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ABSTRACT: Different scaffold biomaterials are being investigated as a
solution for bone loss due to disease or trauma. The aim of this study is the
fabrication, characterization, and in vitro biological evaluation of a novel
polycaprolactone (PCL) nanoscaffold incorporating pomegranate peel
extract (PG) for bone regeneration. Using electrospinning, three groups of
scaffolds were prepared: the control group PCL and two groups of PCL with
PG concentrations (11 and 18 weight %). The antioxidant activity and the
total phenolic content (TPC) of the fabricated nanoscaffolds were evaluated,
in addition to the porosity and degradation measurement. Cultured
osteoblasts derived from rabbit bone marrow mesenchymal stem cells
were used for the assessment of cell proliferation and attachment on the
scaffold’s surface. Scaffolds’ characterization showed uniform nanofibers
(NFs) with a fiber diameter range of 149−168 nm. Meanwhile, higher
antioxidant activity and TPC of the PG groups were detected. Furthermore,
total porosities of 59 and 62% were determined for the PCL−PG scaffolds. An increased degradation rate and significant
improvement in cell proliferation and cell attachment were revealed for the PCL−PG fabricated scaffolds. Such incorporation of
natural food waste, PG, in PCL NFs offered novel PCL−PG scaffolds as a promising candidate for bone regeneration applications.

1. INTRODUCTION
Bone loss in the human body is anticipated to follow numerous
causes such as removal of a pathologic condition (tumor, cyst,
etc.), trauma, infection, or extraction. Additionally, it results
from congenital deformation, periodontal disease, or bone
resorption. The use of a proper bone substitute material is
inevitable for the correction of bone defects to allow the
rehabilitation of the patient. Advances in tissue engineering
and the integration of biological, physical, and engineering
sciences create new solutions for bone regeneration that
include growth factors, natural fillers, incorporation of
mesenchymal stem cells, and biomimetic scaffolds.1

Different fabrication methods are used for scaffold
preparation; among them, the electrospinning technique is
widely used to produce micro- and nanofibers (NFs), highly
recommended for cartilage and bone tissue engineering
applications. Such NFs are characterized by their morpho-
logical resemblance to the natural extracellular matrix (ECM)
of osseous tissues in addition to their large surface area to
volume ratio.2−4

An electrospinning setup is composed of a capillary
spinneret through which the electrospun polymer solution is
injected by a pump. A high voltage source is responsible for the
injection of charge into the liquid, and then, it will be collected
on a collector. The high electric voltage causes the electrostatic
forces to balance out the surface tension of the liquid, leading
to the development of a Taylor cone. When this applied

voltage is increased, a fiber jet is ejected from the apex of the
cone and then accelerated toward the collector.5 The
processing parameters that influence the electrospinning
process are the applied voltage, the flow rate, and the
capillary−collector distance. While the solution parameters
are the polymer concentration (viscosity), solvent volatility,
and solvent conductivity. Adjustment of the processing
parameters and the solution parameters is mandatory as they
affect the fiber diameter, fiber porosity, and beads that may be
formed in fibers.6 Nowadays, materials used for scaffolds
designed for bone tissue regeneration can be polymers,
bioactive ceramics, or combinations between them. Also,
natural materials were successfully loaded into scaffolds
designed for bone regeneration like collagen, gelatin,
fibronectin, and chitosan, in addition to some herbal extracts
such as curcumin and aloe vera.7−13 Addition of such natural
components to the scaffolds enhances the cells’ viability, their
attachment to the scaffold, and an increased calcium
deposition and collagen content in the newly formed tissues

Received: August 24, 2021
Accepted: November 26, 2021
Published: December 8, 2021

Articlehttp://pubs.acs.org/journal/acsodf

© 2021 The Authors. Published by
American Chemical Society

34447
https://doi.org/10.1021/acsomega.1c04608

ACS Omega 2021, 6, 34447−34459

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Khadiga+M.+Sadek"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wael+Mamdouh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shaymaa+I.+Habib"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mervat+El+Deftar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="A.+Nour+A.+Habib"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.1c04608&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04608?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04608?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04608?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04608?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04608?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/6/50?ref=pdf
https://pubs.acs.org/toc/acsodf/6/50?ref=pdf
https://pubs.acs.org/toc/acsodf/6/50?ref=pdf
https://pubs.acs.org/toc/acsodf/6/50?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.1c04608?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/


around the scaffolds. Jain et al. reported sustained release of
curcumin from a fabricated electrospun nanofibrous PCL
scaffold containing curcumin. This natural component allowed
an elevated preosteoblast proliferation and better osteogenesis
offering a promising scaffold for bone regeneration.12

Among the recent advances in bone scaffolds, hydrogels
were introduced as scaffold materials for bone regeneration.
Hydrogels are considered an interesting class of polymers; they
have a 3D flexible network with great ability of retaining large
amounts of water or biological fluid, making them injectable
and able to conform to 3D defects upon gelation.14,15 They
have some unique advantages such as their ability to respond
to environmental changes, pH changes, temperature changes,
and electric or magnetic changes, thus mimicking the ECM to
a great extent. Bao et al. developed a novel acid-responsive
composite hydrogel scaffold by incorporating nanocalcium
carbonate in the composite hydrogel; hence, it can control the
calcium supply and regulate the mechanical properties of the
scaffold for enhanced bone regeneration. The incorporated
nanocalcium carbonate could be released gently at the bone
defect site, and thus, it improved the mineralization and
allowed better osteogenesis.16

