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Introduction

A forsterite-reinforced polypropylene fumarate/
methoxy polyethylene glycol-hydrogel enriched
with flavonoid nanoparticles
enhances osteoconductivity

Mahsa Zaghian,® Jaleh Varshosaz, (2 *® Mahboubeh Rostami € ® and Mina Mirian®
Tissue engineering offers potential solutions for degenerative bone diseases. In the current study
hesperetin (a flavonoid) was loaded in gliadin (a natural protein) NPs and used to enrich an injectable
hydrogel of PPF-MPEG reinforced with Fs (a bioceramic) to enhance osteoconductivity. The PPF-MPEG
hydrogel (4-6% w/v) containing 3-5% w/w Fs NPs was prepared. Then, the optimum hydrogel concen-
tration was selected based on its properties like degradation, swelling, rheologic behavior, injectability,
porosity, and biomineralization. Finally, Hst—-GNPs (10, 20, and 40% w/v) were added to the optimized
hydrogel. The MG-63 cells were utilized to conduct cell proliferation and attachment analysis, alkaline
phosphatase assay, alizarin red staining, and osteogenic gene expression analysis. Hst—GNPs in the ratio
of 1:3 (Hst 5 mg and GNPs 15 mg) showed an appropriate particle size (233.4 + 3.6 nm), zeta potential
(—13.5 + 1.752 mV), EE% (97.98 + 0.00%), and REg,% (86.39 + 0.10%) among other formulations. The
6% w/v PPF-MPEG hydrogel containing 3% w/w Fs showed appropriate injectability (17.41 4+ 0.88 N),
swellability, degradation, and mechanical properties. Moreover, the Fs NPs affected the degradation rate
and swelling degree of the hydrogel; nevertheless, their overloading resulted in decreased Young's mod-
ulus and compressive strength of the hydrogel. The hydrogel containing 10% w/v Hst—GNPs showed the
most significant rapid release among those containing other ratios. Also, significant enhancement was
seen in mineralization, differentiation, and cell proliferation. In addition, higher expression of bone-
specific genes, including collagen 1, osteocalcin, and osteopontin, was revealed in the cells treated with
the PPF-MPEG/Fs/Hst—GNPs compared to the blank hydrogel.

bioactive molecules like chemicals, peptides, proteins, nano-
particles (NPs) or phytochemicals.*?

Cancer, trauma, osteoporosis, bone fractures, and rheumatoid
arthritis are the conditions that could lead to bone tissue
destruction. The increasing incidence of bone defects is a
major concern in middle-aged women and a major cause of
disability in obese and elderly patients. Traditional treatments
such as surgery, bone grafting, and implantation of permanent
prostheses are invasive and risky and have limited sources.'™
Bone tissue engineering involves three vital components,
including mesenchymal stem cells (MSCs) or osteoblast-like
cells (MG-63), scaffolding matrix, and growth factors or
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Nowadays, using biodegradable injectable composites and
hydrogels is one of the emerging methods for bone tissue
engineering. For example, graphene and its derivatives, bio-
ceramics, carbon nanotubes, natural materials, and synthetic
polymers are extensively applied in tissue engineering. Biode-
gradable synthetic polymers with acceptable mechanical, phy-
sicochemical, and biological properties are regarded as
potential bone graft substitutes.® Polyesters such as polycapro-
lactone (PCL), poly r-lactic acid (PLLA), and polyglycolic acid
(PGA) are the most used polymers in tissue engineering. How-
ever, fumaric acid-based polyesters such as polypropylene
fumarate (PPF) are more attractive in biomedical research
due to their better biocompatibility and biodegradability. PPF
is a biodegradable linear polyester characterized by one car-
bon-carbon unsaturated double bond and two ester bonds. The
ester linkages facilitate both crosslinking across the double
bond and hydrolysis through these bonds. The properties of
PPF can be altered by adjusting its molecular weight and
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incorporating suitable crosslinkers. Also, PPF could be com-
bined with other polymers such as polyethylene glycol (PEG)
and copolymers could be formed to enhance its properties like
injectability, hydrophilicity, and mechanical strength.” Recent
studies have shown that 3D-printed PPF scaffolds enhance cell
proliferation and migration in bone marrow-derived human
mesenchymal stem cells.® In another study, PPF/PEG-modified
graphene oxide nanocomposites not only showed antibacterial
activity against Gram-negative and Gram-positive microorgan-
isms without any toxicity to the human dermal cells, but also
presented better stiffness, strength, and toughness.®'® Another
study on a PPF/PEG copolymer demonstrated that because of
the presence of hydrophilic groups, this structure had great
potential for water absorption and showed sol-gel behavior.
The PPF/PEG copolymer could be in liquid (sol) form at room
temperature (25 °C) and could form a gel at body temperature
(35-37 °C), which could improve the drug-polymer scaffold’s
injectability.® Bioceramics, mostly fabricated from porous cera-
mics, also have a vital role in bone tissue engineering and
have been investigated as potential candidates for hard tissue
regeneration due to their suitable strength and resistance
against destruction.””® Calcium, magnesium, and silicon-
based bioceramics are widely used in the field of bone tissue
engineering. Bioactive silicate ceramics, including diopside
(CaMgsSi,0¢), bredigite (Ca;MgSi 0O;6), wollastonite (CaSiO;),
akermanite (Ca,MgSi,O-), and larnite (Ca,SiO,4), have shown
beneficial bioactivity in bone tissue engineering. Calcium
phosphate (CaP) ceramics, including hydroxyapatite (HA)
(Ca;9(PO,)s(OH),), dicalcium phosphate (DCP), tricalcium
phosphate (TCP), and bioglasses, are commonly used owing
to their high compressive strength, biocompatibility, and
osteoconductivity.” ! Forsterite (Mg,Si0,) (Fs) is dimagnesium
silicate belonging to the olivine group with good bioactivity and
better mechanical properties than HA and bioglasses.'>"* In
addition, recent studies have shown that Fs has antibacterial
activity, better degradability, and mechanical strength. Fs may
also enhance adhesion to osteoblast cells, stimulate prolifera-
tion, and delay hydroxyapatite deposition.”"

As previously mentioned, bioactive compounds are essential
for bone tissue engineering, which can be NPs or phytochem-
icals. Flavonoids, the largest group of plant phenolic com-
pounds, are broadly found in many plants, vegetables, and
fruits and possess different biological and pharmacological
properties such as antitumor, antiviral, antibacterial, antioxi-
dative, and anti-inflammatory and thus have attracted the
attention of many researchers.”'? Hesperetin (Hst), 3',5,7-
trihydroxy-4-methoxy flavanone, the aglycone of hesperidin
(B-7-rutinoside of hesperetin), is a flavonoid belonging to the
flavanone subgroup and is commonly identified in citrus fruits
(Rutaceae). 1t has various biological activities, such as antiox-
idant, anti-inflammatory, lipid profile improvement, analgesic,
and neurological function protection.'*** Liu et al.'* revealed
that Hst alleviated LPS-induced bone loss, diminished osteo-
clast numbers, and lowered the receptor activator’s ratio of
nuclear factor-kB ligand (RANKL)/osteoprotegerin (OPG)
in vivo. Additionally, the study proposed the use of Hst as a
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promising therapeutic approach for treating destructive bone
diseases. It was demonstrated that Hst can improve
glucocorticoid-induced inhibition of osteogenic differentiation
in mesenchymal stem cells through activation of the ERK signal
pathway.'® Moreover, research indicated that low concentra-
tions (1-10 pM) of Hst could increase the mineralization,
proliferation, and migration of the human MSCs. Also, hesper-
etin/gelatin scaffolds with the Hst concentration of 5 uM
promoted fracture healing in vivo."”'® Although Hst exhibits
various beneficial properties, its clinical applications are lim-
ited due to poor water solubility, low in vivo bioavailability,
short half-life, and rapid clearance from the body. However, the
use of new drug delivery systems, such as NPs, holds promise in
addressing these limitations."®

Nanotechnology plays a critical role in the development of
drug formulations. The NPs are small-sized materials made of
atomic or molecular materials and can easily enter the human
body and present specific structural, biological, chemical, and
mechanical features. The selection of NPs for drug delivery
depends on the physicochemical properties of the target drugs
being chosen for the treatment.”® Proteins possess many
advantages to be used in NP preparation. They are biocompa-
tible, biodegradable, cost-effective, able to modify surfaces, and
exist in natural resources. Moreover, protein-based NPs do not
have potential limitations of other NPs, including toxicity, fast
body clearance, and accumulation. These nanostructures are
synthesized using proteins like gelatin, casein, albumin, glia-
din, elastin, and zein by different methods, including coacerva-
tion, emulsification, electrospray, and desolvation.**

Gliadin (G) and glutenin are the main components of the
wheat gluten protein. Both proteins are insoluble in aqueous
media at normal pH; however, monomeric G is soluble in 70%
ethanol and is composed of single-chain polypeptides with
intra-molecular disulfide bonds and 25-100 kDa molecular
weight; nonetheless, the polymeric glutenin is insoluble in
ethanol and is made of macropolymers with intermolecular
disulfide bonds.>> The GNPs could be obtained using the
desolvation method or the anti-solvent precipitation method.
Studies have revealed that GNPs improve the bioavailability of
encapsulated lipophilic molecules due to the bioadhesive abil-
ity of G particles towards the gastric mucosa.*® Previous studies
have investigated the use of GNPs as a drug delivery system for
encapsulated retinoic acid and vitamin E and obtained promis-
ing results related to controlled drug release.>*>’

This research was designed to develop an optimized thermo-
sensitive injectable hydrogel reinforced with Fs NPs containing
Hst-GNPs as the active ingredient for implementation in bone
tissue engineering. In this study, Hst was employed as the
bioactive molecule due to its cost-effectiveness and role in bone
regeneration. Also, GNPs were used to facilitate the smooth
release of Hst in the cell environment and to improve cell
adhesion and migration.>®?” Furthermore, these data encour-
aged current research on synthesis of a polypropylene fuma-
rate/methoxy polyethylene glycol (PPF-MPEG) hydrogel
reinforced with bioceramic Fs NPs, as the carrier for Hst loaded
GNPs (Scheme 1) to enhance the physicochemical and
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Scheme 1 Chemical structures of (A) poly(propylene fumarate) (PPF),
(B) hesperetin (Hst), (C) gliadin (G), and (D) forsterite (Fs).

biological properties and to develop a controlled-release inject-
able hydrogel for bone tissue engineering.

