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ABSTRACT

In this study, novel wound dressing materials based on non-woven (NW) surfaces were developed using the electrospraying
(e-spraying) process. Polyester spun-bond (PET SPB), polypropylene spun-bond (PP SPB), and polypropylene melt-blown
(PP MB) surfaces used as matrix, and folic acid (FA), vitamin Boweresprayed on these surfaces. The resulting NW fabrics
with the same FA content were investigated in terms of physical, morphological, thermal, wettability properties.Scanning
Electron Microscopy and (SEM) and Fourier Transform Infrared (FT-IR) spectroscopy results showed the formation of
physical interaction between NWSs and FA.Notably, FA was successfully deposited onto NWs with average fiber diameters
from 2.6 pm to 23.11 um. According to the thermogravimetric analysis (TGA),FA loaded-PP SPB has enhanced thermal
stability compared to pure one (PP SPB). The FA-loaded surfaces have a hydrophobic property with contact angles values
more than >90°. The in-vitro release was carried out by UV-Vis within the 8 hour-period phosphate buffer saline (pH 7.2).
The results indicated that FA-loaded surfaces have a fast release behaviour. The total FA release amounts of the FA-loaded
PET SBP, PP SPB and PP MB NWs were found as 22.8, 17.1, and 17.5 ppm. Moreover, the biocompatibility of all resulting
NW surfaces was assessed by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and neutral red uptake
(NRU) cytotoxicity tests in L929 cell lines.The obtained NWs are biocompatible and non-toxic material, except PET SPB-
sFA.The study indicated that FA-loaded NWs can be potential candidates for wound healing applications.
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1. INTRODUCTION

Cell proliferation, migration, reepithelization, and tissue remodelling are all part of the wound healing
process that is assisted by complex interactions between growth factors, extracellular matrix, bioactive
agents, and cells [1, 2]. B-vitamins are regenerative agents, which are playing an essential role in
many bodily functions as cofactors for enzymes. Especially, due to the epigenetic role of folic acid
(C19H19N7O6) in many human metabolic activity, it is an important member of B-complex vitamins,
which is known as By vitamin, plays a crucial role in the maintenance of many metabolic functional
processes in the body, such as cell growth, and development, synthesis of nucleic acids and
metabolism of many amino acids [3, 4]. Folic acid (FA) is being studied due to its role in the synthesis
of both building-block molecules and their effects on differentiation. It is one of the most important
factors in tissue regeneration and repair [2].

There have previously been reported in various studies that folic acid can promote cell growth when
added to polymer forms (in cream, fiber, microcapsule, micro/hydrogel, and even neat powder, etc.).
In this context, Duman et al. (2018) reported that folinic acid enhances wound healing in rats. Fischer
et al. investigated the effects of topical folic acid and creatine-containing formulations on skin
firmness on collagen gene expression [5]. Moreover, in endothelial cell line proliferation experiments,
the effect of folic acid on cell proliferation at different concentrations was investigated by in vitro
proliferation experiments [2]. In the study that wound healing process simulated by software
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analysisincreased cell proliferation was reported compared to the control group by almost 40% at the
end of 48 h. In our previous study, cytocompatibility assays results showed folic acid-loaded
hydrophilic fibers have no toxicity and neat folic acid improved cell generation by nearly 177 % [6]. It
is contrary to the restriction of the utilization of folic acid in pure form, Pagano et al. (2019)
synthesized folic acid-based emulgels and MTT tests have indicated cell viability over 100 %
[7].Furthermore, Zhao et al. (2018) indicated folic acid can accelerate collagen formation in diabetic
wounds [8].In a similar study, Khan et al. asserted folic acid could be a potential candidate for the oral
mucosal wound healing process [9].

Camacho et al. (2019) createdcopper-alginate hydrogels containing folic acid. The slow folic acid
release observed only at pH>5, particularly in simulated intestinal conditions, and these
organometallic hydrogels performed as a gastro-resistant material (pH 8.2). Furthermore, with a zero-
order k, the successful compounds showed greater release in alkaline medium (>80 ppm) compared to
acidic media (pH 5.4) (~8 ppm) [10].

