Received: 13 March 2023

Revised: 10 June 2023

‘W) Check for updates

Accepted: 13 June 2023

DOL: 10.1002/app.54376

RESEARCH ARTICLE

JOURNAL OF

Applied Polymer WiLEY

High-throughput fabrication, structural characterization,
and cellular interaction of compositionally diverse fish
gelatin/polycaprolactone (PCL) nanofibrous materials

Hannah A. Lacy' |

'Department of Physics, University of
Alabama at Birmingham, Birmingham,
Alabama, USA

*Department of Chemistry, Technical
University of Liberec, Liberec,
Czech Republic

Correspondence

Andrei Stanishevsky, Department of
Physics, University of Alabama at
Birmingham, 310 Campbell Hall, 1300
University Boulevard, Birmingham, AL
35233, USA.

Email: astan@uab.edu

Funding information

National Science Foundation,
Grant/Award Number: 1852207; U.S.
Department of Education, Grant/Award
Number: P200A180001

1 | INTRODUCTION

Nanofibers remain at the forefront of materials research
and design with widespread applications in industry, med-
icine, energy, and more.™ Nanofibers made of many
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Abstract

Nanofibers made by blending natural and synthetic biopolymers have shown
promise for better mechanical stability, ECM morphology mimicry, and cel-
lular interaction of such materials. With the evolution of production methods
of nanofibers, alternating field electrospinning (a.k.a. alternating current
(AC) electrospinning) demonstrates a strong potential for scalable and sus-
tainable fabrication of nanofibrous materials. This study focuses on
AC-electrospinning of poorly miscible blends of gelatin from cold water fish
skin (FGEL) and polycaprolactone (PCL) in a range of FGEL/PCL mass
ratios from 0.9:0.1 to 0.4:0.6 in acetic acid single-solvent system. The nano-
fiber productivity rates of 7.8-19.0 g/h were obtained using a single 25 mm
diameter dish-like spinneret, depending on the precursor composition. The
resulting nanofibrous meshes had 94%-96% porosity and revealed the
nanofibers with 200-750 nm diameters and smooth surface morphology.
The results of FTIR, XRD, and water contact angle analyses have shown
the effect of FGEL/PCL mass ratio on the changes in the material wettabil-
ity, PCL crystallinity and orientation of PCL crystalline regions, and sec-
ondary structure of FGEL in as-spun and thermally crosslinked materials.
Preliminary in vitro tests with 3 T3 mouse fibroblasts confirmed favorable
and tunable cell attachment, proliferation, and spreading on all tested
FGEL/PCL nanofibrous meshes.
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natural and synthetic polymers have been proven partic-
ularly useful in the production of biomaterials, drug
delivery systems, and tissue engineering. Synthetic poly-
caprolactone and natural gelatin have been used fre-
quently as exemplary materials in this area.>® Current
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research has employed direct current (DC) electrospinning
as a main production method for nanofibrous materials,
including those made using the combinations of PCL
and gelatin.”” In light of some of the shortcomings of
DC methods, alternating field electrospinning (AFES,
a.k.a. alternating current (AC) electrospinning) has
gained traction in recent years as a high-yield, sustain-
able approach to nanofiber production. Cyclic nature
of nanofiber generation, often different precursor
requirements than in DC electrospinning, and slowly
propagating dense fibrous flows in AFES allow expan-
sion of the possible polymeric precursor systems, han-
dling approaches of the generated nanofibers, and
structure and textural properties of the resulting nano-
fibrous materials.’®"'* Lawson et al."* have shown that
AFES of PCL can efficiently work with acetic acid as
the only solvent, or with multi-solvent systems based
on mixtures of formic acid, acetic acid, and acetone, as
demonstrated by Sivan et al.'> The PCL nanofibers pro-
ductivity rates between 1.0 and 12.4 gh ' were
obtained depending on the solvent system and applied
AC voltage. Varying the process parameters, such as
AC frequency and solvent system, allows for modifica-
tion of the resulting PCL nanofibrous material charac-
teristics like wettability, contact angle, density,
alignment, and surface energy.'®'” Similarly, Jirkovec
et al.'® demonstrated the AFES capability to produce
animal gelatin nanofibers from acetic acid and mixed
acetic acid-water-ethanol solvent-based precursors.
Kennell et al.'® demonstrated AFES of fish gelatin
(FGEL) nanofibers at up to 12.6 g-h~* productivity by
using water as the solvent. Thermally crosslinked
AFES FGEL nanofibrous meshes demonstrated favor-
able cellular response in an in vitro study with
tdTomato mice fibroblasts.

The present study explores the combination of fish gel-
atin and PCL in a single solvent system for efficient AFES
production of blended nanofibrous mats for potential bio-
medical uses. As PCL and gelatin blends have been repeat-
edly reported to have poor miscibility,”®>* the solvent
system and process parameters are expected to play an
enormous role in the fiber formation and the resulting
material structure and properties. To the date, no detailed
study on the AC electrospinning of blended FGEL/PCL
nanofibrous materials in a broad range of FGEL/PCL mass
ratios have been attempted. A thorough characterization
of the precursor and AFES process parameters has been
performed in this study. The produced FGEL/PCL nanofi-
brous materials were characterized by SEM, FTIR, X-ray
diffraction, wettability and in vitro tests to investigate the
precursor-process-structure-properties relationships in the
nanofibrous materials with FGEL/PCL mass ratios from
0.9:0.1 to 0.6:0.4.

