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Abstract: Recently, there has been a growing interest in research on nanofibrous scaffolds developed
by electrospinning bioactive plant extracts. In this study, the extract material obtained from the
medicinal plant Inula graveolens (L.) was loaded on polycaprolactone (PCL) electrospun polymeric
nanofibers. The combined mixture was prepared by 5% of I. graveolens at 8% (PCL) concentration
and electrospun under optimal conditions. The chemical analysis, morphology, and crystallization of
polymeric nanofibers were carried out by (FI-IR) spectrometer, scanning electron microscopy (SEM),
and XRD diffraction. Hydrophilicity was determined by a contact angle experiment. The strength
was characterized, and the toxicity of scaffolds on the cell line of fibroblasts was finally investigated.
The efficiency of nanofibers to enhance the proliferation of fibroblasts was evaluated in vitro using
the optimal I. graveolens/PCL solutions. The results show that I. graveolens /PCL polymeric scaffolds
exhibited dispersion in homogeneous nanofibers around 72 £ 963 nm in the ratio 70/30 (V:V), with
no toxicity for cells, meaning that they can be used for biomedical applications.

Keywords: electrospun; Inula graveolens (L.); polycaprolactone; scaffolds; cell culture

1. Introduction

Inula graveolens (L.) belongs to the family of Asteraceae, which is traditionally used
in some medicines and food additives [1,2]. It is an annual herbaceous genus of plant
species that usually grow in Iraq, Southwest Asia, and Mediterranean regions [3]. Recent
studies indicated that the methanol extract of this plant has antioxidant and antimicrobial
activities [4]. In recent years, electrospun technology based on nanofibers has attracted a
huge deal of interest because it is simple and can be easily controlled. It could also produce
new polymeric material scaffolds that support or replace impaired weak cells and tissues
from natural parts of plant materials [5,6].

Electrospinning is an evolving nanofiber manufacturing technique that has attracted
attention due to its versatility and relatively low cost. Electrospinning is widely used in
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tissue engineering for biomedical purposes, such as possible injury healing and scaffolding
to replace damaged tissues, support cell growth, and support interactions that can mimic
the body’s environment [7-9]. A variety of criteria, such as biodegradation, biocompat-
ibility, mechanical properties, scaffolding architecture, and manufacturing technology,
are considered when designing or assessing a tissue engineering scaffold [10]. Such new
biomaterials with desired properties will fulfill the requirement of fabric engineering that
minimizes the secondary effects of other materials. Natural polymers from green plants are
renewable [11,12]. Electrospinning of a polycaprolactone (PCL)/gelatin(Gel) /hyaluronic
acid(HA) blended solution composite scaffold has been shown in recent studies to be
an efficient technique for modifying PCL nanofibrous scaffolds for 3D glioblastoma cell
culture [13]. Polycaprolactone (PCL), silver nitrate (AgNO3) and zinc oxide (ZnO) were
used for the fabrication of a multilayered antibacterial nanocomposite material using co-
axial electrospinning (CAE) as described by Guner CETIN et al. [14]. It was indicated
that electrospun plants and their derivatives” nanofibers such as polysaccharides provide
unique characteristics which will lead to enhancing wound healing, such as good bio-
compatibility, liquid absorption, strong durability, minimum toxicity, and antibacterial
activities. Lacob et al. [15]. The impact of the aligned and randomly orientated PCL scaf-
folds was studied by Abbasi et al. [16] on quantitative gene expression during neural stem
cell differentiation by real-time polymerase chain reaction (RT-PCR). An investigation by
Jahani et al. [17] studied the production of nerve cells from mesenchymal stem cells through
PCL nanofibrous scaffolds as a 3D matrix to induce cell proliferation and differentiation.
In addition, co-electrospun collagen with poly (vinyl alcohol) (PVA)/N-[(2-hydroxy-3-
trimethyl-ammonium)-propyl] chitosan chloride) (HTCC) has been shown to develop a
scaffold with good biocompatibility, and mechanical properties. as described by Khalaji
et al. [18]. A biodegradable polymer such as poly(e-caprolactone) has been extensively
applied in the electrospinning method and has multiple biomedical applications due to
its interesting mechanical properties and biocompatibility [19,20]. However, because of
its hydrophobicity, it is not easy to provide an ability for cell adhesion, development,
and proliferation. The combination of plant and synthetic polymers by electrospinning
is, therefore, a promising way of overcoming these challenges [21]. On the other hand, I.
graveolens is cheap and readily available, and it is possible to produce scaffolds at a low
cost.