Mallakpour and Hatami (2020) preparedchitosan nanocomposite films containing folic acid for use as
bone and tooth additives in tissue engineering [11]. Contact angle measurements showed that the
produced films had improved wettability and were more hydrophilic. Furthermore, the bioactivity of
these NC films by soaking them in simulated body fluid (SBF, pH 7.4), and the pH changes for this
solution were observed for 1 month. In a similar study, Acevedo-Fani et al. (2018) developed folic
acid/polysaccharide-based nanolaminate films [12]. With the addition of folic acid, the structure of the
nanolaminates improved, resulting in homogeneous and smooth layers. At pH 3, only 22% of the FA
was released from the films after 7 hours, while at pH 7, over 100% of the FA was released. This is
due to folic acid becoming entrapped in nanolaminates due to its poor performance.

Fonseca et al. (2020) did a study on improving folic acid bioavailability. The release behavior of
nanofibers containing various amounts of FA (5, 10, and 15 %) were obtained using starch as a matrix.
Although the diameters of nanofibers produced below 100 nm did not vary much, some beads in FA-
loaded fibers was detected [13].

A study on PVP/dextran octadecyl amine/montmorillonite/VVBy conjugate nanofibers have been
fabricated by Simsek et al. (2016). The nanofibers' cytotoxicity tests indicated that VBg had no
negative effects on Vero cells (liver cells), suggesting that these fibers might be a game-changer in
cancer research and tissue engineering applications [14].

Electrospraying (e-spraying), one of the electrohydrodynamic atomization (EHDA) methods, in which
low-viscosity liquids through electrical forces are coated with a carrier material to form regular
structures in sub-micron or nanoscale sizes by an electric field [15,16]. It is more advantageous than
other methods such as spray drying, coacervation, and emulsion with the formation of non-
agglomerated capsule structures with high active ingredient content with better size distribution
without high temperature, pressure or toxic solvent. Hydrophobic and hydrophilic bioactive molecules,
or therapeutics can be encapsulated into polymer matrices with almost 100% efficiency by this method
[17].

The current study is focused on the development of FA-loaded fibrous structures via the
electrospraying method. As distinct from the previous studies, there is no report on the electrospraying
of FA onto melt-blown and spun-bond surfaces. Therefore, the optimum amount of FA was studied to
investigate electrospraying capacity, in vitro release in PBS media, and cell viability, and the
availability of the wound applications was evaluated. Moreover, a detailed characterization study of
the resulting surfaces was carried out by performing Scanning Electron Microscopy and (SEM)
Fourier Transform Infrared (FT-IR) spectroscopy, thermogravimetric analysis (TGA), and contact

71



Parn et al./ Eskigehir Technical Univ. J. of Sci. and Tech. A — Appl. Sci. and Eng. Vol. 22 — 2021
8th ULPAS - Special Issue 2021

angle test. TGA curves indicated that FA inhibits the degradation of the FA-loaded PP SPB and acts as
an antioxidant at high temperatures. Overall, it has been suggested that the obtained surfaces can be
used for wound healing applications.

2. EXPERIMENTAL
2.1. Material

In this study, PET spun-bond (SPB), PP spun-bond (SPB) and PP melt blown (MB) non-woven (NW)
fabrics (Mogul Textile Company, Gaziantep/Turkey) were used. Folic acid (CigHi1sN;Og) for
Biochemistry (98-102 % purity) was supplied from ChemSolute Company (Germany). The ethanol
(99 % purity) was purchased from Sigma-Aldrich Chemical Company (USA). Phosphate buffer saline
(PBS) tablets (pH 7.2) were used for each in-vitro release study. The chemicals used in the MTT and
NRU assay tests were purchased from the following suppliers; RPMI (Roswell Park Memorial
Institute) 1640 medium, fetal bovine serum (FBS), penicillin-streptomycin, neutral red (NR) (3-amino-
7-dimethyl-amino-2-methylphenazine hydrochloride), 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), trypan blue, ethanol from Sigma; dimethyl sulfoxide (DMSO)
from Merck; Triton X-100, trypsin—-EDTA, Dulbecco’s phosphate-buffered saline (DPBS) from
Gibco. In all experiments, distilled water was used.