2 | EXPERIMENTAL

2.1 | Materials

Polycaprolactone (PCL, 80,000 MW, granules) and gela-
tin from cold water fish skin (FGEL, BioReagent, pow-
der) were purchased from Sigma-Aldrich Inc., US. Other
ingredients used in this study included acetic acid (AA,
glacial 99 + %, Alfa Aesar, US), sodium acetate (NaAc,
anhydrous 99%, Alfa Aesar, US), 3 T3 mouse fibroblasts
(NTH/3 T3 Swiss Albino, ATCC, Czech Republic),
Dulbecco's Modified Eagle's Medium (DMEM), fetal bovine
serum (FBS), and penicillin/streptomycin/amphotericin B
(all were acquired from Lonza, CH).

2.2 | Precursor preparation

First, the 30 wt% FGEL solution was prepared in a mixture
glacial AA (95 v%) and deionized (DI) water (5 v%). Next,
the 20 wt% PCL solution was prepared in glacial AA alone.
Each solution was magnetically stirred for several hours
until clear, viscous liquids were obtained. These pristine
FGEL and PCL precursor solutions were then mixed in dif-
ferent volumes and stirred to prepare the blended polymeric
precursors with 0.9:0.1, 0.8:0.2, 0.7:0.3, 0.6:0.4, 0.5:0.5, and
0.4:0.6 FGEL/PCL mass ratios. Small amounts of sodium
acetate (NaAc, 1 wt% with respect to total polymer mass)
were added to each precursor during the stirring to adjust
the electrical conductivity and viscosity of the precursors."*

2.3 | Precursor properties
measurements

Precursor viscosity tests were completed using a HAAKE
RotoVisco 1 viscometer by Thermo Scientific. Both con-
stant shear rate and dynamic tests were conducted, with
shear rate varied from 0 to 1000 s~'. Apparent viscosity
data acquired at 100 s~ shear rate for 120 s for each pre-
cursor were used as the figure of merit. Approximately
8.2 mL of solution was used for each measurement com-
pleted using the liquid cylinder and cup configuration,
and 0.2 mL of solution was used for each measurement
completed using the liquid plate and probe configuration.
Measurements were repeated three times for each sample
and the average of each data set was obtained.

Electrical conductivity was determined using Eutech
Instruments CON 510 Bench Conductivity meter. The
measuring probe was placed in approximately 5 mL of
each of the solutions and the steady-state values were
recorded. An average was calculated using five recorded
values from each solution.
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2.4 | Electrospinning of FGEL/PCL
nanofibrous materials

Fabrication of nanofibrous meshes was performed using a
custom-built AFES apparatus operated at up to 40 kV rms
AC sinusoidal voltages at 60 Hz.>> FGEL/PCL precursor
solutions were delivered to a Teflon-enclosed spinneret
and spun at 25-33 kV rms AC voltage. Ambient tempera-
ture and relative humidity were kept within the ranges of
20-23°C and 35%-41%, respectively. Dish-like spinnerets
with 12.5-25 mm diameters were typically used. The gen-
erated FGEL/PCL nanofibers were collected on a rotating
cylindrical plastic collector with 100 mm diameter and
located at 250 mm distance from the spinneret. The dura-
tion of the AFES process was set to form 0.1 to 2.2 mm-
thick FGEL/PCL nanofibrous meshes. Good uniformity
of the mesh thickness was achieved typically within
15-20 cm mesh width. The precursor flow rate was
adjusted for each precursor, spinneret size, and voltage to
maintain a constant level of the fluid on the spinneret.

2.5 | Precursor solution flow and process
productivity

The flow rate and production rate of the polymer precur-
sor solutions was determined by individual measurement
of the consumed volume (V,,, mL) of precursor solution
and mass (my, g) of the bulk nanofibers produced by
AFES within a given timeframe. The volume of con-
sumed precursor solution was determined using a syringe
system that allows a controlled, measurable flow of pre-
cursor solution to the spinneret. The mass of the bulk
nanofibers produced from the measured volume of the
precursor solution was determined by collecting and
removing the fibers for weighing performed with a Sarto-
rius Entris® Analytical Balance. Flow rate (R, mL-min %)
and production rate (R, gmin~") was then calculated
using Equation (1) and (2), respectively, where ¢t is the
active time (in minutes) that electrospinning occurred.

Ry —-2 (1)

(2)

2.6 | Crosslinking by heat treatment

The resulting FGEL/PCL nanofibrous meshes were ther-
mally treated at 160°C for 4 h using either a Thermo Scien-
tific Heratherm oven or Panasonic Dry Heat Sterilizer
MOV-212S-PE to crosslink the material. The heat treatment

also served a dual purpose of sterilization for the meshes
prior to use in cellular studies. To maintain sterility, the
mesh samples intended for use in cellular studies were pre-
pared, cut to size, and then heated within sterile sealed glass
petri dishes so that they could be transferred to the cell
seeding area. Other meshes not intended for cellular studies
were heated on flexible fiberglass sheets and then removed
for further characterization.

2.7 | FTIR spectroscopy

Fourier transform infrared spectroscopy was performed
using Bruker Vertex 70 FTIR Spectrometer (2 cm ™" res-
olution) in transmission mode to characterize the func-
tional groups of the bulk nanofibers prior to and after
heat treatment. Samples were prepared with minimal
thicknesses and affixed to the device holder with 8§ mm
aperture such that the infrared beam was able to pass
through.

2.8 | X-ray diffraction analysis

The Malvern PANalytical Empyrean X-ray diffractometer
was used to perform X-ray diffraction (XRD) in transmis-
sion mode to determine the crystallinity of the prepared
materials. Samples were cut into 16 mm circles of approxi-
mately 1 mm thickness and placed between thin mylar
films secured to transmission sample holders before inser-
tion into reflection-transmission spinner sample stage.
Each test was performed in the range of 5-40° 26 during
5 min acquisition time. The PCL crystalline domain mean
sizes were determined from the FWHM of the peak corre-
sponding to (110) plane using Scherrer equation and
Scherrer constant k = 0.94.

