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Abstract: Wound dressing is one of the most well-known and challenging
issues all over the world. Recently, in the field of biological applications,
polymeric scaffolds incorporating metal oxide nanoparticles has been extremely
important, especially in focusing on wound healing. In this project, we have
successfully fabricated anano-fibrous scaffold using the electrospinning method
prepared by poly(e-caprolactone) (PCL) polymer. Titanium dioxide (TiO,) is
incorporated into the PCL solution as a strong antibacterial element and as a
tensile strength enhancer. The characterisation of scaffolds was done by
transmission electron microscopy (TEM), scanning electron microscopy
(SEM), mechanical analysis, and water vapour transmission rate (WVTR),
porosity. The nanofibers’ biocompatibility and capacity for cell attachment
were demonstrated by MTT and 4',6-diamidino-2-phenylindole (DAPI)
staining. By using the optical density method and coming into direct touch with
gram-positive and gram-negative bacteria, the PCL/TiO, scaffold exhibits
antibacterial action. These data suggest that engineered nanocomposite scaffold
has a superior potential for wound healing applications which improves
elasticity, strength, and antibacterial properties.

Keywords: nanofibrous scaffold; poly(e-caprolactone); wound healing;
antibacterial ~ activity;  titanium  dioxide;  nanoparticles;  elasticity;
biocompatibility; cell attachment; engineered nanocomposite.
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1 Introduction

Skin is the most exposed tissue to a wide variety of injuries, so protection is a necessity to
avoid loss of skin, hair, and glands, and also infection development (Percival, 2002;
Velnar et al., 2009). A wound can be caused by a simple or severe break leading to injury
to the anatomical or function of skin tissue (Esmaeili et al., 2020). Wound healing is one
of the most challenging concerns all over the world which meets two main requirements
including cost-effective dressing and enhancement in skin regeneration (Boateng and
Catanzano, 2015; Psimadas et al., 2012; Enoch and Leaper, 2005). Nanotechnology has a
wide variety of applications in biomedical engineering diagnosis, drug delivery systems,
tissue engineering, prostheses, implants, and wound healing (Ramos et al., 2017).
Nanomaterials integrate into biomedical devices for the aimed applications since most
biological systems are nanostructured (Anil Singare et al., 2018). Wound healing is a
complex process composed of five stages including hemostasis, inflammation,
proliferation, migration, and remodelling. The ideal wound dressing should be able to
avoid infection, provide local moisture to the wound, water absorption, gas exchange,
exhibit good biodegradability, and be easy to remove from the skin (Razali et al., 2020;
Archana et al., 2013, 2015). Synthetic polymers incorporated with antibacterial elements
have the potential to control the release of bioactive materials which are suitable for the
treatment of local infectious (Langer, 1980). In addition to serving as an ideal substrate
for cell attachment, migration, and proliferation, scaffolds are useful for delivering
medicines, genes, and cells into the body (Psimadas et al., 2012). Electrospinning is a
flexible technique that creates fibres and nanofibrous structures and has a wide range of
applications (Percival, 2002). The benefits of electrospun scaffolds include their fibrous
structure, high porosity, and surface area that is similar to the extracellular matrix in
nature. They also enable drug delivery to target areas with high loading and efficiency.
The electrospinning technique can be applied for biomedical purposes such as vascular
grafts, artificial organs, tissue engineering, and wound dressing because of its
adaptability.

Poly(e-caprolactone) (PCL) is a widely practical practical is known as a
biodegradable, thermoplastic, and biocompatible polymer which can be -easily
electrospun using low voltages. This material improves tensile strength and mechanical
resistance in a moisture environment making it as good candidate to be used in wound
healing dressing (Croisier et al., 2014; Sun et al., 2006; Khalili et al., 2021). PCL
nanofibrous scaffold and its composites have gained much success in skin tissue
engineering due to mimicking extracellular matrix (ECM) (Joseph et al., 2019).

TiO, incorporation into the PCL nanofibrous scaffold can cause superior mechanical
strength and introduce antibacterial properties in wound implantation (Wu et al., 2014).
The main purpose of this study was to design PCL/TiO, nanofibrous film for artificial
dressing application which meets the needs of antibacterial and tensile strength
properties. The different criteria of the scaffold will be evaluated for wound dressing
application.

In this study, the PCL and PCL/TiO, nanofibrous scaffolds were fabricated by the
electrospinning method. The morphology of fibres and incorporation of nanoparticles
into the nanofibers was assessed by SEM and transmission electron microscopy (TEM).
Cell toxicity and cell attachment were investigated by biocompatibility and DAPI
staining analysis using fibroblast cells seeded on the scaffolds. To evaluate antibacterial
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properties, the optical density method was used to evaluate the antibacterial activity of
the scaffolds. The results showed that the incorporation of TiO, nanoparticles into the
PCL scaffold lead to the better physical and biological properties needed for wound
dressing applications.