2.2. Method
2.2.1. Electrospraying of FA onto Non-woven Fabrics

10 mL folic acid (22 mg) solution is prepared by mass with a mixture of 2/1 ethyl alcohol-water
solvents. The folic acid solution is sonicated in an ultrasonic homogenizer by applying 60% power for
30 min.It was then sprayed onto the surfaces of polyester spun-bond, PP spun-bond, and PP melt-
blown non-woven fabrics with 23 kV electrical power, 100 mm distance (drum-to tip) and 150 rpm
drum speed at a flow rate ranging from 1-1.5 mL/h (Figure 1).
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Figure 1. Schematic illustration of electrospraying method.
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2.3. Characterization

The microstructural analysis of all NWs was observed with Carl Zeiss/Gemini 300 Scanning Electron
Microscope (SEM) (ZEISS Ltd.,Germany). Allsamples were coated with gold before analysis. The
fiber diameters were measured by using Image J (version 1.520 software) by randomly selecting the
diameters of 60 individual fibers for each sample. Average fiber diameters and fiber diameter
histogram data were performed with Origin Pro 2018 software.

The physical analysis of all samples was analyzed by FT-IR Thermo Nicolet iS50 FT-IR (USA)
spectrometer with an ATR adapter (Attenuated Total Reflectance) (Smart Orbit Diamond, USA).

The contact angles of the samples were measured with an automatic dispenser system Attension Theta
Lite model optical tensiometer (Biolin Scientific, Gothenburg, Sweden).Contact angle
measurementswere made by dropping 4 pL distilled water to 2.5 cm x 2.5 cm samples. To calculate
the average 0 value, this analysis was repeated three times.

The thermogravimetric analysis (TGA) was realized under nitrogen atmosphere with 20°C min™
heating rate, 30-600°C temperature range and then applied oxygen atmosphere with the same heating
rate at 600-900°C temperature.

The pycnometer (Micromeritics-AccuPycll 1340) was used to measure the fiber volume using helium
gas. Therefore, the porosities of non-wovens were measured by using the following equation:

Volume (Vf) of NWs by Pycnometer (1)
Total Volume (Length x Widthx Thickness)

Porosity =

Thein-vitro release testswere applied to determine the FA release behaviour of NWs. The FA-release
behavior of FA sprayed resulting non-wovens were studied in phosphate buffer solutions (PBS) at pH
7.2 by the total immersion method [18,19]. 20 cm? of the samples were put into sealed glass tubes with
each containing 100 mL of PBS, separately. Afterwards, the samples were placed in a shaking
incubator at 37°C with stirring 120 rpm to apply the release behaviour of the FA. About 3.5 mL of the
samples were removed at the specified time intervals with the PBS and the corresponding absorbance
value was determined with UV spectrophotometer (Scinco/NEOYSY 2000) at Amax= 282 nm, which
was the characteristic peak of FA. The FA concentration was obtained from the calibration curve of
the model vitamin prepared with a FA solution of known concentrations in PBS (pH 7.2). The
calibration curve was found to be Y = 0.0639X + (0.0276) (R?> = 0.99997), where X is the
concentration of FA (mg/L)and Y is the solution absorbance at 282 nm (linear range of 2.5-25 mg/L)
(Figure 2).

Concentrabon (ppm)

Figure 2. The calibration curve for FA in PBS.
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Two cytocompatibility tests, MTT and NRU havebeen carried out on all resulting NW surfaces by
using L929 cell lines according to the 1SO 10993-5.

