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Abstract

Coaxial electrospinning represents a versatile platform for the fabrication of nanofi-
brous materials with spatially controlled composition and tunable structure—proper-
ty relationships, broadening their potential across advanced materials applications.
In this study, composite nanofibrous films were fabricated from natural biopolymers
using a systematically optimised coaxial electrospinning approach. Core—sheath fi-
bres consisting of a silk fibroin (SF) core and a silk sericin (SS)—chitosan (CS) shell
were produced through progressive optimisation of solvent systems, blend ratios,
and processing parameters. Morphological characterisation by scanning electron
microscopy (SEM) demonstrated that fibre diameter, uniformity, and structural in-
tegrity were strongly governed by electrospinning configuration and shell composi-
tion, with sericin-rich SS: CS blends yielding the most stable and uniform fibres.
Transmission electron microscopy (TEM) provided supportive evidence of a core-
sheath architecture, revealing distinguishable inner and outer regions within indi-
vidual fibres. Fourier-transform infrared spectroscopy (FTIR) confirmed the coex-
istence of all three biopolymers and highlighted composition-dependent differences
in molecular organisation. Functional assessment via moisture vapour transmission
rate (MVTR) measurements revealed a strong dependence of moisture permeability
on electrospun film thickness, with thinner mats exhibiting higher and more stable
vapour transmission. Overall, this work establishes the feasibility of producing SF/
SS—CS core-sheath nanofibrous scaffolds with controlled morphology, composition,
and moisture transport properties through careful process optimisation. Through
systematic comparison of spinning configuration, solvent system, and shell com-
position, this study identifies the critical parameters required for stable and repro-
ducible fabrication of silk-based core—shell nanofibers via coaxial electrospinning.
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Introduction

Electrospinning is a versatile technique for producing nanofibers for various applica-
tions [1]. It enables the fabrication of continuous fibres with controlled diameters,
high porosity, and tuneable composition [2]. In conventional electrospinning, a poly-
mer solution is stretched into fine fibres under a high electric field and solidifies
upon solvent evaporation to form porous nanofibrous membranes [2]. To enhance
the functionality of electrospun materials, coaxial electrospinning was introduced as
an advanced technique that enables the fabrication of core—sheath nanofibers using a
dual-capillary spinneret [3].

Several electrospinning strategies have been developed to fabricate core—sheath
nanostructures and related compartmentalized fibrous architectures. In addition to
conventional coaxial electrospinning, recent studies have demonstrated the fabrica-
tion of fibres with gradient polymer distributions and spatially controlled architec-
tures, enabling enhanced control over material composition and performance [4].
Similarly, gradient distributions of active compounds have been achieved within
core—sheath fibres, providing opportunities for precise regulation of encapsulation
and release behaviour [5]. More advanced approaches, such as modified triaxial elec-
trospinning, further expand the design flexibility of electrospun materials and have
recently been explored for one-step batch fabrication of complex functional nano-
fibres [6]. Emulsion electrospinning represents an alternative approach for produc-
ing core—sheath-like fibres through phase separation within an emulsion, although
the resulting internal structures are generally less precisely controlled than those
obtained by coaxial electrospinning [7].

Despite these developments, coaxial electrospinning remains one of the most ver-
satile and widely adopted approaches for producing well-defined core—sheath fibres
because it enables direct and reproducible spatial separation of materials while allow-
ing independent control of core and sheath compositions. This capability is particu-
larly advantageous when combining biopolymers with distinct solvent requirements
and physicochemical characteristics, making coaxial electrospinning especially suit-
able for the development of multifunctional biopolymer-based nanofibrous systems.

In coaxial electrospinning, the formation of a stable compound jet is essential for
achieving a well-defined core—sheath architecture. Under an applied electric field, a
stable coaxial jet is formed in which the sheath solution carries the electrical charge
while interfacial shear forces elongate the core polymer, resulting in uniform core—
sheath fibres after solvent evaporation [8, 9]. This architecture is particularly advan-
tageous, as it allows encapsulation and protection of agents in the core, while the
outer sheath provides mechanical support and controlled surface characteristics. The
incorporation of multiple materials within a single fibre enables independent tailoring
of physicochemical, mechanical, and surface properties [10—12].

Successful coaxial electrospinning is governed by multiple interacting parameters
that can generally be grouped into three categories: (i) properties of the working
fluids, including polymer concentration, viscosity, conductivity, surface tension, sol-
vent volatility, and compatibility between core and sheath solutions; (ii) operational
parameters, such as applied voltage, core and sheath flow rates, needle geometry,
and tip-to-collector distance; and (iii) ambient conditions, including temperature
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and relative humidity [13]. These factors collectively influence jet stability, solvent
evaporation, core—sheath integrity, fibre morphology, and the overall success of
the electrospinning process [14]. Because the present work combines SF, SS, and
CS using different solvent systems within a coaxial configuration, systematic opti-
misation of these parameters was necessary to achieve stable fibre formation and
well-defined core—sheath structures. Recent reviews have further emphasized that
successful coaxial electrospinning requires consideration of the interactions among
these parameter groups rather than independent optimisation of individual variables,
particularly when combining polymers with different rheological and solvent char-
acteristics [15].

Because these parameters become particularly important when combining bio-
polymers with different physicochemical and solvent characteristics, the present
study employs coaxial electrospinning to fabricate nanofibrous membranes by inte-
grating silk fibroin (SF), silk sericin (SS), and chitosan (CS). The central hypoth-
esis is that a core—sheath architecture comprising an SF core and an SS—CS shell
can synergistically combine mechanical stability with tunable surface and structural
characteristics within a single fibrous system. SF was selected for the core due to its
well-defined secondary structure and excellent mechanical properties, which contrib-
ute to the structural stability of the resulting fibres [16—18]. The shell was designed
using SS, a silk industry by-product with hydrophilic and cell-interactive proper-
ties [19-21], combined with CS, a natural polysaccharide widely recognized for its
antimicrobial, structural reinforcement capability, and biodegradable characteristics
[22-24]. Previous studies on chitosan-based core—sheath electrospun nanofibers have
further shown that chitosan-containing shell layers contribute to improved structural
stability and fibre integrity [25, 26].

The rationale for this architecture lies in the complementary functions of the
selected biopolymers. SF was positioned in the core to provide mechanical support,
whereas the SS—CS outer layer was intended to govern the surface characteristics
and interfacial behaviour of the fibres. Beyond its functional advantages, this mate-
rial strategy also aligns with circular economy principles through the valorisation of
sericin, a silk industry by-product, into a high-value functional material.

The sericin used in this study was obtained through a high-temperature high-
pressure (HTHP) degumming process that employs only pure water, making the
extraction route entirely chemical-free. At the same time, it is acknowledged that
the solvent systems required for electrospinning, necessary to achieve stable jets and
uniform fibre formation, are not environmentally benign. At present, however, these
solvents remain essential for reliable electrospinning of the selected biopolymers,
as milder or greener alternatives do not yet provide comparable process stability or
material performance.

To test the hypothesis, a systematic experimental design was adopted, involving
controlled comparisons between single and coaxial electrospinning, different solvent
systems, and systematic variation of the SS: CS ratio in the shell, ranging from equi-
molar (1:1) to sericin-rich (3:1) compositions, to assess the influence of shell com-
position on processability and fibre morphology. These comparisons directly probe
the necessity of architectural separation, solvent compatibility, and shell composition
in achieving stable and reproducible core—sheath architectures. This study therefore
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identifies the key processing parameters required for stable and reproducible fab-
rication of SF/SS—CS core—sheath nanofibers, establishing clear process—structure
relationships within this multi-component coaxial system.