2.9 | Porosity and wettability analysis

The porosity of the samples before and after heat treat-
ment was determined by using the calculated density of
each sample. Each sample was cut to the specified length,
width, and thickness, and the sample's mass was deter-
mined. These values were used to calculate the sample
density, which was then compared to the theoretical den-
sity of the bulk solid FGEL/PCL material of given compo-
sition to calculate the porosity.

Water contact angle (WCA) measurements were per-
formed using the PGX+ Pocket Goniometer in dynamic
mode following sample preparation and procedure guide-
lines as established by the PGX+ user manual. A water
droplet with ~2 mm diameter was gently placed on the
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surface of nanofibrous samples. The device camera cap-
tured the droplet’s images at 80 images-s—'. The images
were processed using the device software and a curve
expressing the wetting, absorption, and spread of the
water droplet as a function of time was produced.

2.10 | Scanning electron microscopy

A scanning electron microscope (SEM, Quanta FEG
650 or Tescan, VEGA3 SB easy probe) were concurrently
used at 15-20 kV accelerating voltage to acquire the sec-
ondary electron images of the prepared samples. Samples
were sputter-coated with a few nm of Au-Pd alloy using a
Denton Vacuum Desk II prior to the SEM images to
reduce the surface charging. SEM images were analyzed
using ImageJ software (NIH, Bethesda, USA) to assess
the nanofiber uniformity, diameter, morphology, bun-
dling and orientation.

211 | Cellular studies

Cellular in vitro studies were conducted for 1, 3, 7, and
14 days using 3 T3 mouse fibroblasts in the concentration
of 1 x 10* per well in 24-well plates using the Dulbecco's
Modified Eagle's Medium (DMEM) supplemented with
10% (v/v) fetal bovine serum (FBS) and 1% (v/v) penicil-
lin/streptomycin/amphotericin B. Cells were cultured in
an incubator (37°C, 5% CO,). The medium was changed
three times a week, and the second passage was used for
the in vitro experiments. Nanofibrous mesh samples
used were cut into 1.5 cm diameter circles suitable for
24-well plates and then heat treated for crosslinking and
sterilization as described in Section 2.6 above. Nanofi-
brous mesh samples with cells intended for SEM

imaging were washed twice with PBS prior to fixation to
remove unattached cells. The meshes were then fixed
with 2.5% glutaraldehyde, washed with PBS, and dried
using ethanol at increasing percentages of 60, 70, 80, 90,
96, and 100 for 10 min each. The samples were placed
on parafilm for final drying before being subjected to
the preparation and imaging protocol outlined in
Section 2.10 above. Cellular viability was assessed at
1, 3, 7, and 14 days using cell counting kit-8 (CCKS,
Dojindo) following sample preparation and procedure
methods outlined in the Dojindo manufacturer manual
and in relation to cell plating density. These samples
were then analyzed in a 96-well plate using the Tecan
SPARK® Multimode Microplate Reader at 450 nm
absorbance in correlation to the culture number of liv-
ing cells. The resulting data output files were exported
for manual statistical analysis.

3 | RESULTS AND DISCUSSION
3.1 | AFES of FGEL/PCL nanofibers
3.1.1 | Precursor viscosity and conductivity

Viscosity and electrical conductivity are the most critical
attributes of the polymer precursor solution in electro-
spinning. In the case of AFES FGEL/PCL, the precursor
viscosity within the range of 250-350 mPa-s allowed the
uniform flow of nanofibers to be produced from the sur-
face of spinneret with FGEL and all tested blended
FGEL/PCL precursors (Figure 1a,b). The pristine PCL
precursor required at least 600 mPa-s viscosity for uni-
form flow of nanofibers to form. The deviation of the vis-
cosity values from their expected gradual increase with
higher PCL content in FGEL/PCL precursor can be the
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FIGURE 1

(a) Precursor concentration, viscosity, and electrical conductivity as a function of FGEL/PCL mass ratio with (inset) the

appearance of pristine GEL (left) and FGEL/PCL precursors with the increasing content of PCL (from the left to the right); (b) Precursor
flow take off rate and nanofiber productivity as a function of FGEL/PCL mass ratio. [Color figure can be viewed at wileyonlinelibrary.com]
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result of partial agglomeration of PCL chains in
the blended precursors. The blended precursors with the
increasing PCL content reveal a gradual change from
transparent to hazy appearance due to the formation of
such small agglomerates of PCL (Figure 1la, inset). Fur-
thermore, though the initial viscosity of pristine PCL pre-
cursor was substantially higher than the blended
precursors, all of the PCL-containing precursors viscosi-
ties exhibited extreme sensitivity over time and
declined steeply within a few days after preparation,
resulting in decreased spinnability. Extended testing in
ambient conditions of the viscosity over time of precur-
sors containing higher concentrations of PCL were
observed to decline in an exponential manner over
7 days. This steep decline in viscosity can be attributed
to the ester hydrolysis of the PCL by the acidic sol-
vent.”* However, pristine gelatin precursor viscosity
decreased minimally despite the acidic environment. It
is also expected that the consequent physiochemical
properties of the FGEL/PCL nanofibrous sheets may be
affected by the partially hydrolyzed PCL component
over time.””> To better preserve the desired viscosity of
the precursors containing PCL, they may be kept at
lower temperatures to slow the hydrolytic effect and
maintain higher PCL molar mass.

The NaAc salt additive and minute quantities of
water in the FGEL/PCL precursors allowed for adjust-
ment of the viscosity to fairly close values for all tested
FGEL/PCL compositions and maintenance of the same
precursor spinnability within the first 24-48 h of prepara-
tion. Prior study on AC-electrospinning of PCL indicated
the need for NaAc'* to create the shear-thinning effect in
the viscosity behavior and improve PCL spinnability.
In this respect, the presence of NaAc and water deter-
mined the observed changes in the electrical conductivity
of all tested precursors (Figure 1a).

