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Abstract

Background: A fracture is considered a medical emergency leading to considerable complications.

Aim: This study aimed to describe the accelerating action of Ag-NPs-FG on fracture healing in rabbits.

Methods: Silver NPs (AgNPs) were reduced with fenugreek (FG), loaded into a starch gel base, and investigated
for their morphology, size, and charge. Four equal groups were randomly formed of 40 adult male rabbits. A 3.5 mm
diameter bone defect was created at the proximal metaphysis of the right tibia in each rabbit. Groups 1-4 were injected
with placebo saline, AgNPs-FG, plain gel, and FG-gel at the bone defect zone, respectively. The healing was assessed
for 8 weeks postoperatively based on the radiographic, bone turnover markers, and histopathological examinations.
Results: The AgNPs-FG was obtained as a faint reddish color, spherical in shape, with an absorbance of 423 nm, a size
of 118.0 £ 1.7 nm, and a surface charge of —=7.8 + 0.518 mV. The prepared AgNPs-FG hydrogel was clear, translucent,
and homogenous. The pH values were 6.55-6.5 £ 0.2, the viscosity of 4,000 and 1,875 cPs, and spreadability of
1.6 + 0.14 and 2.0 + 0.15 for both FG and AgNPs-FG hydrogel, respectively. The radiographic union scale was
significantly (p < 0.05) improved in group 2 with a significant (p < 0.05) increase in bone turnover markers was found
in comparison to other treated groups. Histopathological examination revealed the formation of mature bone on the
28th postoperative day in groups 2 and 4.

Conclusion: Colloidal nano-formulation of AgNPs-FG loaded hydrogel could be a promising formulation to accelerate
rabbits’ tibial bone healing process.

Keywords: Animals, Diagnostic imaging, Fenugreek, Radiography, Silver nanoparticles.

Introduction bone fractures are challenges that constantly confront

Fractures are important because they cause severe orthopedic surgeons when curing fractures. As a result,

economic and health loss for humans and animals.
Nowadays, researchers target to accelerate fracture
treatment. Most female fractures were from car
accidents but falls and crush injuries are also common
(Al-Sobayil, 2010; Marshall et al., 2022). Frequent
bone injuries can significantly impact one’s quality
of life. Mal-union, non-union, and delayed union

researchers are currently seeking out the most optimal
solutions to address potential long-term effects and
complications (Anaraki et al., 2021).

Green synthesis nanoparticles (NPs) are increasingly
used to treat various human and animal disorders.
Plant-based medicine is widely trusted and used by
over 75% of people globally for primary healthcare,
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including herbal extracts (Ekor, 2014; Davoodi et al.,
2020). NPs have various applications and can enhance
active and passive targeting. Silver NPs (AgNPs) have
a pronounced antibacterial effect (Abdellatif et al.,
2021b) and are used in different applications, including
drug delivery, coating of devices (Abdellatif et al.,
2022a; Rugaie et al., 2022), and regeneration materials
(Ansar et al., 2020). It was established that AgNPs
had shown a promising active role in wound healing
(Paladini and Pollini, 2019). AgNPs can also promote
wound contraction and stimulate the proliferation
of keratinocytes (Vijayakumar et al., 2019). Green
synthesis of AgNPs can overcome the limitations
associated with conventional NPs by employing passive
targeting once the disease has been located (Abdellatif
etal.,2016).

Fenugreek (FG) (Trigonella foenum-graecum) can
be a healing material for bone fractures. FG has
significantly accelerated mandibular fracture healing
in camels (Al-Sobayil, 2008). Additionally, it has
significant antioxidant properties (Selmi et al., 2022),
antineoplastic (Varghese et al., 2019; Idris et al., 2021),
particularly colon tumor (Allaoui et al., 2019) and breast
cancer (Khoja et al., 2022), anti-ulcerogenic (Pandian
et al., 2002), anti-cholesterol (Thompson Coon and
Ernst, 2003; Kassaee et al., 2021), antidiabetic and
anti-atherosclerotic effects (Zameer et al., 2018;
Geberemeskel et al, 2019; Srinivasa and Naidu,
2021), liver was precisely protected from ethanol
hepatotoxicity using FG (Kaviarasan et al., 2007) and
regulate hyperthyroidism (Syed et al., 2020). Despite
fracture’s prevailing, little was known about the effect
of Ag-NPs-FG on fracture healing, therefore, is the first
study evaluating the use of AgNPs-FG in improving
the healing of tibial bone defects in a rabbit model.
Therefore, this study aimed to describe the accelerating
action of AgNPs-FG on fracture bone healing in rabbits.

