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ARTICLE INFO ABSTRACT

Keywords: Collagen electrospun fibers are promising materials for food packaging and tissue engineering. The conventional
Collagen electrospinning of collagen, however, is usually carried out by dissolving it in organic reagents, which are toxic.
Pultulan o In this study, collagen/pullulan (COL/PUL) ultra-thin fibers were prepared by electrospinning using acetic acid
Elli:;rf;?;néngs as a solvent. Compared to the conventional preparation method, the proposed method is safe and does not
Morphology produce toxic solvent residues. The introduction of PUL increased the degree of molecular entanglement in the
Structure solution, so the viscosity of the COL/PUL electrospun solution increased from 0.50 & 0.01 Paes to 4.40 + 0.08

Paes, and the electrical conductivity decreased from 1954.00 + 1.00 mS/cm to 1372.33 + 0.58 mS/cm. Scan-
ning electron microscopy analysis confirmed that PUL improved the spinnability of COL, and smooth, defect-free
COL/PUL ultra-thin fibers with diameters of 215.32 + 40.56 nm and 240.97 + 53.93 nm were successfully
prepared at a viscosity of greater than 1.18 Paes. As the proportion of PUL increased, intramolecular hydrogen
bonds became the dominant interaction between COL and PUL. The intermolecular hydrogen bonding content
decreased from 52.05 % to 36.45 %, and the intramolecular hydrogen bonding content increased from 46.11 %
to 62.95 %. The COL was gradually unfolded, the content of a-helices decreased from 33.57 % to 25.91 % and the
random coils increased from 34.22 % to 40.09 %. More than 36 % of the triple helix fraction of COL was retained
by the COL/PUL ultra-thin fibers, whereas only 16 % of the triple helix fraction of COL was retained by the COL
nanofibers prepared with 2.2.2-trifluoroethanol. These results could serve as a reference for the development of
green food COL-based fibers.

1. Introduction

In recent years, studies have extensively focused on the application
of biopolymers from renewable food resources due to their economic
and environmental benefits, and food polymer-based nanofibers have
attracted significant attention (Drosou, Krokida, & Biliaderis, 2018).
This has created opportunities for food processing waste from fish, such
as fish skin, scales, and bones, as these waste materials offer a rich source
of natural polymer type I collagen (COL) (Jafari et al., 2020). Type I COL
is a natural polymer with a stable triple helix structure, consisting of a
right-handed triple superhelix structure with three o subunits (Chen
et al.,, 2018). Due to its nonimmunogenic nature and excellent
biocompatibility and biodegradability, COL has been extensively stud-
ied in the biomedical, pharmaceutical, food, and cosmetic industries.
Type I COL is a major structural protein of the extracellular matrix
(ECM) in organs and tissues, and plays a critical role in maintaining the
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biological and structural integrity of the ECM, undergoing constant
remodelling for physiological functions (Blackstone, Gallentine, &
Powell, 2021; Irastorza, Zarandona, Andonegi, Guerrero, & Caba, 2021).
Thus, COL-based materials are now favoured in the manufacturing of
biomaterials and food packaging (Ma et al., 2020).

Electrospinning has been widely used to prepare tailor-made tissue-
engineered scaffolds, as the obtained fibers will have similar morpho-
logical and structural characteristics to natural ECM in tissue (Jia et al.,
2021). These electrospun nanofibers exhibit excellent controllable
morphology (Xiao & Lim, 2018), allowing for the simple production of
continuous nanofibers with diameters in the range of sub-nanometres to
micrometres, thus, mimicking the structure of natural ECM (Blackstone
et al., 2021). Therefore, the electrospinning of COL into scaffolds, as a
major component of native ECM, has gained increasing attention.

To manufacture COL scaffolds by electrospinning, a degree of COL
denaturation is necessary for the COL to be soluble and generate a
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solution that can be electrospun (Blackstone et al., 2021). Previous
studies reported that to obtain a spinnable material, the proteins must be
unfolded, generating random coil structures (Rostami, Yousefi, Khe-
zerlou, Mohammadi, & Jafari, 2019). Organic solvents, which are highly
volatile and readily evaporate, have been used to facilitate the formation
of COL electrospun nanofibers, such as 1,1,1,3,3,3-hexafluoro-2-propa-
nol (HFP) (Guo et al., 2020) and 2.2.2-trifluoroethanol (TFE) (Black-
stone et al., 2021). However, these solvents, are corrosive and toxic and
will disrupt the natural structure of COL, causing the denaturation of
COL to gelatine, resulting in gelatine nanofibers instead of COL nano-
fibers (Zeugolis et al., 2008; Miele et al., 2020; Li et al., 2019). Zeugolis
et al. (2018) reported that electrospinning COL using fluoroalcohols
caused damage to the a-chains, and the triple helix and fibrillar structure
was disrupted, with a lack of internal structure or configuration order
similar to those obtained from gelatine preparation. Liu, Teng, Chan &
Chew (2010) reported that only 12.51 % of the triple helix fraction of
COL was retained using HFP. Fiorani et al. (2014) also reported that the
use of TFE electrospun COL nanofibers as a solvent resulted in only 16 %
of the triple helix fraction being retained. Furthermore, although the
toxic solvents will evaporate during the spinning process, their residues
may affect subsequent applications. Therefore, using environmentally
friendly and benign solvent systems for electrospinning is critical for
retaining the triple helix structure of COL and subsequent application of
the nanofibers. This serves as a good opportunity for acetic acid, which
has previously been encouraged by EU regulations for use as a green
solvent instead of toxic or hazardous solvents (Miele et al., 2020). Acetic
acid is an environmentally friendly and nontoxic solvent that is gener-
ally recognised as safe (GRAS), and can be obtained from cellulosic
biomass such as agricultural residue. Therefore, using acetic acid as a
solvent may help facilitate the development of inexpensive and renew-
able raw materials (Miele et al., 2020; Rostami et al., 2019). Acetic acid
is a frequently used solvent for electrospinning, and it has a positive
impact on the preparation of nanofibers. Stie, Jones, Sorensen, Jacob-
sen, Chronakis & Nielsen (2019) demonstrated that using acetic acid as a
solvent produced chitosan/polyethylene oxide nanofibers that could be
maintained in water for 4 h and still retain their shape and fibrous
structure, whereas the use of succinic or citric acid as solvents resulted in
the disintegration of chitosan/polyethylene oxide nanofibers mats after
4 h in water. Han, Youk, Min, Kang & Park (2008) were the first to
prepare long and homogeneous cellulose acetate (CA) nanofibers by
using a solvent mixture of acetic acid/water, and they showed that
increasing the proportion of acetic acid in the solvent mixture increased
the diameter of CA nanofibers. Vu, Morozkina, Uspenskaya & Olekh-
novich (2022) showed that the use of acetic acid as a solvent had no
effect on the chemical properties of the prepared polyvinyl alcohol
(PVA) nanofibers, and the mechanical strength of the PVA nanofibers
increased with the concentration of acetic acid in the electrospun solu-
tion. Thus, acetic acid can be used as a solvent for dispersing COL for the
manufacture of COL-based fibers.

