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Abstract: Macroscopic, robust, lyophobic, and biocompatible protein fiber mats derived from

cottonseed protein isolate (CPI) as a renewable feedstock were successfully fabricated by
electrospinning, with incorporation of polyethylene oxide (PEO) for fiber spinnability
improvement. Influences of spinning solution concentration, CPI:PEO ratio, fiber collecting
velocity and epoxidized linseed oil (ELO) content on the fiber mat properties were investigated.
The fiber mats collected at high speeds showed clear increases of tensile strength and stiffness,
which was largely due to the stretching effect on favoring polymer chain alignment, crystal
orientation, and protein secondary structure ordering, as revealed by SAXS/WAXS and ATR-
FTIR peak deconvolution analysis. In addition, the mechanical properties and thermal stability of
the fiber mat can be further improved using ELO as a green crosslinking agent. Furthermore, the
CPI/PEO fiber mats show excellent solvent resistance, reduced surface free energy, low water
vapor permeability and superior biocompatibility. The reported fiber mats hold great potential in

biomedical dressing, air filtration and biodegradable packaging applications.

1 Introduction

Page 2 of 40



Nowadays, it is urgent to reduce the consumption of non-renewable fossil resources such as
oil, coal and natural gas, because their use rate is much higher than that of natural geological
processes, which makes their use unsustainable in the long run. In addition, the use of fossil
resources is producing carbon dioxide at a rate that the natural environment cannot assimilate,
leading to increased levels of carbon dioxide in the atmosphere, which is often considered to be a
direct cause of climate change. By contrast, switching to renewable biomass as a feedstock can
alleviate the burden of carbon emissions!. Existing products might be replaced with alternatives
that are inherently safer and reduce the environmental footprints, such as biocompatible and
biodegradable plastics>. Among the naturally renewable raw materials, protein has received
widespread attention because of the characteristics of its low cost, wide sources,
biodegradability, and can be extracted from plant resources by multiple ways. More importantly,
proteins are composed of various amino acids, suggesting versatile chemical reactivity.
Furthermore, they can be processed into biodegradable polymeric materials by existing
processing approaches for polymer materials.> 4 In recent years, environmentally friendly
protein-based materials have been widely reported, such as bioplastics®, bioadhesives®, biofibers’
and packaging films."

According to the United States Department of Agriculture, worldwide oil seed production
reached 644 million metric tons in 2022, of which about 7% were cottonseed, representing the
next most important source of plant proteins after soybean (61%) and rapeseed (13%).° For every
100 pounds of cotton harvested approximately 30 pounds of cottonseed meal remains after
extracting the oil. The meal, which has around 50% cottonseed protein (CP), is mainly used as an
animal feed!®. With the price of cotton continuing to decline, the development of higher value

products from cottonseed protein would provide an economic boost to cotton producers and
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processors.!! However, only limited research has been carried out using the proteinaceous by-
products from either glanded or glandless cotton to fabricate value-added products, such as

12.13 or adhesives'* used for plywood bonding'®. Cottonseed protein

protein-derived films/plastics
isolate (CPI) has been reported to be comparable to or better than soybean protein isolate with
respect to adhesion performance!® and water resistance'’. Nevertheless, the processability of
protein-based nanofibers using protein alone is quite challenging.!® For example, protein
molecular chains are difficult to be stretched into continuous nanofibers by electrospinning
because of their globular structure commonly encountered in most proteins, low purity, low
viscosity of their processing solutions, and short molecular chains that often leads to a lack of
intermolecular entanglements'®. Another limitation in electrospinning process is that when the
protein is dissolved in the solvent, the formation of macromolecular ionomeric structure might
make surface charge density in the solution too high and causing repulsion problems. One
feasible solution is the addition of non-ionogenic polymers with flexible chains into the protein
spinning solution. As a result, physical entanglements between polymer chains and protein
macromolecular chains!'®, and their chemical interactions®’, can increase the viscosity or reduce
the conductivity of the spinning solution, eventually improving the spinnability?!. Successful
examples of electrospinning fiber mats derived from soy protein have been reported using poly
B-hydroxybutyrate dissolved in formic acid, as an efficient way of improving the processability
of protein-based nanofibers??. Efforts have also been made to increase the chemical/physical
stabilization of soy protein fiber mats, e.g. by a photo-crosslinking strategy>’.

In addition to processability, the mechanical properties, solvent resistance, and

biocompatibility of protein-based nanofibers are critical to a variety of applications. Chemical

crosslinking is often applied to improve the breaking strength and hydrophobicity of protein
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fibers. For instance, 1-ethyl-3-(3-dimethyl-aminopropyl) carbodiimide hydrochloride, was used
to crosslink recombinant human collagen/chitosan nanofibers, and the composite fibers showed
better performance in terms of elongation at break (over 70% improvement) and Young’s
modulus (over 200% improvement).?* Epoxidized linseed oil (ELO) shows high reactivity due to
the presence of epoxy functional groups, and thus can be incorporated into proteinaceous matrix

as a cross-linking agent.?

For example, keratin based materials cross-linked by a combination of
ELO and dodecenylsuccinic anhydride displayed good thermomechanical properties and water
resistance.?® Moreover, increasing the percentage of proteins in the electrospun fiber solution has
been proven to increase cell viability of the resulting fiber scaffold?’. In this regard, plant protein
isolate used in this study for fiber mat fabrication is expected to provide desirable
biocompatibility.

The objective of this work is to evaluate and process cottonseed protein waste into high value-
added fiber mat materials with superior mechanical, lyophobic and biocompatible properties.
Firstly, cottonseed protein isolate (CPI with protein content >90%) was obtained by dialysis after
alkali dissolution and acid precipitation of raw CP waste. Impurities in the CP waste (like ash,
carbohydrates, cotton fiber and gossypol?®) were removed, purifying the raw proteins and thus
contributing to the stable formation of the protein fiber. Secondly, fiber spinnability of the CPI
spinning solution was significantly improved after blending the modified CPI with PEO in water.
Macroscopic CPI/PEO composite fiber mats were successfully fabricated by electrospinning, and
fibers with various orientation degrees can be collected by changing the rotating speed of the
fiber collector. Thirdly, epoxidized linseed oil used as a green crosslinking agent can further

improve applicable properties of the fiber mat. Overall, the newly electrospun fiber mats with

excellent biocompatible, lyophobic and mechanical properties, using conttonseed waste as a
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sustainable feedstock are likely to be suitable for various applications like biomedical dressing,

air filtration and biodegradable packaging.

