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Abstract

Electrospun zein nanofibers are promising bio-based materials, but producing uniform
ultrafine fibers with desirable performance remains challenging. This study examined the
effects of process variables and three surfactants on zein fiber formation, diameter, and
material properties. Zein solutions (30-40%, w/v) were prepared in glacial acetic acid, and
2% (w/w, based on zein) triethyl benzyl ammonium chloride (TEBAC), sodium dodecyl
sulfate (SDS), or span-80 was incorporated into the 30% zein solution. Zein concentration
and feed rate yielded fiber diameters of 208.22-1001.90 nm. Surfactants reduced surface
tension and increased conductivity, promoting jet stretching and generating uniform fibers
with diameters near 100 nm. SDS produced the smallest fibers (98.92 &= 15.20 nm). TEBAC
increased tensile strength from 11.08 to 63.26 MPa and improved dimensional retention in
water, whereas SDS and span-80 increased elongation at break but reduced strength and
stiffness. All surfactants increased wettability and altered intermolecular interactions and
secondary structure of zein, although they reduced thermal stability. Overall, surfactants
acted as both electrospinning aids and structure-directing modifiers, with TEBAC providing
the best balance of fineness, strength, and aqueous stability. These ultrafine, robust, and
water-stable nanofibers are promising as functional coating layers for high-moisture food
packaging and as carriers for antioxidants or antimicrobial agents.
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and energy harvesting [4]. To further expand its application scope, it is essential to precisely
control the morphology and size of electrospun nanofibers.

The morphology and diameter of electrospun fibers can be adjusted by various param-
eters, including the electrospinning process conditions (e.g., voltage, collection distance,
flow rate, nozzle diameter), environmental factors (e.g., temperature, humidity), and the
characteristics of the polymers and their solutions (e.g., molecular weight, concentration,
viscosity, conductivity, surface tension, polarity) [5-8]. Typically, lower solution conductiv-
ity promotes the production of fibers with larger diameters by reducing the jet elongation
rate along the fiber axis [8]. Fiber diameter decreases as the applied voltage increases due
to the enhanced electrostatic stress on the jet [9]. Because more solution is delivered per
unit time, a higher flow rate usually leads to an increase in fiber diameter. The collection
distance affects fiber morphology by altering the electric field strength [10]. Furthermore,
the polymer concentration has a significant effect on the diameter of electrospun fibers, and
a decrease in polymer concentration leads to a reduction in fiber diameter. However, ac-
cording to previous reports, it remains difficult to obtain electrospun fibers with a diameter
of less than 200 nm. The main reason is that the excessive dilution of the polymer solution
destabilizes the Taylor cone, resulting in beaded fibers or nanoparticles.

The addition of surfactants can stabilize the jet, thereby helping to produce uniform
electrospun fibers with small diameters and narrow diameter distributions [11-13]. On the
one hand, when their concentrations exceed their respective critical micelle concentrations,
surfactants can self-assemble to form micelles, which can improve the solubility of active
compounds and control their release behavior. On the other hand, surfactant molecules
contain hydrophobic and hydrophilic groups, which can spontaneously adsorb at the
oil-water interface and reduce the surface tension of the solution. Meanwhile, interactions
between polymers and surfactants can also alter the viscosity and conductivity of the
solution, thereby affecting the electrospinning process [13]. Almeida et al. (2020) prepared
cellulose acetate nanofibers with smaller diameters and fewer bead defects after adding
the cationic surfactant cetylpyridinium bromide [11]. In the study by Beigmoradi et al.
(2021), the addition of the anionic surfactant sodium dodecyl sulfate and the cationic
surfactant cetyltrimethylammonium bromide not only reduced the diameter of electrospun
polysulfone fibers, but also modified the surface roughness of the nanofibers [14]. Therefore,
surfactant—assisted electrospinning may be an effective means to produce fibers with
smaller diameters (<200 nm).

Both natural and synthetic polymers can be used to produce electrospun nanofibers.
From the perspectives of food safety and environmental sustainability, the development of
electrospun nanofibers from biopolymers is of great significance. As a by-product of the
bioethanol and starch industries, zein possesses biodegradability, biocompatibility, thermal
resistance, and antioxidant properties, supporting its potential use in food packaging and
bioactive-delivery materials. For example, electrospun zein fibers have been developed as
antimicrobial packaging matrices to inhibit foodborne pathogens and extend food shelf
life, and as delivery systems to improve the stability and controlled release of bioactive
compounds such as curcumin [15,16]. Its solubility in suitable volatile solvents and its
ability to form sufficiently entangled polymer solutions enable zein to be processed into
continuous fibers by electrospinning [17,18]. In addition, zein is one of the few proteins
that can be electrospun using food-safe solvents, and glacial acetic acid has been proven
to be a good solvent for zein. Among the available solvent systems, glacial acetic acid is
particularly attractive from both food-safety and processing perspectives. It is regarded as
a food-safe solvent for food-related electrospinning, while also enabling more continuous
electrospinning and fibers with a rounder morphology and narrower diameter distribution
than conventional aqueous alcohol systems [19,20]. In recent years, the physicochemical
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properties and functionality of electrospun zein nanofibers have been extensively studied,
particularly in relation to their use as nanomaterials for the protection, delivery, and
sustained release of active substances [21-24]. However, there is relatively little research
on the systematic regulation of the size of electrospun fibers from biopolymers and on
surfactant-assisted biopolymer nanofibers [25-28]. In addition, no definitive conclusion
has been reached regarding the influence of different surfactants on the formation of the
electrospun nanofibers and the underlying mechanisms governing fiber size.

In this study, electrospun nanofibers were prepared using zein as the biopolymer and
glacial acetic acid as the green solvent. The size of the fibers was regulated by adjusting
electrospinning process conditions and adding surfactants. The morphology, mechanical
properties, surface wettability, water stability, thermal behavior, and molecular structure
of zein nanofibers with different sizes were analyzed. The effects of an anionic surfactant
(sodium dodecyl sulfate), a nonionic surfactant (span-80), and a cationic surfactant (triethyl
benzyl ammonium chloride) on the spinnability of zein were investigated. Additionally,
the corresponding formation mechanism of zein nanofibers was explored. This study
provides a theoretical foundation for the development and design of effective electrospun
nanofibers from biopolymers, and supports the further expansion of their applications in
various fields.