3.1.2 | Precursor spinnability, fibrous flow,
and productivity

It was found that humidity above 30%, ambient tempera-
ture of 22°C, and 28-30 kV allowed for uniform and contin-
uous spinning of all the precursor solutions. Propagating
liquid jets were formed mainly along the edge of spinneret
and some formed across the surface of the polymer

TABLE 1
Parameters FGEL 0.9:0.1 0.8:0.2
Flow rate [mL-min '] 0.6000 0.4620 0.5980
Fiber production rate [g-h™"] 10.800 7.8108 9.7235

Applied Polymer_wiLEy-l s

solution, creating a hollow cylindrical flow pattern. The
fibrous flow is then carried upward toward the collector
by the “electric wind” phenomena (Figure 1b).'> A gen-
eral trend of increased flow rate and productivity was
observed with increased PCL content of the precursors
(Figure 1b and Table 1). However, there was some vari-
ance seen in fiber mass collected for pristine PCL due to
some inconsistency in the flow trajectory, causing a frac-
tion of fibers to go astray. It was also noted that the
fibrous flow is generally increasing in width with more
PCL content in the precursor (Figure 2, inset). This can
be related to the increased electric field in the precursor
layer with lower electrical conductivity and thus larger
electric force during the propagating jet formation that
can broaden the generated fibrous flow.

3.2 | Nanofibrous material analysis
3.2.1 | Textural properties of FGEL/PCL
nanofibers

The collected FGEL and FGEL/PCL nanofibrous
meshes were highly porous, with the porosity varying
in the range 94%-96% (Figure 2). Close porosity values
seem to be related to the small differences of the pre-
cursors' viscosity. The thermal cross-linking of as-spun
FGEL/PCL nanofibrous meshes at 160°C for 4 h
resulted in ~2% increase of porosity of FGEL/PCL
materials with PCL mass content of 40 wt% and below.
This can be due to the elimination of the residual sol-
vent. Porosity of the FGEL/PCL materials with larger
PCL content sharply reduces, mainly due to the partial
melting of PCL component, nanofiber fusion and the
mesh shrinkage.

SEM images show that FGEL and all FGEL/PCL
nanofibers formed were beadless and smooth, with aver-
age diameters of 230-750 nm, depending on the FGEL/
PCL ratio (Figure 3a—c and Table 2). A general trend of
increased average fiber diameter with increased PCL
content was observed. The change in fiber diameter for
as-spun samples is largely the result of viscosity of the
precursor solutions, although the effect of electrical con-
ductivity cannot be ruled out. Thermal crosslinking
results in the increase of fiber diameter in FGEL and
0.8:0.2 FGEL/PCL nanofibrous meshes, but the fiber

Flow rates and fiber production rates for FGEL, FGEL/PCL, and PCL precursors with 25-mm diameter dish-like spinneret.

0.7:0.3 0.6:0.4 0.5:0.5 0.4:0.6 PCL
0.9100 0.9600 1.1920 1.1740 1.5748
14.359 14.400 17.165 16.413 18.922
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FIGURE 2 Porosity of as-spun and cross-linked nanofibrous
sheets with different FGEL/PCL mass ratios with (inset) as-spun
nanofibrous sheets with 0.6:0.4 (left) and 0.4:0.6 (right) FGEL/PCL
mass ratios. [Color figure can be viewed at wileyonlinelibrary.com]

diameter decreases in nanofibrous meshes with higher
PCL content (Table 2).

Crosslinked FGEL and FGEL/PCL nanofibers show
no change in the appearance up to 0.6:0.4 FGEL/PCL
mass ratio (Figure 3e-g). However, those with higher
PCL content (i.e., 0.4:0.6 FGEL/PCL mass ratio,
Figure 3h) clearly displayed melting of the PCL which
decreased average fiber diameter and increased apparent
fusing of the fibers into web-like structures (Figure 2h).
Pristine PCL fibers displayed comparatively thin, beaded
fibers with beading similar to those studied by Lawson."*
Pristine PCL nanofibers cannot be processed at the used
temperatures due to complete melting, and they were
therefore excluded from the analysis.

3.2.2 | Structural analysis by FTIR and XRD
FTIR transmission spectra of the both as-spun and ther-
mally cross-linked thin nanofibrous sheets with different
FGEL/PCL mass ratios are shown in Figure 4.

FIGURE 3 SEM images of (a-d) as-spun and (e-h) thermally cross-linked FGEL (a,e) and FGEL/PCL nanofibers with 0.8:0.2, 0.6:0.4
and 0.4:0.6 mass ratios, respectively.

TABLE 2  Average fiber diameters with standard deviations of as prepared and treated FGEL, FGEL/PCL, and PCL samples.

Parameter Material FGEL 0.9:0.1

As spun Average diameter [nm] 534 237
Std. Dev. [nm] 309 63

Cross-linked Average diameter [nm] 694 -
Std. Dev. [nm] 214 -

0.8:0.2 0.7:0.3 0.6:0.4 0.5:0.5 0.4:0.6 PCL

612 620 645 605 741 268
195 134 230 199 294 144
634 597 595 587 596 =
183 133 132 258 365 =
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FIGURE 4 FTIR transmission spectra of (top) as-spun and

(bottom) cross-linked nanofibrous sheets with different FGEL/PCL
mass ratios. FTIR spectra of as-spun PCL nanofibers are shown for
comparison in both graphs. [Color figure can be viewed at
wileyonlinelibrary.com]