Polycaprolactone (PCL) has been known for a long time as
one of the most commonly used synthetic polymers in the field

of bone tissue engineering due to its biocompatibility and
biodegradability,17 in addition to its excellent electrospinna-
blility.13 Koupaei and Karkhaneh fabricated a porous scaffold
by combining PCL with hydroxyapatite (HA). They used the
alkaline phosphatase (ALP) activity to confirm the osteocon-
ductivity of the scaffold proving that the PCL/HA network is a
potential scaffold for tissue engineering applications.18 Also, Li
et al. used the electrospinning technique and developed a
fibrous nanocomposite scaffold of PCL with pretreated HA
with c-glycidoxypropyltrimethoxysilane (A-187). They found a
great improvement in the mechanical properties and
bioactivity of the fabricated scaffolds allowing successful
bone regeneration.3 Moreover, Harikrishnan et al. produced
a composite scaffold of PCL and nanohydroxyapatite. The
fabricated electrospun scaffold revealed an increase in the
osteogenesis with a considerable increase in bone regeneration
compared to plain PCL scaffold.19

Among the herbal products used in tissue engineering,
pomegranate, Punica granatum, a fruit widely distributed
throughout the Mediterranean region of Northern Africa, has
shown extreme benefits according to many researchers. It has
many favorable medicinal advantages as it was proved to have
potent antimicrobial,20 antimutagenic,21 anticancer, antidiar-
rheal, and antidiabetic effects.22 This herb with high phenolic

Figure 1. PCL NF, SEM (A) 1000×, (B) 10,000×, and (C) fiber diameter distribution.
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content could enhance bone healing and prevents bone loss, in
addition to the effect of its extract on the osteoblasts’
differentiation and proliferation. Moreover, pomegranate peel
extract (PG) affects the inhibition of osteoclasts’ activity; thus,
it plays an important role in bone remodeling.23−26

In this study, using PG rich in phenolic compounds, we
hypothesized that the incorporation of such a natural
component in the PCL electrospun scaffold may impart a
beneficial effect on osteoblastic proliferation and attachment
which pave the way for using it in bone regeneration.

2. RESULTS
2.1. Characterization of NFs. 2.1.1. Microstructural

Analysis (Scanning Electron Microscopy). Scanning electron
microscopy (SEM) analysis and fiber diameter measurement of
the control group, PCL NF samples, revealed a fiber diameter
distribution between 120 and 200 nm with an average fiber
diameter of 168.29 (±48) nm, Figure 1. While for the PCL−
PG11 NF samples, SEM analysis and fiber diameter measure-
ment revealed a fiber diameter distribution between 100 nm
and 200 nm with an average fiber diameter of 149.46 (±38)
nm, Figure 2. The SEM analysis and fiber diameter
measurement of PCL−PG18 NF samples revealed a fiber
diameter distribution between 100 and 220 nm with an average
fiber diameter of 156.79 (±44) nm, Figure 3.

2.1.2. Fourier Transform Infrared Spectroscopy. The
Fourier transform infrared (FTIR) spectroscopy of the PG,
Figure 4, showed different sharp peaks, among such peaks
(3927 to 3610.9 cm−1) revealing the presence of a N−H group
and R-NH2 group (primary and secondary amines). Also, at
3650.9 cm−1 which is relevant to the presence of the O−H
stretching denoting alcohol and 1741.4 cm−1 denoting CO
stretch which is characteristic of esters and saturated aliphatic
compounds. While the FTIR spectroscopy of the three groups,
PCL NF, PCL−PG11 NF, and PCL−PG18 NF, Figure 4,
revealed common peaks present in the three groups of NFs,
3400, 2940, and 1108.2 cm−1 which are relevant to the OH
group, C−H stretching, and C−O stretching, showing the
presence of alcohol (or phenol), alkanes, and secondary
alcohols, respectively. Some peaks were only present in the two
groups of NFs containing the extract. 1365, 1294, and 961
cm−1 revealing O−H bending, C−O stretching, and CC
bending, indicating the presence of phenols (/alcohols),
aromatic ester (/alcohol), and alkene, respectively. Meanwhile,
peaks detected only for the PCL NF were 1724, 1635.9, and
1240 cm−1, relevant to CO stretching, N−H bending, and
asymmetric C−O−C stretching, revealing the presence of
aldehyde, alkene, and ethers, respectively.27,28

2.1.3. Antioxidant Activity and TPC of NFs. Means and
standard deviations (SDs) of 2,2-diphenyl-1-picryl-hydrazyl-

Figure 2. PCL−PG11 NF, SEM (A) 1000×, (B) 10,000×, and (C) fiber diameter distribution.
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hydrate (DPPH) % scavenging activity (antioxidant activity)
and total phenolic content (TPC) are presented in Table 1.

The results showed that the highest antioxidant activity and
the highest TPC were detected in PCL−PG18 NF followed by

Figure 3. PCL−PG18 NF, SEM (A) 1000×, (B) 10,000×, and (C) fiber diameter distribution.