Materials and Methods

Preparation of AgNPs-FG

The preparation of AgNPs-FG has proceeded as the
previously reported methods (Abdellatif ef al., 2022b,
2022c, 2023) with some modifications. In brief, 20 mgs
of FG seeds were added to 100 ml of distilled water
and left on hot stirring for 30 minutes. Then, after the
solution was turned to light yellow, the solution was
cooled and filtered. Then, 17 mg silver nitrate solution
in 1 ml was added to the FG solution and left on a hot
stirrer for 30 minutes. After the stated time, the solution
was turned red, indicating the formation of AgNPs
stabilized and reduced with 7. foenum-graecum extract.
Finally, the produced NPs filtered and stored in the
fridge for further analysis.

Characterization of AgNPs-FG

UV-VIS spectroscopy

AgNPs-FG was scanned at 300-600 nm using a UV-
VIS Spectrophotometer (Lambda 25, Perkin Elmer,
Singapore). After centrifuging the produced AgNPs-

FG and redispersion of the resultant pellet in distilled
water, UV-VIS absorption was conducted (Aljohani et
al., 2022).

Transmission electron microscopy (TEM)

The morphology of the generated AgNPs-FG was
observed using TEM, and the diameter of the particles
was measured. In brief, 12 pl of each sample and
(AgNPs-FG) solution was placed onto the surface of
the double-sided copper conductive tape and left to
dry completely. Then, NPs were examined using a
microscope at 10-100 k magnification with a 100 kV
accelerating voltage (Joel Japan, JEM-1230, Tokyo,
Japan) (Abdellatif ef al., 2021a, 2021b; Rugaie ef al.,
2022).

Scanning electron microscope (SEM)

To ensure electrical conductivity, a thin layer of
platinum was applied to the AgNPs-FG samples in
a vacuum chamber for one minute at 25 A before
imaging. The shape of the samples was examined using
SEM with a (JEOL JSM-550 instrument from Tokyo,
Japan) (Abdellatif et al., 2020b).

Size and charge

We used a Malvern Zetasizer Nano ZS (Malvern, UK)
analyzer to measure the particle size and { potentials
of AgNPs-FG. Three measurements were taken,
averaging the results from each run of 20 seconds at a
90° scattering angle and 25°C (Abdellatif et al., 2016,
2018a).

Preparation of AgNPs-FG loaded hydrogel

The weighed amount of the examined gelling agent,
starch (4% w/v), was dispersed in FG aqueous solution
with continuous stirring and heating till 100°C. Then,
the plain FG hydrogel is formed upon cooling at
room temperature. The amount of gelling agent was
determined to produce a gel with adequate viscosity
and homogeneity. The air bubbles were then eliminated
for 15 minutes using sonication. AgNPs-FG loaded
hydrogel was prepared similarly to plain gel. Vortexing
was continuous until a homogenous nanoformulation
hydrogel was achieved, followed by sonication to
become bubble free. Finally, the prepared plain and
AgNPs-FG loaded hydrogels were stored in the fridge
until further analysis. Then after cooling, the flask was
kept at a room temperature of 28°C for 48 hours to
observe any bacterial growth (Pagano et al., 2022).
Characterization of AgNPs-FG hydrogel

The prepared AgNPs-FG and FG hydrogel preparations
were examined visually for their clarity, homogeneity,
and phase separation.

PH measurements

The pH of AgNPs-FG hydrogel formulation was
determined using a pH meter (3500 pH meter, Jenway,
UK). Briefly, a weighted amount of gel equal to 50 mg
was dissolved first in distilled water, and the pH values
were determined for both FG and AgNPs-EG-loaded
hydrogels.
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Viscosity

The thickness of the blank and nano hydrogels was
measured using a Digital Viscometer (Model DV-II
Brookfield Engineering Laboratories, Inc., Stoughton,
MA). The test was done at room temperature and
recorded three times. The results were used to create a
graph of the viscosity (Fig. 1).