In this study, the electrospinning technique was used to produce polymeric scaffolds
from a natural polymer derived from I. graveolens loaded with biocompatible PCL polymer,
which was chosen as a carrier for its favorable surface properties to produce a novel
material scaffold with better characterization for biomedical applications.

There are different ratios of both I. graveolens and PCL that were used via electrospin-
ning methods, and we selected the sample with I. graveolens /PCL ratio of 3:7 (V:V), and the
sample with ratios was adapted depending on the properties of the resulting fibers. Then,
we carried out several tests to investigate morphological features of nanofibers and beads,
including FT-IR for the analysis of functional groups in scaffold, and a contact angle test
was used to detect the hydrophilicity of the scaffold, and the tensile strength was observed.
Finally, suitable conditions of the prepared polymeric scaffold for fibroblast cells were
obtained.

2. Materials and Methods
2.1. Plant Extract

I. graveolens was obtained from Basrah governorate, Iraq, during October 2020. The
samples were identified and deposited in the Herbarium Department, Science College,
Basrah University, Iraq. The aerial parts of a plant extracted with a Soxhlet Instrument after
cleaning and drying. In short, 100 g was soaked in 80% methanol at room temperature
for 24 h. The methanolic extract was filtered and evaporated to dryness under reduced
pressure in a rotary evaporator to afford 10 g of dry extract.
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PCL polymer with a molecular weight of Mn = 80,000, acetic acid, and formic acid
was provided by Sigma-Aldrich, the Dimethyl sulfoxide (DMSO), phosphate buffer saline
(PBS), Dulbecco Modified Eagle’s Medium (DMEM) Culture medium, MTT agent (3-
(4,5-dimethylthiazol-2-yl-2,5- diphenyltetrazolium bromide) and other supplements were
obtained from Invitrogen.

2.2. Fabrication of PCL/I. graveolens Solution and Suspension

Firstly, various amalgamations of PCL and I. graveolens with several ratios and concen-
trations were prepared and subjected to the electrospinning. The 3/7 ratio was ultimately
selected for the combination of I. graveolens/PCL polymer.

A PCL solution (8 wt.%) was prepared separately by dissolving 0.08 g of PCLin 1 mL in
acetic/formic acid (1:2 w/w) under magnetically stirring at room temperature. A solution
of I. graveolens concentration of 5 wt.% was acquired by dissolving 0.05 g of I. graveolens
in in acetic/formic acid (1:2 w/w). The homogenous mixtures of I. graveolens /PCL were
obtained with a ratio of 3/7 (V:V).

2.3. Electrospun

The feeding rate and the distance between the needle and the collector were set at
0.5 mL/h and 20 cm, respectively; the optimum voltage was 8 kV, and the polymer feed
rate was 0.5 mL/h. The aluminum sheet was used for collecting the fibers. Electrospinning
was performed at a temperature of 25 °C and a relative humidity of 20%.

2.4. Characterization

SEM tested the morphological characteristics of the generated nanofibers of I. grave-
olens /PCL scaffold by coating the surface of nanofibers with a thin layer of 5 mA gold
undercurrent and voltage of 6 kV and the morphology of the fibers was tested.

2.5. FT-IR

Various electrospun specimens with FTIR were analyzed. Chemical analysis of the
prepared nanofibers was conducted. The spectrum was scanned at a resolution of 4 cm ™!

over a spectrum of 500-4000 cm 1.

2.6. XRD

For XRD measurements, for PCL nanofibers and I. graveolens extract, loaded PCL
nanofibers were obtained using Philips apparatus at an angle of (20) around 10° and 80°,
with Cu as a reference at wavelengths of 1.5406 A (A).