Experimental

Materials

Hesperetin (Cy6H1406, purity > 95%, M,, = 302.27 g mol ),
diphenyl tetrazolium bromide (MTT), alizarin red, ascorbic
acid-2-phosphate, B-glycerophosphate, dexamethasone, zinc
chloride, methoxy polyethylene glycol-2000, diethyl fumarate,
hydroquinone, formaldehyde, hydrochloric acid, tetraethyl
orthosilicate ((C,H50),Si, TEOS), cetyltrimethylammonium bro-
mide (CTAB), ammonium hydroxide, calcium chloride, magne-
sium nitrate hexahydrate (Mg(NO3),-6H,0), and dimethyl
sulfoxide (DMSO) were purchased from Sigma-Aldrich (USA).
Propanol-(1), acetone, sodium iodide, ethanol, sodium hydro-
xide, ammonium acetate, methanol, propylene glycol, acetic
acid, citric acid, Triton X-100, and chloroform were provided by
the Merck Chemical Company (Germany). The dialysis bag
(mol. wt. cut-off ~ 12-14 kDa) was purchased from the Betagen
Company (Mashhad, Iran). A human osteoblast-like cell line
(MG-63) was obtained from the National Cell Bank (Rooyan
Institute, Iran). Dulbecco’s Modified Eagle Medium-Low Glu-
cose (DMEM-LG), fetal bovine serum (FBS), streptomycin/peni-
cillin, trypsin-EDTA 0.25%, and phosphate buffered saline
(PBS) were acquired from Bioidea (Iran). The alkaline phospha-
tase kit was provided by the Pars Azmoon Company (Iran).
Moreover, the highly pure RNA isolation kit was supplied by the
Roche Company (Germany). The SYBR Green PCR Master Mix
and AddScript cDNA Synthesis Kit were obtained from Addbio
(Korea). Primer genes included: osteocalcin (BGLAP), collagen
1 (COL1A1), osteopontin (SPP1), and beta-actin (ACTB) (as
control), which were bought from Cinaclon (Iran).

Gliadin extraction

According to the prior study accomplished by Dupont et al.,>®
wheat flour was used to extract G and then SDS-PAGE assay was
performed to identify the extracted protein. For each extraction,
100 mg of wheat flour was mixed with 1 mL of a solution of
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0.3 M sodium iodide and 7.5% 1-propanol and then centri-
fuged. The extraction process was repeated twice. Afterwards,
the resulting supernatant was precipitated by adding a cold
solution of methanol and ammonium acetate. The precipitated
mixture was stored at —20 °C for 48 hours and then was
subjected to centrifugation at 5000 rcf for 15 minutes at room
temperature. The resulting pellets were carefully re-suspended
using the minimum amount of acetic acid and subsequently
freeze-dried to be utilized in the future procedures.

Synthesis of forsterite NPs

The Fs NPs were synthesized employing the surfactant-assisted
sol-gel process, as previously reported by Hassanzadeh-
Tabrizi et al.,**?° albeit with minor modifications. Initially,
0.05 g mL ™' CTAB (as a surfactant) was dissolved in deionized
water (DW) under stirring conditions to yield a clear and
homogeneous solution. Subsequently, the pH was rapidly
adjusted to approximately 12 through the addition of ammo-
nium hydroxide, followed by an additional five minutes of
stirring. Thereafter, a solution of TEOS-magnesium nitrate
hexahydrate-water (1/2/7) was incrementally added over a
period of 20 minutes. After 12 hours of continuous stirring,
the resultant solution was washed with DW and subsequently
placed in a dry oven at 65 °C for 12 hours. The synthesized
viscous gel was then calcined at 700 °C at a heating rate of
10 °C min~ " for three hours in an air environment to eliminate
the template (CTAB). The resultant Fs NPs were characterized by
scanning electron microscopy (SEM, Zeiss Leo 1430, Germany),
energy dispersive X-ray spectroscopy (EDX, Oxford instruments),
and X-ray diffractometry (XRD, Philips X'Pert MPD).

Synthesis of a PPF-MPEG copolymer

PPF synthesis. In a reaction setup, diethyl fumarate, zinc
chloride, propylene glycol, and hydroquinone were combined
in a three-necked round bottom flask in a molar ratio of
1:3:0.01:0.003. Zinc chloride was used as a catalyst for the
reaction. The resulting mixture was heated up to 150 °C under
nitrogen gas conditions. This heating process led to the for-
mation of a diester called bis(2-hydroxypropyl)fumarate and
ethanol as a by-product. To remove ethanol, a distillation
process was carried out. Subsequently, the intermediate diester
underwent transesterification for three hours under the
vacuum conditions with the pressure less than 1 mmHg at
150 °C. This transformation resulted in the production of
linearly unsaturated poly(propylene fumarate) (PPF) and pro-
pylene glycol as the final products. The final products were
washed with ethanol to remove excess propylene glycol and
other impurities and the pure product was stored in a refrig-
erator for use in the next reaction step.*"

PPF-MPEG synthesis. Methoxy polyethylene glycol
(molecular weight = 500) was mixed with PPF in a molar ratio
of 1:2 and the transesterification reaction was performed
under vacuum at a reaction temperature of 160 °C. After the
end of the reaction, the copolymer was rinsed with
dichloromethane and ethyl ether. Hydroquinone and zinc
chloride were dissolved in ethyl ether and the copolymer

© 2024 The Author(s). Published by the Royal Society of Chemistry
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became waxy or solid in the solvent. The solvent was stirred
when the copolymer continued to be waxy. Then, the polymer
was dried under vacuum. To purify the copolymer, the resulting
product was dissolved in dichloromethane. The solution was
then filtered and precipitated into ethyl ether while vigorously
stirring. This process helped to remove impurities and obtain
a purified form of the copolymer. Zinc chloride and
hydroquinone were removed during the washing process
through their solubility in ethyl ether. The final product was
tested using proton nuclear magnetic resonance spectroscopy
(H-NMR 400 MHz, Bruker, Germany) and Fourier transform
infrared spectroscopy (FT-IR) (JASCO-6300, Japan) to confirm
its successful synthesis.* "H-NMR was used to analyze PPF and
PPF-MPEG. For analysis, the samples were dissolved in an
appropriate solvent (DMSO-d6 for PPF and PPF-MPEG). The
H-NMR spectra provided information about the chemical shifts
and confirmed the presence of specific chemical groups within
the polymers. FT-IR was also performed on all three
components (PPF, PPF-MPEG, and PEG) using the KBr
disc method (400-4000 cm ™) at a resolution of 4 cm ™. FT-IR
analysis enabled the identification of characteristic absorption
peaks corresponding to specific functional groups, providing
further insights into the chemical structures and compositions
of the materials. Scheme 2 shows the synthesis procedures of
PPF and PPF-MPEG.

Preparation of the Hst—-GNPs. According to previous studies
with small modifications, the GNPs were prepared by a

desolvation method.***? First, G solutions were prepared at
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Scheme 2 The synthesis procedures of (A) PPF and (B) PPF-MPEG.
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the concentrations of 2.5, 5, and 7.5 mg mL~ " with 96% ethanol
(organic phase) and stirred for at least 30 minutes on a
magnetic stirrer. Afterward, 2 mL of each solution was
filtered with a 0.45 pm syringe filter and Hst powder was
added to each solution in different ratios of Hst to G of 1:1,
1:2, and 1:3 and stirred for a further 15 minutes. On the other
hand, a 1% Pluronic F127 solution was prepared by dissolving
Pluronic F127 in 0.9% NacCl solution (aqueous phase). Then,
4 mL of this solution was filtered through a 0.45 pm syringe
filter. The organic solution (2 mL) was added to the water-based
phase (4 mL) with a syringe and the solution was subjected
to sonication with a probe sonicator (UW 3200, Bandelin,
Germany) at 30 W for one minute with on and off pulses for
1 second. Eventually, the resulting solutions were dialyzed in
DW for 30 minutes, freeze-dried and kept at —20 °C for further
experiments.

Physicochemical characterization of NPs

Particle size, zeta potential, and polydispersity index (PDI). A
dynamic light scattering method was employed to measure the
particle size, PDI, and zeta potential of NPs at room tempera-
ture and pH 6.8 using a particle size analyzer (Zetasizer 3600,
Malvern, UK). The optimized formulation was freeze-dried,
then the NPs were redispersed in DW, and measurements were
repeated. All assessments were carried out in triplicate, and the
mean + SD of the outcomes was reported.

