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arrays of the Taguchi Method, S/N ratio, and ANOVA to produce uniform and finest
fibre. The optimum parameters were at 90 wt% PVDF ratios for polymer concentration,
applied voltage at 10 kV, feed rate at 0.5 mL/h and tip-to-collector distance at 15 cm.
The PVDF/PVA electrospun compromises 171.60 nm nanofiber diameter with
homogenous morphology and no bead formed. MTT and live/dead kit assay analysis

Keywords: toward human (HSF) cells confirmed the potential of the PVDF/PVA electrospun to be
Taguchi; Electrospinning; Tissue used as an alternative tissue template to allow new cell or tissue formation in the
Engineering; Optimization; Nanofibers future.

1. Introduction

The similarity between electrospun fibres and native tissues has led to the recognition of
electrospinning as one of the most effective procedures. Nanofibrous scaffolds have been created
during the past few decades for a dizzying array of biological uses, including tissue regeneration and
the transport of medicinal agents [1]. Electrospun scaffolds have several advantages over other
fabrication methods due to their functional complexity. However, more work must be done before
they can be used in vivo to their full potential. Electrospinning nanofibers have several inherent
advantages, including the capacity to precisely control material and mechanical properties, the
production of substrates with high surface area-to-volume ratios, and a propensity for cellular in-
growth brought on by interconnectivity within the pores [2-4]. Additionally, the electrospinning
method enables the creation of scaffolds with topographies on the micro to nanoscale that mimic
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the extracellular matrix (ECM) in nature. In order to match the rate of regeneration of the damaged
tissue and ensure the development of non-toxic breakdown products that the body can quickly
eliminate, electrospun needs to be tailored, a concept that researchers are still exploring.

Electrospinning starts when an electron from the applied electric charge is transferred via a
metallic needle to the polymer solution. The polymer solution becomes unstable, which causes the
polymer droplet to acquire a charge [1,5]. The force produced by the simultaneous reciprocal
repulsion of charges eventually overcomes surface tension and forces the polymer solution to flow
in the direction of the electric field [6]. An increase in the electric field deforms spherical droplets. At
that point, Taylor cones, conical polymer droplets positioned atop metallic collectors kept at an ideal
distance, start forming ultrafine nanofibers [7,8]. The smooth and consistent nanofiber architectures
can be influenced by the solution parameters (solvent, polymer concentration viscosity and solution
conductivity), process setup (applied voltage, distance between the needle and collector, flow rate)
and external factors, including temperature and humidity [2-4,9-11]. Therefore, choosing the
electrospinning conditions would be crucial to creating the required morphology with uniform, bead-
free and evenly distributed fibres.

Controlling the fibre diameter, for instance, continues to be a methodological barrier. In this
study, the spinning parameter of the electrospinning process was optimized using Taguchi Method
and analyzed using Minitab Software to produce polyvinylidene fluoride / polyvinyl alcohol
nanofibers. The process parameters such as polymer concentration (PVDF wt% ratio), voltage, feed
rate, and tip-to-collector distance factors were studied with diameter nanofiber as output. The
orthogonal arrays developed by Dr. Genichi Taguchi were used in designing the statistical model due
to their capability to make selections based on the number of parameters in the experiment and the
number of levels. Besides, a minimum of trials could also be used to identify the factors that affect
product quality by evaluating the factors separately or jointly [12-15].

This study will use a rare semi-crystalline conductive polyvinylidene fluoride polymer (PVDF) as a
main resin in producing nanofiber membrane wound dressing. An earlier investigation into the
electrospinning of PVDF revealed the polar B-phase crystal's dominant orientation crystalline
structure along a fibre axis, which results in high electric conductivity behaviours that make it
appropriate for tissue engineering [16]. Several researchers reported on the incorporation of PVDF
with other materials such as cellulose acetate, polyurethane (PU), enrofloxacin (Enro), hyaluronic
acid (HA), and polyvinyl alcohol (PVA) to increase its water absorption ability without losing its
mechanical integrity for enhancing specific cell recognition sites [17-19]. None of them has focused
on optimizing the spinning parameters to predict fibre diameter, especially involving polymer
modification.