Materials and methods
Materials

Bombyx mori silk cocoons were supplied by the Council of Research in Agriculture
and Analysis of Agricultural Economics (CREA, Padua, Italy). Trifluoroacetic acid
(TFA, >99% purity) was purchased from Tokyo Chemical Industry Co. (TCI). For-
mic acid (FA, 98-100% purity) and calcium chloride (CaCl,) were obtained from
SAFC (Sigma-Aldrich Fine Chemicals). Chitosan (Thermo Fisher Scientific / Acros
Organics, CAS 9012-76-4) with a degree of deacetylation>75% and a molecular
weight of 100-300 kDa was used. Consumables used for electrospinning, including
Luer-lock syringes, polypropylene (PP) male and female Luer-lock connectors, uni-
and coaxial stainless-steel Luer-lock syringe needles (ranging in diameter from 30G
to 10G), and Tygon/PTFE tubes, were procured from Colaver s.r.l. (Monza, Italy).

Silk fibroin (SF) and sericin (SS) extraction and purification

SF and SS were extracted and purified from Bombyx mori cocoons at Leonardino
s.r.l. (Bollate, Milan, Italy) using a high-temperature high-pressure (HTHP) degum-
ming process. A total of 60 g of cocoons were manually opened to remove the pupae,
then placed in crystallizing dishes containing 800 mL of distilled water. Each dish
was covered with a glass Petri dish and inserted into autoclave bins. The degum-
ming was conducted in an Asal Vapormatic 770 autoclave at 121 °C and 15 psi for
60 min. Post-degumming, the aqueous sericin-rich solution was separated from the
remaining fibroin fibres by filtration using Fisherbrand™ glass funnel filters with
sintered glass discs. The sericin solution was processed into powder using a Shanghai
Pilotech YC-015 spray dryer. Spray-drying was performed with an inlet temperature
of 120 °C, outlet temperature of 70 °C, and airflow rate of 4.5 m3/h. The resulting
high-purity sericin powder was stored in airtight containers at room temperature for
further use. Meanwhile, the fibroin-rich material, separated after degumming, was
washed six times in 1.5 L of distilled water at 90 °C, manually squeezed and stretched
to remove residual sericin, and then dried overnight in a laminar flow hood. The
dried skeins were carded manually to produce uniform fibre bundles. Fibroin was
dissolved in a 2% w/v calcium chloride/formic acid solution to prepare an 8% w/v
fibroin solution. After 90 min of stirring at 600 rpm under a fume hood, the solution
was vacuum filtered to remove undissolved residues. SF films were prepared by sol-
vent casting 5 mL of the filtered solution into plastic Petri dishes, followed by drying
at room temperature, water rinsing, and redrying. The resulting SF films, together
with SS powder, were subsequently used in the electrospinning process to fabricate
composite nanofibrous films. Solvent-cast SF films are generally reported to retain a
significant proportion of Silk I and random-coil conformations, with limited forma-
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tion of the more ordered Silk IT B-sheet structure. Consequently, these films typically
exhibit lower crystallinity than post-treated fibroin materials in which -sheet forma-
tion has been intentionally induced. However, in the present work, the solvent-cast
films served solely as an intermediate material for storage and handling prior to their
subsequent dissolution in FA for electrospinning. Therefore, the structural and degra-
dation properties of the cast films themselves were not expected to directly determine
the properties of the final electrospun fibres [16, 17, 27, 28].

More generally, the molecular conformation of silk proteins is known to be
strongly influenced by both extraction conditions and subsequent dissolution in elec-
trospinning solvents. The extraction and recovery procedures used for silk proteins
can alter molecular organisation, aggregation state, and intermolecular interactions,
leading to conformational changes that may subsequently influence electrospinning
behaviour. SF contains highly ordered crystalline regions associated with B-sheet-
rich Silk II structures [29], whereas SS is generally characterized by a greater propor-
tion of amorphous and random-coil conformations [30]. These intrinsic structural
differences contribute to the distinct physicochemical behaviour of SF and SS and
provide additional context for understanding their behaviour during dissolution and
electrospinning.

Preparation of sericin, fibroin, and chitosan solutions for electrospinning

The solubilization of SS, SF, and CS for electrospinning required careful selection
of solvents to ensure compatibility and stability of each component. Due to limita-
tions of the coaxial setup, which allows a maximum of two solvent systems, TFA
was selected to dissolve both SS and CS, while FA was used to dissolve SF. These
choices were based on the solubility characteristics of the materials and previous
reports regarding their behaviour in acidic electrospinning solvents.

FA and TFA are fully miscible polar organic acids and have both been widely
employed as solvents for silk-based electrospinning systems [31]. Their mutual mis-
cibility is advantageous in coaxial electrospinning because it reduces the likelihood
of macroscopic phase separation at the core—sheath interface and facilitates forma-
tion of a stable compound jet. This compatibility was an important consideration in
the present work, as it enabled the use of FA-based core solutions and TFA-based
shell solutions within the same coaxial process without evident interfacial instabil-
ity. However, solvent miscibility alone does not guarantee identical electrospinning
behaviour. FA and TFA differ in volatility, acidity, and their interactions with silk
proteins, which can influence solvent evaporation rates, protein conformation, jet sta-
bility, and ultimately fibre morphology. Therefore, although the FA/TFA solvent pair
was considered compatible from a processing perspective, optimisation of the elec-
trospinning parameters remained necessary to accommodate solvent-specific effects
on fibre formation and process stability.

Dissolution in strong organic acids disrupts intermolecular hydrogen bonding and
can alter protein secondary structure; in particular, TFA has been reported to promote
conformational disruption and increased random-coil content in silk fibroin, whereas
FA is generally regarded as a milder solvent that better preserves fibroin structural
organization during processing [32]. These solvent-dependent structural differences
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may contribute to differences in electrospinning behaviour and fibre morphology by
influencing intermolecular interactions within the spinning solution.

The evaporation behaviour of these solvents also influences electrospinning
parameters. FA possesses a slightly higher vapour pressure (~44 mmHg at 25 °C)
and is therefore often processed using shorter tip-to-collector distances than TFA
in single-solution electrospinning. However, all coaxial experiments in the present
study were conducted using a fixed tip-to-collector distance of 15 cm. This value was
selected during the optimisation stage because the coaxial configuration requires a
single working distance and applied voltage for both the core and sheath solutions. A
distance of 15 cm provided sufficient solvent evaporation for both the FA-based core
and the TFA-based sheath solutions prior to fibre collection while maintaining stable
jet formation across all coaxial formulations.

SF solution was prepared by dissolving 4 g of calcium chloride (2% w/v) in 200
mL of FA, followed by the addition of 16 g of SF films (8% w/v). The mixture was
stirred at 400 rpm until salts were dissolved, then at 600 rpm for 1.5 h to fully solu-
bilize the fibroin. The solution was vacuum filtered to remove any undissolved resi-
dues. SS and CS powders were weighed and gradually added to the desired volume
of TFA under a fume hood. Each solution was stirred using a magnetic stirrer until
fully dissolved, with solubilization times adjusted based on concentration and mate-
rial type. For SS and CS, solutes were gently added to prevent premature gelling. The
final solutions were stored in sealed containers and used immediately in the coaxial
electrospinning process.