2 Experimental
Reagents and materials

Hydrochloric acid, sodium oxide, sodium dodecyl sulfate (SDS) and ethanol were
purchased from Tianjin Damao Chemical Reagent Factory (China). Poly(ethylene oxide),
PEO with a molecular weight of 600,000 g/mol were bought from Shanghai Macklin
Biochemical CO., Ltd. (China). All reagents were used without further purification unless
stated otherwise. Cottonseed protein powder was purchased from Qingdao Kerui Culture
Medium Co., Ltd. (China). Epoxidized linseed oil (ELO EPOXOL®?9-5) was obtained
from Zhejiang Xingbang Polymer Material Co., Ltd. (China). Detailed treatments and
evaluation of the cottonseed protein are provided in the Supporting Information (Section
S1, Supporting Information).

Preparation of spinning solution

The electrospinning solution was a mixture of CPI and PEO solution. The CPI solution
was obtained by dissolving it in distilled water with slow-drop of 1 mol-L™! NaOH
solution and continuously stirring for 5 h at room temperature. The PEO solution was
prepared by directly dissolving it in distilled water with continuously stirring at 60 °C for
12 h. A small amount (1wt%) of SDS was also added into the mixture. A series of the
spinning solution at different concentrations, i.e., total amount of CPI and PEO in water
of 8, 10, 12, 14, 16 wt%, were obtained, keeping a constant CPI:PEO ratio of 2:8.

Afterwards, while maintaining the CPI:PEO concentration at 12 wt%, another series of
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the spinning solution with varied CPI:PEO ratio (1:9, 2:8, 3:7, 4:6) were also prepared.
For crosslinked samples, 10, 20, 30% ELO (relative to CPI content) were added
respectively to the mixture at 14 wt% with CPI:PEO = 2:8. The composition and

nomenclature of the spinning solution are listed in Table 1.

Table 1 Nomenclature and composition of electrospinning solutions

ELO
Solution w(CPI) w(PEO) (Wt%,
Samples w(CPD):w(PEO) SDS(wt%) )
concentration(wt%) (2) (2) relative
to CPI)
CPI/PEO-8 8 0.8 32 2:8 1
CPI/PEO-10 10 1 4 2:8 1
CPI/PEO-12 12 1.2 4.8 2:8 1
CPI/PEO-14 14 1.4 5.6 2:8 1
CPI/PEO-16 16 1.6 6.4 2:8 1
CPI/PEO-10/90 12 0.6 5.4 1:9 1
CPI/PEO-20/80 12 1.2 4.8 2:8 1
CPI/PEO-30/70 12 1.8 4.2 37 1
CPI/PEO-40/60 12 2.4 3.6 4:6 1
CPI/PEO/ELO-0 14 1.4 5.6 2:8 1 0
CPI/PEO/ELO-10 14 1.4 5.6 2:8 1 10
CPI/PEO/ELO-20 14 1.4 5.6 2:8 1 20
CPI/PEO/ELO-30 14 1.4 5.6 2:8 1 30

Fabrication of CPI/PEO composite fiber

All fibers were prepared at 30 °C and 30% relative humidity (RH) using an electrospinning
machine (ET-3556H, Beijing Yongkang Leye Technology Development Co. Ltd., China)
with an applied voltage of 15-20 kV, a needle-to-collector distance of 15 cm, and a flow
rate of 2 mL/h. Each spinning solution was loaded into a 10 mL syringe with a 22-gauge

blunt-tipped needle. A rotating mandrel wrapped with an aluminum foil was used as fiber
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collector. Macroscopic fiber mat samples with desired thickness for various
measurements were collected after around 5h electrospinning, then dried in vaccum at
60 °C for 2h (post curing), and stored in a desiccator prior to use. Fibers were collected at
four rotating speeds (100, 500, 1000, and 2000 rpm) to evaluate the effect of stretching
and fiber orientation on fiber mat morphology and properties. For better interpretation of
the stretching effect, the collecting speed of 100 r/min was denoted as the reference of
Stretching Ratio (SR=1), 500 r/min as SR=5, 1000 r/min SR=10, and 2000 r/min as

SR=20.
Characterization

Fourier transform infrared spectroscopy (FTIR) was conducted using a Nicolet 380 FTIR
spectrometer, and the spectra of samples with KBr pellets were collected in the region of
4000-400 cm™ and averaged over 16 scans. For fiber mat sample inspection, a
spectrometer (Nicolet iN10) with attenuated total reflectance (ATR) accessory was used;
the ATR-FTIR spectra were collected after 32 accumulated scans at 4 cm™'.

2D wide-angle X-ray diffractograms of fiber mat samples (25 mm %7 mm X 0.12 mm)
were recorded on Hypix-6000 detector (HomeLab, Rigaku) with a resolution of 100 um X
100 um, Cu Ka radiation, A = 1.54 A. The beam centre and sample to detector distance
(71.3mm) was calibrated using a silicon crystal standard.

The synchrotron radiation small-angle X-ray scattering (SAXS) experiments were
performed at beamline (BL16B) at the Shanghai Synchrotron Radiation Facility (SSRF)
using high energy X-ray (10 keV) with a wavelength of 1.24 A. 2D patterns were
captured by a Pilatus 2M X-ray detector at a distance of 1 m from the sample, with an

exposure time of 20 s. Air scattering correction and image integration of SAXS patterns
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were processed by the software package FIT 2D?°. The Bragg’s long period (Lg)
quantifying the average periodicity of lamellar structure is viewed as the sum of average
thickness of lamellae and inter-lamellar amorphous polymer region. In practice, the value
of L can be estimated by the peak position at maximum scattering vector (gmax) in SAXS

profile with Lorentz correction®’, as shown in Equation (1).

21

LB - dmax (1)
41T sin 6
max = % (2)

Scanning electron microscopy (SEM) was performed using a field-emission Inspectors
TESCAN MIRA LMS to observe the microscopic morphology of the material. Before
collecting SEM images, samples were coated with a thin gold layer using Oxford Quorum
SC7620 at 10 mA.

