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Abstract

Metal-organic frameworks have recently become popular in biomedical applications due to their high surface areas,
porosity, suitable mechanical properties, controlled degradability, and selective compositions. Among them, UiO-66 is
particularly noteworthy for its exceptional stability, biodegradability, low toxicity, and osteogenic properties. Herein, UiO-
66 was synthesized via a solvothermal method and characterized employing FTIR, XRD, FESEM, and TEM analyses.
Subsequently, poly-3-hydroxybutyrate-zein/UiO-66 electrospun composite scaffolds were fabricated. Regarding the SEM,
mechanical analyses, and water contact angle results, the scaffold containing 2 wt% UiO-66 exhibited the optimum char-
acteristic. EDS and TEM examinations confirmed UiO-66’s presence and distribution, TGA validated its claimed amount
in the scaffold, and FTIR revealed the possible interactions between ingredients. Incorporating 2 wt% UiO-66 reduced
the fiber diameter and water contact angle by about 54 nm and 20°, respectively, while increasing surface roughness and
crystallinity. UiO-66 significantly enhanced ultimate tensile stress and Young’s modulus by approximately 90% and 101%,
respectively. It also boosted the biomineralization of the scaffold and hastened the degradation rate. Eventually, adding
UiO-66 led to noticeable increases in viability, proliferation, attachment, ALP activity, and ECM mineralization, as well
as upregulation of COLI, RUNX2, and OCN genes of MG-63 cells seeded on the scaffolds. In conclusion, incorporating
Ui0-66 not only reinforced the composite scaffold but also stimulated osteogenesis, making it an advantageous candidate
for bone tissue engineering applications.
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Introduction

In the U.S., age-related bone disorders are projected to
rise to 3 million by 2025, and in Europe, fracture cases are
expected to increase by 28% between 2010 and 2025. Thus,
effective treatments for bone diseases are clinically sig-
nificant [1]. Autogenous, allogeneic, and xenogeneic bone
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considerable interest [4]. By offering mechanical support
and a favorable environment for cell attachment, prolifera-
tion, and differentiation, the scaffold generally imitates the
extracellular matrix (ECM) throughout the tissue regenera-
tion process [5]. Among the various methods of creating
scaffolds, electrospinning has garnered significant attention
due to its cost-effectiveness, simplicity, efficiency, and abil-
ity to construct three-dimensional (3D) networks with high
surface area, different morphologies, and interconnected
pores for nutrient transportation, cell migration, and con-
trolled drug release. These characteristics allow the elec-
trospun scaffolds to closely resemble the ECM, facilitating
cell signaling [6—8]. The choice of raw materials for scaffold
construction is another critical factor significantly impact-
ing their final characteristics. Desired properties, such as
hydrophilicity and biodegradability, make polymers an
advantageous option. One of the frequently used polymers
for fabricating electrospun scaffolds is poly-3-hydroxybu-
tyrate (PHB), which is notable for its mechanical properties,
biodegradability, biocompatibility, semicrystalline struc-
ture, and excellent electrospinning capability [7, 9]. PHB
also has a piezoelectric crystalline phase and can generate
electrical charges upon mechanical stress, which is useful in
bone tissue regeneration because it can electrically stimulate
cells [10]. However, its application in tissue engineering is
limited due to its hydrophobicity, stiffness, brittleness, high
crystallinity, and slow degradation rate [9, 11, 12]. Potential
methods to improve PHB’s properties for tissue engineering
applications include alloying with natural polymers, such
as zein [7], chitosan [13], keratin [14], lignin [15], gelatin
[16], and starch [17]; compositing PHB with nanoparticles,
such as multiwalled carbon nanotube [11], halloysite nano-
tube [18], graphene oxide [19], chitosan nanoparticles [20],
ECM nanoparticles [21], and bioglasses [22, 23]; and apply-
ing PHB as a coating for ceramic-based scaffolds [24, 25].
Compared to animal-derived proteins, proteins derived
from plants are more accessible, cost-effective, biodegrad-
able, and antioxidative, with less immunogenic response
and disease transmission. These proteins mimic the native
ECM’s chemical composition and structure [26]. Zein, con-
stituting about 80% of maize protein and 44—79% of endo-
sperm protein, was designated “generally recognized as
safe” by the U.S. Food and Drug Administration in 1985.
Rich in hydrophobic amino acids like leucine (20%), proline
(10%), and alanine (10%), and containing some polar resi-
dues like glutamine (21-26%), making zein an amphiphilic
protein. Its flexibility, low cytotoxicity, biocompatibility,
biodegradability, excellent compatibility with ECM constit-
uents, antioxidant activity, and cell compatibility of break-
down products have made zein ideal for tissue engineering
scaffolds [7, 8, 27, 28]. Our previous research revealed that
incorporating 10 wt% zein into PHB electrospun scaffolds
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reduced fiber diameter while enhancing mechanical proper-
ties. Additionally, zein imparted antioxidant activity to the
scaffolds and enhanced cell attachment, viability, and differ-
entiation [7]. Although zein-containing fibers have advanta-
geous properties, their mechanical strength limits their use
in bone tissue engineering. Nevertheless, this limitation can
be addressed by composing them with a reinforcing phase.

Metal-organic frameworks (MOFs) are crystalline com-
pounds composed of metal ions or clusters linked by organic
ligands. Large specific surface area, high and tunable poros-
ity, superior biocompatibility, and intrinsic biodegradability
are among the benefits that have rendered them appropriate
for tissue engineering and regenerative medicine [4, 29-32].
In bone tissue engineering, MOFs have attracted significant
interest, whether used on their own or as carriers for drugs.
Their porous structure and mechanical properties are ben-
eficial for cell adhesion and have been shown to promote
angiogenesis. In the case of osteoblasts, MOFs enhance the
expression of osteogenic genes, increase intracellular cal-
cium deposition, and expedite ECM mineralization. Con-
versely, MOFs inhibit the size and function of osteoclasts
[33].

Interest in zirconium (Zr)-based MOFs for biomedical
applications has grown recently. Zr-containing biomateri-
als are extensively used in orthopedic and dental implants
due to Zr’s ability to stimulate osteoblast attachment, pro-
liferation, differentiation, and osteogenic gene expression,
enhancing mineralization. The human body contains about
300 mg of Zr, with a recommended daily intake of 4.15 mg
[4, 29, 34]. UiO-66, UiO stands for Universitetet i Oslo,
is a Zr-based structure first introduced by Cavka et al. in
2008 [35]. It is composed of octahedral Zr;O,(OH), units
and terephthalic acid [(1,4-benzene dicarboxylate (BDC)],
in which each octahedral cluster is connected to 12 adjacent
units via BDC, acting as organic ligands. UiO-66 has exhib-
ited superior mechanical, thermal, acidic, aqueous, and
water vapor stability due to its strong Zr-O bonds. It is also
recognized as a bio-safe MOF, maintaining high cell viabil-
ity at concentrations up to 800 mg/1 [30, 31, 36-38]. Kara-
kecili et al. [38] explored the use of UiO-66 in transporting
fosfomycin and promoting osteogenesis within 3D chitosan
scaffolds created via wet spinning. Their findings indicated
enhanced compressive strength, water uptake, and osteo-
genic differentiation due to UiO-66 incorporation. Jarai et
al. [39] assessed the potential of UiO-66 MOF as a vehicle
for pulmonary drug delivery. The study found that UiO-66
exhibited pH-dependent stability, remaining stable under
extracellular conditions while degrading within intracellular
environments. Additionally, the UiO-66 MOF showed high
biocompatibility and low cytotoxicity both in vitro and in
vivo. Sadek et al. [4] examined UiO-66 as a scaffold, evalu-
ating its biocompatibility and osteogenic potential in vitro
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and in vivo using a rabbit femoral condyle model. UiO-66
demonstrated excellent cytocompatibility and hemocompat-
ibility, stimulating in vitro osteoblast functions and in vivo
osteogenesis. This led to significant osteoid tissue and col-
lagen deposition and upregulation of osteocalcin and osteo-
pontin in vivo.

The mentioned studies suggest that incorporating UiO-66
MOF into bone tissue engineering scaffolds could improve
the scaffold’s osteogenic properties. However, to the best
of the authors’ knowledge, there has been no investigation
into incorporating UiO-66 in the PHB-zein scaffold, partic-
ularly for use in bone tissue engineering. According to the
literature, adding UiO-66 to PHB-zein fibers is expected to
not only improve mechanical properties but also enhance
its osteogenic characteristics. This study aimed to synthe-
size and characterize UiO-66 particles using a solvothermal
protocol and then fabricate electrospun composite scaffolds
using PHB, zein, and UiO-66 MOF. Eventually, structural,
physical, chemical, and mechanical properties, as well as
in vitro degradation behavior, bioactivity evaluation, and
in vitro cellular behavior utilizing MG-63 osteoblast cells,
were examined.