Figure 4. FTIR spectroscopy of different groups of NFs.
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PCL−PG11 NF. However, the least antioxidant activity and
TPC were recorded in the PCL NF group.
2.2. Results of Release Kinetics of PG from PCL

Composite NFs. The in vitro release profile of the PCL−
PG11 NF and PCL−PG18 NF shows almost the same profile,
as observed from the graph in Figure 5; the PCL−PG11 NF

and PCL−PG18 NF released 10 and 20% of the extract,
respectively, over the first 3 h. Then, the released extract
increased gradually till reaching the burst effect at 24 h
(approximately 32% for the PCL−PG11 NF and 50% for the
PCL−PG18 NF). Thereafter, the release profile continued in a
sustained manner for the next 48 h and up to 72 h (35% for
the PCL−PG11 NF and 50% for the PCL−PG18 NF).
According to release kinetics, the data of the two groups

(PCL−PG11 NF and PCL−PG18 NF) were collected and are
shown in Table 2. When the obtained release data of the two
groups were fitted to the zero-order kinetic equation, the
regression values (r2) were small for both groups (ranging
between 0.87 and 0.67), demonstrating that the release kinetics
did not follow the zero-order equation. Similarly, for the first-
order, Hixson Crowell, and Higuchi models, all the (r2) values

were small for both groups and below 0.96 and 0.82 for PCL−
PG11 NF and PCL−PG18 NF, respectively. Conversely, the
data of extract release profiles were further fitted to the
Korsmeyer−Peppas equation (log cumulative percentage of
PG released vs log time) and showed the highest regression
values (r2) over the other kinetic models for both groups,
showing 0.97 and 0.90 for PCL−PG11 NF and PCL−PG18
NF.
According to the Korsmeyer−Peppas model, both groups,

PCL−PG11 NF and PCL−PG18 NF, had a diffusion
exponential (n) of 0.14, while the diffusion constant (k) was
9.53 min−1 for the PCL−PG11 NF group and 14.42 min−1 for
the PCL−PG18 NF group.

2.3. Porosity Results. 2.3.1. BET Results. For the three
studied samples, PCL NF, PCL−PG11 NF, and PCL−PG18
NF, their thermal isotherm was described as a type II isotherm,
which is a completely reversible isotherm; adsorption and
desorption have the same path. This indicates a macroporous
material, having pores with a pore size greater than 50 nm. The
type II isotherm is accompanied by hysteresis of type H3,
meaning nonrigid aggregates of plate-like particles, denoting
that the pore shape is slit-like.29,30

For the pore distribution analysis, in both PCL NF and
PCL−PG11 NF groups, the BJH adsorption dV/dlog(D) pore
volume graph showed two highest peaks, indicating that most
pore volume occurs with an average pore diameter of 229 and
125 nm. Besides, a small peak was detected, denoting little
pore volume with an average pore diameter of 11.4 nm. For the
PCL−PG18 NF sample, the two highest peaks detected denote
that the most pore volume occurs with an average pore
diameter of 260.9 and 132.1 nm. Also, two small peaks were
detected, denoting little pore volume with an average pore
diameter of 48.8 and 11.5 nm.
A Brunauer−Emmett−Teller (BET) test of the three tested

groups (PCL NF, PCL−PG11 NF, and PCL−PG18 NF)
revealed that the three groups have nearly the same total
measured surface area of NFs with different pore volume
distributions, as shown in Table 3.

2.3.2. Mercury Intrusion Results. The results of a mercury
intrusion porosimeter (MIP) revealed a total porosity % of
56.03, 59.42, and 62.54% for the PCL NF, PCL−PG11 NF,
and PCL−PG18 NF, respectively, while the macropores %

Table 1. Antioxidant Activity by the DPPH Test and TPC
by the Folin−Ciocalteu Test of the Different Scaffold
Groupsa

NF groups antioxidant activity TPC

PCL NF 2.49 ± 1.99c 0.12 ± 0.002c

PCL−PG11 NF 73.306 ± 0.46b 11.20 ± 2.02b

PCL−PG18 NF 76.66 ± 1.54a 15.95 ± 0.05a

aData are represented as mean (±SD) and compared using Tukey’s
post hoc test (n = 3). Different small superscript letters indicate a
significant difference in the same column (P < 0.05).

Figure 5. Release pattern of PG from PCL−PG11 NF and PCL−
PG18 NF.

Table 2. Kinetics Data of Pomegranate Peel Extract Release from NFsa

zero-order first-order Hixson Crowell Higuchi Korsmeyer−Peppas

K r2 K r2 K r2 K r2 Kk r2 n

PCL−PG11 NF 0.56 0.87 0.02 0.76 0.02 0.80 5.22 0.96 9.53 0.97 0.14
PCL−PG18 NF 0.61 0.67 0.01 0.76 0.01 0.80 5.94 0.82 14.42 0.90 0.14

ar2 is the regression coefficient, Kk is diffusion constant and n is the diffusion exponential.

Table 3. BET Results of the Three Groups of Scaffoldsa

sample

BET
surface area
(m2/g)

total pore
volume of pores

(cm3/g)

BJH adsorption
cumulative volume of

pores (cm3/g)

PCL NF 10.7996 0.028783 0.032469
PCL−PG11
NF

8.1374 0.019156 0.021078

PCL−PG18
NF

9.5398 0.023693 0.027052
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were 85.24, 90.62, and 93.73%, and the mesopores % were
14.66, 4.54, and 6.15% for the same groups, respectively.
2.4. Degradation Study Results. The results revealed

that the highest water sorption % was recorded in both PCL−
PG11 NF and PCL−PG18 NF at all tested time intervals, 7,
14, and 21 days. However, no significant difference in the
sorption % was found at the different time periods (P > 0.05)
(Table 4).
The results also revealed that the highest mean weight loss %

was recorded in PCL−PG11 NF and PCL−PG18 NF at all
tested time intervals. However, no significant difference was
found at the different time periods (P > 0.05) (Table 5).

