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ARTICLE INFO ABSTRACT

Keywords: In this study, the electrospinning procedure was optimized to create polyethylene oxide (PEO) NFs highly
Electrospinning enriched in proteins with non-structural functions while preserving their activity. For this purpose, several
Nanofibers immune-related proteins of low, medium and high molecular weights were used as molecular models. Initially,
i:gil:ilcsrobial peptides the electrospinning parameters were adjusted using 3 % w/w PEO and bovine serum albumin (BSA, 5-20 % w/
Antibody w). As determined by FESEM, their average diameters ranged from 301 to 752 nm, and those with higher protein

content (15-20 %) yielded more uniform NFs in both size and morphology terms. Protein integrity remained
stable as determined by SDS-PAGE and FTIR. Similar results were observed for the polypeptide lysozyme (LYZ)
when incorporated in NFs under these settings. To further explore the potential of these materials, the antimi-
crobial peptide piscidin (PIS) and an antibody (Ab, HRP-IgG) were used to produce BSA/PIS, LYZ/PIS and BSA/
Ab NFs and evaluate the preservation of their activity. The antibacterial assays showed that, in most bacterial
species, the activity of PIS remained consistent after being incorporated into the NFs. Furthermore, the activity of
HRP-IgG was maintained within the NFs, with enhanced preservation observed in BSA/Ab NFs. These findings

expand the possibilities of protein utilization across various applications through nanomaterials.

1. Introduction

Natural bioresources offer a vast array of protein structures, collec-
tively representing a rich source of important, specific, and often unique
bioactivities with potential for exploitation in various applications.
Through dedicated research and development, there is a significant
opportunity to harness these functionalities for the prevention, mitiga-
tion, and treatment of numerous medical conditions. In fact, the suc-
cessful application of certain proteins in treating severe diseases has
recently transformed the pharmaceutical and biotechnological in-
dustries, sparking growing interest in further advancements. As a
consequence, there has been a significant increase in the number of
protein-based drugs approved by the US Food and Drug Administration
(FDA) in the last decades, reaching about 894 therapeutic proteins in
2024 as it is collected in the THPdb2 database of all FDA-approved
therapeutic proteins [1], what implies nearly 4 times more than in its
previous version, THPdb (239), released 7 years before [2].

* Corresponding authors.

Despite the promising potential of proteins as therapeutics and the
growing advances in the field of biotechnology, several limitations
reducing their therapeutic activity impede the progress of many candi-
dates through industrial pipelines. Regardless of their route of admin-
istration, therapeutic proteins encounter common challenges that
compromise their safety and efficacy, such as immunogenicity, low
solubility, poor stability and short half-life. Additionally, their practical
use and affordability are limited by factors like short shelf life and high
costs. Therapeutic proteins intended for topical applications also face
additional constraints such as inadequate skin absorption and lack of
suitable delivery formats [3]. Innovative strategies such as chemical
modifications of the active ingredients have contributed to notably
meliorate some particular limitations, but attention is now focused on
excipient development due to the recent multiple benefits provided by
new forms and compositions of the overall delivery system formulation.
For topical applications, besides the film-forming and ionic liquid sys-
tems [4], the implementation of nanocarriers or nano-delivery systems
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(i.e., transporters which nanometric size confers them with new unique
properties) has improved therapeutic performances of several drugs.

Among the different types of nanocarriers, polymeric nanofibers
(NFs) offer several interesting therapeutic advantages for topical ap-
plications extensively discussed in the literature [5]. One common
method for synthesizing polymeric NFs is electrospinning, a technique
that produces fibers with controlled diameters and high surface area. As
for any other nanomaterial, the high surface-to-volume ratio of NFs
increases their loading capacity not only for the specific drug, but also
for additional adjuvants. In the specific case of polymeric NFs, the mo-
lecular rearrangements inherent to the electrospinning process, together
with the wide availability of different biocompatible polymers (and
therefore physicochemical conditions), allow the encapsulation of
poorly soluble compounds, as well as multiple design options to tune the
release kinetics as desired. This versatility can also be used to enhance
the protection and molecular stability of the content, thereby extending
the shelf life of the formulation and increasing its commercial interest.
Other advantages of this particular format include the ability of creating
favorable physiological microenvironments functionally mimicking the
natural extracellular matrix to enhance cell migration, attachment and
proliferation and thus processes such as wound healing and hemostasis
[6]. Finally, it is also remarkable that these nanoformulations allow
more precise dosage control and ease of administration at the site of
disease, which promotes therapeutic efficacy and patient compliance, as
well as safe shelf management.

