclusion

FsHA nanoparticles demonstrate potential as a cost-effective and safe
material for clinically controlling undesired tooth movement. Our study
observed unusual changes in the width of the PDL space following the
application of orthodontic force in the experimental group. These
changes may be associated with a significant reduction in OTM and the
presence of hypercementosis near the apical region of the right first
molar. The applicability of this research is limited by its reliance on an
animal model, necessitating further research to confirm these findings in
humans. Moreover, the long-term effects of FsHA nanoparticle injections
require further investigation.
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