2. Materials and Methods
2.1. Materials

Zein was purchased from Sigma—Aldrich (St. Louis, MO, USA). Glacial acetic acid
(100%) was purchased from Aladdin Inc. (Shanghai, China). Sodium dodecyl sulfate (SDS),
span-80, and triethyl benzyl ammonium chloride (TEBAC) were purchased from Shanghai
Macklin Biochemical Co., Ltd. (Shanghai, China).

2.2. Preparation of Electrospun Zein Nanofibers

Different amounts of zein powder were added to glacial acetic acid and fully dissolved
by magnetic stirring (MYP11-2, Shanghai Meiyingpu Instrument Manufacturing Co., Ltd.,
Shanghai, China) overnight at room temperature (25 =+ 2 °C) to prepare zein solutions
with different concentrations of 30%, 35%, and 40% (w/v). The resulting zein solutions
were allowed to stand for 10 min to remove air bubbles before electrospinning. For each
experiment, a fixed volume of 2 mL of the feed solution was loaded into a 10 mL syringe and
electrospun using an electrospinning apparatus (HZ-11, Qingdao Nuokang Environmental
Protection Co., Ltd., Qingdao, China). The same feed-solution volume was used for all
samples to improve the comparability of the resulting nanofiber mats. The electrospinning
parameters were set as shown in Table 1. By varying the mass concentration (30-40%, w/v)
of zein and flow rate (0.5-3 mL/h), four nanofiber samples were prepared and initially
designated according to their processing conditions as ZNF_30_0.5, ZNF_35_1, ZNF_40_1,
and ZNF_40_3, respectively. Their average fiber diameters were subsequently determined
by SEM analysis.

A 30% (w/v) zein solution was dissolved in glacial acetic acid, and the dispersion was
magnetically stirred overnight at room temperature (25 &= 2 °C) to ensure complete dissolu-
tion. Then, the surfactants were separately added to the zein solution at a concentration of
2% (w/w, based on zein). After continuous stirring for 2 h at room temperature, the result-
ing solutions were used for electrospinning. Under the electrospinning conditions listed in
Table 1, zein nanofibers prepared with the cationic surfactant (TEBAC), anionic surfactant
(SDS), and nonionic surfactant (span-80) were prepared and designated as TEBAC/ZNF,
SDS/ZNF, and span-80/ZNE, respectively.
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Table 1. The parameters used for electrospinning.
Samples Mass Concentration of Flow Rate Voltage Collection Distance Speed (rpm)
P Zein (%) (mL/h) V) (cm) peed P

ZNF_30_0.5 30 0.5 20 10 1000
ZNF_35_1 35 1.0 20 10 1000
ZNF_40_1 40 1.0 20 10 1000
ZNF_40_3 40 3.0 20 10 1000
TEBAC/ZNF 30 0.5 20 10 1000
SDS/ZNF 30 0.5 20 10 1000
span-80/ZNF 30 0.5 20 10 1000

2.3. Characterization of the Feed Solution

The electrical conductivity was measured using a digital conductivity meter (Starter
300, OHAUS Corporation, Parsippany, NJ, USA). The viscosity was determined with a
rotational rheometer (DHR, TA Instruments, New Castle, DE, USA), and the viscosity was
recorded at a shear rate of 100 s~!. The surface tension was measured using a surface
tensiometer (ADVance, KRUSS GmbH, Hamburg, Germany). All tests were conducted in
triplicate for each feed solution at room temperature (25 £ 1 °C).

2.4. Morphology and Diameter Distribution of Nanofibers

The morphology of zein nanofibers was observed using a scanning electron microscope
(Hitachi, Tokyo, Japan). Before imaging, nanofiber samples were sputter-coated with gold.
The diameter distribution was analyzed using Image] software (version 1.8.0), and 200
randomly selected fibers were measured for each sample.

2.5. Mechanical Properties

The tensile testing of zein nanofibers was performed using a universal testing machine
(Instron, Norwood, MA, USA) according to a previously reported method [29]. Briefly, the
nanofiber samples were cut into a size of 30 mm X 3 mm (length x width). The tensile
properties were then determined at a crosshead speed of 5 mm/min and a gauge length
of 5 mm. Five specimens from each nanofiber sample were tested. The tensile strength
(TS), elongation at break (EB), and Young’s modulus (YM) were calculated according to the

following equations:
Fin

TS = - (1)

EB — (L*’LXOLO) x 100% )
_ (Fnx Ly)

RG] ¥

where F;, is the maximum recorded load (N); S is the cross—sectional area of the nanofiber
samples (mm?); L, is the specimen length at break of nanofiber samples (mm); L is the
initial length of nanofiber samples (mm); L is the gauge length (mm); L, is the specimen
length at the maximum load (mm).

2.6. Water Contact Angles (WCAs)

The WCAs of the zein nanofiber mats were measured using a contact angle meter
(OCA 25, DataPhysics Instruments GmbH, Filderstadt, Germany). The nanofiber mats
were cut into specimens of the same size and attached flat onto glass slides. A 3 uL
droplet of distilled water was then deposited onto the surface of each mat. Images of the
water droplets were recorded within 5 s, and the WCA values were calculated from the
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recorded images. Five independent measurements were performed for each sample. The
thickness and density of the nanofiber mats were not independently determined in this
study; however, the same volume of feed solution was used for the preparation of each
sample to improve comparability among the resulting mats.

2.7. Immersion Study

An immersion test was performed on zein nanofiber samples to evaluate their stability
in water. According to our previous reports, each nanofiber sample was cut into a size of
2.5 cm x 2.5 am and then immersed in 35 mL of deionized water for 24 h [17,29]. After
immersion, the tested samples were freeze-dried, and their morphology was examined us-
ing scanning electron microscopy (SEM). In addition, macroscopic images of the nanofiber
samples before and after immersion in water were captured.

