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Abstract:

Bone regeneration remains a major clinical challenge, as current scaffolds rarely replicate the optimal
microenvironment required for effective tissue repair, particularly in stimulating vascularization. This study
aimed to develop and evaluate a polycaprolactone (PCL) nanofiber scaffold incorporating chitosan (CH)
nanoparticles loaded with homogenized platelet-rich fibrin (PCL/CH-hPRF) for bone tissue engineering.
Scaffolds were fabricated via electrospinning and characterized by dynamic contact angle measurements,
mechanical testing, degradation test, and in vitro bioactivity. Also, biological performance was evaluated
by protein adsorption, MG-63 cell biocompatibility, and osteogenic differentiation of human mesenchymal
stem cells (HMSCs) through alkaline phosphatase activity, calcium deposition, and Alizarin red staining.
Furthermore, angiogenic potential was investigated using the in ovo chorioallantoic membrane (CAM) assay.
Incorporating CH-hPRF nanoparticles into PCL nanofibers reduced the average fiber diameter from 230 nm
in PCL scaffolds to 189 nm in PCL/CH-hPREF scaffolds. The PCL/CH-hPRF scaffold showed an increased
degradation rate relative to other scaffolds, which can be attributed to enhanced fluid infiltration driven
by its increased porosity and lower contact angle. The PCL/CH-hPRF scaffolds exhibited a significantly
higher elastic modulus (45.35 MPa) compared to PCL scaffolds (35.53 MPa). Moreover, the hPRF release
from the PCL/CH-hPRF scaffold reachesd 31.25% after 14 days, indicating a gradual and prolonged release
of hPRF from the nanofibrous scaffold. After 28 days of immersion in simulated body fluid (SBF), the
PCL/CH-hPRF scaffold exhibited higher bioactivity and enhanced biomineralization compared to the PCL
scaffold. The PCL/CH-hPREF scaffold demonstrated excellent cell compatibility and promoted rapid osteogenic
differentiation of HMSCs, with substantial calcium deposition observed over 14 days. Furthermore, the in
ovo CAM assay revealed that the PCL/CH-hPRF scaffold induced approximately threefold higher blood
vessel formation compared to the CH-hPRF scaffold. These results suggest that the PCL/CH-hPRF composite
nanofiber scaffold possesses superior osteogenic, angiogenic, and biological properties, making it a promising
candidate for bone tissue engineering applications.
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1. Introduction though small bone lesions are regenerated by spontaneous

processes, large lesions cannot be repaired without medical

Bone is the main mechanical support system in the human  interventions due to several reasons such as misplaced bone
body, which is constantly changing and self-healing. Al-
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fusion, complete loss of bone due to injury, and infection
of the lesion site. The use of autograft, allograft, xenograft,
and bone tissue engineering scaffolds are among the medical
interventions in the repair of bone [1, 2] lesions. Nowadays,
the grafts are challenging due to the limitations of their use
such as immune reactions, tissue infection, lack of donors,
and chronic pain [3]. Bone tissue engineering reconstructs
and repairs damaged tissue by providing the possibility of
regrowth of tissue in a natural way. The design of a bone
scaffold requires a proper physical structure that allows cell
proliferation and cell adhesion. Bone tissue engineering has
been developed with suitable materials for making scaffolds,
growth factors, and stem cells to reduce or eliminate the
adverse effects resulting from common methods of treating
bone lesions, increase interactions with adjacent tissues,
and stimulate bone formation [4]. Furthermore, the three-
dimensional (3D) structure of the scaffold is a significant
agent in the process of tissue repair and ultimately determin-
ing the fate of stem cells [5, 6]. Human mesenchymal stem
cells (HMSCs) can differentiate into multiple cell types that
play an important role in regenerative medicine. HMSCs
are also used in tissue engineering studies because they are
easily extracted from the bone marrow and multiplied easily
in culture conditions [7].

Researchers have studied several methods such as electro-
spinning [8], freeze-drying [9], freeze-casting [10], solvent
casting [11], phase separation [12], and 3D printing [13]
to make bone scaffolds. However, these methods have
various advantages and disadvantages that limit their use.
The electrospinning method is among the most common
methods for making bone tissue scaffolds. The process
of making a scaffold with the electrospinning method is
straightforward and cheap and due to the remarkable sim-
ilarity of electrospun fibers to the structure of the natural
extracellular matrix (ECM), this technique has garnered
significant interest among researchers as a promising ap-
proach for restoring the function of damaged tissues [4,
14, 15]. In recent years, the use of biodegradable poly-
mers has significantly increased in various biomedical fields
such as medicine, pharmaceuticals, drug delivery systems,
and tissue engineering. Among them, synthetic aliphatic
polyesters stand out due to their favorable biodegradability
and biocompatibility characteristics. Their advantage lies in
their safe interaction with living tissues and their effective
degradation under physiological conditions. Polycaprolac-
tone (PCL) is a biocompatible polyester material approved
by the US Food and Drug Administration (FDA) for use in
hard and soft tissues [16]. PCL is a low-cost biopolymer
with excellent mechanical properties, biodegradability, and
non-toxicity with slow degradation. One of the main rea-
sons for its widespread use in fabricating tissue engineering
scaffolds via electrospinning is its excellent biocompati-
bility with other biopolymers. Its favorable processability
allows for the formation of diverse shapes and structures,
and its high thermal stability makes it easy to melt and han-
dle. Thus, PCL is extensively utilized in scaffold fabrication
due to its biocompatibility, biodegradability, and moldabil-
ity. Although PCL exhibits excellent physical, chemical,
biological, and mechanical characteristics, it lacks the reac-
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tive functional groups required to enhance specific cellular
activities like cell adhesion. To overcome this limitation,
researchers often blend PCL with natural polymers like
chitosan (CH) or incorporate ceramic nanoparticles to en-
hance its bioactivity [17-19]. Chitosan (CH) is a natural,
hydrophilic polysaccharide obtained through the alkaline
deacetylation of chitin It is widely used in biomedical appli-
cations due to its favorable properties, including high bio-
compatibility, biodegradability, hemostatic activity, wound
healing potential, and antimicrobial activity. In recent years,
increasing attention has been paid to CH-based compos-
ite materials for bone tissue engineering, as CH promotes
ECM growth and formation, leading to appropriate cellular
responses [20]. CH stimulates the secretion of interleukin-1
(IL-1) and growth factors, which enhance cell proliferation
and activity on scaffold surfaces. Additionally, the pres-
ence of glucosamine in CH induces cytokine production,
increases macrophage secretion, stimulates tissue regener-
ation, and helps prevent infection at the injury site. These
combined effects promote cell growth and proliferation. The
antioxidant ability of CH reduces active species of oxidative
stress (ROS), which ultimately induces the production and
increases the release of growth factors and cell differenti-
ation. As a hydrophilic material with a positively charged
surface, CH also improves cell adhesion, proliferation, and
differentiation when incorporated into composite scaffolds
[21].

Platelet-rich fibrin (PRF) is a natural fibrin network enriched
with platelets and multiple bioactive factors, forming a com-
plex three-dimensional structure. It contains key growth fac-
tors, including transforming growth factor-beta 1 (TGF-{31),
platelet-derived growth factor (PDGF), vascular endothe-
lial growth factor (VEGF), as well as glycoproteins like
thrombospondin-1. This dense mesh of fibrin, cytokines,
and structural proteins supports and accelerates processes
involved in wound healing and tissue regeneration [22, 23].
PRF gradually releases significant amounts of growth fac-
tors such as PDGEF, insulin-like growth factor-1 (IGF-1),
TGF-31, and VEGF, which together promote rapid bone
repair and stimulate new blood vessel formation and angio-
genesis [24]. Among the notable benefits of PRF in bone
healing are its biocompatibility, ability to speed up tissue
regeneration, and its straightforward, cost-effective prepa-
ration without complex processing steps. Despite these
advantages, using PRF alone has limitations due to its short
shelf life and sensitivity to storage conditions. To overcome
these challenges, incorporating PRF into carrier materials
or encapsulating it can provide a sustained and controlled
release of its growth factors, enhancing its effectiveness in
regenerative applications [25].