The characteristic peaks associated with IR absorp-
tion bands of PCL at 1722cm ' (C=O stretching),
1362 cm ™' (CH, wagging), 1291 cm™ ' (C-C and C-O
stretching in crystalline phase), and 1238 cm ™' (C-O-C
asymmetric stretching in amorphous phase) show a
slight shift to higher frequencies in FGEL/PCL nanofi-
bers when compared to pristine PCL. The positions of
the peaks at 1470 cm ' (CH, scissoring), 1415 cm "
(CH, bending), and 1393 cm ™ * (CH, wagging) remain
practically the same in as-spun FGEL/PCL nanofibers
(Figure 5, top).”®*” The absorption band centered at
~1170 cm ™' in pristine PCL nanofibers splits into two
peaks at 1188 cm™' (O-C-O stretching in crystalline

phase) and 1160 cm ' (C-O and C-C stretching in
amorphous phase) in FGEL/PCL nanofibers. For the
fish gelatin component of as-spun FGEL/PCL nanofi-
bers, the most pronounced peaks at 1642cm '
(Amide-I) and 1533 cm ™' (Amide-II) slightly broaden
toward the higher frequencies when compared to pris-
tine FGEL nanofibers. Those frequency changes can
indicate some degree of interaction between FGEL and
PCL,” such as a possible hydrogen bond formation
between ester group of PCL and amine group of
FGEL,” or some level of the fibers' structural
modification.

Thermal cross-linking of FGEL/PCL nanofibers
resulted in the PCL band at 1722 cm ™" at the same posi-
tion as in as-spun pristine PCL nanofibers and more
noticeable split of 1170 cm ™' band into two peaks at 1190
and 1160 cm ™. The apparent position of FGEL Amide-I
peak shifted to ~1645 cm ' in the cross-linked pristine
FGEL and all FGEL/PCL samples (Figure 4, bottom).

The splitting of the absorption band observed at
~1170 cm ™! in pristine PCL nanofibers into two peaks
in FGEL/PCL nanofibers is associated with the changes
in PCL crystallinity, where the bands at 1190 and
1160 cm™ ' are assigned to infrared light absorption in
PCL crystalline and amorphous phases, respectively. A
sharper peak at 1190 cm ' in cross-linked FGEL/PCL
nanofibers can indicate a higher crystallinity of PCL
fraction when compared to as-spun materials. It has also
been observed that the intensity of PCL peaks in the
range from 1400 to 1100 cm ™' noticeably reduces with
respect to the intensity of the peak at 1722 cm *
(Figure 4, bottom, and the example in Figure 5a). The
latter band also displays some asymmetry due to the
presence of a shoulder centered at ~1736 cm '. This
component is due to the amorphous phase in PCL, and
the ratio of the peak intensities at 1722 and 1736 cm
can be used to estimate the content of PCL crystalline
and amorphous phases in nanofibers. The PCL crystal-
linity in AFES FGEL/PCL has been determined accord-
ing to the procedure proposed by He and Inoue,*® using
the two Gaussian peaks curve fitting of the PCL absorp-
tion band centered at 1722 cm %, as shown in the exam-
ple in Figure 5b,c. The content of the crystalline phase
was calculated using the expression

Xe = I x 100%/ (I +71,), (3)

where I. and I, are the intensities of the 1722 and
1736 cm ™' peaks, respectively, and the absorption coeffi-
cient y is equal to 1.46 + 0.03. The calculation using this
procedure revealed 69.2% crystallinity in AFES pristine
PCL nanofibers, and 69.5% crystallinity in the precursor
bulk PCL.
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This crystallinity parameter is higher than 54%-58%
crystallinity determined from either FTIR or differential
scanning calorimetry (DSC) data of AFES pristine PCL
fibers from several formic acid-based precursors,*' or
42%-56% and 35%-38% crystallinity determined by DSC**
and XRD,*? respectively, for DC electrospun PCL nanofi-
bers from an acetic acid precursor.’® According to the
results displayed in Table 3 the crystallinity of PCL ini-
tially increases but then reduces significantly with the
increasing content of FGEL in as-spun FGEL/PCL nano-
fibers, when compared to as-spun pristine PCL. This par-
tially agrees with the results for PCL/Gelatin
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FIGURE 5

nanofibers,> where it was suggested that gelatin can
inhibit the PCL crystallization. The crystallinity of PCL
component increases in all FGEL/PCL compositions after
the thermal cross-linking of nanofibers (Table 3), simi-
larly to the example in Figure 5b,c for the AFES nanofi-
brous sample with 0.6:0.4 FGEL/PCL mass ratio.

More detailed analysis of the PCL absorption bands
in the range from 1400 to 1100 cm ™' in as-spun nanofi-
bers with different FGEL/PCL mass ratios reveals the
reduced peak intensities at 1238 and 1291 cm ' with
respect to the intensity of the peaks at 1722, 1470, and
1415 cm ™. The intensity ratios I1591/T1725 and I135/11725
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band curve fitting based on 2nd derivative spectrum of as-spun and cross-linked FGEL/PCL nanofibers with 0.6:0.4 polymer mass ratio.