Hydrogel homogeneity

AgNPs-FG hydrogel formulation was examined for
their homogeneity via visual inspection after they had
been dispensed into their containers.

Hydrogel spreadability

AgNPs-FG hydrogel spreadability in (g.cm/second)
was performed according to Tawfeek et al. (2020b). 20
g of gel was applied to glass slides (6 cm length). Then,
the time to separate the two slides was recorded in sec
using equation 1 (Abdellatif and Tawfeek, 2016).

MxL
5=—

eq 1l

T q

where S is spreadability, M is weight tide to the upper
slide, L is the length of a glass slide, and 7 is the time
taken in second to separate the slide from each other.
Sterilization of hydrogel

To keep AgNPs-FG formulated hydrogel sterile, certain
measures have been considered. AgNPs-FG and starch
were kept overnight under UV light in a sterile cabinet.
The hydrogel was formed in closed flasks under
stirring at 100°C. This high temperature guarantees
the absence of any microorganisms during preparation.
The obtained gel was stored without opening the
stoppered flask to keep them under sterile conditions.
Furthermore, the obtained gel was also tested against
any infection by visual inspection. In addition, a sample
of the formed hydrogel was screened for growing any
microorganisms using the agar plate method (Singh
and Mehta, 2020).

Animals and groups

Forty healthy adult male New Zealand white rabbits
were used in this study. Their age ranged from 6 to
8 (mean, 6 £ 1.5) months, and weight ranged from 4
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Fig. 1. The UV-VIS spectroscopy of T. foenum-graecum
extract (red line) and the produced AgNPs-FG (blue line).

to 5, (mean, 4 £+ 0.5) kg. Studied rabbits were placed
in appropriate cages with a suitable temperature of
27°C + 0.5°C and humidity of 55% + 0.4%. They had
food and water and received human care according to
Institutional Animal Care Guidelines.

Surgery was carried out in all rabbit groups to induce
a bone defect (3.5 mm in diameter) at the proximal
metaphysis of the right tibia in each rabbit. In group
1 (control group), (n = 10) treated with placebo saline
injection at the bone defect, group 2 (n = 10) treated
with Ag-NPS FG gel injection at the bone defect, group
3 (n = 10), treated with an injection of plain gel at the
bone defect, and group 4 (n = 10) treated with FG gel
injection at the bone defect. The Animal Welfare and
Ethics Committee of Qassim University approved the
protocol of the study.

Surgical procedure

Anesthesia of studied rabbits was carried out using
a combination of xylazine hydrochloride (5 mg/
kg, Rompun 2%, Bayer, Turkey), and ketamine
hydrochloride (25 mg/kg, Ketaset, Zoetis, NIJ).
Intravenous (IV) administration of cefazolin (20
mg/kg, 1V, ear vein) as a prophylactic antibiotic 30
minutes before surgery. The rabbit was placed in lateral
recumbency, as soon as appropriate depth of anesthesia
had been achieved, with subsequent clipping and proper
aseptic preparation of the right hindlimb for surgery. A
3 cm skin incision was made; the right tibia of the rabbit
was exposed (Fig. 5A). A 3.5-mm defect was created
on the proximal extremity of the tibia at the level of the
distal end of the tibial tuberosity. A 3.5 mm diameter
drill bit was used to drill a hole in a mediolateral
direction. After drilling the bone, the surgical site was
cleaned and washed with sterile normal saline, group
1 (n =10) was injected with placebo saline at the bone
defect, group 2 (n = 10) was injected with Ag-NPs FG
gel at the bone defect, group 3 (n = 10) was injected
with plain gel at the bone defect, and group 4 (n = 10)
was injected with FG gel at the bone defect. Suturing
of the muscles and skin was performed in a routine
manner. The preoperative antibiotic was continued
for 3 days following surgery, and the surgical site was
inspected daily for infections and swelling.
Radiographic assessment

Radiographic assessment of the healing process of
tibial bone defect was carried out at time 0 post-
operatively and weekly for 8 weeks using Min X-ray
HF 100/30 generator (Toshiba, Japan) 40 KV, 0.7 mAs,
and a 70-cm focal film distance. Standard craniocaudal
and lateromedial radiographs were obtained for
each operated rabbit. All obtained radiographs were
precisely interpreted at different times until complete
healing. Scoring of bone radiographs was achieved
using the modified RUS system from 1 to 4 grades as
follows; visible fracture line and absent callus (score
1), visible fracture line and visible interrupted callus
(score 2), invisible fracture line and visible bridging
callus (score 3), and no fracture line and no callus
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(score 4). The scores of all cortices were then combined
to give a minimum score of 4 (definitely not healed),
and a maximum of 10 (completely healed).