2.8. Thermal Properties

Differential scanning calorimetry (DSC) measurements were performed following the
method described by Maria Leena et al. (2020) [30], on a TA instruments Q2000 DSC (TA
Instruments, New Castle, DE, USA). Each sample (5.0 + 0.1 mg) was accurately weighed
into an aluminum pan and hermetically sealed. The samples were first heated from 25
to 200 °C at a rate of 10 °C/min, subsequently cooled from 200 to —10 °C at 10 °C/min,
and then reheated from —10 to 200 °C at the same rate. All measurements were conducted
under a nitrogen atmosphere. The first heating scan was used to eliminate the previous
thermal history of the samples, and the glass transition temperature (Tg) was obtained
by analyzing the second heating scan using TRIOS software (version 4.5, TA Instruments,
New Castle, DE, USA; https:/ /www.tainstruments.com/support/software-downloads-
support/downloads/ (accessed on 31 August 2026)).

Thermogravimetric analysis (TGA) was conducted using an STA 449 F5 instrument
(Netzsch Gerdtebau GmbH, Selb, Germany) as described previously. Approximately 5 mg
of each nanofiber sample was placed in a suitable sample pan and heated continuously
from 25 to 600 °C at a rate of 10 °C/min. The changes in sample mass as a function of
temperature were recorded to evaluate the thermal degradation behavior and thermal
stability of the nanofibers.

2.9. Attenuated Total Reflectance Infrared Spectroscopy (ATR-FTIR)

Following the method described by Isik et al. (2025) [31], the functional groups and
intermolecular interactions in zein nanofiber samples were investigated via a Fourier
transform infrared (FTIR) spectrometer (Nicolet 6700, Thermo Scientific, Waltham, MA,
USA) equipped with an attenuated total reflection (ATR). The spectra were collected in the
range of 4000-400 cm~! and at a resolution of 4 cm~!. A total of 32 scans were collected
for each sample. The secondary structure in the amide I region (1600-1700 cm ™) was
evaluated using PeakFit software (version 4.12, Seasolve Software, Framingham, MA, USA)
and OMNIC 9.2 software (Thermo Fisher Scientific Inc., Carlsbad, CA, USA) [17].

2.10. Statistical Analysis

Statistical analyses were performed using SPSS Statistics software (version 20.0, IBM
Corp., Armonk, NY, USA). The data are expressed as the mean =+ standard deviation (1 = 3).
One-way analysis of variance (ANOVA) and Duncan’s multiple range test were used to
identify statistically significant differences among treatments (p < 0.05).
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3. Results

3.1. Physical Properties of Spinning Solutions
3.1.1. Properties of Zein Solutions with Different Concentrations

The physical properties of the spinning solutions strongly influence the diameter
and morphology of electrospun fibers. The viscosity, conductivity, and surface tension
of the solutions with different zein concentrations or different surfactants are presented
in Table 2. In Table 2, the samples are identified using process-based labels according to
the zein concentration and flow rate employed during electrospinning, because the fiber
diameters were determined only after SEM characterization. Specifically, ZNF_30_0.5,
ZNF_35_1, ZNF_40_1, and ZNF_40_3 exhibited average fiber diameters of 208.22 £ 46.93,
391.40 £ 60.85, 602.28 + 82.52, and 1001.90 £ 121.33 nm, respectively. For convenience,
these samples are subsequently referred to as ZNF_200, ZNF_400, ZNF_600, and ZNF_1000
in the discussion and figures. Among these feed solutions, the 30% (w/v) zein solution used
to prepare ZNF_200 exhibited a viscosity of 0.32 Pa-s, a conductivity of 103.73 uS/cm, and
a surface tension of 46.10 mN/m. As the zein concentration increased to 40%, the viscosity
of the spinning solution (ZNF_600 and ZNF_1000) significantly rose (1.06 Pa-s), and the
surface tension also increased (47.98 mN/m). Meanwhile, the conductivity exhibited an
initial increase followed by a decrease, with the 35% zein solution (ZNF_400) showing the
highest conductivity (113.67 uS/cm). Guo et al. [32] confirmed that the viscosity of spinning
solutions rises with increasing polymer concentration. Coelho et al. [10] similarly reported
the viscosity and conductivity of zein solutions were also found to increase with higher
zein concentrations; while the inconsistent changes in conductivity may be attributed to
the use of different solvents in the spinning solution.

Table 2. The viscosities, electrical conductivity, and surface tension of the feed solutions.

Samples Vi(;cosity Electrica(ll ;Z/on(:uctivity Surf(acele\I "fer;sion Di(ame)ter
a-s us/cm m m nm

ZNF_30_0.5 0.32 + 0.004 B 103.73 + 0.32 ¢P 46.10 + 0.05 A 208.22 + 46.93 44

ZNF_35_1 0.64 + 0.005 P 113.67 4+ 0.47 ¢ 47.07 4+ 0.04 b 391.40 + 60.85 ©

ZNF_40_1 1.06 + 0.054 @ 102.83 + 0.65 © 47.98 + 0.06 2 602.28 4+ 82.52b

ZNF_40_3 1.06 £ 0.054 @ 102.83 + 0.65 ¢ 47.98 4+ 0.06 2 1001.90 + 121.33 2
TEBAC/ZNF 0.34 + 0.002 B 225.67 4+ 0.58 2A 36.72 +0.13 P 106.10 + 18.58 B

SDS/ZNF 0.38 £ 0.013 <A 154.37 + 0.65 PB 38.11 + 0.07 €€ 98.92 + 15.20 €€

span-80/ZNF

0.33 + 0.022 <B

120.23 4+ 0.72 <€ 41.08 + 0.02 4B 106.11 + 17.98 B

Results in each column with different lowercase letters indicate significant differences (p < 0.05) in
all samples. Values in each column with various capital letters indicate significant differences in the
properties of the solution with the addition of various surfactants.