Materials and Methods
Materials

PHB (CAS number: 29435-48-1) and zein (CAS number:
9010-66-6) powders were purchased from Sigma Aldrich
(USA). CDH (India) provided the trifluoroacetic acid (TFA,;
CAS number: 76-05-1) and acetic acid. For UiO-66 synthe-
sis, zirconium tetrachloride, BDC, N, N-Dimethylformamide
(DMF), benzoic acid, and hydrochloric acid were acquired
from Merck (Germany), and methanol was purchased from
Sigma-Aldrich (USA). For in vitro analyses, phosphate-
buffered saline (PBS), simulated body fluid (SBF), Dul-
becco Modified Eagle Medium (DMEM) + Glutamax (Low
Glucose), Penicillin-streptomycin, trypsin EDTA 0.025%,
and 3-(4,5-dimethylthiazol-2-yl)—2,5-diphenyl tetrazolium
bromide (MTT) assay kit were provided by Bio-idea (Iran).
Moreover, the following materials were purchased from the
mentioned suppliers: Alizarin Red S from Sigma-Aldrich

Table 1 Abbreviations and compositions of the fabricated electrospun
scaffolds

Scaffold abbreviation PHB content Zein content Ui0-66
(Wt/v%) (Wt%) content
(Wt%)
Pz 9 10 0
PZ-0.5U 9 10 0.5
PZ-1U 9 10 1
PZ-2U 9 10 2

(USA), the alkaline phosphatase (ALP) assay kit from Dar-
man-Kave (Iran), dimethyl sulfoxide (DMSO) from Pars
Azmoon (Iran), total ribonucleic acid (RNA) extraction kit
from Parstous (Iran), complementary deoxyribonucleic acid
(cDNA) synthesis kit from Addbio (Korea), RealQplus 2%
Masret Mix Green from Ampliqon (Denmark), glutaralde-
hyde (25% aqueous solution) from Sigma-Aldrich (USA),
Ethanol from Merck (Germany), Triton X-100 from Arman
Sina Chemical (Iran), 4',6-diamidino-2-phenylindole
(DAPI) from Sigma-Aldrich (USA), and MG-63 osteoblast
cell line from Pasteur Institute (Iran).

Ui0-66 Synthesis

Ui0O-66 MOF was synthesized using a solvothermal method,
as described previously [40]. Briefly, 1.00 g (4.29 mmol)
zirconium tetrachloride, 0.675 g (4.06 mmol) BDC, 7.89 g
benzoic acid (64.6 mmol), and 712 pl (8.54 mmol) hydro-
chloric acid were ultrasonically dissolved in 78 ml (1 mol)
DMF. The reaction mixture was then transferred to a Tef-
lon-lined stainless-steel autoclave and heated to 120 °C for
48 h. After cooling down to room temperature, the product
was separated using centrifugation at 6000 RPM for 15 min.
Subsequently, the resulting white powder of UiO-66 was
washed multiple times with DMF and methanol and eventu-
ally dried at 80 °C in a vacuum oven overnight.

Fabrication of Electrospun Scaffolds

In accordance with our previous research [7], 0.09 g PHB
powder and 0.009 g zein powder simultaneously were dis-
solved in 0.9 ml TFA and stirred for 1 h at 45 °C. Next, three
different weight concentrations of 0.5, 1, and 2 wt% of UiO-
66 were sonicated, using an ultrasonic bath, in 0.1 ml acetic
acid for 30 min. The resulting suspension was mixed with
as-prepared PHB-zein alloy and stirred for 30 min at room
temperature to form a composite of PHB-zein/UiO-66. The
final solution was drawn into a 1 ml syringe equipped with
a 23 G needle. The electrospinning process was carried out
under optimal conditions using an applied voltage of 23 kV
at a distance of 23 cm and a feed rate of 0.004 ml/min. These
parameters resulted in the formation of uniform, bead-free
fibers with a consistent Taylor cone and a continuous elec-
trospinning process devoid of droplet formation. The abbre-
viations for each group of scaffolds with varying UiO-66
contents are listed in Table 1.

Characterization of the Synthesized UiO-66 Particles
The synthesized UiO-66 was analyzed for its structure and

morphology employing a variety of techniques, including
Fourier transform infrared spectroscopy (FTIR), X-ray
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diffraction (XRD), field emission scanning electron micros-
copy (FESEM), and transmission electron microscopy
(TEM). FTIR spectra were collected in transmittance mode
using a Jasco 6300 spectrophotometer (Germany) in the
wavenumber range of 4000-350 cm ', XRD pattern was
recorded at room temperature with a Bruker D8 Advanced
diffractometer (Japan) over 20=5-35°. The step size and
time interval were set to be 0.05° and 1.5 s, respectively,
and the equipment included a position-sensitive detector
utilizing Cu Ko radiation (A=0.15406 nm) at an operating
voltage of 40 kV. In order to capture FESEM images of the
UiO-66 MOF, the particles were coated with gold using a
BalTec SCD005 machine, followed by imaging employing
FESEM (TESCAN, MIRA3 Brno/Czech Republic) with an
operating voltage of 15 kV. To take TEM images, the UiO-
66 particles were suspended in deionized distilled water and
subjected to ultrasound. The resulting solution was then
placed on a carbon film with a copper grid and assessed
using a Philips EM 208 S TEM (Netherlands).

Evaluation of the Fabricated Scaffold’s Morphology
Scanning Electron Microscopy (SEM)

The morphology of all the fabricated scaffolds’ fibers was
investigated using SEM (LEO 1430 VP/Germany). The
samples were prepared by cutting them into 1x1 cm?
squares and coating them with a gold layer using an Emi-
tech SC7620 Sputter Coater (Quorum Technologies, UK).
Images were captured at various magnifications with an
operating voltage of 10.0 kV. The average diameter and dis-
tribution of the fibers were measured by analyzing 30 fibers
randomly selected from each group using ImagelJ software
(National Institutes of Health and Laboratory for Opti-
cal and Computational Instrumentation, USA). Given that
the electrospun scaffolds consist of multiple layers, each
layer exhibits a distinct porosity. The porosity percentage
of the three surface layers was determined through image
analysis using MATLAB (R2019a) software. This method
is explained in detail by Ghasemi-Mobarakeh et al. [41].
Briefly, three thresholds were applied to convert the SEM
image to a binary format across the three layers based on
the mean and standard deviation of the image pixel values.
In the binary representation of each layer, the fibers are
depicted as white areas, while the empty spaces are repre-
sented by black regions. The porosity in each binary image
can be calculated using Eq. (1), where n is the number of
white pixels, N is the total number of pixels in the binary
image, and P is the porosity percentage of the binary image.

P:(1—%)x100 (1)
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Energy Dispersive X-ray Spectroscopy (EDS) Mapping

To identify the presence and distribution of UiO-66 within
the electrospun composite scaffolds, an EDS mapping anal-
ysis of the Zr chemical element was conducted on the PZ-
0.5U, PZ-1U, and PZ-2U samples using an Apollo X Silicon
Drift Detector.

TEM

TEM images can be used to confirm the incorporation of
UiO-66 particles within the fibers of the composite scaf-
folds. To achieve this, one layer of the PZ-2U fibers was
electrospun onto a copper grid on the collector surface, and
subsequent TEM images were taken from the grid using a
Philips EM 208 S (Netherlands).

Atomic Force Microscopy (AFM)

AFM analysis was performed (Ara-Pajooh, Iran) to eval-
uate and compare the surface roughness of the PZ and
PZ-2U scaffolds and assess the impact of UiO-66 on the
scaffolds’ roughness. Images were obtained from a 15x 15
um? area, and the roughness parameters Ra and Rq (Rms)
were recorded. Ra represents the average surface roughness,
while Rq denotes the root mean square roughness.

FTIR

In order to study the functional groups of the components,
possible chemical interactions, and verify the presence of
PHB, zein, and UiO-66 in the electrospun scaffolds, the PZ
and PZ-2U electrospun scaffolds were analyzed using an
FTIR spectrophotometer (6300, Jasco/Germany) in transmit-
tance mode and the wavenumber range of 4000-350 cm™'.

XRD

The PZ and PZ-2U scaffolds’ crystallinity was examined
using XRD (DSADVANCE, Bruker/Germany) 26=5-35°
at room temperature. The apparatus had a position-sensitive
detector (Cu Ka radiation (A)=0.15406 nm), and the analy-
sis voltage, time, and step sizes were set to 40 kV, 1.5 s, and
0.5°, respectively.

Surface Hydrophilicity Evaluation

Given its substantial impact on cell adhesion, proliferation,
and development, contact angle measurement was per-
formed to assess the hydrophilicity of all the scaffolds utiliz-
ing a contact angle meter (XCA-50/Iran). For this purpose,
a drop of 4 pl of distilled water was applied to the samples’
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surface in three distinct locations using a micro syringe at
room temperature. The contact angles were then recorded
after 30 s.

Mechanical Analyses

A uniaxial tensile machine (ZwickRoell, Germany) based
on ASTM D882 was used to investigate the tensile behavior
of all the fabricated scaffolds at room temperature. For each
group, a minimum of three samples were cut to 30 mm in
length and 5 mm in width, and their thickness was care-
fully measured by a micrometer. The scaffolds were then
clamped between the 20 mm-spacing jaws of the appara-
tus and stretched until sample failure was achieved using a
load cell of 20 N and a tension rate of 2 mm/min. Ultimate
tensile strength, elongation at break, and Young’s modulus
were reported as results of this characterization.