X-ray Photoelectron Spectrometer, XPS (Thermo Scientific K-Alpha XP) was used to
analyse the atomic composition and valence state. Samples were exposed to an X-ray
source (beam spot 400 um) at 12 kV and 6 mA. Cls binding energy of 284.8eV (C-C
bond) was used as the reference standard.

Nitrogen isothermal adsorption-desorption experiments were conducted on a BSD-PM
analyzer. Prior to the measurement, samples (600-700 mg) were degassed at 100 °C in
vacuum for 300 min. Brunauer—Emmett—Teller (BET) specific surface area (Sper) was
obtained by applying BET multi-point method in a P/PO range from 0.01 to 0.1, total pore
volume calculated from isotherm at P/Py=0.99, and average pore size estimated from the
Barrett-Joyner-Halenda (BJH) method.

The cross-linking extent/degree was investigated according to the following method

previously reported®!. Briefly, 10 mg of the fiber mat sample was placed into a solution,
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which contains a mixture of 1 mL 0.01% 2.,4,6-trinitrobenzene sulfonic acid (TNBS) and
1 mL 4% sodium hydrogen carbonate. The mixture was heated at 40 °C for 2 h, followed
by a hydrolysis process by an addition of 2 mL 6 N HCI at 60 °C for 1.5 h. The
absorbance of solution was measured by UV-vis spectroscopy at a wavelength of 246 nm
(peak absorbance). The degree/extent of cross-linking extent (%) was calculated by (1 -

Absorbance of cross-linked sample / Absorbance of non-cross-linked sample) x 100.

Property measurements

Tensile mechanical properties were measured by a universal testing machine (Inspekt
Table Blue 5 KN, H&P Germany). Fiber mat samples of approximately 1.5 mm thickness
and 40 x 20 mm? dimensions were placed on a paper cardboard frame prior to tensile test,
see details in our previous study>2. Tensile tests were conducted under position control at
a cross-head displacement rate of 10 mm/min and a gauge length of 20 mm. 6 repetitions
were conducted for each configuration and the average and standard deviation values
were reported.

Contact angles and surface energy were determined by optical contact angle instrument
(OCA100, DataPhysics) using varied probing liquids including water, ethylene glycol,
glycerol, dilodomethane. In a typical experiment, a small droplet (1 pL) was brought to
contact with the sample surface, followed by static contact angle measurements at six
different surface locations for each sample, and an averaged value was reported.

The rheological properties were obtained by loading the spinning solution of specified
volume into the pressure vessel on the PP25 flat rotor rotating platform of a rheometer

(MCR301, Anton Paar) at room temperature with a shear rate of 0.1-60 s'. For
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assessment of cross-linking effect, dynamic viscosities were recorded with a shear rate of
10 st

Thermogravimetric  analysis (TGA) experiments were performed with a
thermogravimetric analyzer (NETZSCH STA 409 PC) by heating samples in a nitrogen
atmosphere with a flow rate of 20 mL min!, at a rate of 10 °C/min from room
temperature to 600 °C. Differential scanning calorimetry (DSC) analysis was performed
on a DSC analyzer (DSC 3+, Mettler-Toledo) equipped with a cooling accessory and
nitrogen atmosphere at a flow rate of 50 mL min™'. A standard run sequence of heating—
cooling—heating was used to remove the heating history. The heat flows from -90 °C to
160 °C were recorded as a function of temperature. For isothermal analysis, samples were
heated to 100 °C for 3 min with a heating rate of 10 °C/min, then cool down to a
temperature of 52 °C (best for PEO crystallization) maintaining for 30 min, followed by a
heating run to 100 °C again at a rate of 10 °C/min.

Water vapour permeability (WVP) was tested using a commercial WVP tester (W3/030,
Labthink Ltd., China) at a humidity of 89%RH. Prior to measurements, the composite
fiber mat was cut into a disc shape with a diameter of 3 cm and preheated at 37.7 °C for
4h. Each sample was measured three times to ensure the repeatability of the
measurements.

Biocompatibility of the composite fiber mat was evaluated by the cell counting kit 8
(CCK-8) method using mouse skin fibroblast cells (L929). 6000 cells were seeded in a
96-well plate with 100 puL/well, and the plates were incubated in a humidified incubator
(37 °C, 5% CO») to allow cells to adhere to the well walls. The liquid extract of samples

at 200 mg/L and the cell culture solution (10% CCK-8 solution) was soaked in the cell

Page 11 of 40



growth medium for 2 h. Finally, each well’s absorbance at 450 nm was measured on a
microplate reader. Each group was tested three times in parallel, and cell viability (%) can

be calculated by Equation (3).

Cell viability = =2mple=blank, 1 50, 3)

control~Ablank

where Asample, Ablank, and Acontrol are the absorbance value of the fiber sample, the blank (no

sample), and the control (deionized water), respectively.

3 Results and discussion

Electrospinning fabrication of CPI/PEO composite fiber mat

Cottonseed protein powder with 50% protein content was concentrated by an alkali
solution and acid precipitation, followed by a dialysis treatment, giving rise to cottonseed
protein isolate with > 90% protein content, see details in Supporting Information (Section
S1). The positions of characteristic peaks in the FTIR spectra (Figure S1, Supporting
Information) are the same between CP and CPI, suggesting that the purification treatment
has negligible impact on chemical functional groups of cottonseed protein. The SDS-
PAGE image (Figure 1a) indicates that molecular weight of the CPI is in the range of 10-
60 kDa, consisting of globulin protein fractions®, i.e., 11S (glycinin) fraction with
molecular weights of 20-35 kDa, 2S (conglycin) fraction of 8-20 kDa, and 7S (-
conglycinin, majority) fraction of 42-57 kDa**. The purified protein was denatured by
adding 1 wt% sodium lauryl sulfate (SDS) to relax peptide chains folded, and then
blended with high molecular weight polyethylene oxide (PEO, 600,000 g/mol) in water,

giving rise to the fiber spinning solution for electrospinning fabrication, see Figure Ic.

Page 12 of 40



Different concentrations (8, 10, 12, 14, and 16wt%) of the spinning solution were
achieved by changing the total amount of the CPI and PEO.