2 Experimental part

2.1 Materials

In this project, poly (e-caprolactone) (PCL) was used as a matrix and was purchased from
Sigma-Aldrich (St. Louis, MO). The organic solvents used were dimethylformamide
(DMF), dimethyl sulfoxide (DMSO), and chloroform prepared from Merck (Darmstadt,
Germany). TiO, nanopowder, 21 nm particle size, was used as fillers and supplied by
PlasmaChem Gmbh. 4',6-diamidino-2-phenylindole (DAPI), and 3-[4,5-dimethylthiazol—
2-yl]-2,5-diphenyl tetrazolium bromide (MTT) were purchased from Sigma-Aldrich
(St. Louis, MO) and used without further purification.

2.2 Synthesis of PCL and PCL/TiO, nanofibers by electrospinning method

Electrospinning was used to create PCL nanofibers and PCL/Ti0O, composite nanofibers.
The polymer was dissolved in a chloroform/DMF mixture (4:1 v/v) at room temperature
for an overnight period to produce a PCL solution with a polymer content of 14% (w/v).
TiO, nanoparticles were added to the solution for the composite PCL/TiO, and further
homogenised by stirrer and ultrasonic. A typical electrospinning machine (Nanoazma,
Tehran, Iran) was utilised to create a nanofibrous film utilising a solution flow rate of
0.5 ml/h, electrical voltage of 18 kV, and needle tip to collector distance of 15 cm.

2.3 Characterisation techniques

The morphology of the electrospun nanofibers was studied using a scanning electron
microscope (SEM; AIS2100 Model; Seron Technologies, Korea). Using a sputtering
device (SC7620, Quorum Technologies, UK) and an accelerating voltage of 20 kV, the
samples were coated with gold.

The integration of TiO, nanoparticles into composite PCL/TiO, nanofibers was
investigated using a transmission electron microscope, or TEM, Philips CM-30.

The mechanical characteristics of the constructed scaffolds were investigated using
tensile measuring equipment (STM—20, SANTAM, Iran). Plotting the stress-strain curve
of each scaffold required stretching the nanofibrous films at a loading velocity of 5
mm/min while they were at ambient temperature.

2.4 The analysis of the membranes’ porosity

Using liquid displacement method. The porosity of the scaffolds was determined
(Esmaeili et al., 2020). Ethanol does not induce swelling and shrinkage as a non-solvent
of the polymer and penetrates easily into the pores of the nanofibrous scaffold, so is used
as a displacement liquid. The scaffold samples were immersed in the known amount of
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ethanol and kept for 1 h. The membranes’ porosity was estimated using the total amount
of the ethanol impregnated into the scaffold by the following equation:

WW _Wd

porosity (%) = x100

D,

ethanol

XV

membrane

where W, and W, are the weight of the scaffold before and after immersing into the
ethanol. Viemprane 1S the volume of the scaffold after immersing into the ethanol and
Dethanor 18 the density of the ethanol.

2.5 Water vapour transmission rate (WVTR) examination of the scaffolds

nanofibrous scaffold is used for sealing of glass tube containing 10 ml ultrapure water .
The membrane was fixed on the glass tube by parafilm. Then, the tubes were placed in an
oven at 37°C for 24 h. the WVTR has been estimated by the following equation:

loss

Water Vapor Transmission Rate =

where W, represents the water vapourisation and A shows the surface area of the open
part of the glass tube (1.77 cm?).

2.6 The MTT assay and DAPI staining

The nanofiber scaffolds were plasma treated at 30 w for 3 min to make them hydrophilic
which is appropriate for cell attachment. The scaffolds were sterilised by incorporation in
a filtered 70% ethanol for 2 h and after 20 min exposure under UV radiation, the
scaffolds were incorporated in a culture media for 24 h to facilitate cell attachment on the
nanofibrous scaffold.

The foreskin fibroblast cells purchased from the Stem Cell Technology Research
Center (Tehran, Iran) were seeded in culture medium (DMEM; Hyclone, Logan, UT,
USA) rich with 10% fetal bovine serum (FBS; Hyclone). The cells were seeded on the
scaffolds with a density of 1 x 10* cells and kept in the incubator with 5% CO, at 37°C.
After one and three days of cell seeding, the substance was removed, and also the MTT
solution (0.5 mg/ml) was added to every well and incubated in the dark for 3 h at 37°C.
Then, the MTT solution was removed and dimethyl sulfoxide (DMSO) was added to
dissolve the formazan reaction merchandise. Lastly, the optical density of the purple
formazan solution was scanned at 570 nm employing a microplate reader (BioTek,
ELX800, USA) to quantify the cell viability.