Thermal Characterizations
Thermogravimetric Analysis (TGA)

Based on the ASTM E1131, TGA (Mettler Toledo/USA)
was employed to assess the thermal behavior of the PZ and
PZ-2U scaffolds and validate the quantity of the UiO-66
present in the composite scaffold. The electrospun scaffolds,
which weighed approximately 2 mg, were heated in a nitro-
gen environment at a flow rate of 50 ml/min, between 25
and 590 °C, at a rate of 10 °C/min.

Differential Scanning Calorimetry (DSC)

The melting and crystallization properties of the PZ and
PZ-2U electrospun scaffolds were measured using DSC
(NETZSCH DSC 214 Polyma/Germany) in accordance
with ASTM D3418. The samples with a mass of around
1 mg were put in aluminum pans and heated from 25 °C
to 500 °C at a rate of 10 °C/min while being subjected to a
nitrogen flow rate of 50 ml/min. The crystallization degree
(x.) was calculated using Eq. (2), in which AH,,, ¢ppp, and
AHC  are representative of melting enthalpy, mass fraction
of PHB in the sample, and melting enthalpy of 100% crys-
talline PHB that is equal to 146.6 J/g, respectively [7]. Also,
the melting enthalpy can be calculated by measuring the
area under the first peak in DSC plots.

_ AI{m/(I)PHB
Xe TTAHO

m
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In vitro Degradation

ASTM F1635 was followed in the biodegradation assess-
ment of the PZ and PZ-2U electrospun scaffolds. Follow-
ing cutting and weighing the materials into 1 x 1 cm? pieces,
they were submerged in PBS solution at 37 °C for a duration
of 100 days. For every interval period, following three rinses
in distilled water and 4 h of vacuum drying at 37 °C, the
weight loss of each sample was determined using Eq. (3):

Wo — Wi

Weight loss (%) = W
0

x 100% 3)

In Eq. (3), W, and W, represent the initial and sample
weights at each time interval, respectively, which are mea-
sured using a scale with an accuracy of 0.00001 g. Fol-
lowing the final day of the degradation analysis, FTIR and
SEM examinations were performed on the PZ-2U scaffold
to search for morphological and chemical changes resulting
from the degradation process.

Bioactivity Assessment

Kokubo and Takadama’s [42] protocol was followed while
assessing the bioactivity of the PZ and PZ-2U scaffolds. The
scaffolds, measuring 1 x 1 cm? and having a thickness of 0.03
to 0.04 mm, were submerged for 28 days at 37 °C in 15 ml
of SBF solution. After day 28 of immersion in SBF, SEM
(LEO 1430 VP/Germany), EDS (EDAX Element Silicon
Drift Detector, Apolo), and XRD (D8ADVANCE, Bruker/
Germany) analyses were utilized to detect and investigate
the chemical composition and crystalline structure of the
absorbed hydroxyapatite crystals on the surface of scaffolds.

Cellular Behavior Evaluations

Cell culture experiments were performed to assess the
behavior of MG-63 cells in response to the PZ and PZ-2U
scaffolds. MG-63 cells were cultured in DMEM containing
10% FBS, 1% penicillin-streptomycin, and 1% L-glutamine
and then incubated at 37 °C with 5% CO,. Prior to prepara-
tion, the electrospun scaffolds were initially trimmed into
circular sheets of 0.5, 1, and 2 cm? in diameter. Next, the
scaffolds were sterilized by submerging them in ethanol for
a duration of 10 min, repeating the process three times. In
order to completely sterilize the scaffolds, they were addi-
tionally exposed to UV radiation for 30 min. Then, the
scaffolds were washed three times with sterile PBS. Upon
reaching 80% confluence, the MG-63 cells were harvested
using trypsin-EDTA. MG-63 cells were placed on each
scaffold by depositing the cell suspension and incubated
for 30 min in an incubator (IN 22, Memmert/Germany) at
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a temperature of 37 °C with a CO, concentration of 5%.
Subsequently, a volume of 1 ml of culture media was intro-
duced into every well. The culture medium was periodically
refreshed every other day. The well without scaffolding was
considered as the control group in the following tests.

Cell Viability

The MTT test was used to determine the cell viability based
on ISO-10993-5. After the 1st, 3rd, and 7th days of cell
seeding at a density of 3 x 10° cells/cm?, 40 pl of MTT solu-
tion was applied to the cells, and they were then incubated
for 4 h at 37 °C with 5% CO,. Following the addition of
400 pl of DMSO solution to each sample’s suspension, the
formazan crystals were dissolved. Eventually, an ELISA
plate reader (680, Bio-Rad, Hercules, CA/USA) was used
to detect the absorbance of each sample at the wavelength
of 570 nm.

Cell Attachment

The experiment involved inserting sterilized scaffolds into
24-well plates and culturing them with MG-63 cells at a
density of 3x10* cells/cm? to evaluate their adhesion and
growth. After the 1st and 7th days, the scaffolds were soaked
in PBS three times, and then the cells were fixed using a
solution containing 2.5% glutaraldehyde in PBS. Subse-
quently, the scaffolds were kept at 4 °C for 1 h and then
dehydrated using graded ethanol solutions at 30, 70, 90, 96,
and 100 v/v%, with 10 min on each step. The dried scaffolds
were then coated in gold (BalTec SCD005 machine), and
the cell morphology of the cultured samples was examined
utilizing an SEM (LEO 1430 VP/Germany).

DAPI Staining

After seeding cells on scaffolds at a density of 3 x 103 cells/
cm?, the samples were allowed to incubate for 1 and 7 days.
Subsequently, the culture fluids were washed with PBS.
After being fixed using a 4% paraformaldehyde phosphate
solution and stored in a refrigerator for 1 h, the samples were
washed with PBS and stained with DAPI reagent. Stained
cells on the scaffold were then imaged using a fluorescence
microscope (Leica, Germany).

ALP Activity

Phosphate is separated from p-nitrophenyl phosphate and
transformed into p-nitrophenol by the ALP enzyme pro-
duced by osteoblast cells. These p-nitrophenols’ light
absorbance serves as a biochemical signal for assessing
the osteoblast activity of the scaffolds grown in cell culture
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[7]. MG-63 cells were seeded on the scaffolds at a density
of 3x10° cells/cm? and the ALP activity was evaluated on
the 7th and 14th days of cultivation in accordance with the
manufacturer’s instructions for the ALP kit (Darman-Kave/
Iran).

Alizarin Red Staining

The alizarin red staining assay was carried out to evaluate
the capacity of MG-63 cells cultured on the scaffolds to pro-
duce calcium phosphate and deposit it into a mineralized
matrix. Cells were seeded on the scaffolds in a 24-well plate
at a density of 3x10° cells/cm?. After days 7 and 14, the
cells were washed twice with PBS and then fixed for 30 min
at room temperature with 4% paraformaldehyde. Afterward,
the samples were treated with 0.5 ml of alizarin red stain-
ing solution (pH=4.1-4.3) for 30 min at room temperature
after being twice rinsed with distilled water. Finally, once
the surplus dye was removed by washing the samples five
times with distilled water, they were digitally scanned (SCC
101P, Samsung/Korea).

Quantitive Real-time Polymerase Chain Reaction (qQRT-PCR)
Assay

For 7, 14, and 21 days, the MG-63 cells were cultured at a
density of 3 x 10° cells/cm?® onto the scaffolds. The quantity
of runt-related transcription factor 2 (RUNX2), osteocalcin
(OCN), and collagen type 1 (COLI) gene expression, as the
indicators linked with bone, was assessed using qRT-PCR to
evaluate the scaffolds’ potential to induce bone formation.
Total RNA was extracted using an RNA extraction kit, and
then a NanoDrop spectrophotometer (BioTek Epoch, USA)
was utilized to measure the RNA concentration. Employ-
ing the iScript cDNA synthesis kit and the manufacturer’s
instructions, the RNA was reverse-transcribed into cDNA.
Following completion of all necessary preparations, Applied
Biosystems RT-PCR Instruments (Life Technologies, USA)
were used to conduct the assays. The following conditions
were followed for the PCR amplification: a 10-min incuba-
tion period at 95 °C and 40 cycles at 10-s intervals at 95 °C
and 60 °C. In order to compare gene expression in differ-
ent groups, the 222! technique was utilized, with B-actin
serving as the reference gene. The qRT-PCR primers were
designed and synthesized by Metabion (Germany) using
the Gene Runner 6.0 program. Table 2 presents nucleotide
sequences of primers used in this work.

Statistical Analyses

Each test was conducted in a minimum of three duplicates,
and the outcomes were expressed as the average+standard
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Table 2 The nucleotide sequences of primers used for qRT-PCR assay

Target genes Primer sequences

(F=forward, R=reverse)

RUNX2 F: AACCCAGAAGGCACAGACAG

R: TTGGTGCAGAGTTCAGGGAG
OCN F: ATGAGAGCCCTCACACTCC

R: TGGACACAAAGGCTGCAC
COLI F: CCTCGGAGGAAACTTTGC

R: CTTCCCCATCATCTCCATTC
B-actin F: TTCGAGCAAGAGATGGCCA

R: CACAGGACTCCATGCCCAG

deviation. Statistical analyses were performed using Graph
Pad Prism 9 (La Jolla, CA, USA). The one-way ANOVA
analysis was used to ascertain statistical differences in the
data with a significance level of p<0.05.