Our current manuscript builds on the preliminary findings we published in Hamzah et al., (2021)
[20]. In the previous study, we identified key factors influencing the production of PVDF/PVA
electrospun. This present work aims to delve deeper into these parameter factors, examining their
implications in greater detail and expanding the scope to optimize the electrospinning process. To
identify the ideal process variable that impacts the diameter of the electrospun fibre, this work
intends to investigate the impact of electrospinning parameters on PVDF/PVA nanofiber shape. The
optimization process will help yield the finest fibres that meet the tissue engineering requirements
which were confirmed by in-vitro human skin cell culture analysis.
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2. Methodology
2.1 Preparation of Electrospinning Solution

The polyvinylidene fluoride (PVDF, MW=534000 g/mol) was dissolved in dimethyl sulfoxide
(DMSO) solvent with polyvinyl alcohol (PVA, MW=>89000 g/mol) forming 0.15 % (w/v). Different
PVDF-to-PVA ratios at 85/15, 90/10, and 95/5 were dissolved in the solvent and stirred at room
temperature for two hours, forming homogenous electrospinning solutions [20]. The suspension
solution was drawn into a 5 mL syringe with a 23-gauge needle size and placed at a horizontally set
up electrospinning apparatus (Figure 1). The electrospinning process was done in 1 hour with a range
of voltage 10— 15 kV, flow rate at 0.5 —1.5 mL/h, and 15— 19 cm tip-to-collector distance at ambient
conditions.

Fig. 1. A horizontal electrosinning setup was used in the experiment
2.2 Taguchi Design

In this paper, the major variables and interactions can be explored using Taguchi's technique with
the fewest possible trials. Four factors (polymer concentration which is PVDF wt% ratio, voltage, flow
rate, and tip-to-collector distance) were used in the L9 orthogonal array at 3 different levels, as shown
in Table 1. Minitab 17 software was used to construct an orthogonal array, obtaining only nine
experiments would be conducted instead of 81 experiments as illustrated in Table 2 [14].

Table 1
Selected factors and their levels used in Taguchi design
(A) (8) (€) (D)
PVDF wt% ratio Voltage, kV Flow rate, mL/h Tip-to-collector
distance, cm
Level 1 85 10.0 0.5 15
Level 2 90 12.5 1.0 17
Level 3 95 15.0 1.5 19

*Setting conditions are Level 1: Low, Level 2: Intermediate, Level 3: High

Table 2

Experimental trials according to L9 orthogonal array
Sample No. Designation (A) (B) (@) (D)
S1 A1B1CiDa 85 10.0 0.5 15
S2 A1B2CaD2 85 12.5 1.0 17
S3 A1B3CsDs3 85 15.0 1.5 19
S4 A2B1C2D3 90 10.0 1.0 19
S5 A2B2C3D1 90 12.5 1.5 15
S6 A2B3CiD> 90 15.0 0.5 17
S7 A3B1C3D2 95 10.0 1.5 17
S8 A3B2Ci1D3 95 12.5 0.5 19
S9 A3B3CaDa 95 15.0 1.0 15

(A) — PVDF wt% ratio; (B) — Voltage (kV); (C) — Feed rate (mL/h); (D) — Tip-to-collector distance (cm)
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Before getting the optimal circumstances for the best quality before being submitted to In-vitro
cytotoxicity investigation using HDF cells, the DOE step will transform data from Table 2 to signal-to-
noise ratio comparing to adjustable fibre diameter factors to explore the sensitivity of each factor
[14,15,21]. In the Taguchi method, the Signal-to-Noise (S/N) ratio plays a crucial role in optimizing
the performance of a system or process [13,21]. The S/N ratio is a metric used to quantify the quality
characteristics of a product or process, and it is used to assess the effect of various factors on the
output. The "smaller-the-better" approach was used to get the S/N ratio values using the relation
shown in Eqg. (1):

1
S/y = —10log- X, y7) (1)

where n is the number of observations in each experiment, and yi is the measured response data.

The analysis of variance (ANOVA) was used to measure and categorize the predominant effect
of the different variables in the form of the degree of freedom (DOF), the adjusted sum of squares
(Adj SS), adjusted mean squares (Adj MS), and per cent contribution values. The percentage
contribution can be calculated by using Eq. (2):

P, = “:—;x 100 (2)

where Vi is the variance at factors and V7 is total variance.

