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Article Info Abstract

Article history: This study aimed to investigate the effects of zoledronic acid (ZA) and antibacterial CM11
peptide on the osteoinduction and antibacterial properties of bioactive glass (BG). The bioactive
glass/gelatin (BG/Gel) composite was synthesized using the sol-gel method. The 2-x minimum
inhibitory concentration of the peptide and 4.00 mg mL-1 of ZA were added to the BG/Gel
during fabrication. The BG/Gel composite morphological and structural characteristics and anti-
bacterial activities were analyzed using Fourier transform infra-red spectroscopy, scanning
electron microscopy and disk diffusion test, respectively. The release of the peptide and ZA from
BG/Gel was measured using ultra-violet spectroscopy. After 14 days, the effects of the peptide/

ZA-containing BG/Gel (PZ-BG/Gel) on the growth and differentiation of mesenchymal stem cells
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CM11 peptide were evaluated using 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide, calcium
Mesenchymal stem cells and alkaline phosphatase assays, immunocytochemical staining for osteocalcin (OCN) and real-
Osteogenesis time polymerase chain reaction for OCN, type I collagen, bone morphogenetic protein 2 and Runt-
Zoledronic acid related transcription factor-2 genes. The disk diffusion test showed the anti-microbial activity of
the scaffold against multi-drug-resistant isolates of Pseudomonas aeruginosa and Staphylococcus
aureus. Analyses showed a significantly higher level of stem cells differentiation into the osteo-
genic cells in PZ-BG/Gel scaffold compared to BG/Gel scaffold alone. Accordingly, osteoblast
markers were significantly increased in comparison with the control. In conclusion, the osteo-

induction and antibacterial properties of BG-based scaffold can be improved usingZAand CM11.
© 2024 Urmia University. All rights reserved.
Introduction need for new approaches that can effectively promote

The Large bone defects or injuries caused by traffic
accidents, old age, non-union fractures, bone tumor
resection, etc, are serious problems in orthopedics,
endangering people's lives.! Although bones have a certain
healing and/or regeneration capacity, this ability is not
effective for large segmental bone defects.2 Autologous
bone grafting is still considered the gold standard for
repairing bone defects, but this method has
disadvantages such as secondary injuries, high
complications at the donor site, and limitation of specific
shape. These weaknesses limit its widespread use in
clinical setting.3 On the other hand, bone allografts are
alternatives to autografts, but they are expensive and carry
potential risks such as adverse host immune response and
disease transmission.* These limitations highlight the
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bone regeneration.

Among the new methods that have received much
attention in recent years is the use of tissue engineering to
repair bone injuries and promote bone regeneration. With
the rapid development of tissue engineering technology,
bone tissue engineering has become a promising approach
for repairing bone defects.® Scaffolds play an important
role in bone tissue engineering; through mimicking the
structure and function of natural bone extra-cellular
matrix (ECM). They provide a three-dimensional
environment to promote adhesion, proliferation and
differentiation, and possess sufficient physical properties
for bone generation” An ideal scaffold should be
biocompatible, biodegradable, bioactive, osteoinductive
and osteoconductive. In addition, bone scaffolds with
biomolecules and additives such as drugs, growth factors,

Department of Basic Sciences, Faculty of Veterinary Medicine, Urmia University, Urmia, Iran

E-mail: a.shalizar@urmia.ac.ir

@ @ @ This work is licensed under a Creative Commons Attribution-NonCommercial-ShareAlike 4.0 International (CC BY-NC-SA 4.0)
@ which allows users to read, copy, distribute and make derivative works for non-commercial purposes from the material, as long as

the author of the original work is cited properly.



488 S. Vazifehdoust et al. Veterinary Research Forum. 2024; 15 (9): 487 - 498

and stem cells, can act more effectively for bone
regeneration.? For a tissue like bone, the mechanical
properties of the scaffold are crucial and the scaffold must
have a high mechanical strength.?

According to several reports, scaffolds made from
inorganic materials such as calcium phosphate-based
bioceramics and bioactive glass (BG) can provide higher
mechanical strength than other materials such as polymer-
based scaffolds.l® Since the discovery of 45S5 BGs by
Hench, they have been considered one of the most suitable
scaffold materials for bone repair.!! It has been shown that
after implantation, an amorphous calcium phosphate or
crystalline hydroxyapatite phase, minerals naturally found
in bone that contribute to its strength and rigidity, form on
the glass surface through specific reactions, creating a
strong bond with the surrounding bone tissue.l? Former
studies have also shown that BGs release ions activating
the osteogenic genes expression and stimulate angio-
genesis. One advantage of glasses is the ability to easily
control their chemical composition and regulate
degradation rates, making them attractive as scaffolding
materials for bone repair.!3 The structure and chemistry of
glasses can be adjusted over a wide range by changing the
compounds used. The BG scaffolds are also characterized
by their porous nature, numerous small voids or gaps
present within the structure.!* These pores facilitate
cellular migration into the scaffold, creating a conduit for
nutrient transportation, and promoting the formation of
the new blood vessels through the angiogenesis process.!>
Facilitating the penetration of cells, nutrients and blood
vessels into the scaffold play a crucial role in fostering the
bone tissue regeneration.16

As mentioned, adding small biomolecules can increase
the functional potential of the scaffold by regulating
cellular, tissue and therapeutic functions.l” Bisphos-
phonates (BPs), pyrophosphate analogues, are small
synthetic biomolecules used as drugs to stimulate the
growth and differentiation of osteoblasts. This stimulation
leads to bone formation and prevents bone resorption by
inhibiting osteoclasts and increasing bone induction.'8 The
BPs have a strong tendency to accumulate on bone
surfaces which can lead to systemic side effects. However,
their local delivery can effectively reduce systemic side
effects and dosage. The use of BPs is considered a practical
method to enhance the integration of scaffolds with
surrounding bone tissue by promoting bone growth.1?