Results and Discussion
Characterization of the Synthesized Ui0-66 MOF

Figure 1(A) illustrates the FT-IR spectra of UiO-66. The
broad peak at 3386 cm™! corresponds to the presence of OH
groups due to intercrystalline water and physisorbed water
condensed inside the cavities [43, 44]. The peak related to
the aromatic C-H modes of the aromatic ring in the BDC
linker is located at 2930 cm ™! [45]. The most prominent
characteristic peaks positioned at 1410 and 1595 cm™! are
allocated to symmetric and asymmetric stretching of the
carboxylate group (O-C-O) of the BDC linker, respec-
tively. Furthermore, the weak band observed at 1508 cm™!
is assigned to C=C vibrations benzene rings. The peaks
around 650—1170 cm™! can be ascribed to the ZrO single
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Fig. 1 (A) FTIR and (B) XRD spectra of the synthesized UiO-66

bond stretching vibration [43, 46—48]. At lower frequen-
cies, OH and CH vibrations of the BDC ligand overlapped
with ZrO modes [49]. Also, The vibration modes at 661
and 470 cm™! can be attributed to p;-O stretch and p,-OH
stretch in the UiO-66 framework, respectively. Moreover,
the absence of any peak at 1658 cm™! can confirm the com-
plete removal of DMF [43, 50].

The synthesized particles’ crystalline structure was
examined using XRD. Figure 1(B) shows the XRD pat-
tern of the as-synthesized UiO-66. The sharp peaks with
narrow distribution indicate the particles’ high degree of
crystallinity [44]. All of the characteristic diffraction peaks
are in good agreement with the database’s simulated result
(PDF-Number: 96-413-2640) [51]. Six major characteristic
peaks at 26=7.4°, 8.6°, 14.8°, 17.2°, 25.8°, and 30.8° are
attributed to the (111), (002), (222), (004), (006), and (117)
planes of UiO-66, respectively. Furthermore, some minor
peaks located at 20=12.1°, 14.2°, 18.7°, 19.2°,21.0°, 22.3°,
24.3°,25.5°,28.3°,29.9°, 30.8°, 32.3°, 33.2°, and 34.6°cor-
responding to (022), (113), (133), (024), (224), (115), (044),
(135), (335), (444), (117), (246), (355), and (008) diffrac-
tion planes, respectively, closely match the literature [43,
52]. Furthermore, a symmetry-forbidden low-angle reflec-
tion at around 20=6° can be due to the presence of defects
within the structure of UiO-66 [53, 54].

The morphology of the synthesized UiO-66 particles
observed by FESEM and TEM is demonstrated in Fig. 2(A,
B). According to the FESEM result, the octahedral UiO-66
crystals have a particle size distribution ranging from 80 to
200 nm. Moreover, based on the TEM images displayed in
Fig. 2(C, D), the octahedral morphology of as-synthesized
UiO-66 crystals was verified, and the identical particle size
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Fig.2 (A), (B) FESEM and (C), (D) TEM images of the synthesized UiO-66

in comparison with the one calculated using FESEM images
was achieved.

According to the FTIR, XRD, FESEM, and TEM
results, the successful synthesis of the UiO-66 particles was
confirmed.

Evaluation of the Fabricated Scaffold’s Morphology
SEM Imaging

The morphology of the electrospun scaffolds, determined
by fiber diameter distribution, porosity percentage, and
uniformity of the fibers, is a critical factor that affects cell
behavior [7]. Figure 3 demonstrates the SEM images of the
fabricated scaffold at three different magnifications, along
with the histograms of the fiber diameters. As shown, all

@ Springer

samples are entirely porous, homogeneous, and bead-free.
Also, the average fiber diameter and porosity percentage at
three layers of the prepared samples are illustrated in Fig. 4.
Regarding the results in Fig. 4(A), the addition of 0.5 wt%
of UiO-66 particles to the PZ scaffold has significantly
reduced fiber diameter from 422+90 nm to 347+48 nm
(»<0.05). As the pH value of the solution falls below 8.3,
due to the Zr—OH on the Zr node’s tendency to form Zr—
OH,", UiO-66 is positively charged [55]. Subsequently, the
charge production would result in increasing the conductiv-
ity and more fiber stretch in the magnetic field, and finally,
fiber diameter reduction. Fu et al. [56] and Ahmadijokani et
al. [57] also reported a decrease in fiber diameter as a result
of UiO-66 incorporation into the poly(vinylidene fluoride)
and chitosan/polyvinyl alcohol electrospun fibers, respec-
tively. As demonstrated, increasing the amount of UiO-66
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Fig. 3 SEM images at different magnifications and fiber diameter histograms of the fabricated electrospun scaffolds of (A) PZ, (B) PZ-0.5U, (C)

PZ-1U, and (D) PZ-2U

up to 2 wt% in the composite scaffolds had no significant
change in fiber diameter (p>0.05). By incrementing the
amount of UiO-66, the solution’s viscosity will increase,
leading to the increment of fiber diameter. So, by adding
more UiO-66 particles, the viscosity increment’s adverse
effect would counteract the conductivity increase and halt
the further reduction of fiber diameter. Likewise, according
to the results, adding UiO-66 particles causes the produc-
tion of more uniform fibers with less standard deviation in
comparison with the PZ sample.

In addition, porosity is regarded as another fundamental
parameter for the morphology assessment of scaffolds used

in tissue engineering. Not only is the porosity of the scaf-
folds, but also the interconnectivity of their pores is a criti-
cal issue to ensuring cellular migration and growth, nutrition
supply, transferring signaling molecules, and removal of
metabolic wastes [19, 58]. Based on the literature, poros-
ity percentages above 80%, 40%, and 20% in the first, sec-
ond, and third layers of scaffolds, respectively, are required
to achieve interconnectivity and appropriate cell response
[15]. As exhibited in Fig. 4(B), all of the fabricated scaf-
folds showed proper porosity in different layers, and UiO-66
incorporation had no unfavorable effect on the porosity of
the composite scaffolds.
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Fig.4 (A) The average fiber diameters, and (B) the porosity percentage in three layers calculated by MATLAB (R2019) of the fabricated electro-

spun scaffolds (¥*p<0.05, *** p<0.001)

Fig. 5 Distribution of Zr chemical element in the fabricated electrospun composite scaffolds captured using EDS mapping

EDS Mapping

The composite scaffolds’ mechanical, chemical, and biolog-
ical characteristics depend on the uniform dispersion of the
ceramic phase within the polymeric matrix [23]. In Fig. 5,
in which EDS mapping related to composite scaffolds was
shown, the red dots demonstrate Zr chemical element distri-
bution in the fabricated electrospun scaffolds. As illustrated,
the homogeneous dispersion of the UiO-66 particles and
lack of agglomeration in fibers of all composite samples is
evident, which can verify the suitable dispersion of UiO-66
particles during solution preparation.

TEM

To assess the presence and distribution of the UiO-66 par-
ticles within the electrospun fibers, the TEM images at
different magnifications of the PZ-2U electrospun com-
posite scaffold were captured and exhibited in Fig. 6. As
highlighted by red circles, the UiO-66 particles are evenly
embedded in the polymer matrix, and the presence of no
particle agglomeration is detected. The homogenous scat-
tering of UiO-66 particles signifies good compatibility
between the MOF phase and polymeric matrix [34]. In
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addition, as portrayed, in some parts of the composite fibers,
the UiO-66 particles came to the edge of the surface, which
is effective in increasing the surface roughness. However,
for more accurate evaluations, the AFM analysis should be
carried out. Moreover, it is worthwhile to mention that the
size of UiO-66 particles is consistent with the size previ-
ously measured through FESEM and TEM images in MOF
characterization.

AFM

In order to evaluate the effect of UiO-66 addition on sur-
face roughness, the AFM assessment on the PZ and PZ-2U
scaffold was executed, and the results are demonstrated in
Fig. 7. Regarding the outputs, upon the incorporation of the
Ui0-66 in the electrospun composite scaffold, both the aver-
age surface roughness (Ra) and the root mean square rough-
ness (Rq) increased from 282.2+52 nm to 332.7+73 nm
and from 353.7+78 nm to 418.5+84 nm, respectively. The
findings indicate that the UiO-66 incorporation can con-
siderably enhance the surface roughness. Wang et al. [34]
demonstrated that the addition of UiO-66-NH, (a modified
version of UiO-66 with a similar structure) to the chitosan
membrane had a similar output and increased the surface
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Fig.6 TEM images of the PZ-2U electrospun composite scaffold. (The circles indicate the presence of UiO-66 particles in the fibers)
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Fig. 7 AFM 3D images of the PZ and PZ-2U electrospun scaffolds

roughness. Also, the AFM results are consistent with the
findings of TEM images of the electrospun composite scaf-
fold, which showed the influential effect of the UiO-66 on
surface roughness enhancement. According to the literature,

enhanced roughness of the biomaterial surface can benefit
the osteoblast’s initial attachment, proliferation, and differ-
entiation [59, 60].