[Color figure can be viewed at wileyonlinelibrary.com]

TABLE 3  Structural parameters of as-spun and thermally crosslinked (denoted as *) FGEL/PCL nanofibers derived from FTIR spectra.
Fish gelatin secondary structure (% fraction or ratio) XRD
PCL Helix/ Helix/ Sheet/ Crystalline
crystallinity, Ratio I,537/1;75, B-Sheet + coil sheet coil PCL domain
Material FTIR [%] and I05/17,; «a-Helix Coil f-turn ratio ratio ratio crystallinity [%] size [nm]
FGEL - - 21.1 19.6 593 1.08 0.36 3.03 - -
0.8:0.2 40.2 0.44/0.16 24.2 24 51.8 1.01 0.47 2.16 n/d n/d
0.6:0.4 48.7 0.47/0.19 25.4 283 463 0.9 0.55 1.63 40.3 26.4
0.4:0.6  80.8 0.61/0.37 28 26.6 45.5 1.05 0.62 1.71 67.7 29.4
FGEL* - - 20.8 21.1 58 0.99 0.36 2.74 - -
0.8:0.2* 484 0.26/0.10 22.7 274 499 0.83 0.46 1.82 n/d n/d
0.6:0.4* 52 0.29/0.11 27.6 34 38.4 0.81 0.72 1.13 47.3 40.6
0.4:0.6* 88 0.34/0.23 15 339 511 0.44 0.3 1.51 76.4 40.8
PCL 69.2 0.62/0.41 - - - - - - 52.0 34.7
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are presented in Table 3. Those intensity ratios gradually
decrease with the increasing FGEL/PCL mass ratio in as-
spun nanofibers, and then proportionally decrease con-
siderably more after the fibers are thermally cross-linked,
as shown in the exemplary FTIR spectra in Figure 5a.

The peaks at 1238 and 1291 cm ™' are associated with
the vibrational modes, which are parallel to the PCL
polymer chain. It should be noted that these peaks shift
to 1243 and 1295 cm ', respectively, in cross-linked
FGEL/PCL nanofibers. This is related to the increase in
crystallinity of PCL component.’>*® Other three peaks
(1722, 1470, and 1415 cm ') are due to the vibrational
modes perpendicular to the main chain direction.?”*’
The reduction in the intensity of absorption bands associ-
ated with the vibrational modes parallel to PCL main
chain direction has been observed when the incident
infrared light was polarized perpendicular to the fiber
axis.>**® The intensity of the band centered at 1170 cm "
also reduces, although the change in the intensity of its
components at 1192 and 1160 cm ' in AFES FGEL/PCL
nanofibers show the opposite trends when compared to
those observed by Xu.>” Although the FTIR analysis in
present work was performed in transmission mode by
using unpolarized infrared light, the nanofibrous sheets
were always oriented perpendicular to infrared beam
direction. Therefore, the reason for the intensity changes
of the discussed infrared absorption bands can be the
alignment of c-axis of PCL crystalline domains in
the direction perpendicular to the fiber axis, instead of its
initial orientation mostly along the stretching direction of
fibers in the propagating fibrous flow. The degree of such
alignment is relatively small in as-spun FGEL/PCL nano-
fibers, although it increases at higher FGEL/PCL mass
ratios, likely due the changes in crystallization kinetics of
PCL in radially restricted volume of a drying, mostly
FGEL nanofiber in a slowly moving fibrous flow in AFES
at room temperature.’>** However, during the thermal
cross-linking the PCL phase melts and re-crystallize
under the physical confinement of PCL crystalline
domains and chain agglomerates between the amorphous
segments of FGEL. This can cause the observed align-
ment of PCL crystalline domains in the cross-linked
material.*!

The analysis of another part of FTIR spectra of
FGEL/PCL nanofibers, namely Amide-I absorption band,
provides the insights into the secondary fish gelatin struc-
ture in the as-spun and cross-linked materials. The
Amide-I bands were deconvoluted into ten overlapping
component bands by using the peak positions determined
for its second derivative spectrum (Figure 5d,e). The com-
ponent band assignments to o-helices (1660 and
1668 cm '), p-sheets (1611, 1619, 1630, and 1693 cm 1),
p-turns (1673 and 1682 cm™ '), and random coil (1644

and 1650 cm ') structures were made based on the data
from various sources,***® especially those on Amide-I
band of fish gelatin.*’~*

The results of curve fitting are shown in Table 3 and
reveal several apparent trends. First, both o-helix/ran-
dom coil and f-sheet/coil ratios in as-spun FGEL and
FGEL/PCL nanofibers gradually decrease, whereas
a-helix/p-sheet ratio increases with the increasing
amount of PCL in the material. However, these trends
occur mainly because of substantial reduction in the con-
tent of p-sheets and p-turns combined, while the relative
content of both helix and coil structures actually
increases with the increasing amount of PCL. Second,
thermal crosslinking of pristine FGEL nanofibers only
slightly reduces the content of both a-helix and f-sheet
structures. Third, the a-helix/random coil ratio in ther-
mally cross-linked FGEL and FGEL/PCL nanofibers
decrease further at a higher rate with the increasing
amount of PCL in the material. However, there were no
other clear trends established for the crosslinked nanofi-
bers. Interestingly, the crosslinked material with 0.6:0.4
FGEL/PCL mass ratio exhibited apparently the highest
a-helix/p-sheet ratio, lowest p-sheet/coil ratio, and the
lowest content of p-sheets and p-turns combined. Also, a
much lower content of a-helices was found in nanofibers
with 0.4:0.6 FGEL/PCL mass ratio, when compared to
other compositions.

X-ray diffraction patterns of AFES FGEL, PCL, and
FGEL/PCL nanofibers are shown in Figure 6a,b.

The peak positions at 16.1, 21.35, 21.9 and 23.6° 260
were assigned to (102), (110), (111) and (200) plane reflec-
tions in the PCL crystalline domains, and FGEL fraction
was amorphous. The PCL crystallinity and crystalline
domain sizes determined from the curve fitting with
Voigt function as shown in the representative patterns in
Figure 6c,d, is presented in Table 3. Although it was not
possible to determine the crystallinity in nanofibers with
0.8:0.2 FGEL/PCL mass ratio due to the low diffraction
peaks intensity, the trends in crystallinity were generally
the same as those obtained from FTIR data, although the
calculated crystallinity values from XRD data were pro-
portionally lower. The average size of PCL crystalline
domains in pristine PCL nanofibers was calculated as
34.7 nm. This is noticeably larger than the 16.5-19.2 nm
size of PCL crystalline domains in AFES PCL nanofibers
prepared from formic acid-based precursors, although
the crystallinity was similar. On the contrary, Ferreira
et al*® reported a closer, 25.3-28.7 nm size of crystalline
domains at much lower crystallinity (35.3%-37.7%) in
PCL nanofibers that were DC electrospun from the acetic
acid precursor. It can be concluded that both the process
and precursor parameters play a role in the resulting
structure of PCL nanofibers. The average crystalline
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domain size of PCL fraction was found to decrease
with the increasing content of FGEL in FGEL/PCL nano-
fibers (Table 3). However, the thermal cross-linking
increases the size of crystalline domains due to the melt-
ing and recrystallization of PCL fraction. This correlates
with the increasing crystallinity of crosslinked FGEL/PCL
nanofibers.