Zoledronic acid (ZA) as a member of this group, similar
to other BPs, has been shown to have the ability to
enhance the proliferation and mineralization of
osteoblasts.20 Osteoblasts are specialized cells responsible
for the new bone tissue formation and can be
differentiated from mesenchymal stem cells (MSCs).2!
Zoledronic acid can regulate the expression of specific
genes involved in osteoblast differentiation. These genes
are molecular signals that guide MSCs to develop into

mature osteoblasts. By influencing the expression of these
genes, ZA promotes the efficient differentiation of MSCs
into osteoblasts.22

In grafting, the risk of bacterial infections at the
surgical site or on the scaffold is very high. Therefore, it is
crucial to obtain scaffolds with integrated antibacterial and
osteogenic functions for treating bone implant-associated
infections and promoting bone repair. To address infection
problems, scaffolds with various antibacterial strategies
have been developed for tissue repair and regeneration.
Currently, the prevalence of resistant bacterial strains is
widespread, with many infections caused by multi-drug-
resistant (MDR) strains that are resistant to conventional
antibiotics.2? In recent years, there has been a focus on
antibacterial peptides as an alternative. These peptides
are part of the innate immune system in both vertebrates
and invertebrates. They are typically cationic and
effective against a broad spectrum of Gram-positive and
Gram-negative bacteria.?* One such peptide is the
cecropin-melittin chimeric peptide (CM11), a synthetic
cationic antibacterial peptide that has demonstrated
potent activities against a wide range of bacteria. This
peptide is composed of 11 amino acids and has a unique
amphipathic structure allowing it to interact with
bacterial membranes.25

In line with that, this study aimed to investigate the
potential of a BG scaffold containing ZA and CM11 in
promoting the differentiation of human MSCs (hMSCs)
into osteogenic cells as well as its antibacterial activity
against MDR isolates of Pseudomonas aeruginosa and
Staphylococcus aureus.

Materials and Methods

Materials. The hMSCs were provided by the Stem Cells
Technology Research Center in Tehran, Iran. Ethanol,
dimethyl sulfoxide (DMSO), 0.10 M nitric acid (HNO3),
triethyl phosphate (TEP; C6H1504P), calcium nitrate
(Ca(NO3)24H20), magnesium nitrate (Mg(N0O3)26H20)
and tetraethylorthosilicate (TEOS; C8H2004Si) were
purchased from Merck Company (Darmstadt, Germany).
The 25.00 % (w/v) glutaraldehyde (C5H802) solution and
10.00% w/v gelatin (Gel; microbiology grade, No.:
107040) were also purchased from Merck Company. The
following agents were purchased from Sigma Company (St
Louis, USA): Chloroform, di-methyl aldehyde, penicillin/
streptomycin (Pen-Strep), trypsin-ethylenediaminetetra-
acetic acid, paraformaldehyde and 3-[4,5-dimethylthiazol-
2-yl]-2,5 diphenyl tetrazolium bromide (MTT) test kit
Fetal bovine serum (FBS), phosphate-buffered saline (PBS)
and Dulbecco's modified Eagle medium (DMEM; high
glucose) were purchased from Gibco Company (Grand
Island, USA). For the evaluation of calcium content and
alkaline phosphatase (ALP), two kits from Pars Azmoon
(Tehran, Iran) were utilized.
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Synthesis of BG. The sol-gel method was used to
prepare 20.00 - 50.00 nm BG powder. At first, 13.31 mL of
TEOS was added to 30.00 mL of 0.10 M nitric acid, a
catalyst for hydrolysis. The mixture was then allowed to
react for 30 min, so the acidic hydrolysis of TEOS
proceeded to near completion. The following components
were added in sequence, allowing 45 min for each
component to react completely: 0.91 mL TEP, 6.14 g of
calcium nitrate and 1.28 g of magnesium nitrate. After the
final addition, mixing continued for 1 hr to ensure the
hydrolysis reaction was complete. Once the gel had
formed, it was dried in an oven and heated to 120 °C to
remove all water. Subsequently, the powder was milled for
10 hr in a planetary mill (SVD15IG5-1; LG Co., Eschborn,
Germany). The dry powder was heated to 700 °C to
eliminate nitrates. Finally, the BG powder was prepared by
the ball milling for 30 min.26

Fabrication of BG/Gel composition. To produce a
BG/Gel composite, a homogeneous aqueous solution of
gelatin (10.00% w/v) was prepared. Synthesized BG
powder was added to the Gel solution to obtain a Gel
(70)/BG (30) weight percent composition. After
homogenization through stirring, the mixture was cast
into plastic Petri dishes and frozen at -20.00 °C for 3 hr. To
produce porous structures, the samples were transferred
to a freeze-dryer (Christ Beta 2-8 LD Plus; Martin Christ
Gefriertrocknungsanlagen GmbH, Osterode am Harz,
Germany) at - 57.00 °C and 0.05 mbar for 24 hr of a three-
dimensional porous structure through sublimation,
forming a Gel network matrix. After freeze-drying, the
composite layers were cut into predetermined sizes
(scaffolds with 5.00 mm diameters).26