The spinning solution without SDS was unstable resulting in liquid droplets instead of
the typical Taylor cone necessary to form macroscopic electrospun nanofibers. The
incorporation of SDS surfactant to the CPI/PEO spinning solution results in an elevation
in ion concentration, which in turn increases the electrical conductivity of the solution?>.
On the other hand, the surfactant can reduce the surface tension of the spinning solution
and further increase its viscosity by forming micelle complexes with soluble polymers?®,
thereby promoting the formation or spinnability of nanofibers®’. In Figure 1b, the
apparent viscosity of the spinning solution increased significantly under shear forces with
the increase of solution concentration, from 3.83 Pa‘s (10 wt%) to 61.78 Pa-s (16wt%).
High viscosity of the spinning solution was unfavourable, as entangled polymer chains
would easily block the needle tip. The apparent viscosity curves were fitted with the

empirical power law model®®:

log (viscosity) =log K’ + (n - 1) log (shear rate) “4)

where K’ is the flow consistency index (Pa-s) indicating the resistance to change of
material shape, and n is the flow behaviour index. If » = 1, the fluid has Newtonian
behaviour, while » < 1 indicates a pseudoplastic (shear-thinning) behaviour. With the
increase of spinning solution concentration, the flow consistency index K’ value increases
while the flow behaviour index n decreases (Table S2, Supporting Information),
indicating a pseudoplastic behaviour, i.e., shear-thinning effect. These findings are in

agreement with the literature, since a higher number of PEO and SPI chains tend to form
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more entangled bridge, which are likely to unfold or be broken in a shear-flow field*’;
therefore, a more like shear-thinning behaviour is expected.

Afterwards, macroscopic fiber mats are produced by continuous electrospinning for 5 h
(Figure 1d). All fiber mat specimen with dimensions of approximately 1.5 mm thickness
and 300 x 200 mm? present smooth surfaces (Figure le). SEM microscopy reveals a
diversity of fiber morphologies as a function of the processing parameters (Figure 1f). An
increase in spinning solution concentration results in a gradual increase in the diameter of
electrospun fibers. For instance, the average fiber diameter (measured by Image J
software) of CPI/PEO-10 is 1.10 £ 0.35 um, versus 2.88 £ 1.28 um for CPI/PEO-16.
Spindle-shaped fiber beads appear at low concentrations with rough surfaces and
branched fine fibers, whilst the fiber surfaces become smoother and more uniform at 14
or 16 wt% concentration. Actually, the centimetre-long fiber mats are composed of
micro- and nano-fibers that are intertwined and condensed together (see membrane-like
mat in Figure le). Since as-spun fibers are connected closely with one another, the
macroscopic fiber mats have limited pore volume (~0.001 ml/g) with low BET surface
area (< 1 m?/g), as shown in Supporting Information (Figure S2 BET multi-point method
and Figure S3 BJH-desorption pore size & pore volume analysis). Interestingly, the
average size of pores (BJH) between fiber bundles increased with the increase of spinning
solution concentration, i.e., from 8.5 nm (CPI/PEO-10), 8.7 nm (CPI/PEO-12), to 15.3 nm

(CPI/PEO-14) and 14.4 nm (CPI/PEO-16).
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Figure 1. Fabrication of the fiber mat. (a) The Coomassie Brilliant Blue R250 stained SDS-
PAGE for cottonseed protein isolate. M (Marker): standard protein ladder; Lanes 1: bovine
serum albumin; 2-8: same CPI in Tris - HCI buffer. (b) The rheological flow curves converted to

the power law model, together with photos of spinning solution. (¢) Schematic representation of
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electrospinning technique. Chemical structures of PEO and SDS are included for clarity. (d)
Electrospinning set-up. (e) Photos of the electrospun fiber mats. (f) SEM images along with fiber

diameter distribution.

Chemical structure analysis
Structural information and chemical interactions between CPI, PEO and the crosslinker
ELO in the composite fibers were analyzed by FTIR and XPS spectroscopy, as shown in
Figure 2. IR adsorption peaks of the CPI/PEO composite fiber are the superposition of the
characteristic peaks of CPI and PEO (Figure 2a,b), regardless of the spinning solution
concentration (10, 12, 14, 16wt%) and CPL:PEO ratio (1:9, 2:8, 3:7, 4:6). Specifically,
characteristic IR signals of cottonseed protein include N-H and O-H stretching vibrations
(ca. 3380 cm™), as well as C=0 stretching in amide I (1657 cm™'), and N-H bending and
C-N stretching in amide II (1540 cm™). As for PEO, C-H stretching vibrations appear at
2875 cm’!; triple peaks at 1148 cm™, 1100 cm™!, 1057 cm™! correspond to symmetric and
asymmetric vibration of C-O-C; characteristic peaks at 843 cm™! and 960 cm™'are ascribed
to the formation of C-H helical conformation*’. A tiny new peak appeared at 3290 cm’!
characteristic of the hydrogen-bond related signal between CPI and PEO macromolecules.
A similar study in the literature found interactions between whey protein and PEO
increase chain entanglements*!, thus greatly improving protein spinnability, which is
aligned with our findings, pointing at the impossibility to electrospinning of pure CPI into
nanofibers.

To further investigate the effects of the PEO blending treatment, the protein secondary-
structural components on the Amide I bands were determined using deconvolution*?, and

curve fitting of FTIR spectra. The peak deconvolution analysis on the secondary structure
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of protein including regularly ordered a-helix and B-sheet forms, and the irregular B-turn
form, has long been studied *’, and applied herein to estimate the percentage of the
protein secondary structure**. Detailed spectral analysis is shown in Fig.2c. Table S3
(Supporting Information) lists the estimated percentages of the three secondary-structural
components, a-helix, B-sheet and B-turn. While irregular B-turn form accounts for about
15%, a total of 85% represents the predominanta-helix and B-sheet forms; obviously the
CPL:PEO ratio (1:9, 2:8, 3:7, 4:6) has negligible effect on these secondary-structural
components. However, when it comes to the -sheet share alone, a lower amount of PEO
seems to favour the ordered B-sheet formation, with the percentage being 26%, 27%, 28%
and 30% for CPI/PEO-10/90, 20/80, 30/70 and 40/60, respectively.