The confirmation experiment was carried out to confirm the reliability and reproducibility of the
data specified in Eq. (1) to confirm the confidence in the optimal parameter from Taguchi analysis.
To compare both data sets (experiment and estimated), the estimated S/N ratio using the optimum
levels of the production parameters can be calculated as Eq. (3):

S /N

S/Nw is the mean of the S/N ratios for each parameter level where S/N;is the S/N ratio for the at
i level. Then, the "estimated average diameter" can be calculated by using the relation Eq. (4):

= S/NM + Z?:l(S/Nl. - S/NM) (3)

estimated

S/N = _1010g (dgstimated) (4)

estimated

After substituting the optimum parameter levels into the above equations, the estimated S/N
ratio and the estimated average fibre diameter were determined. The confidence level or accuracy
of the Taguchi method in this could be quantified by using the following relation Eq. (5):

Experimental Value—Estimated Value

Accuracy = 100 — ( x100) (5)

Estimated Value

2.3 Morphological Characterization of Electrospun Fiber

For morphological analysis of PVDF/PVA nanofiber, the JEOL Field Emission Scanning Electron
Microscope (FESEM) model JSM-7800F was employed. Gold was sputtered onto the nanofiber for 30
seconds at a magnification of 100 to 10,000 x at 18 Ma. Using the software Imagel to examine at
least 100 distinct fibers, the diameter of the nanofiber was determined [20].
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2.4 In-vitro Cytotoxicity Analysis

Human Skin Fibroblast (HSF 1184) cells were cultured in T-flasks containing DMEM medium
supplemented with fetal bovine serum, penicillin-streptomycin, and pyruvate where all mediums are
from Thermo Fisher Scientific. The cells were incubated at 37 °C with 5% CO; before undergoing
cytotoxicity analysis. The sample will be seeded with HSF cell suspension at 1x10* cells/mL for 24
hours. MTT assay was performed by quantifying the purple formazan crystals absorbance which
represents the number of surviving cells after 24 hours by measuring the absorbance at 570 nm using
a microplate reader [22]. The cells will be treated with Trixton-X for positive control and normal
culturing for negative control. The samples were stained with Live/Dead kit assay to assess the cell
viability and the image was captured using an inverted fluorescence microscope.

3. Results
3.1 Optimum Combination in Optimizing the PVDF/PVA Electrospun

In the optimization of electrospinning, the diameter characteristic of the fibres produced is an
important parameter to consider. The diameter of the electrospun fibres significantly impacts their
properties and performance in various applications. The FE-SEM micrographs of the composite fibre
morphology are illustrated in Figure 2 and the corresponding average fibre diameters are tabulated
in Table 3. Generally, fibres with smaller diameters exhibit higher mechanical strength due to reduced
defects and higher orientation of polymer chains. Other than that, electrospun fibres have an
extremely high surface area-to-volume ratio with greater porosity and interconnectedness of pores
due to their small diameter, which is advantageous for applications such as tissue engineering and
drug delivery [9,20,23]. As electrospinning relies on the electrostatic forces to form fibres, the
diameter will influence the conductivity and charge distribution that contribute to the even release
rate of encapsulated drugs or active agents in the materials [24]. By fine-tuning the electrospinning
process using Taguchi in this study, the process parameter was optimized to find the best fibre
diameter to improve performance and functionality.

Table 3
Diameter of PVDF/PVA electrospun and signal-to-noise (S/N) ratios based
on "smaller is better."

Sample No. Designation Diameter nanofiber S/N Ratio
S A1B1CiDa 172.00 (£37) -44.7106
S2 A1B2CaD2 175.67 (£72) -44.8940
S3 A1B3CsDs3 175.27 (+64) -44.8742
Y A2B1CaDs3 172.67 (£31) -44.7443
S5 A2B2C3Da 176.00 (£50) -44.9103
S6 A2B3CiD2 171.65 (£29) -44.6929
S7 A3B1C3D2 175.32 (£36) -44.8766
S8 A3B2Ci1D3 174.33 (£42) -44.8274
S9 A3B3CaDa 173.30 (+68) -44.7760

(A) — PVDF wt% ratio; (B) — Voltage (kV); (C) — Feed rate (mL/h); (D) — Tip-to-collector distance (cm)

The fibre diameter results from ImageJ analysis and were introduced into Minitab 17 software to
gain the S/N ratio and p-value—generally, the higher the S/N ratio, the smaller the nanofiber
diameters. Because a stand-alone mesh collector has minimal control over fiber alignment, random
fiber distribution is visible in most electrospun mat samples. As observed, the PVDF/PVA electrospun
have randomly oriented nanofibers with smooth surfaces and are homogenously distributed, where
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some were detected with minor beads presence as typical defects on electrospun samples noticed
in Figure 2 (b, h and i). However, after a quick look at the FESEM micrographs, the sample in Figure 2
(a, f and g) has a smaller diameter than other runs.