Preparation of BG/Gel composite containing
CM11peptide and ZA. The P. aeruginosa and S. aureus
are bacteria that cause hospital infections during surgery.
In this study, according to the previous reports,2” MDR
strains of these bacteria were selected; for which the
minimum inhibitory concentration (MIC) of the peptide
was 8.00 pg mL1l Accordingly, to produce BG/Gel
composite  with  antibacterial property, CM11
(Synpeptide, Shanghai, China) at 2X MIC concentration
(16.00 pg mL1) was added to the BG and Gel solution
during the BG/Gel composite production process. To
improve osteoinduction of BG/Gel, similar to the
previous study,’® 4.00 mg mL?1 concentration of ZA
(Sigma) was added to the BG/Gel solution along with the
peptide. Then, the cross-linking of scaffolds was done in a
sealed desiccator in the presence of glutaraldehyde (8.00
mL) at 37.00 °C for 4 hr. Afterwards, the prepared
scaffolds were washed with 1.00% (w/v) of glycine
solution to remove the unreacted glutaraldehyde. The
fabricated scaffolds were categorized as follows: BG/Gel
scaffold, BG/Gel scaffold containing CM11 peptide,
BG/Gel scaffold containing ZA, and BG/Gel scaffold
containing peptide and ZA (PZ-BG/Gel).

Fourier transform infra-red spectroscopy (FTIR).
The FTIR analysis was conducted to identify the functional
groups of the BG/Gel. For this purpose, the samples were
mixed with 300 mg potassium bromide and pelletized
under vacuum. The resulting pellets were subsequently
analyzed in the 400 - 4,000 cm™ range (ABB Bomem MB
100 Spectrometer; ABB Bomem Co., Québec, Canada).26

Scanning electron microscopy (SEM). Scanning
electron microscopy was used to evaluate the micro-
structure and morphology of the BG/Gel composite. Dry
scaffold was sputter-coated with a thin layer of gold
(EMITECH K450X, Quorum Technologies Ltd., Lewes, UK)
and then, analyzed by a scanning electron microscope
(XL30; Philips, Eindhoven, The Netherlands) operating at
an accelerating voltage of 15.00 kV.

Cytotoxicity evaluation of the BG/Gel composite
using MTT Assay. The cytotoxic effects of the composites
(BG/Gel and PZ-BG/Gel) were evaluated using the MTT
assay. The composite scaffolds were sterilized using
ultraviolet (UV) irradiation for 20 min on each side, then
placed inside a 96-well culture plate and washed with a
sterile PBS solution. After that, the hMSCs were seeded
onto the scaffolds at a density of 1.70 x 10% cells mL1 by
pipetting the cell suspension on the scaffolds. After one hr,
DMEM (Gibco) containing 10.00% FBS (Gibco) and 100 U
mL1 Pen-Strep (Sigma) was added to the wells and
allowed to incubate under 5.00% CO2 at 37.00 °C for 24
and 48 hr. After this time, the medium was removed and
100 pL of MTT solution was added to each of the wells.
Following 4 hr of incubation in the dark at 37.00 °C, the
solution was removed and 100 pL of DMSO (Merck) was
added to each well to dissolve the formazan crystals. The
well without a scaffold was used as a negative control. The
optical density of the solution was measured at 570 nm on
an enzyme-linked immunosorbent assay plate reader
(Tecan, Mannedorf, Switzerland).2?

Analysis of cell adhesion to the scaffold by SEM. Cell
adhesion to the PZ-BG/Gel was analyzed by SEM. Briefly,
PZ-BG/Gel was rinsed with PBS and the hMSCs were
gently seeded on the scaffold by pipetting a cell suspension
on the BG/Gel. After one hr, the DMEM containing 10.00%
FBS was added. The cells were then cultured at 37.00 °C
and 5.00% CO: for 24 hr. Then, the extent of cell attach-
ment and growth was assessed 24 hr after cell seeding. For
this purpose, seeding scaffolds were fixed by 4.00%
glutaraldehyde overnight at 4.00 °C. After thoroughly
washing with PBS, the cells were dehydrated in an
ethanol-graded series (50.00 - 100%) for 10 min each and
allowed to be dried on a clean bench at room temperature.
The samples were subsequently characterized by SEM
following gold coating.2?