Pullulan (PUL), a microbial and linear polysaccharide, is primarily
composed of repeating a-(1/6)-linked maltotriose units. PUL, a poly-
saccharide on the GRAS list, can also be used as a spinning material (Jia,
Qin, Xu, Kong, Liu, & Wang, 2020). PUL also has the ability to form
hydrogen bonds with proteins, and during the electrospinning process, it
can improve the spinnability of proteins by changing the properties of
the polymer solutions by binding to the proteins through hydrogen
bonds (Jia et al., 2020).

Therefore, in this work, we prepared fish COL/PUL ultra-thin fibers
by electrospinning using acetic acid as a solvent. According to our hy-
pothesis, the introduction of PUL would improve the spinnability of the
electrospun solution by forming hydrogen bonds with the COL. The
interaction (hydrogen bonding) between COL and PUL molecules and
the change in secondary structure conformation underlying the
increased spinnability of COL were investigated. The structure and
properties of COL/PUL ultra-thin fibers were also characterised.
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2. Materials and methods
2.1. Materials

Red stingray (Dasyatis akajei) skin was purchased from an aquatic
product processing plant located in Zhangzhou, China, and the protein
markers (26634) were purchased from Thermo Fisher Scientific Baltics
(Vilnius, Lithuania). PUL with a purity of 99 % was purchased from
Solarbio Science & Technology Co., Ltd. (Beijing, China). All chemical
reagents used in this study were of analytical grade.

2.2. Preparation of COL from red stingray skin

COL from red stingray skin was prepared according to the procedures
reported by Chen et al. (2018), with slight modifications. All procedures
were performed at 4 °C. The red stingray skin was soaked with 0.5 M
acetic acid (1:20 w/v) for 12 h under stirring (Eurostar 20 digital, IKA,
Staufen, Germany), followed by centrifugation at 9000 rpm for 30 min
at 4 °C. Sodium chloride (NaCl) was then added to the supernatant to
bring the final concentration of COL to 5 % (w/v). After 1 h, the pre-
cipitate was collected by centrifugation at 9000 rpm for 30 min at 4 °C,
and the resultant precipitate was redissolved in 0.5 M acetic acid at a
ratio of 1:15 (w/v). The solution obtained was then dialysed against 0.1
M acetic acid for 1 day, followed by dialysis against distilled water for 2
days.

2.3. Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-
PAGE)

We performed SDS-PAGE on a mini-protein vertical slab electro-
phoresis system (Bio-Rad Laboratories, Hercules, CA, USA), with a
buffer of 0.025 M Tris-HCl (pH of 8.3, including 0.192 M glycine and 0.1
% w/w SDS) (Laemmli, 1970). COL (1 mg/mL) was dissolved in distilled
water and thoroughly mixed with a sample loading buffer (277.8 mM
Tris-HCI, pH 6.8, 44.4 % (v/v) glycerol, 4.4 % SDS and 0.02 % bromo-
phenol blue) at a 4:1 (v/v) ratio. The solution was then heated at 100 °C
for 3 min. Subsequently, 8 pL of each sample solution was loaded onto a
gel consisting of 7.5 % separating gel and 4.5 % stacking gel. Electro-
phoresis was run for 80 min at a constant voltage of 110 V at room
temperature, followed by soaking in 50 % (v/v) methanol and 10 % (v/
v) acetic acid. Staining was then conducted with 0.125 % Coomassie
Brilliant Blue R-250 in 50 % (v/v) ethanol and 10 % (v/v) acetic acid,
and finally destained with 50 % (v/v) ethanol and 10 % (v/v) acetic
acid. The molecular weight of the samples was estimated by using
protein markers (26634), using Quantity One 4.6.0 software (Bio-Rad
Laboratories).

2.4. Preparation of the electrospun solutions

COL (10 %, 15 %, 20 % and 25 %, w/v) was dissolved in 0.4 M acetic
acid under stirring (RCT digital, IKA) for 2 h at room temperature
(22-25 °C). The concentration of COL in the composite system was
determined by testing the spinnability of different COL concentrations.

PUL was added to the COL solution at different proportions, with
COL:PUL at 1:0.5, 1:0.75, 1:1, 1:1.25, 1:1.5, and 1:1.75 (w/w) at
determined previously COL concentrations. The composite solutions
were stirred for 12 h at room temperature (22-25 °C) to ensure the
complete solubilisation of COL and PUL before the electrospinning
process.