Fig. 2. FESEM imaes f VDFVA fibres used in the esgn of eeriments study: (a) S1; (b) S2; (c) S3;
(d) S4; (e) S5; (f) S6; (g) S7; (h) S8 and (i) S9 at 5000x magnification

The main effects for S/N ratios were plotted using Minitab 17 software, as indicated in Table 3
and Figure 3. From the table, the most significant S/N ratio corresponds to the most minor
electrospun fibre diameter obtained in the experiment. The nanofibers obtained in Run S6 have a
minor diameter, followed by Run S1 and S4, as illustrated with the FESEM images of the smooth and
almost bead-free electrospun fibre morphology that could be obtained from the designated runs.
However, the S/N ratios plot suggested that combining the highest S/N ratio for each parameter may
produce the optimum output. The ideal setting of fiber diameter-related parameters was A2B1C1D1,
as indicated in Figure 3, which means that the experimental conditions should be set to have a PVDF
concentration at 90 wt% (A), the voltage at 10.0 kV (B), feed rate at 0.5 mL/h (C) and 15 cm distance
from the tip of needle gauge to a collector (D).
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Fig. 3. Main effects plot for the S/N ratios of the experimental run

In Table 4, the delta value is the difference between the maximum and minimum S/N ratios. At
the same time, the rank represents the importance of the processing parameters determined by
ranking the delta values from the largest to the smallest. The degree of influence of the factors on
the fibre diameter increased in the order of feed rate > voltage > PVDF wt% (polymer concentration)
> tip-to-collector distance. The ANOVA was applied to the data set to determine each process
parameter's contribution to confirm the different factors' specific influence on the quality
characteristic. Table 5 tabulates the degree of freedom (DOF), the adjusted sum of squares (Adj SS),
adjusted mean squares (Adj MS), and per cent contribution values. The results showed that the
contributions of the individual factors to the fibre diameter were 5.58 % for the PVDF wt%, 34.14 %
for voltage, 55.87 % for the feed rate, and 2.01 % for tip-to-collector distance. Besides, the feed rate
has the highest F-value (the lowest p-value) among other parameters, which shows that it is the most
critical parameter. Therefore, it can be concluded that the "importance ranking" data of the Taguchi
S/N response approach directly coincides with the "per cent contribution" data of the ANOVA
approach. The indication of feed rate, also known as flow rate, as the main factor contributing to
diameter fibre characteristic is aligned with other studies.

Table 4

S/N ratio response table including delta and rank data

Level A B C D

1 -44.83 -44.78 -44.74 -44.80
2 -44.78 -44.88 -44.80 -44.82
3 -44.83 -44.78 -44.89 -44.82
Delta 0.04 0.10 0.14 0.002
Rank 3 2 1 4
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Table 5

Analysis of variance for signal-to-noise ratios of electrospun PVDF/PVA fibre diameter

Source DF Seq SS Adj MS F P PCR (%)
A 2 0.003866 0.001933 0.22 0.806 5.58%
B 2 0.019280 0.009640 1.62 0.273 34.14%
C 2 0.031061 0.015530 3.90 0.082 55.87%
D 1 0.000796 0.000398 0.04 0.957 2.40%
Residual 2 0.002980 2.01%
Error

Total 9 0.055003 100

DF: degree of freedom; SS: sum of squares; MS: mean of squares; PCR: percentage contribution ratio

The feed rate affects several parameters during the electrospinning process, including the
nanofibers' jet initiation, stretching, and solidification. Generally, a higher feed rate tends to result in
larger nanofibers, while a lower feed rate can lead to smaller nanofibers. This relationship arises due
to the dynamics of the electrospinning process. The increased flow rate of the polymer solution or
melt at higher feed rates can lead to thicker and faster jet initiation from the spinneret [25,26]. The
higher jet velocity and increased stretching forces during flight can form thicker nanofibers upon
solidification. Conversely, reducing the feed rate decreases the jet initiation speed and stretching
forces, promoting the formation of thinner nanofibers [23,26].