3. RESULTS AND DISCUSSION
3.1. Microstructural Analysis

Figure 3-Figure 5 indicates the average fiber diameter distribution with SEM images of pure and FA-
sprayed NW surfaces. It is visible that pure NWs exhibit fibrillated smooth surface morphology, while
FA particles are deposited on the surface of FA-sprayed NWSs. The average fiber diameters of PET
SPB and PET SPB-sFA were calculated as 16.91+£3.28 pum and 17.55+2.61 pum, respectively. PP MBs
havemore irregular fiber diameters than, and average fiber diameters are also quite low (2,59+1,14
um). Similarly, Ekabutret al. (2019) found that a 5% (w/v) amount of mangosteen extracts were
coated on PP MB and some increase in fiber diameters were observed [20]. Jung et al. (2013) also
produced an antibacterial filter and sophora extract (Sophora flavescens) was loaded on polyurethane
filters having 10-20 mm via electrospraying method [21].
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Figure 3. SEM images of non-wovens (a) PET SPB (b) PET SPB-sFA (Magnification 1.00 kX, scale bar : 10 um).
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Figure 5. SEM images of non-wovens (a) PP MB (b) PP MB-sFA (Magnification 1.00 kX, scale bar : 10 um).
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3.2. Physical Structural Analysis

FT-IR spectra of the pure non-woven surfaces and resulting FA-loaded nonwovens produced as a
result of the electrospraying process are shown in Figure 6. The characteristic peaks of PET SPB show
at 1712 cm (-C=0) and benzene ring at 1615 cm™ [22]. The deformation vibration of the (-CH,)
group is 1340 cm™ [23]. Another absorption peak at 1240 cm™' is due to the (-C-O-C) stretching
vibration. Characteristic IR absorption peaks of FA are confirmed in 3500-3100 cm™. PP-based SPB
non-woven surfaces indicate asymmetric and symmetric stretching vibration peaks at 2948, 2916 and
2836 cm (-CH), respectively. The other peaks appear at 1455, 1376 cm, and 840 cm™ belong to (-
CHy>) bending.
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Figure 6. FT-IR spectra of non-woven surfaces.

3.3. Contact Angle Analysis

Wettability is related to the surface's hydrophobicity/hydrophilicity properties that acts an essential
role to specify the wound healing management due to adhesion and cell proliferation between
matrix/material and cells. Previous studies have suggested that the hydrophilicity of biomaterials is
necessary for the cell healing process. However, these hydrophilic-based wound dressings can damage
the wound and lead to secondary bleeding. Moreover, many studies have been reported hydrophobic
surfaces inhibit bacterial adhesion [24].

The results of the contact angle measurements for water are given in Figure 8. According to the
results, all NW surfaces have hydrophobic structure due to contact angle > 90°. For all FA-sprayed
surfaces, loading of FA with hydrophilic structured on NWs reduced contact angle values. The
measurements for water on PET SPB-sFA and PP MB-sFA were slightly similar, which were
102.6+4.1° and 102.5+4° respectively.
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Figure 7. Contact angle values of non-woven surfaces.

Figure 8. Contact angle images of water droplets on the surface of non-woven surfaces (a) PET SPB, (b) PET SPB-sFA, (c)
PP SPB, (d) PP SPB-sFA, () PP MB, (f) PP MB-sFA.

3.4. Thermal Analysis

Figure 9 shows TGA thermograms for pure and FA-loaded PET and PP nonwoven (NW) surfaces. All
samples showed weight loss in the range of 30-100 °C associated with moisture out of NWs. The first
degradation step of pure PET SPB fabrics with two degradation steps has begun at about 380 °C. In
this step, the chain scissions of the ester bonds in the structure and the vinyl ester and carboxylic acid
groups began to form and ended at 525 °C [25]. The second step is dominated by low molecular
weight volatile components due to the complete breakage of the ester bonds with weight loss of 17.1
% about 590 °C to 630 °C.

PET SPB-sFA showed weight loss up to 100°C related to moisture out of sample. After, the first
degradation step, which started around 370 °C, was completed at around 560 °C. This step takes
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longer than a pure sample to confirm the degradation of the FA. The second (last) step (590-640 °C)

was related to the burning of the pyrolysis product which was formed during analysis in the N
atmosphere.