2.5. Results of the In Vitro Biological Evaluation.
2.5.1. Osteogenic Differentiation. The different stages of bone
marrow cell expansion and differentiation are presented in
Figure 6, while the osteogenic phenotype of cultured cells after
2 weeks was confirmed by the Alizarin red stain that colors HA
calcium complexes in the ECM red, Figure 7, denoting the
osteogenic differentiation of MSCs.
2.5.2. MTT Cytotoxicity Assay. Upon comparing the NF

groups to the blank control in the 3-(4,5-dimethyl-2-thiazolyl)-
2,5-diphenyl-2H-tetrazolium bromide (MTT) assay over 24
and 72 h, Figures 8 and 9, a significant increase in mean
viability % was observed, Table 6. However, the mean viability
% after 24 and 72 h was insignificantly different (p-value >
0.05) among all the three groups of NFs. Hence, the prepared
NFs are biocompatible and have no cytotoxic effect on the
osteoblasts. Moreover, the proliferation rate was improved with

the nanofibrous groups, namely, PCL NF, PCL−PG11 NF,
and PCL−PG18 NF.

2.5.3. Assessment of Cell Attachment on Scaffolds. SEM
images of PCL NF seeded with cells for 7 days showed cells
elliptical in shape and attached to the NFs. The cell surface was
irregular, indicating their active secretion of the osteogenic
matrix, Figure 10.
The cells seeded on the PCL−PG11 NF and PCL−PG18

NF showed many osteoblasts attached and embedded with the
NFs. Some osteoblasts had preosteogenic bright vesicles on
their surface denoting an early osteogenic activity. The
osteoblasts were elliptical, extending their processes, and
attached to the scaffold material, with areas of the osteogenic

Table 4. Mean ± SD Values for the Sorption % in the Different Investigated NFs at Different Time Intervalsa

group/time 7 days 14 days 21 days

PCL NF 13.27 ± 11.87bB 17.15 ± 8.17bB 91.26 ± 51.16bA

PCL−PG11 NF 215.32 ± 23.92aA 202.84 ± 11.44aA 209.68 ± 13.43aA

PCL−PG18 NF 222.82 ± 15.67aA 242.20 ± 46.01aA 201.07 ± 12.017aA

aDifferent small letters indicate a significant difference within the same column for every time point. Different capital letters indicate a significant
difference within the same row for every material type (P > 0.05).

Table 5. Mean ± SD Values for the Weight Loss % in the
Different Investigated NFs at Different Time Intervalsa

group/time 7 days 14 days 21 days

PCL NF 4.79 ± 2.53bB 6.58 ± 2.58bAB 12.19 ± 2.45bA

PCL−PG11 NF 12.25 ± 5.27abA 17.05 ± 0.80aA 18.82 ± 4.49abA

PCL−PG18 NF 14.65 ± 3.18aA 20.59 ± 4.81aA 22.42 ± 2.3aA

aDifferent small letters indicate a significant difference within the
same column for every time point. Different capital letters indicate a
significant difference within the same row for every material type (P <
0.05).

Figure 6. (A) First stage, plastic adherent fibroblast colony-forming unit (black arrows) showing central dividing cells, I.P.C.M. × 100, (B) second
stage, increased number of thin adherent spindle-shaped fibroblasts, I.C.P.M. × 100, and (C) third stage, cuboidal confluent osteoblast-like cells
postinduction of osteogenic differentiation, I.P.C.M. × 200.

Figure 7. Alizarin red staining showing osteoblasts and red-colored
bone nodules, I.P.C.M. 100×.

Figure 8. Bottom of the well plate showing confluent cells growing
beside the scaffold (black arrows) at the second day of culture before
the MTT assay, I.P.C.M. × 40.
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matrix. Many parts of the PG-loaded scaffolds maintained their
nanofibrous structure and porosity, Figure 11.

3. DISCUSSION
In the current study, a novel polymeric scaffold containing
Punica granatum was fabricated. This modification aimed to
improve cell proliferation and scaffold porosity which may
solve some of the problems of polymeric scaffolds used for
bone tissue engineering.
PCL was the polymer of choice in this study as it is an FDA-

approved biocompatible polymer with optimum mechanical
properties suitable for bone tissue.31 Fabrication of our scaffold
using PCL polymer by electrospinning necessitates its
dissolution as a first step. Formic acid (FA) was used as
proposed by Liverani and Boccaccini and Van der
Schueren,32,33 as it evaporates completely in room atmos-
phere34 and it decreased the fiber diameter and bead formation

during the electrospinning, compared with other solvents like
the chloroform.35−38

For PG preparation, freeze-drying of pomegranate peels was
performed, as described by Ambigaipalan et al., to ensure
complete dryness without exposing the peels to any heating
source. Al-Rawahi et al. found that the dryness of peels in the
oven, by air drying, or even in sunlight affected the
pomegranate phenolic compounds.39,40 After complete dry-
ness, methanol was used for extraction as recommended by
Elfalleh et al. and Negi and Jayaprakasha who obtained
pomegranate extracts with richer phenolic contents when using
methanol compared to water and ethanol.41,42 The importance
of the antioxidant agents and the phenolic compounds in bone

Figure 9. Bottom of the well plate of the MTT assay showing the
confluent osteoblasts with the bluish precipitate of formazan salts,
I.P.C.M. × 100.