2.5. Electrospinning process

The electrospun solutions were placed into a syringe at 20 kV voltage
(Dongwen High Voltage Power Supply Co., Ltd., Tianjin, China) with a
flow rate of 0.1 mL/h. The distance between the needle and the collector
was 15 cm, and aluminium foil was used to collect the fibers. The
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experiments were conducted at 22 + 2 °C and a relative humidity of 40
+ 5 %. The COL ultra-thin fibers (10 %, 15 %, 20 %, and 25 %, w/v)
were denoted as C1, C2, C3, and C4, respectively, while the COL/PUL
ultra-thin fibers (COL:PUL at 1:0.5, 1:0.75, 1:1, 1:1.25, 1:1.5, and
1:1.75, w/w) were denoted as CP1, CP2, CP3, CP4, CP5, and CP6,
respectively. The sample was stored in a desiccator at room temperature
(22 + 2 °C) until further analysis.

2.6. Morphology

The morphology of the samples was investigated by a Quanta scan-
ning electron microscope (SEM) (Quanta 450FEG, FEI, Waltham, MA,
USA). The samples were glued on the sample table of the SEM with
conductive tape, and the samples were observed under an accelerating
voltage of 10 kV after they were sputter-coated with gold. The average
fiber diameters were calculated by measuring 100 randomly selected
data points in each SEM image containing 100 fibers, using ImageJ 1.8.0
software (National Institute of Mental Health, Bethesda, MD, USA) and
SEM images obtained at a magnification of 16000 x.

2.7. Characterisation of the electrospun solutions

2.7.1. Viscosity

The viscosity of the sample solutions was measured by a rotational
rheometer (MCR 302, Anton Paar, Austria) with a stainless-steel cone/
plate geometry (0.5° cone angle, 60-mm cone diameter). The gap was
57 pm and the temperature was 25 °C (Mohammadi, Ramazani, Ros-
tami, Raeisi, Tabibiazar, & Ghorbani, 2019). The shear rate was
increased from 0.1 to 1000 s~1, and the viscosity of the sample solutions
was recorded at 100 s~. The flow behaviours of the solutions were
analysed as follows (Xiao et al., 2018):

c=Ky" @

where ¢ is the shear stress (Pa), K is the consistency index (Pa-s"), y is the
shear rate (s’l), and n is the flow behaviour index (dimensionless).

The apparent viscosity of the electrospun solution was calculated as
follows:

n = Kyl )
where 7 is the apparent viscosity (Pa-s).

2.7.2. Electrical conductivity

The electrical conductivity of the sample solutions was measured by
a conductivity meter (Seven2Go, METTLER TOLEDO, Switzerland) at
room temperature (22-25 °C). First, 5 mL of sample solution was
transferred to a 15-mL centrifuge tube. Then, the probe was submerged
in the sample solution until the sensor was covered and the measured
values stabilised.

2.7.3. Surface tension

The surface tension of the sample solutions was measured by the
Wilhelmy plate method using a tensiometer (DCAT21, Dataphysics,
Filderstadt, Germany) at room temperature (22-25 °C), referring to
Mouzouvi, Umerska, Bigot & Saulnier (2017) and Manning-Benson,
Bain, Darton, Sharpe, Eastoe & Reynolds (1997) with slight modifica-
tions. We placed 15 mL of each sample into a 20 mL crystalline dish with
a platinum sheet (PT 9, length 10 mm, width 9.95 mm, thickness 0.2
mm) submerged to a depth of 3 mm, and raised the platinum sheet at a
rate of 1.0 mm/s until it was completely removed from the surface of the
sample solution. During this process, 50 consecutive measurements
were taken automatically until the standard deviation of the surface
tension value was less than 0.03 mN/m. The test was stopped and the
surface tension value was recorded. The platinum sheet was then care-
fully cleaned with anhydrous ethanol and dried with an alcohol lamp
between measurements.
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2.8. Fourier-transform infrared spectroscopy (FT-IR) analysis

FT-IR analysis was conducted to study the possible inter- and intra-
molecular interactions and changes of secondary structural conforma-
tion between COL and PUL. The samples obtained from electrospinning
were mixed with KBr by grinding at the ratio of 1:100 (w/w), and then
investigated by using a spectrophotometer (VERTEX 70, Bruker, Karls-
ruhe, Germany) within the wavelength range of 4000-400 cm™! at a
resolution of 4 cm ™. The —~OH stretching region (3800-3000 cm™!) and
amide I band (1700-1600 cm 1) were smoothed every 7 points using the
Savitzky-Golay method, followed by second derivative analysis
(OMNICS.2 software, Thermo Nicolet, USA). The final fitted curves were
subsequently obtained by Gaussian curve-fitting (PeakFit v4.12 soft-
ware, SPSS Inc., Chicago, IL, USA).

2.9. Circular dichroism (CD)

The freeze-dried collagen (FDC), denatured collagen (DNC), and
CP1-6 were dissolved in 0.1 mg/mL of 0.1 M acetic acid and equili-
brated for 24 h at 4 °C. The DNC was obtained by heating the FDC at
95 °C for 3 h. Each sample was centrifuged at 10000 x g for 10 min at
4 °C (Neofuge 15R, Shanghai Lishen Scientific Equipment Co., Ltd.,
China), and the supernatants were measured by a CD spectropolarimeter
(Chirascan, Applied Photophysics Ltd., UK) with a path length of 0.1
mm. The CD spectra of the samples were recorded at wavelengths of
190-300 nm at room temperature at a scanning speed of 20 nm/min.
The spectrum of the 0.5 M acetic acid was used as the baseline and each
sample spectrum was determined according to the average results of
three tests. The triple helical fraction of the sample was calculated as
follows (Fiorani et al., 2014):

_ [H]CP — [H]DNC 100 3
Jam [e]FDC - [a}DNC ) ©

where fry denotes the fraction triple helices in the sample measured at
wavelength 1 (%), [0lcp is the ellipticity of CP1-6 at wavelength A
(deg-cm2~mol’1), [@lpne is the ellipticity of denatured collagen at
wavelength A (deg-cm?mol™?), and [Alspc is the ellipticity of FDC at
wavelength 1 (deg~cm2-mol_1).

