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Several techniques have been developed to create 3D
biomimetic scaffolds based on hydrogels, and these have
recently become popular in tissue engineering. Given that the
incorporation of osteogenic reagents such as VEGF and BMP2
improves bone regeneration, in this study, we evaluated a PCL-P
(HEMA-NIPAAm) hydrogel consisting of polycaprolactone (PCL)
blocks and poly(N-isopropylacrylamide-
hydroxyethylmethacrylate) (NIPAAm-HEMA) acrylate blocks for
the delivery of two growth factors, VEGF and BMP2,
simultaneously. Physical characterization of PCL-P (HEMA-
NIPAAm) hydrogel was evaluated by FTIR, SEM, and 'H-NMR.
VEGF and BMP2 were loaded on the hydrogel and the release of
both growth factors (GFs), cytotoxicity assay, and Alizarin red S
staining the human dental pulp stem cells (hDPSCs) were
evaluated. The initial release occurred rapidly within the first 24
hours, with 45% and 50% of both growth factors (GFs) being
released. By the end of the study period, a total of 80% of BMP2
and 85% of VEGF had been released from the hydrogel scaffold.
The cell viability of samples was measured at 91%, 205%, and
470% after 24 h and on the third and fifth day, respectively. In
the SEM images, hDPSCs fully adhere, colonize, and proliferate
on the hybrid copolymer, which is non-toxic to cells. The
produced hydrogel demonstrated no evident cytotoxicity in
hDPSCs cell lines and our novel PCL-P-based hydrogel scaffold
contained growth factors as a matrix for hDPSCs and cell
seeding, which could be a beneficial technique used in 3D
constructs with high potential for bone tissue engineering and
regenerative medicine.
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Introduction

Bone defects caused by congenital anomalies,
trauma, cancer resection, and degenerative

most critical global issues [1,2]. The current
gold standard for addressing bone defects
caused by congenital anomalies,
cancer resection, or degenerative diseases is

trauma,

diseases collectively represent some of the
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to replace damaged bone
allogeneic or autologous bone implants [3].
However, these treatments are ineffective and
have several drawbacks for patients, including
increased morbidity,
support of the obtained bone as well as an
immunogenic response that causes immediate
tissue rejection [4]. In recent years, bone and
cartilage tissue engineering has emerged as a
viable approach. This method aims to enhance
the of biologically
components such as osteogenic factors, which
could have a substantial effect on preserving,
enhancing, and repairing bone tissue [5,6].
The engineering based
scaffolds is the most promising technique that
can progressively release growth factors
(GFs), which are necessary for bone repair [7-
9]. Bone morphogenetic protein-2 (BMP-2) is
a vital growth factor that plays a crucial role in
the bone repair techniques and is increasingly
employed in orthotopic and ectopic locations
for bone regeneration [10,11]. Fracture
healing and skeletal maturation rely heavily
on angiogenesis, a process in which vascular
endothelial growth factor (VEGF) is widely
regarded as a critical molecule. Scaffolds could
contain VEGF to promote blood vessel growth
[12-14]. The fields of regenerative medicine
and bone tissue engineering rely heavily on
the development of biocompatible scaffolds
[15,16]. These networks create a 3D setting
analogous to the tissue-level extracellular
matrix (ECM) [17,18]. Compared to 2D cell
culture, 3D incubation provides superior
signals for cell flattening, adhesion, migration,
proliferation, differentiation, and cell-derived

tissue with

pain, and minimal

levels active bone

bone tissue

extracellular matrix (ECM) formation [19].
Scaffolds for promoting MSC chondrogenic
development have been prepared using a
wide range of synthetic and natural polymers.
Because of the availability of water-swollen
and porous polymeric scaffolds, hydrogels
have become the focus of attention for
developing scaffolds for various conditions
and
chondrogenesis,

tissues capable of  initiating

maintaining uniform cell
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seeding, and used
research [20-22].

PNIPAAm-based hydrogels are commonly
used as thermosensitive biomaterials due to
their lower critical solution temperature
(LCST) of 32 °C [23]. Hydrogels made from
PNIPAAm have received considerable
attention as  potential
biomaterials. = With  the addition of
hydrophobic or hydrophilic monomers,
NIPAM can be copolymerized [20,24]. The
LCST of hydrogels may be modified by
changing their temperatures.
Poly(e-caprolactone) (e-PCL) is a
semicrystalline linear aliphatic polyester with
excellent mechanical properties, as well as
being biocompatibility, and biodegradability
(it may be broken down in a biological setting
by hydrolysis of the ester bond) [25]. In this
study, the concept of degradable hydrogels
and biodegradability of PCL are combined to
benefit from the advantages of both polymers.

Acrylates containing hydroxyl functional
monomers, such as hydroxyethylmethacrylate
(HEMA), can be used for the ring-opening
polymerization of cyclic esters [26,27]. The
objective of this work was to apply our
previously  synthesized PCL-P (HEMA-
NIPAAm)  hydrogel [28,29] for the
simultaneous delivery of two growth factors,
VEGF and BMP2.