2.7. Tensile Strength

The analysis was performed according to ASTM D 5035 (Standard Test Method for
Breaking Force and Elongation of Textile Fabrics (Strip Method)) to estimate tensile strength.
Samples were measured with a width of 2.54 cm, and 5 cm each was constructed in a warp
direction, the weft direction, with a length of 15 cm.

2.8. Water Contact Angle

A sessile drop water angle approach was used to test the weight ability of an elec-
trospun fibrous scaffold using the OCA 20 surface analyzing system (GmbH, Filderstadt,
Germany). Distilled water was used as a solvent to generate a droplet on the nanofiber
surface. The touch angle captured the images and processed them. For each sample, triple
testing and mean =+ SD values were conducted.

2.9. Cell Culture

The fibroblasts’ (rat dermal) cell line was obtained from (Sigma- Aldrich, Hamburg,
Germany). Fibroblasts cells were cultured by Dulbecco’s modified Eagle medium, enriched
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with 15% fetal bovine serum, streptomycin (100 ng/mL) and penicillin (100 pg/mL) and
humidified incubator, which contains 5% CO,, at 37 °C.

2.10. MTT

Fibroblast cells were grown in DMEM cultured medium supplemented by 10 %
FBS with 1 % penicillin/streptomycin and incubated at 37 °C in a humidified Incu-
bator of 5 % CO2 according to last studies previously described by Phaiju, S. et al.
and Phaiju, S. et al. [22,23]. Briefly, 5 mg/mL of reagent (4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) was obtained in PBS in a well-plated 96 fibroblasts cell line
by seeding density of 2 x 10* at 37 °C in 5% CO, incubator. Cell-containing microplates that
were centrifuged to separate cells, residues and plates at 3500 RPM were dried, followed
by applying 160 and 20 pL of glycine buffer.

3. Results and Discussion

This study concerned the development of 1. graveolens/PCL nanofibrous scaffolds
using an electrospinning technique. The scaffolding conditions are improved by adjusting
the electrospinning parameters, which include the needle measurement, the collector, the
voltage, and the pumped polymer quantity. After optimization of conditions [24], bead-free
fibers with a minimum diameter were obtained. To that end, the needle’s distance to the
collector was 20 cm, the voltage was 8 kV, and the polymer flow was 0.5 mL/h, and a
blend of 8% PCL and 5% I. graveolens were found to be suitable. The polymeric materials,
becoming smaller in scale with a large surface area to volume ratio, can provide the
plant extracts with improved properties such as chemical and antimicrobial activity [25].
The major benefit of plant scaffolding is the obvious simplicity with which it can be
produced and handled; the design of a variety of sizes and shapes is entirely foldable,
easy to cut, shaped, rolled, or stacked. They can also be reused, are easy to use, and are
relatively cheap [26]. The principle of plant material Electrospun comprising therapeutic
characteristics especially wound healing on the polymer matrix, is impressive. In Figure
1, the SEM micrographs of PCL Electrospun nanofibers and 1. graveolens/PCL nanofibers
showed that nano-scaled fibrous structures without beads were present. It was acquired
under the controlled spinning conditions used in this research. The scaffold nanofibers
derived from the I. graveolens/PCL combination were illustrated with micrographs of
the SEM in Figure 1. As seen in the pictures, the fiber diameter decreases when natural
polymers are increased. Fiber diameters were 72 £ 963 nm in the PCL/I. graveolens
ratio 70/30 (V:V). In a similar study, Suryamathi and his coworkers reported that the
average fiber diameter of PCL nanofibers was increased with the encapsulation of Tridax
Procumbens Extract [27]. A natural I. graveolens polymer is also a polyelectrolyte polymer,
which can release ionic groups such as carboxyl groups in the solution. The addition of
anionic and cationic polyelectrolytes increases the electric conductance of the solution of
electrospinning [28].
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Figure 1. SEM micrographs of (a) Electrospun PCL nanofibers and (b) I. graveolens extract loaded PCL nanofibers.