Blood sampling and laboratory analysis

Blood samples were taken from the ear vein into plain
vacutainer tubes using a 23-gauge, 1.5-inch needle
(Mais Co., Saudi Arabia). These samples were taken
on days 0 (before surgery) and at a week interval for
8 weeks postoperatively to evaluate the healing of
tibial bone defect among the studied groups. The blood
samples were centrifuged at 3,000 rpm for 15 minutes
to obtain clear serum; then sera were preserved in a
deep freezer at —20°C. Sera was used to detect serum
levels of Bone turnover markers, including bone
alkaline phosphatase (BAP) and osteocalcin (OC),
using a commercial immunoassay kit (MybBioSource,
USA) was followed, according to Al-Sobayil (2008
and 2010). Serum levels of calcium and phosphorus
were also detected using commercially available test
kits (Mybiosource, USA), and spectrophotometry
techniques, according to Anaraki et al. (2021).
Histopathological evaluation

For histopathological evaluation, the right hindlimb
was taken from each rabbit, and the soft tissues were
removed before dissection. The cross-section at the
bone defect region was cut by a moderate speed saw.
Following that, 10% neutral buffered formalin was
used for the fixation of each slice. The bone samples
were treated for routine histological examination
after being decalcified in 15% buffered formic acid
solution. From the center of each specimen, two 5
um in thickness sections were cut, then stained with
hematoxylin and eosin. Two pathologists reviewed
and scored the sections blinded using Huo ef al. (1991)
scoring system.

Statistical analysis

The obtained data was statistically analyzed using
a statistical software package (SAS version §, SAS
Institute Inc., USA). For the continuous data, mean
+ SD were presented. However, for scored data, the
median and range were presented. Repeated measure
analysis of variance (ANOVA) was used to assess the
effect of both treatment and time. Wilks” Lambda was
used to assess the interaction between treatment and
time. The sphericity assumption was used to assess the
within group (time). When Wilks’ Lambda provided
significance (p < 0.05), further One-way ANOVA with
post hoc Duncan comparison test was used to assess
the difference in time of healing among groups. Results
were considered significant at values of p < 0.05.
Ethical approval

The Animal Welfare and Ethics Committee of Qassim
University (No. 369) approved the study protocol.

Results

Preparation and evaluation of AgNPs-FG
AgNPs were efficiently prepared using the 7. foenum-
graecum extract, as pointed out by the color change

from light yellow to faint reddish. The UV-VIS
spectroscopy showed evidence of NPs formation as
depicted in Figure 1. The produced spectra for AgNPs-
FG showed the highest absorbance at 423 nm which
is specific for the AgNPs surface plasmon resonance
effect. This absorbance value comes in accordance
with other researchers formulating AgNPs using a
green synthesis approach (Abdellatif et al., 2020D).
The produced AgNPs-FG also showed a particle size of
118.0 £ 1.7 nm, polydispersity index of 0.187 + 0.008
and surface charge of —7.8 = 0.518 mV as shown in
Figure 2a and b. TEM images (Fig. 3A) showed the
spherical morphology of the produced NPs with little
aggregation. In addition, the size obtained from TEM
observation was 16.73 + 3.68 nm. SEM images also
confirmed the TEM observation regarding the particles’
spherical morphology with minimum aggregation
tendency and the nanosized range (Fig. 3B).
Evaluation of AgNPs-FG loaded hydrogel