In light of the challenges posed by bone
defects and the promising advancements in
tissue engineering, this study aims to evaluate
the potential PCL-P(HEMA-
NIPAAm) hydrogel scaffold for the
simultaneous delivery of growth factors VEGF

in tissue engineering

thermosensitive

transition

of a novel

and BMP2. By characterizing the physical
properties of the hydrogel, assessing the
release kinetics of the growth factors, and
evaluating the biocompatibility using human
dental our goal
contribute to the development of effective 3D
constructs for bone tissue engineering and
regenerative medicine.

pulp stem cells, is to
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Experimental
Materials

Acros Organics (New Jersey, US), 99% v/v
caprolactone monomer and 97% v/v HEMMA
were used. HEMA was purified by vacuum
distillation. N-Isopropyl acrylamide
(NIPAAm), refined from n-hexane-toluene
(90:10 v/v) by recrystallization, was provided
by Acros Organics. Merck Chemicals supplied
tetrahydrofuran (THF) and toluene as well as
the benzoyl peroxide initiator. Tin octanoate
(SnOct), 1,4-dioxane, and dimethyl sulfoxide
were provided by Sigma-Aldrich. Gibco
provided the phosphate-buffered saline (PBS)
and 0.25 percent trypsin/EDTA. 3-(4, 5-

dimethylthiazol-2-yl)-2, 5-
diphenyltetrazolium bromide (MTT) was
obtained from Invitrogen. Recombinant

human BMP-2 and VEGF were obtained from
Sigma-Aldrich. The Tabriz Faculty of Dentistry
generously donates stem cells from human
dental pulp. All reactants were of analytical
quality and utilized as received, and deionized
(DI) water was used in all experiments.

Characterization

Journal of Medicinal
and Pharmaceutical
Chemistry Research

@m Page |1303
Morphological and structural investigations of
the product samples were conducted using a
25 kV scanning electron microscope (model
EOL, JSM 6700F) (JEOL Ltd., Tokyo, Japan). At
room temperature, HNMR spectroscopic
characterization was conducted using a 400-
MHz spectrometer (Ettlingen, Germany) with
CDClI; as the solvent. Functional groups in the
materials were identified using KBr pellets
and a Tensor 27 FT-IR spectrophotometer
(Bruker, Germany) in the 400-4000 cm
spectral region. Ultraviolet-visible (UV-Vis)
spectra were recorded using a UV-Vis
spectrophotometer (UV-160 Shimadzu).

Synthesis of PCL-P(NIPAM-co-HEMA) hybrid
copolymer

The PCL-P(NIPAM-co-HEMA) hybrid
copolymer was synthesized wusing our
previous work [28]. Briefly, HEMA and &-PCL
were reacted in the presence of tin(II) 2-
ethylhexanoate (Sn(Oct);) using toluene as
the solvent. To prepare a biodegradable
copolymer, PCL-graft-poly(N-
isoporylacrylamide-co-hydroxyethyl
methacrylate) with a lower critical solution
temperature (LCST) near the normal body
temperature was synthesized (Scheme 1).

o
)J\rro o Sn(oct), o
~—"oH _ o o
+ \/\o H
o 110 °C
o n
Hydroxyethyl methacrylate PCL-HEMA
B.P.O.

H
=T
o
N-isopropylacrylamide

o

A Ok\_F

PCL-P(HEMA-NIPAAm)

SCHEME 1 Synthesis of PCL-P(HEMA-NIPAAm) hybrid copolymer
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The PCL-P(HEMA-NIPAAM) scaffold was
sterilized overnight using a UV light source.
The loading procedure was performed in a
laminar flow hood to avoid contamination.
Each polymer was placed in 500 mL PBS
solution containing either BMP2 or VEGF at a
0.1 g/mL concentration. The suspension was
then cooled to 4 °C to permit absorption of the
growth ingredients. The mixture was then
agitated for three days at 100 revolutions per
minute to produce growth factor-loaded
scaffolds. The loaded scaffolds were then
frozen at 80 °C after centrifugation. The
scaffolds
overnight at 4 °C before examination.

The percentages of the encapsulation
efficiency (EE) and loading capacity (LC) were
computed using the following formulas:

EE (%,W/W)= (Mass of GF in polymer) /
(Mass of initially added GF) x100

LC (%,W/W)= (Mass of GF in polymer) /
(Mass of polymer) x100
Each sample was tested three times, and the
mean percentages were recorded.

were freeze-dried and stored

In vitro release studies

The effects of the growth factor-loaded
scaffolds were evaluated in vitro. In a typical
experiment, the sample suspension was mixed
with 500 pL freshly prepared PBS buffer and
incubated at 37 °C. At regular intervals, 100
uL of buffer was withdrawn for analysis and
the same amount of new medium was added
to maintain a consistent buffer volume.
Following the manufacturer's instructions, we
used a VEGF and BMP2 Enzyme-linked
Immunosorbent Assay (ELISA, Abcam, USA)
kit to calculate the overall percentage of
growth factor the
supernatant. Each sample was tested three
times, and the mean ODs was recorded.

release in collected

In vitro cytotoxicity studies

To test the cytotoxicity and biocompatibility
of the scaffolds, this study employed a specific

S.S. Khiabani et al.

strain of human dental pulp stem cells
(hDPSCs) was used. The PCL-P(HEMA-
NIPAAM) scaffold was sterilized with UV light
overnight. Briefly speaking, 2 x104 cells were
seeded, trypsinized, and plated in each well of
a 96-well plate. The culture medium was
withdrawn and replaced with a new growth
medium (200 mL) containing the appropriate
quantities of the samples as well as blank
scaffolds and was then incubated for 24 h, 3 d,
and 14 d (in a humidified environment with
5% CO; at 37 °C). The medium was then
removed, and each well received 5 mg/mL
MTT solution before incubating for 4 h. A
microplate reader (E1x808, Biotek, USA) was
used to measure optical density (OD) at 570
nm. Each sample was tested three times and
the mean of the ODs are recorded.

Statistical analysis

GraphPad Prism 8 (GraphPad Software Inc.
(San Diego, CA, USA) was used for the
statistical The  Shapiro-Wilk
normality test was used to test the data
distribution. Student’s t-test was used to
compare the means of the data sets. Statistical
significance was set at P < 0.05.

analyses.