3.1. FTIR Results

FTIR was performed to inspect the functional groups found in pure PCL and 1. grave-
olens /PCL nanofibers scaffolds which were clarified in (Figure 2). The FTIR spectrum
presents a number of peaks at curve regions from about 3400 to 650 cm™!. Areas on the
curve of 1. graveolens lead to the O-H stretching, stretching (CH, CH2, and CH3), C=0
stretching, C-C intraloop stretching, C-H bending, C-O-C stretching, C-O stretching, car-
boxylic acid bending O-H, and C-H bending, respectively. On the PCL curve, which
corresponds to stretching CH2, stretching C-H, stretching C=0, stretching C=C, bending
C-H C-H rock, C-H wag, C-O of carboxylic acid, bending OH of carboxylic acid, and
aromatic C-H, respectively, some peaks can also be found in 2900 to 740 cm™! region. We
can observe peaks corresponding to PCL when analyzing the 1. graveolens/PCL curve,
which is indicative of the lack of any chemical reactions between . graveolens and PCL.

3.2. XRD

Figure 2 shows the corresponding XRD graph for PCL, I. graveolens, and a mixture
of 7/3 with a PCL/I. graveolens ratio. As can be noted, there are two distinctive peaks in
the PCL curve; by observing the XRD pattern, the loading of I. graveolens extract into the
PCL nanofibrous scaffolds has been verified. The XRD of PCL nanofibers (Figure 3) shows
peaks at 2019, 21.3, 24.6, and 42 indicate crystallinity of the PCL nanofibers. The peaks
underwent a blue shift and appeared at 20 18.8, 23.9, and 41.4 with PCL nanofibers loaded
with increased intensity for I. graveolens. The rise in strength provides a higher degree of
crystallinity. The XRD pattern means that the 1. graveolens extract has been successfully
loaded into PCL nanofibers.
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3.3. Hydrophilicity Test

The hydrophilicity of scaffolds is one of the most important parameters in the man-
ufacture of scaffolds to make it possible for cells to adhere to and develop [29]. Via the
contact angle test, the hydrophilicity of the scaffold was evaluated [30]. In the PCL, the
water touch angle is around 118.4° & 2.0°. The contact angle of the scaffold composed of
PCL and 1. graveolens with a ratio of 7/3 obtained was about 51.4 £ 2.0° (Table 1). The
addition of I. graveolens to the polymer solution dramatically increases the scaffold hy-
drophilicity, resulting in better adhesion of cells to the scaffold. The results of present study
are agreement with those of previous studies indicated the adding natural plant extract,
improved the hydrophilic behavior of PCL nanofibrous scaffold [31]. Similar results by
Agnes Mary et al. [32] showed that there was a lower contact angle value for PCL scaffolds
containing natural plant extract (Aloe vera (AV)).

Table 1. Samples’ codes, compositions, and electrospinning conditions of the Electrospun nanofibers.

Contact Angle (°)

Sample Solutions:Ratio (Hydrophilicity) FR (mL/h) TCD (cm) Voltage (kV)
PCL - 118.4° £+ 2.0° 0.5 18 20
PCL/I. graveolens 70:30 51.4 £2.0° 0.5 18 20

3.4. Tensile Strength

Mechanical properties are among the most relevant characteristics of a scaffold. Suit-
able stability, elasticity, and adequate resistance to external mechanical forces should be
given for the scaffold. Table 2 displays the mechanical properties of the nanofibrous Elec-
trospun scaffolds. Compared to PCL nanofibers 1.6 &= 0.1 MPa alone, the tensile strength of
the I. graveolens nanofibers was 5.2 + 0.7 MPa, which is increased as I. graveolens extract
incorporated, and this finding agrees with the literature [33].

Table 2. Physical properties of the PCL/I. graveolens Electrospun nanofibers after cross-linking
(*: p <0.05).

Sample Ultimate Tensile Strength Contact Angle (°)

P (MPa) (Hydrophilicity)
PCL 1.5+0.1 118.4 £ 2.0
PCL/1. graveolens 52407 1224 £2.0