3.1.2. Properties of Zein Solutions Added with Surfactants

At a dosage of 2%, all three surfactants significantly decreased the surface tension and
increased the conductivity of the spinning solution (Table 2). Among them, the addition
of the cationic surfactant TEBAC resulted in the highest conductivity (225.67 uS/cm) and
the lowest surface tension (36.72 mN/m) of zein solution. Additionally, the addition of
cationic surfactant TEBAC and non-ionic surfactant (span-80) caused only minor changes
in viscosity, whereas the addition of the anionic surfactant SDS significantly increased
the viscosity. These results indicate that there is an interaction between zein and surfac-
tants. Interactions among polymer chains, surfactants, and solvent molecules may lead
to the formation of polymer-surfactant complexes in solution, which can greatly alter
the properties of polymer solutions [33]. The surfactant molecules form micelles in the
solution when their concentration exceeds the critical micelle concentration. The micelle
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aggregates may associate with zein chains or adsorb onto the surfaces of zein aggregates,
thereby reducing the surface tension of zein solution and improving the electrospinning
performance of zein. Moreover, because of their mobility within the polymer jet, surfactant
molecules may migrate toward the air-liquid interface and alter the surface charge density.
Consistent with the findings of Wang et al. [12], the presence of the nonionic surfactant
Triton X-100 was found to decrease the surface tension and enhance the electrospinnability
of polyvinylpyrrolidone solutions.

The viscosity of a polymer solution is a key factor affecting its spinnability and fiber
morphology. Solution viscosity is influenced by polymer concentration, molecular weight,
molecular structure, and solvent type [34]. As shown in Table 2, the addition of 2%
(w/w, based on zein) SDS and TEBAC increased the viscosity from 0.32 Pa-s to 0.38 Pa's
and 0.34 Pa-s; and as the concentrations increased, the viscosity of their mixed solutions
presented a trend of first decreasing and then increasing, but their viscosities are still higher
than that of the pure zein solution. The addition of 2% (w/w, based on zein) span-80 caused
little change in viscosity of zein solution (0.34 Pa-s); when the concentration was increased
to 10% (w/w, based on zein), the viscosity of the mixed solution significantly decreased;
as the concentration continued to increase to 20% (w/w, based on zein), the viscosity
of the zein/span-80 mixed solution increased. After the addition of SDS, the positively
charged zein molecules can interact electrostatically with the negatively charged head
groups of SDS. This interaction impedes solvent evaporation, thereby leading to an increase
in the viscosity of the solution. The added TEBAC may interact with the hydrophobic
groups of zein molecules, leading to enhanced binding between zein molecular chains and
increasing viscosity. Span-80 does not introduce additional ionic species, and its interaction
with zein is likely dominated by non-electrostatic forces. Consequently, with the increase
in surfactant concentration, the viscosity of SDS/zein and TEBAC/zein solutions both
increase, while the viscosity of the span-80/zein mixed solution remains unchanged or
slightly decreases. Jia et al. [35] investigated the interactions between cationic, anionic,
zwitterionic, and nonionic surfactants and polyvinyl alcohol, as well as their effects on the
conductivity, surface tension, and viscosity of the solution, and obtained similar results.

The surface tension of a solution is generally defined as the force acting perpendicular
to any line of unit length on the liquid surface [36]. During electrospinning, jet formation
begins when the electrostatic repulsion within the solution overcomes the surface tension
of the solution. In general, a lower surface tension of the spinning solution facilitates
electrospinning at a relatively lower electric field strength. In all cases, the zein/surfactant
mixtures exhibited lower surface tensions than the pure zein solutions. Among the three
surfactants, SDS and TEBAC significantly reduced the surface tension of the zein solu-
tions. As shown in Table S1, the surface tension of the corresponding mixture solution of
zein/surfactant gradually increased with the concentration of the three surfactants (TEBAC,
SDS, and span-80) rising from 2% to 20%. This is regarded as evidence of the interaction
between zein and the three surfactants, and these interactions varied as the surfactant
concentration increased.

According to reports, when the content is below the critical micelle concentration
(CMCQ), the surfactant exists in the form of single molecules and hardly interact with the
polymer in the solution; when the concentration reaches the CMC, the surfactant molecules
begin to interact with the polymer, and as the concentration increases, the surfactant
forms free micelles; When the interaction between the polymer and the surfactant reaches
saturation, a further increase in surfactant content will no longer affect the interaction
between the polymer and the surfactant [35]. In this study, a surfactant dosage of 2% (w/w,
based on zein) was used, which was considered to be higher than the CMC. In this case,
interactions existed between zein and the surfactant, yet the saturation concentration was
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not reached. This was because the conductivity and surface tension of the spinning solution
both changed with the increase in surfactant content; moreover, due to the excess free
micelles, the surface tension increased as the surfactant concentration increased (Table S1).

According to Table S1, the conductivity of the zein solution was 103.73 uS/cm. After
adding 2% (w/w, based on zein) of TEBAC, SDS and span-80 respectively, the conductivity
of the zein/surfactant mixed solutions increased to 225.67, 154.37 and 120.23 uS/cm. As the
concentration of the surfactant increased to 20%, the conductivity of the TEBAC/zein mixed
solution gradually rose to 662.00 uS/cm. In contrast, the conductivity of the SDS/zein
mixed solution exhibited a decrease-then—increase trend with the increase in SDS concen-
tration, reaching a value of 200.83 uS/cm when the SDS concentration was 20%. However,
the conductivity of the span-80/zein mixed solution decreased with the increase in span-80
concentration, and it was 63.73 uS/cm at a span-80 concentration of 20%. These results
indicate that the physical properties of the surfactant/zein mixed solutions depend on the
content and type of the surfactant.

3.2. Morphology and Diameter Distribution of Zein Nanofibers

The microscopic morphology of zein nanofibers with different diameters was observed
by SEM (Figure 1). The results showed that the fiber diameter largely depends on the
mass concentration of zein, and the diameter of the fiber increased with increasing of zein
concentration (Table 2, Figure S2). The possible reason is that as the concentration of zein
increases, the viscosity of the spinning solution increases, promoting the entanglement of
zein molecular chains in the solution, ultimately resulting in an increase in fiber diameter.
Previous studies have also indicated that polymer concentration is one of the most impor-
tant parameters affecting fiber diameter [37]. Despite their different diameters, all the fibers
exhibited a rod-like morphology with a uniform appearance; this indicates that changes in
the mass concentration of zein and the flow rate can affect the fiber diameter, but they exert
no influence on the fiber shape.