Despite these advantages, research on encapsulating therapeutic
proteins in polymeric NFs remains both limited and often biased. A
likely explanation for this is that the intricate structural complexity of
many therapeutic proteins may be compromised during NF fabrication,
either due to physicochemical conditions and/or direct interactions with
the polymer or solvent. This, in turn, could impair their activity, as
outlined by Anfinsen's dogma. Indeed, most studies in this field tend to
focus on filamentous proteins, such as collagen [7] elastin [8], gelatin
[9], keratin [10], and silk fibroin [11], whose structural roles are less
dependent on their conformation. By contrast, for proteins with a more
critical dependence on molecular structure-activity relationships, such
as enzymes (e.g., lysozyme [12,13], lipase [14], and peroxidase [15]), or
antibodies [16], their incorporation to NFs is typically achieved through
covalent immobilization to the polymer used. Fewer studies have
explored the free incorporation of these proteins into NFs, specially by
electrospinning, and then assessed their activity. Among them, bovine
serum albumin (BSA) stands out as one of the most extensively studied
globular proteins, valued for its wide availability, low cost, and crucial
role as a transporter and stabilizing agent. For instance, dressings of 11
% (w/w) polycaprolactone (PCL) NFs loaded with 1-3 % (w/w) BSA
stimulated wound healing processes [17]. In another study, poly-
ethylene oxide (PEO) (5 %, w/w) NFs with BSA (0.5 %, w/w) were
produced by needleless electrospinning without altering the protein
structure [18]. Lysozyme (hereafter referred to as LYZ), an important
protein of the innate immune system with potent antimicrobial activity
and which structure-activity relationship has been widely described
[19], was also encapsulated (0.2 %, w/w relative to polymer mass) into
NFs of PCL/PEO blends via emulsion electrospinning [20]. Remarkably,
in this study it was demonstrated that the release of LYZ was facilitated
by the hydrophilic nature of PEO, which enhanced the diffusion of water
into the electrospun NFs [20].

PEO, also known as polyethylene glycol (PEG) for molecular weights
below 20 kDa, is a commercially available polyether that comes in a
wide range of molecular weights at relatively low cost. Its exceptional
resistance to protein adsorption, along with poor cell adhesion and
minimal toxicity and immunogenicity, has led to its approval by the FDA
for various biomedical applications. Additionally, it offers high chemical
stability and, importantly, high solubility in water [21], the ideal solvent
(aqueous solutions) for therapeutic proteins. These properties make this
polymer highly promising for the nanoencapsulation of therapeutic
proteins; specifically, in the case of NFs, the higher molecular weight of
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PEO enhances polymer entanglement [22,23] and impermeability [24],
thereby improving the stability of the resulting nanomaterial.

In this study, we aim to further explore this approach by testing the
suitability of electrospun PEO NFs as a delivery vehicle for therapeutic
proteins for potential biomedical applications. To this end, we begin by
using BSA (approximately 66 kDa) to optimize the electrospinning pa-
rameters, allowing us to refine the fabrication of NFs with three proteins
of quantifiable activity, spanning a wide range of molecular sizes and
structural complexities: the antimicrobial peptide (AMP) piscidin 1 from
European seabass (PIS, 2.6 kDa), chicken LYZ (14.3 kDa), and horse-
radish peroxidase (HRP)-conjugated goat anti-mouse IgG (HRP-IgG,
nearly 200 kDa). Finally, after analyzing the integrity of the encapsu-
lated proteins, we assess their activity in order to determine the
retainment of activity after the full process.

2. Materials and methods
2.1. Materials

PEO (Mw = 600-1000 kg/mol), Standard Fetal Bovine Serum, Dul-
becco's Modified Eagle Medium (DMEM) and Dulbecco's Phosphate
Buffered Saline (PBS) were acquired from Thermo Fisher Scientific
(Waltham, MA, USA). LYZ (chicken egg white, A3711,0050; Activity
20,780 U/mg) and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazo-
lium bromide (MTT) were procured by Panreac, ITW Reagents (Barce-
lona, Spain). BSA (heat shock fraction, pH 7, purity >98 %; A7906-50G),
p-iodonitrotetrazolium chloride (INT), Mueller Hinton (MH) agar and
HRP-IgG, A5278) were obtained from Sigma-Aldrich (St. Louis, MO,
USA). MH broth was provided by Condalab (Madrid, Spain). PIS (from
European sea bass, accession # MT066191, C-terminal amidation and
purity >90 %) was purchased from Genscript Biotech Corp (Piscataway,
NJ, USA). Tetramethylbenzidine (TMB) was acquired from Bio-Rad
Laboratories GmbH, Munich, Germany.

2.2. Preparation of solutions for electrospinning

2.2.1. Starting solutions and viscosity determination

Hereafter all concentrations expressed as percentages will be based
on weight/weight (w/w), unless stated otherwise. PEO solutions with
protein (BSA or LYZ) were obtained by dissolving 5 to 20 % protein and
3 % PEO in Milli-Q water (solvent compatible with both types of mol-
ecules, especially proteinic ones). All the solutions were kept stirring for
12 h until their complete dissolution and homogenization. The kine-
matic viscosity (v) of all blend solutions was performed by using a series
of calibrated Cannon-Fenske capillary viscometers series 400-450
(Vidra Foc, Barcelona, Spain) to elucidate their electrospinnability.
Corresponding density (p) was measured with calibrated volumetric
flask, in order to estimate their shear viscosity (7 = vp [mPa-s]). The
average value of three measurements at 313 K was represented as mean
and standard deviation (SD).