FTIR

The FTIR spectra of the PZ and PZ-2U electrospun com-
posite scaffolds are displayed in Fig. 8(A). Considering the
characteristic peak at 1453 cm™' as the reference band [61],
the absorbance values were normalized to make the com-
parison more logical and straightforward. A comprehen-
sive analysis of the characteristic peaks of the synthesized
Ui0-66 was discussed in previous sections. Also, the FTIR
spectrum of the PZ scaffold was thoroughly inspected dur-
ing our previous work [7]. Briefly, the peaks at 3436 and
1730 cm ™! are related to the hydroxyl and carbonyl groups
of PHB, respectively. Moreover, the presence of zein in the
PZ scaffold can be verified by the peaks at 3290, 1657, and
1543 cm™! corresponding to amide A, amide I, and amide
11 of zein, respectively. The peak observed at 1226 cm™! is
associated with the overlap between amide III of zein and
PHB’s C-O-C group. It is worth mentioning, regarding the
literature, that the distinctive peak at 3290 cm™' can be
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Fig.8 (A) FTIR spectra of the PZ and PZ-2U electrospun scaffolds, (B), (C), and (D) The enlarged sections of FTIR spectra of the PZ and PZ-2U

electrospun scaffolds in specific wavenumber regions

attributed to the formation of a hydrogen bond between the
amide groups in zein and the carbonyl group of PHB [7].
After adding UiO-66 to the PZ scaffold, the peak at
3290 cm !, enlarged in Fig. 8(B) and indicates a hydrogen
bond between PHB and zein, has become broader and less
intense. This change suggests the interactions between UiO-
66 crystals with PHB and zein polymers through hydrogen
bonding, reducing the intensity of the peak related to the
previously formed hydrogen bond in the PZ scaffold chemi-
cal structure [62]. Likewise, as depicted in Fig. 8(C), the
peak at 1730 cm ™, related to the carbonyl groups of PHB,
has become less intense, possibly due to coordination bonds
between Zr*' ions in UiO-66, which are accessible from
missing linker defects, and the PHB’s carbonyl groups.
These bonds can consume free carbonyl groups in PHB,
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leading to a less intense peak. Another worth-noting change
is the emergence of a new characteristic peak at 955 cm ™!,
enlarged in Fig. 8(D), which can be attributed to the ZrO
single bond stretching vibration in UiO-66. The absence of
this peak in the PZ spectrum can prove the presence of UiO-
66 in the chemical structure of the PZ-2U electrospun com-
posite scaffold. The lack of additional characteristic peaks
of Ui0-66 in the FTIR spectrum of the PZ-2U sample could
be explained by the insensitivity of the FTIR technique and
the small quantity of UiO-66 present in the fabricated scaf-
fold’s structure. In addition, UiO-66’s vibrational bands

may overlap with those of PHB and zein [21].
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Fig. 10 Water contact angle measurement of the electrospun scaffolds
after 30 s (** p<0.01, *** p<0.001, **** p<0.0001)

XRD

The XRD pattern of the UiO-66 crystals and the PZ and
PZ-2U scaffolds is depicted in Fig. 9. The sharp and nar-
row characteristic peaks of UiO-66 were audited in previous
sections. The diffraction pattern of the PZ scaffold exhib-
ited two characteristic peaks at 20=13.51° and 20=16.83°
assigned to the reflections of (020) and (110) planes, respec-
tively, and are related to the a-form crystal modifications of
PHB. In highly ordered PHB polymer, this form of crystals
corresponds to an orthorhombic cell with the lattice param-
eters of a=0.576 nm, b=1.32 nm, and ¢=0.599 nm, along
with mutually perpendicular axes (a=p=y=90°) [7, 63].
However, no recognizable zein peaks were detected, known
as two diffraction halos at 20 values of 9.78° and 19.48°,
which could be explained by the amorphous nature and low
crystallinity percentage of this protein [7].

With the incorporation of UiO-66, the characteris-
tic Bragg diffraction peaks of PHB at 20=13.62° and
20=17.00° in the PZ-2U composite scaffold experienced an
increase in intensity, indicating the nucleation effect of UiO-
66 could speed up PHB crystallization and eventually per-
fect the PHB crystallite [64]. It was expected that diffraction
peaks of UiO-66 would be discerned in the XRD pattern of
the PZ-2U scaffold. However, due to the small portion of
UiO-66 within the composite, the peaks corresponding to
the crystalline structure of UiO-66 could not be detected.

Surface Hydrophilicity Evaluation

The results of water contact angle measurements of the
electrospun scaffolds are depicted in Fig. 10. As illus-
trated, the addition of UiO-66 particles reduced the water
contact angles significantly (p<0.05). However, the differ-
ences between groups containing UiO-66 were insignifi-
cant (p>0.05). Based on the results, incorporating 2 wt%
Ui0-66 increased the surface’s hydrophilicity, leading to a
decrease in the water contact angle from 139.4+1.4° in the
PZ scaffold to 120.7+3.5° in the PZ-2U sample.

The non-defective UiO-66, whose Zr, cluster is sur-
rounded by 12 organic linkers, exhibits hydrophobic behav-
ior due to the hydrophobic nature of the phenyl rings.
However, previous research has demonstrated that the
presence of defects in the form of missing linkers in UiO-
66 leads to opening Zr metal sites at the node, increasing
Lewis-acid sites and turning them into hydrophilic [36, 44,
65]. Regarding the literature, lowering the synthesis temper-
ature, using monovalent modulator molecules like hydro-
chloric acid and benzoic acid in the MOF synthesis reaction
mixture, and reducing the BDC/Zr ratio are three techniques
to induce defects in the structure of UiO-66 [53, 65]. Jajko
et al. [53] showed that the lower the synthesis temperature,
the greater the number of structural defects in the form of
a missing linker. In their examinations, UiO-66 synthesized
at 100 °C and 160 °C contained some defects, while the
one that was synthesized at 200 °C revealed no defects. As
mentioned in previous sections, in this research, the UiO-66
synthesis temperature was 120 °C, the BDC/Zr molar ratio
was around one, and hydrochloric acid and benzoic acid
were also utilized in the synthesis reaction mixture. Con-
sidering all of these conditions, as well as the XRD analysis
of Ui0-66, it is expected that the synthesized UiO-66 has a
hydrophilic nature.

Karakecili et al. [38] also demonstrated that the scaffold
containing chitosan and UiO-66 had an increased water
uptake capacity with a higher percentage of UiO-66, attrib-
uted to the hydrophilic nature of UiO-66.
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Mechanical Analyses

The scaffolds designed for bone healing must have addi-
tional mechanical strength to support the various functions
of each bone in the body, such as skeletal support, move-
ment, and vital organ protection [32]. The mechanical anal-
ysis results, including stress-strain curves, as well as the
values of Young’s modulus (elastic modulus), ultimate ten-
sile stress, and elongation at break, are presented in Fig. 11.
It is evident that with the increase of UiO-66 particle per-
centage within the scaffolds structure, the values of Young’s
modulus and ultimate tensile stress increased significantly
(»<0.05). According to the findings, the addition of 2 wt%
Ui0-66 MOF led to more than a 2-fold increase of Young’s
modulus, increasing from 100.9+0.8 MPa for the PZ scaf-
fold to 203.1+0.2 MPa for the PZ-2U sample. Likewise,
the ultimate tensile stress enhanced by approximately 90%,
rising from 4.53+0.41 MPa to 8.60+0.99 MPa for the PZ
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and PZ-2U electrospun scaffolds, respectively. These sub-
stantial increases can be related to the coordination effect of
Zr*" ions, caused by the UiO-66 defects, with the polymer
matrix. The Zr*" ions are capable of forming coordination
bonds with carbonyl groups on the PHB molecules, thereby
strengthening the interaction between them [64]. In other
words, the Zr*" ions function as bridges between the PHB
chains, enhancing their interaction and ultimately leading to
improved mechanical properties. Furthermore, it is reported
that due to the abundant organic ligands present in the struc-
ture of MOFs, they are known to have excellent interface
compatibility with polymers, distinguishing them from
inorganic reinforcements. This compatibility allows them to
act as a barrier, effectively preventing crack extension and
dislocation movements rather than serving as stress con-
centration sites that absorb a significant amount of energy
and encourage shear strain in the matrix [38, 66]. Moreover,
research by Wu et al. [67] has demonstrated that UiO-66,
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Fig. 11 The tensile mechanical analyses of the fabricated electrospun scaffolds: (A) Stress-strain curves, (B) The values of Young’s modulus, (C)
The values of ultimate tensile stress, and (D) The values of elongation at break (*p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001)
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Table 3 Thermal points, melting enthalpy (AH,,), and crystallization degree () of the PZ and PZ-2U electrospun scaffolds extracted from TGA

and DSC figures

Samples Ty 50 (°C) Ty 0 (°C) T, (O T,(°C) AH, (/g) % (%)
PZ 231.1 241.7 174.1 263.9 55.41 41.58
PZ-2U 224.6 235.6 172.0 272.0 57.73 44.18

despite its highly porous structure, possesses phenomenally
high mechanical stability compared to other highly porous
MOFs due to its high degree of coordination of Zr-O metal
centers to the organic linkers. Also, the possible hydrogen
bonding between UiO-66 and PHB and zein, as proved
through FTIR analysis, can effectively enhance mechanical
properties. In previous studies, Karakecili et al. [38], Yin et
al. [64], and Lima et al. [68] reported improved mechanical
properties after incorporating UiO-66 into chitosan scaffold,
poly(ethylene terephthalate) film, and alginate hydrogel,
respectively.