2.10. Mechanical properties

The tensile strength of the samples was measured by a tensile tester
(XQ-1C, Shanghai New Fiber Instrument Co., Ltd., Shanghai, China). All
samples were collected on aluminium foil and then were cut into spec-
imens with dimensions of 20 mm x 5 mm (length x width). Each sample
was operated at a strain rate of 20 mm/min for testing, in the temper-
ature range of 22-25 °C and at a relative humidity of 40 %, with each
sample measured three times.

2.11. Thermal stability

The thermal stability of the samples was measured by a thermogra-
vimetric analyser (TGA) (TGA3, METTLER TOLEDO, Switzerland).
Sample measurements were obtained at 50 mL/min under an Ny at-
mosphere and heated from 30 °C to 600 °C at a constant heating rate of
10 °C/min.

2.12. Porosity

The porosity of the samples was calculated from the raw SEM images
using ImageJ 1.8.0 software, according to the methods described by
Tort, Acartiirk & Besikci (2017). The ultra-thin fibers were coloured in
black and the pores were coloured in white using ImageJ software, and
the areas of the two colours were calculated by ImageJ software. The
percentage of pores relative to the total surface area in each image was
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defined as the porosity (%).
2.13. Statistical analysis

We performed analysis of variance (ANOVA) using SPSS Version
17.0 software (IBM SPSS Statistics, Ehningen, Germany), with different
letters indicating significant differences in ultra-thin fiber diameters
between the samples (p < 0.05). All experiments were performed in
triplicate and the results were expressed as mean + standard deviation
(SD).

3. Results and discussion
3.1. SDS-PAGE

The SDS-PAGE results of the COL from the red stingray skin are
shown in Fig. 1. Type I COL from rat tail was used as the standard. The
red stingray skin COL and type I COL had similar protein patterns, and
both consisted of two different types of a-chains (¢l and a2), where the
molecular weights of the al-chains and a2-chains were approximately
130 kDa and 120 kDa, respectively. High-molecular-weight components
were observed, including dimeric p-chains with molecular weights of
approximately 200 kDa, and a small quantity of trimeric y-chains with
molecular weights of approximately 250 kDa. Moreover, the ratio of al-
chains and a2-chains was approximately 2:1, suggesting that the COL
isolated from red stingray skin could be characterised as type I COL
([a1]202) (Chen et al., 2018).

3.2. Spinnability of the COL solutions

In this study, we tested the spinning properties of different concen-
trations of fish COL solutions. The morphologies of the ultra-thin fibers
obtained from different concentrations of COL electrospun solutions are
shown in Fig. 2. Because the entanglement of the molecules in the COL
solution was not sufficient to produce defect-free fibers, we obtained
bead fibers at 10 %-20 % (w/v) COL concentration (Fig. 2 C1-3)
(Drosou et al., 2018). When the COL concentration was increased to 25
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Fig. 1. SDS-PAGE pattern. (1) protein marker; (2) rat tail collagen; (3) red
stingray skin collagen.
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% (w/V), the electrospun solution could not form a Taylor cone at the tip
of the needle, preventing it from spinning. As shown in Fig. S1, the
electrospun solution adhered to the needle tip and was stretched in the
electrostatic field. Subsequently, the electrospun solution dripped onto
the aluminium foil under the electrostatic field.

The above results indicated that the spinning properties of COL so-
lutions were inadequate, and molecular entanglement in the COL solu-
tions was insufficient to produce defect-free fibers during the
electrospinning process. As determined by Drosou et al. (2018), insuf-
ficient spinning properties of solutions or polymers could result in bead
fiber formation. Therefore, we improved the spinning properties of the
COL solutions by increasing the degree of entanglement in the solutions
by introducing PUL. PUL and COL were blended at different ratios to
prepare electrospun solutions in the following experiments, according to
a COL concentration of 10 % (w/v).

3.3. Effect of COL/PUL solution ratio on ultra-thin fibers

The viscosity, electrical conductivity, and surface tension of the
electrospun solutions played a crucial role in the electrospinning pro-
cess, and these physicochemical properties considerably defined the
morphology and size of the nanofibers (Colin-Orozco, Zapata-Torres,
Rodriguez-Gattorno, & Pedroza-Isla, 2015). The physicochemical
properties of COL/PUL electrospun solution and power law parameters
from the shear thinning properties are shown in Table 1. The flow curves
of the COL/PUL solutions are shown in Fig. S2, indicating that all curves
obeyed the power law (Jia et al., 2020). Viscosity, which affected the
degree of entanglement of the electrospun solutions, increased from
0.50 + 0.01 to 4.40 + 0.08 Pa:s (p < 0.05) at 100 Hz as the ratio of PUL
in COL/PUL increased from 1:0.5 (w/w) to 1:1.75 (w/w). In addition,
the viscosity decreased with increasing shear rate, suggesting that the
solutions exhibited the shear thinning behaviour of a non-Newtonian
fluid (Jia et al., 2020; Xiao et al., 2018). These phenomena are also
shown in Table 1, where the consistency index K was related to the
viscosity of the solution at low shear rates, which increased with
increasing PUL content (p < 0.05) (Kutzli, Gibis, Baier, & Weiss, 2019).
All n values were less than 1 (0.79-0.85), indicating that the COL/PUL
solutions were shear-thinning fluids. Shear thinning behaviour is usually
associated with polymer entanglement, which is a prerequisite for fiber
formation during electrospinning (Kutzli et al., 2019). Therefore, the
increase in K and shear thinning behaviour of the solution indicated the
presence of chain-chain interactions (hydrogen bonding) between the
COL and PUL molecules, which caused the degree of entanglement in the
solution to increase (Jia et al., 2020; Xiao et al., 2018). We also found
that the changes in COL/PUL ratio had a very slight effect on the surface
tension of the electrospun solutions (44.11-46.14 mN/m) (Table 1),
indicating that the surface tension was not the main factor affecting
solution spinnability and ultra-thin fiber morphology in this experiment.
Moreover, we observed that the electrical conductivity of electrospun
solutions decreased from 1954.00 + 1.00 to 1372.33 + 0.58 mS/cm as
the ratio of PUL in COL/PUL increased from 1:0.5 to 1:1.75 (w/w). The
electrical conductivity showed a significant decrease (p < 0.05) with
increasing PUL content, which was similar to the phenomenon reported
by Jia et al. (2020). This could be due to the interaction between the
amino group of the protein and the hydroxyl group of the poly-
saccharides, resulting in a decrease in the electrical conductivity of the
solution. As the amount of PUL in the solution increased, the interaction
between COL and PUL became more intense, resulting in a rapid
decrease in electrical conductivity. This decrease in electrical conduc-
tivity is beneficial for electrospinning (Aceituno-Medina, Mendoza,
Lagaron, & Lopez-Rubio, 2013).