Semnani et al. [19] developed and characterized electrospun
scaffolds composed of PCL and CH. The resulting fibers
indicated an average diameter of 243 nm, with a poros-
ity of 79% and pore sizes around 5 uym. These PCL/CH
nanofiber scaffolds supported robust adhesion, growth, and
proliferation of rat liver epithelial cells. Ye et al. [26]
produced electrospun PCL/CH membranes integrated with
calcium phosphate doped with strontium, resulting in a
structure that closely mimics the ECM while exhibiting
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promising biological and mechanical properties suitable
for bone tissue engineering. These nanofiber constructs
demonstrated strong bioactivity, promoted bone formation
and osteogenesis, and supported angiogenesis. Surucu et
al. [27] fabricated core-shell nanofiber scaffolds of PCL
and CH using electrospinning for tissue engineering appli-
cations. Their findings highlighted that combining PCL
and CH not only optimized the electrospinning process but
also enhanced fibroblast cell proliferation. Additionally,
Shimojo et al. [28] prepared composite scaffolds of CH
and PRF via freeze-drying, achieving controlled release of
growth factors. They reported significant improvements in
stem cell proliferation and differentiation on these scaffolds.
Chi et al. [29] designed composite scaffolds combining
CH, gelatin, and PRF, which exhibited desirable mechani-
cal strength, appropriate porosity levels, and favorable pore
sizes. These scaffolds effectively supported cell adhesion,
proliferation, and osteogenic differentiation, indicating their
potential for bone tissue regeneration. In another research
[30], collagen/CH/PRF composite membrane was prepared
by freeze-drying method for dental applications. Incorpo-
rating PRF into these membranes reduced degradation rates,
increased elastic modulus, improved cell viability, and en-
hanced osteogenic differentiation, making them promising
candidates for oral tissue repair.

Despite the development of numerous scaffolds for bone
tissue engineering, none have successfully recreated the
optimal microenvironment required for effective bone re-
generation, particularly in promoting vascularization. In
this study, we designed and fabricated a novel electrospun
nanofiber scaffold composed of PCL integrated with CH-
hPRF nanoparticles. This composite electrospun nanofiber
scaffold uniquely combines the mechanical support and sta-
bility of PCL fibers with the biological activity of CH-hPRF
nanoparticles and CH. The CH-hPRF nanoparticles provid
a sustained release of hPRF from the scaffold that enhances
osteogenic differentiation and angiogenesis, while the CH
component contributes biocompatibility and favorable cell-
interactive features. The primary objective of this research
was to investigate how incorporating CH-hPRF nanoparti-
cles into PCL nanofibers affected the mechanical, biological,
osteogenic, and angiogenic properties of the scaffold. Our
central hypothesis was that adding CH-hPRF nanoparticles
to PCL-based scaffolds would significantly enhance protein
adsorption, bioactivity, biomineralization, osteogenic dif-
ferentiation of HMSCs, and angiogenesis. The innovation
of this study lies in developing a multifunctional scaffold
that enhances biomechanical strength and biological perfor-
mance through synergistic promotion of osteogenesis and
angiogenesis. In addition, the in ovo chicken chorioallantoic
membrane (CAM) assay was employed as a cost-effective,
animal-sparing method to evaluate the scaffold’s angiogenic
potential, offering a promising solution for bone defect re-
pair in clinical applications.

2. Materials and methods

2.1 Materials

In this study, polycaprolactone (PCL, Mw: 70 — 90 kDa),
medium molecular weight chitosan (98% purity, 85% de-
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gree of deacetylation), and sodium tripolyphosphate (TPP)
were procured from Sigma-Aldrich. The chemicals, in-
cluding ethanol, isopropanol, acetic acid (1 M), and formic
acid (1 M) were sourced from Merck. L-ascorbic acid 2-
phosphate, [3-glycerolphosphate, glutaraldehyde, Roswell
Park Memorial Institute medium (RPMI), phosphate-
buffered saline (PBS), and 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) were provided by
Sigma-Aldrich. Fetal bovine serum (FBS), simulated body
fluid (SBF), and Dulbecco’s Modified Eagle Medium/F12
(DMEM/F12) were purchased from Gibco.

2.2 Preparation of hPRF and CH-hPRF nanoparticles

PRF was prepared using the Choukroun method [31].
Briefly, human blood was first collected in a glass tube
without anticoagulant and immediately centrifuged at 2700
rpm for 12 min. After centrifugation, the supernatant layer
was discarded, and the remaining fibrin gel was carefully ex-
tracted from the tube, separating it from the sedimented red
blood cell layer. The PRF was then transferred using sterile
forceps and homogenized with SBF using a homogenizer
at 800 rpm for 10 min, yielding a uniform PRF suspension
(hPRF).

To prepare CH-hPRF nanoparticles, 30 mg of CH was dis-
solved in 25 mL of a 1% aqueous acetic acid solution, re-
sulting in a suspension of CH nanoparticle suspension. The
homogenized PRF solution was then added to the CH sus-
pension, and the mixture was homogenized at 800 rpm for
2 hr. Next, 25 mg of TPP solution was gradually introduced
into the CH-hPRF mixture, which was subsequently homog-
enized for an additional 30 min. The resulting suspension
was centrifuged at 2000 rpm for 20 min. Finally, the col-
lected CH-hPRF nanoparticles were frozen and lyophilized
using a freeze dryer (ScanVac CoolSafe, ScanLaf, Denmark)
at —80 °C for 48 hr. The steps involved in CH-hPRF prepa-
ration and the chemical formula of hPRF are illustrated in
Fig. 1 (a-b).

2.3 Preparation of nanofiber scaffold

CH containing hPRF at a concentration of 2% and CH
alone at 2% were each dissolved separately in an acetic
acid/formic acid solvent mixture (3:1) using a magnetic
stirrer. PCL was dissolved at a concentration of 15% in
the same solvent mixture and stirred for 24 hr. Each CH
solution, with and without hPRF, was separately mixed with
the PCL solution at a 3:2 ratio, and the mixtures were stirred
for 20 min. As a result, PCL, PCL/CH, and PCL/CH-hPRF
solutions were prepared. Electrospun nanofiber scaffolds
of PCL, PCL/CH, and PCL/CH-hPRF were manufactured
using an electrospinning apparatus (KYKY-2200). The
electrospinning process parameters, including applied volt-
age, feeding rate, and needle-to-collector distance, were
optimized based on protocols reported in the literature to
achieve uniform nanofiber morphology and desired scaffold
properties [32, 33]. The prepared solutions were loaded into
syringes equipped with needles of 0.6 mm diameter and 4
cm length. Electrospinning of PCL and PCL/CH scaffolds
was performed with a feeding rate of 0.1 mL/hr, a needle-to-
collector distance of 12 cm, and an applied voltage of 19 kV.
For the PCL/CH-hPREF scaffold, electrospinning was con-
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ducted with a feeding rate of 0.3 mL/hr, a distance of 15 cm,
and a voltage of 22 kV. Figure 1 (b) presents a schematic
illustration of the scaffold fabrication process via electro-
spinning and the chemical structures of biomaterials and
their interactions through hydrogen bonding.

2.4 Characterization of the nanofiber scaffolds
2.4.1 Morphology and structure of scaffolds

A scanning electron microscope (KYKY EM3200-SEM)
was used to examine the morphology and diameter of the
electrospun fibers. Prior to imaging, the samples were
coated with a thin layer of gold. Imaging was performed
at an accelerating voltage set to 30 kV. The diameters of
numerous randomly selected nanofibers were determined
using MIP software, and the average fiber diameter was
calculated.

2.4.2 Porosity of scaffolds

The liquid displacement method was used to measure the
porosity percentage of the scaffolds. In this method, the
scaffold was immersed in a graduated cylinder containing
ethanol with an initial volume of v; and kept for 5 min to en-
sure complete saturation. The total volume after immersion,
including the scaffold and ethanol, was recorded as v;. Af-
ter removing the scaffold, the remaining volume of ethanol
in the cylinder was measured as v3. The pore volume was
calculated using the equation (v; — v3). Finally, the average
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porosity percentage of the scaffold was determined using
equation (1) [34].

Vi—V3
Vo) —V3

Porosity (%) = x 100 (1)

2.4.3 Fourier transform infrared spectroscopy

The identification of functional groups and chemical bonds
in the scaffolds was performed using Fourier transform
infrared (FTIR) spectroscopy (BRUKER TENSOR 27, Ger-
many). For this analysis, the samples were finely ground,
mixed with potassium bromide (KBr), and pressed into thin
pellets. Infrared (IR) absorption spectra were recorded over
the wavenumber range of 400 — 4000 cm~!. The types of
chemical bonds were determined by analyzing the absorp-
tion bands observed in the FTIR spectra.