In Figure 2d, the cross-linking treatment on the chemical structure of the CPI/PEO
fiber was revealed. In detail, the characteristic absorption peaks appear at 823, 847 and
1734 cm™ and are ascribed to the stretching vibration of epoxy and ester carbonyl groups
in neat ELO. After adding ELO into CPI/PEO composite fiber, reactions between ELO’s
epoxy group and amino and carboxylic groups within the protein are highly likely to take
place. Indeed, the disappearance of epoxy characteristic signals at 823, 847 cm™ (see
enlarged spectra)®, and gradually increase the intensity of the newly formed ester
carbonyl groups (Figure S4, Supporting Information). The absence of peak at 1734 cm™!
suggests epoxy groups are consumed after the cross-linking reaction. Furthermore, the
intensity of -OH absorption at 3363 cm™! noticeably increased, which is due to the large
increase in amount of hydroxyl groups generated from the reaction between epoxy and
)46

amino groups (Figure S4, Supporting Information)™. Possible chemical interactions were

also investigated by XPS analysis and corresponding CI1S curves were displayed in
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Figure 2e. For the CPI/PEO/ELO-0 control sample, three peak signals resulting from
C=0, C-O/C-N, and C-C/C-H bonds can be clearly identified. As a comparison, the
CPI/PEO/ELO-20 with 20% ELO addition, the band signal of C-O/C-N was clearly
diminished, as its corresponding atomic % decreased from 27.22% to 11.79%, along with
C=0 atomic % remaining unchanged (8.42% vs. 8.45%). Therefore, the cross-linking
reaction prevails among the ELO epoxy group and protein amino groups, in line with the
FTIR result. Furthermore, the degree/extent of cross-linking extent (%) of CPI/PEO/ELO
mats was estimated by the TNBS method?!, and it came out as 40% for CPI/PEO/ELO-10,

43% for CPI/PEO/ELO-20, and 48% for CPI/PEO/ELO-30.
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Figure 2. Spectroscopic analysis on the chemical structure of the fiber mat. (a) FTIR spectra of
CPI/PEO fiber, neat PEO and CPI for comparison. (b) FTIR spectra of the fiber with different
CPI/PEO ratio. (c) The enlarged pink region in (b) with fitting curves of amide I and amide II
bands estimating the percentage of protein secondary structure profile. (d) FTIR spectra of the

1

cross-linked fiber with enlarged region between 780 and 870 cm™, suggesting ring-opening
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consumption of ELO epoxy groups. (¢) XPS curves of the ELO-crosslinked sample in

comparison with CPI/PEO/ELO-O0.

The stretching orientation effect

The stretching effects on CPI/PEO fiber morphology and its structure were investigated
using fiber mats collected from increasingly rotating speed of the collector, from 100
r/min, denoted as initial stretching ratio, SR=1, through 500 r/min (SR=5), 1000 r/min
(SR=10), to 2000 r/min (SR=20). The microscopic morphology of these fibers is shown
in Figure 3a. A spider-web like morphology with a randomly distributed fiber orientation
was observed at the initial ratio; however, an orderly arrangement of fiber and a
preferential fiber alignment is found in mats with higher SR wvalues. Figure S5
(Supporting Information) presents examples of 2D WAXD patterns of the CPI/PEO
composite spun-fiber mats at varied fiber collecting roller rates. A transition of the
orientation of PEO crystal lattice was observed, from randomly isotropic scattering (SR=1)
to oriented non-isotropic scattering (SR=5, SR=10, SR=20), in light of the change from
isotropic halo rings to discrete crystalline arcs. However, the stretching ratio has
negligible effect on PEO crystal structure (PEO molecules form 7/2 helical conformation
and crystallize in a four-chain monoclinic unit cell*’), as peak positions of main
reflections®®, (120) plane at 19.1°, (032)/(112)at 23.2° remain unaltered, see radial profiles
in Figure 3b. Azimuthal projection plots covering the major two PEO reflections (Figure
3c) also reveal that the fiber mats fabricated at 100 r/min presented an isotropic fiber
orientation distribution function, and that the mats produced at 2000 r/min present highly
oriented fiber alignment towards the spinning direction, with concentrated diffractions

appearing near equator direction.
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Figure 3d shows synchrotron 2D SAXS patterns together with their 1D integrated
diffractograms, and illustrates the stretching effect on fiber orientation. From 2D SAXS
patterns, an isotropic diffuse pattern near the beam stop was observed for the randomly
oriented fiber mat (SR=1), which is ascribed to the scattering from nanofibers in all
directions. Aligned fiber mats (SR=5, 10, 20), however, displayed an elliptical shape in
this region with the main axis in equator direction, thus indicating an elongated fibrillar
structure that was also seen in other aligned electrospun polymer fibers*’. With increasing
stretching ratio, less scattering elements within a given volume of fiber mat are expected,
resulting in decreased intensity over wide g range (0.3~1.8 nm™'), see 1D integrated plots.
Moreover, the peak (at around 1.6 nm™!, shaded area) is ascribed to ordering configuration
of bio-macromolecular chains at broader range. The scattering peak at d-spacing distance
of ~3.9 nm among these ordered chains is unsurprising as regular B-sheets of protein

polypeptide hold similar ordering distances®’, like those in silk protein®!.
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Figure 3. The stretching effect. (a) Microscopic fiber morphology by SEM imaging analysis, red
arrows indicate fiber axis. (b) WXRD plots of the oriented fiber. (¢) Azimuthal profile
illustrating stretching effect on PEO crystal alignment. (d) Synchrotron 2D SAXS patterns
together with their 1D integrated diffractograms. Concentrated arc, fiber streak and ordering
configuration of polymer chains are highlighted. (e) Differences in polymer chains parallel or

perpendicular to the fiber axis were found in samples with high stretching ratio (SR=10, SR=20).
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(f) FTIR spectra deconvolution of the amide I and amide II bands within the stretched fiber

samples.

Interestingly, differences in polymer chains parallel or perpendicular to the fiber axis
were found in samples with high stretching ratios (SR=10 and 20), as shown in Figure 3e.
Specifically, a cake integration in equator direction gives rise to three scattered peaks.
The two shaded peaks at lower ¢ values (<0.5 nm™') correspond to ordered packing of
PEO polymer chains. The Bragg’s long period (L) quantifying the average periodicity of
lamellar stack (crystalline lamellae and inter-lamellar amorphous region) can be estimated
from the Lorentz-corrected SAXS profile’?. After Lorentz correction, the peak at gmax
appears at 0.27 nm™!, corresponding to Lg = 23.2 nm (Equation 1) for the standard sample
(SR=1), which is in agreement with previously reported PEO average long period (25 nm)
by SAXS analysis>>.