For DAPI staining, the scaffold seeded with fibroblast cells was fixed with 4%
paraformaldehyde at 4°C for 20 min and then at room temperature for 5 min on day 3
after cell seeding. Thereafter, the samples were washed with PBS, incubated with
2 ng/mL DAPI solution for 1 m to stain the nuclei of the cells, and rinsed again with
PBS. Using a fluorescence microscope (TE-2000; Nikon), the cell nucleus images on the
samples were obtained.
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2.7 Antibacterial test

Antibacterial activity was characterised by the optical density method using Escherichia
coli, E. coli, as the gram-negative and Staphylococcus aureus, S. Aureas, as the gram-
positive test organism. The bacteria were cultured in Mueller—Hinton media at 37°C
overnight. The 0.5 McFarland bacterial suspension was diluted to 1:10 and then exposed
to the samples for 24 h at 37°C, the turbidness of the media was evaluated at 610 nm
employing an ultraviolet photometer (CECIL-CE9200). Negative control serves as the
bacterial suspension without any antibacterial element and the media containing Pen-
Strep was employed as a positive control. The following equation is used for calculation
of the antibacterial rate:

A
antibacterial efficacy (%) = {1 - L”"] x100

negative control

3 Result and discussion

Poly-a-hydroxy esters including PCL are a good candidate to produce electrospun
microstructures for wound dressing applications due to their rate of biodegradability,
providing an orderly self-repair for skin cells, and inhibiting to generate scars. This type
of dressing can mimic the extracellular matrix, ECM, providing a good environment for
cell attachment and development, which leads to an increase in wound healing (Lima et
al., 2019). SEM pictures of the PCL and PCL/TiO, electrospun membranes have been
shown in Figure 1(a)—(b). The produced scaffold showed a continuous cylindrical fibre
shape without any bead morphology. The fibre diameters were analysed using Image J
software from the SEM micrographs, showing the average diameter of 343£111 and
121+46 for PCL and PCL/TiO,, respectively. It is evident that fibre diameter and
distribution size decreased while incorporating TiO, nanoparticles into the PCL
nanofibers. The ECM, the natural environment around the cells in human tissues is a
porous, three-dimensional matrix with nanostructured units. The ideal scaffold should
mimic the ECM. The produced scaffold can simulate the ECM properties such as
porosity, three-dimensionality, and nanostructured building blocks. The prepared
nanofibrous scaffolds provide interconnected open pores which is a crucial parameter for
the cells to exchange gas, nutrients, and wastes inside the scaffold (Mikos and Temenoff,
2000). TEM images of the PCL/TiO, nanofibrous scaffold confirm the incorporation of
21 nm TiO, nanoparticles into the PCL matrix, Figure 1(c). The TEM image shows a
good distribution of TiO, nanoparticles into the scaffold which can lead to a monotonous
mechanical strength and antibacterial activity throughout the scaffold.

The mechanical characterisation of the nanofibrous mats has been shown in Figure 2.
The mechanical properties of PCL mat are enhanced due to the presence of TiO,
nanoparticles which act as nanofillers. Tensile strength has increased from 1.044 MPa for
PCL to 1. 78 MPa for PCL/TiO,, It will be explained by the intra and building block
element bonding between the TiO, and PCL compound molecules that caused the
purpose bond structure. Elongation at break has experienced significant growth in the
presence of TiO, nanoparticles. It can be observed that the mechanical strength of
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PCL/TiO, nanofiber might meet the essential needs for wound dressing application
(Gupta et al., 2012).

Figure 1 SEM images of nanofibrous scaffold: (a) PCL; (b) PCL/TiO, and TEM image of (c)
PCL-Ti0, and their histogram profiles (see online version for colours)
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The porosity of the scaffold plays a vital role in the mechanical and biological properties.
It affects cell migration and proliferation, and the gas and nutrient exchange, especially
when the vascular system has been damaged and does not work properly (Annabi et al.,
2010). The porosity values obtained using the liquid displacement method were
187.8+ 1.8 and 182.1 £ 0.3 for PCL and PCL/TiO, nanofibers, respectively, which has
no significant difference among the samples, Table 1. It has been presented that the
scaffolds with >90% porosities can be suitable for skin tissue engineering providing
enough space for cell proliferation and migration and nutrient exchange (Esmaeili et al.,
2020). So, the prepared scaffold with more than 180% porosity is a good candidate for
wound healing application.