SEM images of the ultra-thin fibers were obtained for various COL/
PUL solutions, and the histograms of the ultra-thin fibers diameter dis-
tributions are shown in Fig. 3. Noticeably, the introduction of PUL led to
significant changes in ultra-thin fiber morphology, with the disappear-
ance of bead fibers, and morphological conversion of the fibers from
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Fig. 2. SEM micrographs of (C1-3) ultra-thin fibers at 16000 x magnification.
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Fig. 3. SEM micrographs of (CP1-6) ultra-thin fibers at 16000 x magnification and the corresponding histogram of the diameter distribution.

spindle-like to continuous and smooth, and back to spindle-like again.
With the initial introduction of PUL, the ultra-thin fiber morphology
changed from bead fibers (Fig. 2 C1) to spindle-like fibers (Fig. 3 CP1),
and the average diameter of CP1 was 174.37 £+ 92.10 nm, with a dis-
tribution ranging from 50 to 600 nm. As the ratio of PUL in COL/PUL
increased to 1:0.75 (w/w), the spindle-like fibers decreased in CP2, with
an average fiber diameter of 188.89 + 64.79 nm and a distribution of
100-550 nm. These results indicated insufficient entanglement between
COL and PUL to produce defect-free fibers in the COL/PUL electrospun
solutions with viscosities of 0.50 and 0.90 Paes. Continuous and smooth

188.89 + 64.79 nme

250
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300

r i 283.62 £ 113.34 nm?
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ultra-thin fibers (Fig. 3 CP3-4) were obtained from COL/PUL electro-
spun solutions with ratios of 1:1 and 1:1.25 (w/w), indicating that when
the viscosity of the COL/PUL electrospun solution reached 1.18 Pass,
sufficient intermolecular entanglement occurred to prevent the fiber jet
from breaking up into droplets, resulting in defect-free fibers (Bhattarai,
Bachu, Boddu & Bhaduri, 2019). The average diameters of CP3 and CP4
were 215.32 + 40.56 and 240.97 + 53.93 nm, respectively. Due to the
smooth fibers, CP3 and CP4 exhibited narrow fiber diameter distribu-
tions compared to CP1 and CP2, and were mainly distributed in the
ranges of 150-250 nm and 150-300 nm, respectively. The increase in
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Table 1
Viscosity, surface tension, electrical conductivity, power law parameters from the shear thinning properties, and morphology of ultra-thin fibers of different ratio COL/
PUL blended solutions.
COL:PUL Viscosity Surface tension Electrical conductivity Consistency index, K Flow behavior index, n Morphology
(Pa's) (mN/m) (mS/cm)
1:0.5 0.50 + 0.01° 46.14 + 0.15° 1954.00 + 1.00° 1.17 + 0.06 0.82 + 0.01% Fibers and spindles
1:0.75 0.90 + 0.05° 45.54 + 0.52" 1826.33 £ 1.15° 2.10 + 0.16° 0.83 + 0.01° Fibers and several spindles
1:1 1.18 + 0.03¢ 44.11 + 0.05° 1610.00 + 1.73° 2.51 + 0.09° 0.85 + 0.00° Fibers
1:1.25 2.00 £ 0.06° 44.71 + 0.40° 1527.00 + 0.00¢ 4.18 £ 0.13° 0.84 + 0.00* Fibers
1:1.5 3.58 £0.11° 44.80 + 0.82° 1491.33 £ 1.53° 8.66 + 0.19" 0.82 + 0.01° Fibers and several spindles
1:1.75 4.40 + 0.08% 45.33 + 0.26°" 1372.33 + 0.58" 13.34 £ 0.24% 0.79 + 0.00¢ Fibers and several spindles

Results expressed as the mean + standard deviation of at three independent experiments. Different letters (a-f) indicate significant (p < 0.05) differences between

samples.

average diameter (p < 0.05) of the ultra-thin fibers was the combined
result of viscosity and electrical conductivity in the electrospun solution,
and smooth fibers were obtained. The increase in the PUL ratio resulted
in more entanglements between the COL and PUL molecules, which led
to an increase in the viscosity of the solution. This increase in the vis-
cosity of the solution led to an increase in the average diameter of the
ultra-thin fibers (Horuz & Belibagli, 2018). Moreover, the decrease in
electrical conductivity led to a compact electrified Taylor cone plume,
which also increased the average nanofiber diameter (Wang et al.,
2014). However, spindle-like fibers appeared again with a further in-
crease in the ratio of PUL in COL/PUL (1:1.5-1:1.75, w/w). The average
diameters of CP5 and CP6 were 250.34 + 81.56 and 283.62 + 113.34
nm, respectively, and the reappearance of spindle-like fibers caused a
larger average diameter and broader fiber diameter distribution (Fig. 3
CP5-6). This could be attributed to the higher viscosity (3.58 4+ 0.11 and
4.40 + 0.08 Paes) and lower electrical conductivity (1491.33 + 1.53
and 1372.33 + 0.58 mS/cm), leading to the delayed formation of Taylor
cones and reducing the deformability of the jets (Kutzli et al., 2019),
yielding spindle-like fibers instead of smooth ultra-thin fibers.