Previous studies demonstrated that stretching treatment were very likely to generate a
fibrillation effect with low radius/height ratio of fibrils in oriented electrospun polymer fibers*.
As a result, the average long period would increase slightly. For example, Lg of the stretched
fiber mat (SR=10) was calculated as 26.1 nm, about 3 nm longer than that of the un-stretched
mat (SR=1). Nevertheless, the calculation of exact length of fibril domain would require more
complicated interpretation of SAXS patterns in terms of quantification of misorientation width,
microvoids between fiber bundles, etc’*. Besides, the following interesting phenomenon was
observed during our study: a very high stretching force tends to deteriorate the orderly
arrangement of microscopic crystal fibrils, generating misaligned fibril lamellae, as manifested
by the appearance of isotropic halo pattern again for the highly stretched fiber mat (SR=20) like

the one shown in the random fiber mat (SR=1), in contrast to the appearance of concentrated arcs
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for the aligned fiber mat (SR=10) .

The meridional scattering intensity of the third peak (brown color shaded area)
centered around 1.6 nm™! is significantly higher than that of equatorial scattering. Since
this peak is due to ordering configuration of protein chains (regular B-sheets explained in
Figure 3d), clear comparison on these peak intensities suggests that the stretching
treatment is highly likely to improve the fraction of ordered components of protein chains,
like B-sheets, perpendicular to the fiber axis. FTIR spectra deconvolution analysis found
further evidence on the stretch-improving share % of ordered B-sheet (Figure 3f). For
instance, the estimated percentage of B-sheet nanocrystals is 30.4% for CPI/PEO-2000
(SR=20) versus 25.3% for CPI/PEO-100 (SR=1), see Table S3 (Supporting Information).
The stretching effects on these structural transformations/ordering configurations are
schematically illustrated in Figure 4.
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Figure 4. Schematic illustration of macromolecular chain entanglements during electrospinning

and the stretching effects on transformation/ordering configurations of polymer chains.

The role of cross-linking

The impact of cross-linking on CPI/PEO fiber morphology and lyophobic properties were
evaluated. Figure 5a shows that the CPI/PEO fibers become more uniform in the presence
of the cross-linking agent ELO. With the increase of ELO content, the diameter of the
electrospun fibers gradually increases, from 2.4 um on average for CPI/PEO/ELO-0, to
4.4 pum for CPI/PEO/ELO-30. In addition, the treated fiber surfaces are much smoother
than those of CPI/PEO fiber without ELO. However, when the addition of ELO content
increases to 30%, the fiber bonded together, displaying a compact structure with reduced
porosity. ELO molecules participate in the cross-linking reaction (Figure 2c,d and Figure
S4, Supporting Information) and can generate a gel effect. As the cross-linking gelation
process leads to a significant increase in intermolecular interactions thus increasing
viscosity (Figure S6, Supporting Information), the solvent cannot evaporate fully. This
makes it challenging to maintain a stable ejected solution during electro-spinning>.
Therefore, it is recommended to use an appropriate amount of cross-linking agent; in case
of the CPI/PEO/ELO fibers, 20% ELO relative to CPI content is considered as the best
configuration.

Liquid resistance performance of the composite fiber mat was investigated by contact
angle measurements. Bar charts of static water contact angle (WCA) and photos of water
droplets on the surface of each fiber mat are shown in Figure 5b. The WCA of the
CPI/PEO sample is only 31.5°, due to the presence of large numbers of hydroxyl and

amino groups in protein and their strong interaction with water molecules®®. However, the
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WCA of the CPI/PEO/ELO fiber containing cross-linker ELO (10-30%) largely increased;
specifically, averaged WCAs of CPC/SF/DAS10, CPC/SF/DAS20, and CPC/SF/DAS30
are 43°, 47°, and 64°, respectively, yet not being considered as hydrophobic surfaces
(WCA>65°) *7. Surprisingly, much higher contact angles were found in samples with
higher ELO content (Figure 5c), irrespectively of probing liquids of varied properties like
polarity and surface tension (water, ethylene glycol, glycerol and methylene iodide, Table
S4, Supporting Information), displaying somewhat lyophobic effect. Cross-linked
networks composed of tight polymer chains could naturally limit the transport and spread

of liquid molecules when they penetrate into the fiber network>®.
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Figure 5. The effects of cross-linking on CPI/PEO fiber morphology and lyophobic properties.
(a) SEM images of the crosslinked composite fiber samples CPI/PEO/ELO along with fiber
diameter distribution. (b) Bar charts of static water contact angle and photos of water droplets on
the fiber mat surfaces. (c¢) Lyophobic effect with high contact angles using liquids of varied
properties like polarity and surface tension (water, ethylene glycol, glycerol and methylene

iodide), especially evident for the crosslinked samples with higher ELO content.

Total surface energy (y) of fiber samples was then estimated by the combination of
dispersion component (y¢) and polarity component (ysp ) of surface free energy, which
were determined by Equation (5)*° using glycerol and methylene iodide as probing liquid

molecules.
1 1
v+ cos 0) = 2(vsyi)? + 2(¥iv))? ®)

where 0, y{, and y! are the contact angle, dispersion and polarity components of liquid
surface free energy respectively. Clearly, the ELO cross-linking treatments lead to much
lower total surface energy (17.3 MJ/m? for CPI/PEO/ELO-30) compared to that of
CPI/PEO/ELO-0 (49.9 MJ/m?) and other similar biocomposite fibers®®, see details in
Table 2. As previously discussed, the epoxy group of ELO would react with polar amino
and carboxylic groups within the protein, consuming polar component of surface energy.
Note that surface roughness, another key factor determining hydrophobicity®! was not
investigated here, as the prepared fiber mats are porous samples (Figure 5a) favoring
liquid wetting and wicking phenomena®?,

Table 2 Contact angle (CA) and surface energy (y) of CPI/PEO/ELO fibers

CA CA CA CA e P y
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(H20)  (ethylene (glycerol) (CHzl,) (MJ/m?) (MJ/m?) (MJ/m?)

glycol)

CPI/PEO/ELO-

0 315 51.2 45.6 66.3 0.88 49.0 49.9
CPI/PEO/ELO-

10 434 64.7 65.9 74.3 3.45 259 29.4
CPI/PEO/ELO-

20 46.7 74.1 95.7 79.1 24.2 0.67 24.8
CPI/PEO/ELO-

30 63.7 75.2 107.4 92.5 17.1 0.19 17.3

Note: Total surface energy was determined by the combination of dispersion component and polarity

component of surface free energy, using glycerol and methylene iodide as probing molecules.