Results and discussion

Preparation and characterization of PCL-
P(NIPAM-co-HEMA) scaffold

As shown in the FT-IR spectrum of the hybrid
PCL-P (Figure 1), the most significant bonds in
the PCL-HEMA FTIR spectra were the
stretching vibrations of hydroxyl groups (OH)
at 3551 cm?, (CHz) and (CH3) at 2924 and
2855 cm, and ester carbonyl (C=0) at 1726
cm'l, Absorption maxima for the (C-O-C)
stretching vibration absorption bonds of
HEMA and (C=C) stretching vibration
absorption bonds of HEMA and PCL were
observed. In addition, the absorption band at
1452 cm! is related to the bending vibration
of the (CHz) group. In the FTIR spectrum of
PCL-P(HEMA-NIPA), peaks at 1646 cm!
(attributed to NH-CO stretching), 1544 cm-



Loading of VEGF and BMPZ2 to PNIPAAm-based ...

Journal of Medicinal -
and Pharmaceutical - %))

Page |1305

(corresponding to N-H bending), and 1383
cm! (corresponding to C-H stretching
vibrations of -CH(CH3):z) confirmed the
presence of NIPAAm groups in the backbone
of the copolymer. The stretching vibrations of
the carbonyl groups in PHEMA, PCL, and
PNIPAAm were attributed to the PCL-P
(HEMA NIPAAmprominent) absorption bands

Chemistry Research

at 1726 cm?! and 1618 cm! in the FTIR
spectrum, and the absence of the typical
absorption peaks at 1636 cm-! indicated the
successful conversion of HEMA to PHEMA via
the free radical polymer. The aliphatic -CH
stretching vibrations of the (CH3z) and (CH2)
groups are responsible for the absorption
maxima at 2855 and 2924 cm, respectively.
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FIGURE 1 Fourier transform infrared spectroscopy (FT-IR) spectra of the synthesized polymer

The PCL-P(HEMA-NIPAAmM) hybrid

copolymer created soft and compact scaffolds
with a homogeneous morphology, as seen in
the scanning electron microscopy (SEM)
image (Figure 2), which revealed that the

scaffolds were well disseminated and of
uniform shape and size. Human dental pulp
stem cells (hDPSCs) fully adhere, colonize, and
proliferate on the hybrid copolymer, which is
non-toxic to cells.

— 5um

FIGURE 2 Scanning electron microscopy (SEM) images of the PCL-P(HEMA-NIPAAm) hybrid

copolymer
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Proton nuclear magnetic resonance
spectroscopy (tHNMR)

Figure 3 displays the 'H-NMR spectra of the
PCL-P copolymer. All chemical alterations
connected to the PCL segment were observed
in the PCL-HEMA spectrum. The signals at
1.283, 4.197, and 6.012 ppm corresponded to
the protons in the PNIPAAm region of methy],
(CH(CH3)2), and (NH-CH(CHs)2, respectively.

==
843
—_—
TR
B.om
26 223
== Y

S.S. Khiabani et al.

The chemical shifts of the methylene units
were 1.505 ppm (g), 1.860 ppm (f), 2.265 ppm
(e), and 3.392 ppm (h) (CHz). At 3.974 ppm,
the overlapping resonance in the PHEMA-PCL
section corresponded to the methyl ester
group (d). The disappearance of the peaks at
4.865 and 5.651 ppm in the spectrum of PCL-
P(HEMA-NIPAAm 1H-NMR) the
transformation of the end double bonds into
carbon-carbon signal bonds.

reveals

0.582

2.831
423

FIGURE 3 Proton nuclear magnetic resonance (LHNMR) spectra of synthesized polymers

Growth factors loading and release studies

A freshly created scaffold was constructed to
adapt to the temperature fluctuations. The
scaffolds contained growth factors (BMP2 and
VEGF). The in vitro BMP2 and VEGF release
characteristics of the scaffolds were
investigated in PBS at 37 °C. The initial
release was rapidly over the first 24 h,
reaching 45% and 50% of the total loaded

BMP2 and VEGF quantities in the scaffold,
respectively, according to the release profiles.
At 37 °C for approximately 10 days, the total
quantities of BMP2 and VEGF released were
80% and 85%, respectively. This biomaterial
may provide the optimal quantity of BMP2
and VEGF growth hormones for the
development of bone tissue (Figure 4 (A and

B)).
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FIGURE 4 Cumulative in vitro release profiles of BMP2 (A) and VEGF (B) after 10 days (data are

shown as mean + standard deviation, n = 3)

In vitro biocompatibility study (MTT assay)

As depicted in Figure 5, the MTT cell assay
was conducted on the human dental pulp stem
cell (hDPSCs) line to determine the
biocompatibility of these growth factors
loaded on scaffolds as a growth factor delivery
system. After 24 h and on the third and fifth
days, the cell viability of samples was
measured 91%, 205%, and 470%,
respectively, and even at high concentrations,
there was no discernible cytotoxicity of blank
samples in Human Dental Pulp Stem Cells
(hDPSCs) lines. Consistent with Valipour et al.
[30] and Xue et al. [31], which demonstrated a
lack of cell toxicity in the stem cells plated on

at

the PCL-P(HEMA-NIPAAm) S-2 PCL
hydrogel and higher viability in the presence
of the hydrogel. In addition, they suggested
that the presence of PCL in the scaffold
the adhesion, growth
proliferation of the cells, as well as, the 3D and
porous structure of the scaffold could effect on
cell survival. Our results also indicate that the
porous and three-dimensional structure of
scaffolds affects cell adhesion, proliferation,
and growth. These results indicate that the
scaffold is biocompatible and can be used as a
biomaterial in medicine.

or

enhance and

600+
500 mm Control
iy
=3 Treated cells

o:; 400+
2
§ 300+
s
)
O 2004

100+ j —p—

0~ T T T
24 hours Day 3rd Day 5th

FIGURE 5 Biocompatibility of the developed polymeric scaffolds towards the hDPSCs cell line
for 24 h, the 3rd day and the 5th day. Each sample was tested three times, and Student’s t-test

was used to compare the mean OD each day
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Conclusion

By copolymerizing PCL, NIPAAm (a
thermoresponsive monomer), and HEMA, we
successfully created a novel PCL-P(HEMA-
NIPAAM) hybrid copolymer for the delivery of
growth factors (VEGF and BMPs) to their
crucial roles in launching various stages of
bone development, including the recruitment
of mesenchymal stem cells (MSCs) and their
differentiation into osteoblasts. VEGF and
BMPs effectively loaded growth factors. The
produced hydrogel demonstrated no evident
cytotoxicity in HFFF2 cell lines, according to
the MTT assay. Our novel PCL-P-based
hydrogel scaffold contained growth factors as
a matrix for human dental pulp stem cells
(hDPSCs) and cell seeding, which could be a
beneficial technique used in 3D constructs
with  high potential for
engineering and regenerative medicine.

bone tissue

Acknowledgements

The authors are thankful for the moral
support of Tabriz university of medical
sciences.