Upon conducting a thorough examination of the
recently developed AgNPs-FG hydrogel formulation,
it was determined that all the hydrogels exhibited a
transparent, smooth, and uniform appearance, with
no discernible lumps or irregularities present. In
addition, they were hard-pressed between the index
finger and thumb, and the consistency was recorded
as homogenous or non-homogenous. Furthermore,
the pH values of the gel formulations were found to
be highly consistent, measuring at 6.55 and 6.5 + 0.2
for both FG and AgNPs-FG hydrogel formulations,
respectively. These findings suggest that the newly
created hydrogel formulation is of high quality
and possesses great potential for use in a variety of
applications. Viscosity measurements showed that
FG hydrogel and AgNPs-FG loaded hydrogel have a
viscosity value of 4,000 and 1,875 cPs; respectively.
Furthermore, they have spreadability values of 1.6 +
0.14 and 2.0 = 0.15, respectively. The viscosity profile
was constructed at different shearing rates, as depicted
in Figure 4A. Increasing the shearing rate lowered the
viscosity of both hydrogels. The rheogram was also
constructed from shear rate and shear stress, as shown
in Figure 4B. The obtained rheograms showed a non-
Newtonian pseudoplastic flow system. In addition,
both formulations exhibited a yield value of 10 dyn/
cm?. Moreover, the results revealed the absence of any
growing microorganisms and the absence of infection.
The formed AgNPs-hydrogel showed no infection
when stored at room temperature at 25°C + 3.0°C and
4.0°C £+ 1.0°C.

Radiographic findings

Zero-time radiographic evaluation following surgery
demonstrated radiolucency; bone defect at the proximal
part of the tibial tuberosity in all studied groups (Fig.
5). Whereas, postoperative follow-up radiographs (<
2 months) of the studied rabbits revealed a significant
difference (p < 0.05) in bone regeneration between
rabbits treated with Ag-NPs FG gel (group 2) at the
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fourth week and onward in comparison to the control
group, and at the eighth week in comparison to rabbits
treated with plain gel (group 3), and rabbits treated with
FG gel (group 4) as depicted in (Fig. 5) and (Table 1).
BTMs findings

In rabbits treated with Ag-NPs-FG gel (group 2), BAP
was significantly increased (p < 0.05) from the second
week and onward till the eighth week in comparison
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Fig. 2. Particle size distribution and { -potential measurements
of AgNPs-FG. A) Particle size distribution of AgNPs-FG.
B) (-Potential of AgNPs-FG. Each measurement was the
average of three different records.

with the control group (group 1). Rabbits treated
with FG-gel (group 4) showed a significant increase
of BAP (p < 0.05) in the fourth and sixth week post-
operative. However, in the group treated with plain
gel (group 3), BAP was significantly increased (p <
0.05) compared to the control group at the eighth week
post-operative (Fig. 6A). OC levels were significantly
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Fig. 5. Skin incision at the medial aspect of the proximal end of the right tibia with the injection of AgNPs-FG-gel at the bone defect
(A), immediate postoperative lateral radiographs of bone defect at tibia + normal saline control group (groupl) (B), bone defect
at tibia + AgNPs-FG (group 2) (C), bone defect at tibia + plain gel (group 3) (D), and bone defect at tibia + FG-gel (group 4) (E).
Postoperative (day 56) lateral radiographs of bone defect at tibia + normal saline, (groupl) (F), Cranio-caudal radiograph of bone
defect at tibia + AgNPs-FG (group 2) (G), bone defect at tibia + plain gel (group 3) (H), and bone defect at tibia + FG-gel (group
4) (I). Please note complete healing in (G) compared to other studied groups.

Table 1. The median and range of the radiographic union score for bone defect healing in rabbits by the group.

Time (week)

Group 0 2 4 6 8
Group 1 1 (1-1) 1 (1-2) 1 (1-2) 2(2-2) 3(3-3)°
Group 2 1 (1-1) 2(2-2) 2 (3-3) 3(3-3)" 10 (10-10)®
Group 3 1 (1-1) 2(2-2) 2 (22 3(3-3)° 3(3-3)0
Group 4 1 (1-1) 2(2-2) 333y 3(3-3)° 4 (4-10)¢

A, B, C: Medians with different superscript letters ate the same column are significantly different at p <0.05.

Rabbits were randomly assigned into 4 groups: G1, bone defect, and placebo saline injection; G2, bone defect and Ag-NPS
fenugreek gel injection; G3, bone defect, and plain gel injection; G4, bone defect, and FG-gel injection.