Table 6. Mean Viability % of OB-BMMSCs on
Nanoscaffolds Using the MTT Assay at 24 and 72 ha

mean viability (%)
24 h ± SD

mean viability (%)
72 h ± SD

control 100 ± 3.80b 100 ± 2.77b

PCL NF 123.7049 ± 3.93a 111.81 ± 4.03a

PCL−PG11 121.3008 ± 4.11a 110.8562 ± 2.13a

PCL−PG18 116.8575 ± 4.18a 103.697 ± 2.24ab

aData are represented as mean (±SD) and compared using Tukey’s
post hoc test (n = 5). Different small superscript letters indicate a
significant difference in the same column (P < 0.05).

Figure 10. SEM micrograph showing cells elliptical in shape attached
to the PCL NF and actively secreting the osteogenic matrix (black
arrows). 1500×.

Figure 11. SEM micrograph of the prepared NFs showing (A)
osteoblasts embedded and attached to PCL−PG11 NF (black arrows
showing osteoblasts), 1000×; (B) osteoblasts embedded in the PCL−
PG18 NF with a preosteogenic bright vesicle on osteoblast surface
(white arrow), 3500×; (C) osteoblasts (black arrows) attached to
PCL−PG18 NF with an irregular surface and vesicle (white arrow)
denoting their osteogenic activity and areas of the expected
osteogenic matrix (dotted arrows), 2000×.
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regeneration is explained by their ability to prevent the
decrease in bone density and bone microarchitecture impair-
ment. They can reduce osteoclast differentiation and bone
resorption by the inhibition of the major osteoclast markers. In
addition, they can stimulate the osteoblastic ALP activity and
mineralization as proved in cell culture.26 The antioxidant
activity could also prevent the oxidative damage occurring in
the protein, lipid, and nucleic acid of the human body due to
the increased reactive oxygen species favoring the proliferation
of the osteoblasts, especially in cases of bone loss.25,43

Moreover, polyphenolic compounds have the ability to
stimulate the proliferation of osteoblast and human bone
marrow stem cells (osteoblast progenitor cells), improving
their osteogenic potential.44

Regarding the electrospinning conditions, the voltage used
for the electrospinning of the PCL solutions and the PCL
solutions loaded with PG was 18.5 and 23.5 kV, respectively.
These voltages allowed the collection of electrospun NFs
without producing any electrical arcs inside the electrospinning
chamber and without any beads in the NFs. This was in
agreement with Gönen et al. who reported electric arcs in the
electrospinning chamber with voltages higher than 25 KV.45

However, electrospinning of PCL−PG11 and PCL−PG18
needed a higher voltage (23.5 kV) compared to PCL due to
the presence of the extract and hence a higher voltage was
mandatory.
The collector−needle tip distance was adjusted at 15 cm. At

a shorter distance, electrical arcs were observed in the
chamber, especially with high voltages, in addition to bead
formation. While increasing the distance above 15 cm, the
whole electrospinning procedure failed. The flow rate was
adjusted at 0.5 mL/h for all samples. A previous study reported
that higher flow rates could increase the fiber diameter and the
tendency toward bead formation in the electrospun fibers.46

The microstructure analysis of the obtained electrospun NFs
was performed where the uniform and bead-free NFs were the
criteria on which NFs were selected. Although the mechanism
of bead formation is still unknown, as reported in the literature,
their occurrence is not favorable as it indicates that a certain
amount of solvent was entrapped inside these beads, and it was
not completely evaporated. The presence of solvent remnants
in the NFs affects their properties and their application
massively.47

The measured mean fiber diameter in this study of PCL NF
was 168.29 nm with a fiber diameter distribution ranging
between 120 and 200 nm. These findings were consistent with
the results obtained by Yari et al. who prepared PCL NF with a
fiber diameter distribution that ranged from 101 and 150 nm
and an average fiber diameter of 116.03 nm. They used the
same polymer concentration and the same solvent with nearly
the same electrospinning parameters.48 Also, Gounani et al.
prepared PCL NF with a fiber diameter range between 156 and
179 nm, considered to be in the same range of the prepared
fibers in this study.49

Meanwhile, the results showed that loading the PCL
solution with different concentrations of PG (11 and 18%)
produced NFs with smaller diameters (149 and 156 nm,
respectively). This might be attributed to the higher voltage
used for electrospinning PCL−PG11 and PCL−PG18 (23.5
kV). It was found that the addition of PG to PCL solution
necessitates the use of higher voltage to allow electrospinning,
and hence, the higher voltage used affected the conductivity
and the degree of jet stretching. This was also reported by

Pillay et al. who studied the different parameters that could
influence the electrospinning of NFs.46

Regarding the FTIR spectroscopy analysis of the PG extract
and the different investigated NFs, the results revealed
diagnostic peaks of PCL as reported by previous work of
Lobo et al. The main peaks attributed to PCL were indexed as
follows: 1724 cm−1 (CO stretching) and 1,240 cm−1

(asymmetric C−O−C stretching).50 These peaks were present
in the three groups of NFs prepared. Other peaks, denoting
phenols and alcohols, were present in the PCL−PG11 NF and
PCL−PG18 NF confirming the incorporation of the PG rich in
phenolic content into the PCL NF. Though these peaks were
not typical of that detected in the phenolic extract itself, this
could be explained by the change occurring to the PG when it
was combined with the PCL polymer in a nanofibrous form.
The release study revealed that the PG followed the