Funding

The Drug Applied Research Center at Tabriz
University of Medical Sciences and the Iran
National Science Foundation (INSF), grant
number 940002, provided financial support
for this project (grant No. 60759).

Authors' Contributions

Conceptualization was done by Soodabeh
Davaran and Saeid Shabestari Khiabani;
methodology was by Marziyeh
Aghazadeh; formal analysis was done by
Peyman Keyhanvar; data curation was done

done

by Pourya Gholizadeh; writing original draft
preparation was done by Saeid Shabestari
Khiabani; writing, review, and editing were
done by Tayebeh Zivari-Ghader, Farahnaz
Reyhanifar , Zahra Shabestari Khiabani, and

S.S. Khiabani et al.

Soodabeh Davaran; project administration
was done by Soodabeh Davaran; funding
acquisition was done by Soodabeh Davaran,
Saeid Shabestari Khiabani, Marziyeh
Aghazadeh, and Peyman Keyhanvar.

Conflict of Interest
The authors declare no conflict of interest

Orcid:

Saeid Shabestari Khiabani:
https://orcid.org/0000-0002-9162-0576
Tayebeh Zivari-Ghader:
https://orcid.org/0000-0003-1571-069X
Marziyeh Aghazadeh:
https://orcid.org/0000-0002-8278-7825
Peyman Keyhanvar:
https://orcid.org/0000-0001-8879-1764
Zahra Shabestari Khiabani:
https://orcid.org/0009-0006-7162-404X
Farahnaz Reyhanifar:
https://orcid.org/0009-0002-2689-2740
Soodabeh Davaran*:
https://orcid.org/0000-0002-7072-2362

References

[1] K. Khezri, S. Maleki Dizaj, Y. Rahbar
Saadat, S. Sharifi, S. Shahi, E. Ahmadian, A.
Eftekhari, E. Dalir Abdolahinia, F. Lotfipour,
Osteogenic differentiation of mesenchymal

stem cells via curcumin-containing
nanoscaffolds, Stem Cells International,
2021, 2021. [Crossref], [Google Scholar],
[Publisher]

[2] P. Vahedi, R. Moghaddamshahabi, T.].
Webster, A.C. Calikoglu Koyuncu, E. Ahmadian,
W.S. Khan, A. Jimale Mohamed, A. Eftekhari,
The wuse of infrapatellar fat pad-derived
mesenchymal stem cells in articular cartilage
regeneration: a review, International Journal
of Molecular Sciences, 2021, 22, 9215.
[Crossref], [Google Scholar], [Publisher]

[3] F.A. Shah, P. Thomsen, A. Palmquist,
Osseointegration and current interpretations
of  the

bone-implant interface, Acta


https://orcid.org/0000-0002-9162-0576
https://orcid.org/0000-0003-1571-069X
https://orcid.org/0000-0002-8278-7825
https://orcid.org/0000-0001-8879-1764
https://orcid.org/0009-0006-7162-404X
https://orcid.org/0009-0002-2689-2740
https://orcid.org/0000-0002-7072-2362
https://doi.org/10.1155/2021/1520052
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Khezri+K%2C+Maleki+Dizaj+S%2C+Rahbar+Saadat+Y%2C+Sharifi+S%2C+Shahi+S%2C+Ahmadian+E%2C+et+al.+Osteogenic+differentiation+of+mesenchymal+stem+cells+via+curcumin-containing+nanoscaffolds.+Stem+Cells+International.+2021%3B2021.+&btnG=
https://www.hindawi.com/journals/sci/2021/1520052/
https://doi.org/10.3390/ijms22179215
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Vahedi+P%2C+Moghaddamshahabi+R%2C+Webster+TJ%2C+Calikoglu+Koyuncu+AC%2C+Ahmadian+E%2C+Khan+WS%2C+et+al.+The+use+of+infrapatellar+fat+pad-derived+mesenchymal+stem+cells+in+articular+cartilage+regeneration%3A+a+review.+International+Journal+of+Molecular+Sciences.+2021%3B22%2817%29%3A9215.+&btnG=
https://www.mdpi.com/1422-0067/22/17/9215

Loading of VEGF and BMPZ2 to PNIPAAm-based ...

Biomaterialia, 2019, 84, 1-15.
[Google Scholar], [Publisher]
[4] G. Chandra, A. Pandey, Biodegradable

bone implants in orthopedic applications: a

[Crossref],

review, Biocybernetics and  Biomedical
Engineering, 2020, 40, 596-610. [Crossref],
[Google Scholar], [Publisher]

[5] E. Ahmadian, A. Eftekhari, D. Janas, P.
Vahedj, scaffolds
extracellular matrix for articular cartilage

Nanofiber based on
engineering: a
Nanotheranostics, 2023, 7, 61.
[Google Scholar], [Publisher]

[6] A. Eftekhari, S. Maleki Dizaj, S. Sharifi, S.
Salatin, Y. Rahbar Saadat, S. Zununi Vahed, M.
Samiei, M. Ardalan, M. Rameshrad, E.
Ahmadian, M. The
nanomaterials in engineering for

perspective,
[Crossref],

Cucchiarini, use of
tissue
cartilage regeneration; current approaches
and future perspectives, International Journal
of Molecular Sciences, 2020, 21, 536.
[Crossref], [Google Scholar], [Publisher]

[7] S. Mohan, D.J. Baylink, Bone growth factors
Clinical Orthopaedics and Related Research
no. 263 (February, 1991), 30-48, ISSN: 0009-
921X. PMID: 1993386.