Wilks” Lambda test for treatment x time interaction, p < 0.001

Sphericity assumed for within subject (time), p < 0.001

increased (p < 0.05) in rabbits treated with Ag-NPs-FG 4), OC levels were significantly increased (p < 0.05) in
gel (group 2), beginning from the second week to the week 2 and 8 compared with the control group. While
sixth week postoperatively and then dropped down to in rabbits treated with plain gel (group 3), OC levels
normal levels at the eighth week in comparison with were not significantly different compared to the control
the control group. In rabbits treated with FG-gel (group group (Fig. 6B).
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Fig. 6. (A) BAP, (B) OC, (C) Calcium (Ca), and (D) Phosphorus (Ph.) levels for rabbits with tibial bone treated by normal saline
control group (groupl), AgNPs-FG (group 2), plain gel (group 3), FG-gel (group 4). There was a significant increase in BAP, OC,
Ca, and Ph levels in group 2 compared to the control group and other treated groups.

Significant increases (p < 0.05) in calcium levels were
found in rabbits treated with AgNPs-FG gel (group 2),
beginning from the second week to the eighth week
postoperatively compared to the control group, and
from the sixth week and onward compared with other
treated groups (Fig. 6C). Levels of phosphorus were
significantly increased (p < 0.05) in rabbits treated with
AgNPs-FG gel (group 2), and in rabbits treated FG-gel
(group 4) starting from the sixth week and onward
postoperatively in comparison with the control group
and rabbits treated with plain gel (group 3) (Fig. 6D).
Histopathological findings

Histopathological examination of the studied groups
revealed an observable empty gap at the site of bone
defect at zero weeks postoperatively in all investigated
groups (Fig. 7A). At second week postoperatively,
fibrous tissue formation was observed in groups 1 and 3
(Fig. 7B), while immature bone formation (Woven bone)
was observable in both group 2 (Fig. 7C) and group 4
(Fig. 7D) at the same time. Mature bone formation was
observable in the fourth week postoperatively in groups
2 (Fig. 7E) and 4 (Fig. 7F) of the tested groups.

Discussion

Greensynthesisinbio-nanotechnology is aneco-friendly
and non-toxic method that uses safe natural materials

such as FG and plant extracts to synthesize metal NPs.
It offers cost and environmental benefits compared to
traditional physical and chemical methods (Mtibe et
al., 2018). The seeds part of FG was used in this study.
Seeds were boiled in Millipore water for extraction of
the active constituents. The extract was yellow in color.
Due to mixing the extract with 1 ml of AgNo,, the FG
extract was changed to faint reddish color as a result of
reduction of Ag™ to Ag’. The formed AgNPs-FG was
obtained and stabilized due to the nucleation of Ag° by
forming a layer of flavonoid around the Ag’. This layer
is essential for the stability and healing activities of
AgNPs-FG. It was reported by Abdellatif et al. (2022a—
d) that AgNPs-FG is a safe type of NPs that does not
harm normal cells. Their small size of 10 nm allows for
easy ionization, which can release Ag+ and be toxic to
cell lines only (Abdellatif et al., 2022c). AgNPs can be
absorbed by cells through endocytosis, but once inside
endosomes, they have low cytotoxicity due to limited
accessibility and low ionization. The FG reduced the
silver nitrate aqueous solution to produce eco-friendly
AgNPs by combining electrons with the silver ion. The
AgNPs combine to produce the AgNPs-FG, which is
hydrated around and covered with the FG as part of the
nanosilver stabilization, as represented in equation 2.
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Fig. 7. Group of pictures showing the starting point of fracture and progress in healing at different groups with
observable mature bone formation on the fourth week at both groups 2 and 4 (PICTURES E &F). (A)-Observable
fracture gap (induced) at the site of bone defect in control and other treated groups (X100, H & E) at week zero
post-operatively. (B) Fibrous tissue formation (started healing soft callus) is observable in the second week at the
control, and group-3 of the tested groups (%200, H & E), (C) and (D) Immature bone formation (woven bone:
Hard callus) advanced healing stage is observable in the second week post-operatively at group-2 (C), at group-4
of the tested groups (D) (%200, H & E). (E) and (F) Mature bone formation is observable (full healing stage) in
the fourth week in group 2 (E) and group 4 (F) (X100, x200 H & E; respectively).