Electrospinning process
Work plan and electrospinning strategy

This study followed a stepwise and hierarchical approach to electrospinning, begin-
ning with the individual optimization of each biopolymer, SS, SF, and CS, to estab-
lish well-defined and reproducible electrospinning windows. For each polymer, the
most suitable solvent, concentration (wt%), applied voltage (AV), flow rate (Q), and
working distance were determined to achieve stable jet formation and continuous
fibres. These preliminary optimizations were essential for establishing experimental
control and ensuring reproducibility before increasing system complexity. Once the
optimal conditions were identified for each single-polymer solution, the work pro-
gressed to coaxial electrospinning, representing a controlled transition from homo-
geneous systems to heterogeneous core—sheath architectures. This stage involved
combining materials in core—sheath configurations, with explicit consideration of
solvent compatibility, concentration balance, and parameter matching between core
and shell solutions to maintain system stability and prevent jet breakup. The over-
all experimental strategy is illustrated in Fig. 1, which provides a three-dimensional
schematic visualization of the electrospinning plan rather than experimental data. In
this representation, the axes correspond to the solute concentrations (wt%) of SS, SF,
and CS, defining the compositional space explored in the study, while the horizon-
tal planes represent different electrospinning configurations, distinguishing single-
material systems from core-sheath pairings. Coloured squares indicate individual
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Fig. 1 Three-dimensional schematic representation of the stepwise electrospinning strategy employed
in this study. The diagram maps the progressive transition from single-material electrospinning to
core—sheath configurations within a defined compositional space. Axes represent solute concentra-
tions (wt%) of silk sericin (SS), silk fibroin (SF), and chitosan (CS). Horizontal planes correspond to
distinct electrospinning configurations, including single-polymer systems and coaxial pairings. Co-
loured squares indicate individual experimental conditions, each representing a specific combination
of polymer composition, solvent system, and electrospinning parameters (AV, Q, working distance).
The figure illustrates how individual polymer optimization informed the selection of stable core-sheath
architectures investigated in this work

experimental conditions, with each square corresponding to a unique combination
of polymer composition, solvent system, and electrospinning parameters. The fig-
ure explicitly illustrates the logical progression from single-polymer optimization
(SS/TFA, SF/FA, SF/TFA, and CS/TFA) toward increasingly complex core-sheath
systems, including SS/TFA—SF/FA, SS/TFA-SF/TFA, and SS—-CS/TFA-SF/FA. This
visualization clarifies how successful single-material optimization guided the selec-
tion of viable core—sheath pairings and highlights the exclusion of unstable or incom-
patible combinations. After selecting the most relevant systems for the objectives
of the study, detailed SEM analyses were performed to evaluate fibre morphology,
focusing specifically on fibre diameter. For these selected systems, AV and Q were
further refined to minimize diameter dispersion and promote uniform, defect-free
fibres. Images were processed using Phenom Pro Suite software, enabling quantita-
tive fibre diameter analysis. The samples that exhibited the most uniform fibre distri-
bution, continuous structures, and the smallest diameters were considered the most
suitable to proceed with.

Electrospinning sample preparation
Tygon tubing was cut to slightly exceed the distance between the syringe pump and

spinneret plate, with male and female connectors attached to each end. The syringe
was connected to the tubing via the female connector. Under a fume hood, the plunger
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was removed, and the polymer solution was carefully loaded into the syringe, filling
approximately 70—-80% of its volume to minimize air bubbles. The plunger was par-
tially reinserted, and the syringe was inverted to expel air by pushing the plunger
until the solution fully occupied the tubing. The needle was then connected to the
tubing through the male connector. The needle was inserted into the spinneret orifice
and secured with the positively charged electrode, stabilized with tape. A protective
paper sheet was placed beneath the needle to prevent contamination. The syringe
assembly was placed in the pump holder of the electrospinning machine. The pump
was activated to deliver the solution at the set flow rate. The machine doors were
closed, and voltages were applied, with the needle positively charged and the collec-
tor grounded. The Taylor cone formation was monitored via an external display, and
electrospinning was conducted for at least 30 min to deposit fibres onto aluminium
foil collectors. Flow rates and voltage were adjusted as needed to maintain stable
fibre formation and avoid clogging. After completion, voltage and flow were stopped,
the fibre mats removed, and samples prepared for further analysis. Electrospinning
was performed under controlled environmental conditions, with temperature main-
tained at 22-25 °C and relative humidity at 35-40% RH, which remained constant
throughout all experiments to ensure reproducibility. For single-needle spinning of
SS/TFA and CS/TFA solutions, 15G stainless-steel needles were used to provide a
sufficiently large inner diameter and minimize clogging of the highly viscous solu-
tions. For coaxial spinning, 22G (core) and 18G (shell) concentric needles were
employed. The narrow annular space between the needles necessitated a reduction in
flow rates compared to the single-needle setup to maintain a stable jet. The coaxial
needles were mechanically assembled by screwing; however, the exact protrusion
length of the inner needle and the concentric alignment of the capillaries were not
actively measured or adjusted.

Standard electrospinning: Single-material optimization

The standard electrospinning process was conducted using the three biopolymers:
SS, SF, and CS. All solutions were prepared by dissolving the solutes in 10 mL of sol-
vent at concentrations chosen to achieve optimal electrospinning performance. For
SS dissolved in TFA, a concentration of 12 wt% was selected based on optimization,
as higher concentrations (16-21 wt%) reported in the literature were too viscous and
unmanageable, while concentrations below 12 wt% resulted in droplet formation on
the samples [33]. The solution was stirred at 150 rpm for 3 h at room temperature.
Electrospinning was performed using a 15G needle, with a 15 cm tip-to-collector
distance, applied voltages ranging from 20 to 29 kV, and flow rates between 0.25 and
3 mL/h. For SF dissolved in FA, three concentrations (6, 7.5, and 9 wt%) were tested.
These solutions required only 30 min of stirring at 150 rpm, at room temperature,
and were electrospun using a 17G needle, with voltages between 22 and 26 kV, flow
rates from 0.4 to 1 mL/h, and tip-to-collector distances of 12—15 c¢cm. SF solutions in
TFA at 5 wt% and 7.5 wt% were also prepared, requiring 3 h of stirring at 150 rpm,
at room temperature, and tested under voltages from 15 to 27 kV, flow rates between
0.2 and 0.8 mL/h, and a 15 cm tip-to-collector distance, also using a 17G needle. For
CS dissolved in TFA at 2 wt%, the solvent was preheated to 45 °C before gradually
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adding the powder under stirring at 400 rpm. After complete dissolution (~ 30 min),
the solution was left to set for 2.5 h. The chitosan (CS) solution in trifluoroacetic acid
(TFA) required a setting period to ensure stable electrospinning. After solubilization
at 45 °C, the solution was allowed to rest for 2.5 h to stabilize viscosity. This step is
essential because CS markedly increases viscosity through intermolecular network
formation; sufficient setting time ensures stable rheological properties, enabling con-
tinuous jet formation and uniform fibres. Electrospinning parameters were selected
based on both the literature [34] and additional optimization. Voltages ranged from
18 to 32 kV, flow rates from 0.3 to 2 mL/h, with a 15 c¢m tip-to-collector distance,
using a 15G needle. All the different single-material electrospun samples under vary-
ing parameters are listed in the Supplementary document.