Korsmeyer−Peppas model. This confirms that both diffusion
and erosion were involved in releasing the extract from the
NFs, as explained by Stulzer et al.51 Moreover, the detected n-
values were below 0.45 for both PCL−PG11 NF and PCL−
PG18 NF. This implied that the release of PG followed Fickian
behavior in which the release was mainly caused by a tiny
swelling of NFs followed by diffusion of the extract. The
recorded K-value was also higher for the PCL−PG18 NF
(14.42 min−1) compared to that of PCL−PG11 NF (9.53
min−1), indicating a higher diffusion rate or release kinetics
from PCL−PG18 NF than the other group. This could be
attributed to the higher concentration of PG in this group
(18%).
Using both the BET test and MIP for porosity measurement,

were beneficial as the MIP ensured the interconnectivity of
pores in the scaffolds, while the nanopores were determined
precisely by the nitrogen sorption method. The presence of a
certain amount of nanopores (5−50 nm) is useful for the
crystallization of hydroxycarbonate apatite and cell adhesion,
as reported by Almeida et al.52 Moreover, the results of the
BET test followed that obtained by mercury intrusion, as they
both revealed that the pores in the fabricated scaffolds were
mainly macropores.
The mercury intrusion method confirmed that the pores of

the scaffold were interconnected and not dead-end, which is
mandatory in any scaffold designed for tissue regeneration.
This allows cell infiltration, migration, vascularization, nutrient
transport, and waste removal during scaffold degradation.52

Furthermore, the results revealed an increase in the total
porosity % linked with increasing the amount of the PG in the
NFs. Such an increase in porosity (within an acceptable range
to avoid a negative effect on the mechanical properties) is
favorable as it replicates the highly porous structure of
cancellous bone. Velasco et al. reported that no definite
optimal porosity or pore size could be described for scaffolds
designed for bone regeneration. However, a porosity range
between 50 and 90% is acceptable if the scaffolds are not
subjected to mechanical loads.53

Also, it was observed from the pore distribution calculations
that the % of macropores increased (larger than 50 nm) and
the % of mesopores (2 to 50 nm) decreased in the PG-loaded
scaffolds compared to that in the PCL NF scaffolds. This
means that the surface area of pores increased, leading to a
total increase in the surface area of NFs. This is very beneficial
for proper bone cell ingrowth, vascularization, and nutrient
delivery to the center of the regenerating tissues, as reported by
Almeida et al.52 This explains the increase in the adhesion and
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attachment of cells on PG scaffolds. Also, SEM showed that
the osteoblasts were attached with their processes, were
completely embedded in the nanofibrous structure, and were
actively secreting an osteogenic matrix preparing for bone
ingrowth. These results are in accordance with Abbasi et al.
who reported that bone regeneration into porous scaffolds
depends greatly on scaffold pore size, as bone ingrowth was
more prominent in their in vivo study in 100 μm pore-sized
scaffolds. Moreover, Croisier et al., 2012, reported that a pore
size of nearly 300 μm is required for osteoblast infiltration and
bone formation.54,55

Previous studies reported a slow degradation rate of PCL,
which might prolong up to 2 years, due to the presence of
hydrolytically labile aliphatic ester bonds,53 though with the
addition of PG to the PCL scaffolds significant improvement in
the PCL degradation was noticed at all time intervals. This
could be considered advantageous as it might allow better
cellular infiltration of osteoblasts, more release of the active
constituents of PG from the scaffold, benefiting from its
medicinal properties and hence better bone regeneration.
The attachment and embedding of osteoblasts on the PG-

loaded NFs were similar to the SEM description reported by
Jain et al. who found nearly the same osteoblast morphology
and attachment on their prepared PCL/curcumin NFs,
verifying the positive effect of adding natural extracts on cell
attachment and proliferation to polymeric scaffolds.12

We can clearly state from the results of this study that the
addition of PG to PCL scaffolds enhanced the antioxidant
activity of the polymeric scaffold by nearly 96%, in addition to
an improved TPC. Additionally, proper porosity distribution
and interconnectivity were reflected on the remarkable
attachment and embedding of the osteoblasts on the PG-
loaded scaffolds with an improvement in the degradation rate
compared to the PCL scaffolds.

4. CONCLUSIONS

Within the limitations of this study, we concluded that the
addition of PG to PCL NFs led to the formation of PCL−PG
scaffolds with proper porosity, pore size diameter distribution,
and an increased degradation rate compared to the PCL
scaffold. The experimentally fabricated PCL−PG scaffolds
showed a significant improvement in osteoblasts’ attachment
and proliferation in comparison to the negative control group.
These conclusions demonstrate that the incorporation of

natural food waste, PG, in the PCL scaffolds improved its
properties, offering new environmentally friendly, economically
reasonable nanoporous biocompatible scaffolds as candidates
for better bone regeneration. To the best of our knowledge,
this is the first report on combining PG with PCL in an
electrospun nanofibrous scaffold with superior porosity,
degradation, cell attachment, and proliferation.

5. EXPERIMENTAL SECTION

5.1. Materials. PCL in the form of pellets (molecular
weight 80,000), methanol (≥99.8% (GC) purity), DPPH, and
Folin−Ciocalteu reagent (Folin) were purchased from Sigma-
Aldrich Co. (USA). FA of 98/100% purity was obtained from
Thermo Fisher Scientific (USA). As for gallic acid, it was
purchased from Merck Millipore Co. (Germany), while the
phosphate-buffered saline (PBS) was purchased from Lonza,
Belgium, and 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-
tetrazolium bromide (MTT) was obtained from SERVA

Electrophoresis GmbH (Germany). Sodium Carbonate was
obtained from El-Nasr pharmaceutical chemicals (Egypt) and
Alizarin Red S Monohydrate was purchased from MP
Biomedicals, LLC (USA). The osteogenic media was prepared
from Dulbecco’s modified Eagle’s medium with 4.5 g/L
glucose and with L-glutamine and Ham’s F-12 with L-
glutamine, purchased from BioWhittaker Lonza (USA), the
fetal bovine serum was obtained from HiMedia (Brazil), and
the antib-anti (100×) penicillin/streptomycin/amphotericin
(antibiotic-antimycotic) was obtained from Gibco Life
Technologies Co., (USA). Finally, the β-glycerophosphate
disodium salt hydrate and dexamethasone (9α-fluoro-16α-
methylprednisolone) were obtained from AppliChem GmbH
(Germany) with L-ascorbic acid Na salt from SERVA
Electrophoresis GmbH (Germany).