AgNO,+Na,CH.O,+H,0 —»Ag'+ e~ (Nucleation & Size
growth) + (Stabilization) — AgNPs-FG Eq2

The absorption wavelength indicates the nano colloid
size of AgNPs-FG (Abdellatif et al., 2018a; Abdellatif,
2020). Due to free electrons that cause the surface
plasmon to be excited and produce the resonance of
the SPR band, the produced AgNPs-FG displayed
unique absorption peaks (Ranoszek-Soliwoda et
al., 2017; Younis et al., 2022). The AgNPs-FG UV-
VIS spectra revealed a progressive redshift, and the

obtained absorption peak was broad, presumably due
to the heterogeneous character of the produced NPs,
as proven by the DLS curve. Color changes indicate
variations in the absorption wavelength range of the
nano preparations compared to the FG (Fig. 7). Also,
the maximum wavelength shifts of the absorption band
occur due to the nanospheroids’ diameter increase
(Abdellatif et al., 2022a—c). AgNPs-FG is created
using various substances such as catalysts, biogenic
materials, and synthesis facilitators. These play an
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important role in reducing and stabilizing silver ions
and affect the morphology and charges of the final
product (Abdellatif ef al., 2020a, 2022d). Even though
the produced AgNPs-FG has a lower value of zeta
potential, a further stabilizing action could be applied
upon incorporation into the starch hydrogel base.

The size of AgNPs-FG was smaller in TEM than in light
scattering analysis because the latter method measures
the mean size hydrodynamic diameter and adds surface
structure concentration, resulting in a larger size
(Abdellatif et al., 2020b; Tawfeek et al., 2020a).
AgNPs-FG and FG Hydrogels have considerably
accepted physicochemical characteristics to facilitate
their application and be suitable for patients’ use.
The measured pH of the hydrogel is considered one
of the common quality attributes that could affect the
applied area through irritation. Herein, the prepared
hydrogels had a pH value relatively equivalent to the
pH value of normal skin tissue. This means that the
prepared hydrogels with AgNPs are more suitable for
topical administration which coincides with previous
similar studies (Tawfeek et al., 2020b; Abdellatif et al.,
2023). Viscosity is critical for describing the gels as
it affects the extrudability and release of incorporated
medicaments (Tawfeek et al., 2020a). Spreadability is
vital to donate the area where gel readily spreads on
the application of skin or affected area (Abdellatif et
al., 2018b; Tawfeek et al., 2020a). Higher spreadability
values of the AgNPs-FG hydrogel concomitant with
lower viscosity could indicate that the gel is easily
spreadable by a small amount of sheer (Abdellatif and
Tawfeek, 2016; Tawfeek et al., 2020a). In addition,
the release of silver ions is much more facilitated than
FG hydrogel with a high viscosity value. It was also
reported that gels with lower viscosity exhibited a
higher spreadability (Mekkawy ef al., 2017). The non-
Newtonian pseudoplastic flow system is characteristic
of hydrogel formulations (Lopez-Carrizales et al.,
2020). The obtained pseudoplastic flow is a shear-
thinning system, meaning a constant flow of hydrogel
upon application of shear and recovery after the stress
removal (Guvendiren et al., 2012). Such behavior
is important for gels used for topical drug delivery
applications (Mekkawy, 2013).

Sterile dosage forms are essential for the safety
of injectables, implants, and ophthalmic products.
Striking sterility in aseptic manufacturing requires
the supply of presterilized consumables, transfer of
product containers, and compliance with regulatory
requirements (Singh and Mehta, 2020). Starch was
added directly to the hot and sterile AgNPs-FG solution
to keep our preparation sterile to keep the hydrogel
sterile from bacteria and pyrogen. The hydrogel was
formed after boiling at more than 100°C. This degree
of temperature is suitable for killing microorganisms.
The bacteria were reported to stop growing at 63°C
(Leszczewicz and Walczak, 2019). The AgNPs-FG and
FG hydrogel was formed under sterile conditions and

stored without a flask opening. The obtained AgNPs-
FG and FG hydrogel showed no infection in all tested
groups. Moreover, the tested groups were compatible
with the prepared AgNps-FG and FG hydrogel. This
step made our preparation ready to be injected or
implanted in bone for further steps.