2.2.2. Peptide and antibody solutions

After optimization, an electrospinnable solution containing 15 % of
total protein and 3 % of PEO was selected to add the peptide and anti-
body. The concentrations were chosen based on the minimum concen-
tration added at which activity was observed. The chosen peptide was
PIS, a small 22-residue antimicrobial peptide. PIS was added at 0.1 % in
both BSA (BSA/PIS) and LYZ (LYZ/PIS) solutions to compare the anti-
bacterial activity of both types of NFs. To assess the stability of larger
and more complex proteins within the NF system studied here there
were produced NFs loaded with peroxidase-conjugated antibody, in
particular an HRP-IgG commonly used as secondary antibody for
immunolabelling assays. HRP-IgG was added at 1 % in BSA solutions
(BSA/AD).
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Table 1
Polymer (PEO) and protein content in the starting polymeric solutions and ob-
tained NFs.

Polymeric solutions (w/w %) Electrospun NFs (w/w %)

PEO Protein PEO Protein
5 37 63

3 10 23 77
15 17 83
20 13 87

2.3. Electrospinning

The solutions were transferred to 2 mL syringes (Becton Dickinson,
Franklin Lakes, NJ, USA) attached to a blunt-end stainless steel hypo-
dermic needle (5 cm in length, outer diameter of 1.27 cm and inner
diameter of 0.84 cm) (Sigma-Aldrich). Solutions were electrospun at a
sustained flow controlled by a KDS 100 infusion pump (KD Scientific,
Holliston, MA, USA) and using a high voltage source (Glassman High
Voltage Inc., Whitehouse Station, NJ, USA) as previously described [25].
The optimization of the electrospinning conditions was a multi-step
process involving the fine-tuning of both the polymer solution (i.e., by
testing the concentration gradient described above) and the electro-
spinning parameters. The key parameters that were modified included
the applied voltage, the tip-to-collector distance, and the flow rate.
These parameters were systematically varied within the following
ranges: voltage from 10 to 20 kV, tip-to-collector distance from 12 to 18
cm, and flow rate from 0.2 to 0.5 mL/h. These ranges were chosen based
on our previous studies, some of which used water as a solvent [25,26].
Through this systematic variation, the optimal electrospinning condi-
tions were determined to be an applied voltage of 18 kV, at a tip-to-
collector distance of 17 cm, with a flow rate of 0.25 mL/h, always at
20-40 % relative humidity and 25 °C. These conditions were found to
produce NFs with the most desirable morphology and size, including
minimization of electrospray, small droplets and NF defects such as
beads or ribbon-like structures. The obtained NFs were deposited in
aluminum foil-coated glass slides. After the electrospinning process,
which involved solvent evaporation, the protein and polymer content
varied, as reflected in Table 1. The NFs were not further processed for
subsequent analyses unless otherwise stated in the corresponding
section.

2.4. Microscopy

NFs were initially screened using a Microsystems DMI3000B inver-
ted fluorescence optical microscope (Leica, Bensheim, Germany) with a
Leica EL6000 compact light source and a Leica DFC 3000G digital
camera. The images were processed using the program Leica Application
Suite AF 6000 Module Systems. The morphology and size of NFs were
later analyzed by Field Emission Scanning Electron Microscopy (FESEM)
with a Schottky cathode model SIGMA 300 VP (Zeiss, Oberkochen,
Germany) apparatus after chrome metallization. The average diameter
of different types of NFs was determined using Image J (National In-
stitutes of Health) image processing and analysis software from 100
measurements for each type of NFs using different FESEM images. The
coefficient of variation (CV) was calculated by dividing the SD by the
mean.

2.5. Electrophoresis

The protein integrity after electrospinning was assessed by SDS-
PAGE. NFs from 5 to 15 % protein solutions were dissolved back in
water to reach 10 pg/pL protein concentrations, separated by SDS-PAGE
(Bio-Rad Laboratories Inc., CA, USA) under denaturing conditions in
4-20 % TGX gels (Bio-Rad Laboratories Inc.), and visualized with Bril-
liant Blue R-250 (Bio-Rad Laboratories Inc.). Molecular weight markers

International Journal of Biological Macromolecules 280 (2024) 136019

(Precision Plus Protein Standards Dual Colour, Bio-Rad Laboratories
Inc.) were loaded in the first well of the gel.