With regard to Fig. 11(D), the addition of UiO-66 to the
scaffolds resulted in a significant decrease in the elonga-
tion at break values from 100.9+5.6% for the PZ sample
to 66.0+12.0% for the PZ-2U scaffold (p<0.05). Yin et
al. [64], who also experienced the same trend after adding
Ui0-66 to poly(ethylene terephthalate) films, attributed this
phenomenon to increased rigidity and brittleness of the com-
posites resulting from coordination bonds between Zr*" ions
of the defects in UiO-66 and the PHB’s carbonyl groups.
In addition, XRD examination revealed increased crystal-
linity in the composite scaffold after adding UiO-66, which
will be confirmed through DSC assessment in the upcoming
sections. The increased crystallinity might lead to increased
brittleness and, consequently, reduced elongation at break.

Considering the literature, human cancellous bone,
also called trabecular or spongy bone, generally possesses
modulus and compressive strength ranging from 0.1 to 2

GPa and from 2 to 20 MPa, respectively, which verifies that
the fabricated composite scaffold has sufficient mechanical
properties for bone tissue engineering applications [69].

Due to its lower fiber diameter alongside improved
hydrophilicity and mechanical properties, the PZ-2U sam-
ple was chosen as the optimum scaffold among the com-
posite groups. Further examinations were performed on the
PZ and PZ-2U scaffolds to investigate the effects of UiO-66
incorporation.

Thermal Characterizations
TGA

The TGA curves for the PZ and PZ-2U electrospun scaf-
folds are illustrated in Fig. 12(A). Additionally, the numeri-
cal findings, such as temperatures at which 5% and 10%
weight loss occur (Ty (5o and Ty (199,), respectively) are
tabulated in Table 3. It is evident that both scaffolds under-
went a single-stage thermal decomposition. The TGA of
PZ-2U closely resembles that of PZ, indicating a low pro-
portion of UiO-66 in the composite. According to the lit-
erature, the decomposition of UiO-66 MOF involves three
distinct mass-loss stages. During the first stage, occurring
below 100 °C, physisorbed water and the residual solvent
trapped inside the porous structure of UiO-66 are released.
Following that, the second stage, taking place between 100
and 450 °C, is associated with the removal of DMF and the
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dehydroxylation of the Zr oxo-clusters. Eventually, the last
and most significant weight-loss stage starts at 450 °C and
is attributed to the MOF structure decomposing into ZrO,
residue, including thermal degradation of organic ligands
and Zr clusters [47, 57, 70, 71]. Regarding the results pre-
sented in Fig. 12(A) and Table 3, it was observed that up
to a temperature of 261 °C, the curve related to the PZ-2U
sample is steeper than the PZ’s. As a result, the T s, and
T4 (10%) for the PZ-2U scaffold were slightly lower than
those for the PZ sample. Similar observations were made
in the works of Yin et al. [64], Aden et al. [47], and Shen
et al. [70], indicating that polymer composites incorporat-
ing UiO-66 exhibited faster thermal degradation in certain
parts of the TGA curves. Numerous investigations have
shown that UiO-66 defects typically exist as missing linkers
[72, 73]. This kind of defect leads Zr*" ions to be directly
exposed to the polymer matrix. The exposed Zr*' may
partially catalyze the degradation of the polymer matrix,
resulting in a slight decrease in the initial decomposition
temperatures [64]. Likewise, this phenomenon can also be
justified by the initial stages of thermal decomposition of
UiO-66, involving the loss of residual water and solvents,
as well as the dehydroxylation of Zr oxo-clusters, leading
to accelerated composite thermal decomposition up to a cer-
tain temperature threshold. However, after 261 °C, the slope
of the PZ-2U diagram fell above the PZ sample. At this tem-
perature, the UiO-66 framework still remains intact and can
form a layer on the surface of the polymer melt, acting as
a barrier for mass and heat transfer, thereby slowing down
thermal degradation [70]. The final remaining weight of the
samples showed approximately a 2% difference, confirming
the proper dispersion of UiO-66 in the polymer matrix and
supporting the claimed percentage of MOF in the composite
scaffold structure. Although the residual weight of the com-
posite (2.7%) was slightly more than the theoretical MOF
content, this can be attributed to the high specific surface
area of UiO-66 particles and their ability to entrap degraded
products within their porous structure [18, 64].

DSC

The melting behavior and crystallinity modifications of the
scaffolds caused by the inclusion of the UiO-66 were inves-
tigated through the DSC technique. Figure 12(B) portrays
the DCS results for the PZ and PZ-2U electrospun scaffolds.
The data measured by DSC, including melting temperature
(T,,), degradation temperature (T 4), melting enthalpy (AH,,),
and crystallization degree (y), is reported in Table 3. As can
be seen, two endothermic peaks have been recorded in the
DSC diagrams: T,,, where the as-formed crystals in electro-
spun fibers melt, and T, the temperature at which the scaf-
fold structure decomposes. It is worthwhile to point out that

@ Springer

since the glass transition temperature (T,) of PHB is reported
to be below 10 °C, it is not detectable in the figure presented
[15]. Concerning the results, the T, value of the PZ scaffold
has decreased from 174.1 °C to 172.0 °C after adding UiO-
66 to fabricate the PZ-2U scaffold. This decrease was also
observed by Yin et al. [64], who found a reduction in T, by
increasing the UiO-66 content in poly(ethylene terephthal-
ate). It may be attributed to the interaction between the MOF
and the PHB, which can disrupt the polymer chains’ folding
and rearrangement, thereby lowering the melting point [64].
In addition to T,,, the crystallinity degree of the scaffolds
can also be calculated using the area under the first endo-
thermic peak in the DSC figure. As mentioned in Table 3,
Ui0O-66 incorporation has increased the crystallinity degree
from 41.58% for the PZ to 44.18% for the PZ-2U scaffold,
which is consistent with XRD analysis outputs. This effect
can be disclosed by the UiO-66’s ability to act as a nucleat-
ing agent, promoting the formation of heterogeneous nucle-
ation points and increasing crystallinity [64]. Furthermore,
Ahmed et al. [74] revealed that increasing the percentage
of Ui0-66 in the poly(ethylene terephthalate)/UiO-66 com-
posite encourages the crystallization of the polymer matrix.

The introduction of UiO-66 particles led to an increase
in the T4 from 263.9 °C to 272.2 °C in the PZ and PZ-2U
scaffolds, respectively. As the polymer matrix melts, UiO-
66 moves to the polymer surface, creating a robust diffu-
sion barrier that acts as a shield, thus raising the activation
energy for polymer degradation. Higher activation energy
results in better thermal stability [70].

In vitro Degradation

An ideal scaffold should degrade at a controlled rate, pref-
erably matching the new bone tissue growth rate. If deg-
radation occurs too slowly, it will not provide adequate
structural support. On the other hand, if degradation happens
too quickly, it can impede bone regeneration. The specific
application should determine the rate at which the scaffolds
degrade. For example, scaffolds used in spinal fusion pro-
cedures should last 9 months or longer, while those used in
cranio-maxillofacial applications should last 3 to 6 months
[75, 76]. Four processes are commonly involved in poly-
mer degradation in aqueous environments: hydration, insuf-
ficient tensile strength, mass loss, and solubilization. In the
following three sections, the in vitro degradation behavior
of the PZ and PZ-2U scaffolds is evaluated through weight
loss assessment, SEM images, and FTIR analysis.

Weight Loss Evaluation

The curves of the remaining weight loss of the PZ and
PZ-2U electrospun scaffolds over 100 days of immersion
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in PBS are plotted in Fig. 13(A). As illustrated, the PZ-2U
scaffold started degrading at a faster rate from the first week,
and after 100 days, 69.88% of the PZ scaffold and 57.40%
of the PZ-2U scaffold remained. This higher in vitro deg-
radation rate can result from enhanced hydrophilicity and
less-diameter fibers, providing a higher surface-to-volume
ratio [11]. Additionally, previous studies have shown that
UiO-66 breaks down quickly in PBS at pH = 7.4. It has
been observed that UiO-66, which is usually very stable in
water, breaks down in PBS, possibly due to the production
of zirconium oxide or the strong attraction of Zr atoms to
phosphate groups [77].