Although the pharmaceutical industry has been
developing worldwide. Nowadays, more than 80%
of the population in the world counts on plant-based
medicine for their primary healthcare. Currently,
plants and their products are important in traditional
and pharmaceutical medicine (Ekor, 2014; Davoodi
et al., 2020; Syed et al., 2020). AgNPs can overcome
the limitations associated with conventional NPs by
employing passive targeting once the disease has been
located (Abdellatif and Tawfeek, 2018). The healing
process of bone fracture is controlled by various
mechanisms such as biomechanical, cellular, hormonal,
and pathological mechanisms. Although healing is a
spontaneous physiological process, previous studies
have used various methods to speed up the regeneration
and healing of bone fractures and accelerate the return
to normal function. Several researches have been
carried out on bone healing process using different
medicinal plants (Gorustovich et al., 2002; Adhikari et
al., 2017; Syed et al., 2020; Selmi et al., 2022).
Although the radiographic examination is the standard
tool for the assessment and follow up of the healing
process of various fractures, however, great efforts have
been made in previous research toward developing
new techniques for following the progress of bone
fracture healing. Therefore, the collaboration between
the radiographic, BTMs, and histopathological findings
used in this study provides a promising tool for the
subjective assessment of fracture repair. These results
were inconsistent with El Shafaey ef al. (2014), and
Al-Sobayil et al. (2020). Postoperative radiographic
follow-up (< 2 months) of the operated rabbits revealed
a significant difference (p < 0.05) in bone regeneration
between rabbits treated with Ag-NPs-FG gel (group 2)
at the fourth week and onward compared to the control
group and at the eighth week in comparison to rabbits
treated with plain gel (group 3), and rabbits treated with
FG-gel (group 4).

Investigating the bone healing process using bone
turnover markers has been used in several previous
studies. It is considered a prognostic tool for the
evaluation of fracture healing progress. monitoring
of BTM findings during the healing of fracture could
precisely enhance the accurate assessment healing
stage, allow for earlier management, and improve
patient condition (Al-Sobayil et al., 2020; Anaraki et
al., 2021). The finding revealed significant increase of
the BAP and OC levels in rabbits treated with Ag-NPS-
FG gel (group 2) in comparison to the control group,
groups 3, and 4. This could be attributed to the synthesis
of the bone matrix by osteoblasts and its maturation
during the fracture healing. In addition to the important
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role of BAP and OC in mineralization and increasing
the mineral density of the bone, osteoblasts secrete
BAP, which initiates the mineralization, and causing
increase of phosphate, and decrease the extracellular
pyrophosphate concentration. In addition, BTMs is
considered as a valuable indicator of bone synthesis,
and its high serum level indicates rapid maturation and
more activity of osteoblasts, as reported (Komori, 2020;
Vimalraj, 2020; Anaraki ef al., 2021). Similar findings
were reported by Al-Sobayil et al. (2020) in the study
of oral FG supplementation and its therapeutic effect in
a camel mandibular bone fracture.

High blood levels of calcium and phosphorus cause
deposition of the calcium phosphate crystals in the
osteoid and make it harder, as reported by Anaraki
et al. (2021). These findings agree with the results of
our present study; it was found that the serum calcium
levels were significantly increased in rabbits treated
with Ag-NPs-FG gel (group 2), beginning from the
second week to the eighth week postoperatively
compared with the control group. In contrast, serum
phosphorus levels were significantly increased from
the sixth week and onward postoperatively compared
to the control group. This result may be because; FG
(Trigonella foenm -graecum) has a role in increasing
bone formation. Furthermore, no observed infection
between all groups were recorded which confirmed the
sterility of our preparations before the injections.
Histopathologically, the percentage of woven bone
was significantly higher than the lamellar bone in
the first week. In the fourth week, the percentage
of lamellar bone notably increased compared to the
woven bone Matos et al. (2008) and Anaraki et al.
(2021). In consistence with previous findings, in the
present study, at the second week postoperatively,
fibrous tissue formation was observed in groups 1 and
3. At the same time, immature bone formation (woven
bone) was observable in both groups 2 and 4. Mature
bone formation was observable in the fourth week
postoperatively in groups 2 and 4 compared to other
treated groups. This finding may be explained by the fact
that in the control group and rabbits treated with plain
gel (group 3), the healing is in progress, and osteoblasts
are active. Still, in the treatment groups, particularly
in Ag-NPs-FG gel (group 2), bone regeneration is
approximately complete at week 4.
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