Compared with the sample without surfactants (ZNF_200), the addition of surfac-
tants resulted in a more uniform fiber morphology, manifested by a narrower diameter
distribution. In addition, the incorporation of each of the three surfactants into the solution
significantly reduced the diameter of zein fibers; when added at a concentration of 2% (w/w,
based on zein), the average diameters of TEBAC/ZNF, SDS/ZNF, and span-80/ZNF were
106.10 £ 18.58 nm, 98.92 + 15.20 nm, and 106.11 £ 17.98 nm, respectively. Among these
samples, SDS/ZNF exhibited the smallest average diameter and the narrowest diameter
distribution. Previous studies have also reported similar results, in which surfactants such
as Tween 80, SDS, CTAB, and phospholipids were added to reduce the fiber diameter of
zein nanofibers [13]. In a study by Jia et al. [35], the addition of a surfactant to the polyvinyl
alcohol solution resulted in fibers with smaller average diameters. On the one hand, this
phenomenon might be attributed to the formation of polymer-surfactant complexes, which
weakens the interactions between zein molecular chains [14]. On the other hand, the
incorporation of the surfactant can alter the solution properties, such as reducing surface
tension and increasing electrical conductivity, both of which facilitate the stretching of
fibers and ultimately lead to a decrease in fiber diameter [38]. Sari et al. also found that
higher charge density leads to enhanced electrostatic force, yielding electrospun fibers with
smaller diameters [39]. In addition, the reduction in the surface tension of the spinning
solution induced by the addition of surfactants also facilitates the fabrication of more
uniform fibers, resulting in a narrower fiber diameter distribution. For TEBAC/ZNF and
SDS/ZNF, the difference in their fiber diameters may be due to electrostatic interactions.
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Figure 1. SEM images and size frequency distribution diagram of zein nanofibers with different
diameters and with surfactants added.
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3.3. Mechanical Test

The mechanical properties of zein nanofibers with different diameters and with sur-
factants added were shown in Figure 2. The results showed that the TS, EB, and YM values
of ZNF_200 were 11.08 MPa, 4.21%, and 0.97 GPa, respectively. The TS of zein nanofiber
samples showed a change of first increasing and then decreasing with the increase in fiber
diameter; ZNF_600 had the maximum TS of 35.55 MPa. Similarly, the YM of zein nanofiber
samples gradually increase from 0.97 GPa to 6.77 GPa with the increase in fiber diameter.
However, the EB of zein nanofiber samples gradually decreased with the increase in fiber
diameter; ZNF_1000 had the minimum EB value of 1.86%. Figure 2B presents the mechani-
cal properties of the zein nanofibers and the zein nanofibers assisted by various surfactants.
It can be seen that the mechanical properties of zein nanofibers are largely influenced by
the type of surfactant. Compared with the nanofibers without surfactant (None), the TS,
EB, and YM of TEBAC/ZNF increased to 63.26 MPa, 6.50%, and 2.86 MPa, respectively,
indicating that the addition of the cationic surfactant TEBAC can significantly improve
the mechanical properties of zein nanofibers. In the study conducted by de Almeida et al.
(2020), the addition of cetylpyridinium bromide, a cationic surfactant, was also found to
enhance the mechanical properties of cellulose acetate nanofibers [11]. In addition, the
incorporation of the anionic surfactant SDS and the nonionic surfactant span-80 increased
the EB of the zein nanofibers to 11.86% and 9.10%, respectively, while decreasing the TS
and YM to 1.78 MPa, 1.55 MPa and 0.05 GPa, 0.06 GPa, respectively. In the study by Shan
et al. [33], the incorporation of the non-ionic surfactant TX-15 was shown to improve the
TS, EB, and elastic modulus of the chitosan/polylactic acid nanofibers. The inconsistency
between their findings and those of the present study might be ascribed to the differences
in the types of polymers and surfactants employed, which induce distinct interactions and
consequently lead to different mechanical properties.
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Figure 2. The mechanical properties of zein nanofibers with different diameters (A) and with
surfactants added (B). Different uppercase letters, lowercase letters, and Roman numerals indicate
significant differences in tensile strength, elongation at break, and Young’s modulus, respectively
(p < 0.05).

3.4. Surface Properties of Zein Nanofibers

Contact-angle measurement is a useful method for characterizing the surface wetta-
bility of materials. In this study, water was used as the measuring medium to determine
the water contact angles of zein nanofibers with different diameters. The results in Figure 3
showed that as the fiber diameter increased from 200 nm to 1000 nm, the WCA value of
the zein nanofibers decreased from 120.88° to 80.65°, indicating that the hydrophilicity
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ZNF 200

©=120.88+2.24°

of the nanofibers increased with the increase in fiber diameter. This may be due to the
fact that the pores between fibers expand as the fiber diameter increased, which is more
conducive to water penetration. In the study by Liu et al. [40], the WCA of PCL nanofibers
was found to be independent of fiber diameter; the inconsistent results may be attributed to
the use of different polymers, which consequently possess distinct surface properties. After
adding the surfactants TEBAC, SDS and span-80, the WCA of the zein nanofibers decreased
significantly. The WCA values of span-80/ZNF, TEBAC/ZNE and SDS/ZNF were 88.73°,
95.43°, and 90.88°, respectively, indicating that the addition of surfactants increases the
hydrophilicity of zein nanofibers. In the study conducted by Shan et al. [33], the presence
of the non-ionic surfactant TX-15 in the polylactic acid/chitosan composite nanofibers
resulted in an increase in the hydrophilicity of the composite nanofibers. Previous studies
have indicated that surface roughness can significantly alter water contact-angle values
as surface morphology varies [14]. The Wenzel model describes the contact angle on a
real rough surface with chemical homogeneity, holding that an increase in surface rough-
ness can enhance the hydrophilicity and hydrophobicity of hydrophilic and hydrophobic
surfaces, respectively; in other words, surface roughness can amplify the wettability of
the original surface [41]. As shown in Figure 3, the addition of span-80, TEBAC and SDS
may increase the hydrophilicity of zein nanofibers by reducing their surface roughness.
It has been reported that during the electrospinning process, a large number of surfac-
tant molecules accumulate on the surface of nanofibers when they are formed and before
they are solidified, which reduces the solvent evaporation rate and thus decreases the
surface roughness of nanofibers [14]. In addition, the scanning electron microscopy images
(Figure 1) show that the small-diameter fibers generated after the addition of surfactants
help to increase the density of the zein nanofibers, which leads to an increase in the surface
area of the fiber network, thereby enhancing the water permeability and hygroscopicity of
the nanofiber matrix [33].