2.4.4 Surface wettability

In this study, the hydrophilicity of the nanofiber surfaces
was measured using a dynamic contact angle method with
a contact angle analyzer to minimize error and improve
measurement accuracy given the hysteresis of nanofiber
surfaces. The dynamic measurement was based on the Wil-
helmy plate method, which allows determining the contact
angle between a solid surface and a liquid with a known
surface tension. Distilled water (DI), with a surface tension
of 72 dyn/cm, was used as the test liquid to assess the hy-
drophilic or hydrophobic properties of the scaffolds. For
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Figure 1. Schematic illustration of (a) CH-hPRF preparation; (b) Fabrication of the PCL/CH-hPRF scaffold using the electrospinning method and the
chemical structures of PCL, chitosan, hPRF and their interactions through hydrogen bonding, the amino acids present in hPRF include Glycine (Gly),
Serine (Ser), and Alanine (Ala); (c) Stages of differentiation of human mesenchymal stem cells into osteoblasts; and (d) In ovo angiogenic assay in chick

embryo.
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the experiment, nanofibers were electrospun onto both sides
of glass coverslips measuring 2 cm in width. During testing,
the stage holding the liquid reservoir moved upward at a
speed of 1 mm/s until the scaffold was submerged, after
which the speed was reduced to 0.2 mm/s. The stage then
moved downward to complete a reciprocating motion, while
changes in the sample’s weight were recorded to generate a
force-displacement curve. The water contact angle (8) was
calculated using equation (2).

Aw
ocosf = — ()
o

where o is the surface tension of liquid, 6 is the water
contact angle, Aw is the change in weight, and p is the
wetted perimeter of the sample. The contact angle was
determined in reciprocating mode using SCAT software
through graph analysis, and the average contact angle was
reported.

2.4.5 Degradation assay

The nanofibrous scaffolds were electrospun onto glass cover-
slips with a diameter of 15 mm, following the ASTM F1635
standard for biodegradability assessment. After fabrication,
the samples were carefully separated from the coverslips,
and their initial weight (Wp) was measured using a digital
scale. Subsequently, the samples were immersed in PBS
and incubated at 37 °C. At predetermined time points (1,
2,3,4,5, and 6 weeks), the samples were retrieved, rinsed
twice with DI water, dried, and weighed again (W;). The
degradability percentage was then calculated using equa-
tion (3) [17].
Wo — W

Weight loss(%) = X 100 3)
0

FESEM scanning electron microscope (Quanta 450 FEG)
was used to evaluate surface morphological changes in-
duced by degradation. Scaffold surfaces after 5 and 6 weeks

of PBS incubation were imaged to observe structural alter-
ations.

2.4.6 Mechanical test

The mechanical strength and elastic modulus of the scaf-
folds were evaluated using a universal testing machine
(Zwick/Roell Universal Testing Machine-Model 1446 — 60).
In accordance with the ASTM D882 standard, 3 mL of each
polymer solution was electrospun to fabricate the scaffolds.
The thickness of the nanofiber scaffolds was measured us-
ing a precision thickness gauge with an accuracy of 0.01
mm, and was approximately 100 — 200 pm. The scaffolds
were then cut into rectangular specimens measuring 60 X
10 x 2 mm along the longitudinal direction and mounted
on a paper mold for mechanical testing. Tensile testing was
conducted under controlled environmental conditions with
an applied load of 10 N, a crosshead speed of 10 mm/min,
30% relative humidity, and a temperature of 25 °C.

2.4.7 Release Kkinetics of hPRF

The quantification of hPRF release from CH-hPRF nanopar-
ticles and PCL/CH-hPRF scaffolds was performed using
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a bicinchoninic acid (BCA) protein assay kit (Pierce™,

Rockford Thermo Fisher Scientific), following the manufac-
turer’s protocol. In this experiment, 16 pg/uL of free hPRF
and 16 pg/uL of PCL/CH-hPRF sample were each placed
in 30 mL of PBS with pH 7.4 and maintained in a shaking
incubator at 37 °C with an agitation rate of 100 rpm for 14
days. At predetermined time intervals (5 h, 10 h, 15 h, days
1 —14), 0.5 mL of the release medium was withdrawn and
immediately replenished with an equal volume of fresh PBS.
The collected release medium was reacted with the BCA
reagent, resulting in the formation of a purple complex. The
intensity of this color is directly related to the concentra-
tion of hPRF present. The absorbance of this complex was
then recorded at 562 nm using a spectrophotometer and
cumulative release profiles were plotted. Encapsulation ef-
ficiency (EE) for CH-hPRF nanoparticles was determined
using equation (4) [35].

~\_ Total concentration of hPRF—Concentration of free hPRF
EE(%)= Total concentration of hPRF x 1((:;))

To gain insight into the underlying mechanisms governing
hPREF release from CH-hPRF and PCL/CH-hPREF scaffolds,
the release data were analyzed using the Higuchi and Ritger-
Peppas mathematical models [36, 37]. The Higuchi model,
derived from Fick’s law of diffusion, establishes a linear cor-
relation between the cumulative amount of hPRF released
and the square root of time (equation (5)). In this formula-
tion, “X” represents the cumulative drug release at a given
time “¢”, while “Kp” denotes the Higuchi release constant,
characterizing the diffusion rate through the samples.

X

K N )
The Ritger-Peppas model describes drug release as a power-
law relationship between the fraction of released drug and
time (equation (6)). Here, M; and M., represent the drug
amount released at time ¢ and the total amount initially
loaded, respectively, while K is a kinetic constant and » is
the release exponent associated with the prevailing release
mechanism. Values of n < 0.43 suggest a Fickian diffusion-
dominated process, 0.43 < n < 0.8 indicate non-Fickian
transport, involving both diffusion and matrix relaxation,
and n > 0.8 correspond to zero-order kinetics with a con-
stant release rate. It is worth noting that the predictive
accuracy of these kinetic models is generally confined to
the initial phase of release, typically up to 60% of the total
drug liberated, beyond which changes in matrix structure
and other factors may cause deviations from the idealized
model behavior.

Tk (©6)

2.4.8 Bioactivity test

The samples were immersed in SBF solution for 28 days
and incubated at 37 °C to evaluate the bioactivity of PCL,
PCL/CH, and PCL/CH-hPRF nanofiber scaffolds. The SBF
was prepared according to the method developed by Kokubo
et al. [38], ensuring ion concentrations similar to those
found in human blood plasma. After 28 days of immersion,
the scaffolds were removed, rinsed twice with DI water, and
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air-dried. FESEM (Quanta 450 FEG) was used to observe
the scaffold surfaces and assess the formation of apatite-like
precipitates. Elemental analysis of the SBF solution was per-
formed on days 7, 14, 21, and 28 using inductively coupled
plasma optical emission spectrometry (ICP-OES, Optima
7300 DV, PerkinElmer, Shelton, USA) to quantify calcium
ion concentration and evaluate the calcium depletion rate
over time.

2.5 In vitro studies
2.5.1 MTT assay

Cell viability on the scaffold surfaces was assessed using the
MTT assay. The scaffolds were fabricated by electrospin-
ning directly onto glass coverslips, followed by sterilization
through gamma irradiation. A direct contact approach was
employed to evaluate potential cytotoxicity and cell prolif-
eration. MG-63 osteoblast-like cells (NCBI C555) were
sourced from the Pasteur Institute of Iran’s cell bank. Fol-
lowing thawing, the cells were cultured in RPMI medium
supplemented with 10% FBS and incubated at 37 °C un-
der 90% humidity and 5% CO;. The culture medium was
refreshed every three days. For the MTT test, scaffolds
were placed in the wells of a 12-well culture plate. Each
scaffold received 1 x 10* MG-63 cells dispersed in 10 uL
of medium, followed by incubation at 37 °C for 4 hr to
allow cell attachment. Control wells (n = 3) containing
culture medium without scaffolds were also included. Af-
ter 72 hr, the culture medium was removed and replaced
with 500 pL of MTT solution (0.5 mg/mL), followed by 4
hr of incubation. Then, the MTT solution was discarded,
followed by the addition of isopropanol to solubilize the
formazan crystals produced by metabolically active cells.
The plate was gently shaken for 15 min to ensure complete
dissolution. The resulting solution was transferred to a 96-
well plate, and absorbance was measured at 570 nm using a
microplate reader (STAT FAX 2100, USA). Higher optical
density (OD) readings indicated greater cell proliferation
on the scaffolds. Cell viability (%) was calculated using the
equation (7).

oD
Cell viability (%) = % x 100 %)
Control

2.5.2 Cell adhesion

To evaluate cell adhesion on the scaffold surfaces, sterilized
scaffolds were placed individually into the wells of a 24-
well culture plate. Subsequently, 2 x 14 cells suspended
in 100 pL of medium were seeded onto each scaffold and
incubated for 4 hr to allow initial cell attachment. After this
period, 1 mL of culture medium supplemented with 10%
FBS was added to each well. Following 24 hr of incubation,
the medium was removed and the scaffolds were rinsed with
PBS to eliminate non-adherent cells. To fix the adhered
cells, a 2.5% (w/v) glutaraldehyde solution was added to
each well, and the samples were stored at 4 °C for 2 hr.
The fixative was then discarded, and the scaffolds were
sequentially dehydrated using DI water followed by graded
ethanol series (50%, 60%, 70%, 80%, and 96%). Finally,
the morphology and attachment of cells on the scaffold
surfaces were examined using SEM.