[8] H. Schliephake, Application of bone growth
factors—the potential of different carrier
systems, Oral and maxillofacial surgery, 2010,
14, 17-22. Scholar],
[Publisher]

[9] E.R. Oliveira, L. Nie, D. Podstawczyk, A.
Allahbakhsh, ]. Ratnayake, D.L. Brasil, A.
Shavandi, Advances in growth factor delivery

[Crossref], [Google

for bone tissue engineering, International
Journal of Molecular Sciences, 2021, 22, 903.
[Crossref], [Google Scholar], [Publisher]

[10] S.Y. Park, K.H. Kim, S. Kim, Y.M. Lee, Y.].
BMP-2 gene
regeneration in
dentistry, Pharmaceutics, 2019, 11, 393.
[Crossref], [Google Scholar], [Publisher]

[11] Q. Wei, A. Holle, J. Li, F. Posa, F. Biagioni,
0. Croci, ASS. Benk, ]J. Young, F. Noureddine, ].
Deng, M. BMP-2

Seo], delivery-based bone

Zhang, signaling and

Journal of Medicinal
and Pharmaceutical
Chemistry Research

Page |1309

p) SAMI

mechanotransduction synergize to drive
osteogenic differentiation via
YAP/TAZ, Advanced  Science, 2020, 7,
1902931. [Crossref], [Google Scholar],
[Publisher]

[12] C.H. Dreyer, K. Kjaergaard, M. Ding, L. Qin,
Vascular endothelial growth factor for in vivo
bone formation: A systematic review, Journal
of Orthopaedic Translation, 2020, 24, 46-57.
[Crossref], [Google Scholar], [Publisher]

[13] K. Hu, B.R. Olsen, Vascular endothelial
growth factor control mechanisms in skeletal
growth and repair, Developmental
Dynamics, 2017, 246, 227-234.
[Google Scholar], [Publisher]

[14] B. Divband, M. Samiei, S. Davaran, L.
Roshangar, S. Shahi, M. Aghazadeh, Synthesis
and in vitro Evaluation of Thermosensitive
PLA-gP (HEM-co-NIPAAM) Hydrogel Used for
Delivery of VEGF, Biointerface Research in
Applied Chemistry, 2020, 11, 8043-8051.
[Crossref], [Google Scholar], [Publisher]

[15] L. Roseti, V. Parisi, M. Petretta, C. Cavallo,
G. Desando, I. Bartolotti, B. Grigolo, Scaffolds
for bone tissue engineering: state of the art

[Crossref],

and new perspectives, Materials Science and
Engineering:  C,2017, 78, 1246-1262.
[Crossref], [Google Scholar], [Publisher]

[16] M. Rodriguez-Vazquez, B. Vega-Ruiz, R.
D.A. L.F.
Quifiones-Olvera, Chitosan and its potential

Ramos-Zuiiiga, Saldafia-Koppel,
use as a scaffold for tissue engineering in
regenerative medicine, BioMed Research
International, 2015, 2015. [Crossref], [Google
Scholar], [Publisher]

[17] P. Nezhad-Mokhtari, M. Akrami-Hasan-
Kohal, M. Ghorbani, An injectable chitosan-
based hydrogel scaffold containing gold

nanoparticles  for  tissue  engineering
applications, International  Journal  of
Biological Macromolecules, 2020, 154, 198-
205. [Crossref], [Google Scholar], [Publisher]