For both PP SPB and PP SPB-sFA NWs, single-step degradation has been observed at 350-460 °C and
350-470 °C, respectively.
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Figure 9. TGA thermograms of non-woven surfaces.

3.5. Porosity Measurements

High and low bulky non-woven fabrics have porosity values in the range of 90-99 % and 45-80 %,
respectively [26, 27]. Table 1 shows the results of porosity by both the conventional method and
pycnometer.

Table 1. Porosity results by pycnometer and conventional measurement.

Porosity by Porosit_y by

Sample ID pycnometer ;%';Zﬁ?g%gilt
(1-V#/V)*100, (%) (%)
PET SPB 80.92 78.57
PET SPB-sFA 80.52 78.15
PP SPB 75.17 71.55
PP SPB-sFA 77.04 76.73
PP MB 81.58 81.69
PP MB-sFA 80.32 80.33

The porosity of the non-woven surfaces is depends significantly on fiber orientation [28]. The random
fiber orientation is clearly observed in SEM images. Generally, FA-loaded NW surfaces have almost
the same porosity as pure NWs. This is due to the fact that FA desposited onto fiber structures, and
this case does not directly effect the pore structure of the NWs. Further, the porosity phenomenon
parallels to the fiber thicknesses. As FA was loaded onto NWs, fiber thicknesses increased slightly. In
this study, the porosity values above 71% can be sufficient to increase cell migration in wound healing
compared to our previous study [6].
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3.6. In-vitro Release Tests

The release study of all FA-loaded NW surfaces was carried out over a period of 8 hours in PBS
media (pH 7.2) at 37 °C (Figure 10).

The release profiles show that the amount of cumulative FA releases are 22.8, 17.1, and 17.5 ppm for
PET SPB-sFA, PP SPB-sFA and PP MB-sFA, respectively after 8 hours. PET SPB-sFA exhibited an
initial burst release profile in the first 4 minutes of analysis while PP SPB-sFA and PP MB-sFA
showed burst release in the first 20 minutes. After burst release, there was an increase in the amount of
release for PET SPBs. The reason for this is that surface peeling occurs in PET SPBs in a pH 7.2
environment and can be explained by the dissolution of FA in this environment.

After sudden release, PP-based SPBs and MBs showed FA release reached a satisfaction point.
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Figure 10. FA in vitro release profiles of NWs.

3.7. Cytotoxic Effects of NWs by MTT and NRU Assay

In this study, ISO 10993-12: 2009 standard was used for sample preparation of both references and
novel NW materials. Both sides of samples arranged according to standards (3 cm? /mL) were
sterilized in a laminar flow cabinet for 1 hour under a UV lamp. 30 cm? (6 cm x 5 cm) sterile samples
were put in a 10 mL culture medium (RPMI 1640 containing 1 % Penicillin-Streptomycin, 10 %
serum) and kept at 37 °C for 72 hours to obtain extract solutions. At the end of the extraction period,
samples were removed, and extract solutions were kept at 37 °C by the time cytotoxicity tests. The
cytotoxic effect of the extract solutions of NWs was evaluated by both MTT and NRU assays in L929
cells. To determine the cytotoxicity, the effects of the 100 % concentration of the original extract
solutions of all reference and new NW samples on treated cells were compared with the negative
control group without any chemicals. The average absorbance values and standard deviation values of
living cells were calculated by averaging all the data obtained. In addition, cell viability in the control
group was considered as 100 %, and living cell percentages were determined for all sample groups
compared to the control. Results of the MTT and NRU tests are summarized in Figure 11. According
to the results of cytotoxicity tests applied after 24 h of treatment in L929 cells, all reference and novel
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NWs accept PET SPB-sFA are cytocompatible since viability did not fall below 70 %. In this study,
50 % diluted concentrations of all samples (data was not given in the figure) were also tested but there
is a clear decrease in viability of cells treated with the original 100 % extract concentration of PET
SPB-sFA and cell death is concentration depended.

Cytotoxicity in 1929 cells
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Figure 11. Effects of NW surfaces on cell viability of L929 cells by MTT and NRU assays.