The optimal wound dressing should maintain an appropriate humidity of the wound
environment, which affects cellular granulation and epithelisation. Higher WVTR is
related to rapid wound dehydration, conversely, extremely low WVTR is related to
exudate accumulation, leading to delay in the healing process, and an enhanced risk of
infection. It is reported the WVTR of 204+ 12 g/m*day for normal skin,
279-5138 g/m?/day for the injured skin, and 2028.3 + 237.8 g/m*/day for optimal wound
dressing to enhance epithelialisation and healing process (Yuan et al., 2018). WVTR of
PCL and PCL/TiO, scaffolds were 828.9 + 1.6 and 883.8 + 0.6, respectively, Table 1.
The enhanced water vapour transmission rate (WVTR) of PCL/TiO, nanofibers are often
explained by the chance of higher molecular hydrogen bonding between TiO, and water
molecules. Although the WVTR of the current scaffolds is smaller amount than the
perfect worth, it is comparable with business ones (Op Site, Smith & Nephew, London,
UK) (Miguel et al., 2017).

Table 1 The porosity and WVTR evaluation of the scaffolds

WVTR Porosity
PCL 828.9+1.6 187.8 £ 1.8
PCL-TiO, 883.8+0.6 182.1+£0.3

The toxicity of the pure PCL and PCL/TiO, composite scaffolds has been analysed using
the MTT assay. To do this end, the MEFs were seeded on the different scaffolds to assess
the potential of the PCL and PCL/TiO, composite scaffold in tissue engineering.
Figure 3(a) shows the viability and proliferation of fibroblast cells cultured on the
nanofibrous mats of PCL and PCL/TiO, on days 1 and 3. The samples show good
biocompatibility, confirming the non-toxicity of the samples for cell activity. Also, the
samples show superior cell proliferation, making them a good applicant for wound
dressing applications. The up going trend of cell growth seeded on the scaffolds
represented that the PCL scaffold TiO, incorporation displayed no toxicity against this
kind of cells, so it can be concluded that the scaffolds are biocompatible with cells. The
DAPI staining results, Figure 3(b) and (c), show good cell attachment and location
spreading of the cells on the samples, which are according to the MTT assay regarding
the biosafety of the nanofibrous scaffolds.



288 H.H. Kzar et al.

Figure 3 (a) The MTT assay to analyse the cell biocompatibility on the scaffolds. DAPI staining
of the fibroblast cells on the mats; (b) PCL and (c¢) PCL/TiO; (see online version
for colours)
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The antibacterial properties of the dressing’s mats should be analysed before being
applied in the regeneration of the defected skin. The optimal wound dressing should
inhibit bacterial growth to prevent wound infection. A serious problem of the
biopolymers such as PCL is the lack of antibacterial properties which limits their
biomedical applications. In this study, TiO, nanoparticles have been embedded into the
PCL scaffold with the aim of introducing the antibacterial activity against pathogenic
species to enhance their potential to be used in the medical field (Rezk et al., 2019).
Figure 4 and Table 2 illustrates the comparative results of the antibacterial properties of
PCL and PCL/TiO, nanofibers. An increasing trend of bacterial growth for two kinds of
E-coli and S-aureus is observed for the PCL sample, opposite to the PCL/TiO, sample
which shows inhibition of bacterial growth. Also, E-coli is more inhibited compared to
S-aureus, due to the denser peptidoglycan layer of the Gram-positive bacteria which is
cocomparableith Gram-negative ones, which endue them more protection and delay
apoptosis (Esmaeili et al., 2020).
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Figure 4 Antibacterial activities of nanofibrous scaffolds against E.coli and S.aureus measured
by optical density method (see online version for colours)
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Table 2 Antibacterial activities of nanofibers determined by optical density method

Scaffold PCL PT Ctrl+
Antibacterial efficiency (E-coli) 4.07 99.5 98.81
Antibacterial efficiency (S-aureus) 4.07 83.12 98.56

4 Conclusion

In this study, we aimed to produce an economical wound dressing to simulate the ECM
of the skin tissue regarding physical, mechanical, and biological properties. To do this
end, electrospun polycaprolactone nanofiber mats embedded with TiO, nanoparticles
were successfully developed and characterised. TiO, nanoparticles endue the scaffold the
mechanical strength and antibacterial activity. The results showed that the nanofibers
were continuous and bead-free, suitable for biomedical applications. The random
morphology of fibres makes it appropriate for skin tissue engineering. The presence of
Ti0, nanoparticles resulted in finer fibre diameter and a narrower distribution size. Also,
the mechanical properties including tensile strength and elongation at the break of the
PCL scaffold were increased by the incorporation of TiO, nanoparticles into the mats, as
they can act as a nanofiller. MTT assay and DAPI staining of TiO,/PCL scaffolds showed
superficial biocompatibility and more attached cells rather than pure scaffolds. The
fabricated nanocomposite, PCL/TiO,, showed superior antibacterial properties against
both Gram-negative, E-Coli; and Gram-positive, S. aureus, bacteria, suggesting the
potential of the fabricated nanocomposite to prevent bacterial colonisation in wound
dressing applications. This type of scaffold has superior mechanical strength and
antibacterial properties which meets the economic issues.
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