2.6. Infrared spectroscopy

Fourier transform infrared (FTIR) spectroscopy was performed to
define the functional groups of all samples using a Spectrum Two™ FTIR
spectrometer (PerkinElmer, MA, USA). PEO, BSA and LYZ powder
samples were mixed with KBr and pressed into pellets. Nanofibrous mats
were directly measured. Four spectral scans in transmission mode were
averaged throughout the spectral range of 4000-450 cm™! with the
resolution of 4 cm™! at room temperature.

2.7. Antibacterial evaluation

Aeromonas salmonicida (CECT 894), Bacillus circulans (CECT 10),
Bacillus subtilis (CECT 35), Escherichia coli (CECT 45), Micrococcus luteus
(CECT 243) and Staphylococcus epidermidis (CECT 231) bacterial species
were obtained from the Spanish Type Culture Collection (CECT,
Valencia, Spain). S. aureus and MRSA were obtained from clinical
samples of patients at the General University Hospital of Alicante.
Bacteria were cultured in MH broth and incubated at 30 or 37 °C for 24
or 48 h, depending on the species optimal growth conditions.

Antibacterial activity of commercial LYZ and PIS, and LYZ/PIS and
BSA/PIS NFs was determined by broth microdilution method by mini-
mum inhibitory concentration (MIC) and minimum bactericidal con-
centration (MBC) calculation. The pure compounds or the NF mats were
first dissolved in Milli-Q water and filtered using sterile CA syringe fil-
ters with pore size of 0.22 pm. 50 pL were added in 96-well plates at
different concentrations depending on the sample. A bacterial suspen-
sion of 20 pL at 0.5 McFarland were added to each well. The volume of
each well was brought to 200 pL by adding MH broth. The plates were
incubated at 30 or 37 °C for 24 or 48 h depending on the strain. A
volume of 50 pL of INT solution at 1 mg/mL was added to each well and
allowed to incubate for 30 min. The MIC was defined as the minimum
concentration where no red colour was observed. To determine the
MBC, 50 pL of the wells that did not show any signs of bacterial growth
were plated and incubated overnight on MH agar plates. The lowest
concentration at which no colonies were detected was defined as the
MBC.

2.8. Peroxidase activity of encapsulated HRP

Stored samples of HRP-IgG-containing NFs were dissolved back in
Tris-buffered saline (TBS) to reach a final 1:500 dilution of the initial
HRP-IgG stock or equivalently in the case of control NFs without HRP-
IgG. Two-folded serial dilutions were subsequently prepared from
these samples up to 1:16000 dilution. Equivalent dilutions of the fresh
HRP-IgG were also prepared to serve as positive control and calibration
curve. Then, 5 pL of each were inoculated into MaxiSorp™ 96-well
plates (NUNC, Rochester, NY, USA) in triplicate and incubated with
additional 95 pL of TMB substrate commercial solution for 30 min at
37 °C in the dark.

Finally, the reaction was stopped with 50 pL of 1 N H5SOy4, and the
absorbance measured at 450 nm using an UltraEvolution automatic
plate reader (Tecan, Mannedorf, Switzerland).

2.9. Antigen-recognition activity of encapsulated IgG

The assessment of the viability of the encapsulated HRP-IgGs was
carried by adapting a direct ELISA procedure. Thus, MaxiSorp™ 96-well
plates were coated with 50 pL of a 1:4 dilution of an in-house hybridoma
supernatant in TBS containing 0.4 mg/ml of protein as determined using
a Nanodrop 2000c (Thermo Scientific, Wilmington, DE, USA), and
incubated overnight at 4 °C. After three washes of 5 min with 200 p-L
TBS supplemented with 0.05 % (v/v) Tween-20 (TTBS) and one with
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Fig. 1. Viscosity of polymeric solutions containing different concentrations of PEO (A), and containing 3 % PEO and different concentrations of BSA and LYZ (B).
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Fig. 2. FESEM images and diameter frequency histograms of electrospun NFs containing PEO and different concentrations of BSA and LYZ. Representative FESEM
micrographs and corresponding diameter frequency histograms for BSA (5-20 %) and LYZ (5-20 %) are shown. Prot. refers to the BSA and LYZ proteins, as
appropriate. Histogram data were obtained from multiple micrographs (100 individual measurements). Best-fit adjustments to a Gaussian distribution are indicated
in red. Average diameter (X) + SD, as well as coefficient of variation (CV, %) are also stated. Scale bar: 200 nm. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

TBS, plates were blocked with 100 pL of 1 % (w/v) BSA in TBS for 1 h at
37 °C. Subsequently, the washing steps were repeated and 50 pL of each
dilution of the dissolved NFs and corresponding control samples
described above were added. Plates were incubated at 37 °C for 1 h and
washed again. Finally, the reaction with TMB substrate (100 pL/well)

and the absorbance measurement were carried out as described above.