It is important to evaluate the cytotoxic activity of novel biomaterials as a part of ISO 10993 protocols
in terms of biocompatibility. In recent years, many methods have been developed to investigate cell
viability and proliferation in cell culture. The most widely used of these are cytotoxicity assessments
in 96-well plates which many samples can be analyzed quickly and easily in terms of cell viability
[29]. In this study, cytocompatibility was determined with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT) and neutral red uptake (NRU) cytotoxicity tests. MTT and NRU
cytotoxicity assays are suitable biomarkers for evaluating live/death cell counts and the proliferation
of cells based on mitochondrial and lysosomal functions [30]. In the general reduction of cell viability
by more than 30 % is considered as a cytotoxic effect. In this study by using two different cytotoxicity
assays effects of the tested materials both on mitochondrial and lysosomal functions were evaluated.

In our previous study, we tested the cytotoxic effects of FA alone with MTT and NRU assays in L929
cells and showed that this antioxidant did not cause any cytotoxic effects [6]. Moreover, we showed
FA treatment caused increases in cell proliferation compared to the negative control. Our results also
demonstrate that FA plays a critical role in cell growth and development, the synthesis of nucleic acids
that promote wound healing.

In recent years, many wound dressings containing different additives have been produced and tested
for cytotoxicity similar to our study. Arslan et al. (2014) fabricated fibrous mats via electrospinning
from solutions of polyethylene terephthalate (PET), PET/chitosan, and PET/honey at different
concentrations. They evaluated the cytotoxicity of fibers by MTT and reported no cytotoxic activity.
In this study after exposure to the various dilutions of extract (25, 50, and 100 %), the proliferation of
L 929 cells was measured and cell death and morphological damage were not observed throughout the
incubation period [31]. In another study, Abouzekry et al. (2020) developed nanofibrous wound
dressing by electrospinning using bee venom and pomegranate peel extract in combination with
polyvinyl alcohol. According to the cytotoxicity testes on L929 cells, manufactured fibrous dressing
has no cytotoxic effects [32]. Charernsriwilaiwat et al. (2012) also developed fibrous mats by
electrospinning of a mixture of chitosan-ethylene diamine tetraacetic acid (CS-EDTA) (30/70 w/w),
polyvinyl alcohol (PVA) solution (10 wt %), and lysozyme for wound healing. Results of the
cytotoxicity tests, CS-EDTA/PVA nanofibers with or without lysozyme were nontoxic at 1-10 mg /
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mL concentrations [33]. Kalalinia et al. (2021) produced vancomycin (VCM)-loaded hybrid
chitosan/polyethylene oxide (CH/PEQ) nanofibers via blend-electrospinning. According to the results
of the Alamar Blue cytotoxicity testes on HDFs, there were no cytotoxic effects of any groups [34].
Bayat et al. (2019) developed nanofibers that were Bromelain-loaded chitosan for burn wounds repair.
Cytotoxic activity of Ch-2 % and 4 % w/v Br were tested with Alamar Blue assay. Although there are
no cytotoxic effects of chitosan, Ch-2 % w/v Br, and bromelain nanofibers, crosslinked Ch-4 % wi/v
Br had a cytotoxic effect when compared to the control group [35]. Merrell et al. (2009) fabricated
curcumin-loaded poly(caprolactone) (PCL) nanofibers by electrospinning. They directly loaded
Human foreskin fibroblast cells (HFF-1) on curcumin-loaded PCL nanofibers and reported that more
than 70 % of cells were viable on nanofibers [36].

4. CONCLUSIONS

In this study, FA was successfully electrosprayed onto non-wovens surfaces. In the FT-IR analysis of
the resulting materials, characteristic peaks of FA have been observed. The surface roughness of the
NWs was investigated by SEM. Further, the wettability studies demonstrated electrospraying process
reduces hydrophobicity. In-vitro release test showed a fast release profile of FA from the surfaces.
According to NRU test results, PP SPB-sFA surfaces indicated the best cell viability value. Our
findings showed FA-loaded NWs can be good candidates for wound care applications.
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