Entrapment efficiency measurement. The absorbance of
the supernatant, obtained after centrifugation, was measured
using a UV spectrophotometer (UV-mini-1240, Shimadzu,
Japan) at a wavelength of 377.5 nm. This measurement was
conducted to determine the concentration of free drug and the
entrapment efficiency (EE%). EE% was determined using
eqn (1), where M, represents the initial amount of Hst and
M, represents the amount of free Hst in the medium after
loading.?*

EE% = [(M, — M;)/M,] x 100 (1)

In vitro Hst release from NPs. To calculate the release
percentage of Hst from Hst-GNPs, 1 mL of NP dispersion was
transferred into the dialysis bags and immersed in 50 mL of the
release medium, which contained a 1: 1 mixture of PBS (pH 7.4)
and ethanol with 2% Pluronic F127, while it was kept
under constant shaking at 37 °C. During the sampling process,
1 mL of the medium was collected at various time intervals
(0.5-12 hours). The concentration of Hst in the samples was
determined using a UV spectrophotometer (UV-mini-1240, Shi-
madzu, Japan) and a calibration curve based on the Hst
standard was constructed, with measurements taken at a
wavelength of 383 nm. To maintain sink conditions, after each
sampling, fresh medium was exchanged. The cumulative
release of Hst was calculated using eqn (2), where M,, represents
the amount of Hst released at the time n and M, represents the
total amount of the Hst in the sample.*® Each formulation was
analyzed three times.

Mater. Adv., 2024, 5, 4324-4344 | 4327
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Hst released (%) = (M,/M,) x 100 (2)

NP morphology determined by FE-SEM. Images obtained
using a field emission scanning electron microscope (MIRA3,
TESCAN, Czechia) were analyzed to determine the morpholo-
gical properties of GNPs.

Fourier transform infra-red (FTIR) analysis. The infrared
spectra of freeze-dried Hst-GNPs, GNPs, and Hst were obtained
using the KBr disc method (400-4000 cm ™) at a resolution of
4 cm ™! using an FTIR spectrophotometer (JASCO-6300, Japan).

Preparation of hydrogels. Hydrogels were prepared and
crosslinked by dispersing the synthesized polymer of PPF-
MPEG (4 and 6% w/v) in a solution of citric acid and DW and
were stirred at room temperature to obtain a homogenous
suspension. Therefore, the copolymer was insoluble but dis-
persible in water and it could make the hydrogel when dis-
persed in water. Then, Fs NPs (3 and 5% w/w) were dispersed in
the hydrogels under stirring and the final solution was kept at
4 °C for further studies. The best hydrogel concentration was
selected according to the rheological and mechanical proper-
ties, injectability, porosity, and biomineralization tests. Then,
the Hst-GNPs (10, 20, and 40% w/v) were added to the opti-
mized hydrogel, and the optimum concentration of NPs was
selected based on their release studies for further in vitro
biological experiments.

Characterization of hydrogels

Injectability. The universal testing machine (Santam, STM-
20, Iran) was utilized to determine the injectability of the
hydrogels. For each formulation, 1 mL of hydrogel was dis-
charged from the 2 mL syringe connected to the 18-gauge
needle and was compressed at 20 mm min " at room tempera-
ture. The maximum force at plateau (Fyax) was determined as
the maximum injectability force and then the force curves were
constructed. The test was performed in triplicates.*®

Mechanical properties. Mechanical properties were evalu-
ated by conducting compressive tests on hydrogels using a
standard testing machine (SANTAM, STM-20, Iran). The hydro-
gel samples were frozen in a 24-well silicon mould overnight
and freeze-dried for 48 h. The freeze-dried cubic samples
(12 mm x 12 mm X 4 mm) were compressed between two
jaws of the machine at the rate of 10 mm min~ ' with a 100 N
load cell. The compressive test was conducted in triplicate for
each sample, and the compressive strength and compressive
modulus were determined based on the stress-strain curve.*>

Rheology. The rheometric mechanical spectrometer (RMS,
Anton Paar, MCR 301, Austria) was used to examine the
rheology of the hydrogels through oscillatory temperature,
time, frequency, and viscosity sweep tests. The rheometer was
loaded with the samples and the loss modulus (G”), storage
modulus (G'), and complex viscosity (1) were measured as the
functions of time (2% amplitude gamma, 1 Hz frequency, 4-
50 °C temperature, 5 °C min~ ' heating rate) and temperature
(2% amplitude gamma, 1 Hz frequency, 25 °C temperature).
The gelation point was determined when the loss modulus and
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storage modulus became equal. G’ and G” were also measured
against shear stress and strain at an angular frequency of
10 rad s~" from 0.1 to 100% strain to determine the linear
viscoelastic (LVE) region. Moreover, frequency sweeps were
conducted at 1% strain throughout an angular frequency range
of 600 to 0.1 Hz.””

In vitro swelling index and degradation assay. The gravi-
metric method was performed to assess the swelling and
degradation of hydrogels. Pre-weighed (W) freeze-dried hydro-
gel samples were incubated in 2 mL of PBS (pH 7.4) at 37 °C
under constant stirring. At different time intervals, PBS was
removed, extra solution on the surface of the samples was
absorbed with filter paper, the weight of samples (W,) was
recorded, and the medium was replaced with the fresh one.
For the degradation test, after 1, 3, 7, 14, 21, and 28 days, the
samples were freeze-dried and weighed (Wy). The weight loss
percentage and the equilibrium degree of the swelling were
computed through eqn (3) and (4):*

Weight loss (%) = [(W, — Wa)/W] x 100 3)

Equilibrium degree of swelling (%) = [(W, — W,)/W,] x 100

4)

Porosity ratio. The porosity measurement was carried out
following Archimedes’ principle. The pre-weighed dry (Wjy)
samples were soaked in normal hexane at 25 °C until saturation
was achieved. The saturated weight (Wy,) and submerged
weight (Wgyp) of the samples in normal hexane were measured
and porosity was determined according to eqn (5):*®

Porosity (%) = [Wsar — Wa)/(Wsat — Wsub)] X 100 (5)

In vitro mineralization study. To evaluate the mineralization
activity of the hydrogels, from each formulation, three freeze-
dried samples (sample dry weight was 8.37 £ 0.07 g) were
placed in individual wells of a 24-well culture plate. Afterwards,
each well was filled with 2 mL of simulated body fluid (SBF-1x),
and the plate was placed in an incubator set at 37 °C for a
duration of 28 days. After 7 and 28 days of incubation, the
samples were washed with distilled water (DW) and then
dehydrated using a series of ethanol solutions. Finally, dried
samples were assessed using SEM (Zeiss Leo 1430, Germany)
followed by EDX (Oxford instruments) to investigate the apatite
(Ca*" and P) formation on the samples.**"*°

Morphology. The morphological assessments were carried
out using a scanning electron microscope (SEM, Zeiss Leo 1430,
Germany) on hydrogels. To prepare samples before imaging,
the hydrogels were frozen in a 24-well silicon mould, freeze-
dried, and then coated with gold under vacuum.

Hst release from hydrogels. The Hst release profiles from the
prepared hydrogels were determined using the Franz diffusion
cell method. A cellulose filter membrane was affixed to the
donor compartment of the apparatus, and 5 mL of the hydrogel
samples were applied onto the membrane. The acceptor part
was filled with a 25 mL release medium (a 1:1 mixture of PBS

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(pH 7.4) and ethanol, with 2% Pluronic F127) at 37 °C with
continuous stirring. At specified time intervals, 1 mL of the
medium was collected to measure the released Hst absorbance
using a spectrophotometer at 383 nm. The medium was
promptly replaced with fresh medium. The Hst concentration
and cumulative drug release percentage were determined using
the standard curve equation.***"

Cell culture studies. The MG-63 cells were used due to their
close resemblance to human osteoblasts. The cells were cul-
tured using Dulbecco’s modified Eagle’s medium/nutrient
mixture F12 (DMEM/F12) supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin/streptomycin antibiotics. The
cell cultures were maintained in an incubator set at the
temperature of 37 °C and a 5% CO, atmosphere for optimal
growth. To ensure healthy cellular growth, the culture medium
was changed every three days. Once the cells reached approxi-
mately 70-80% confluency within the culture flask, they were
detached through trypsinization before being counted for
further experimental procedures.