5.2. Methods. 5.2.1. Preparation of PCL, the PG Extract,
and PCL−PG Solutions. Dissolution of PCL in FA was
performed using a magnetic stirrer overnight to obtain a
homogenous PCL solution of 14% concentration (control
group). For the PG solution, pomegranate was collected in its
harvesting season. The peels were washed thoroughly, dried in
a freeze-dryer (BIOBASE, China) for 24 h, and then ground
using a mechanical mixer. The peel powder was soaked in
methanol and kept in the dark at room temperature for 48 h,
followed by centrifugation for 10 min at 8000 rpm. The
obtained extract solution was freeze-dried for 72 h to get a dry
solid powder ready to be mixed with PCL.
For the PCL−PG solutions, PCL pellets and the freeze-dried

PG powder (wt/wt) were mixed and dissolved in FA overnight
to obtain two homogenous clear solutions ready for electro-
spinning, 14% PCL with 11% PG concentration (PCL−PG11)
and 14% PCL with 18% PG concentration (PCL−PG18). The
two concentrations of the PG were selected based on a
performed pilot study, where different random concentrations
of PG were tried. Then, the selection was based on certain
fiber criteria (absence of beads in the fibers, no intermingling
of fibers, fibers’ uniformity, proper fiber diameter distribution,
and presence of porosity), in addition to the antioxidant
activity and TPC of the obtained fibers. The pilot study is
present in detail in the Supporting Information section.

5.2.2. Electrospinning of PCL and PCL−PG NFs. The
prepared PCL, PCL−PG11, and PCL−PG18 solutions were
electrospun using an in-house electrospinning set-up (Sino
MDT Syringe Pump SN-50 C6). The electrospinning of the
different solutions was conducted at a flow rate of 0.5 mL/h for
12 h with a 15 cm distance between the needle tip and the
collector, covered with aluminum foil for the deposition of
NFs. The voltage used was set at 18.5 kV for the PCL control
group and 23.5 kV for the PCL−PG solutions.

5.2.3. Characterization of NFs. 5.2.3.1. SEM Analysis of
NFs. The electrospun NFs were gold sputtered and analyzed
with SEM, Zeiss-Supra 55 Leo, Germany, and the fiber
diameter (100 fiber diameters for each sample) was measured
using ImageJ software,56 followed by OriginLab Software
(Origin(Pro), OriginLab Corporation, Northampton, MA,
USA). A histogram was plotted, and the results of the fiber
diameter were reported as mean ± SD for each group.
Moreover, elemental energy dispersive X-ray (EDX) analysis
was performed for the PG extract (study present in the
Supporting Information section).

5.2.3.2. FTIR Spectroscopy. The molecular structures of PG
and NFs of the three groups, PCL NFs (PCL NF), PCL NFs
containing 11% PG (PCL−PG11 NF), and PCL NFs
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containing 18% PG (PCL−PG NF18), were studied with the
aid of FTIR (Thermo Fisher Scientific Nicolet 380
Spectrophotometer, USA) at 4000−400 cm−1.
5.2.3.3. Antioxidant Analysis of NFs. A DPPH inhibition

test was performed for the antioxidant analysis of the three NF
groups. The same amount of NFs from each group was
weighed, immersed in 2.5 mL of methanol and 1 mL of DPPH
reagent (0.5 mmol concentration), and shaken for 24 h in
tightly sealed dark containers. Then, centrifugation was
performed for 5 min at 10,000 rpm. Examination of the
supernatant with a spectrophotometer (CARY 500 SCAN
Varian, Hi-tech, NJ, USA) at 517 nm was performed, and
scavenging inhibition % of the NFs was calculated using the
following equation57−59

DPPH scavenging activity %

absorbance (control) absorbance (sample)

/absorbance (control) 100

= {[ − ]

} ×

5.2.3.4. TPC of NFs. To determine the TPC of the obtained
NFs, the Folin−Ciocalteu test was performed, where the same
amount of NFs from the different prepared solutions was
weighed and placed in 2.5 mL of Folin solution (10% v/v
aqueous). Then, 2 mL of an aqueous sodium carbonate
solution was added to the fibers, and the samples were shaken
for 24 h in tightly dark sealed containers and centrifuged for 5
min at 10,000 rpm. Examination of the supernatant by the
spectrophotometer at 765 nm was performed, and the TPC of
the NFs was calculated and expressed as gallic acid equivalents
(mg/g) according to the obtained gallic acid standard
calibration curve with an R2 of 0.9827.
5.2.4. Release Kinetics Study of PG from PCL−PG NFs. 10

mg of each NF group was individually placed in a dialysis bag
containing 2 mL of PBS and methanol. The bag was inserted in
a falcon tube filled with 8 ml of the same media, and the tube
was shaken gently at room temperature. After, 1 mL of the
media was aspirated with a pipette for analysis from the falcon
tube at different time intervals, 3, 6, 12, 24, 48, and 72 h. The
media of the PCL NF was used as a blank during the
measurement of the released extract in the media surrounding
the NFs of the two other groups.
The total cumulative amount of PG (mg) released in the

volume of the medium (mL) was estimated through UV−vis
spectrophotometer at 270 nm, and the experiment was
performed in triplicate, and average values were reported.
The percentage of cumulative PG released was calculated using
the following equation58,60