2.10. Data analysis

All experimental data are expressed as mean values + SD. Data
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Fig. 3. SDS-PAGE results of BSA (left) and LYZ (right) NFs. In each lane, NFs
corresponding to 10 pg of protein were loaded. M: marker; Lane 1: protein (BSA
or LYZ) control; lane 2: 5 % protein NFs; lane 3: 10 % protein NFs; lane 4: 15 %
protein NFs; M: marker.

manipulation, analysis and graph creation were carried out using Prism
v8 software (GraphPad software, La Jolla, CA, USA), depending on each
particular experimental design.

3. Results
3.1. Solution viscosity and electrospinning

Firstly, the viscosity of different PEO solutions at concentrations
ranging from 2 to 5 % was evaluated to determine the optimal con-
centration for NFs formation and their molecular weight. The viscosity
of PEO solutions increased with concentration and ranged from 189 + 3
mPa-s at 2 % to 8060 + 113 mPa-s at 5 % (Fig. 1A). In basis on these
viscosity results, the nominal molecular weight of PEO was estimated
around 580-620 kg/mol.

Only PEO solutions with a concentration of 4 % or higher (viscosity
of 3515 + 25 mPa-s) were able to form continuous NFs without beads.
Although the 3 % PEO solution (viscosity of 749 + 37 mPa-s) was not
able to form fibers on its own, when the protein was added at concen-
trations of 5 to 20 %, it was able to be electrospun. Therefore, a 3 %
concentration of the building polymer was chosen to synthesize the
protein NFs. Fig. 1B shows the viscosities of the BSA and LYZ solutions,
which increased with protein concentration.

3.2. Morphology of nanofibers

The morphology of the electrospun NFs was analyzed using FESEM.
Fig. 2 displays both the detailed FESEM images and the frequency his-
tograms of the diameter distribution of the NFs of BSA and LYZ at
different concentrations. The general images of the NFs at lower
magnification can be observed in Supplementary Fig. 1.

As can be observed in Fig. 2, the diameter of the NFs increased with
increasing protein concentration and CVs were within the range of
11-24 % in both cases. The appearance of the NFs from 15 and 20 % of
protein solutions (BSA and LYZ) was smooth and uniform, without any
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visible deformities or irregularities. However, the NFs produced from 5
% solutions, especially 5 % BSA NFs, displayed certain irregularities
such as small droplets, fused fibers or beads. Based on these results, the
15 % protein solutions were selected to further functionalize this NFs, as
it was the lowest concentration at which no fused NFs, deformations, or
excessive electrospray were observed.

3.3. Protein integrity

SDS-PAGE was conducted to verify that the proteins have not un-
dergone alterations affecting their size, such as degradative processes or
covalently stabilized aggregations, as these could have implications for
their activity. To do so, the amount of protein present in the NFs was
estimated and normalized to the same amount of protein. Fig. 3 shows
the bands revealed in the gels with BSA and LYZ NFs. It was found that
the electrophoretic mobility of the electrospun BSA and LYZ NFs was
equivalent to that of the commercially available BSA and LYZ. The gel
analysis of BSA NFs revealed a consistent molecular weight of approx-
imately 65 kDa in all lanes, which corresponds to the expected molec-
ular weight of BSA (lane 1). The band density observed in lanes 2-5 was
around 100 % compared to the control protein (lane 1). On the other
hand, for LYZ gel, the molecular weights of all lanes were approximately
12 kDa, consistent with the expected molecular weight of LYZ (lane 1),
and the band densities in lanes 2—4 were also close to 100 % compared to
lane 1 or LYZ control.

The FTIR spectra of the electrospun NFs were obtained to investigate
their chemical composition and are shown in Fig. 4, together with their
starting components prepared in pellets. Hence, they exhibit charac-
teristic bands of the base polymer (PEO) corresponding to the fre-
quencies 1103 em™! (C-O0-C stretching) and 956 and 840 em™!
(asymmetric CHy rocking motion). These spectral features were also
discernible in the spectra of the NFs containing proteins, as depicted in
the inset of the spectral figures.

Furthermore, there is no discernible alteration in the amide bands of
the native proteins under investigation (BSA and LYZ). In both cases, the
predominant presence of these proteins in the NFs closely resembles that
observed in the unprocessed source material. Consequently, the stability
and constancy of amide I at 1657 cm’l, as well as amide A, amide II, and
amide III (at 3303 cm™ !, 1540 cm ™!, and 1240 cm ™}, respectively) is
noteworthy.

Finally, the integrity of the LYZ NFs was also evaluated in terms of
maintaining their antibacterial activity. Initially, a screening of com-
mercial LYZ against all bacteria used in this study was conducted, and it
was observed that it was only capable of inhibiting B. circulans. Subse-
quently, the antibacterial capacity of the LYZ NFs (5-20 %) was evalu-
ated, and it was observed that the antibacterial activity was maintained
at the same level as the free LYZ (Supplementary Table 1).