Cell viability and proliferation (MTT assay). To determine
the sub-toxic concentration of the Hst-GNPs, an MTT assay was
performed for 24 h, 72 h, and 7 days for the concentrations
below ICs,. After that, two sub-toxic concentrations of the Hst—
GNPs with the optimum proliferation rate were selected and
the Hst-GNPs were combined with hydrogel samples to study
the proliferation of MG-63 cells in hydrogels. After treating
hydrogel samples with UV light for 30 minutes, 50 pL of
hydrogel samples were placed in a 12-well plate and incubated
for 30 minutes at 37 °C for gel formation. Subsequently, 500 pL
of cell suspension containing 1.5 x 10* cells per well was added
to each well, followed by 30-minute incubation to facilitate cell
penetration. Afterward, 1.5 mL of the culture medium was
added to each well, and the plate was further incubated for
the designated period. At specific time points (24 h, 72 h, and
7 days), 1.5 mL of the culture medium was evacuated, and 50 pl
of MTT solution (5 mg mL ') was introduced into each well.
The formazan crystals were formed in the plate during a four-
hour incubation. Subsequently, the culture medium was gently
removed, and 500 uL of DMSO was added to each well. The
plate was kept at room temperature in a dark location for two
hours to facilitate DMSO penetration into the hydrogels and
dissolution of formazan crystals. Finally, from each well, 150 pL
was transferred to a 96-well plate, and the absorbance was
assessed at 570 nm using a microplate reader (Biotek, 800-TS).
The percentage of cell viability was calculated using eqn (6),
where X, Xp,, and X, represent the sample mean absorbances,
blank (tissue culture plate), and the control (cell suspension),
respectively.®”
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Cell viability (%) = [(Xs — Xo)/(Xc — Xb)] x 100 (6)

Alizarin red staining (ARS). The ARS method assessed the
ability of MG-63 cells to form mineralized nodules in the
presence of hydrogels. Each sample was seeded in a 12-well
plate with 1 x 10* cells per well in an osteogenic medium
(DMEM/F12 medium, 10% FBS, 1% penicillin/streptomycin
solution, 100 nM dexamethasone, 10 mM B-glycerophosphate,
and 0.2 mM vitamin C). After 7 and 14 days, the medium was
removed, and the cell layer was washed with PBS three times.
Then, the cells and hydrogels were fixed with formaldehyde
(3.6%, 15 min, 37 °C) and the cells were stained with Alizarin
Red dye (2%, pH 4.1-4.3, 30 min, 37 °C). Calcium deposition
was detected and photographed using an Olympus microscope
(Tokyo, Japan) after rinsing the cell layer with DW.*?

Alkaline phosphatase (ALP) assay. The ALP activity of MG-63
cells was measured using an ALP assay kit (Pars Azmoon, Iran)
to assess the conversion of para-nitrophenyl phosphate to para-
nitrophenol. First, 50 pL of each formulation containing 6.25
pg mL~! Hst was added into each well of a 12-well plate and
incubated at 37 °C for 30 min. Afterward, 500 pL of 1.5 x 10*
cells were added to each well and after 30 minutes of incuba-
tion at 37 °C, 1.5 mL of osteogenic culture medium was added
to each well. At days 7 and 14, the cells were rinsed twice with
PBS after discarding the medium. Then, 1 mL of 1% Triton X-
100 was added to each well to lyse the cells. Considering the
ALP kit protocol, after centrifuging the contents of each well at
12 000 rpm for three minutes, 8 puL of the sample’s supernatant
was added to 200 pL of the working solution in a 96-well plate.
After one, two, three, and four minutes, the optical density was
recorded at 405 nm through a microplate reader (Biotek, 800-
TS), and the ALP activity was determined according to the kit
protocol.*?

Gene expression study (RT-PCR). Cells were harvested and
lysed after 14 days of cell culture to determine the protein
expression levels. In accordance with the manufacturer’s
instructions, total RNA was extracted with a High Pure RNA
Isolation Kit (Roche, Germany). Using a
spectrophotometer (WPA, England), the quality of the total
RNA extracted from each sample was evaluated. Thereafter,
each sample’s complementary DNA (cDNA) was created using
oligo dT primers and the AddScript cDNA Synthesis Kit
(Addbio, Korea) according to the manufacturer’s protocol.
The cDNA was then amplified using specific primers and SYBR
Green PCR Master Mix (Addbio, Korea) in the StepOne™ Real-
time PCR Detection System (Applied Biosystems, USA) to per-
form a quantitative RT-PCR. Table 1 displays the primer

nano-

Table 1 Sequences of primers employed for RT-PCR analysis of different gene expressions in MG-63 osteoblast-like cells

Gene Forward

Reverse

Collagen 1 (COL1A1)
Osteocalcin (BGLAP)
Osteopontin (SPP1)
Beta-actin (ACTB)

© 2024 The Author(s). Published by the Royal Society of Chemistry

5’-GAGGGCCAAGACGAAGACATC-3’
5'-CACTCCTCGCCCTATTGGC-3’
5'-GCCGAGGTGATAGTGTGGTT-3’
5'-GTTGTCGACGACGAGCG-3’

5’-CAGATCACGTCATCGCACAAC-3’
5’-CCCTCCTGCTTGGACACAAAG-3’
5-TGAGGTGATGTCCTCGTCTG-3'
5’-GCACAGAGCCTCGCCTT-3’
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sequences used in this study, including osteocalcin (BGLAP),
collagen 1 (COL1A1), osteopontin (SPP1), and beta-actin (ACTB)
as the internal control. The comparative cycle threshold (AACt)
was employed to estimate the relative gene expression.
Statistical analysis. All experiments were carried out three
times, and the results were presented as mean £ SD. Also, the
GraphPad Prism software (V.9) was used to perform one- and
two-way analyses of variance (ANOVA), followed by Tukey’s post
hoc test for statistical analysis of the data. The p-values less
than 0.05 (p < 0.05) were considered statistically significant.

Results and discussion

Gliadin NP characterization

FE-SEM and TEM images of the GNPs are displayed in Fig. 1.
Both FESEM and TEM images exhibit clusters of spherical
GNPs with diameter below 400 nm. This is in accordance with
the study performed by Frazan et al.,** in which GNPs were
used for targeted delivery of usnic acid in breast cancer. Also, in
another study conducted by Voci et al,"> TEM analysis evi-
denced a round-shaped morphology of GNPs, which were
employed to encapsulate and transport doxorubicin. According
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Fig. 1 GNP characterization. (A) FE-SEM and (B) TEM images of the GNPs.
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to Duoduo et al.,*® TEM images of hollow GNPs displayed
distinct core-shell structures. Also, the sizes of particles
observed through a TEM were typically smaller than those
measured by DLS, attributed to the nanoparticles shrinking
during the drying process before TEM examination.

Forsterite characterization

Fig. 2 illustrates the SEM image and XRD pattern of the
synthesized Fs NPs. The XRD pattern indicates the presence
of distinct peaks that are the characteristic of highly crystalline
Fs. The pattern was compared to the standard JCPDS data card
and successfully matched and indexed. Also, the EDX pattern of
the hydrogels combined with Fs shows Mg and Si existence
compared to the hydrogel samples without Fs. The results of
XRD and EDX analyses confirm that Fs is synthesized success-
fully, which is in line with previous studies.’*° The SEM image
of the Fs NPs indicates the spherical morphology and clusters
of agglomerated Fs NPs attributed to the intrinsic nature of
nanoparticles. The nano-sized particles can also be seen in
some parts of the image.*” As presented in the study done by
Hassanzadeh-Tabrizi et al,*® using CTAB in the synthesis of
forsterite nanoparticles resulted in the creation of pores inside
the nanoparticles and it was found that samples with higher
CTAB content showed slower drug release rates, likely due to
smaller pore sizes. In the present study, our results indicated
that the presence of these porous Fs NPs facilitates the

) kx

3um

(222)

Intensity (a.u.)

10 20 30 40 50 60 70
2 Theta (degree)

Fig. 2 (A) SEM images of Fs NPs under two magnifications: (a) x1500,

(b) x2000, (B) EDX and (C) XRD of the forsterite NPs.
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production of highly porous hydrogels with favorable physico-
chemical and cellular properties such as sustained drug release
from the gel matrix, good interconnectivity and the transport of
vital nutrients to cells and elimination of metabolic by-
products.

Characterization of the PPF-MPEG copolymer

The NMR spectrum of PPF, which can be seen in Fig. 3B-a,
showed characteristic peaks at 1.4 ppm (methyl protons),
5.3 ppm (methylene protons adjacent to ester), and 4.1 ppm
(methylene protons adjacent to hydroxyl). These peaks are
consistent with the expected structure of PPF, confirming its
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Fig. 3 (A) FTIR spectra of (a) PPF-MPEG, (b) MPEG, and (c) PPF, and
(B) NMR spectra of (a) PPF and (b) PPF-MPEG.
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successful synthesis. The NMR spectrum of PPF-MPEG
(Fig. 3B-b) revealed all the characteristic peaks of PPF, along
with additional peaks at 3.2 ppm corresponding to the methy-
lene protons of MPEG. The appearance of these peaks indicates
the successful conjugation of MPEG to PPF. The NMR results
confirm the successful synthesis of PPF and its modification
with MPEG. The presence of characteristic peaks in the
expected regions of the NMR spectrum provides strong evi-
dence for the proposed structures of these compounds. The
FTIR spectra of the synthesized polymers are shown in Fig. 3A.
The FTIR pattern of PPF showed the existence of unsaturated
C—C fumarate groups, which are necessary for core-
crosslinking of the copolymer, with a strong peak at
1640 cm™ ', The ester linkages in PPF were observed with strong
characteristic stretching frequencies of carbonyl groups C=0
at 1720 cm™ " and C-O at 1100 cm ™. The successful esterifica-
tion of MPEG with PPF’s terminal carboxyl group was con-
firmed by the absence of the O-H signal in the FTIR spectrum
of PPF-MPEG.***®

Physicochemical characterization of NPs

Particle size, zeta potential, PDI, EE%, and drug release
profile. Different formulations of NPs and their characteristics,
including particle size, zeta potential, PDI, and EE%, are
depicted in Table 2. Fig. 4A shows release profiles and Fig. 4B
the particle size and PDI. Hst2.5G5 and Hst10G10 were not
selected because of their inappropriate particle size, which was
significantly greater than those of other formulations (p <
0.0001). Three formulations were specified, and their release
profiles were studied. The Hst5G15 formulation was opted as
the optimal formulation for subsequent experiments according
to its desirable particle size and PDI, appropriate Hst entrap-
ment efficiency, and better release profile than the other two
formulations. Also, assessing the zeta potentials of Hst5G15
(—13.5 £ 1.752 mV) and Hst0G15 (—6.716 £+ 0.779 mV) NPs
after freeze-drying, dispersing them in DW and adjusting the
pH at 7.4 showed a more negative zeta potential for both
formulations, especially Hst5G15, which demonstrates that
NPs are more stable after the freeze-drying process and the
zeta potential is changed from neutral to negative along with
increasing pH from 6.8 to 7.4.*°