[18] S. Yue, H. He, B. Li, T. Hou, Hydrogel as a

biomaterial for bone tissue engineering: A


https://doi.org/10.1016/j.actbio.2018.11.018
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Osseointegration+and+current+interpretations+of+the+bone-implant+interface%2C+%282019%29.+&btnG=
https://www.sciencedirect.com/science/article/pii/S174270611830672X
https://doi.org/10.1016/j.bbe.2020.02.003
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Biodegradable+bone+implants+in+orthopedic+applications%3A+a+review%2C+%282020%29.+&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S0208521620300243
https://doi.org/10.7150/ntno.78611
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Ahmadian+E%2C+Eftekhari+A%2C+Janas+D%2C+Vahedi+P.+Nanofiber+scaffolds+based+on+extracellular+matrix+for+articular+cartilage+engineering%3A+A+perspective.+Nanotheranostics.+2023%3B7%281%29%3A61.+&btnG=
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9760364/
https://doi.org/10.3390/ijms21020536
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Eftekhari+A%2C+Maleki+Dizaj+S%2C+Sharifi+S%2C+Salatin+S%2C+Rahbar+Saadat+Y%2C+Zununi+Vahed+S%2C+et+al.+The+use+of+nanomaterials+in+tissue+engineering+for+cartilage+regeneration%3B+current+approaches+and+future+perspectives.+International+journal+of+molecular+sciences.+2020%3B21%282%29%3A536.+&btnG=
https://www.mdpi.com/1422-0067/21/2/536
https://doi.org/10.1007%2Fs10006-009-0185-1
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Application+of+bone+growth+factors-the+potential+of+different+carrier+systems%2C+%282010%29.+&btnG=
https://link.springer.com/article/10.1007/s10006-009-0185-1
https://doi.org/10.3390/ijms22020903
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Advances+in+growth+factor+delivery+for+bone+tissue+engineering%2C+%282021%29.+&btnG=
https://www.mdpi.com/1422-0067/22/2/903
https://doi.org/10.3390/pharmaceutics11080393
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=BMP-2+gene+delivery-based+bone+regeneration+in+dentistry%2C+%282019%29.+&btnG=
https://www.mdpi.com/1999-4923/11/8/393
https://doi.org/10.1002/advs.201902931
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Wei+Q%2C+Holle+A%2C+Li+J%2C+Posa+F%2C+Biagioni+F%2C+Croci+O%2C+et+al.+BMP-2+Signaling+and+Mechanotransduction+Synergize+to+Drive+Osteogenic+Differentiation+via+YAP%2FTAZ.+Advanced+Science.+2020%3B7.+&btnG=
https://onlinelibrary.wiley.com/doi/full/10.1002/advs.201902931
https://doi.org/10.1016/j.jot.2020.05.005
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Vascular+endothelial+growth+factor+for+in+vivo+bone+formation%3A+A+systematic+review%2C+%282020%29.+&btnG=
https://www.sciencedirect.com/science/article/pii/S2214031X20300711
https://doi.org/10.1002/dvdy.24463
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Hu+K%2C+Olsen+BR.+Vascular+endothelial+growth+factor+control+mechanisms+in+skeletal+growth+and+repair.+Developmental+Dynamics.+2017%3B246%284%29%3A227-34.+&btnG=
https://anatomypubs.onlinelibrary.wiley.com/doi/full/10.1002/dvdy.24463
https://doi.org/10.33263/BRIAC111.80438051
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Divband+B%2C+Samiei+M%2C+Davaran+S%2C+Roshangar+L%2C+Shahi+S%2C+Aghazadeh+M.+Synthesis+and+in+vitro+Evaluation+of+Thermosensitive+PLA-gP+%28HEM-co-NIPAAM%29+Hydrogel+Used+for+Delivery+of+VEGF.+Biointerface+Res+Appl+Chem.+2020%3B11%3A8043-51.+&btnG=
https://biointerfaceresearch.com/wp-content/uploads/2020/07/20695837111.80438051.pdf
https://doi.org/10.1016/j.msec.2017.05.017
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Scaffolds+for+Bone+Tissue+Engineering%3A+State+of+the+art+and+new+perspectives%2C+%282017%29.+&btnG=
https://www.sciencedirect.com/science/article/pii/S0928493117317228
https://doi.org/10.1155/2015/821279
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Rodr%C3%ADguez-V%C3%A1zquez+M%2C+Vega-Ruiz+B%2C+Ramos-Z%C3%BA%C3%B1iga+R%2C+Salda%C3%B1a-Koppel+DA%2C+Qui%C3%B1ones-Olvera+LF.+Chitosan+and+its+potential+use+as+a+scaffold+for+tissue+engineering+in+regenerative+medicine.+BioMed+research+international.+2015%3B2015.+&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Rodr%C3%ADguez-V%C3%A1zquez+M%2C+Vega-Ruiz+B%2C+Ramos-Z%C3%BA%C3%B1iga+R%2C+Salda%C3%B1a-Koppel+DA%2C+Qui%C3%B1ones-Olvera+LF.+Chitosan+and+its+potential+use+as+a+scaffold+for+tissue+engineering+in+regenerative+medicine.+BioMed+research+international.+2015%3B2015.+&btnG=
https://www.hindawi.com/journals/bmri/2015/821279/
https://doi.org/10.1016/j.ijbiomac.2020.03.112
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Nezhad-Mokhtari+P%2C+Akrami-Hasan-Kohal+M%2C+Ghorbani+M.+An+injectable+chitosan-based+hydrogel+scaffold+containing+gold+nanoparticles+for+tissue+engineering+applications.+International+Journal+of+Biological+Macromolecules.+2020%3B154%3A198-205.+&btnG=
https://www.sciencedirect.com/science/article/pii/S0141813020317001

Journal of Medicinal
and Pharmaceutical
Chemistry Research

Page [1310 ;
= D) sam
review, Nanomaterials, 2020, 10,
[Crossref], [Google Scholar], [Publisher]
[19] S. Trujillo, C. Gonzalez-Garcia, P. Rico, A.

Reid, J. Windmill, M.J. Dalby, M. Salmeron-
Sanchez, Engineered 3D hydrogels with full-

1511.

length fibronectin that sequester and present
Biomaterials, 2020, 252,
Scholar],

growth factors,
120104.

[Publisher]
[20] Q. Ren, M. Cai, K. Zhang, W. Ren, Z. Su, T.
T. Sun, ]. Wang, Effects of bone
morphogenetic (BMP-2)
vascular endothelial growth factor (VEGF)

[Crossref], [Google

Yang,
protein-2 and
release from polylactide-poly
glycol)-polylactide  (PELA)
based scaffolds on bone, Brazilian Journal of
Medical and Biological Research, 2017, 51.
[Crossref], [Google Scholar], [Publisher]

[21] R. Olivares-Navarrete, E.M. Lee, K. Smith,
S.L. Hyzy, M. Doroudi, J.K. Williams, K. Gall,

B.D. Boyan, Z. Schwartz, Substrate stiffness

(ethylene
microcapsule-

controls osteoblastic and chondrocytic
differentiation of mesenchymal stem cells
without exogenous stimuli, PloS One, 2017, 12,
170312. Scholar],
[Publisher]

[22]]. Babilotte, B. Martin, V. Guduric, R.

Bareille, R. Agniel, S. Roques, V. Héroguez, M.