The above results showed that the entanglement of molecules in the
electrospun solution was improved by the addition of PUL, which was
beneficial for improving the spinning properties of COL. The viscosity of
the solution was positively correlated with the degree of entanglement
between COL and PUL molecules, and the degree of entanglement of
COL and PUL molecules might be an important factor affecting the
morphology of the ultra-thin fibers. Additionally, the diameter of the
ultra-thin fibers was affected by a combination of the viscosity and
electrical conductivity of the solution. The increased viscosity and
decreased electrical conductivity of the COL/PUL electrospun solution
was favourable for the formation of smooth and defect-free fibers.

3.4. Effect of the COL/PUL ratio on the vibrational bands of COL/PUL
ultra-thin fibers

The FT-IR spectra of the COL, PUL, and COL/PUL ultra-thin fibers are
shown in Fig. S3. In the COL spectrum, five characteristic peaks of COL
were observed, with absorption peaks located at 3323 cm™! (N—H
stretching vibrations), 2919 cm ! (asymmetrical stretch of C—H), 1660
cm ! (C=0 stretching), 1542 cm ! (N—H bending vibration), and
1238 cm™! (N—H deformation and C—N stretching) as the character-
istic bands of amide A, amide B, amide I, amide II, and amide III,
respectively (Chen et al., 2018). Amide I band serves as a sensitive
marker of protein, providing information regarding the secondary
polypeptide chains, and can be used to analyse secondary structures. We
observed a slight shift in amide I band in Fig. S3, which could be
attributed to PUL altering the secondary structure of COL. Five typical
characteristic bands of COL were also observed in the CP1-6 spectrum. A
broad absorption band was observed between 3000 and 3800 cm !,
which was related to the N—H stretching vibration of the amide A band
and O—H stretching of pullulan, and was affected by inter- or intra-
molecular hydrogen bonding (Drosou et al., 2018; Jia et al., 2020).
We found that when the ratio of PUL in COL/PUL was increased from

1:0.5 (w/w) to 1:1.75 (w/w), the broad absorption bands near 3300
em™ ! exhibited blueshift, which were observed at 3339.96 cm?,
3348.81 cm™', 3368.04 cm™', 3389.23 cm™', 3393.04 cm™' and
3419.00 cm ™}, respectively. This suggested that hydrogen bonding be-
tween the -NH group of COL and the —~OH group of PUL may have played
a role in the peak shift (Drosou et al., 2018). Other features of pullulan
were also observed in the spectrum, including an absorption band
located around 2931 cm ™}, which was associated with C—H stretching.
In addition, a typical pullulan absorption band originating from the
a-glucopyranosyl units was observed at 851 cm™!, and the absorption
bands caused by two major bonds of pullulan (a-(1,4) glycosidic bonds
and a-(1,6) glycosidic bonds were found near 759 cm ! and 930 cm ™!
(Aceituno-Medina et al., 2013). The above results demonstrated that the
blending of COL and PUL efficiently occurred in CP1-6 obtained by
electrospinning.

To investigate the interactions between the COL and PUL molecules
and possible secondary structure changes in the COL/PUL ultra-thin fi-
bers, Gaussian curve-fitting was carried out on the —-OH stretching region
(3800-3000 cm™!) and amide I band (1700-1600 cm ™), with R? >
0.999 for all curves.

3.4.1. —OH stretching region (3800-3000 cm’l)

The fitted curves obtained for the —~OH stretching region (3800-3000
cm™ 1Y) of the ultra-thin fibers with different COL/PUL ratios are shown in
Fig. S4, and their corresponding hydrogen bond types and relative ab-
sorption strengths are presented in Table 2, according to Zhang, Guo,
Liu, Chen, Zhang & Yu (2018). We observed that both spectra consisted
of six absorption peaks that could be classified as nonhydrogen bonds
(-OH) and intra- and intermolecular hydrogen bonds. In addition,
OH---OH played a dominant role in the intramolecular hydrogen bonds,
and OH---ether O predominated in the intermolecular hydrogen bonds in
the COL/PUL systems. As shown in Fig. 4A, when the ratio of PUL in
COL/PUL increased from 1:0.5 to 1:1.75 (w/w), the content of the free-
hydroxyl groups gradually decreased from 1.84 % to 0.60 % (p < 0.05).
Furthermore, the content of intermolecular hydrogen bonds decreased
from 52.05 % to 36.45 % (Fig. 4C), while the intramolecular hydrogen
bonds increased from 46.11 % to 62.95 % (p < 0.05) (Fig. 4B). The
changes in hydrogen bonding type in the COL/PUL system indicated that
PUL primarily reacted with the groups forming intermolecular hydrogen
bonds, as the PUL content increased. In addition, during this process,
most of the free hydroxyl groups and intermolecular hydrogen bonds
were broken (Mobika, Rajkumar, Sibi, & Priya, 2021) and converted to
intramolecular hydrogen bonds, causing the intramolecular hydrogen
bonds to become the dominant type of hydrogen bonding between COL
and PUL in the COL/PUL systems.

3.4.2. Amide I band (1700-1600 cm™")

We analysed the secondary structure conformational changes of the
COL/PUL system according to the amide I band (1700-1600 ecm™ D) (Liu,
Wang, Sulemaan, Shen, & Zhang, 2019). The fitted curves are shown in
Fig. S5, and different types of secondary structural conformations and
their corresponding contents are shown in Fig. 4D. The fitted curves
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Table 2
Types and relative strength of hydrogen bonds of COL/PUL ultra-thin fibers
obtained from —OH stretching region (3800-3000 cm™ ).