Coaxial electrospinning: Core (SF) and shell (55-CS blend) optimization

Coaxial electrospinning was performed using concentric needles (inner/core: 22G;
outer/shell: 18G) with combinations SS and SF or SS and CS dissolved in different
solvent systems (FA or TFA). Each solution was prepared in 10 mL of solvent at
concentrations determined from the standard electrospinning optimization. Stirring
times were 3 h at 150 rpm for SS, 30 min for SF in FA, 3 h for SF in TFA, and CS
was stirred at 400 rpm with initial heating. Selected concentrations were SS/TFA
(12 or 9.5 wt%), SF/FA (7.5 wt%), SF/TFA (5 wt%), and CS/TFA (2 or 4 wt%). SS
and CS were blended in volume ratios of 1:1 or 3:1, followed by an additional hour
of stirring to ensure homogeneity. In the single-pump setup, syringes operated at
matched flow rates between 0.015 and 0.5 mL/h under fixed voltages of 26 or 29
kV. The dual-pump configuration allowed independent flow rate control from 0.015
to 0.2 mL/h, with voltages up to 32 kV. All experiments maintained a 15 ¢cm tip-to-
collector distance. Coaxial electrospinning parameters were optimized to produce
core-sheath fibres with stable morphology and solvent compatibility. Environmental
conditions were strictly controlled, with temperatures maintained between 22 and
25 °C and relative humidity between 35 and 40%, in line with literature recommen-
dations for reproducible electrospinning [35]. All the different coaxial electrospun
samples under varying parameters are listed in the Supplementary document.

Characterization techniques

Morphological characterization of electrospun films by Scanning Electron
Microscopy (SEM)

To evaluate the morphological characteristics of the electrospun fibres, Scanning
Electron Microscopy (SEM) was employed. This technique enabled qualitative and
quantitative assessment of surface morphology, fibre continuity, and structural integ-
rity. Fiber diameter distributions were quantified from SEM micrographs by con-
structing histograms to evaluate morphological uniformity across samples. SEM
imaging was performed using a Phenom XL G2 Desktop SEM (Thermo Scientific),
providing a resolution of up to 10 nm and rapid image acquisition. Quantitative fibre
diameter measurements were conducted using Phenom ProSuite software.

@ Springer



499 Page 10 of 29 Polymer Bulletin (2026) 83:499

For each experimental condition, N=100 independent fibre diameter measure-
ments were collected. Structural artifacts such as beads, large droplets, or poorly
structured fibres were excluded from analysis to focus on well-formed fibres. Diam-
eter data were exported as single-column vectors (nm) for subsequent statistical
analysis.

Data normality and variance homogeneity were assessed using Shapiro—Wilk and
Levene’s tests, respectively. Given frequent violations of normality, Welch-corrected
parametric tests and nonparametric methods were preferentially applied. Multi-group
comparisons were conducted using the Kruskal—-Wallis test followed by Dunn’s post-
hoc analysis. For all statistical analyses, differences were considered statistically sig-
nificant at p<0.05.

For two-group comparisons within the coaxial system, Student’s t-tests were used
to assess the effect of sericin concentration. Kolmogorov—Smirnov tests were applied
to compare distribution shapes, and relationships between processing parameters and
fibre diameter were evaluated using Ordinary Least Squares and rank-based regres-
sion models.

Morphological characterisation of electrospun films by Transmission Electron
Microscopy (TEM)

Transmission Electron Microscopy (TEM) was employed for the investigation of
the internal structure of the fibres, especially to verify the presence of a core-sheath
configuration in coaxial electrospinning. Sample CHCO7, composed of SS/TFA
and CS/TFA (3:1 v/v) mixed with SF/FA, at concentrations of 9.5 wt% SS/TFA, 2
wt% CS/TFA, and 7.5 wt% SF/FA, using a tip-to-collector distance of 15 cm, a flow
rate of 0.025 mL/h, and an applied voltage of 29 kV, was electrospun onto copper
grids (carbon coated, 300 mesh). TEM micrographs were acquired with JEOL JEM
2100Plus Transmission Electron Microscope (JEOL, Japan) operating with an accel-
eration voltage of 200 kV and equipped with an 8-megapixel Gatan (Gatan, USA)
Rio Complementary Metal-Oxide-Semiconductor (CMOS) camera.

Attenuated Total Reflection Fourier Transform Infrared (ATR-FTIR) Spectroscopy

Fourier Transform Infrared Spectroscopy (FTIR) was employed to analyse the struc-
tural properties of the electrospun fibres, with particular focus on identifying charac-
teristic vibrational modes associated with protein secondary structures. Additionally,
the technique was used to detect potential residual solvents, particularly trifluoroace-
tic acid (TFA), by examining signals corresponding to protonated amino groups and
salt formations, indicative of solvent—polymer interactions. ATR-FTIR measurements
were performed using a Varian 670-IR spectrometer (Varian Australia Pty Ltd., Mul-
grave, VIC, Australia) equipped with a nitrogen-cooled mercury cadmium telluride
(MCT) detector. Spectra were acquired with a spectral resolution of 2 cm™, a scan
rate of 25 kHz, and 1024 co-added scans using triangular apodization. The attenu-
ated total reflection (ATR) accessory was a single-reflection diamond crystal (Quest,
Specac Ltd., Pleasantville, NY, USA), equipped with a pressure clamp that ensures
intimate contact between the sample and the crystal. As a result, the acquired absorp-
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tion spectra exhibited a flat baseline with no evidence of scattering artifacts [36, 37].
To resolve secondary structure components in the Amide I region, second-derivative
spectra were calculated from absorption spectra that had been smoothed using the
Savitsky—Golay method and then normalised to the Amide I band area. FTIR data
acquisition and processing were performed using Resolutions Pro software (Version
5.4.1.3412, Varian Australia Pty Ltd., Mulgrave, VIC, Australia).

Moisture Vapour Transmission Rate (MVTR) Evaluation

The breathability of the electrospun films was quantified as the Moisture Vapour
Transmission Rate (MVTR) using the gravimetric wet cup method in accordance
with ASTM E96 guidelines. A humidity gradient was established by maintaining a
saturated environment within the test flasks, which were then exposed to a controlled
external climate of 37 °C and 90-95% relative humidity in an incubator. The films
were securely sealed over the flask opening with double-sided laboratory adhesive
tape to prevent any leakage or edge effects. The assembled system was weighed at
regular intervals (every 2 h), and measurements continued until a steady-state linear
weight loss trend was achieved.

Kinetic data representing mass loss over time were processed in MATLAB for
films produced at different durations (30 min, 1 h, and 1.5 h) to determine the steady-
state transmission rate. For each film, the mass-loss rate was obtained from linear
regression of the weight-loss data as a function of time. The reported 95% confidence
intervals correspond to the uncertainty associated with the fitted regression slope
and were calculated from the linear regression model for each individual film. These
intervals therefore, reflect the goodness of fit of the weight-loss data over time rather
than variability between independent film replicates. To ensure the integrity of the
slope estimation, particularly for the thicker films where nonlinear instabilities were
observed, robust linear regression with Huber weighting was implemented alongside
ordinary least-squares (OLS) estimation. This computational approach allowed for
the identification and mitigation of suspected outliers, resulting in correlation coef-
ficients (R?) near unity for the optimized 30-minute and 1-hour samples.