[Crossref], [Google

Dussauze, M. Gaudon, D. Le Nihouannen, S.
Catros, Development and characterization of a
PLGA-HA composite material to fabricate 3D-
scaffolds
engineering, Materials Science and
Engineering: C,2021, 118, 111334. [Crossref],
[Google Scholar], [Publisher]

[23] C. Choi, S.Y. Chae, Nah,
Thermosensitive poly (N-
isopropylacrylamide)-b-poly (e-caprolactone)

printed for  bone tissue

JL.W.

nanoparticles for efficient drug delivery
system, Polymer, 2006, 47, 4571-4580.
[Crossref], [Google Scholar], [Publisher]

[24] T. Wy, L. Tan, N. Cheng, Q. Yan, Y.F. Zhang,
C.J. Liu, B. Shi, PNIPAAM modified mesoporous
hydroxyapatite for sustained osteogenic drug
and cell

release promoting

S.S. Khiabani et al.

attachment, Materials Science and
Engineering: C,2016, 62, 888-896. [Crossref],
[Google Scholar], [Publisher]

[25] M. Ghorbani, P. Nezhad-Mokhtari, S.
Ramazani, Aloe vera-loaded nanofibrous
scaffold

Zein/Polycaprolactone/Collagen for wound

based on
healing, International Journal of Biological
Macromolecules, 2020, 153, 921-930.
[Crossref], [Google Scholar], [Publisher]

[26] F. Asghari, M. Samiei, K. Adibkia, A.
Akbarzadeh, S. Davaran, Biodegradable and
biocompatible polymers for tissue
engineering application: a review, Artificial
Cells, Nanomedicine, and Biotechnology, 2017,
45, 185-192.
[Publisher]
[27] Kukolevska  OS,  Gerashchenko I,
Borysenko MV, Pakhlov EM, Machovsky M,
Yushchenko TI. Synthesis and examination of
poly  (2-
hydroxyethyl methacrylate) for medicinal use,
Nanoscale Research Letters, 2017, 12, 1-9.
[Crossref], [Google Scholar], [Publisher]

[28] ].D. Skelly, ]. Lange, T.M. Filion, X. Li, D.C.
Ayers, ]. Song, Vancomycin-bearing synthetic
bone graft delivers rhBMP-2 and promotes
healing of critical rat femoral segmental
defects, Clinical Orthopaedics and Related
Research®, 2014, 472, 4015-4023. [Crossref],
[Google Scholar], [Publisher]

[29] S. Shabestari Khiabani, T. Zivari-Ghader,
M. Aghazadeh, P. Keyhanvar, P. Gholizadeh, Z.
Shabestari Khiabani, M.R.M. Asyraf, S.
Davaran, Application of Novel VEGF-Loaded
PCL-P Based Hybrid Copolymer Scaffold for
Bone Regeneration, ImmunoAnalysis, 2023, 3,
3. [Crossref], [Google Scholar], [Publisher]

[30] F. Valipour, F. Valipour, R. Rahbarghazi,
AM. Navali, M.R. Rashidi, S. Davaran, Novel
hybrid
enriched with platelet-derived growth factor

[Crossref], [Google Scholar],

nanocomposites based on

polyester-polyacrylate  hydrogels

for chondrogenic differentiation of adipose-

derived mesenchymal stem cells in

vitro, Journal of Biological Engineering, 2021,


https://doi.org/10.3390/nano10081511
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Hydrogel+as+a+biomaterial+for+bone+tissue+engineering%3A+A+review%2C+%282020%29.+&btnG=
https://www.mdpi.com/2079-4991/10/8/1511
https://doi.org/10.1016/j.biomaterials.2020.120104
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Trujillo+S%2C+Gonzalez-Garcia+C%2C+Rico+P%2C+Reid+A%2C+Windmill+J%2C+Dalby+MJ%2C+et+al.+Engineered+3D+hydrogels+with+full-length+fibronectin+that+sequester+and+present+growth+factors.+Biomaterials.+2020%3B252.+&btnG=
https://www.sciencedirect.com/science/article/pii/S0142961220303501
https://doi.org/10.1590/1414-431X20176520
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Ren+Q%2C+Cai+M%2C+Zhang+K%2C+Ren+W%2C+Su+Z%2C+Yang+T%2C+et+al.+Effects+of+bone+morphogenetic+protein-2+%28BMP-2%29+and+vascular+endothelial+growth+factor+%28VEGF%29+release+from+polylactide-poly+%28ethylene+glycol%29-polylactide+%28PELA%29+microcapsule-based+scaffolds+on+bone.+Brazilian+Journal+of+Medical+and+Biological+Research.+2018%3B51.+&btnG=
https://www.scielo.br/j/bjmbr/a/Cmb3n3YffbPzvmjbypX7yhF/?lang=en
https://doi.org/10.1371/journal.pone.0170312
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=%09Olivares-Navarrete+R%2C+Lee+EM%2C+Smith+K%2C+Hyzy+SL%2C+Doroudi+M%2C+Williams+JK%2C+et+al.+Substrate+stiffness+controls+osteoblastic+and+chondrocytic+differentiation+of+mesenchymal+stem+cells+without+exogenous+stimuli.+PloS+one.+2017%3B12%281%29%3Ae0170312.+&btnG=
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0170312
https://doi.org/10.1016/j.msec.2020.111334
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Babilotte+J%2C+Martin+B%2C+Guduric+V%2C+Bareille+R%2C+Agniel+R%2C+Roques+S%2C+et+al.+Development+and+characterization+of+a+PLGA-HA+composite+material+to+fabricate+3D-printed+scaffolds+for+bone+tissue+engineering.+Materials+Science+and+Engineering+C.+2021%3B118.+&btnG=
https://www.sciencedirect.com/science/article/pii/S0928493120332525
https://doi.org/10.1016/j.polymer.2006.05.011
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Choi+C%2C+Chae+SY%2C+Nah+J-W.+Thermosensitive+poly+%28N-isopropylacrylamide%29-b-poly+%28%CE%B5-caprolactone%29+nanoparticles+for+efficient+drug+delivery+system.+Polymer.+2006%3B47%2813%29%3A4571-80.+&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S0032386106005866
https://doi.org/10.1016/j.msec.2016.01.012
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Wu+T%2C+Tan+L%2C+Cheng+N%2C+Yan+Q%2C+Zhang+YF%2C+Liu+CJ%2C+et+al.+PNIPAAM+modified+mesoporous+hydroxyapatite+for+sustained+osteogenic+drug+release+and+promoting+cell+attachment.+Materials+Science+and+Engineering+C.+2016%3B62.+&btnG=
https://www.sciencedirect.com/science/article/pii/S0928493116300121
https://doi.org/10.1016/j.ijbiomac.2020.03.036
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Ghorbani+M%2C+Nezhad-Mokhtari+P%2C+Ramazani+S.+Aloe+vera-loaded+nanofibrous+scaffold+based+on+Zein%2FPolycaprolactone%2FCollagen+for+wound+healing.+International+Journal+of+Biological+Macromolecules.+2020%3B153.+&btnG=
https://www.sciencedirect.com/science/article/pii/S0141813020300891
https://doi.org/10.3109/21691401.2016.1146731
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Asghari+F%2C+Samiei+M%2C+Adibkia+K%2C+Akbarzadeh+A%2C+Davaran+S.+Biodegradable+and+biocompatible+polymers+for+tissue+engineering+application%3A+a+review.+Artificial+cells%2C+nanomedicine%2C+and+biotechnology.+2017%3B45%282%29%3A185-92.+&btnG=
https://www.tandfonline.com/doi/full/10.3109/21691401.2016.1146731
https://doi.org/10.1186/s11671-017-1881-7
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Synthesis+and+Examination+of+Nanocomposites+Based+on+Poly%282-hydroxyethyl+methacrylate%29+for+Medicinal+Use&btnG=
https://link.springer.com/article/10.1186/s11671-017-1881-7
https://doi.org/10.1007/s11999-014-3841-1
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Skelly+JD%2C+Lange+J%2C+Filion+TM%2C+Li+X%2C+Ayers+DC%2C+Song+J.+Vancomycin-bearing+Synthetic+Bone+Graft+Delivers+rhBMP-2+and+Promotes+Healing+of+Critical+Rat+Femoral+Segmental+Defects.+Clinical+Orthopaedics+and+Related+Research.+2014%3B472.+&btnG=
https://link.springer.com/article/10.1007/s11999-014-3841-1
https://doi.org/10.34172/ia.2023.03
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Shabestari+Khiabani+S%2C+Zivari-Ghader+T%2C+Aghazadeh+M%2C+Keyhanvar+P%2C+Gholizadeh+P%2C+Shabestari+Khiabani+Z%2C+et+al.+Application+of+Novel+VEGF-Loaded+PCL-P+Based+Hybrid+Copolymer+Scaffold+for+Bone+Regeneration.+ImmunoAnalysis.+2023%3B3%283%29%3A3.+&btnG=
http://repository.journal4submission.com/id/eprint/2310/