Sample  Type of Abbreviation =~ Wavenumber  Relative
hydrogen bond (em™) strength
(%)
Free hydroxyl 1-OH 3611 1.84 1.84
+0.03 +0.03
Intramolecular 11 OH---OH 3434 36.64
hydrogen +0.13
CP1 bonds 111 Annular 3177 9.47 46.11
polymer +0.08 +0.21
Intermolecular IV OH:--1 3542 11.41
hydrogen +0.11
bonds V OH:--ether 3296 38.25 52.05
(0] +0.30 +0.43
VI OH--N 3075 2.39
+0.02
Free hydroxyl 1-OH 3616 1.48 1.48
+0.06 +0.06
Intramolecular II OH---OH 3436 39.48
hydrogen +0.18
CP2 bonds III Annular 3173 8.57 48.05
polymer +0.03 +0.21
Intermolecular IV OH:--nt 3549 11.23
hydrogen +0.05
bonds V OH:--ether 3291 37.12 50.47
(6] +0.18 +0.23
VI OH:---N 3076 212
+0.01
Free hydroxyl 1-OH 3616 1.02 1.02
+0.16 +0.16
Intramolecular II OH:--OH 3434 43.26
hydrogen +0.39
CP3 bonds III Annular 3171 7.39 50.65
polymer +0.03 +0.43
Intermolecular IV OH:--1 3550 10.55
hydrogen +0.06
bonds V OH:--ether 3286 35.98 48.33
(0] +0.28 +0.33
VI OH---N 3076 1.8
+0.01
Free hydroxyl 1-OH 3617 0.82 0.82
+0.26 +0.26
Intramolecular II OH---OH 3432 47.38
hydrogen +1.36
CP4 bonds 11 Annular 3168 7.00 54.38
polymer +0.11 +1.47
Intermolecular IV OH:--nt 3553 10.67
hydrogen +0.39
bonds V OH:--ether 3280 32.46 44.8
(6] +0.81 +1.21
VI OH---N 3078 1.67
+0.02
Free hydroxyl 1-OH 3612 0.78 0.78
+0.08 +0.08
Intramolecular II OH---OH 3434 53.17
hydrogen +1.07
CP5 bonds III Annular 3160 5.43 58.6
polymer +0.96 +2.02
Intermolecular IV OH---n 3553 8.49
hydrogen +0.54
bonds V OH.--ether 3268 30.75 40.62
(o) +0.57 +1.30
VI OH:---N 3076 1.38
+0.19
Free hydroxyl 1-OH 3592 0.60 0.6
+0.13 +0.13
Intramolecular 11 OH---OH 3416 59.39
hydrogen +2.31
CP6 bonds III Annular 3159 3.56 62.95
polymer +1.34 +3.64
Intermolecular IV OH:--1 3539 7.97
hydrogen +1.53
bonds V OH:--ether 3260 27.71 36.45
(0] +0.65 +2.8
VI OH:---N 3077 0.77
+0.63
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obtained from COL/PUL consisted mainly of eight subpeaks, including
conformation «o-helices (1646-1664 cm_l), B-sheets (low band
1615-1637 cm ! and high band 1682-1700 cm ™), p-turns (1664-1681
cm’l), and random coils (1637-1645 cm ™) (Liu et al., 2019). As shown
in Fig. 4D, as the ratio of PUL in COL/PUL increased from 1:0.5 to 1:1.75
(w/w), the content of a-helices decreased from 33.57 % to 25.91 % and
the content of B-turns decreased from 13.21 % to 7.40 % (p < 0.05). In
addition, the p-sheets and random coils increased from 19.00 % to 26.6
%, and from 34.22 % to 40.09 %, respectively (p < 0.05). The changes in
conformation of the secondary structure in the COL/PUL system indi-
cated molecular interactions (hydrogen bonding) between COL and
PUL, favouring the transition of a-helices and p-turns to p-sheets and
random coil structures. Furthermore, previous studies reported that
B-sheets were less stable than a-helices due to fewer intermolecular
hydrogen bonds (Jackson & Mantsch, 1995; Segat et al., 2014), and the
p-turns and random coils were associated with protein unfolding,
dissociation, and rearrangement (Xu et al., 2017). Therefore, according
to these results, the increase in PUL caused gradual deformation or
unfolding of a-helices in the secondary structure of COL. As a result, the
tight and ordered a-helices were no longer stable and partially converted
to less stable f-sheets and looser random coil structures. These results
corresponded to previous studies to obtain spinnable materials, which
indicated that the proteins should be unfolded, and random coils need to
be generated for electrospinning (Rostami et al., 2019).

3.5. CD

The CD spectra were used to evaluate the fraction of the triple helical
structure present of COL in the COL/PUL ultra-thin fibers. FDC showed
the typical sinusoidal CD spectra of natural COL, with a deep negative
peak at 198 nm and a small positive peak at 220 nm (Fiorani et al.,
2014). The CD spectra of FDC, DNC, and CP1-6 are shown in Fig. 5A,
expressed as the mean molar residual ellipticity. The denaturation of
COL or disruption of its triple helix structure would cause the intensity of
the positive peak at 221 nm and the negative peak at 198 nm to weaken.
When the COL was completely denatured, the positive peak would
completely disappear (Liu et al., 2010). It was clear that DNC showed
complete disappearance of the positive peak and negative peaks with
lower intensity, which was consistent with the literature. The lower
ellipticity of CP1-6 compared to FDC on the positive peak indicated that
the triple helix structure of CP1-6 was partially disrupted. The retained
triple helical fractions of COL in CP1-6 were calculated using Eq. (3),
with values of 44.92 %, 41.66 %, 41.24 %, 38.84 %, 39.11 %, and 36.69
%. The retained triple helix fractions of CP1-6 were higher than those of
acetic acid-spun COL fibers (40 % v/v, acetic acid) (28.89 %) and HFP-
spun COL fibers (12.51 %) (Liu et al., 2010), COL nanofibers prepared
with trifluoroethanol (16 %) and AcOH/ddH,O (20/80, v/v) (18 %)
(Fiorani et al., 2014), and HFIP-prepared electrospun collagen fibers (Li
et al., 2019). These results indicated that COL-based fibers prepared
with 0.4 M acetic acid as a solvent resulted in a lower degree of protein
denaturation.