3.5. Cell Viability

MTT assay was achieved to evaluate the toxicity and biocompatibility of I. grave-
olens /PCL nanofibers on Fibroblast cells (Figure 4) that shows cell viability cultures at
different times 24, 48, and 72 h, respectively, of incubation. The growth rate on the scaffold
of the PCL/1. graveolens is higher than on the scaffold made of PCL, as is evident on the
graph, and also surpassed that of the control group at the end of the third day. The results
showed that nanofiber scaffolds of PCL/I. graveolens exhibit no cytotoxicity on Fibroblast
cells. The fabricated nanofibers of captured I. graveolens /PCL were obtained by Electrospun,
with attractive amplified surface area and density, pore size properties, that advanced by
optimization by adjusting some important variables such as the distance between needle
and collector, electrical voltage, and also the amount of the polymer after being pumped.
Nanofibers have gained considerable importance in biotechnology due to their promising
applications due to a large surface area that could be turned into an ideal matrix for cellular
activities [34]. Nanofibers form a chain of biomaterial interactions within cell cultures.
Therefore, it is necessary to make use of biocompatible materials for this matter [35].
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Figure 4. Cytotoxicity results of PCL and I. graveolens /PCL nanofibers on fibroblast cell culture by MTT assay, after 24, 48,
and 72 h of cell seeding. (p < 0.05); represent significant differences between the same sample at a different time (p < 0.05).

4. Conclusions

In summary, PCL fibers functionalized with plant extract I. graveolens were successfully
obtained through the electrospinning process using PCL as polymer, in acetic/formic acid
(1:2 w/w) as an organic solvent to prepare the polymeric solutions. The fibers produced by
electrospun from the spinning I. graveolens /PCL were nanofibers with ribbon-like twisted
forms and have no toxic effect on cell cultures. Our study has demonstrated that electrospin-
ning is an encouraging progress for the manufacture of scaffolds consisting of nanofibers
containing a potent natural polymer such as polymer derived from I. graveolens that has
medicinal applications with synthetic biodegradable PCL polymer with a suitable choice
for fibroblast cell culture at a 7/3 (V:V) ratio. Evaluating the Tensile strength hydrophilicity
test, as well as, cell toxicity and biocompatibility, indicated that I. graveolens/PCL scaffold
could be a potential candidate for tissue regeneration and wound healing applications.

Author Contributions: Conceptualization and methodology, W.J.A.-K., S.A., AJ.M.A -F,; formal
analysis, H.K.A.-K., S M.A.-M. and G.M.S.; investigation and data curation, WJ.A.-K.,S.A., A]JM.A -
F,SM.A.-M.,, and G.M.S; validation YH.D., M.S.A. and D.A.S,; visualization, all authors; writing—
original draft preparation, W.J.A.-K,, S.A., A]JM.A.-F, SM.A.-M,, and G.M.S.; writing—review and
editing, YH.D., M.S.A., and D.A.S,; supervision, S.A. and G.M.S.; project administration, S.A. All
authors gave approval to the final version of the manuscript.

Funding: The authors extend their appreciation to the Deanship of Scientific Research at King Saud
University for funding this work through research group NO (RGP-1435-086).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: The authors extend their appreciation to the University of Misan, University of
Basrah, Al Qasim Green University, University of Technology, and Researchers Support & Services
Unit (RSSUF) at King Saud University for their technical support.

Conflicts of Interest: The authors declare no conflict of interest.



Appl. Sci. 2021, 11,828 90f 10

References

1. Al-Fartosy, A.J]. Antioxidant properties of methanolic extract from Inula graveolens L. Turk. J. Agric. For. 2011, 35, 591-596.

2. Blanc, M.C.; Muselli, A.; Bradesi, P.; Casanova, J. Chemical composition and variability of the essential oil of Inula graveolens from
Corsica. Flavour Fragr. ]. 2004, 19, 314-319. [CrossRef]

3. Ahmed, HM. Ethnopharmacobotanical study on the medicinal plants used by herbalists in Sulaymaniyah Province, Kurdistan,
Iraq. J. Ethnobiol. Ethnomed. 2016, 12, 8. [CrossRef] [PubMed]

4. Gokbulut, A.; Ozhan, O.; Satilmis, B.; Bat¢ioglu, K.; Giinal, S.; Sarer, E. Antioxidant and antimicrobial activities, and phenolic
compounds of selected Inula species from Turkey. Nat. Prod. Commun. 2013, 8, 475-478. [CrossRef] [PubMed]