Peptide and ZA release from BG/GEL. For in vitro
monitoring of peptide and ZA release from PZ-BG/Gel,
samples were dispersed in PBS (pH: 7.40) and transferred
to a dialysis bag (MWCO 12 kDa; Sigma). The dialysis bags
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were immersed in a 30.00 mL of PBS and then, placed in a
water bath at 37.00 °C and 130 rpm. At specified intervals,
1.00 mL of release medium was removed and refilled with
the same volume of fresh PBS. The release amount of
CM11 and ZA into the removed dialysate was determined
by UV-visible spectrophotometer (Thermo Fisher
Scientificc, Waltham, USA) and quantified from the
standard curves (Amax peptide = 278 nm and Amax ZA =
210 nm). The specified times for peptide release were at 1,
6, 12, 24, 48 and 72 hr; while, for ZA they were at 3, 6, 12
and 24 hraswell as 5, 7, 14 and 21 days.28

Antibacterial assay. The antibacterial activity of the
scaffolds including BG/Gel (control), peptide-containing
BG/Gel and PZ-BG/Gel was evaluated by agar disk
diffusion method. The PZ-BG/Gel was used to determine
the effect of ZA on the antibacterial activity of CM11.
Briefly, 100 pL of 0.50 McFarland (1.50 x 108 CFU mL1)
bacterial suspensions (P. aeruginosa and S. aureus) were
cultured on Mueller-Hinton Agar plates. Disks of the
samples (0.50 cm in diameter) were then placed on the
plates and incubated at 37.00 °C for 24 hr. The zone of
inhibition around the disks was measured as an indicator
of the anti-microbial activity of the scaffold.z

Differentiation of hMCs. Before seeding the cells on
BG/Gel and PZ-BG/Gel scaffolds, they were sterilized by UV
irradiation for 20 min on each side. The hMCSs were
seeded on scaffolds using DMEM with 10.00% FBS and
1.00% Pen-Strep, followed by incubation at humidified
condition with 5.00% COz at 37.00 °C. Also, the osteogenic
agents including 50.00 pg mL L-ascorbic acid, 10,000 uM
beta-glycerophosphate and 10+ uM dexamethasone were
added to the medium. The medium was changed every 3
days. After 14 days, the cells were harvested to evaluate
their differentiation efficacy.

Alkaline phosphatase activity assay. The ALP
activity assay was performed using 200 pL of radioi-
mmunoprecipitation lysis buffer. Total protein was
extracted from hMSCs cultured on scaffolds after 14 days.
For cell debris sedimentation, the lysate was centrifuged at
1,200 rpm at 4.00 °C for 5 min. The supernatant was then
collected and ALP activity was examined with an ALP
Assay Kit using a micro-plate reader at 405 nm.3°

Calcium assay. Calcium deposition on the scaffolds
was examined using alizarin red staining method. After
14 days of incubation of hMSCs on scaffolds, the fixation
of cell-scaffold constructs was performed. Accordingly,
samples were rinsed with PBS and then, dehydration of
samples was performed through graded concentrations
of ethanol (50.00, 70.00, 80.00, 96.00, and 100%) for 10
min, respectively. For staining, the alizarin red (40.00
mM) was poured on the samples and kept for 20 - 30
min. The deposited calcium appeared as a red/purple
color was then observed using an inverted optical
microscope (Eclipse TE2000-U; Nikon, Tokyo, Japan).3°

Gene expression analysis using real-time poly-
merase chain reaction (PCR). The hMSCs
differentiation and osteogenesis were analyzed through
evaluation of the expression level of four genes related
to osteogenesis including osteocalcin (OCN), type 1
collagen (COL-I), bone morphogenetic protein 2 (BMP-2)
and Runt-related transcription factor-2 (RUNX2) using
real-time PCR. For this purpose, scaffolds were placed
on a 6-well plate, then the stem cells were cultured and
an osteogenic medium was added. The BG/Gel scaffold
was also considered as a control. To evaluate the
differentiation efficacy, the cell-seeded scaffolds were
harvested and dissolved in chloroform. To extract total
RNA from samples, Gene-MATRIX Universal RNA
Purification Kit (EURx®, Gdansk, Poland) was used. The
quality and quantity of samples were determined by
measuring optical density at 260 and 280. According to
the manufacturer’s protocol, cDNA was synthesized
using PrimeScript™ RT Reagent Kit Perfect Real-Time
(TaKaRa Bio Inc. Kusatsu, Japan). The SYBR green
master mix (Ampliqon, Odense, Denmark) was also
used to perform quantitative PCR. The following para-
meters were used to amplify osteogenesis-related genes
with S-actin as a reference gene: Initial denaturation at
92.00 °C for 5 min; 40 cycles of denaturation (92.00 °C
for 30 sec), annealing (58.00 °C for 30 sec), extension
(72.00 °C for 30 sec), and final extension for 10 min at
72.00 °C. The sequences of primers are presented in
Table 1 and relative gene expression was calculated
using 2-24CT method.30

Table 1. Primer sequences used in real-time polymerase chain reaction analysis.3% 31

Genes Primer sequence Amplicon size (bp)
F: 5’- TGG AGC AAG AGG CGA GAG -3’
coL-1 R: 5’- CAC CAG CAT CACCCT TAG C-3’ 257
F:5- GCCTTC AAG GTG GTAGCCC-3
RUNX2 R: 5’- CGT TAC CCG CCATGA CAGTA-3’ 197
OCN F:5- GCA AAG GTG CAG CCT TTG TG -3’ 242
R: 5’- GGC TCC CAG CCATTG ATA CAG -3’
F:5’- AAC AAT GGC ATG ATT AGT GG -3’
BMP-2 R: 5- TTG GAG GAG AAA CAAGGT G -3’ 264
. F:5- ATG CTG CTT ACA TGT CTC GAT- 3’
P-actin 330