M
M

cumulative release percentage 100
t

t
t

0 0
∑= ×
=

whereMt is the cumulative amount of PG released at each time
interval and M0 is the initial amount of the PG present in the
NFs (11 and 18%).
To study the kinetic profile of PG release from the NFs, data

were treated according to zero-order (cumulative percentage of
drug released vs time), first-order (log cumulative percentage
of drug remaining vs time), Higuchi (cumulative percentage of
drug released vs square root of time), Korsmeyer−Peppas (log
cumulative percentage of drug released vs log time), and
Hixson−Crowell (cube root of cumulative percentage of drug
remaining vs time) equations.61

5.2.5. Porosity Measurement. Two different methods were
used to measure the porosity of the different investigated
PCL−PG extract composites.

5.2.5.1. BET Method. For nanoporosity measurement, the
BET method was performed. 0.5 g of each NF group, PCL NF,
PCL−PG11 NF, and PCL−PG18 NF, was weighed and cut
into squares of 3 mm2. The surface area of nanofibrous sheets
was calculated using the nitrogen gas physical adsorption
method with a Micromeritics ASAP 2020 surface area analyzer.

5.2.5.2. MIP. The porosity of the fabricated nanofibrous
scaffold was measured using a MIP (pore sizer; model 9320,
Micrometrics USA). The total percent porosity and the pore
diameter distribution, macro-, meso-, and micropores, in the
NFs were recorded.

5.2.6. Degradation Analysis. For measurement of degra-
dation using the weight loss method, water sorption of the
different investigated groups was initially evaluated at different
time intervals (7, 14, and 21 days). Three sets of NF samples
were prepared. Each sample was prepared in the form of a
square of 1 cm2, and their weights were recorded as Wo. Then,
samples were immersed in 10 mL of PBS, (pH = 7.5) for 21
days, and the mean of five samples in each group was recorded.
After each time interval, the sample was removed carefully
from PBS, wiped gently with filter paper, and then weighed
(Ww). For dryness, samples were kept for 2 h in an incubator at
40 °C and then at room temperature for another 24 h. The
dried samples were weighed (Wr). Samples were kept in a
shaker at a controlled temperature of 37 °C for the different
time intervals.
The following equations were used to calculate water

sorption % and weight loss percentage (WL %), respectively62

W W Wwater sorption % ( )/ 100w r r= − ×

where Ww is the weight of the sample after removal from PBS
and before drying and Wr is the weight of the dried sample.

W W WWL % ( )/ 100o r o= − ×

where Wo is the original weight of the sample and Wr is the
weight of the dried sample.

5.2.7. In Vitro Biological Evaluation. 5.2.7.1. Isolation of
Mesenchymal Stem Cells and Osteoblast Culture. With the
approval of the Research Ethics Committee, bone marrow-
derived mesenchymal stem cells (BM-MSCs) were obtained
from a young male albino rabbit (age = 12 weeks and weight =
1.25 kg). Primary isolation and culture of BM-MSCs were
performed, followed by osteogenic differentiation carried out
according to the Hofmann et al. protocol.63 Osteogenic
differentiation was confirmed by the histochemical stain,
Alizarin Red S, and examined with an inverted phase contrast
microscope (Olympus America Inc., USA).23

5.2.7.2. Cytotoxicity Test. Cytotoxicity was measured by the
MTT assay, following the Shokrzadeh and Modanloo
protocol64 using the third passage of differentiated cells. The
nanofibrous scaffolds (5 samples/group) were cut in squares of
0.4 cm2 and sterilized using ultraviolet radiation for 45 min for
each side.50

Cultured osteoblasts derived from rabbit bone marrow
mesenchymal stem cells (OB-BMMSCs) were lifted from the
culture vessel by trypsinization, counted by a hemocytometer,
and seeded at a density of 4000 cells/cm2 in multiwell plates
overnight. Scaffolds were incubated with cells for two time
intervals (24 and 72 h). Optical density (OD) was measured at
an absorbance of 492 nm using an ELISA microplate reader
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(Bio-Rad, USA). Growth media containing OB-BMMSCs
without any scaffolds were used as the negative control.
To calculate % cell viability, the following equation was used,

and the results were represented as mean ± SD.65,66

cell viability % (OD treated/OD control) 100= ×

5.2.7.3. Assessment of Cell Attachment on Scaffolds. For
assessment of cell attachment on scaffolds, three samples of
each group of NFs were prepared, sterilized, and placed in 24-
well plate as previously mentioned for the MTT assay. The
well plate was then incubated for 1 week, and media were
changed twice during the incubation period. Protocol of cell
fixation was performed according to Thompson et al.67

Samples were then gold sputtered and examined under SEM.
5.2.8. Statistical Analysis. All statistical analyses for

numerical data were analyzed by Tukey’s post hoc test one-
way ANOVA., using GraphPad Prism version 7.00 for
Windows, GraphPad Software, La Jolla, California, USA. The
results were expressed as mean ± SD with a significance level
of P < 0.05.
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