3.4. Preparation of PIS NFs and determination of antibacterial activity

First, a screening of the antibacterial activity of PIS against Gram-
negative bacteria A. salmonicida and E. coli, and Gram-positive bacte-
ria B. circulans, B. subtilis, M. luteus, S. aureus (including MRSA) and
S. epidermidis was conducted, and it was able to inhibit all tested bac-
teria. Therefore, PIS was incorporated into both BSA and LYZ NFs. The
synthesized NFs can be observed in Fig. 5. In both cases, the NFs were
uniform, and the diameters were 625 + 58 nm for the BSA/PIS NFs and
618 + 73 nm for the LYZ/PIS NFs. FESEM images of the NFs at lower
magnification can be found in Supplementary Fig. 2.

Subsequently, the antibacterial potential of BSA/PIS and LYZ/PIS
NFs against all bacterial species was assessed. Table 2 shows the results
of the 96-well microdilution assays of the free PIS and the proportional
part to the PIS of the BSA/PIS and LYZ/PIS NFs.

In this study, free PIS was capable to inhibit all bacteria tested with
MIC values ranging 3.9-15.6 pg/mL and MBC from 7.8 to 62.5 pg/mL.
Regarding the BSA/PIS and LYZ/PIS NFs, all of them also showed
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Fig. 4. FTIR spectra of BSA, PEO and BSA/PEO NFs (top) and LYZ, PEO and LYZ/PEO NFs (bottom). The PEO and unprocessed protein samples were prepared into
KBr pellets. The NFs were prepared from 15 % protein and 3 % PEO solutions, and the mats were measured in their unprocessed state. Inset: enlarged detail of 840

cm~! band corresponding to the PEO asymmetric CH, rocking motion.

antibacterial activity against all tested bacteria. In bacterial species
M. luteus, S. aureus, MRSA and S. epidermidis, the MIC remained un-
changed. However, in A. salmonicida, B. circulans, B. subtilis and E. coli,
both the MIC and the MBC were increased, especially in the BSA/PIS
NFs. Additionally, in most cases, the activity of the LYZ/PIS NFs was
greater than that of the BSA/PIS NFs, even surpassing that of the free PIS
in some species, as highlighted in bold in Table 2.

3.5. Preparation of Ab NFs and activity analysis of peroxidase-conjugated
antibody

To test the feasibility of the system with larger and more complex
proteins with non-structural functions, the repertoire of proteins to be
encapsulated was extended. A commercial combination of peroxidase
and antibody, i.e., HRP-IgG, was incorporated into the BSA NFs. Fig. 6

displays an image of the synthesized BSA/Ab NFs as well as the fre-
quency histogram of diameters. The synthesized NFs were homoge-
neous, with an average diameter of 513 + 70 nm. Supplementary Fig. 3
shows general images of these NFs at lower magnification.

PEO and PEO/BSA NFs with HRP-IgG and without HRP-IgG (control)
were used to test the retained activity of HRP-IgG. After 1 month of
storage at —20 °C, NFs were dissolved in TBS to a final dilution of 1:500
of the initial HRP-IgG stock, or an equivalent volume for control NFs,
and 2-fold serially diluted up to 5 times. The retained peroxidase activity
in these samples was then determined together with corresponding di-
lutions of the HRP-IgG fresh stock, which was found to adjust to a linear
correlation (Y = 1963 x - 0.02739; R? = 0.9979) (Fig. 7A). Thus, it is
observed that, in comparison to HRP-IgG controls, the peroxidase ac-
tivity of the HRP was reduced up to 7.4 + 0.5 folds in NFs without BSA,
but just only about 4 folds (precisely, 3.9 + 0.26) in BSA NFs, meaning a
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LYZ/PIS NFs
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Fig. 5. FESEM images and diameter frequency histograms of BSA/PIS (left) and LYZ/PIS (right) electrospun NFs. Histogram data were obtained from multiple
micrographs (100 individual measurements). Best-fit adjustments to a Gaussian distribution are indicated in red. Average diameter (X) + SD, as well as coefficient of
variation (CV, %) are also stated. Scale bar: 200 nm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

Table 2

Minimum inhibitory concentration (MIC) and minimum bactericidal concen-
tration (MBC) of commercial PIS and the proportion of PIS contained in the BSA/
PIS and LYZ/PIS NFs against A. salmonicida, B. circulans, B. subtilis, E. coli, M.
luteus, S. aureus, MRSA and S. epidermidis.