Morphology of the Fibers

The surface morphology of the PZ-2U fibers after being
immersed in PBS at 37 °C for 100 days is demonstrated in

(A)

—PpZ
1001 ——PZ-2U
2 90
)
-
)
3 80 -
z
g
£ 7
<
£
D
&% 60
50 -
0 20 40 60 80 100

Time of degradation (Days)

Fig. 13(B). The two most common types of surface mor-
phological changes in polymers during in vitro degradation
are usually surface melting and fiber breaking. In contrast
to the crystalline segments that fibers break during degrada-
tion, melting occurs in amorphous sections [7]. Our previ-
ous research [7] revealed that melting was the chief mode
of degradation for the PZ scaffold due to the reduced crys-
tallinity degree resulting from zein addition. However, as
shown in Fig. 13(B), both fiber breakage and surface melt-
ing occurred during the degradation of the PZ-2U scaffold.
This could be attributed to the increased crystallinity, as
confirmed by XRD and DSC analyses, which resulted from
the inclusion of UiO-66.
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Fig. 13 (A) The remaining weight percentage of the PZ and PZ-2U
scaffolds over 100 days of degradation in PBS. (B) SEM image of
the PZ-2U scaffold after 100 days of degradation in PBS (The arrows

show fiber breakage, and the circles indicate surface melting). (C)
FTIR spectra of the PZ-2U scaffold before and after 100 days of deg-
radation in PBS
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FTIR Assessment

FTIR spectra of the PZ-2U after and before being degraded
in PBS are normalized against the reference peak at
1453 cm ! and shown in Fig. 13(C). The peak at 3290 cm !,
indicating hydrogen bonds between PHB, zein, and UiO-
66, has been almost smoothed out, which can be related to
the hydrolysis of these bonds. Likewise, other characteristic
peaks have also experienced a remarkable reduction that can
be explained by cleavage in the components and hydrolysis
of the structure [78].

Bioactivity Assessment

Morphological Evaluation

SBF solution has an ion concentration that nearly resembles
that of human blood. Consequently, the formation of apa-
tite-like deposits on the surface of the scaffold following its
immersion in SBF is a sign of its osteoconductive proper-
ties in the context of bone tissue engineering applications
[15, 79]. In the process of biomineralization, this mineral

layer provides physicochemical and mechanical cohesive-
ness between the scaffold and the natural bone [80]. The
SEM images of the PZ and PZ-2U scaffolds after 28 days
of immersion in SBF are illustrated in Fig. 14. It is clear
that hydroxyapatite crystals formed on the surface of both
scaffolds; however, larger and more uniform deposits were
found on the PZ-2U’s surface compared to the PZ’s. This
higher level of bioactivity may result from improved hydro-
philicity and increased roughness due to the incorporation
of Ui0-66 [81]. Moreover, the phosphate anions (PO43_)
with negative charges can be attracted to the surface of
the scaffolds due to the presence of Zr*" ions caused by
defects in UiO-66, which will then lead to the adsorption
of the calcium cations (Ca*"). The development of calcium-
phosphate nuclei is the ultimate result of these sequential
and reversible interactions. These nuclei can undergo a
phase change over time, eventually leading to the crystal-
lization of the amorphous calcium-phosphate depositions,
thus forming a stable layer of hydroxyapatite deposition on
the surface. As a matter of fact, surfaces possessing higher
bioactivity potential tend to be more capable of creating a
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Fig. 14 Biomineralization assessment on the surface of the PZ and PZ-2U electrospun scaffolds after 28 days of immersion in SBF solution: SEM
images at different magnifications, EDS analysis of chemical elements, and EDS elemental maps of calcium (Ca) and phosphorous (P)
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stable layer of depositions, which are more likely to crystal-
lize and transform into hydroxyapatite [82].

EDS

Figure 14 also displays EDS results, including quantitive
amounts of chemical compounds and EDS mapping of
sediments on the surface of the scaffolds after 28 days of
immersion in the SBF. Regarding the EDS spectra, the pres-
ence of calcium (Ca) and phosphorous (P) in the depositions
on both scaffolds was verified. The EDS findings revealed
an increase in the elemental composition of Ca from 4.53
wt% to 15.18 wt% and P from 5.29 wt% to 9.20 wt% in the
adsorbed deposits on the electrospun scaffolds as a result
of UiO-66 addition. Since natural bone apatite sediments
have a molar Ca/P ratio of approximately 1.67, a scaffold
with a ratio closer to this is preferred [83]. Prior to hydroxy-
apatite’s formation, the mineral discovered is most often
amorphous calcium phosphate, which has Ca/P ratios less
than 1.5. As matrix mineralization advances, the deposited
mineral nodules are subjected to crystal maturation [84].
Calculating through the EDS Outputs, the molar Ca/P in the

formed apatite-like sediments on the PZ and PZ-2U scaffolds
equals 0.66 and 1.28, respectively. According to the Ca/P
ratios found on the scaffolds, the mineral nodules formed
are probably made of amorphous calcium phosphate, which
may eventually fuse together to create hydroxyapatite as
they mature [84]. Concerning the above results, the EDS
analysis confirms that the bioactivity behavior of the PZ-2U
electrospun scaffold is better than that of the PZ sample.
Moris et al. [85] also showed a higher Ca/P ratio due to Zr-
based MOF addition to gelatin scaffolds after submerging in
an SBF solution for up to 28 days.

XRD Analysis

The chemical structure of the sediments on the scaffolds’
surface after 28 days of immersion in SBF has been evalu-
ated using XRD analysis, and the results are demonstrated
in Fig. 15. Based on the XRD spectra and comparison with
the reference pattern of hydroxyapatite (PDF-Number:
96-901-3628) the formation of hydroxyapatite is verified
by the presence of the peaks at 20=10.86°, 16.97°, 23.14°,
25.68°, 28.54°, 31.74°, 45.56°, and 66.18° corresponded
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Fig. 15 XRD patterns of the PZ and PZ-2U electrospun scaffolds after 28 days of immersion in SBF
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to the (010), (011), (111), (002), (120), (121), (023), (242)
crystallographic planes, respectively. Non-stoichiometric
hydroxyapatite and low-crystalline apatite phases, which
are most likely a combination of crystalline hydroxyapatite
and amorphous calcium phosphates, may be the cause of the
low-intense peaks [86]. In addition, regarding the reference
pattern of calcium chloride (NaCl, PDF-Number: 96-901-
3628), it is noted that calcium chloride was also formed on
the surface of the scaffolds.

Celluar Behavior Evaluations
Cell Viability

The MTT assay results for the PZ and PZ-2U scaffolds are
presented in Fig. 16. Based on the ISO10993-5:1999 stan-
dard, cell viability exceeding 75% may be regarded as pos-
ing no toxic risks to medical devices or cells [87]. According
to the results, MG-63 cells exhibited over 85% viability and
an increasing trend through all days on both scaffolds, indi-
cating good biocompatibility, which may be attributed to the
zein’s ability to facilitate ECM absorption and create a suit-
able microenvironment for bone cells, which promotes cell
migration, infiltration, and growth [7]. However, on the 3rd
and 7th days of cultivation, the UiO-66 containing electro-
spun scaffold demonstrated significantly higher cell viabil-
ity amounts in comparison with the PZ scaffold, suggesting
that cell proliferation was being promoted in the presence
of Ui0-66 (p<0.05). This enhanced cell viability can be a
result of a more hydrophilic surface after UiO-66 addition.
These findings align with previous research on Zr-based
MOFs and materials that have shown desirable biocompat-
ibility and low toxicity, leading to considerable growth in
their biomedical applications [31, 85]. Investigations by
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Fig. 16 Viability of the MG-63 cells seeded on the PZ and PZ-2U

electrospun scaffolds on the 1%, 3, and 7% days of the cultivation
(*p<0.05).
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Farboudi et al. [88] and Sadek et al. [4] revealed that UiO-
66 particles had non-significant cytotoxic effects on MCF-7
and NIH-3T3 cells, respectively. Additionally, the study by
Karakecili et al. [38] demonstrated that the chitosan scaf-
fold containing UiO-66 MOF had greater optical density
in the MTT assay compared to the pure chitosan scaffold.
In another study, Chen et al. [89] confirmed the ability
of Zr ions to enhance the in vitro proliferation of human
osteoblasts.

Cell Attachment

The morphology of MG-63 cells on the PZ and PZ-2U scaf-
folds after 1 and 7 days of cultivation, carried out to evaluate
the cell adhesion behavior, can be found in Fig. 17. By the
7th day, the cells were evenly spread out and well-attached
to both scaffolds, displaying a typical fibroblastic morphol-
ogy with indistinguishable boundaries between them. This
excellent adherence may stem from promoted communica-
tion between the cells and the scaffolds resulting from zein
presence, which is able to interact with cellular receptors
and support cell growth [7]. The number of cells grew as
the cultivation period progressed, which is aligned with
the MTT results. Furthermore, discernible filopodia exten-
sions and the formation of apatite-like deposits suggest
ECM secretion [38]. It is worth noting that cell migration
and penetration through the three-dimensional matrix with
interconnected pores of the scaffolds can be confirmed by
the appearance of the fibers on the cell surface.