3.2 Confirmation Eexperiment for the PVDF/PVA Nanofibers

The confirmation experiment was set up using A;B1CiD1 parameters combination of PVDF
concentration at 90 wt% (A), the voltage at 10.0 kV (B), feed rate at 0.5 mL/h (C), and tip-to-collector
distance at 15 cm (D). Figure 4 shows the morphology image of the PVDF/PVA electrospun after the
confirmation experiment, along with their diameter frequency and diameter distribution histograms.
The average diameter of the experimental PVDF/PVA electrospun fibres was determined as 171.60
(¥21) nm, and the S/N ratio as -44.6802 as determined in Table 6. The estimated S/N ratio and the
average fibre diameter were slightly lower than the experimental value. Overall, the confidence level
or accuracy of the Taguchi method in this study was as large as 99 %.

The diameter of nanofibers suitable for tissue healing can vary depending on the specific
application and desired outcomes. However, generally, nanofibers with diameters in the range of
tens to hundreds of nanometers have shown promise for tissue healing. For example, in nerve tissue
engineering, nanofibers with smaller diameters, 100-500 nm or even below 100 nm, are often used
[27,28]. The smaller diameter nanofibers provide physical guidance and cues for the directional
growth of axons in nerve regeneration. They can facilitate the formation of aligned neural networks
and enhance the regrowth of damaged nerve fibres [19,27]. It is also similar to the native extracellular
matrix (ECM) fibres found in the skin, which help mimic the natural tissue environment and promote
cell attachment, migration, and regeneration.

Table 6

Result of the confirmation experiment for the diameter of PVDF/PVA nanofibers
Condition Nanofiber diameter nm S/N ratio

Estimate A2B1C1D1 171.13 -44.6668

Experimental A2B1CiD1 171.60 -44.6802
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Fig. 4. The FESEM micrographic images and diameter nanofiber of (a) neat PVDF (b)
optimum PVDF/PVAa (0.5 mL/h) and (c) PVDF/PVAb at 80 wt% PVDF, 15kV, 1.5 mL/h and
19 cm tip-to-collector distance

3.3 In-Vitro Cytotoxicity Analysis

In-vitro cell culture exposed to the negative control, positive control and PVDF/PVA sample under
optimal conditions, the viability was 95.8045.1%, 26.28+4.2% and 87.41+4.6% at 24 hours of
continued growth in the culture as shown in Figure 5(a). The optimized electrospun has nontoxic
potential to be used in tissue engineering applications where the cell viability increases to >50%
compared to the positive control, which has lower cell viability. The micrographic image of cell
viability confirmed the results in Figures 5(b). As a result of its hierarchical structure of linked pores,
which created a favorable environment for cell meiosis, this suggested that the ideal fiber
architecture of PVDF/PVA electrospun might facilitate the attachment and proliferation of the HSF
cells. This corroborates another suggestion that suggests the range of nanofibers should be between
20 and 400 nm to support the infiltration of human cells with higher porosities to favour cell
infiltration [29-31].
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Fig. 5. (a) Percentage of cell viability; (b) microscopic image of cells and (c)
fluorescent image of cells from different cultured condition

4. Conclusions

PVDF/PVA fibres were electrospinning based on 4 factors of an L9 orthogonal array with S/N
ratios and ANOVA in the Taguchi Method. The PVDF wt% (polymer concentration), voltage, feed rate
and tip-to-collector distance at 3 different levels were studied to investigate the optimal factor levels
for athinner fibre diameter during electrospinning. The feed rate was found to be the most influential
factor in the diameter of PVDF/PVA fibres. The smaller diameter was produced at a low feed rate
during the spinning process. The combination of the A,B1C1D1 parameters was the optimum process
condition and was subjected to further characterization studies. The optimum electrospun fibre was
evaluated with the neat PVDF and PVDF/PVA with larger nanofiber diameter by increasing the feed
rate parameter to 1.5 mL/h to differentiate the properties of the samples. The optimum PVDF/PVA
electrospun was found to have good biocompatibility properties with low toxic potential towards
human cells, as indicated by MTT and live/dead kit assay. Therefore, the Taguchi Method was
successfully applied to optimize the electrospinning conditions for PVDF/PVA nanofibers with
minimal trial, producing a good, desired outcome for tissue engineering application.
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