Mechanical properties

The mechanical data presented in Figure 6 were taken from the CPI/PEO mats with
fiber arrangement mainly in the direction of collector rotation (Machine direction), as
illustrated in Figure 6a. Additional mechanical properties of the CPI/PEO mats in the
direction perpendicular to the fiber axis (Transverse direction) were shown Figure S7,
Supporting Information. The left hand side of Figure 6 shows the representative nominal
stress and engineering strain curves as a function of the (a) CPI/PEO content, (b) the
rotatory speed of the collector and (c¢) the content of crosslinking agent ELO. The right
hand side of Figure 6 summarizes the maximum tensile strength (o) and elongation at
break (¢) values. Figure 6a compares the response of fiber mats manufactured at rotatory
speed of 100 r/min and variable CPI/PEO content. All the fiber mats exhibit an elasto-
plastic response with no distinct elastic limit, and final extensive plasticity. The smooth
behavior of the stress-strain curves suggests crosslink failure of the fiber networks was

negligible, thereby highlighting fiber rotation and plastic deformation as the primary
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deformation mechanisms®®. Overall, the gradual increment of CPI/PEO content increases
the strength and elongation at break of the mats, with increments of the 114% in strength
and 45.5% in elongation for the CPI/PEO-16 and CPI/PEO-14 mats respectively, when
compare to the response of the baseline CPI/PEO-10 sample. The differences in
mechanical response for each configuration correlate with the fiber diameter.
Consequently, higher CPI/PEO content results in the creation of thicker fibers (Figure 1),
exhibiting superior mechanical properties in terms of strength and toughness.

Figure 6b compares the response of the fiber mats as a function of the rotatory speed of
the collector. A progressive increase of stiffness and strength is evident as processing
velocities rises, attributed to the greater load-bearing capacity of aligned fibers. The
randomly oriented isotropic mat (collected speed of 100 r/min) exhibits the highest
elongation to failure due to extensive fiber rotation and realignment towards the loading
direction, delaying the final catastrophic fiber breakage. The stiffest and strongest
response is obtained for 1000 r/min speed, with a significant increase of strength of 610%.
Both configurations (100 and 1000 r/min) show similar toughness (area under the stress-
strain curve, calculated as 1.63 kJ/m?) which indicates a similar fiber molecular structure,
in agreement with the SAXS observations (Figure 3d). The unidirectional fiber mat
collected at 2000 r/min instead presented a weak mechanical response. This lower
performance found in the highly stretched fiber mat (SR=20) could be associated with the
less-ordered arrangement of crystal structure. If one observes 2D SAXS patterns in Figure
3d, the following interesting phenomenon can be found: Samples produced at SR=1, 5,
10 showed progressive differences in the external SAXS ring, which is the scattering of a

diffraction plane aligned towards the fiber axis. Specifically, a halo diffraction in all
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angles was seen for the randomly oriented fibers (SR=1), whereas fibers aligned towards
a preferential direction (SR=10) displayed concentrated arcs only appearing perpendicular
to the fiber. As for fiber mat spun at 2000 r/min, a halo ring diffraction in all angles
appeared again, despite of its unidirectional alignment feature. At a very high collecting
speed, macroscopic fiber bundles tend to align themselves; in the meantime, however, the
high stretching force is likely to deteriorate the orderly arrangement of microscopic
crystal structure, leading to misaligned lamellae as discussed above in SAXS data
analysis.

Moreover, the ELO cross-linking treatment significantly improves the mechanical
response of the mats in terms of strength and modulus (Figure 6¢). The optimal ELO
content, of 20wt% relative to CP1 (CPI/PEO/ELO-20), provides an increment in strength
of the 41% with respect to the baseline (no ELO) mat. The higher cross-linking density
has a favorable effect by enhancing the load-bearing capacity through improved fiber
connectivity. This leads to increased strength while causing a reduction in elongation at
break* up to a 20 wt% ELO. The highest content of ELO addition (30 %wt) reduced the
fiber strength, as a result of the unstabilities in the electrospinning process previously
discussed. The brittle mechanical performance of CPI/PEO/ELO-30 might be ascribed to
the presence of excessive ELO molecules just deposited on fiber surfaces that actually
have no more chemical interactions with CPI (Figure S4, Supporting Information) and
negligible load-bearing abilities'?. Overall, the best mechanical properties in terms of
balanced strength and toughness are achieved at an optimum spinning solution
concentration (CPI/PEO-14), stretching ratio (1000 r/min, SR=10), and ELO content

(CPI/PEO/ELO-20).
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Figure 6. Plots of tensile nominal stress-engineering strain curves and corresponding tensile
breaking strength and elongation at break. The composite fiber mat fabricated at different (a)

spinning solution concentration, (b) fiber collecting rate, and (c) ELO addition content. Note that
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6 repetitions were conducted for each sample and the average and standard deviation values were

presented at the right.

Biocompatibility and water vapor permeability

For possible practical application in biomedical scaffolds or air filtration, cytotoxicity
and water vapor permeability of the composite fiber mat were evaluated. The mouse kin
fibroblast cells (L929) cultured onto the fiber samples were used for analyzing
cytocompatibility, and the cell viability was determined by a CCK-8 detection kit. The
control group with deionized water was also tested for comparison. As shown in Figure
7a, the cell viability for all samples was higher than 95%, regardless of stretching ratio
(SR=1, 5, 10, 20) or cross-linking content (ELO 10%, 20%, 30%), suggesting a negligible

toxicity to the skin cells %%

Therefore, the fabricated fiber mats show a good
biocompatibility with extremely low cytotoxicity.