ZNF_ 400 ZNF_600 ZNF_1000

©=117.05+2.88* ©=95.10+2.99" ©=80.65+3.71°

P R NS - TR

span-80/ZNF

TEBAC/ZNF SDS/ZNF

©=95.43+1.91° ©=90.88+0.32%

Figure 3. Images of water contact angle determinations for zein nanofiber mats with different
diameters and surfactants added. Different lowercase letters indicate significant differences among
samples (p < 0.05), whereas values sharing at least one letter are not significantly different.

3.5. Water Stability of Zein Nanofibers

The nanofiber mats were immersed in deionized water for 24 h to observe the macro-
scopic morphology (Figure S1) and area changes during water immersion (Figure 4). It was
observed that upon initial contact with deionized water, all nanofiber samples exhibited
shrinkage; the area of ZNF_200, ZNF_400, ZNF_600 and ZNF_1000 decreased to 28.83%,
46.41%, 73.45% and 76.58% of their initial areas, respectively. As the immersion time in
deionized water increased, the areas of ZNF_200, ZNF_400, and ZNF_600 gradually de-
creased; after 24 h of immersion, their areas decreased to 20.60%, 15.00%, and 29.68% of
their initial areas, respectively. However, ZNF_1000 swelled when exposed to deionized
water. After immersion in deionized water for 6 h, the area of ZNF_1000 was 93.60% of its
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initial area; as the immersion time continued to increase, ZNF_1000 lost its integrity due to
dissolution (Figure S1). These results indicate that the fiber diameter of zein mat nanofibers
exerts a significant influence on their stability in aqueous media.
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Figure 4. Area changes of zein nanofiber mats with different diameters (A) and with surfactants
added (B) after immersion in water for 24 h. Different lowercase letters indicate significant differ-
ences among samples at the same immersion time (p < 0.05). Bars sharing the same letter are not
significantly different.

After the addition of surfactant, the swelling behavior of zein nanofibers in deionized
water underwent significant changes. As shown in Figure 4, the presence of cationic
surfactant TEBAC resulted in an increase in the area of the zein nanofiber sample from
28.83% to 32.41% of its initial volume. After immersion in deionized water for 24 h, the
volume of TEBAC/ZNF reached 31.43% of its initial area, significantly higher than that of
ZNF_200, which was 20.60%. Unlike cationic surfactants, the addition of anionic surfactant
SDS led to more severe shrinkage of zein nanofibers when exposed to deionized water.
After immersion in deionized water for 24 h, the volume of SDS/ZNF was only 2.07% of its
initial value. In addition, the addition of nonionic surfactant span-80 had no significant
effect on the swelling behavior of zein nanofibers in deionized water. After immersion in
deionized water for 24 h, the retained area of span-80/ZNF was 23.63% of the initial area,
which was only slightly higher than that of the zein nanofibers without added surfactant
(ZNF_200, 20.60%). SEM observations after 24 h of water immersion further revealed
morphological changes in nanofiber mats with different fiber diameters (Figure 5) and in
those prepared with different surfactants (Figure 6).

3.6. DSC Analysis

As can be seen from Figure 7, zein nanofibers with different diameters exhibited similar
thermal behaviors. The glass transition temperatures (Tg) of ZNF_200, ZNF_400, ZNF_600,
and ZNF_1000 were 161.32 °C, 161.37 °C, 161.93 °C, and 162.09 °C, respectively. As the
fiber diameter increased, the Ty value of the zein nanofibers slightly increases. However,
the addition of surfactants leads to a decrease in the Tg value of the zein nanofibers.
The Tg values of TEBAC/ZNF, SDS/ZNF, and span-80/ZNF were 134.58 °C, 149.25 °C,
and 155.30 °C, respectively, indicating a reduction in the thermal stability of the zein
nanofibers after the addition of surfactants. The different Ty values of zein nanofibers
assisted by different types of surfactants may be attributed to the varying interactions
between surfactants and zein molecules.
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Figure 5. SEM images of zein nanofiber mats with different diameters.
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Figure 6. SEM images of zein nanofiber mats with surfactants added.
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Figure 7. Second-heating of DSC curves and glass transition temperature of zein nanofibers with
different diameters and with surfactants added.

3.7. Thermal Gravimetric Analysis

The thermogravimetric profiles (Figure 8) showed that the weight loss of zein
nanofibers could be divided into three stages. The first stage occurred below 100 °C
and was mainly attributed to the evaporation of water in the samples; the weight loss
during this stage is related to the hydrophilicity and moisture content of the zein nanofiber
samples. The weight loss in the second stage occurs within the range of 100-225 °C and is
primarily attributed to the thermal decomposition of low molecular weight peptides. The
weight loss in the third stage occurs between 225 and 600 °C, during which the thermal
decomposition of zein primarily took place. ZNF_200, ZNF_400, and ZNF_600 exhibited
similar thermal degradation behaviors, with residual masses of 17.75%, 17.23%, and 17.62%,
respectively, at 600 °C. Conversely, ZNF_1000 demonstrated enhanced thermal stability,
with a residual mass of 18.76%. However, the residual masses of TEBAC/ZNF, SDS/ZNF,
and span-80/ZNF at 600 °C were 16.04%, 15.27%, and 12.16%, respectively, indicating that
the presence of surfactants reduced the thermal stability of the zein nanofibers, which is
consistent with the DSC results described above. In the study by de Almeida et al. [11],
the presence of the cationic surfactant cetylpyridinium bromide (CPB) in cellulose acetate
nanofibers led to improved thermal stability. The discrepancy may be attributed to dif-
ferences in the physicochemical properties of the polymer—solvent systems investigated.
Compared with cellulose acetate, zein possesses a more hydrophobic molecular struc-
ture, while the polar protic solvent acetic acid used in this study may result in distinct
polymer—solvent-surfactant interactions, thereby altering the effects of surfactants on the
solution properties.
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Figure 8. Thermogravimetric curves (A,C) and DTG curves (B,D) of zein nanofibers with different
diameters (A,B) and with surfactants added (C,D).