R: 5'- AGC AGA GAA TGG AAA GTC AAA- 3

OCN: Osteocalcin; COL-I: Type I collagen; BMP-2: Bone morphogenetic protein 2; RUNX2: Runt-related transcription factor-2.
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Immunocytochemical (ICC) staining for OCN protein.
Immunocytochemistry was used to investigate the post-
translational of the OCN expression in differentiated
hMSCs after 14 days growing on scaffolds. Briefly, cell-
cultured scaffolds were fixed with 4.00% para-
formaldehyde for 20 min at room temperature. After
that, scaffolds were rinsed in 1.00% bovine serum
albumin for blocking and then, incubated at 4.00 °C for
one hr. Anti-OCN (1:50; Abcam, Cambridge, USA) was
used as a primary antibody, followed by fluorescein
isothiocyanate-conjugated goat-anti-mouse immuno-
globulin G (1:200; Sigma) as a secondary antibody.
Before imaging, the supernatant was removed and 4',6-
diamidino-2-phenylindole (DAPI) was then used for
staining the cell nucleus.3?

Statistical analysis. All experiments were conducted
in triplicate and the results were presented as the mean
value accompanied by the standard deviation. The
statistical analysis of the results was performed using the
Wilcoxon rank test and ANOVA test using GraphPad Prism
Software (version 9.0; GraphPad Software Inc.,, USA) and
SPSS Software (version 22; IBM SPSS Statistics, USA). A

significance level of p < 0.05 was considered for all
statistical tests.

491

Results

FTIR analysis. The spectrum reveals the functional
groups of the BG/Gel in the spectral range of 400 - 4,000
cm recorded after synthesis of the composite (Fig. 1). The
FTIR spectra showed vibration bands at 924 and 998 cm,
which are related to the symmetric and asymmetric
stretching Si-O-Si bending modes. Bands positioned at
1,458 and 1,733 cm! are related to the silicate network
and ascribed to the LO mode of Si-O-Si and Si-O
stretching of non-bridging oxygen atoms, respectively. In
addition, vibration band at 849 cm?! is related to the
(PO4)3. The analysis represents the FTIR spectrum of the
BG/Gel exhibiting a number of new characteristic spectral
bands related to the protein spectra such as N-H bending
vibration at 1,260 cm'! and 1,560 cm, for the amide III
and amide II, respectively, and C=0 stretching vibration
at 1,670 cm for the amide L. In addition, C-H bending
vibration at 2,952 cm-! represents amide B and band at
3,570 cm! indicates the presence of O-H groups.

Analysis of BG/Gel by SEM. The SEM was used to
observe the morphology of BG/Gel scaffold. The SEM
micrograph images confirmed the porous and nano-
structure of the composite (Fig. 2).
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Fig. 1. The Fourier transform infrared spectroscopy spectra of the bioactive glass-gelatin composite.

Fig. 2. Analysis of micro-structure and morphology of the bioactive glass-gelatin scaffold using scanning electron microscopy (SEM).
A-C) The SEM micrograph images confirmed the porous and nanostructure of the composite.
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Cytotoxicity and cell adhesion. In Figure 3, cell
viability and cytocompatibility of the BG/Gel (control)
and PZ-BG/Gel scaffolds and in Figure 4, cell adhesion
to the PZ-BG/Gel scaffold are shown. The MTT assay
showed that cell viability of hMSCs cultured on BG/Gel
scaffold was not significantly different from the control
group during 24 and 48 hr. In addition, comparison of
the results after 24 and 48 hr showed significantly
higher cell viability in PZ-BG/Gel scaffolds than others
(p < 0.05; Fig. 3). These results clearly suggest that the
fabricated scaffolds were non-toxic. Adhesion of cells to
scaffolds is a direct indicator of cell-scaffold compatibility.
As can be seen in Figure 4, the cells have proliferated
well on the surface of the scaffold.
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Fig. 3. Cell viability results of human adipose-derived
mesenchymal stem cells cultured on tissue culture plate
(Control), bioactive glass-gelatin (BG/Gel) scaffold (Control
scaffold) and peptide/ zoledronic acid-containing BG/Gel scaffold
(Drug scaffold). The cell viability was analyzed after A) 24 hr and
B) 48 hr. 2 Different letters indicate a significant difference.
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In vitro release study. Local drug delivery with
controlled behavior can lead to a reduction in side
effects and greater effectiveness. When evaluating the
release behavior, the release of ZA began with a low
burst mode and then continued through a sustained
release at a low rate (Fig. 5A). The release profile was
evaluated up to day 21, showing a sustained release that
is highly suitable for in vitro osteogenic differentiation.
The evaluations indicated that approximately 35.00% of
the ZA was released within the 1st 24 hr, with a slower
release rate thereafter. By the 5t (120 hr) and 21st days
(504 hr), 50.00%, and 75.00% of the ZA were released,
respectively. To evaluate the peptide release behavior
from the scaffold, the scaffold containing 16.00 ug mL-!
of peptide was considered. As shown in Figure 5B, there
was a rapid release of CM11 from the scaffold after 12
hr (about 45.00%). Following this initial release, there
was a gradual increase in the amount of CM11 released
from the scaffold, displaying a slow and linear trend.
After 72 hr, over 80.00% of the peptide was released
from the scaffold.