Loading of VEGF and BMPZ2 to PNIPAAm-based ...

Journal of Medicinal Page [1311
and Pharmaceutical @m 5 l

Chemistry Research

15,1-14. [Crossref], [Google Scholar],
[Publisher]

[31] R. Xue, Y. Qian, L. Li, G. Yao, L. Yang, Y.
Sun, Polycaprolactone nanofiber scaffold
enhances the osteogenic differentiation
potency of various human tissue-derived
mesenchymal stem cells, Stem Cell Research
& Therapy, 2017, 8, 1-9. [Crossref], [Google

How to cite this article: Saeid Shabestari
Khiabani, Tayebeh Zivari-Ghader, Marziyeh
Aghazadeh, Peyman Keyhanvar, Zahra Shabestari
Khiabani, Farahnaz Reyhanifar, Soodabeh Davaran,
Loading of VEGF and BMP2 to PNIPAAm-based
hydrogel as a scaffold for bone regeneration.
Journal of Medicinal and Pharmaceutical Chemistry
Research, 2024, 6(9), 1301-1311. Link:
https://jmpcr.samipubco.com/article_193787.html

Scholar], [Publisher]

Copyright © 2024 by SPC (Sami Publishing Company) + is an open access article distributed

under the Creative Commons  Attribution License(CC  BY) license

(https://creativecommons.org/licenses/by/4.

0/), which permits unrestricted use,

distribution, and reproduction in any medium,

provided the original work is properly cited.



https://doi.org/10.1186/s13036-021-00257-6
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Valipour+F%2C+Valipour+F%2C+Rahbarghazi+R%2C+Navali+AM%2C+Rashidi+MR%2C+Davaran+S.+Novel+hybrid+polyester-polyacrylate+hydrogels+enriched+with+platelet-derived+growth+factor+for+chondrogenic+differentiation+of+adipose-derived+mesenchymal+stem+cells+in+vitro.+Journal+of+Biological+Engineering.+2021%3B15%281%29%3A1-14.+&btnG=
https://link.springer.com/article/10.1186/s13036-021-00257-6
https://doi.org/10.1186/s13287-017-0588-0
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=%09Xue+R%2C+Qian+Y%2C+Li+L%2C+Yao+G%2C+Yang+L%2C+Sun+Y.+Polycaprolactone+nanofiber+scaffold+enhances+the+osteogenic+differentiation+potency+of+various+human+tissue-derived+mesenchymal+stem+cells.+Stem+cell+research+%26+therapy.+2017%3B8%3A1-9.+&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=%09Xue+R%2C+Qian+Y%2C+Li+L%2C+Yao+G%2C+Yang+L%2C+Sun+Y.+Polycaprolactone+nanofiber+scaffold+enhances+the+osteogenic+differentiation+potency+of+various+human+tissue-derived+mesenchymal+stem+cells.+Stem+cell+research+%26+therapy.+2017%3B8%3A1-9.+&btnG=
https://link.springer.com/article/10.1186/s13287-017-0588-0
https://jmpcr.samipubco.com/article_193787.html
http://www.samipubco.com/
https://creativecommons.org/licenses/by/4.0/