5. Wang, C,; Wang, J.; Zeng, L.; Qiao, Z.; Liu, X,; Liu, H.; Zhang, J.; Ding, ]J. Fabrication of Electrospun polymer nanofibers with
diverse morphologies. Molecules 2019, 24, 834. [CrossRef]

6. Al-Musawi, S.; Albukhaty, S.; Al-Karagoly, H.; Sulaiman, G.M.; Alwahibi, M.S.; Dewir, Y.H.; Soliman, D.A.; Rizwana, H.
Antibacterial activity of honey/chitosan nanofibers loaded with capsaicin and gold nanoparticles for wound dressing. Molecules
2020, 25, 4770. [CrossRef]

7. Hemamalini, T.; Giri Dev, V.R. Comprehensive review on electrospinning of starch polymer for biomedical applications. Int. |.
Biol. Macromol. 2018, 106, 712-718. [CrossRef]

8. Sharma, P.; Kumar, P; Sharma, R.; Bhatt, V.D.; Dhot, P.S. Tissue engineering; current status & futuristic scope. J. Med. Life 2019, 12,
225-229. [CrossRef]

9.  Ghosh, M.; Halperin-Sternfeld, M.; Adler-Abramovich, L. Bio mimicking of extracellular matrix. Adv. Exp. Med. Biol. 2019, 1174,
371-399. [CrossRef]

10. Laurent, C.P,; Vaquette, C.; Liu, X.; Schmitt, ].F.; Rahouadj, R. Suitability of a PLCL fibrous scaffold for soft tissue engineering
applications: A combined biological and mechanical characterisation. J. Biomater. Appl. 2018, 32, 1276-1288. [CrossRef]

11. Mirza, S.; Zia, I; Jolly, R.; Kazmi, S.; Owais, M.; Shakir, M. Synergistic combination of natural bioadhesive bael fruit gum and
chitosan/nano-hydroxyapatite: A ternary bioactive nanohybrid for bone tissue engineering. Int. J. Biol. Macromol. 2018, 119,
215-224. [CrossRef] [PubMed]

12.  Siddiqui, N.; Asawa, S.; Birru, B.; Baadhe, R.; Rao, S. PCL-based composite scaffold matrices for tissue engineering applications.
Mol. Biotechnol. 2018, 60, 506-532. [CrossRef] [PubMed]

13. Unal, S.; Arslan, S.; Yilmaz, B.K.; Oktar, EN.; Ficai, D.; Ficai, A.; Gunduz, O. Polycaprolactone/Gelatin/Hyaluronic Acid
Electro-spun Scaffolds to Mimic Glioblastoma Extracellular Matrix. Materials 2020, 13, 2661. [CrossRef] [PubMed]

14. Cetin, G.; Catalgol, Z.; Aydogdu, M.O.; Altun, E.; Koc, F; Lin, C.C.; Sengil, A.Z.; Gunduz, O. A novel antibacterial nanofibers mat
made of co-axial electrospun polycaprolac-tone/silver nitrate/ zinc oxide composites. Adv. Nano-Bio-Mater. Dev. 2018, 2, 275-286.

15. Tacob, A.T.; Dragan, M.; Ionescu, O.M.; Profire, L.; Ficai, A.; Andronescu, E.; Confederat, L.G.; Lupascu, D. An Overview of
Biopol-ymeric Electrospun Nanofibers Based on Polysaccharides for Wound Healing Management. Pharmaceutics 2020, 12, 983.
[CrossRef]

16. Abbasi, N.; Hashemi, S.M.; Salehi, M.; Jahani, H.; Mowla, S.J.; Soleimani, M.; Hosseinkhani, H. Influence of oriented nanofibrous
PCL scaffolds on quantitative gene expression during neural differentiation of mouse embryonic stem cells. J. Biomed. Mater. Res.
A 2016, 104, 155-164. [CrossRef]

17. Jahani, H; Jalilian, EA.; Wu, C.Y,; Kaviani, S.; Soleimani, M.; Abbasi, N.; Ou, K.L.; Hosseinkhani, H. Controlled surface morphol-
ogy and hydrophilicity of polycaprolactone toward selective differentiation of mesenchymal stem cells to neural like cells. J.
Biomed. Mater. Res. A 2015, 103, 1875-1881. [CrossRef]