The release profile of the Hst was assessed for different
formulations in GNPs through a dialysis membrane in the
release medium of a 1:1 mixture of PBS (pH 7.4) and ethanol,
containing 2% Pluronic F127 at 37 °C. As seen in Fig. 4A, the
samples showed an initial burst release during the first hour,
which is related to the more superficially loaded Hst molecules.
After that, the release slightly increased up to four hours and
then reached a plateau and remained relatively constant. It can
be observed from the figure that the formulation with more G
(Hst5G15 ie., the formulation with 1:3 Hst to G) illustrates a
much more drug release (approximately 100%) than other
formulations over time (p < 0.0001). The cause may lie in the
increased surface area and the porosity provided by GNPs,
which allow more efficient diffusion and drug delivery. Addi-
tionally, higher G concentrations may facilitate greater
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Table 2 Physicochemical characteristics of various formulations of GNPs loaded with Hst (n = 3, mean + SD)

Formulation Hesperetin (Hst) (mg) Gliadin (G) (mg) EE% + SD

REg% =+ SD Particle size (nm) + SD Zeta potential (mV) £+ SD PDI + SD

Hst5G5 5 5 73.01 + 0.11 61.01 £ 0.46 215.2 &+ 4.2 0.57 &+ 0.08 0.48 £ 0.04
Hst5G10 5 10 96.65 £+ 0.12 73.86 + 2.14 225.5 + 8.8 0.41 £ 0.04 0.39 £ 0.07
Hst5G15 5 15 97.98 £+ 0.00 86.39 + 0.10 233.4 + 3.6 —0.27 £ 0.06 0.38 £ 0.04
Hst2.5G5 2.5 5 66.77 £ 2.47 — 425.1 £ 21.1 0.83 £ 0.28 0.64 £ 0.32
Hst10G10 10 10 96.43 £ 0.18 — 516.5 £ 7.8 0.68 £ 0.19 0.21 £ 0.05
Hst0G5 0 5 — — 315.2 £ 6.0 —0.07 £ 0.02 0.40 £ 0.01
Hst0G10 0 10 — — 346.9 & 5.5 0.05 £ 0.01 0.40 £ 0.07
Hst0G15 0 15 — — 357.2 £ 4.2 0.14 £ 0.03 0.38 £ 0.02

interactions among Hst molecules within the release medium,
leading to enhanced solubility and overall release of Hst.°
Fourier transform infra-red (FTIR) analysis of NPs. FTIR
spectroscopy was used to investigate the molecular composi-
tions of the Hst, blank GNPs, and Hst-GNPs. As shown in
Fig. 4C, the Hst spectrum includes a peak at 3411 cm ™" due to
the stretching vibration of OH, a peak at 1665 cm " due to
C=0O0 stretching in flavonoids, a peak at 1611 cm ™ * due to C=C
stretching in the aromatic ring, and a peak at 1357 cm™* due to
C-H bending. In addition, two peaks were observed between
O-H bending and C-O stretching in the phenolic compound
(1520 cm ™" and 1562 cm™").>'">* The GNP spectrum showed a
peak at 3419 cm ™', which is associated with N-H stretching
vibrations. It also depicted signature G bands such as the
amide I band (1639 cm™'), which corresponds to the N-H
bending, the amide II band (1467 cm™ '), and the amide III
band (1110 cm ™), which are associated with the combination
of N-H bending and C-N stretching vibrations.”>>* The FTIR
spectrum of Hst-GNPs indicates distinctive G peaks, demon-
strating nearly complete incorporation of Hst into the GNPs.
Small peaks of O-H vibration around 3400 cm ' and C=C
around 1610 cm™ " in the spectrum of Hst-GNPs likely stem
from surface adsorption of some Hst onto the NP surface due to
surface interactions. These peaks underscore the fact that there
was no chemical interaction between Hst and GNPs, and no
significant shift was detected in the peak positions.

Characterization of hydrogels

Gel injectability. Injectable hydrogels possess unique char-
acteristics that make them highly suitable for bone tissue
engineering applications. One of their key features is their
injectability, which enabled minimally invasive delivery directly
to the site of bone defects or injuries.’® These hydrogels are
typically in the form of a liquid or gel that can be easily injected
through a syringe, enabling precise placement and adaptation
to irregular bone structures. The injectability of hydrogels was
measured through the utilization of a compression test, which
determines the maximum force (Fyax) required to expel the
sample to the designated injection site. The injectability results
of the designed hydrogels are illustrated in Table 3. The
hydrogel PPF-MPEG and hydrogel with forsterite PPF-MPEG/
Fs exhibited Fyux values below the threshold of 30 N. This value
represents the maximum permissible injection force limit, as
established in the prior study.’” Adding 3% w/w Fs to the

4332 | Mater. Adv., 2024, 5, 4324-4344

hydrogel enhanced the Fysx of PPF-MPEG-6 from 10.25 N to
17.41 N in the case of PPF-MPEG-6/Fs-3 formulation (Table 3).

This can be attributed to the higher particle concentration
resulting from the addition of Fs enhancing particle-particle
interactions, leading to increased resistance to flow and higher
viscosity. Additionally, the tendency of Fs particles to agglom-
erate or form clusters further hinders the hydrogel flow and
contributes to the increased viscosity. This was also observed in
the hydrogels containing 4% w/v PPF-MPEG. Although Fysx
was enhanced for formulations containing 5% w/w Fs com-
pared to the hydrogels without Fs, F\jax was lower for hydrogels
containing 5% Fs compared to 3% w/w Fs (Table 3). This may
be attributed to the influence of particle-particle interactions
and the overall particle concentration within the hydrogel.
At higher concentrations, the particles may be more
closely packed together, resulting in a more compact network
structure that facilitates better flow compared to the lower
concentration.”” Furthermore, other factors such as particle
size distribution and formation of particle aggregates may also
contribute to the observed changes in viscosity.’® These results
indicate that adding the Fs has a significant impact on the
flowability and viscosity of the hydrogel (p < 0.05), and the
optimal concentration may vary depending on the desired
viscosity properties. The injectability properties of the PPF-
MPEG-6/Fs-3 formulation are depicted in Fig. 5A.

Mechanical properties. It is crucial for a hydrogel matrix to
possess mechanical stability that allows it to endure physiolo-
gical stress in vivo. The mechanical features of the hydrogel
samples were assessed by conducting the compressive test and
were analyzed through the stress-strain curve through calculat-
ing the compressive modulus and strength. The resulting
graphs can be seen in Fig. 5C and D. The stress-strain curve
displayed an exponential correlation between compression
stress and strain in all samples. As this figure uncovers, the
compressive modulus is the highest for the PPF-MPEG-6/Fs-3
composite, indicating that this mixture has the highest defor-
mation resistance under compressive stress. Similarly, the PPF-
MPEG-6/Fs-3 composition demonstrated the highest compres-
sive strength, signifying its capacity to withstand against
greater compressive stress without failure. Moreover, the
compressive strength of the hydrogel formulation containing
PPF-MPEG 6% w/v was in the range of the human trabecular
bone compressive strength (between 2 and 12 MPa).>° The
differences among the samples were significant (p < 0.01) as
illustrated in the graph. This reveals that the PPF-MPEG-6/Fs-3

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Hst5G10) and (B) average particle size and PDI of NPs at different ratios (****, ####, @@@@ p < 0.0001), and (C) FTIR spectra of Hst, blank GNPs, and

Hst—GNPs.

mixture was the stiffest formulation among the tested compo-
sitions. Incorporation of the Fs into the PPF-MPEG hydrogel
significantly (p < 0.001) improved its mechanical properties,
notably in the formulations with 3% w/w Fs. This is evidenced
by the higher compressive modulus and compressive strength
(Fig. 5D). Nevertheless, similar to the injectability results
(Table 3), the samples with 5% w/w Fs showed lower stiffness
and stability compared to the samples containing lower Fs

© 2024 The Author(s). Published by the Royal Society of Chemistry

concentration (p < 0.001). This underlines the fact that Fs
could be a promising additive to enhance the mechanical
properties of the PPF-MPEG hydrogel to be used as an inject-
able bone tissue scaffold; however, the optimal concentration
may be varied according to the favorable mechanical properties.®
According to previous studies, the presence of Fs as a rigid filler
can lead to phase segregation and an increased risk of stress
fractures within the polymer matrix at higher filling ratios.”®®"
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Table 3 Injectability of hydrogel formulations
PPF-MPEG Forsterite Maximum
Formulation (W/v%) (W/w%) force (N)
PPF-MPEG-4 4 0 9.86 + 0.77
PPF-MPEG-4/Fs-3 4 3 20.99 + 1.88
PPF-MPEG-4/Fs-5 4 5 17.07 £ 0.44
PPF-MPEG-6 6 0 10.25 £ 0.43
PPF-MPEG-6/Fs-3 6 3 17.41 £ 0.88
PPF-MPEG-6/Fs-5 6 5 16.19 + 1.26
A PPF-MPEG-6/Fs-3

Fmax=17.4110.88
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Fig. 5 (A) The Fnax Of injection, (B) the injectability properties of the
optimum hydrogel of PPF-MPEG-6/Fs-3, (C) stress—strain curves, and
(D) compressive strength (CS) and modulus (CM) of the formulations (##
indicates p < 0.01 between CS of PPF-MPEG-6 and PPF-MPEG-6/Fs-5,
*** indicates p < 0.001 between CM of PPF-MPEG-4 and PPF-MPEG-4/
Fs-3 and between CM of PPF-MPEG-4/Fs-3 and PPF-MPEG-4/Fs-5,
**** indicates p < 0.0001 between CS of PPF-MPEG-6 and PPF-

MPEG-6/Fs-3 and between CS of PPF-MPEG-6/Fs-3 and PPF-MPEG-6/
Fs-5, and #### indicates p < 0.0001 between CM of PPF-MPEG-6 and
PPF-MPEG-6/Fs-3).