Two samples with the highest stretching ratio and the greatest content of cross-linker
were selected for water vapor permeability measurements, namely, the fiber mat
CPC/PEO-2000 and CPC/PEO/ELO-30, respectively. The control sample CPC/PEO-100
produced with the lowest spinning speed and without cross-linker addition was also tested
for comparison, shown in Figure 7b. The value of WVP for the highly stretched sample is
18% lower than that of the control. As shown previously the stretching orientation effect
on CPI/PEO fiber morphology (Figure 3a), an orderly arrangement with increased fiber
orientation was detected in fibers with higher SR values. More tightly and orderly
arranged fibers are likely to generate a barrier and leave less free space for external water

molecules to transport, thus giving rise to a lower value of WVP. When the fiber

morphology variation 1is considered (Figure 5a), the cross-linked fiber mat
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CPI/PEO/ELO-30 display higher diameter, smoother surface, and more connected
structure with reduced porosity, pore volume (Figure S3, Supporting Information) and
low surface area (Figure S2, Supporting Information); therefore, a lower value (4.88 =+

0.05 x 10 g-m™'-s”!-Pa’!) with better barrier ability is expected as compared to the control.
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Figure 7. Fiber biocompatibility and water vapor permeability. (a) The cell viability of all
samples (higher than 95%) determined by a CCK-8 detection kit suggests a negligible toxicity to
the mouse kin fibroblast cells. In some cases, error-bar data more than 100% of cell viability are
within experimental errors. (b) Water vapor permeability measurements of the stretched
composite fiber mat CPC/PEO-2000 and the cross-linked fiber mat CPC/PEO/ELO-30, with the

control sample CPC/PEO-100 (also without ELO) included for comparison.

Note that amino acid composition of the protein raw material used for fiber mat
production also play a role in affecting WVP, in that hydrophilic amino acid groups could
form more hydrogen bonds with water vapor molecules, leading to a bit higher WVP
values. Conversely, the fiber mat made from the plant protein that contains higher amount

of hydrophobic amino acids might have better water permeability. For instance, whey
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protein contains more hydrophobic amino acids than cottonseed protein used in this study
(Supplementary materials in Table S5 and Figure S8, Supporting Information). Indeed,
WYVP of two similar composite fiber mat materials (rye flour-whey protein-PEO and
carob flour-whey protein-PEO) were found to be as low as 1.09~1.94x1071% g-m™!-s”!-Pa-
14 and 1.38~2.95x10719 g-m™!-s7!-Pa’! % respectively.

Thermal properties

The thermal properties of the biocomposite fiber mats were investigated by DSC and
TGA measurements, and the results are shown in Figure S9-S11 (Supporting Information).
Cooling and heating ramp responses of all samples showed almost the same thermal
characteristics. While crystallization during cooling was found at around 45 °C, a melting
peak upon heating was centered at around 65 °C. These thermal transitions are due to the
crystallization and melting of PEO crystals, suggesting clear phase segregation in the
CPI/PEO composite where PEO polymer chains can crystallize without hindrances.
However, the interactions between CPI and PEO polymer chains are evident if one
compares enthalpy values (Table S6, Supporting Information) for crystallizing and
melting process. As the spinning solution concentration increases, the enthalpies decrease
noticeably. This observation may be justified by the presence of regions with more CPI
and PEO chain entanglement/interaction, reducing the total PEO crystallinity. The same
tendency of enthalpy change was observed in terms of the increase of CPI/PEO ratio
(Table S6, Supporting Information). Moreover, when small amount of the crosslinker
ELO was added to CPI/PEO composite, the formation of cross-linked networks may

lower crystallization/melting energies, which is corroborated by the observation of lower
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crystallization rate, as shown by isothermal crystallization behavior at 52 °C in Figure
S10 (Supporting Information).

No important variations in TGA profiles (Figure S11, Supporting Information) were
found for all fiber mats, reaffirming the fact that both polymers (CPI and PEO) are mostly
segregated, having no influences on thermal degradation of the individual polymers. In
summary, thermal analysis suggests that most PEO polymer chains in CPI/PEO
composite fiber mats behave independently to thermal responses. CPI protein
macromolecules, however, can partially interact with PEO polymer in terms of hydrogen
bonding?°, which could promote chain entanglement, increase viscosity of spinning
solution, and form condensed PCI/PEO electrospun fiber mats. This improvement of
protein spinnability has been supported by previously shown evidences of the fiber mat

morphology (Figure 1) and their structure analysis (Figure 2).

Conclusions

This study presents a methodology to obtain fiber mats from a sustainable source of
oilseed protein (cottonseed) and reports a systematic nano and microscale characterisation
of material properties at fundamental molecular level as a function of a diversity of
processing parameters. In summary, cottonseed protein isolate was extracted from
cottonseed powder waste, and blended with polyethylene oxide, and a small amount of
surfactant sodium lauryl sulfate to create a spinnable fiber solution. CPI/PEO composite
fiber mats with uniform and smooth fiber morphology were obtained with spinning
solution concentration varying from 8 to 16wt%, and CPI/PEO ratio 1:9 to 4:6.
Mechanical properties in terms of stiffness and strength could be tailored by modifying

the rotatory speed of the collector. WAXD results suggest that orderly arrangement of
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fiber mat and a preferential fiber alignment exist in mats with higher stretching ratio
values. Synchrotron SAXS data indicate that average long period of PEO lamellar stack
increase slightly due to a stretch-induced fibrillation effect; both SAXS and FTIR spectra
deconvolution analysis suggest that stretching treatment can improve the fraction of
ordered B-sheet components of protein chains.

In addition, the cross-linking agent significantly improves the tensile strength, water
resistance, thermal stability, and solvent resistance of the fiber mats. For instance, the
fiber mat containing 20% ELO showed good strength (1.96 MPa), low surface free energy
(24.8 MJ/m?), and superior solvent resistance (95.7°), compared with the fiber mat
without ELO (1.35 MPa, 49.9 MJ/m? and 45.6°). Furthermore, the CCK-8 method testing
mouse skin fibroblasts 1.929 suggests that the cytotoxicity of the composite fiber mats
was extremely low, with cell viability>97%, showing good biocompatibility. The future
large-scale fabrication of these biocompatible, lyophobic, aligned or cross-linked protein-
derived fiber mats would have great potential in practical applications such as air
filtration, biodegradable packaging, and water treatment.

Future interesting works of including bioactive substances with antibacterial, antifungal or
anticancer activity in the spinning solution are worth of further study for biomedical dressing or
tissue engineering. For example, the incorporation of bioactive glass into soy protein based
nanofibrous scaffolds could support cell proliferation®®; the addition of living cells into
polycaprolactone fiber mat for liver implant tissue engineering®’. Nevertheless, potentially high

chemical reactivity of the cross-linking agent with bioactive agents might increase risks of
consuming reactive groups of bioactive substances and losing bioactivity of the added drugs.
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