The reliability and repeatability of the fabrication and testing protocols were rig-
orously validated through a one-way ANOVA followed by Tukey’s post-hoc test on
four independent replicates of the optimized CHCO7 sample (30-minute electrospin-
ning duration). Furthermore, measurement precision was quantified using the coef-
ficient of variation (CV) at each time point. Finally, to ensure clinical relevance and
facilitate benchmarking against existing literature, raw MVTR values were math-
ematically normalized to a reference relative humidity of 80%. This comprehensive
statistical framework ensures that the observed differences in permeability are a
direct function of film thickness and composition rather than experimental noise or
procedural variability.
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Results and discussions
Electrospinning

A key focus of this study was the optimization of electrospinning parameters for the
individual biopolymers, SS, SF, CS, with special attention to how solvent choice
and processing conditions affected electrospinnability, fibre morphology, and process
stability. In the optimization of SS electrospinning using TFA (Table S1), a concen-
tration of 12 wt% was found to yield well-structured fibres. More dilute solutions
increased the occurrence of defects due to excess solvent and reduced evaporation,
while more concentrated solutions exhibited high viscosity, hindering stable jet for-
mation [33].

Based on these observations, 12 wt% SS/TFA was identified as the most suitable
concentration for electrospinning of pure SS solutions. It should be noted, however,
that this optimization was performed using SS/TFA solutions alone. In the subse-
quent coaxial experiments, the shell phase composition differed from the pure SS
system and, in some formulations, included chitosan. The chitosan-containing coax-
ial (CHCO) formulations suggest that the addition of a limited amount of CS can
modify the electrospinning behavior of the shell solution and improve fibre morphol-
ogy and dimensional uniformity. Conversely, excessive CS content increases solution
viscosity and may negatively affect fibre quality. Consequently, the optimum concen-
tration identified for pure SS solutions cannot be directly extrapolated to blended SS/
CS shell systems used in the coaxial configurations.

Flow rates above 0.75 mL/h led to frequent clogging at the needle’s tip, causing
instability; this was partially mitigated by increasing the applied voltage to 26 kV.
The most uniform fibres, with an average diameter of 800 nm, were produced at a
lower flow rate of 0.5 mL/h.

SF behaviour varied significantly depending on the solvent (Table S3). SF dis-
solved in TFA required longer solubilization times and led to poorly defined fused
fibre mats during electrospinning, especially at high concentrations. Reducing the
SF/TFA concentration from 7.5 wt% to 5 wt%, combined with a 0.5 mL/h flow rate
and 21 kV applied voltage, improved structural integrity but still produced relatively
thick fibres (~ 1400 nm). This behaviour may be related not only to solvent evapo-
ration characteristics but also to solvent-induced changes in fibroin molecular con-
formation. Previous studies have shown that exposure to different solvent systems
and subsequent processing treatments can alter fibroin molecular organization and
secondary structure, thereby influencing the properties and morphology of electros-
pun fibres [38]. For example, in electrospun SF/CS systems prepared using TFA-con-
taining solvents, fibroin has been reported to exist predominantly in a random-coil
conformation, while subsequent alcohol treatment promotes a transition toward
B-sheet-rich structures [39]. These observations suggest that the poorer electrospin-
ning performance observed for SF/TFA formulations may be partly associated with
solvent-induced disruption of fibroin molecular organization, which can affect inter-
molecular interactions, chain entanglement, and jet stability during fibre formation.
In contrast, SF dissolved in FA exhibited superior electrospinnability and process
versatility (Table S2). Initial trials at 7.5 wt% and 1 mL/h resulted in diameter vari-
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ability and imperfections. However, reducing the flow rate to 0.5 mL/h while main-
taining a 15 cm working distance and 26 kV voltage led to the formation of uniform
nanofibers (~ 400 nm). This combination provided a balance between mechanical
integrity and fibre size. These optimized conditions served as the basis for the sub-
sequent coaxial electrospinning experiments, in which SF was selected as the core
material and SS as the shell component.

Coaxial electrospinning with different solvents (SS/TFA and SF/FA) required pre-
cise tuning of parameters to accommodate the smaller geometry of coaxial needles
(Table S5). Voltages were increased to 29-32 kV, and flow rates were reduced to
0.015 mL/h. A dual-pump system allowed fine control over the flow of both core and
shell solutions, helping to balance viscosity and prevent jet instability. Conversely,
using TFA as a single solvent for both SS and SF exacerbated SF’s solubility issues,
leading to severe process instability and requiring a reduction in SS concentration
(Table S6).

Due to these limitations, the study transitioned to a new shell formulation, a SS-CS
blend in TFA, with SF/FA as the core (Table S7). CS presented unique challenges: it
required solubilization in TFA at elevated temperatures (45 °C) and low concentra-
tions (2 wt%) to form stable solutions (Table S4). Although standard electrospinning
of CS produced fine fibres (~320 nm) at 29 kV and 1 mL/h, blending CS with SS
significantly increased viscosity due to strong intermolecular interactions forming
three-dimensional networks. To overcome these limitations, the SS concentration
was reduced and the SS: CS ratio adjusted to 3:1 (v/v), which enabled stable fibre
formation with average diameters of ~450 nm, smaller than SS alone (~800 nm).
These findings highlight CS’s potential as a fibre-size modifier when used at appro-
priate ratios without compromising process stability.

Previous studies on electrospun silk fibroin/chitosan systems have reported simi-
lar reductions in fibre diameter following the incorporation of moderate amounts of
CS, even when solution viscosity increased [31, 40]. This behaviour has been attrib-
uted to the ionic nature of chitosan, whose protonated amino groups increase solu-
tion conductivity and promote greater electrostatic stretching of the electrospinning
jet, resulting in enhanced jet thinning and the formation of finer fibres. At the same
time, chitosan incorporation increases solution viscosity, which generally opposes
jet stretching and tends to increase fibre diameter. The final fibre morphology there-
fore depends on the balance between these competing conductivity- and viscosity-
related effects. In previously reported SF/CS systems, the reduction in fibre diameter
was attributed primarily to conductivity-related effects, which appeared to outweigh
the opposing influence of increased viscosity at moderate CS concentrations [31].
Although viscosity and conductivity were not directly measured in the present study,
the reduced fibre diameter observed for the SS-CS shell formulations is consistent
with these previously reported trends and provides a plausible explanation for the
superior dimensional characteristics observed in CHCO7.