3.2.3 | Wettability characterization

Surface wettability is one of the important parameters
that influences the cell/substrate interaction®® although
the relationship between the wettability and cell behavior
is not straightforward.”>>* The wettability of nanofibrous

substrates can differ significantly from the other forms of
the same material, such as thin films or bulk. For exam-
ple, a nanofibrous layer of a partially wettable material
can behave like a superhydrophobic substrate when a
droplet of fluid is gently placed on its surface.>

The images of a 2 mm diameter water droplet behav-
ior on the surface of AFES FGEL/PCL nanofibrous sub-
strates and the measured contact angles are shown in
Figure 7. It can be seen that the WCA, measured after
the droplet was placed and stabilized for 0.1 s, was larger
than 90° for all samples (Figure 7b). The largest WCAs
(112° and 117°) were observed for FGEL/PCL nanofi-
brous substrates with 0.8:0.2 and 0.7:0.3 polymer mass
ratios, respectively. The droplet absorption also varied
notably between the samples with different compositions
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FIGURE 6 XRD patterns of (a) as-spun and (b) thermally cross-linked AFES FGEL, PCL, and FGEL/PCL nanofibers; Representative
curve fittings of (c) as-spun and (d) cross-linked FGEL/PCL nanofibers with 0.6:0.4 polymer mass ratio. [Color figure can be viewed at

wileyonlinelibrary.com]
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FIGURE 7 (a-c) Temporal changes in the water contact angle of FGEL and FGEL/PCL nanofibrous sheets with different composition.

[Color figure can be viewed at wileyonlinelibrary.com]
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(Figure 7a). The WCA reduced quickly from 93° to 40°
(at 0.3 s) and then below 20° (at 0.5 s) for a pristine FGEL
nanofibrous substrate. For all FGEL/PCL samples the
WCA reduction was more gradual and ranged within
117-93° at 0.1 s, 70-58° at 0.5 s, and then within 40.6-25.5°
at 1.0 s (Figure 7c).

Jalili et al’* reported the WCAs in the range from 18°
to 76° for pristine gelatin nanofibers (80-140 nm diame-
ter) prepared by DC electrospinning at different voltages
and distances. It was noted that the WCA was lower for a
larger pore size (up to 15 mm) and smaller surface area
(down to 5 m*g ') of the material. On the other hand,
WCA of 116° was reported for pristine gelatin films> and
ascribed to the dominance of nonpolar chains of protein
molecules at the film surface after the evaporation of sol-
vent. WCA values for the electrospun pristine PCL nano-
fibers were reported between 84° and 136°, and they
were strongly affected by the solvent and process
parameters,”®>® whereas PCL films exhibited smaller
(50-80°) WCAs.?>*° It was proposed that the wettability
of electrospun PCL nanofibrous substrates is affected
mainly by the surface roughness, porosity and fiber
packing.*’

The WCA of PCL and gelatin partially blended nano-
fibers has been reported between 20° and 108°°°~%* and it
depended on the gelatin-to-PCL mass ratio, among the
other factors. For example, DC-electrospun gelatin/PCL
blends with 0.8:0.2 mass ratio revealed 106° WCA,®
which is close to WCA of 112° for AFES FGEL/PCL
nanofibrous substrate with the same mass ratio within
0.2 s time interval of the droplet placement. Another
report shows that the WCA of DC electrospun 0.5:0.5 gel-
atin/PCL nanofibers reduce from ~58° to 20° after 5s
the droplet was placed and to 0° after 10 s exposure. It
would take less than 3 s for the droplet to absorb entirely
on AFES FGEL/PCL nanofibrous substrate with similar
composition (Figure 7). On the other hand, Hu et al®
noted only moderate reduction of WCA from 62° to 50°
during 20 s in their DC electrospun 0.7:0.3 gelatin/PCL
nanofibrous membranes, whereas the 0.7:0.3 AFES
FGEL/PCL nanofibrous material showed the WCA
reduction from 116° to 28° within 1 s time interval.

It has been proposed that the high WCA and water
droplet behavior on AFES FGEL/PCL thermally cross-
linked nanofibrous substrates are affected by their very
high porosity (~96%), changes in wettability of blended
fibers, and layered nanofibrous sheet structure, in partic-
ular at higher FGEL/PCL mass ratios. This determines
the degree of competition between the lateral and vertical
components of fluid transport through the nanofibrous
substrate. It appears that the lateral components decrease
with respect to vertical component with the increased
content of PCL. This is the most visible for 0.6:0.4 FGEL/

Applied Polymer_wiLEy-| =

PCL sample, where the droplet appears to sink into the
substrate while its diameter shows the least increase.
However, at lower FGEL/PCL ratios the increased fusion
between the fibers due to PCL melting and recrystalliza-
tion plays an increasing role, and the situation is
reversed. Specifically for 0.4:0.6 FGEL/PCL material, the
fiber fusion and decreased porosity could have led to
more lateral water diffusion and swelling of the topmost
layer (Figure 7a). The droplet seems to be primarily in
Cassie-Baxter state®>®* for all tested compositions,
although for FGEL/PCL mass ratios lower than 0.5:0.5
there may be a contribution of Wenzel state® due to sig-
nificant morphological changes of the nanofibrous
substrate.