Alizadeh and Mahmoodi

2.5.3 Protein absorption

To assess protein adsorption by the PCL, PCL/CH, and
PCL/CH-hPREF scaffolds, FBS was used as a model protein.
Coverslips containing nanofibers were mounted in the wells
of a 24-well culture plate, sterilized with 75% ethanol for 2
hr, and subsequently rinsed and soaked in PBS for 2 hr. Each
sample was then incubated with 1 mL of 10% FBS at 37 °C
for 24 hr. The amount of protein adsorbed was determined
by measuring the absorbance of the FBS solution at 280
nm, both before and after incubation. Quantification was
performed using a standard calibration curve generated with
known concentrations of FBS [39, 40].

3. Cell differentiation

In this study, human mesenchymal stem cells (HMSCs) de-
rived from human adipose tissue were obtained from the
cell bank of the Pasteur Institute of Iran. The cells were ini-
tially cultured in DMEM/F12 medium supplemented with
10% FBS and incubated under standard conditions (37 °C,
90% humidity, and 5% CO,). The culture medium was
refreshed every three days to support optimal cell growth.
To assess osteogenic differentiation, three assays were em-
ployed: alkaline phosphatase activity, Alizarin red staining,
and calcium deposition analysis. In each test, wells con-
taining cells cultured in osteogenic differentiation medium
without scaffolds were used as controls. The overall proce-
dure for evaluating stem cell differentiation into osteoblasts
is illustrated in Fig. 1 (c).

3.0.1 ALP activity

To assess alkaline phosphatase (ALP) activity, HMSCs were
enzymatically detached using trypsin after reaching the de-
sired confluency. A total of 5000 cells suspended in 300
pL of culture medium containing 10% FBS were seeded
onto each gamma-sterilized scaffold. The scaffolds were
placed in the wells of a culture plate, and incubated at 37
°C with 90% humidity and 5% CO,. After 24 hr, once
cell adhesion to the scaffolds was confirmed, 1 mL of os-
teogenic differentiation medium was added to each well.
This medium consisted of DMEM/F12 supplemented with
10% FBS, 1 mM dexamethasone, 50 ug/mL L-ascorbic acid
2-phosphate, and 10 mM [3-glycerophosphate. The medium
was replaced every 4 days to maintain proper differentiation
conditions. On days 7 and 14, the culture supernatant was
collected to evaluate ALP activity. Quantification was per-
formed using a commercial diagnostic kit (Hitachi Model
911-AUDIT kit), and absorbance was measured at 450 nm
using an ELISA reader.

3.0.2 Alizarin red test

To evaluate calcium mineralization on the scaffold surfaces,
an indicator of osteogenic differentiation of HMSCs, a mod-
ified Alizarin Red S staining protocol was employed. For
each sample, 5000 HMSCs were seeded in 300 pL of cul-
ture medium supplemented with 10% FBS directly onto
the scaffolds placed in 12-well plates. Cultures were main-
tained under standard incubation conditions (37 °C, 5%
CO3,, 90% humidity). Three wells containing an equivalent
number of cells in osteogenic medium without the presence
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of scaffolds were considered as controls. After 24 hr, upon
confirmation of cell attachment, 1 mL of osteogenic dif-
ferentiation medium was gently added to each well. The
medium was replaced every 4 days throughout the 14-day
differentiation period. Following this, the cultures were
washed twice with sterile 0.9% sodium chloride (NaCl) so-
lution and fixed using 1% paraformaldehyde for 20 min at
room temperature. Samples were then incubated in a 2%
(w/v) Alizarin Red S solution (pH = 4.2) for 45 min to stain
calcium-rich deposits. After thorough rinsing with NaCl
solution to remove excess dye, images were captured using
an optical microscope (Hp31, Germany).

3.0.3 Calcium deposition

Quantitative analysis of calcium deposition on PCL/CH
and PCL/CH-hPRF scaffolds was performed using a com-
mercial calcium assay kit (Parasazmon, Tehran, Iran) at
two time points, day 7 and day 14, post-osteogenic induc-
tion. Prior to measurement, the scaffolds were thoroughly
rinsed with PBS, followed by the addition of 200 pL of
6% hydrochloric acid (HCI) to each sample. The resulting
mixtures were gently pipetted and subjected to vortexing
for 40 min at ambient temperature to facilitate calcium ex-
traction. Subsequently, the samples were centrifuged at
12,000 rpm for 15 minutes at 4 °C. The supernatants were
carefully collected, and calcium concentrations were deter-
mined spectrophotometrically at 570 nm using an ELISA
microplate reader (Avecina, Pishtazteb, Iran).

3.1 In ovo angiogenic assay in chick embryo

To assess the angiogenic response induced by the scaf-
folds, an in ovo CAM assay was performed using fertil-
ized chicken eggs. The in ovo CAM experiments were
conducted in accordance with the ethical standards and
regulations approved by the Review Board of Medical Sci-
ences of Aliebnabitaleb, Islamic Azad University, Yazd
Branch. One-day-old eggs were surface-disinfected with
70% ethanol and incubated at 37 °C with 75% relative hu-
midity. After 7 days of incubation, a 1 x 1 cm window
was carefully opened on the eggshell to expose the CAM.
A1 x 2 cm scaffold was gently placed within the prepared
window on the eggshell. Each egg received one scaffold,
and the procedure was repeated in triplicate. Eggs without
any scaffold served as the control group. Each opening
was sealed with parafilm, and the eggs were returned to the
incubator for an additional 7 days under 90% humidity. On
day 14, the embryos were euthanized, and the CAM tissues
were harvested for analysis (Fig. 1 (d)). Angiogenesis was
evaluated, and the extent of neovascularization was quan-
tified by analyzing vessel density and branching patterns
using ImagelJ software (v1.51, Java 8). Additionally, CAM
samples were fixed and stained with Masson’s trichrome to
evaluate histological features.

3.2 Statistical analysis

Statistical analysis was conducted using one-way analysis
of variance (ANOVA), with significance levels set at p <
0.05, *p < 0.01, **p < 0.001, and ***p < 0.0001. All
experiments were performed in triplicate, and the results
are presented as mean + standard deviation (SD).
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4. Results and discussion

Among various fabrication techniques, electrospinning en-
ables the production of scaffolds with a high surface-area-
to-volume ratio, tunable porosity, and customizable shapes
and dimensions, properties that are favorable for stem cell
attachment, proliferation, and differentiation. In this study,
a composite scaffold composed of PCL, CH, and hPRF was
fabricated via electrospinning and evaluated for its potential
in bone tissue regeneration. The incorporation of hPRF, a
biologically active component rich in autologous growth
factors, was intended to enhance cellular responses and ac-
celerate the osteogenic differentiation of stem cells, thereby
promoting faster bone tissue repair.