Based on the results of these optimisations, eight representative samples were
selected for further characterisations; they were the best-performing formulations
from each experimental category, chosen for their fibre morphology, fibre diameter,
and electrospinning process stability, as reported in Table 1.
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Table 1 The eight best-performing samples from the coaxial electrospinning experiments and their cor-
responding optimal conditions

Sample Composition Concentrations (wt%) Distance  Q (ml/h) AV

name (cm) (kV)

CO5 SS/TFA and SF/FA  SS/TFA: 12 15 0.025 29

SF/FA: 7.5
CO6 SS/TFA and SF/FA SS/TFA: 12 15 SS:0.025 29
SF/FA:7.5 SF: 0.015

SCO4 SS / TFA and SF / SS/TFA: 12 15 SS: 0.025 32
TFA SF/FA: 5 SF: 0.015

SCo10 SS / TFA and SF / SS/TFA: 9.5 15 SS: 0.025 32
TFA SF/FA:5 SF: 0.015

CHCO1 SS/TFA and CS/ SS/TFA: 12 15 0.025 29
TFA (1:1 v/v), and CS/TFA: 2
SF/FA SF/FA: 7.5

CHCO3 SS/TFA and CS/ SS/TFA: 12 15 Blend: 0.05 29
TFA (1:1 v/v), and CS/TFA: 2 SF: 0.1
SF /FA SF/FA: 7.5

CHCO7 SS/TFA and CS / SS/TFA: 9.5 15 0.025 29
TFA (3:1 v/v) and CS/TFA: 2
SF/FA SF/FA: 7.5

CHCO8 SS /TFA and CS / SS/TFA: 9.5 15 Blend: 0.05 29
TFA (3:1 v/v) and CS/TFA: 2 SF: 0.025
SF /FA SF/FA: 7.5

Morphological characterization of electrospun films by Scanning Electron
Microscopy (SEM)

SEM micrographs and corresponding fibre diameter distribution histograms were
used to evaluate the morphological characteristics of the electrospun fibres, providing
complementary qualitative and quantitative insights. SEM imaging enabled detailed
assessment of surface morphology, fibre continuity, and structural integrity, while
diameter measurements quantified fibre uniformity across the investigated samples.
As shown in Figs. 2, 3, 4 and 5, SEM images acquired at magnifications of 20 um
and 30 um revealed fibres that were generally continuous, uniform, and homoge-
neously distributed, with minimal bead formation or structural defects. These qualita-
tive observations confirm that the electrospinning conditions yielded morphologies
suitable for stable fibre performance.

Fibre diameters were measured using Phenom ProSuite software, and the resulting
histograms illustrate the corresponding size distributions, reported as mean values
with standard deviations. Several formulations exhibited favourable morphological
characteristics, including reduced average fibre diameters and narrower distribu-
tions, identifying them as the most promising candidates for subsequent functional
evaluation.

Inferential statistical analysis confirmed the quantitative relevance of the observed
morphological trends. Multi-group comparisons using the Kruskal-Wallis test fol-
lowed by Dunn’s post-hoc analysis demonstrated that both applied voltage and flow
rate significantly influenced fibre diameter (p<0.05). In particular, the SS/TFA sys-
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Fig. 2 SEM images of COS5 and CO6 samples, accompanied by histograms illustrating their fibre di-
ameter distribution

tem exhibited a pronounced linear dependence of fibre diameter on applied voltage,
as evidenced by rank-based regression analysis (R*> = 0.9973).

The influence of electrospinning configuration was first examined using samples
CO5 and CO6, both comprising an SS/TFA shell and an SF/FA core. COS, fabricated
using a single-pump setup, displayed a more uniform fibre distribution with reduced
overlap, whereas CO6, produced with a dual-pump system, exhibited increased fibre
crowding and overlap. These differences were attributed to minor flow instabilities
arising from independently driven solutions. Correspondingly, CO5 showed a lower
mean fibre diameter (713.5+305.9 nm) than CO6 (839.2+355.7 nm).

The feasibility of coaxial electrospinning using a single solvent system was evalu-
ated using samples SCO4 and SCO10, in which both SS and SF were dissolved in TFA.
Despite the known instability of SF in TFA, both samples yielded structurally con-
sistent fibres. SCO10 exhibited a slightly reduced mean diameter (672.9+£299.4 nm)
compared to SCO4 (717.94264.2 nm), accompanied by improved fibre alignment
and fewer surface defects. Statistical comparison via Student’s 7-test indicated that
reducing the sericin concentration from 12 wt% to 9.5 wt% did not significantly
affect fibre diameter (»p=0.131), demonstrating that the single-solvent coaxial con-
figuration is relatively insensitive to moderate shell concentration variations.
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Fig. 3 SEM images of SCO4 and SCO10 samples, accompanied by histograms illustrating their fibre
diameter distributions

The effect of chitosan incorporation into the sheath was investigated using samples
CHCO1, CHCO3, CHCO7, and CHCOS, all employing an SF/FA core. For equimo-
lar SS: CS blends (1:1 v/v, 12 wt% sericin), CHCO3 exhibited markedly improved
morphology and a significantly reduced mean diameter (415.44+194.5 nm) relative
to CHCO1 (795.4+253.1 nm), indicating enhanced electrospinning stability. For
reduced-viscosity blends (3:1 v/v SS: CS, 9.5 wt% sericin), CHCO7 produced well-
defined, uniform fibres with a mean diameter of 450.4+170.5 nm, whereas CHCOS8
yielded larger fibres (633.3+219.9 nm).

Kolmogorov—Smirnov analysis revealed that the introduction of chitosan into the
sheath significantly altered fibre diameter distributions, resulting in a pronounced
reduction in fibre size relative to chitosan-free systems (p<0.0001). However, within
SS—CS/TFA blends, increasing chitosan content led to a statistically significant
increase in fibre diameter, attributable to elevated solution viscosity arising from
strong intermolecular interactions and three-dimensional polymer network formation.

These findings underscore the importance of blend ratio and sericin concentration
optimisation in achieving balanced fibre diameter and electrospinning stability.

Table 2 summarizes the composition and mean fibre diameter (+standard devia-
tion) for the eight selected samples, illustrating the combined effects of solvent choice,
pump configuration, and polymer blending on fibre morphology and uniformity.
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Fig. 4 SEM images of CHCOI and CHCO3 samples, accompanied by histograms illustrating their
fibre diameter distributions

Among all investigated formulations, sample CHCO?7 exhibited the most favour-
able overall fibre morphology, characterized by well-defined, uniform fibres with a
comparatively small mean diameter and narrow distribution. Although the SS con-
centration in CHCO7 (9.5 wt%) was lower than the optimum value identified for
pure SS/TFA electrospinning, the incorporation of a limited amount of CS (SS: CS
= 3:1 v/v) appeared to improve fibre formation and dimensional uniformity. The
reduced diameter of CHCO?7 is consistent with the fibre-size-modifying effect of CS
discussed in Sect. 3.1, where moderate chitosan incorporation was proposed to pro-
mote greater electrostatic jet stretching during electrospinning [31]. This behaviour
suggests that, within an appropriate compositional range, CS can positively influence
the electrospinning performance of the shell phase. In contrast, formulations contain-
ing higher relative amounts of CS (e.g., the 1:1 SS/CS blends) exhibited poorer fibre
quality, indicating that excessive viscosity can outweigh any beneficial contribution
of chitosan. These results indicate that CHCO7 provided the most favourable balance
of fibre quality, dimensional uniformity, and process stability among the investigated
formulations, identifying it as the most promising candidate for subsequent func-
tional evaluation.
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Fig. 5 SEM images of CHCO7 and CHCOS8 samples, accompanied by histograms illustrating their
fibre diameter distributions

Table 2 Composition and mean  gample Composition Mean fibre diam-
ﬁ})re diameter (+SD) of the name eter (+SD)
cight best samples Cos SS / TFA and SF / FA 713.5 (+305.92)
CO6 SS / TFA and SF / FA 839.18 (£355.73)
SCO4 SS / TFA and SF / TFA 717.87 (£264.2)
SCO10 SS / TFA and SF / TFA 672.86 (£299.37)
CHCOl  SS/TFAand CS/TFA (1:1 v/v),  795.36 (+253.06)
and SF / FA
CHCO3 SS/TFA and CS/ TFA (1:1 v/v), 415.4 (£194.54)
and SF / FA
CHCO7 SS /TFA and CS / TFA (3:1 v/v) 450.44 (£170.51)
and SF/ FA
CHCO8  SS/TFAand CS/TFA (3:1 viv)  633.32 (+219.87)
and SF / FA
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Morphological characterization of electrospun films by Transmission Electron
Microscopy (TEM)