0g MIC (pg/mL) MBC (pg/mL)
PIS BSA/PIS LYZ/PIS PIS BSA/PIS LYZ/PIS
NFs NFs NFs NFs

A. salmonicida 7.8 31.3 7.8 15.6 249.6 15.6
B. circulans 15.6  62.6 5.0 15.6  249.6 7.8
B. subtilis 15.6  31.3 7.8 31.3 62.6 31.3
E. coli 31.3 62.6 31.3 62.6 124.8 124.8
M. luteus 15.6 15.6 7.8 31.3 1248 62.6
S. aureus 31.3 313 31.3 62.6 62.6 62.6
MRSA 15.6 15.6 7.8 31.3 31.3 31.3
S. epidermidis 3.9 3.9 2.0 7.8 7.8 2.0

Freq.
X =513+ 70 nm
CV =14%
600 900 1200

Diameter (nm)

Fig. 6. FESEM image and diameter frequency histogram of BSA/Ab electrospun
NFs. Histogram data were obtained from multiple micrographs (100 individual
measurements). Best-fit adjustments to a Gaussian distribution are indicated in
red. Average diameter (X) + SD, as well as coefficient of variation (CV, %) are
also stated. Scale bar: 200 nm. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

residual activity of 13.5 + 0.9 % and 25.7 + 1.7 %, respectively.
Considering this result, in a follow-up ELISA assay targeting mouse
IgG detection using these samples (Fig. 7B), obtaining lower signals
relative to the peroxidase activity would indicate a reduced epitope
recognition activity of the antibody. However, this was not the case for
NFs with BSA and encapsulated HRP-IgG. At least three dilutions from
these samples showed signals above the assay's detection limit (0.0147
+ 0.003 a.u. of Ass0). On average, these NFs retained 31.9 &+ 0.9 % of
their activity compared to controls (which adjusted to a quadratic cor-
relation: Y = 71854 x 2 + 199.3x - 0.0247; R? = 0,9989). For the NFs
without BSA, only the lowest dilution (1:500) gave a signal within the
detection limit of the assay (0.0111 + 0.0042 a.u. of A4sp). The average
activity retention of HRP-IgG from these NFs was 8.5 + 0.9 % compared

to the control.
4. Discussion

This study represents the first report on the production and charac-
terization of NFs with high content of two non-structural proteins, i.e.,
BSA and LYZ. To date, BSA and LYZ have been incorporated into NFs in
combination with PEO in certain studies [17,27,28]. Nevertheless, in
most of these studies, they have been utilized in limited amounts as
model proteins to examine drug release, rather than serving as the pri-
mary constituent of the NFs. PEO was selected as the copolymer based
on previous studies that identified PEO (nominal 600 kg/mol PEO) as an
interesting polymer for electrospinning due to its optimal biocompati-
bility and biodegradability properties [18].

The present study has identified viscosity of the solutions as a crucial
factor in the formation of NFs. Previous reports have also highlighted the
notable impact of viscosity on morphology and size during the electro-
spinning process [29]. Some studies indicate that viscosity ranges of 300
to 2000 mPa-s in polymeric PEO solutions are considered appropriate for
electrospinning [29-31]. However, the optimal viscosity range may
differ based on the specific conditions and electrospinning setup being
utilized. As shown in Fig. 1, viscosity increased with protein concen-
tration and LYZ solutions showed higher viscosity than BSA solutions,
which could be attributed to the repulsion that PEO induces between
LYZ molecules [32], leading in turn to an increase in resistance to flow
[33]. Another notable aspect is that the viscosities of all electrospinnable
protein solutions are below 2300 mPa-s. However, PEO solutions with
such viscosities were not able to be electrospun. This suggests that the
addition of proteins can significantly improve the electrospinnability of
the PEO solutions, acting as stabilizing agents. The addition of proteins
in electrospinning solutions has been shown to increase conductivity
[341, which in turn can enhance the uniformity of the electrospun fibers
[351.

The NFs from solutions with lower protein concentration displayed
certain defects, such as small droplets, which could be attributed to a
combination of electrospraying and electrospinning, possibly resulting
from the low viscoelasticity of the solution [36]. Overall, all NFs showed
uniformity in diameter, as confirmed by CVs. A low CV suggests that
there is less variation and greater consistency in a measured charac-
teristic. Normally, a CV above 30 % indicates a high variability and
therefore issues in the experiment [37]. In this case, all calculated CVs
were within the range of 11-24 %, indicating high similarity in di-
ameters within each sample.

The structure of the proteins within the NFs remained intact, as
confirmed by SDS-PAGE and FTIR spectroscopy studies. Specifically, the
electrophoretic mobility of the samples indicates that the proteins did
not undergo any significant molecular conformation alterations during
the electrospinning and solution preparation processes, as there were no
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Fig. 7. Peroxidase and antigen-recognition activity of NF-encapsulated HRP-IgG. Two-fold serial dilutions starting in 1:500 (i.e., 0.002 dilution) of experimental and
control samples were tested for enzymatic peroxidase (A) and antigen-recognition (B) activity. Represented sample groups include HRP-IgG as positive control (Ab
(+)), and BSA/PEO (negative control, BSA NF (-)), HRP-IgG-loaded PEO (Ab NF), and HRP-IgG-loaded BSA/PEO (BSA-Ab NF) NFs. Data is presented as means + SD
of absorbance values at 450 nm in arbitrary units (A4so, a.u.) from representative experiments, each performed in triplicate.

significant indications of aggregation or hydrolysis [38]. On the other
hand, the FTIR spectroscopy results showed distinct peaks for PEO, BSA,
and LYZ, which agreed with previous findings [17,39]. BSA and LYZ NFs
also exhibited these characteristic peaks, confirming the correct incor-
poration of protein in the NFs and indicating that the protein was not
significantly altered during the electrospinning process. Finally, the
structure of LYZ also demonstrated its preservation within the NFs, as
the antibacterial activity was maintained at comparable levels to those
of the free protein.