Rheology. The rheology test could provide good insight into
the properties of the hydrogel such as viscosity, gelation
kinetics, shear thinning behavior and stability. Fig. 6A and B
show the storage modulus (G') and loss modulus (G”) of the
samples against temperature and time. The G (shear modulus)
(Pa) is the response of a material to the applied sinusoidal
stress or strain. G’ (storage modulus) and G” (loss modulus)
show the elastic state and the viscous state of the gels, respec-
tively. The results disclosed that G’ was initially lower than G”
in all samples at low temperature; however, G’ surpassed G’
with increasing temperature, indicating the thermal sensitivity
of the PPF-MPEG-based gel. The point where G’ equaled G” was
considered the onset of gelation temperature and time for each
sample.®> The gelation temperature increased from 22 °C for
PPF-MPEG-4/Fs-3 to 35 °C for PPF-MPEG-4/Fs-5. Also, the
gelation time decreased from 150 s to 45 s. This suggested that
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incorporation of Fs into the hydrogel at a lower concentration
could increase the stiffness of the gel matrix and help the
hydrogel to convert to the gel in a shorter time and at lower
temperature; however, the higher concentration of Fs can
decrease the stability of the sample and lead to an increase in
gelation temperature and time. Nonetheless, this is not a
consistent trend in all samples, since the interaction and
association of PPF and MPEG with each other and Fs in the
hydrogel matrix could affect the time and temperature of
gelation. In this study, the PPF-MPEG-6/Fs-3 formulation
showed appropriate rheological behavior. It had a gelation time
of 140 s and started to convert from a clear solution to a turbid
gel at 25 °C, meaning that it can be injected easily at room
temperature within two minutes.

Fig. 7A-C shows the changes in viscosity as a function of
frequency, temperature, and time. The viscosity of all samples
initially decreased with increasing temperature as the polymer
chains unraveled and the hydrogen-bonded network around
the polymers broke. As shown in Fig. 7B and C, a rapid increase
in viscosity was observed as the gelation temperature and time
were reached. This increment in viscosity can be ascribed to the
aggregation of hydrophobic domains within the copolymer.’” A
dynamic frequency sweep test was conducted to determine the
linear viscoelastic range of the hydrogel, as shown in Fig. 7A. In
this test a continuous excitation was applied to the hydrogel;
while its structure was not destroyed, the viscosity properties
changed via the alteration of frequency with a negative slope. In
other words, the viscosity of all samples reduced with the
variation of frequency from 0.1 to 100 Hz.

The results of strain and shear stress sweeps are presented
in Fig. 7D and E. These figures show the relationship among
the strain, shear stress, frequency, and storage moduli (G’) of
the PPF-MPEG based hydrogels at 37 °C. The G’ value, which
represents the strength of the hydrogel, is higher for hydrogels
with greater strength. The hydrogels of PPF-MPEG-6/Fs-3 and
PPF-MPEG-6/Fs-5 showed obviously greater G’ and G” at simi-
lar strain percentages (Fig. 7D), thanks to the higher percen-
tages of PP-MPEG. Fig. 7E illustrates that at the beginning of
the non-linear response, a clear rise of G’ took place at the same
time as G” raised. The peak seen for G’ at the onset of the
nonlinear range possibly indicates the formation of a secondary
structure in the nonlinear part of the strain and shear stress
curves before collapsing (Fig. 7D and E). Based on the results of
strain and shear stress sweeps (Fig. 7D and E), 1% strain
chosen for the frequency sweep measurements is high enough
to get valid data from stable hydrogel structures. Mechanical
properties (G’ and G”) of hydrogels determined from frequency
sweep measurements at room temperature are shown in
Fig. 7F. As this figure shows, all of the dynamic storage moduli
G’ and the loss moduli G” show a dependency on frequency
with an upward trend by increasing frequency. At the range of
frequencies from 0.1 to 100 Hz, storage moduli G’ were always
superior to G”. Also, elastic response to frequency sweep was
continuously higher than viscosity response.

In vitro degradation assay and swelling index. The in vitro
degradation behavior of the produced hydrogels was evaluated

© 2024 The Author(s). Published by the Royal Society of Chemistry
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by measuring their weight loss over time in PBS. As presented
in Fig. 8A, all samples exhibited increasing weight loss with
increasing incubation time, indicating their ability to undergo
hydrolytic degradation.®® Notably, PPF-MPEG-6 demonstrated
a slower breakdown rate, roughly 32% after 28 days of incuba-
tion compared to the lower polymer concentration (PPF-MPEG-
4), which exhibited a weight loss of 37% at the same period of
time (p < 0.01). This finding aligns with previous studies on
PPF-PEG copolymer hydrogels, which showed gradual disinte-
gration during incubation.®* PPF and MPEG are synthetic
polyesters that degrade through the process of ester linkage
hydrolysis and the rate of degradation is primarily influenced
by two key processes, including water penetration into the
polymer matrix and the random cleavage of the polymer chains.
According to the previous studies, the incorporation of PEG
into PPF enhances the degradation rate of the polymer by
inducing the formation of small pores throughout the polymer
network.*>°°

Interestingly, in this study, the addition of 3 and 5% w/w Fs
appears to have slowed down the deterioration rate and
reduced the weight loss rate significantly compared to the plain
hydrogels that lack Fs (p < 0.05). This effect may be attributed
to cross-metalation caused by cations present in the environ-
ment and creating a more stable network structure. This is in
agreement with the degradation results of the study of Choudh-
ary et al.,*” in which the composites containing more Fs showed
a lower degradation rate. Although Fs is a hydrophilic material,
in the case of good compatibility of the composite mixture and
Fs, and appropriate designing of the composite to mitigate
moisture-related degradation, the incorporation of Fs may not

© 2024 The Author(s). Published by the Royal Society of Chemistry

necessarily speed up the deterioration rate. There was not a
significant difference between 3 and 5% w/w Fs (p > 0.05)
possibly as the percentages of Fs used in the hydrogels are quite
close to each other. Focussing on the study of Tavangarians
et al.®®, the degradation of Fs ceramic can create pores and
meshes that facilitate hydroxyapatite formation and accelerate
overall tissue regeneration. Previous research on Fs composites
has revealed that different degradation profiles depend on the
factors such as particle size, shape, surface area, and the
medium. According to Wei et al,”® nanomaterials could
degrade more quickly than micron-sized particles due to their
smaller size and larger specific surface area. This increased
surface area can lead to greater reactivity with the surrounding
environmental factors, causing faster degradation of the mate-
rial over time. Teimouri et al.”® indicated that the amount of Fs
powder in the composites had a significant impact on their
degradation rates. This could be due to increased breakdown or
dissolution of Fs particles and the release of ions into solution.
The swelling ratio of the hydrogel samples was evaluated to
investigate their ability to absorb and retain water.”" Fig. 8B
illustrates the results of swelling and indicates that all hydrogel
formulations exhibited an increasing trend in the swelling ratio
in seven days. Notably, a rapid increase in water uptake was
observed during the first 24 hours, which can be attributed to
the hydrophilic nature of the polymer matrix and formation of
hydrogen bonds.”” All samples exhibited great ability to absorb
water; however, the hydrogels containing Fs significantly
demonstrated lower swelling ratios compared to the pure
PPF-MPEG hydrogels (p < 0.05). This can be associated with
a tighter network structure formed by Fs NPs and the hydrogen

Mater. Adv,, 2024, 5, 4324-4344 | 4335
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shear stress (Pa)

Frequency

and 6% w/v with and without different concentrations of Fs (3 and 5% w/w)

against (A) frequency, (B) temperature, and (C) time, and rheological analysis of different formulations of the PPF-MPEG hydrogel having different

amounts of Fs: storage moduli (G’) and loss moduli (G”) versus (D) strain, (E)

bond formation between the Fs NPs and the hydrogel
network.>>** As can be observed from the figure, the PPF-
MPEG hydrogels demonstrated lower swelling ratios at a lower
concentration (4% w/v) than PPF-MPEG-6. As the polymer
concentration decreases, fewer groups are available to form
hydrogen bonds, which can explain the lower swelling ratio
observed. The water absorption of the samples reached a
maximum value within 7 to 14 days followed by a decreasing
trend in the swelling rate towards the end of the incubation
period. This profile varied for the samples based on the content
of Fs NPs and copolymer concentration. The observed differ-
ences in swelling behavior highlight the importance of control-
ling the cross-linking density to achieve desired swelling
properties for specific applications.