3.6. Porosity analysis

The porosity of the nanofibers was affected mainly by the diameter
and morphology of the fibers (Tort et al., 2017). The COL/PUL ultra-thin
fiber porosity obtained from the SEM images at 16000 x magnification
is shown in Fig. 5B. As previously reported, for the electrospun fibers, a
reduction in fiber diameter led to an increase in porosity (Rad, Mokhtari,
& Abbasi, 2018). Although CP1 and CP2 had smaller fiber diameters
than CP3 (Fig. 3), they had lower porosity than CP3 (66.59 + 1.07 %)
due to the presence of fiber bundles. The porosities obtained for CP3-6
were 66.59 + 1.07 %, 59.49 + 1.57 %, 51.81 + 0.11 % and 47.90 +
2.23 %. With the increasing proportion of PUL, the porosity of the ultra-
thin fibers decreased (p < 0.05), which could be attributed to an increase
in fiber diameter and the formation of fiber bundles. In tissue
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Fig. 5. Properties of COL/PUL ultra-thin fibers. (A) CD, (B) Stress-strain curves, (C) elongation-at-break, (D) Porosity, (E) TGA curves, (F) DTG curve.

engineering, fibers must have high porosity to imitate ECM and create a
suitable environment for cell attachment, migration, and proliferation
(Tort et al., 2017), with preferred fiber porosity for cell penetration in
the range of 60 %-90 % (Rad et al., 2018). In this study, the porosities of
CP3 were in the range of cell penetration, so they have the potential to

be used in the field of biomedical materials.

3.7. Mechanical property analysis

Packaging materials must have sufficient mechanical strength and
extensibility to withstand external stresses (Shah et al., 2023). Under the
same electrospun requirements and times, CP1 and CP2 were deemed
too thin for measurement. We found that the collection plates of CP1 and
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CP2 had many rough holes in the fiber appearance, which could be the
result of weaker entanglement leading to the inability to shape the
Taylor cone plume. This led to the accumulation of thinner fibers on the
collection plate. In this study, the tensile strengths of CP3-6 were 3.10
+0.16,2.33 +0.20,1.98 + 0.13 and 1.33 + 0.17 MPa (Fig. 5C), and the
elongation-at-break values were 25.33 - 1.10 %, 19.33 + 2.85 %, 22.13
+1.88 % and 25.18 + 2.31 % (Fig. 5D), respectively. The greater tensile
strength of CP3 was likely related to its smooth morphology and smaller
average fiber diameter, which could resist the applied forces by
distributing the stress more evenly, resulting in greater elongation-at-
break. The lower tensile strengths of CP5 and CP6 were possibly due
to the appearance of fiber bundles in the ultra-thin fibers, which made
them unevenly stressed. For CP4-6, the increase in elongation-at-break
may be attributed to increased PUL content, making the obtained ultra-
thin fibers have greater flexibility. In this study, the COL/PUL ultra-thin
fibers had a tensile strength in the range of 1.33-3.10 MPa, suggesting
that these ultra-thin fibers have excellent potential to be used in pack-
aging materials and tissue engineering (Tort et al., 2017).

3.8. Thermal stability analysis

The thermal stability of the COL/PUL ultra-thin fibers was measured
by TGA. The TGA and derivative thermogravimetric (DTG) curves for
the COL/PUL ultra-thin fibers are shown in Fig. 5(E-F). According to
Fig. 5E, the COL/PUL ultra-thin fibers exhibited two principal stages of
thermal weight loss. The first thermal weight loss stage occurred be-
tween 30 °C and 100 °C, which was attributed to the vaporisation of
residual moisture in the ultra-thin fibers. The second major weight loss
occurred between 270 °C and 320 °C, which could be attributed to the
degradation of the ultra-thin fibers (Zhang et al., 2018). Fig. 5F shows
that the centre of the peaks shifted to a higher temperature as the ratio of
PUL in COL/PUL increased (291.50 °C, 291.67 °C, 292.33 °C, 293.17 °C,
294.17 °C, and 294.67 °C), suggesting that an increase in PUL content in
the COL/PUL system led to slightly increased thermal stability of the
resulting ultra-thin fibers.

4. Conclusions

In this study, COL/PUL ultra-thin fibers were successfully fabricated
by electrospinning using 0.4 M acetic acid as a solvent. The introduction
of PUL was favourable for increasing the intermolecular entanglement of
COL and PUL, which improved the spinnability of COL, and achieved the
transformation of ultra-thin fiber morphology from spindle-like to
smooth. With the spinnability of the COL electrospun solution increased,
the proteins partially unfolded, and over 36 % of the triple helix fraction
was retained. The FT-IR analysis results showed that with the inclusion
of PUL, COL/PUL ultra-thin fibers tended to form intramolecular
hydrogen bonds through broken intermolecular hydrogen bonds. In
addition, secondary structure analysis showed that COL gradually
unfolded, with the a-helices and f-turns structure gradually trans-
forming into the B-sheets and random coil structure. Furthermore, the
tensile strength and elongation-at-break of the ultra-thin fibers were
related to the diameter and morphology. Smooth, defect-free and small-
diameter ultra-thin fibers exhibited outstanding mechanical strength
and elongation-at-break. Overall, this study successfully prepared COL/
PUL ultra-thin fibers without toxic solvents, and the interaction between
COL and PUL molecules underlying the improved spinnability was
investigated, offering useful information for the development of food
COL-based fibers.
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