Antibacterial activity. According to the results
obtained from the disk diffusion test, as represented in
Figure 6, the BG/Gel scaffold indicated no antibacterial
activity against MDR isolates of S. aureus and P.
aeruginosa. However, in BG/Gel scaffolds loaded with
CM11 and peptide/ZA, respectively, a lack of bacterial
growth zone was observed. These results showed that
the CM11 load in the scaffold led to the induction of
antibacterial properties, which was not related to the
presence or absence of ZA.

Calcium content. The results of calcium content assay
on day 14 are represented in Figures 7 and 8. According to
the results, the calcium content was significantly higher in
PZ-BG/Gel scaffold than BG/Gel one. The quantitative
analysis of differentiation based on calcium content
showed a significant increase in stem cell differentiation
into the osteoblasts in the scaffold loaded with ZA
compared to the control (BG/Gel), reaching approximately
70.00%, while the scaffold alone exhibited around 50.00%
differentiation (Fig. 7A; p < 0.05).

€ RA

Fig. 4. Analysis of human adipose-derived mesenchymal stem cells adhesion on the drug scaffold using scanning electron microscopy.
A-C) The cells were proliferated well on the surface of scaffold, indicating of cell-scaffold compatibility.
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Fig. 5. The release profile of A) zoledronic acid (ZA) and B)
peptide (from the peptide/ZA-containing bioactive glass-gelatin
scaffold. A rapid release of the ZA at 24 hr and peptide at 12 hr is
visible. An increase in the release with a linear pattern can be
observed up to hr 500 and 72 for ZA and peptide, respectively,
resulting in the release of ~ 80.00% of the drugs.

Fig. 6. Evaluation of the antibacterial activity of bioactive glass-
gelatin (BG/Gel; B disk), peptide-containing BG/Gel (L disk) and
peptide /zoledronic acid (ZA)-containing BG/Gel (R disk) scaffolds
against A) Staphylococcus aureus, and B) Pseudomonas aeruginosa
by disk diffusion test. After 24 hr, a halo around peptide-BG/Gel
and peptide/ZA-BG/Gel scaffolds was detectable in Mueller-
Hinton Agar plates compared to the BG/Gel as a control disk.

Alkaline phosphatase activity. The results of ALP
activity in hMSCs on BG/Gel and PZ-BG/Gel scaffolds after
14 days are illustrated in Figure 7B. The level of ALP
activity in the cells differentiated on the BG/Gel scaffold
loaded with ZA was significantly higher than the cells
differentiated on the BG/Gel scaffold without ZA (p < 0.05).

As shown in Figure 7B, the activity level of the ALP in the
test group is more than two times higher than that of the
control group.

Osteogenic genes expressions. The results or real-
time PCR are shown in Figure 9. The findings were in line
with the results of ALP activity and calcium content. The
expression level of OCN, RUNX-2, BMP-2 and COL-I genes in
the seeded hMSCs on the PZ-BG/Gel scaffold was
significantly (p < 0.05) higher than the control group,
demonstrating the significant impact of ZA on the
differentiation of hMSCs into osteoblasts.

Immunocytochemical staining of differentiated
cells. The results of the immunocytochemistry are
represented in Figure 10, confirming higher expression
of OCN in the hMSCs seeded on the ZA-containing
BG/Gel scaffold (Fig. 10A) than BG/Gel scaffold (Fig.
10B). The DAPI staining was also carried out, showing
the proliferation of seeded cells on both scaffolds. Based
on the ICC analysis, it can be concluded that loading of
ZA in BG/Gel scaffold has promoted osteogenic
differentiation. The quantitative analyses of ICC (Fig. 11)
indicated that the expression of OCN in differentiated cells
on PZ-BG/Gel scaffold (approximately 60.00%) was
significantly higher than control group (approximately
40.00%; p < 0.05).
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Fig. 7. Human adipose-derived mesenchymal stem cells
differentiation analysis. A) This graph shows the rate (%) of cell
differentiation based on calcium staining. The level of
differentiation in the peptide/ zoledronic acid (ZA)-containing
bioactive glass-gelatin (BG/Gel; Drug scaffold) scaffold is
significantly higher than control one (Scaffold). B) Alkaline
phosphatase (ALP) activity of BG/Gel (Scaffold) and peptide/ZA-
containing BG/Gel (Drug scaffold) scaffolds on day 14 during
osteogenic differentiation. 20 Different letters indicate a significant
difference (p < 0.05).
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Fig. 8. Human adipose-derived mesenchymal stem cells (hMSCs) differentiation analysis. Alizarin red staining of seeded hMSCs on
A) Peptide/zoledronic acid-containing bioactive glass-gelatin (BG/Gel), and B) BG/Gel scaffolds on day 14.
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Fig. 9. The expression level of osteogenic genes in seeded human adipose-derived mesenchymal stem cells on the peptide/zoledronic
acid-containing bioactive glass-gelatin (BG/Gel; Drug scaffold) and BG/Gel scaffolds on day 14. Significant higher expression of
A) Osteocalcin, B) Runt-related transcription factor-2, C) Bone morphogenetic protein 2, and D) Collagen-1 genes was observed in cells
seeded on Drug scaffold compared to BG/Gel (Scaffold; p < 0.05). 2b Different letters indicate a significant difference (p < 0.05).