Porosity ratio. As depicted in Fig. 10B, all samples exhibited
high porosity ratios, indicating a greater extent of pore for-
mation within the hydrogel structure, which aligns with the
SEM images of the hydrogel. Although adding Fs to the PPF-

4336 | Mater. Adv, 2024, 5, 4324-4344

shear stress, and (F) frequency.

MPEG hydrogel decreased the porosity ratio, no significant
reduction was seen in Fs concentrations of 3 and 5% w/w
(p = 0.05) hydrogels. In addition, incorporation of Hst-GNPs
into the hydrogel matrix showed a significant increase in the
porosity ratio compared to the hydrogel with or without Fs
(p < 0.01). In addition, the porosity ratio of the hydrogel with
4% wi/v concentration of the copolymer was higher than 6%,
due to a less compact structure. Overall, the results reveal that
the hydrogels possess a favorable interconnectivity, which
allows efficient flow to occur, promoting the diffusion of
essential nutrients into the cells and facilitating the removal
of metabolic waste.”® In this study, the hydrogel containing 6%
w/v PPF-MPEG and 3% w/w Fs (PPF-MPEG-6/Fs-3) showed the
best performance among the tested compositions and was
selected as the optimum formulation.

In vitro mineralization study. Biomineralization testing was
performed by immersing the freeze-dried samples in simulated
body fluid (SBF-1x) to evaluate the in vivo bone binding capacity

© 2024 The Author(s). Published by the Royal Society of Chemistry
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of the hydrogel matrix for bone tissue engineering applications.
The SEM images of scaffolds showed that both PPF-MPEG and
PPF-MPEG/Fs samples displayed some degree of mineraliza-
tion, with higher levels observed in the hydrogel containing Fs
after 28 days of immersion, which is demonstrated in Fig. 9A-g
and A-h. At day 7, the large cauliflower-like apatites can be seen
on the surface of the PPF-MPEG/Fs scaffolds (Fig. 9A-c and A-
d); however, the PPF-MPEG scaffolds showed only very small
apatite crystals (Fig. 9A-a and A-b). On the other hand, on day
28, the SEM images of scaffolds showed the accumulation of
apatite crystals over the entire surface of the scaffolds, and
again, the crystals were more frequently located on the PPF-
MPEG/Fs than on the PPF-MPEG scaffold. In addition, SEM
analysis revealed that the mineralized material was deposited
on the surface of hydrogel scaffolds, indicating favorable inter-
actions between cells and gel matrices during the incubation
periods. Also, Fig. 9B presents the EDX analysis of PPF-MPEG/
Fs scaffolds after the immersion in SBF solution for 28 days.
The EDX results confirm the formation of apatites through
indicating the presence of Ca and P peaks. Also, the existence of
Fs could be verified through Si and Mg peaks. The results are
consistent with the recent research implemented in relation to
bioceramics and their impact on the biomineralization activity
of composites.>®”*7> Altogether, these results underscore the
promising potential of hydrogels as biomimetic matrices that
facilitate cell growth and stimulate new bone formation
through biomineralization processes.

SEM morphology of hydrogels. The scanning electron micro-
scopy images of the freeze-dried PPF-MPEG-6 and PPF-MPEG-
6/Fs-3/Hst-GNP hydrogels are illustrated in Fig. 10A. The
images revealed the presence of a three-dimensional, highly
porous, and layer network structure with interconnected pores.
Similar structures have been reported for PPF and PPF-PEG
based hydrogels, indicating their suitability for supporting

© 2024 The Author(s). Published by the Royal Society of Chemistry

cellular activities.”®”” Nevertheless, it was observed that incor-

poration of Fs into the PPF-MPEG hydrogel leads to changes in
its overall morphology resulting in a rougher surface in texture,
which is important for cell adhesion and proliferation.”® More-
over, it seems that adding Fs has provided more crosslinked
sites and has decreased the pore sizes but has not reduced the
number of pores. This highly porous structure is advantageous
not only for the drug delivery applications as it expedites
controlled drug release from the gel matrix, but also for various
cellular processes, including cell growth, migration, prolifera-
tion, and attachment as well as feeding during the incubation.

Hst release from the hydrogel. The release behavior of Hst
from PPF-MPEG-6/Fs-3/Hst-GNPs hydrogels containing 10, 20,
and 40 v/v% Hst-GNPs was investigated over a 7-day period
through a Franz-cell diffusion device. The findings of this study
are presented in Fig. 10C. The samples did not show a notice-
able burst release; nevertheless, during the first ten hours, the
samples released about 5% to 10% of Hst, which can be
attributed to the superficially loaded Hst in the GNPs and
hydrogel matrix. The release has been sustained in all hydrogel
formulations compared to the release profile of Hst from Hst-
GNPs (Fig. 4A), which completely released during eight hours.
The sustained drug release ability of an injectable medicine is a
suitable property for bone repair and helps to improve patient
adherence besides treating the damaged tissue with drugs for a
longer period.”® Particularly, the hydrogel containing lower
concentration of Hst-GNPs (10 v/v%) showed the most rapid
release among other hydrogels significantly (p < 0.0001). This
may be attributed to the (i) saturation effect: at higher drug
concentrations, the drug could approach or reach its saturation
solubility limit within the hydrogel, which may limit the avail-
ability of drug molecules for the release, resulting in a slower
release rate, (ii) diffusion barrier: a higher drug concentration
can create a dense drug-polymer matrix within the hydrogel.

Mater. Adv,, 2024, 5, 4324-4344 | 4337
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and (e)—(h) 28 days of immersion in SBF-1x at 650x and 2500x. (B) SEM-EDX mapping, (C) EDX spectra, and (D) Elements’ atomic percentage of the

PPF-MPEG/Fs hydrogel after 28 days of immersion in SBF-1x.

This dense matrix can act as a diffusion barrier, making it more
difficult for the drug molecules to diffuse out of the hydrogel
and slowing down the release rate, and (iii) increased drug-
polymer interactions: higher drug concentrations can lead to
stronger interactions between the drug and the polymer matrix
of the hydrogel. Stronger interactions can hinder the drug’s
mobility and release, resulting in a slower release rate. Also, the
Hst-GNP incorporation ratio into the hydrogel can significantly
impact the drug release kinetics within the composite system

4338 | Mater. Adv., 2024, 5, 4324-4344

and this feature enables precise control over the drug delivery
profiles in tissue engineering and drug delivery.

Cell culture studies

Cell viability and proliferation (MTT assay). Based on the
MTT assay of free Hst at different concentrations (1.56-
300 uM), the ICs, of Hst was found to be 75 uM. According to
Fig. 11A, MTT analysis of free Hst, GNPs, and Hst-GNPs at the
ICs, concentrations of Hst showed that the cell proliferation

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 (A) SEM images of the freeze-dried PPF-MPEG (a)-(c) and PPF-MPEG/Fs (d)-(f) hydrogels under three magnifications: (a) and (d) 100, (b) and
(e) 500x, (c) and (f) 2000 x. (B) Porosity measurement of freeze-dried hydrogel samples, * indicates p < 0.05 between PPF-MPEG-4 and PPF-MPEG-6,
# indicates p < 0.05 between PPF-MPEG-4/Fs-3 and PPF-MPEG-6/Fs-3, ** indicates p < 0.01 between PPF-MPEG-6 and PPF-MPEG-6/Fs-3/Hst—
GNPs, and *** indicates p < 0.001 between PPF-MPEG-6/Fs-3 and PPF-MPEG-6/Fs-3/Hst—GNPs. (C) Cumulative release profile of Hst from PPF—
MPEG-6/Fs-3 hydrogels containing different ratios of Hst—GNPs after seven days: **** indicates significant differences (p < 0.0001) among PPF-MPEG-
6/Fs-3/Hst—-GNPs10% and two other formulations.

rate increased at 0.78, 1.56, 3.125, 6.25, and 12.5 pM during cells. According to the results, the optimum concentrations
seven days, and cell survival was higher than 90%, which (6.25 and 12.5 pM) with significant proliferation rates (p <
underlines the cytocompatibility of the samples with MG-63  0.0001) were added to 50 pL of hydrogels, and an MTT assay
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Fig. 11 MG-63 cell proliferation examined by MTT assay: (A) Hst, blank GNPs, and Hst—GNPs with different concentrations of Hst (50, 25, 12.5, 6.25,
3.125, 1.56, and 0.78 uM) and (B) hydrogel-Fs, hydrogel-Hst, and hydrogel-Fs-Hst—GNPs at Hst concentrations of 12.5 and 6.25 puM [ns: non-significant,

*p < 0.05, **** p < 0.0001].

was conducted to assess the cell proliferation rate in hydrogel
samples. Results indicated that both concentrations were safe
and cytocompatible for seven days when combined with hydro-
gels. Also, the hydrogels containing NPs indicated slower pro-
liferation than the samples with the free drug, which is due to
sustained drug release from NPs in the cell culture medium.
This is a good feature for an injectable medicine and increases
patient adherence for use in diseases like osteoporosis. As can
be seen in Fig. 11A-a, the formulation that had 6.25 uM Hst in
NPs showed a more remarkable proliferation than the formula-
tion with 12.5 pM Hst in seven days. Therefore, the hydrogel
sample with 6.25 pM Hst in GNPs was chosen for further
biological tests.