To confirm the formation of core-sheath structured fibres, sample CHCO?7, identified
earlier as the most promising candidate, was electrospun directly onto the copper
grid, and the TEM images were acquired. The electrospinning procedure, optimized
for this type of deposition, resulted in a dense network of fibres (Fig. 6, A and B),
making it challenging to analyse single fibres without artefacts caused by fibre over-
lap (Fig. 6, C, green arrows). For this reason, quantitative fibre diameter analysis was
performed using SEM micrographs, which provided a larger and more representa-
tive fibre population for statistical evaluation, whereas TEM was employed primar-
ily to assess the internal core—sheath morphology of the fibres. Nevertheless, some
isolated fibres displayed features indicative of a core—sheath architecture: a distinct
central core surrounded by a more diffuse outer shell, with a visible interface between
them (red arrows in Fig. 6, C and D). In the same image (Fig. 6, C), the fibre on the
right shows two different contrasts along its cross-section, suggesting the presence of
two distinct materials within a single fibre. To further corroborate this interpretation,
additional TEM images, acquired on a sample with SS/TFA in the shell and SF/FA
in the core (Fig. 6E and F), similarly reveal a distinct internal core surrounded by a
more diffuse shell. In particular, the presence of morphological irregularities, likely
due to instabilities in the coaxial electrospinning jet and/or partial degradation during
TEM imaging collection, can facilitate the visualization of the two components of
the core-sheath fibres. As shown in Fig. 6E, F and a distinct internal fibrillar core is
visible, surrounded by a more diffuse external shell structure.

Consistent with previous studies on chitosan-based core—sheath electrospun nano-
fibers, TEM analysis has been shown to reliably confirm core—sheath architectures
through the observation of distinct contrast differences and a visible internal interface
arising from density and compositional differences between the core and shell mate-
rials [26, 41].

These observations support the successful fabrication of core—sheath fibres by
coaxial electrospinning.

Attenuated Total Reflection Fourier Transform Infrared (ATR-FTIR) Spectroscopy

To gain deeper insight into the structural properties of fibres obtained via coaxial
electrospinning, the eight best-performing samples were analysed by FTIR. These
samples were selected based on their morphological quality, fibre dimensions, and
process stability across different experimental conditions. The analysis aimed to
identify characteristic functional groups and secondary structures of the biopolymers
used. The samples analysed are listed in Table 3.

In Fig. 7, A, the ATR-FTIR absorption spectra of the selected core-sheath fibres
are shown between 1800 —1490 cm™ . In this spectral range, the absorption of protein
Amide I and II bands is observed alongside a component around 1740 cm™ !, which
is attributed to the TFA and FA carbonyl group. By comparing these bands, clear
distinctions emerged among the samples. To resolve the Amide I components assign-
able to protein secondary structure in accordance with established literature [42, 43],
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Table 3 Samples analysed with Sample name Composition
their corresponding composi- €05, CO6 SS/TFA and SF / FA
tions and applied solvents

SCO4, SCO10 SS / TFA and SF / TFA

CHCO1,CHCO3  SS/TFAand CS/TFA (1:1 v/v), and SF / FA
CHCO7,CHCO8  SS/TFA and CS/TFA (3:1 v/v) and SF / FA
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Fig.7 FTIR analysis of key core-sheath fibres. (A) ATR-FTIR absorption spectra of core-sheath fibres
between approximately 1800—1490 cm™'. (B) Second derivatives of the ATR-FTIR absorption spectra
in A) in the Amide I band. The main spectral components have been indicated

a second derivative analysis was performed (Fig. 7, B). In particular, in the Amide
I band, B-sheet structures are identified by characteristic peaks around 1620-1627
cm ! and at approximately 1700 cm™. Moreover, the component around 1656 cm™
is mainly assigned to random coil structures, while that around 1676 cm™ is mainly
due to B-turn structures [43].

The CHCO7 and CHCOS8 showed almost overlapping spectral profiles in the sec-
ondary structure region, but CHCOS displayed a stronger peak at 1740 cm™, indicat-
ing higher TFA and/or FA residue (Fig. 7, A). This was correlated with the presence
of droplets and melted fibre zones in SEM images (see Fig. 5), confirming poor sol-
vent evaporation. In contrast, CHCO7 exhibited better-defined fibres (Fig. 5) and
lower residual solvent, making it the most balanced among the CHCO group.

CHCO3 and CHCOI, prepared with a 1:1 SS/CS blend, also showed high solvent
retention (Fig. 7, A) and a slightly more intense component around 1676 cm™ (Fig. 7,
B) that can also be associated with CS interactions. However, the quality of its fibres
was lower, with structural inconsistencies and melting zones. CHCO1 could not be
reliably analysed due to poor fibre formation.

The COS5 and CO6 samples (without chitosan) displayed minimal TFA/FA residue
(Fig. 7, A), demonstrating excellent solvent evaporation. Notably, CO5 showed a
more intense B-sheet peak around 1623 cm™ ' when compared to CO6, which in turn
displayed a broader and lower B-sheet component (Fig. 7, B) among all the analysed
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samples. These differences highlight the influence of chitosan on solvent retention
and molecular assembly, possibly by increasing solution viscosity and hindering
polymer mobility.

Interestingly, SCO4 and SCO10, both made using SF and SS in TFA, showed
unexpectedly strong B-sheet peaks, despite TFA’s known denaturing effect on fibroin.
Notably, the second derivative analysis (Fig. 7, B) discloses a few differences
between SCO10 and SCO4. In particular, SCO4 displayed a B-sheet peak at a higher
wavenumber (1626 cm™ ') compared to SCO10 (1621 cm™'). Furthermore, SCO10
showed a more intense band at 1700 cm™!. Collectively, these spectral characteristics
indicate that SCO10 possesses tighter internal fibre structures. This may suggest a
synergistic interaction between SS and SF in the same solvent, promoting partial
ordering. However, SCO4 and SCO10 samples also trapped significant amounts of
solvent, particularly SCO10, caused by large melting zones and droplet formation. In
conclusion, FTIR analysis, supported by SEM imaging, enabled the inference of both
the chemical composition and structure of the different fibres. Among all, CHCO7
emerged as the most representative sample, combining structural integrity, accept-
able solvent content, and evidence of all three biomolecules, thus chosen for subse-
quent functional testing.

Moisture Vapour Transmission Rate (MVTR) Evaluation

In line with the FTIR analysis, the CHCO7 formulation was identified as the most
promising candidate and was therefore selected for moisture regulation assessment.
The Moisture Vapour Transmission Rate (MVTR) of CHCO?7 electrospun films fab-
ricated for 30 min, 1 h, and 1.5 h was evaluated using steady-state gravimetric analy-
sis. As shown in Fig. 8, the mass of water-filled flasks sealed with each film was
monitored at 2-h intervals over a 24-h period under controlled conditions (37 °C,
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95% relative humidity). Each deposition time (30 min, 1 h, and 1.5 h) was initially
represented by a single film and analysed as a screening experiment to assess the
effect of film thickness on moisture transport behaviour. The 30-min and 1-h films
exhibited highly linear mass-loss kinetics, with excellent goodness of fit (R? = 0.99).
The 30-min film showed a mass-loss rate of —0.00670 g-h™! (95% CI. —0.00690 to
—0.00649 g-h!), while the 1-h film displayed a comparable slope of —0.00601 g-h!
(95% CI: —0.00632 to —0.00570 g-h™"). These results indicate stable and consistent
moisture transmission behaviour for both thinner electrospun films.