18.  Khalaji, S.; Golshan Ebrahimi, N.; Hosseinkhani, H. Enhancement of biocompatibility of PVA/HTCC blend polymer with collagen
for skin care application. Int. J. Polym. Mater. Polym. Biomater. 2020. [CrossRef]

19. Coverdale, B.D.M.; Gough, J.E.; Sampson, W.W.; Hoyland, J.A. Use of lecithin to control fiber morphology in Electrospun poly
(e-caprolactone) scaffolds for improved tissue engineering applications. J. Biomed. Mater. Res. A 2017, 105, 2865-2874. [CrossRef]

20. Hwang, P.T.; Murdock, K.; Alexander, G.C.; Salaam, A.D.; Ng, J.I.; Lim, D.J.; Dean, D.; Jun, H.W. Poly(e-caprolactone)/gelatin
composite Electrospun scaffolds with porous crater-like structures for tissue engineering. J. Biomed. Mater. Res. A 2016, 104,
1017-1029. [CrossRef]

21. Zha, E; Chen, W.; Zhang, L.; Yu, D. Electrospun natural polymer and its composite nanofibrous scaffolds for nerve tissue
engineering. |. Biomater. Sci. Polym. Ed. 2020, 31, 519-548. [CrossRef] [PubMed]

22. Kim, S.E,; Tiwari, A.P. Three dimensional polycaprolactone/cellulose scaffold containing calcium-based particles: A new platform
for bone regeneration. Carbohydr Polym. 2020, 250, 116880. [CrossRef] [PubMed]

23. Phaiju, S.; Mulmi, P; Shahi, D.; Hwang, T.; Tiwari, A.; Joshi, R.; Pant, H.; Joshi, M. Antibacterial Cinnamon Essential Oil
Incorporated Poly(E—Caprolactone) Nanofibrous Mats: New Platform for Biomedical Application. JIST 2020, 25, 9-16. [CrossRef]

24. Miri, M.A.; Movaffagh, J.; Najafi, M.B.H.; Najafi, M.N.; Ghorani, B.; Koocheki, A. Optimization of elecrospinning process of zein
using central composite design. Fibers Polym. 2016, 17, 769-777. [CrossRef]

25. Kamaruzzaman, N.E; Tan, L.P.; Hamdan, R.H.; Choong, S.S.; Wong, W.K_; Gibson, A.J.; Chivu, A.; Pina, M.F. Antimicrobial
polymers: The potential replacement of existing antibiotics? Int. . Mol. Sci. 2019, 20, 2747. [CrossRef]

26. Yin, K,; Divakar, P.; Wegst, U.G.K. Plant-derived nanocellulose as structural and mechanical reinforcement of freeze-cast chitosan

scaffolds for biomedical applications. Biomacromolecules 2019, 20, 3733-3745. [CrossRef]


http://doi.org/10.1002/ffj.1304
http://doi.org/10.1186/s13002-016-0081-3
http://www.ncbi.nlm.nih.gov/pubmed/26821541
http://doi.org/10.1177/1934578X1300800417
http://www.ncbi.nlm.nih.gov/pubmed/23738457
http://doi.org/10.3390/molecules24050834
http://doi.org/10.3390/molecules25204770
http://doi.org/10.1016/j.ijbiomac.2017.08.079
http://doi.org/10.25122/jml-2019-0032
http://doi.org/10.1007/978-981-13-9791-2_12
http://doi.org/10.1177/0885328218757064
http://doi.org/10.1016/j.ijbiomac.2018.07.128
http://www.ncbi.nlm.nih.gov/pubmed/30036627
http://doi.org/10.1007/s12033-018-0084-5
http://www.ncbi.nlm.nih.gov/pubmed/29761314
http://doi.org/10.3390/ma13112661
http://www.ncbi.nlm.nih.gov/pubmed/32545241
http://doi.org/10.3390/pharmaceutics12100983
http://doi.org/10.1002/jbm.a.35551
http://doi.org/10.1002/jbm.a.35328
http://doi.org/10.1080/00914037.2020.1725761
http://doi.org/10.1002/jbm.a.36139
http://doi.org/10.1002/jbm.a.35614
http://doi.org/10.1080/09205063.2019.1697170
http://www.ncbi.nlm.nih.gov/pubmed/31774364
http://doi.org/10.1016/j.carbpol.2020.116880
http://www.ncbi.nlm.nih.gov/pubmed/33049823
http://doi.org/10.3126/jist.v25i2.33724
http://doi.org/10.1007/s12221-016-6064-0
http://doi.org/10.3390/ijms20112747
http://doi.org/10.1021/acs.biomac.9b00784

Appl. Sci. 2021, 11,828 10 of 10

27.