3.8. FTIR Measurements

In infrared spectroscopy, the characteristic peak located at 3292-3305 cm ! is attributed
to N-H stretching vibration and hydrogen bonding [42]. The characteristic peak observed
at 2960 cm ! corresponds to the C—H bond in the CHj3 functional group of zein [22]. The
characteristic peak at 1730 cm ! is attributed to the stretching vibration of the uncoupled
C=Obond [11]. The characteristic peak at 1654 cm ! corresponds to the stretching vibration
of the C=0 bond in the amide I band [13]. The characteristic peaks at 1541-1544 cm !
were assigned to the amide II vibration, arising mainly from N-H bending coupled with
C-N stretching [42]. The band at approximately 1455 cm™~! was attributed to CH, /CHj
bending vibrations, whereas the bands at 1242-1247 cm ! were assigned to the amide
III region, which primarily involves C-N stretching coupled with N-H bending [42,43].
As shown in Figure 9A, ZNF_200, ZNF_400, ZNF_600, and ZNF_1000 exhibited similar
spectral characteristics, indicating that fiber diameter does not alter the fundamental
structure of zein nanofibers. Furthermore, the peak intensities at 1066 cm~ 1 and 1541 ecm™!
gradually increased with the increase in fiber diameter. As the fiber diameter increased,
the characteristic peaks located at 1243 cm~ 1, 1455 em ™1, and 2966 cm ! exhibited a blue
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shift, while the characteristic peak at 1654 cm~! underwent a red shift. These results
indicate that the interactions among zein-zein molecular chains vary in nanofibers with
different diameters. During the electrospinning process, a higher polymer concentration
leads to greater molecular-chain entanglement under the same stretching force, resulting
in stronger interactions among molecular chains.
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Figure 9. FTIR spectra of (A) zein nanofibers with different fiber diameters; (B) ZNF_200, TEBAC-
modified zein nanofibers (TEBAC/ZNF), and TEBAC; (C) ZNF_200, SDS-modified zein nanofibers

(SDS/ZNF), and SDS; and (D) ZNF_200, span 80-modified zein nanofibers (Span 80/ZNF), and
span-80.

The infrared spectra of the surfactants, zein nanofibers, and surfactant-assisted zein
nanofibers were measured to characterize the interactions between surfactants and zein
molecules. As presented in Figure 9B, the peak intensities at 1654 cm~! and 1541 cm ™! in
the infrared spectrum of TEBAC/ZNF decreased significantly, mainly due to the interaction
between TEBAC and zein. Furthermore, the addition of TEBAC caused the characteristic
peaks located at 3296 cm~! and 2966 cm~! in the zein nanofibers to shift to 3311 cm~!
and 2988 cm !, respectively, indicating the formation of a micellar structure between
TEBAC and zein molecules. According to Figure 9C, the incorporation of SDS altered the
intensities of several characteristic bands of zein, particularly those near 2966, 1541, and
1243 cm~!. The band near 1243 cm ™! may also contain contributions from the asymmetric
5-0O stretching vibration of SDS. In addition, the amide I band shifted slightly from 1654
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to 1652 cm ™!, suggesting changes in the local molecular environment of zein after SDS
incorporation, which may be associated with electrostatic interactions between SDS and
zein molecules. In Figure 9D, the incorporation of Span 80 altered the intensities of the
bands near 2967 and 1541 cm !, while shifts in the bands at 3296, 2966, and 1455 cm !
indicated changes in the molecular environment of zein. These spectral changes suggest
interactions between Span 80 and zein, likely dominated by non-electrostatic interactions.
The weak high-wavenumber features observed near 3749 cm~! and 2359-2366 cm ! were
attributed primarily to residual atmospheric H,O and CO, interference, respectively, and
were therefore excluded from the interpretation of zein-surfactant interactions [44].

The secondary structure compositions of zein nanofibers with different fiber diameters
and those prepared with surfactants are presented in Table 3. As the fiber diameter in-
creased, the contents of «-helix and 3-sheet structures increased, whereas the p-turn
content decreased significantly. Wang et al. [45] also reported consistent results, showing
that increasing protein concentration from 30% to 40% resulted in a 50% increase in the
ratio of a-helix/ -structure in the nanofibers. Moreover, the content of 3-turn structures
in the zein nanofibers decreased to varying degrees after the incorporation of different
surfactants, while the content of a—helix structures increased accordingly. Among the
surfactant—containing nanofibers, SDS/ZNF showed the most pronounced changes in
secondary structure, whereas TEBAC/ZNF showed the least pronounced changes. These
results indicate that the behavior of cationic, anionic, and non-ionic surfactants in zein
solution is different, depending on the inherent properties and interactions among the
surfactant, solvent, and zein molecules [14].

Table 3. Secondary structure content of zein nanofibers with different diameters and with surfac-
tants added.