Fig. 10. Osteocalcin-based immunocytochemistry (green; A and B) and 4’,6-diamidino-2-phenylindole (DAPI; blue [C and D]) staining
of the seeded human adipose-derived mesenchymal stem cells on the peptide/zoledronic acid-containing bioactive glass-gelatin
(BG/Gel; A, C, and E) and BG/Gel (B, D, and F) on day 14. E and F: Merged.
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Fig. 11. Quantitative analyses of immunocytochemical staining.
The graph shows the rate (%) of osteocalcin (OCN) expression in
differentiated human adipose-derived mesenchymal stem cells
on scaffolds. As shown, the differentiation level in the Drug
scaffold group is significantly (p < 0.05) higher than control one.
ab Different letters indicate a significant difference.

Discussion

Tissue engineering wuses stem cells, induced
components and a chemical substrate to help reconstruct
whole organs or tissues.33 For bone regeneration, various
stem cell types, growth stimulants and polymers have
been used.3* In this study, a BG/Gel composite scaffold
loaded with CM11 and ZA was successfully developed to
enhance bone tissue regeneration. The results obtained
demonstrated the scaffold’s potential to promote
osteogenic differentiation of hMSCs and inhibit bacterial
growth, making it a promising candidate for bone tissue
engineering applications.

The FTIR analysis provided valuable insights into the
chemical composition of the BG scaffold. The presence of
characteristic bands corresponding to Si-O-Si bending
modes and silicate network vibrations in the BG spectrum
confirmed the successful fabrication of the BG component.
The FTIR analysis also confirmed the successful
incorporation of Gel into the BG scaffold, as evidenced by
the characteristic peaks corresponding to protein spectra
such as N-H bending and C=0 stretching vibrations. This
indicates the presence of Gel in the composite, which can
enhance cell adhesion and matrix mineralization, crucial
for promoting bone tissue formation.3®> Furthermore, SEM
analysis revealed the highly porous and nanostructured
morphology of the BG/Gel scaffold, essential for nutrient
diffusion, waste removal and providing a favorable micro-
environment for cell growth and differentiation. The
electrospinning technique used to fabricate the scaffold
allowed the formation of fibers with controllable
diameters, mimicking the natural ECM's fibrous structure
and enhancing cell-scaffold interactions.3¢

In this study, cytotoxicity and cell adhesion showed
that BG/Gel scaffold containing the peptide and ZA was
biocompatible and supported the cell proliferation. The

lack of significant cytotoxic effects and well-proliferated
cells on the scaffold surface confirmed its potential for
bone tissue engineering.3” One important feature of this
scaffold was its antibacterial properties, which were
associated with the cationic antibacterial peptide called
CM11 and its controlled release. Cationic peptides, which
are short and positively charged peptides with
antibacterial activities against a wide range of bacteria,
have been recently proposed as suitable alternatives to
conventional antibiotics.3® In several organisms, these
peptides are vital components of the defense mechanism
against infections. Cationic anti-microbial peptides
(CAMPs) such as CM11 act against infection through
modulating the immune system, controlling inflammation
and disrupting bacterial cell membrane function. Former
studies have shown that the electrostatic binding caused
by the negative charge of the outer membrane structures
of the bacterial cell, such as lipopolysaccharides, and the
positive charge of cationic peptides are the main factors
involving in the effect of peptides on bacterial cells. The
amphipathic nature of the peptide also plays an important
role; it attaches to the membrane and penetrates into the
membrane structure from the hydrophobic region and
causes bacterial death via creating a pore.?539 Accordingly,
several recent studies have focused on the evaluation and
production of CAMPs with significant antibacterial effects
and low cytotoxicity, especially to combat resistance
strains causing tissue infection.*® Cationic CM11, a
synthetic hybrid derived from cecropin and melittin
peptides, has been shown to have significant antibacterial
activity against several human pathogens as well as trivial
cytotoxic and hemolytic effects.2541

The findings of this study showed that the presence of
CM11 led to the antibacterial properties induction in the
BG/Gel, as evidenced by the results of disk diffusion.
According to the results obtained, the peptide-containing
scaffold effectively prevented the growth of antibiotic-
resistant P. aeruginosa and S. aureus isolates compared to
the control group, which can significantly reduce the risk
of infection with these bacteria during grafting. On the
other hand, continuous and stable antibiotic release is a
crucial factor in infection control. In this study, as
mentioned, BG/Gel scaffold exhibited a prompt release of
the peptide within 12 hr (about 45.00%), followed by a
gradual increase in release over time. The sustained
release of CM11 from the scaffold is critical for providing
long-term antibacterial protection, reducing the infections
risk and ensuring successful bone regeneration.*? In
addition, the antibacterial results related to the BG/Gel
scaffold containing peptide and peptide/ZA were similar,
confirming that the ZA did not affect the antibacterial
activity of the peptide.

Reportedly, it has been shown that ZA can effectively
play a role in increasing the differentiation of stem cells
into the osteogenic cells. However, since the systemic
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release of ZA can lead to significant side effects, its
controlled and local release should be considered in order
to reduce the adverse effects effectively.2843 Considering
that scaffolds based on BG are very effective in bone tissue
engineering, and on the other hand, ZA has also been
shown to be effective in stimulating cell differentiation into
the osteogenic cells, the osteogenic effects of the BG/Gel
containing ZA were compared to the BG/Gel alone and the
release behavior of ZA from scaffold was evaluated. The
release behavior of ZA started with a burst release in the
first 24 hr (about 35.00%) and subsequently the release
continued with a mild linear trend. After 72 hr, about
75.00% of the ZA was released, which was similar to the
reported release behavior of ZA from Gel-halloysite
nanotubes /ZA scaffold,?8 which has the capacity to carry
and release ZA sustainably and promote osteogenesis.
Similarly, in the present study, the release of ZA continued
for 21 days, which can significantly affect the
differentiation of stem cells into the osteogenic cells.