4.1 Morphology and microstructure of the nanofibers

Figure 2 (a-c) present the SEM images of electrospun PCL,
PCL/CH, and PCL/CH-hPREF scaffolds. The normal distri-
bution diagram of the diameter of nanofibers in the scaffolds
is shown in figure 2 (d-f). The PCL scaffold exhibits a uni-
form fibrous morphology with an average fiber diameter of
approximately 230 nm and minimal bead formation, indicat-
ing stable jet formation under the applied electrospinning
parameters. The relatively low flow rate used during elec-
trospinning provided sufficient time for the polymer jet to
elongate and solidify before reaching the collector, which is
crucial for producing uniform, bead-free fibers. In contrast,
higher flow rates tend to result in bead formation or irregular
fibers due to premature solvent evaporation and incomplete
jet stretching. Upon incorporation of CH into the PCL ma-
trix, a reduction in fiber diameter was observed, with the av-
erage diameter decreasing from 230 nm in PCL to 212 nm in
the PCL/CH scaffold (Fig. 2 (g)). This change is attributed
to the enhanced conductivity of the solution upon the ad-
dition of CH, a natural biopolymer with ionic functional
groups. The synergistic interaction among PCL, CH, and
hPRF arises from hydrogen bonding and electrostatic attrac-
tions between their respective functional groups, promoting
enhanced structural integrity and mechanical reinforcement
within the composite nanofiber scaffold (Fig. 1 (b)). Unlike
PCL, which is inherently non-conductive, the inclusion of
CH improves the charge-carrying capacity of the solution,
resulting in greater stretching of the polymer jet and the
formation of thinner fibers under the electric field [19, 41,
42]. Two main mechanisms are proposed to explain the
reduction in fiber diameter in the PCL/CH scaffold: (1) the
increased electrostatic repulsion among charged polymer
chains leads to enhanced elongation and thinning of the
fibers; and (2) CH incorporation promotes greater mobil-
ity of the polymer chains, facilitating further jet stretching
during electrospinning [42, 43]. The morphology of the
PCL/CH-hPREF scaffold reveals a mesh-like structure, which
is favorable for cellular infiltration and nutrient exchange
[26, 44]. Incorporation of hPRF-loaded CH nanoparticles
led to a further reduction in fiber thickness, achieving an
average diameter of approximately 189 nm in the PCL/CH-
hPRF scaffold. Additionally, analysis with MIP software in-
dicated that the CH-hPRF nanoparticles present on the fiber
surfaces measured approximately 150 nm in size (Fig. 2 (¢)).
The integration of CH nanoparticles containing hPRF into
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the spinning solution led to a slight increase in viscosity.
Within optimal limits, increased viscosity promotes better
interaction between polymer chains and solvent molecules,
enhancing the uniformity and elongation of the electrospun
fibers. In the electrospinning process, balancing solution
viscosity and electrical conductivity is essential. Adequate
viscosity ensures stable jet formation, while increased con-
ductivity due to the ionic content of CH and hPRF facilitates
better charge transfer and fiber stretching, both of which
contribute to the formation of thinner, smoother fibers with
a higher surface area [45]. In summary, the fiber diame-
ter and morphology in electrospun scaffolds are strongly
influenced by the interplay between solution conductivity
and viscosity. By optimizing these parameters, scaffolds
with uniform, bead-free fibers and desirable architecture for
bone tissue engineering applications can be achieved.

The porosity percentages of the scaffolds are illustrated in
Fig. 2 (h). Porosity is a key parameter in scaffold design for

Alizadeh and Mahmoodi

bone tissue engineering, as it directly influences cell distri-
bution, nutrient diffusion, and tissue in-growth throughout
the scaffold matrix [32]. The measured average porosity
for the PCL, PCL/CH, and PCL/CH-hPREF scaffolds was
59%, 65%, and 72%, respectively. The increase in porosity
observed in the PCL/CH-hPREF scaffold can be attributed
to two main factors: the reduction in fiber diameter caused
by the improved conductivity and viscosity of the spinning
solution, and the incorporation of hPRF-loaded CH nanopar-
ticles, which further enhance the scaffold’s surface area and
inter-fiber spacing. The presence of these bioactive nanopar-
ticles not only modifies the fiber morphology but also pro-
motes a more open and interconnected network within the
scaffold. This high degree of porosity is advantageous for
bone tissue regeneration, as it facilitates early-stage cell
adhesion, proliferation, and migration. Moreover, the in-
creased surface area supports a more efficient degradation
profile and provides a favorable platform for the controlled
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release of growth factors encapsulated within the scaffold.
The porous architecture of the PCL/CH-hPRF composite
scaffold thereby offers an environment conducive to rapid
stem cell differentiation and bone matrix deposition [44].
Figure 3 presents the FTIR spectra of PCL, CH, CH-
hPRF nanoparticles, and the PCL/CH-hPRF scaffold in
the spectral range of 400 — 14000 cm™~!. In the PCL spec-
trum, characteristic absorption bands are observed between
3100 — 3300 cm ™!, corresponding to the C—H stretching
vibrations. Additional notable peaks at 1167 cm~! and
1630 cm™! are attributed to the stretching of O-C-O and
C=0 bonds within the ester functionalities of the polymer
backbone, respectively [19, 32]. In the CH spectrum, promi-
nent peaks at 3600 cm~! indicate the stretching vibrations
of N-H and O-H groups, while a signal near 2924 cm™!
is associated with aliphatic C-H bonds. Moreover, absorp-
tion bands around 1592 cm~! and 1400 cm™! are related
to amide I and CH; bending, respectively. A smaller peak
near 754 cm™! corresponds to saccharide ring structures
characteristic of CH [45, 46]. The spectral features of CH-
hPRF nanoparticles retain all major CH-related bands, con-
firming the preservation of the CH structure. Furthermore,
absorption bands at 1680 cm~! and 1530 cm™! in this spec-
trum are associated with aromatic ring vibrations, reflecting
the presence of hPRF [47]. In the FTIR spectra of the
PCL/CH-hPREF scaffold, all signature peaks corresponding
to its individual components are identifiable, indicating the
successful incorporation of PCL, CH, and hPRF without any
significant chemical modifications. The absence of new ab-
sorption bands further suggests that no covalent interactions
occurred between the phases, and the original chemical
structures of the composite materials have remained intact
during the scaffold fabrication process.

PIBM14 (2025)-142503  9/20

4.2 Physical Features of the scaffolds

One of the key parameters influencing scaffold performance
in tissue engineering is surface hydrophilicity, as it plays a
vital role in supporting cell adhesion, growth, migration, and
differentiation processes. In this study, a dynamic contact
angle measurement, including both advancing and receding
angles, was employed to obtain a more accurate assessment
of the wettability of the porous nanofiber scaffolds. Com-
pared with static contact angle measurement, this method
minimizes errors caused by liquid penetration into the scaf-
fold’s pores and more accurately captures realistic wetting
behavior [48, 49]. Figure 4 (a) illustrates mean contact
angle (0), advancing angle (6,), and receding angle (6,) for
the scaffolds. The difference between the advancing and re-
ceding contact angles reflects the overall wettability charac-
teristics of the scaffolds. The mean contact angles for PCL,
PCL/CH, and PCL/CH-hPRF scaffolds were determined to
be approximately 68.21°, 45.07°, and 32.27°, respectively.
The significant decrease in angle within the PCL/CH-hPRF
scaffold reflected an improvement in surface swelling as-
sociated with the presence of hPRF-loaded CH particles.
Table 1 presents the average contact angles and weight
changes for the scaffolds. The measured weight changes for
the PCL, PCL/CH, and PCL/CH-hPREF scaffolds were 0.17
g,0.20 g, and 0.26 g, respectively. Greater weight change
in PCL/CH-hPREF indicated higher hydrophilicity, as in-
creased water uptake reflects improved interaction between
the liquid and the scaffold surface and its interconnected
pores. The contact angle (6) decreased from 68.21° for
PCL to 32.27° for PCL/CH-hPRE, further confirming that
the incorporation of hPRF into the composite enhanced the
scaffold’s surface wettability. A lower contact angle indi-
cates enhanced hydrophilicity and greater dynamic contact
angle hysteresis, often linked to increased porosity and de-
creased fiber diameters. CH, a naturally derived polymer
rich in hydrophilic functional groups such as hydroxyl (-
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Figure 3. FTIR spectra of PCL, CH, CH-hPRF nanoparticle, and PCL/CH-hPREF scaffold.
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OH), contributes significantly to increased water affinity
when incorporated into scaffold formulations. As the CH
content rises, so does the scaffold’s hydrophilicity [17, 27,
43]. Moreover, integrating CH-based nanoparticles con-
taining hPRF led to a reduction in fiber diameter, increas-
ing of specific surface area, and greater scaffold porosity,
all contributing to a further reduction in the water contact
angle. The enhanced porosity and smaller fiber diameter
of the PCL/CH-hPREF scaffold also resulted in a greater
weight difference during swellability test, suggesting higher
water uptake capacity [27, 50]. These characteristics are
closely linked to the scaffold’s ability to the cell-scaffold
interactions, potentially leading to improved cell adhesion,
proliferation, and differentiation outcomes.