28.

29.

30.

31.

32.

33.
34.

35.

Suryamathi, M.; Ruba, C.; Viswanathamurthi, P.; Balasubramanian, V.; Perumal, P. Tridax Procumbens Extract Loaded Electrospun
PCL Nanofibers: A Novel Wound Dressing Material. Macromol. Res. 2019, 27, 55-60. [CrossRef]

Josef, E.; Guterman, R. Designing Solutions for electrospinning of Poly(ionic liquid)s. Macromolecules 2019, 52, 5223-5230.
[CrossRef]

Sadeghi, A.; Moztarzadeh, F.; Aghazadeh Mohandesi, J. Investigating the effect of chitosan on hydrophilicity and bioactivity of
conductive Electrospun composite scaffold for neural tissue engineering. Int. J. Biol. Macromol. 2019, 121, 625-632. [CrossRef]
Ma, S.; Wang, Z.; Guo, Y.; Wang, P; Yang, Z.; Han, L.; Sun, J.; Xia, Y. Enhanced osteoinduction of Electrospun scaffolds with
assemblies of hematite nanoparticles as a bioactive interface. Int. ]. Nanomed. 2019, 14, 1051-1068. [CrossRef]

Pajoumshariati, S.; Yavari, S.K.; Shokrgozar, M.A. Physical and Biological Modification of Polycaprolactone Electrospun Nanofiber
by Panax Ginseng Extract for Bone Tissue Engineering Application. Ann. Biomed. Eng. 2016, 44, 1808-1820. [CrossRef] [PubMed]
Agnes Mary, S.; Giri Dev, V.R. Electrospun herbal nanofibrous wound dressings for skin tissue engineering. J. Text. Inst. 2015, 106,
886—895. [CrossRef]

Vasita, R.; Katti, D.S. Nanofibers and their applications in tissue engineering. Int. . Nanomed. 2006, 1, 15-30. [CrossRef] [PubMed]
Nikolova, M.P,; Chavali, M.S. Recent advances in biomaterials for 3D scaffolds: A review. Bioact. Mater. 2019, 4, 271-292.
[CrossRef] [PubMed]

Brennan, D.A.; Conte, A.A.; Kanski, G.; Turkula, S.; Hu, X.; Kleiner, M.T.; Beachley, V. Mechanical considerations for Electrospun
nanofibers in tendon and ligament repair. Adv. Healthc. Mater. 2018, 7, €1701277. [CrossRef]


http://doi.org/10.1007/s13233-019-7022-7
http://doi.org/10.1021/acs.macromol.9b00691
http://doi.org/10.1016/j.ijbiomac.2018.10.022
http://doi.org/10.2147/IJN.S185122
http://doi.org/10.1007/s10439-015-1478-1
http://www.ncbi.nlm.nih.gov/pubmed/26429789
http://doi.org/10.1080/00405000.2014.951247
http://doi.org/10.2147/nano.2006.1.1.15
http://www.ncbi.nlm.nih.gov/pubmed/17722259
http://doi.org/10.1016/j.bioactmat.2019.10.005
http://www.ncbi.nlm.nih.gov/pubmed/31709311
http://doi.org/10.1002/adhm.201701277

	Introduction 
	Materials and Methods 
	Plant Extract 
	Fabrication of PCL/I. graveolens Solution and Suspension 
	Electrospun 
	Characterization 
	FT-IR 
	XRD 
	Tensile Strength 
	Water Contact Angle 
	Cell Culture 
	MTT 

	Results and Discussion 
	FTIR Results 
	XRD 
	Hydrophilicity Test 
	Tensile Strength 
	Cell Viability 

	Conclusions 
	References