Samples B—Sheets o—Helix B-Turns
ZNF_200 42.87 + 0.69 bAB 33.55 + 0.35PB 23.58 + 0.45 24
ZNF_400 4445 +0.842 3434 +0.352 18.74 +041°
ZNF_600 4520+ 1.02°2 34.02 4+ 0.17 @b 18.04 + 0.31°¢
ZNF_1000 45.67 +0.732 34.04 + 0.26 2P 17.48 4+ 0.28
TEBAC/ZNF 4245+ 0.67 B 33.04 +0.44 € 22344+ 0518
SDS/ZNF 43.71 £ 0.59 A 34.16 + 0.65 A 19.89 + 0.88 €
span-80/ZNF 42.16 +-0.47 B 3437 +£ 0514 21.74 +0.42B

Results in each column with different lowercase letters indicate significant differences (p < 0.05) in
zein nanofibers with different diameters. Results in each column with different capital letters indicate
significant differences (p < 0.05) in zein nanofibers with various surfactants added.

3.9. Formation Mechanism of Surfactant-Assisted Zein Nanofibers

For a pure zein solution, the solution is delivered to the capillary tip, where it forms
a positively charged pendant droplet. Upon application of the electric field, the droplet
is stretched into an elliptical configuration and then extended into a jet. Throughout this
process, solvent evaporation and rapid jet solidification occur, culminating in the forma-
tion of nanofibers. Within the standard spinnable concentration bracket, decreasing the
zein concentration facilitates the formation of fibers with smaller diameters, primarily
because of the associated decrease in solution viscosity. As the zein concentration de-
creases, intermolecular chain entanglement becomes weaker. As a result, under the same
electrostatic stretching conditions, fibers with smaller diameters are produced. However,
outside the spinnable concentration bracket, an excessively high zein concentration may
cause nozzle clogging because of the high solution viscosity, while an excessively low
zein concentration may result in electrospraying and nanoparticle generation because of
insufficient molecular chain entanglement. Upon the addition of surfactants, interactions
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may occur among zein chains, surfactant molecules, and solvent molecules, resulting in
the formation of molecular associations in the solution. The formation of these molecular
associations markedly modifies the characteristics of the polymer solution [33]. When the
surfactant is added at a concentration above the critical micelle concentration (CMC), sur-
factant molecules self-assemble into micelles within the solution. These micellar assemblies
move randomly in the solution and may associate with zein molecules or zein aggregates
or adsorb onto the surface of zein aggregates. Surfactant adsorption at the gas-liquid
interface lowers the surface tension of the zein solution. Additionally, given the relatively
high mobility within the electrospun polymer jet, surfactant molecules can migrate to the
gas-liquid interface, thereby amplifying the charge density of the droplets and increasing
the electrical conductivity.

In glacial acetic acid, zein is positively charged. Owing to the hydrophobic nature of
zein and differences in the charge characteristics of the surfactant head groups, different
surfactants interact differently with zein in solution. Figure 10 presents the formation
process of zein fiber membranes and the distribution of surfactants across the solution and
the fibers. The non-ionic surfactant span-80, being charge-free, when added to the zein
solution, causes a slight increase in conductivity and a decrease in the surface tension of
the mixed solution. TEBAC is a cationic surfactant with a positively charged head group.
Its addition significantly increased the conductivity and caused a distinct decline in the
surface tension of the mixed solution. However, since the anionic surfactant SDS carries a
negative charge, which partially offsets the positive charge on zein, the TEBAC/zein mixed
solution demonstrates the highest conductivity and the lowest surface tension relative to
the SDS/zein and span-80/ZNF mixed solutions. The combination of reduced surface
tension and enhanced conductivity promotes a greater extent of stretching of zein molecular
chains during electrospinning, consequently producing fibers with reduced diameters.

(c) SDS/ZNF

(d) span-80/ZNF

Figure 10. Effect of surfactants on the molecular structure of zein nanofibers.

4. Conclusions

This study regulated the fiber diameter and morphology of electrospun zein fibers
by optimizing electrospinning parameters and incorporating cationic surfactant (TEBAC),
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anionic surfactant (SDS), or nonionic surfactant (span-80). The results showed that opti-
mization of electrospinning parameters reduced zein fiber diameter to a certain extent,
whereas surfactant incorporation produced a substantially greater fiber-refining effect
and promoted the formation of ultrafine fibers with diameters approaching 100 nm. The
different surfactants exerted distinct regulatory effects on fiber formation and material
properties because of their specific interactions with zein. Changes in solution conduc-
tivity and surface tension influenced jet stretching and fiber refinement, while alterations
in intermolecular associations and protein secondary structure further determined the
organization and macroscopic performance of the fiber networks. TEBAC facilitated the
formation of a stronger and more dimensionally stable fiber network, whereas SDS and
span-80 increased flexibility but reduced tensile strength and stiffness. All three surfactants
improved fiber wettability, although this improvement was accompanied by decreased
thermal stability.

Surfactant-assisted electrospinning can simultaneously regulate the nanoscale mor-
phology, molecular structure, and functional properties of zein fibers. Reducing the fiber
diameter to approximately 100 nm substantially increases the surface-area-to-volume ratio
and interfacial area of the fibrous network, providing more accessible interaction sites
and shorter diffusion pathways for active-compound loading and release, adsorption,
filtration, and other interfacial processes. More importantly, achieving zein fibers at this
scale demonstrates the feasibility of precisely controlling protein-based fiber formation
through coordinated regulation of electrospinning conditions, solution properties, and
zein—surfactant interactions. The relationships established among processing conditions,
molecular structural changes, fiber diameter, and material performance provide both a
mechanistic understanding and a methodological basis for the development of application—
oriented protein-based nanofibrous materials. Nevertheless, further studies are needed
to assess the scalability and reproducibility of surfactant-assisted electrospinning and to
validate the performance of the resulting nanofibrous materials in practical applications, in-
cluding active food packaging and controlled delivery systems. In particular, their potential
use as functional coating layers or carriers of antioxidant and antimicrobial agents for fresh
and processed lamb products warrants further investigation to mitigate lipid oxidation and
microbial spoilage and thereby extend product shelf life.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/foods15173156/s1, Figure S1: The images of zein nanofibers
with different diameters and with surfactants added after immersion in water for 24 h; Figure S2:
Fiber diameter distributions of electrospun zein nanofibers with different average diameters and
surfactant-containing zein nanofibers. The average fiber diameter is indicated in each panel; Table S1:
Physical properties of zein solutions with various surfactant and concentrations added.
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