Biodegradable materials are widely favored in biomedi-
cal applications, primarily due to their ability to naturally
degrade within the body, eliminating the need for surgi-
cal removal after implantation. The rate at which these
materials degrade is strongly influenced by factors such
as hydrophilicity, molecular weight, crystallinity, and the
overall composition of the material. An imbalance in this
degradation rate can be detrimental; overly slow degrada-
tion may hinder tissue regeneration by physically impeding
new tissue growth, while an abnormally rapid breakdown
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can compromise the scaffold’s mechanical integrity and
the controlled release of therapeutic agents. As a result,
accurate assessment of scaffold degradability is critical in
the development of tissue-engineered constructs [3]. Fig-
ure 4 (b) illustrates the degradation behavior of the scaf-
folds over a 6-week immersion period in PBS. After this
duration, the degradation percentages were calculated to
be approximately 48%, 40%, and 35% for the PCL/CH-
hPRF, PCL/CH, and PCL scaffolds, respectively. The en-
hanced degradation observed in the PCL/CH-hPRF scaffold
is likely attributed to the hydrophilic nature of CH and its
tendency to swell in aqueous environments, which can dis-
rupt key intermolecular interactions such as hydrogen and
amide bonds [43]. Furthermore, the inclusion of hPRF-
loaded CH nanoparticles led to a reduction in nanofiber
diameter, an increase in specific surface area, and a higher
porosity level, features that contribute to improved PBS
penetration during degradation testing. As the PBS solution
infiltrates the scaffold structure, polymer chains undergo
disintegration, resulting in noticeable weight loss over time
[51]. The degradation trend showed a marked increase
during the first two weeks, followed by a plateau phase
up to week 6. figure 4 (c-d) show the morphology of the
PCL/CH-hPREF scaffold after prolonged immersion in PBS
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Figure 4. (a) Average contact angle (0), advancing contact angle (6,), and receding contact angle (6,) of the scaffolds, (b) Weight loss profile of the
scatfolds over a 6-week degradation period; and (c-d) SEM images showing the morphological changes of the PCL/CH-hPRF scaffold at weeks 5 and 6
following PBS immersion. Statistical significance: ****p < 0.0001 and ns = not significant.
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Table 1. Mean contact angle (0), advancing angle (6,), receding angle (6,), and weight changes (Aw) of the scaffolds.

Scaffold 0 (degrees) O, (degrees) 0O, (degrees) Aw (g)
PCL 68.21 32.87 107.55 0.17
PCL/CH 45.07 21.83 74.31 0.20
PCL/CH-hPRF 32.27 21.23 43.31 0.26

for 5 and 6 weeks. SEM images for the PCL and PCL/CH
scaffolds are not presented. Their lower weight loss and
slower degradation rate compared with the PCL/CH-hPRF
scaffold suggest that they would likely retain their fibrous
morphology and overall structural integrity after 6 weeks of
PBS immersion. Partial degradation of nanofibers, the scaf-
fold maintained its original form to a large extent over this
period, suggesting a steady yet controlled degradation pro-
file suited for sustained tissue support. Despite the weight
loss measurements indicating substantial degradation (48%)
for the PCL/CH-hPRF after 6 weeks, the SEM images show
that the fibrous structure and overall scaffold architecture
remain largely intact. This phenomenon aligns with previ-
ous studies where polymer scaffolds experience significant
degradation within internal and superficial regions, leading
to noticeable weight loss, yet retain their external morphol-
ogy [52]. The observed decrease in scaffold weight stems
from the breakdown of amorphous polymer zones, the re-
lease of low-molecular-weight fragments, or dissolution
processes. These changes often occur without immediate,
visible alterations at the microscale level. Furthermore,
early degradation stages typically involve hydrolytic cleav-
age inside the polymer matrix, chain fragmentation, surface
erosion, and enlargement of pores. Pronounced weight loss
can thus precede any clear morphological deterioration or
fiber fragmentation [53]. Published studies [52, 54] corrob-
orate that many electrospun polymer scaffolds can lose a
significant fraction of their weight, commonly between 30%
and 50%, while still preserving a coherent fibrous network
and scaffold form. This retention of mechanical structure is
attributed to the endurance of crystalline or less hydrolyzed
polymer segments.

4.3 Mechanical properties of the scaffolds

For bone tissue engineering applications, scaffolds must
possess adequate mechanical properties, including tensile
strength and elastic modulus, to support cellular adhesion,
proliferation, and subsequent differentiation, ultimately en-
abling effective tissue regeneration [55]. Optimizing me-
chanical behavior is particularly important to maintain scaf-
fold integrity post-implantation, delay premature structural
failure, and ensure a synchronized degradation profile with

the timeline of new tissue formation. The mechanical re-
sponse of electrospun scaffolds can be influenced by several
factors, including polymer composition, fiber diameter, mor-
phology, and overall uniformity of the fiber network [56].
In this study, uniaxial tensile tests were conducted along
the direction of the aligned fibers to evaluate mechanical
behavior. Key tensile parameters extracted from this test are
summarized in Table 2, while corresponding stress-strain
curve and quantified values of tensile strength and failure
strain of the scaffolds are depicted in Figs. 5 (a-d). The
measured tensile stress for PCL, PCL/CH, and PCL/CH-
hPREF scaffolds was 3.31, 2.05, and 2.17 MPa, respectively.
Failure strain was recorded at 28.66%, 13.42%, and 9.08%
for the same groups. Notably, the elastic modulus values
were 35.53, 40.44, and 45.35 MPa, indicating a progressive
increase in stiffness upon the incorporation of CH and hPRF.
Among the tested scaffolds, the PCL scaffold displayed the
highest failure strain, which is attributable to its thicker
fibers and relatively lower porosity, factors that typically en-
hance ductility. As previously reported by Bolgen et al. [57],
an increase in fiber diameter is positively correlated with
higher tensile strength. Meanwhile, reducing the polymer
concentration during electrospinning has been shown to re-
duce mechanical integrity [56, 58]. Interestingly, while the
addition of CH decreased tensile strength due to increased
porosity and reduced fiber diameters, incorporating hPRF
nanoparticles partially restored this strength by reinforc-
ing the matrix [56]. Hence, the tensile performance of the
PCL/CH-hPREF scaffold slightly exceeded that of the binary
PCL/CH scaffold. In contrast to tensile strength trends, the
elastic modulus followed an ascending pattern from PCL to
PCL/CH and reached its highest value in the PCL/CH-hPRF
scaffold. This is likely a result of the finer fiber network
and enhanced stiffness contributed by hPRF-loaded CH
nanoparticles. According to Kwon et al. [59], as fiber thin-
ness increases, so does the modulus of elasticity, which
aligns with the observed improvements. Similar findings
regarding the stiffness enhancement of PCL-based scaffolds
following CH incorporation have also been reported [19, 56,
60].

Table 2. Mechanical properties of the scaffolds obtained from uniaxial tensile testing.

Scaffold Tensile Stress (Mpa) ~ Failure Strain (%)  Elastic Modulus (Mpa)
PCL 3.31 28.66 35.53
PCL/CH 2.05 13.42 40.44
PCL/CH-hPRF 2.17 9.08 45.35
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4.4 In vitro drug releas

Tracking the amount of drug released over time supports
the development of delivery systems with controlled and
prolonged release profiles, thereby enhancing therapeutic
outcomes while limiting unwanted side effects [61]. The
release behavior of hPRF from CH-hPRF nanoparticles
and from PCL/CH-hPRF nanofibers was monitored over
a 14-day period. The encapsulation efficiencies (EE) for
CH-hPRF nanoparticles were determined to be 58%. The
cumulative release profiles of hPRF from both systems are
presented in Fig. 6 (a). Analysis of these curves revealed
three distinct release phases: (1) an initial burst phase; (2) a
swelling-driven stage whereby PBS penetrates the matrix
and allows hPREF to diffuse outward over several days; and
(3) a final stage dominated by polymer erosion and degrada-
tion [36]. During the first hour, the released hPRF amounted
to approximately 7.58% (1.21 pug/uL) for CH-hPRF nanopar-
ticles and 5.45% (0.87 pug/uL) for PCL/CH-hPRF nanofibers
scaffold, indicating that the scaffold structure substantially
reduced the early burst release. The higher initial release
from CH-hPRF nanoparticles is attributed to the presence
of hPRF on the surface of CH-hPRF nanoparticles. After
14 days, cumulative release reached 39.32% (6.29 ug/uL)
for CH-hPRF nanoparticles and 31.25% (5.00 pg/uL) for
the nanofibers scaffold, confirming the ability of the latter
to sustain a slower and more prolonged release profile. For
comparison, Abazari et al. [62] developed a platelet-rich
plasma (PRP) /polyvenilalcohol/CH/hydroxyapatite nanofi-
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brous scaffold to enhance osteogenic differentiation and
bone regeneration, reporting that PRP release after 10 days
in PBS reached approximately 60%. In another study [63],
a PRP-loaded hydrogel was formulated for osteoarthritis
therapy. The release behavior displayed a distinct two-phase
trend, starting with a rapid, short-term discharge of proteins,
followed by a slower, prolonged release. Measurements
showed that roughly 40% of the total protein content dif-
fused out within the first 2.5 hours. By day 6, the cumulative
release had reached nearly 80%. The release then advanced
gradually for the next several days, completing in around 10
days. This sequence suggests that the formulation delivers
an initial surge of bioactive molecules, while the hydro-
gel network progressively degrades to maintain a sustained
supply over time. In contrast, the current findings demon-
strate that hPRF release from the PCL/CH-hPRF scaffold
followed a gradual, sustained pattern over the same period,
reflecting the efficacy of the design in modulating growth
factor release kinetics.