As evident, the addition of UiO-66 resulted in increased
cell density and more cells with spindle shape morphology
observed on the PZ-2U scaffold on both the 1st and 7th days
as compared to the PZ sample. The improved cell attach-
ment in the PZ-2U scaffold can be related to the Zr*" ions,
originating from missing linker defects in UiO-66, which
have a positive effect due to the negatively charged nature
of cells [72, 90]. So, the UiO-66 containing scaffolds have
better cell attraction capabilities. Likewise, the inclusion
of UiO-66 engendered thinner fibers with a higher surface-
to-volume ratio, a rougher surface, and higher hydrophilic-
ity, all of which contributed to better cell adhesion on the
PZ-2U scaffold than the PZ one [7, 15, 59]. In previous
research, Karakecili et al. [38] observed improved adhesion
of the MC3T3-E1 cells after adding UiO-66 to the chitosan
scaffold.

DAPI Staining

Fluorescence images of the DAPI-stained MG-63 cells,
which display the nucleus of the attached cells as blue
dots on the PZ and PZ-2U scaffolds after 7 days of cell
cultivation, are depicted in Fig. 18. As expected from the
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Fig. 17 SEM images illustrating the MG-63 cell attachment seeded on the PZ and PZ-2U electrospun scaffolds on the 1st and 7th days of the

cultivation

cell viability and attachment assessments, DAPI staining
revealed a higher number of cells on the PZ-2U scaffold,
proving improved proliferation of MG-63 cells compared
to the PZ scaffold.

ALP Activity

The activity of ALP, an exoenzyme that is attached to the
osteoblasts’ cell membrane and an early in vitro indicator
of bone formation, was measured on days 7 and 14 after
cell seeding to evaluate the impact of adding UiO-66 MOF
on the osteogenic functionality of the MG-63 osteoblast [7,
85]. As can be seen in Fig. 19, MG-63 cells demonstrated
significantly greater ALP activity on both scaffolds in com-
parison with the control group, with a noticeable upward
trend between the two days (p<0.05). Additionally, as sup-
posed regarding the prior research [38], the UiO-66 incor-
porated scaffold showed statistically higher levels of ALP
activity across all specified periods. The metallic inorganic

Zr nodes, known to encourage the synthesis of biochemical
osteoblastic markers, may account for this enhanced ALP
activity [85].

Alizarin Red Staining

The alizarin red staining of the MG-63 cells cultivated on
the PZ and PZ-2U after 7 and 14 days of cell culture was
performed to assess ECM mineralization, which is the final
event of in vitro osteogenesis [7, 91]. As seen in Fig. 20 and
in line with the previous carried out cellular assays, includ-
ing MTT, cell attachment, DAPI staining, and ALP activity,
the PZ-2U scaffold exhibited more and deeper deposition
nodules, especially on day 14, which indicates intensi-
fied Ca mineralization of the MG-63 cells and highlights
the positive influence of UiO-66 on cell maturation and in
vitro bone formation [91]. In previous studies, Zr ions were
shown to be able to enhance the quantity of mineralized
matrix deposited [89].
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Fig. 18 DAPI staining of the MG-63 cells seeded on the PZ and PZ-2U electrospun scaffolds on the 7th day of the cultivation.
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Fig. 19 ALP activity of the MG-63 cells seeded on the PZ and PZ-2U
scaffolds and control group on the 7th and 14th days of the cultivation
(*p<0.05, ** p<0.01, *** p<0.001).

gRT-PCR Analysis

The expression of the collagenous and non-collagenous
osteoblast-related markers, including COLI, RUNX2, and
OCN, of the MG-63 cell after days 7, 14, and 21 of cul-
tivation on the PZ and PZ-2U scaffolds was investigated
using qRT-PCR assay to analyze the potential of the scaf-
folds to promote the osteogenic functions. The findings on
the fold change expression of the COLI, RUNX2, and OCN
genes are presented in Fig. 21. Regarding the results, the
fold changes of all of the examined genes, even in the PZ
scaffold, are greater than 1. This can be due to the presence
of zein, which has been previously shown to have an influ-
ential ability to stimulate the expression of genes related to
osteogenic differentiation in other studies [84, 92].

RUNX2 is considered an early marker of osteoblast dif-
ferentiation and is an essential transcription factor in the

@ Springer

differentiation of osteoblasts since it stimulates the produc-
tion of COLI and OCN and has been proven to induce ALP
activity [84, 93]. GLI1, PTCHI, and IHH expression in
osteoblast progenitors and osteoblasts are directly regulated
by RUNX2. As a result, Hedgehog signaling and RUNX2
control each other and promote osteoblast differentiation
[94]. The expression of RUNX2 was significantly upregu-
lated in the PZ-2U composite scaffold compared to the PZ
alloy on day 14 (p<0.05) [84, 93]. Zr ions of UiO-66 MOF
can be responsible for this upregulation [4, 89]. It is worth
mentioning that the enhanced ALP activity of the PZ-2U
scaffold, which was discussed earlier, can now be explained
by the increased RUNX2 expression. On day 21, the expres-
sion level of this gene experienced a decline in both groups
of the scaffold. The same trend was also observed in the
study of Karakecili et al. [38], where the UiO-66 addition
to the chitosan scaffold enhanced the RUNX2 expression
with a peak at day 14. According to the literature, RUNX2
expression is generally reduced in cultures aged 3 to 4
weeks, which serves as a critical marker of matrix matura-
tion and mineralization [95].

COLI is known as an early marker corresponding to
the proliferative phase and ECM deposition [84, 93]. As
shown, with a peak on day 7, its expression was increased
as a result of UiO-66 incorporation, especially on days 14
and 21, in which the differences are remarkable (p<0.05).
One possible source of COLI expression improvement in
the UiO-66-containing group, which was also reported by
other researchers, may be RUNX2’s interaction with the
promoter regions of genes specific to osteoblasts [4, 38].
The enhanced expression of COLI is consistent with MTT,
cell attachment, and DAPI staining results.

OCN, as a non-collagenous protein, is associated with
bone mineralization and matrix deposition and is expressed
in the late stages [38, 93, 96]. The PZ-2U scaffold revealed
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Fig. 20 Alizarin red staining of the MG-63 cells seeded on the PZ and PZ-2U scaffolds on the 7th and 14th days of the cultivation
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Fig.21 The RUNX2, COLI, and OCN gene expression of the MG-63 cells seeded on the PZ and PZ-2U scaffolds on the 7th, 14th, and 21st days
of the cultivation (*p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001).

significantly higher OCN expression on all days (p<0.05),  decreased. Previous research suggests that this decrease
indicating a suitable environment for development and mat-  may be due to the completion of cell mineralization [4].
uration towards the mineralization phase [84]. OCN expres-

sion peaked on day 14, while on day 21, its levels noticeably
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Conclusion

Prior research has highlighted the outstanding characteristics
of UiO-66 as a Zr-based MOF, such as exceptional chemi-
cal and physical stability, biocompatibility, and the ability to
promote osteogenesis. In this investigation, a solvothermal
method was employed to synthesize UiO-66 particles. The
successful synthesis of UiO-66 was confirmed by FTIR,
XRD, TEM, and FESEM analyses. Afterward, compos-
ite scaffolds comprising PHB-zein and UiO-66 in varying
ratios (0, 0.5, 1, and 2 wt%) were fabricated via electrospin-
ning. All the produced scaffolds possess 3D structures with
appropriate porosity and interconnected pores. SEM, water
contact measurement, and tensile strength evaluations were
conducted to determine the optimum percentage of UiO-
66 in the composite scaffolds. According to the results, the
addition of 2 wt% UiO-66 led to a significant reduction in
fiber diameter and water contact angle from 422+90 nm to
368+83 nm and from 139.4+1.4° to 120.7+3.5°, respec-
tively. Although the ultimate tensile stress and Young’s
modulus were found to increase from 100.9+0.8 MPa to
203.1£0.2 and from 4.53+0.41 MPa to 8.60+0.99 MPa,
respectively, the addition of the UiO-66 enhanced the brit-
tleness of scaffolds, and elongation at break decreased from
100.9£5.6% for the PZ scaffold to 66.0+12.0% for the
PZ-2U sample. Regarding these findings, the scaffold con-
taining 2 wt% UiO-66 MOF was identified as the most effec-
tive among the composite ones. The physical presence and
even distribution of the UiO-66 within the fabricated scaf-
folds were demonstrated through TEM analysis and EDS
mapping. AFM revealed that the UiO-66 addition resulted
in a rougher surface. The chemical presence of PHB, zein,
and UiO-66 in the scaffolds, along with hydrogen and coor-
dination bonds between UiO-66 crystals and PHB and zein,
was shown in the FTIR inspection. TGA proved the quan-
tity of the MOF in the scaffolds, and DCS exhibited a 2%
increase in crystallinity degree, which was consistent with
XRD results. MOF-containing scaffolds revealed an accel-
erated in vitro degradation rate and demonstrated enhanced
biomineralization, indicating improved bioactivity behav-
ior. The cellular examinations implied improved viability,
proliferation, attachment, ALP activity, calcium deposition,
ECM mineralization, and expression of osteoblast-related
markers, including COLI, RUNX2, and OCN, of the MG-63
cells on the scaffolds containing UiO-66 compared to those
without MOF. To conclude, along with strengthening the
scaffold, the inclusion of UiO-66 also had a stimulatory
impact on osteogenesis. Consequently, the PHB-zein/UiO-
66 composite scaffold holds great promise for applications
in bone tissue engineering.
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