3.3 | Initial cellular response analysis
Cellular response as indicated by representative SEM
images was promising, showing good cellular attach-
ment, spreading, proliferation, and eventual confluence
for several samples. Initial cell attachment was present
for all samples day 1, with continued attachment and
spreading through day 7, as seen in representative images
of FGEL/PCL with 0.8:0.2, 0.6:0.4, and 0.4:0.6 mass ratios
(Figure 8).

Cells elongated along the fibrous structures and
formed spindle shaped morphology with textured sur-
faces consistent with viability.®>®” Attached cells prolifer-
ated and neared confluence for more FGEL-rich samples
by day 7, while those with higher PCL content neared
confluence by day 14. Spreading cells continued along
fibers and remained textured while forming fibril-like
connections between viable cells by day 3, indicating
intercellular communication, good health, and increased
structural integrity.’° These properties were increased
as cells proliferated toward confluence. However,
PCL-dominant samples tended to have smoother cell tex-
tures compared to those on FGEL-dominant samples as
cell clusters formed. The FGEL-rich samples with up to
0.6:0.4 FGEL/PCL mass ratio allowed for a confluent
monolayer of cells at day 14. The samples with higher
PCL content did not form a fully confluent monolayer
but had minimal gaps visible between groups of cells
(sample 0.4:06 after 7 days in Figure 8). This behavior
can be attributed to the morphological and porosity
changes in this sample after the crosslinking. Such
changes can lead to weaker attachment of cells to the
meshes, slower attachment, and/or spreading due to
attachment difficulty.®® The factor of reduced porosity is
also the cause of cells’ tendency to remain on the surface
of the meshes to form a layer, as opposed to penetrating
the mesh.®®®® Additionally, Gomes et al®® note that more
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time in culture may be necessary for the cells to begin
digestion of the meshes such that they can penetrate the
surface, or perhaps the introduction of an external signal-
ing factor to promote the behavior. Overall, during the
7-day time period, a trend of increased cellular attach-
ment/spreading and proliferation was observed with
increased FGEL content of the meshes. SEM revealed fur-
ther that the fibrous structure of the blended FGEL/PCL
meshes is retained for the entire duration of the cellular
studies regardless of sample composition (Figure 8).

FIGURE 8 SEM images of 3 T3
mouse fibroblast cells grown for

1 and 7 days on nanofibrous
substrates with FGEL/PCL mass
ratios of 0.8:0.2, 0.6:0.4 and 0.4:0.6.

CCK-8 metabolic assays supported trends seen in
SEM images. After 1 day cells were metabolically active
for all samples with continued upward trend at days 3, 7,
and 14 (Figure 9). However, activity of all samples sug-
gested near confluence or confluence at days 7 and
14, dependent on sample composition. Overall, the
observed trends in Figure 8 and 9 indicate that nutrition-
ally supplemental nature of FGEL supports this behavior
of cells. This also explains the continuing increase in
absorbance of pristine FGEL on day 14, although the
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FIGURE 9 Absorption values of CCK-8 metabolic assay of cell
cultures with FGEL and selected FGEL/PCL nanofibrous material
after 1, 3, 7, and 14 days. [Color figure can be viewed at
wileyonlinelibrary.com]

FGEL nanofibrous mesh was completely dissolved after
7 days.

The standard deviation values for absorbance data in
Figure 9 varied from 0.006 to 0.237 depending on the
material and test period. A basic one-way statistical
ANOVA analysis of variance (alpha values <0.05,
p values <0.001) indicated that the mean absorbance
values of all samples at all cell metabolic activity test
periods were statistically significant.

4 | CONCLUSIONS

High productivity (7.8-19 g-h™') of FGEL/PCL nanofi-
brous materials has been achieved with a “green” alter-
nating field electrospinning process. The diverse range of
compositions used (0.9:0.1-0.4:0.6 FGEL/PCL mass ratio)
resulted in spinnable precursors despite their varying
immiscibility, viscosities, and electrical conductivities.
The formed nanofibrous materials exhibited an equally
diverse range of microarchitectural and structural charac-
teristics. FTIR and XRD exposed the importance and
influence of composition and post-fabrication treatment
of the materials with respect to the interaction of PCL
and FGEL, crystallinity and orientation of PCL domains,
and secondary structures of FGEL such that alteration of
the composition leads to distinct differences in the nano-
fibrous material properties. SEM imaging, water contact
angle, and porosity analysis revealed the morphological
effects imparted by post-fabrication thermal treatment,
especially on PCL-rich samples.

Additionally, preliminary test results of cellular via-
bility with the blended FGEL/PCL nanofibers indicate
promising use of such materials for various biomedical
applications. This sustainable, noncytotoxic material
could mean improved solutions for some of the medical
field's most interesting problems within skin therapy, tis-
sue engineering, or wound healing with low environmen-
tal impact at an affordable cost.

Overarchingly, confirmation of AFES as a viable high-
throughput method for the formation of compositionally
diverse gelatin/PCL nanofibrous materials can provide a
pathway for a scalable, sustainable, and cost-efficient pro-
duction of tailorable, biologically relevant materials.

Despite the thorough analysis conducted, more studies
will be needed for clarification and expansion of the mate-
rial performances for intended applications. Complemen-
tary to this, further optimization of the solvent system is
foreseen to improve the miscibility of FGEL and PCL and
to accommodate various additives. Finally, comprehensive
mechanical, degradation, and cellular interaction evalua-
tion in future studies could allow comprehensive assess-
ment of the materials’ biomedical potential.
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