Therefore, loading ZA into a BG/Gel scaffold can
effectively promote differentiation of hMSCs and osteo-
genesis, as molecular evaluations have also confirmed. Our
evaluations showed a significant increase in ALP activity,
calcium content and expression level of selected genes
compared to the control scaffold.

The ALP is a surface protein being considered as a
marker of early bone differentiation for the screening of
pre-osteoblasts. Findings have shown that the expression
of this protein up-regulates in the first 2 days of the
differentiation process. Cells with high levels of ALP
expression do not divide, but they modulate OCN synthesis
to direct the differentiation of pre-osteoblasts into
osteoblasts.3%44 Qur results after 14 days showed that the
activity level of ALP in the cells seeded on the BG/Gel
scaffold loaded with the ZA was significantly higher than
the scaffold without the ZA, indicating a greater
stimulation of the differentiation due to the ZA. Alizarin
red staining was used to examine calcium deposition,
serving as a late marker of osteogenesis.*>

The amount of calcium deposition was visible as red
dots in the scaffolds. On the 14t day, a comparative
evaluation between the BG/Gel scaffold with ZA and the
scaffold without ZA showed that the amount of calcium
deposition on the ZA-BG/Gel was significantly higher,
indicating elevated osteogenesis regarding to the release
of ZA from the scaffold. These findings are consistent with
the previous report,28 showing that the presence of ZA can
lead to an increase in ALP activity and calcium content.

Additionally, the expression of genes related to
osteogenesis showed that in the cells seeded on BG/Gel
containing ZA, the expression level of these genes was
remarkably higher compared to the cells seeded on the
scaffold without ZA. In general, during osteogenesis, pre-
osteoblasts are first formed from MSCs, which are a
common progenitor for bone and cartilage cells. As

differentiation progresses, similar cells accumulate
through a process called crowding, accompanied by an
increase in the number of committed pre-osteoblasts
differentiating into the osteoblasts. Next, these cells
secrete a non-mineral matrix forming the osteoid.
Osteoids eventually give rise to the mature osteocytes
through mineralization.*¢6 This process is regulated by
RUNX2 through controlling the expression of key factors
involved in osteogenesis such as COL-I and ALP.

The COL-I is an early marker of osteoblasts and an
increase in the expression level of COL-I is observed during
transformation of osteoprogenitors to the pre-osteoblasts.
Pre-osteoblasts are cuboidal cells producing large
amounts of COL-1. It has been shown that as these cells
progress towards osteogenic commitment, the levels of
ALP and osteonectin increase significantly in them.3046

The evaluation of BMP-2 expression levels also showed
a significant increase in the cells cultured on the ZA-
containing BG/Gel compared to the cells on the BG/Gel
scaffold alone. The BMP is a member of the transforming
growth factor-B superfamily, predominantly synthesized
and secreted by osteoblasts. Previous studies have
demonstrated that BMP-2 facilitates the osteogenic
differentiation of MSCs via inducing ALP activity,
promoting mineralization, enhancing adherence and
mediating the expression and activation of certain
associated osteogenic markers.3!

Accordingly, all findings in this study showed that the
ZA effectively increased the osteogenic differentiation of
MSCs. The ICC also supported the enhanced osteogenic
differentiation of hMSCs cultured on ZA-containing BG/Gel
scaffold. Further, higher expression of OCN indicates more
mature osteoblasts.

Finally, the BG/Gel composite scaffold loaded with
CM11 and ZA demonstrates promising potential for
bone tissue engineering applications. The combination
of BG and Gel with controlled peptide and ZA release
offers a versatile platform for promoting osteogenesis
and preventing bacterial infections. This novel scaffold
presents a valuable addition to the existing repertoire of
bone tissue engineering approaches, offering tailored
solutions for complex bone defects and infections.
Continued research and collaboration with other
biomaterials and osteoinductive factors will drive the
advancement of tissue engineering strategies,
ultimately bringing personalized and regenerative
treatments closer to the clinical reality. As with any
study, there are limitations warranting consideration.
While we have demonstrated the potential of the
BG/Gel scaffold for bone tissue engineering in vitro,
further investigations are needed to assess its behavior
in vivo using animal models. Additionally, optimization
of the release kinetics of CM11 and ZA is necessary to
achieve the ideal balance between the antibacterial
activity and osteoinductive potential.
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In conclusion, our findings underscore the significant
contributions of our BG/Gel scaffold, which combines
bioactivity, controlled peptide and ZA release and
osteoinductive properties. With continued research and
refinement, this scaffold holds promise as a transformative
approach in bone tissue engineering. It offers hope for
improved patient outcomes and enhanced regenerative
therapies. Clarification of the detailed micro-structural
characteristics of this scaffold using electron paramagnetic
resonance spectroscopy as well as X-ray diffraction
technique is highly suggested for upcoming studies.
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