In contrast, the 1.5-h film exhibited pronounced instability and a substantially
reduced mass-loss rate of —0.00143 g-h™! (95% CI. —0.00186 to —0.00101 g-h™),
consistent with its increased thickness and reduced permeability. Although visual
inspection suggested a potential outlier at the 22-h time point, robust linear regres-
sion using Huber weighting yielded a slope (—0.001435 g-h™!) nearly identical to the
ordinary least-squares (OLS) estimate, confirming that the suspected outlier did not
meaningfully bias the regression. The OLS model produced an R? of 0.937 (adjusted
R?=0.924), indicating a strong but less stable linear relationship. Notably, the 1.5-h
film fractured after approximately 24 h of incubation, likely due to impaired moisture
transport, surface water accumulation, and consequent mechanical failure.

For comparative evaluation, the mass-loss rates were normalized to a reference
relative humidity of 80%. The resulting MVTR values were 2046.88 g-m2-day ! for
the 30-min film, 1834.39 g-m™-day! for the 1-h film, and 428.03 g-m2-day! for the
1.5-h film. These results demonstrate that thinner electrospun films exhibit signifi-
cantly higher vapor permeability, highlighting the strong influence of deposition time
and thickness on moisture transport properties. Among the tested configurations, the
30-min CHCOY7 film displayed the highest permeability, indicating enhanced breath-
ability associated with reduced fibre accumulation and pore obstruction.

However, films thinner than 30 min of electrospinning time were not mechanically
stable enough for use. To assess reproducibility, three additional 30-min ES films (S1,
S2, S3) were prepared and tested alongside the original (S0) under identical condi-
tions. Weight loss trends were consistent across all samples, as shown in Fig. 9. The
precision and reproducibility of the experimental setup were validated through a one-
way ANOVA performed on four independent measurement sets (S0-S3) of the opti-
mized 30-min films, which revealed no statistically significant inter-set differences
(p=0.8248). Furthermore, coefficients of variation at each time point remained below
0.04%, confirming minimal dispersion and high metrological reliability throughout
the 24-h measurement period.

In conclusion, the 30-minute electrospun film exhibited the highest vapor per-
meability while maintaining structural integrity and experimental repeatability. The
results highlight the strong influence of deposition time on moisture transport behav-
iour and fibre packing density. Among the tested configurations, the 30-minute film
provided the most favourable balance between permeability and structural stability
under the investigated processing conditions. Moreover, the electrospinning process
demonstrated robustness and reproducibility across multiple preparations, confirm-
ing the reliability of the selected parameters and solution formulation.
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Fig. 9 Weight variation during the moisture transport test as a function of time. Data are presented as
mean+standard deviation of four independent samples (n=4)

Conclusion

In this study, coaxial electrospinning was systematically investigated as a strategy
for fabricating nanofibrous scaffolds based on SF, SS, and CS. The central hypothesis
was that a core—sheath architecture comprising an SF core and an SS—CS sheath could
combine the mechanical stability of fibroin with the tunable surface and structural
characteristics imparted by sericin and chitosan. Through a stepwise experimental
approach progressing from single-material electrospinning to increasingly complex
coaxial configurations, stable processing windows were identified, and representative
formulations were successfully fabricated with high reproducibility.

A key innovation of this work lies in the integration of three naturally derived bio-
polymers within a single coaxial electrospun fibre system while systematically estab-
lishing the processing parameters required to obtain stable core—sheath structures.
The study further demonstrates the potential valorisation of sericin, a silk industry
by-product, as a functional component of advanced electrospun materials. In particu-
lar, the incorporation of chitosan into the sericin-based sheath enabled modulation
of fibre morphology and electrospinning performance through compositional tuning.

Morphological characterisation by SEM demonstrated that fibre diameter, unifor-
mity, and structural integrity are strongly governed by solvent choice, electrospin-
ning configuration, and sheath composition. In particular, incorporation of chitosan
into the sericin-based sheath significantly influenced jet stability and fibre morphol-
ogy. Sericin-rich SS blends (3:1 v/v) produced more uniform fibres with reduced
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diameter dispersion compared with equimolar blends, reflecting an optimal balance
between charge density and solution viscosity. These trends were supported by robust
statistical analysis, confirming the dominant role of processing parameters such as
voltage, flow rate, and blend composition in controlling fibre dimensions. Based on
these criteria, CHCO7 emerged as the most balanced formulation. Under optimised
conditions, CHCO7 exhibited well-defined, continuous fibres with a comparatively
small mean diameter and narrow distribution, indicating enhanced electrospinning
stability and process control.

TEM provided further evidence for the successful formation of a core—sheath
architecture in CHCO?7, while FTIR spectroscopy confirmed the coexistence of
SF, SS, and CS within the fibres and revealed composition-dependent differences
in molecular organisation and residual solvent retention. Compared with the other
investigated formulations, CHCO?7 exhibited a favourable balance between structural
integrity and reduced solvent-associated spectral features, consistent with its superior
morphological stability.

Functional assessment through MVTR measurements demonstrated that moisture
transport is strongly dependent on electrospun film thickness and structural stability.
Thinner electrospun mats displayed higher and more stable vapour transmission rates,
whereas thicker films exhibited reduced permeability and, in some cases, mechanical
instability during prolonged exposure to high humidity. When normalised to a refer-
ence relative humidity of 80%, films produced with shorter electrospinning durations
exhibited substantially higher permeability, underscoring the importance of thick-
ness control in tuning moisture transport behaviour without compromising structural
integrity or reproducibility.

These findings are consistent with previous studies reporting the strong influence
of polymer composition and electrospinning parameters on fibre morphology in silk-
and chitosan-based electrospun systems. However, the present work extends exist-
ing knowledge by demonstrating the successful fabrication and characterization of
a multi-component SF/SS—CS core—sheath architecture and by systematically estab-
lishing the processing conditions required to obtain stable fibres from this complex
biopolymer combination.

The experimental results support the original hypothesis by demonstrating that
appropriate selection of sheath composition and electrospinning conditions enabled
the successful fabrication of stable SF/SS—CS core—sheath fibres with tunable mor-
phological characteristics and moisture vapour transport properties.

Overall, this work establishes the feasibility of producing SF/SS—CS core—sheath
nanofibrous membranes with controlled morphology, composition, and moisture
transport properties through systematic optimisation of electrospinning parameters,
while establishing process—structure—property relationships within this multi-com-
ponent biopolymer system. Future studies should include systematic measurements
of solution viscosity, conductivity, and surface tension to establish quantitative rela-
tionships between solution properties and fibre morphology. In addition, biologi-
cal performance, degradation behaviour, long-term environmental stability, and the
development of greener solvent systems remain important directions for future inves-
tigation. By demonstrating how spatial separation and compositional tuning can be
achieved within a single electrospun fibre system, this work provides a statistically
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supported foundation for further optimisation and advanced materials development
based on silk-derived core—sheath architectures.
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