Once the integrity and stability of the synthesized NFs were
demonstrated, the potential of these platforms as encapsulation and
preservation systems for bioactive compounds was explored. To this
end, proteins from the immune system with specific functions whose
activities were easily evaluable were selected.

PIS was chosen for its loading into NFs due to its potent antimicrobial
activity and because its incorporation into NFs had not been previously
described. Its inclusion was carried out in both BSA and LYZ NFs to
determine if there were differences in the antibacterial activity when
evaluating it alongside a protein with and without activity. The NFs
synthesized with PIS, i.e., BSA/PIS and LYZ/PIS, showed homogeneity
and diameters of 625 + 58 nm and 618 + 73 nm, respectively. Their
antibacterial activity was determined against pathogenic bacteria and
an antibiotic-resistant bacteria (MRSA). The results obtained with free
PIS are consistent with studies conducted by Pan et al., where MICs
ranging from 3 to 50 pg/mL were obtained against Gram-negative
bacteria [40]. Regarding the activity of the BSA/PIS and LYZ/PIS NFs,
the MICs were calculated taking into account the proportion of PIS
present in the NFs. It was observed that all NFs showed antibacterial
activity, to a greater or lesser extent. In some species, the activity
decreased compared to the free PIS, especially in the BSA/PIS NFs, with
a higher MIC or MBC being observed. The lower activity observed in
BSA/PIS NFs may be related to the use of BSA as a protective agent in
NFs, aiding in the controlled and sustained release of drugs and thus
preventing their initial burst releases [41,42]. In some other bacterial
species, it was observed that the MIC or MBC of LYZ/PIS NFs was lower
than that of BSA/PIS or even free PIS, even though these bacteria were
not susceptible to LYZ. This suggests a potential synergy between LYZ
and PIS, which could be a promising avenue for future research.

So far, the potentially therapeutic proteins incorporated into the NF
system developed here have been of low/medium molecular weight, and
therefore with relatively simple and renaturable higher structures (i.e.,
secondary and tertiary). Consequently, it was decided to incorporate
more complex proteins, such as antibodies, specifically the HRP-IgG
antibody. This strategy also allowed the evaluation of both the enzy-
matic and antigen recognition activity of a protein complex that is larger
(almost 200 kDa) than its components (about 44 kDa for HRP and 150

kDa for IgG).

Based on the results obtained, NFs without BSA exhibited a signifi-
cant decrease in both peroxidase activity and epitope recognition,
possibly attributed to antibody denaturation occurring during electro-
spinning or storage [43,44]. Conversely, the inclusion of BSA in NFs
appears to suggest a potential protective effect on the peroxidase activity
of HRP-IgG. Despite the reduced peroxidase activity, the epitope
recognition of the antibody in NFs with BSA remained relatively intact.
This observation aligns with the well-documented stabilizing properties
of BSA, which can act to prevent enzyme inactivation and protect pro-
teins from unfolding or degradation [45,46]. The inclusion of BSA
within the NFs likely creates a more favorable microenvironment for
HRP-IgG, mitigating the potential stresses of encapsulation and storage.
Future studies will focus on this direction, as well as on tuning the
polymer composition to optimize the release kinetics, with special
attention to the potential synergistic effects of blends of PEO and other
polymers. Such modifications could pave the way for improved control
over the release profiles, which is critical for applications in drug
delivery.

5. Conclusions

The study successfully synthesized BSA and LYZ NFs as stable
encapsulation platforms based on high protein amounts. Besides facili-
tating electrospinning, this platform serves as a stabilization system for
the incorporation of other bioactive compounds. The uniform appear-
ance of proteins in the NFs, as well as their structural integrity, which
remained intact even at higher concentrations, indicate the potential of
the synthesized NFs for effective biomedical applications. The antibac-
terial activity of PIS was generally maintained compared to free PIS,
with LYZ/PIS NFs being more active than BSA/PIS NFs. The Ab activity
was preserved in the NFs incorporating HRP-IgG, with preservation
being notably higher in the NFs containing BSA. These findings support
the viability of NFs as platforms for bioactive drug administration,
highlighting their ability to maintain biological activity while enhancing
stability.
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