As previously mentioned, the results of MTT assays showed
that at utilized concentrations, Hst did not exhibit cell toxicity
and did not reach ICs, at days 1, 3, and 7. However, from the

4340 | Mater. Adv, 2024, 5, 4324-4344

perspective of cell growth proliferation, a concentration-
dependent trend was observed on day 7, with the maximum
cell viability at an Hst concentration of 6.25 pM, beyond which
the proliferation rate diminished, indicating that the Hst-
GNPs-6.25 formulation was optimal.'””® The outcomes of
drug-free NPs (GNPs) also revealed that no toxicity was
observed at different concentrations. In GNPs with concentra-
tions of 1.56-12.5 uM, NPs could stimulate cell growth on day 7
onward. Moreover, the mixture of GNPs and Hst (Hst-GNPs)
did not exhibit any toxicity at all concentrations and confirmed
the results of the two previous experiments (Hst and GNPs
separately). The most effective mixtures used were Hst-GNP-
6.25 and Hst-GNP-12.5, which significantly stimulated cell
proliferation on day 7, showing the highest cell survival
percentage.** From the MTT results, three critical conclusions
can be drawn:

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(i) The effect of Hst on MG-63 cells was concentration-
dependent, and beyond concentration 6.25 pM, the drug’s
effect decreased, possibly due to the saturation of the cell
pathways influenced by Hst at higher concentrations. Further-
more, at higher concentrations, the cell toxicity of Hst metabo-
lites may increase, resulting in non-linear effectiveness.®

(i) Cell viability was observed both on day 3 and 7 possibly
due to anti-oxidative, anti-stress, and anti-apoptotic effects of
Hst. This highlights that Hst effectively reduces cell death over
time, and with the reduction in cell death, cell proliferation
may increase even after seven days.’>*'

(iii) The slow release of Hst dramatically enhanced its effect
on cell growth, indicating that the Hst effectiveness pathways
have the capability to get saturated. Slow drug release can have
a more prolonged and effective impact on cell growth. This
conclusion is in agreement with the results of the free drug on
day 1, where the lower concentrations showed a little higher
effectiveness, but as the time passed, the effectiveness of the
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lower concentrations diminished due to drug deterioration.
The slow release of the drug from GNPs reduced the drug
degradation and increased cell access to the drug over time.®?

According to Fig. 11A-b, the hydrogel and Fs mixture without
drug and NPs neither exhibited cell toxicity nor significantly
influenced cell proliferation over time. When Hst was added to
the PPF-MPEG/Fs hydrogel, decreased cell viability from day 1
to 3 and increased cell proliferation from day 3 to 7 were
observed. This pattern was repeated at both concentrations.
This can be attributed to the Hst release from the hydrogel
matrix, where initially a quick release of some drugs occurred
and exerted their effects. The remaining drug was then gradu-
ally released into the surrounding environment as the gel
structure degraded. As water and the culture medium infiltrate
the gel matrix, the released drug became accessible to cells over
time.®® Results of the Hst-GNPs combined with the hydrogel
and Fs followed a similar pattern to the free drug. However, on
day 7, there was significantly a greater increase in cell growth

(B)
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Fig. 12 Determination of the in vitro osteogenic activity of different studied hydrogels by (A) the alizarin red staining test and (B) alkaline phosphatase
assay of different samples after 7 and 14 days of incubation with MG-63 cells [ns: non-significant, (* p < 0.05, ** p < 0.01, **** p < 0.001, **** p <
0.0001)]. (C) Expression of osteoblast-specific gene markers (COL1AL, BGLAP, and SPP1) of MG-63 cells after 14 days of cell culture on samples: [* p <

0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001].
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observed in the presence of Hst-GNPs compared to the free
drug (p < 0.05). This can be attributed to the reduced degrada-
tion of the drug resulting from its nanoencapsulation, as well
as the accumulation of higher drug concentrations by the end
of day 7.

Alizarin red staining. The osteogenic activity of the hydrogel
samples was assessed using ARS, a well-known marker used to
measure calcium deposition in osteoblasts. This evaluation was
conducted over a period of 7 and 14 days, comparing the
samples with and without the presence of Hst, GNPs, and
Hst-GNPs. As depicted in Fig. 12A, a variation in the intensity
and amount of the reddish color can be observed in the calcium
granules generated during ARS after 7 and 14 days of cell
culture on different hydrogel samples. The surfaces of PPF-
MPEG-6/Fs-3 and PPF-MPEG-6/Fs-3/Hst, as well as PPF-MPEG-
6/Fs-3/GNP, displayed a red color with lower intensity com-
pared to PPF-MPEG-6/Fs-3/Hst-GNPs at an Hst concentration
of 6.25 pM. This indicates the fact that the hydrogel based on
PPF-MPEG-6/Fs-3 provides a favorable bioactive surface for
promoting bone mineralization. Moreover, the hydrogel-
releasing Hst-GNPs demonstrated the formation of a higher
amount of the Alizarin Red S-calcium complex compared to
free Hst, GNPs, and Hst-GNPs alone. This finding confirms the
synergistic effect of Hst-GNPs and PPF-MPEG-6/Fs-3 in pro-
moting osteogenesis. Moreover, the presence of GNPs could
have further facilitated the interaction between the hydrogel
surface and cells, leading to increased calcium deposition and
mineralization.

Alkaline phosphatase assay. The activity of ALP, which
serves as an early marker for osteoblast differentiation, is
considered to be a key factor promoting osteointegration at
the bone-implant interface.®* The results illustrated in Fig. 12B
underline that the cells cultured on the PPF-MPEG-6/Fs-3/Hst-
GNP hydrogel exhibited significantly higher ALP activity after 7
and 14 days of cell seeding (p < 0.05), compared to the cells
cultured on pure Hst, GNPs, Hst-GNPs, and pure hydrogel
samples with and without free Hst and GNPs. The observed
increase in ALP activity and subsequent mineralization can be
attributed to the synergistic effect of the PPF-MPEG/Fs hydro-
gel and Hst-GNPs in simulating osteogenesis, indicating their
beneficial role in promoting cell function and mineralization.
Wu et al.®® reported that composite materials containing silk
fibroin and MgO (magnesium oxide) NPs resulted in increased
ALP activity levels compared to the control samples without
these components. Also, Cai et al.®® reported a PPF-mPEGA
injectable hydrogel, which amplified both the ALP activity and
calcium content at the optimal mPEGA concentrations of 5%
and 7%. In a separate study, it was found that Hst significantly
improved ALP activity, indicating enhanced differentiation;
however, it did not lead to the noticeable formation of calcium
nodules.®

Gene expression study (RT-PCR). The RT-PCR analysis was
conducted to assess the expression levels of various genes
associated with bone repair markers. These genes included
beta-actin (ACTB) as an internal control, in addition to osteo-
calcin (BGLAP), collagen 1 (COL1A1), and osteopontin (SPP1).
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The application of Hst, PPF-MPEG-6/Fs-3, and PPF-MPEG-6/Fs-
3/Hst-GNPs led to the upregulation of the target genes asso-
ciated with bone repair markers. The results indicated that
after 14 days, PPF-MPEG-6/Fs-3/Hst-GNPs caused the most
significant increase in the expression of the studied genes
compared to the other samples (p < 0.05). Outstandingly, the
treatment demonstrated a profound effect on the expression of
the collagen 1 gene, indicating a remarkable upregulation
(more than 20-fold) in relative gene expression compared to
the control cells that were not subjected to any treatment
(p < 0.0001). These findings, as illustrated in Fig. 12C, high-
light the significant impact of PPF-MPEG-6/Fs-3/Hst-GNPs on
the expression of the bone repair-related genes. The observed
positive correlation among gene upregulation, enhanced cell
proliferation, and improved osteogenic outcomes suggests the
potential utility of these interventions in promoting bone repair
and regeneration.

Conclusion

In this study, a novel injectable hydrogel containing PPF-
MPEG/Fs effectively encapsulated Hst-loaded GNPs, allowing
controlled release of Hst for bone repair. This formulation
significantly enhanced MG-63 cell functions and showed ther-
apeutic benefits within a biocompatible hydrogel. Incorporat-
ing Fs into PPF-MPEG hydrogels notably improved mechanical
properties and biomineralization but influenced hydrogel sta-
bility, porosity, and degradation based on Fs concentration.
Similarly, GNP concentration impacted Hst release, requiring
optimal levels determined by characterization and in vitro tests.
The PPF-MPEG hydrogel shows great promise across various
biomedical applications, boasting excellent biocompatibility,
controlled drug release, adaptable mechanical properties for
integration and stability, injectability for minimally invasive
procedures, and versatility in modifying with bioactive mole-
cules to enhance therapeutic effects and promote specific
cellular responses. Despite its strengths, the PPF-MPEG hydro-
gel does have limitations. Its restricted load-bearing capacity
could limit its utility in applications needing high mechanical
strength. Also, the tendency of these hydrogels, including PPF-
MPEG, to absorb water and swell might impact implant stabi-
lity and long-term performance. Additionally, diffusion con-
straints could lead to slower release rates for larger molecules
or drugs with low diffusivity, affecting the controlled release
mechanism through the hydrogel matrix. Additionally, the
biodegradation rate of the PPF-MPEG hydrogel might not
match the intended therapeutic or regenerative timeline,
potentially causing complications or requiring further inter-
ventions. Overall, the developed injectable hydrogel (PPF-
MPEG-6/Fs-3/Hst-GNPs-6.25uM) is a promising candidate for
bone tissue engineering. This innovative hydrogel has the
potential to improve bone healing and regeneration in individuals
affected by degenerative bone disease, particularly middle-aged
and elderly women. Further investigations, including in vivo and
clinical studies, are required to confirm and better realize the full
clinical potential of this hydrogel system.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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