Figure 6 (b) displays the hPRF release profile in PBS
(pH:7.4) for CH-hPRF nanoparticles and PCL/CH-hPRF
scaffold evaluated using the Higuchi model. The cumulative
amount released (y) is plotted against the square root of time
(x), consistent with a diffusion-driven process. Correlation
coefficients (R?) above 0.97 were obtained for both the ini-
tial and extended release periods, demonstrating a high level
of consistency between the measured data and the model
output [37, 64]. The Higuchi constants (KH), derived from
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Figure 5. (a) Representative stress—strain curves; (b) Tensile strength; (c) Failure strain; and (d) Elastic modulus for the PCL/CH and PCL/CH-hPRF
scaffolds. Statistical significance: ****p < 0.0001, **p < 0.01, and ns = not significant.
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slope values of 1.79 for CH-hPRF nanoparticles and 1.44
for the PCL/CH-hPREF scaffold, reflect the rate at which
hPRF diffuses through the nanoparticle and nanofibrous
scaffold based on the Higuchi model. The high correlation
coefficients (R? = 0.98) for CH-hPRF and PCL/CH-hPRF
indicated a strong linear fit of the data to the model. Despite
this linearity, the overall release pattern suggests that mass
transport was driven by a Fickian mechanism. Applying
the Ritger-Peppas model for the samples (Fig. 6 (c)) also
produced a very good fit, with R> = 0.97 for CH-hPRF
nanoparticles and R?> = 0.98 for PCL/CH-hPRF scaffold.
The corresponding release exponents were n = 0.35 for the
nanoparticles and n = 0.36 for the scaffold (Table 3). Since
both values are below the 0.43 limit, the dominant release
mechanism can be attributed to Fickian diffusion. Taken
together, the findings from the two kinetic models indicated
that hPRF liberation from both carriers proceeds primarily
through a diffusion-controlled process, enabling sustained
and regulated release that can be advantageous for bone
regeneration applications.

4.5 Surface bioactivity

The formation of a stable biological interface between im-
planted scaffolds and native bone tissue depends strongly
on the bioactivity of the biomaterial, which refers to its
ability to support the nucleation and growth of bone-like
apatite in physiological conditions. To investigate this prop-
erty, the bioactivity of PCL, PCL/CH, and PCL/CH-hPRF
scaffolds was assessed following immersion in SBF for
28 days. Figures 7 (a-c) present FESEM micrographs of
the scaffold surfaces after 28 days of immersion in SBF
solution. Among the studied samples, the PCL/CH and
PCL/CH-hPREF scaffolds exhibited a more prominent de-
position of apatite compared to PCL scaffold, as evident
by the denser coverage of mineralized layers on their sur-
faces. The enhancement in mineralization for the composite
scaffolds can be linked to the increased surface reactivity
resulting from the functional groups introduced by CH and
hPRF components. Quantitative analysis of ion concen-
trations in the SBF medium was carried out using ICP, as
illustrated in Fig. 7 (d). Over the entire incubation period,
a noticeably lower calcium concentration was observed

Table 3. Release parameters of CH-hPRF nanoparticles and PCL/CH-hPRF scaffold as calculated using the Higuchi and Ritger-Peppas kinetic model.

Scaffold Higuchi Equation Ritger-Peppas Equation
Eq. Ky theory  Kn R? Eq. K n R?
CH-hPRF Y =1.799x + 4.271 2.07 1.79 09807 Y =0.3585x+1.490 4.43 035 0.9766
PCL/CH-hPRF Y = 1.447x + 3.383 1.64 1.44 09838 Y=0.3653x+1.248 348 036 0.9827
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in the supernatant of the PCL/CH-hPRF group, suggest-
ing higher rates of calcium uptake and mineral deposition
compared to PCL and PCL/CH scaffolds. PCL inherently
contains -COOH and -OH groups, which provide sites for
the adsorption of calcium ions, subsequently facilitating the
nucleation of phosphate ions and the formation of apatite
crystals [4]. The introduction of CH further contributes to
this process, as its protonated amine groups (—NH%’) can at-
tract negatively charged phosphate ions and promote apatite
layer development [65]. In the case of the PCL/CH-hPRF
scaffold, the bioactivity is further enhanced by the incorpo-
ration of PRF, which contains biofunctional moieties such
as free -NH; groups that act as additional nucleation cen-
ters for calcium ion binding. This synergistic effect leads
to greater apatite precipitation and denser mineral cover-
age [66]. The PCL/CH-hPREF scaffold exhibited a greater
formation of apatite-like deposits compared to the other
scaffolds, attributable to the presence of CH-hPRF nanopar-
ticles. Overall, the data confirm that the PCL/CH-hPRF
scaffold demonstrated superior bioactivity and biominer-
alization potential over the 28-day period, outperforming
PCL and PCL/CH scaffolds in mimicking bone-like apatite
formation in vitro.

4.6 Cellular response and protein adsorption

Figure 8 (a) illustrates the viability and proliferation of
osteoblast-like cells cultured on PCL/CH and PCL/CH-
hPRF scaffolds after 72 hr. A noticeably higher rate of cell

Calcium (ppm)

T 14 21
Time (day)

Alizadeh and Mahmoodi

proliferation was observed on the PCL/CH-hPRF scaffold
compared to the PCL/CH group. Based on quantitative anal-
ysis, the cell viability percentages were 105% for PCL/CH
and 120% for PCL/CH-hPRF scaffolds. The improved cell
response on the ternary scaffold is mainly attributed to its
finer fiber network and enhanced porosity, which collec-
tively promote nutrient diffusion and surface area for cell-
material interactions [56]. Beyond architectural features,
the material composition also plays a critical role in cell
behavior. The incorporation of CH within the PCL matrix in-
creases hydrophilicity, which positively impacts initial cell
attachment and supports extended proliferation [50]. Fur-
thermore, the addition of hPRF contributes bioactive growth
factors, such as IGF and PDGF, which are known to am-
plify osteoblast migration and stimulate mitotic activity [50,
67]. These specific biomolecules enhance the regenerative
potential and cellular activity on the scaffold [68, 69]. The
adhesion characteristics of osteoblasts were further exam-
ined via SEM imaging, as presented in Figs. 8 (b-c). After
three days of culture, cells on both scaffold types exhibited
flattened morphologies and well-developed pseudopodia.
However, cell coverage on the PCL/CH-hPRF scaffold was
more extensive, nearly forming a confluent layer. This be-
havior implied enhanced cellular affinity for the surface,
likely due to the presence of functional amine and hydroxyl
groups from CH and hPRF, which contribute to surface hy-
drophilicity and protein adsorption [70]. Additionally, the
fine fiber morphology facilitates better interfacial contact

= PCL
mm PCL/ICH

mm PCUCH-hPRF

28

Figure 7. (a-c) FESEM micrographs of scaffold surfaces after immersion in SBF solution for 28 days. Yellow arrows indicate areas of mineralization and
apatite-like precipitate formation and (d) Calcium ion concentration in the supernatant of SBF after 7, 14, 21, and 28 days of scaffold incubation.Statistical

significance: ****p < 0.0001, ***p < 0.001, *p < 0.05.
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for adhering cells [56, 71, 72]. The improved protein ad-
sorption on PCL/CH-hPREF scaffolds further supports these
observations.

Protein adsorption is a critical preliminary step in cell at-
tachment, influencing adhesion and subsequent morphology
[73]. As shown in Fig. 8 (d), the control sample exhibited
minimal protein retention (12 ug/mm?), while adsorption
levels significantly increased to 40 ug/mm?> and 51 ug/mm?
for PCL/CH and PCL/CH-hPRF scaffolds, respectively.
This enhancement is attributed not only to the presence
of hydrophilic components (Fig. 4 (a)) but also to the reduc-
tion in fiber diameter and the resultant elevation in specific
surface area, both of which facilitate greater protein-surface
interaction [40, 74]. Collectively, the synergistic effects of
structural features, chemical composition, and biological
additives in the PCL/CH-hPREF scaffold establish a favor-
able environment for cellular attachment, proliferation, and
differentiation, highlighting its potential in bone tissue en-
gineering applications

4.7 Osteogenic differentiation of HMSCs

The osteogenic differentiation of HMSCs was assessed by
measuring ALP activity at days 7 and 14 of culture. ALP is
a key early-stage marker for osteoblast differentiation and
is commonly used to evaluate the progression of stem cells
toward an osteogenic lineage [75]. Quantitative results of
ALP activity are presented in Fig. 8 (e). The control group,
which consisted of HMSCs cultured in osteogenic medium
without scaffold materials, showed ALP activity levels of
28 U/L on day 7 and 40 U/L on day 14. In comparison,
PCL/CH scaffolds induced ALP activity of 40 U/L and 60
U/L on days 7 and 14, respectively. The PCL/CH-hPRF
scaffolds demonstrated the highest levels, with 43 U/L on
day 7 and 78 U/L on day 14. These findings indicated a
progressive increase in osteogenic activity over time, with
both scaffold types supporting enhanced ALP expression
relative to the control. Although no statistically significant
difference was observed between the scaffold groups on day
7, the trend changed considerably by day 14. The PCL/CH-
hPRF scaffold showed a markedly higher ALP activity, sug-
gesting a superior osteoinductive effect. This enhancement
can be attributed to the presence of CH, which has been
shown to suppress osteoclastogenesis while promoting the
upregulation of osteogenic markers such as osteopontin and
type I collagen [7]. In addition, the incorporation of hPRF
into the scaffold likely contributed to elevated ALP activity
through the sustained release of osteoinductive cytokines
and growth factors. These include BMPs, VEGF, IGF, TGF-
(31, and PDGEF, all of which are known to play critical roles
in accelerating HMSCs proliferation, differentiation, and
extracellular matrix mineralization [76-79].

The accumulation of calcium-rich mineral deposits is con-
sidered a sign of osteogenic differentiation and is strongly
associated with the presence of mature osteoblasts [26, 75].
To qualitatively and quantitatively assess this process, sur-
face staining with Alizarin Red S as a dye that selectively
binds to calcium ions was performed. As mineralized ma-
trix increases, so does the intensity and distribution of red
staining across the scaffold surface, thereby offering a vi-
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sual and measurable indication of osteogenesis [80, 81]. In
this study, Alizarin Red S staining was conducted on day
14 for PCL/CH and PCL/CH-hPRF composite scaffolds,
alongside a control group consisting of cells cultured in os-
teogenic medium without scaffolds. As shown in Fig. 8 (f),
the extent of mineralized surface, inferred from the stained
area, was approximately 5% for the control group, 30% for
PCL/CH, and 40% for the PCL/CH-hPREF scaffold. In addi-
tion, Fig. 8 (g-m) depict the distribution of calcium deposits
visually on the scaffold surfaces. Notably, minimal stain-
ing was observed in the control group, indicating limited
mineralization in the absence of scaffold support. The supe-
rior calcium accumulation observed in the PCL/CH-hPRF
group can be attributed to both the bioactive composition
of the scaffold and its surface characteristics. The pres-
ence of amino groups in chitosan enhances calcium ion
binding [26], while the incorporation of hPRF introduces a
fibrin network rich in osteoinductive growth factors such as
PDGF, VEGF, and TGF-31 [82]. These biological signals
are known to facilitate HMSCs proliferation, differentiation,
and matrix mineralization.

Further quantitative analysis of calcium content was per-
formed on days 7 and 14, as shown in Fig. 8§ (n). On
day 7, calcium deposition levels were determined to be 10
pg/scaffold in the control group, 20 pg/scaffold for PCL/CH,
and 30 pg/scaffold for PCL/CH-hPREF. By day 14, these val-
ues rose to 25, 30, and 40 ug/scaffold, respectively. Both
composite scaffolds exhibited significantly greater calcium
deposition than the control, with the PCL/CH-hPRF scaf-
fold demonstrating a statistically significant increase even
over the PCL/CH group. Such an enhancement underscores
the role of PRF-derived bioactive components and surface
modifications in promoting mineralization. Taken together,
the combination of CH and hPRF in the composite scaf-
fold not only supports stem cell adhesion and prolifera-
tion but also accelerates osteogenic differentiation through
enhanced calcium-binding capacity and bioactive signal-
ing [50]. These observations highlight the potential of the
PCL/CH-hPREF scaffold as a promising candidate for bone
tissue regeneration and defect repair.

4.8 Angiogenesis in chick embryo CAM model

The formation of functional blood vessels plays a central
role in supplying oxygen and nutrients to engineered tissues
while facilitating the removal of metabolic waste, factors
essential for the long-term viability of implanted scaffolds
[83]. To assess the angiogenic capacity of the developed
scaffolds, the CAM assay was employed on the control,
PCL, PCL/CH and PCL/CH-hPRF groups. As depicted in
Fig. 9 (a), the PCL/CH-hPREF scaffold demonstrated angio-
genic activity in the in ovo model, with a notably enhanced
vascular response in the presence of hPRF. Quantitative
analysis revealed that the number of blood vessels formed
following implantation was approximately 39 for control,
44 for PCL, 55 for PCL/CH and 187 for PCL/CH-hPRF
scaffolds (Fig. 9 (b)), indicating that the hPRF-containing
scaffold promoted a 3.4-fold increase in vessel formation
compared to the hPRF-free scaffold. The enhanced vas-
cularization observed in the PCL/CH-hPRF group can be
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Figure 8. (a) Proliferation profile of MG-63 cells after 72 hr of culture on the scaffold surfaces and control sample; (b-c) SEM micrographs illustrating
the morphology and adhesion of MG-63 cells after 72 hr of incubation on the scaffold surfaces; (d) Protein adsorption levels measured on PCL/CH and
PCL/CH-hPRF composite scaffold surfaces; (e) Quantitative analysis of ALP activity in the scaffolds, and control group on days 7 and 14; (f) Alizarin
Red S (ARS) positive area indicating mineralized calcium-rich regions after 14 days of cell culture; (g-m) Optical microscopy images of ARS-stained
scaffold surfaces on day 14; and (n) Calcium deposition on the surface of composite scaffolds and control sample on day 14 and 7. Statistical significance:
*HEEp < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05, and ns = not significant.

linked to the synergistic bioactivity of CH and hPRF compo-
nents. These biomolecules appear to stimulate endothelial
cell adhesion, migration, and proliferation, critical steps in
the angiogenic cascade [84]. Specifically, CH is known to
support cytoskeletal reorganization, while hPRF provides a
reservoir of pro-angiogenic factors that influence endothe-
lial cell behavior and vascular sprouting [85, 86].

Histological sections stained with Masson’s trichrome are
shown in Fig. 9 (c), illustrating differences in CAM mor-
phology across the groups. Notably, thicker CAM layers
were detected in the PCL/CH-hPRF group, which is sug-
gestive of increased fibroblast activity, collagen deposition,
and ECM remodeling. This outcome aligns with the known
bioactive profile of hPRF, which includes VEGF capable
of stimulating endothelial cell activation, along with PDGF,
known to promote vessel stabilization and maturation [87,
88]. Collectively, these findings demonstrate that among the
studied scaffolds, the PCL/CH-hPRF composite exhibited
the most robust pro-angiogenic capacity. The combination
of favorable surface hydrophilicity and sustained release of

angiogenic cytokines positions it as a promising candidate
for promoting vascular integration in bone tissue engineer-
ing applications.

5. Conclusion

In this study, composite scaffolds based on PCL/CH
and PCL/CH-hPRF were successfully fabricated using
electrospinning, and the influence of hPRF-loaded CH
nanoparticles on scaffold morphology, mechanical per-
formance, and biological behavior was systematically
investigated. Incorporation of these bioactive nanoparticles
led to a reduction in fiber diameter and a noticeable increase
in scaffold porosity, hydrophilicity, and biodegradation rate
compared to the PCL and PCL/CH scaffolds. The addition
of hPRF not only enhanced the mechanical properties of
the composite scaffold but also significantly improved
its biological performance. The release profile of hPRF
from the PCL/CH-hPRF scaffold exhibited a gradual and
sustained pattern. Cellular assays demonstrated a consid-
erable increase in osteoblast viability, attachment, and
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Figure 9. Chick embryo CAM assay. (a) Photographs of the control group and the scaffolds groups, which were loaded on the CAMs on day 14
of incubatio; (b) Quantitative analysis of blood vessel density induced by the scaffolds; and (c) Representative histological images of CAM tissues
stained with Masson’s trichrome, showing scaffold-induced changes in membrane thickness, collagen deposition, and vascular development. Statistical

significance: ****p < 0.0001, ***p < 0.001, **p < 0.01, and ns = not significant.

proliferation on the PCL/CH-hPREF surface, supported by
elevated protein adsorption. The presence of hPRF-derived
growth factors contributed to greater bioactivity, as reflected
by increased ALP enzyme activity, accelerated calcium
mineralization, and enhanced osteogenic differentiation
of human mesenchymal stem cells. Furthermore, the in
ovo CAM assay confirmed the angiogenic potential of
the hPRF-containing scaffold, evidenced by higher blood
vessel formation and increased CAM membrane thickness.
Collectively, the simultaneous stimulation of osteogenesis
and angiogenesis underscores the promising potential of the
PCL/CH-hPRF composite scaffold for use in bone tissue en-
gineering and the regeneration of critical-sized bone defects.
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