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Mariana Montserrat Flores-Nieves a, Raúl Castellanos-Espinoza b, Miriam Estevez c,
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Abstract The present study describes the harnessing of revalued cow milk (denoted as waste milk)

for fabricating casein fibers (CAS) with enhanced mechanical performance and antibacterial prop-

erties by the electrospinning method. For this purpose, polyethylene oxide (PEO) was employed (10

and 20 wt%) as a binder for the appropriate electrospun CAS fibers. Different amount of tannic

acid (TA) was incorporated into casein/polyethylene oxide fibers (CAS/PEO) as a crosslinker agent,

bringing filaments with a diameter of ca. 2 mm. The incorporation of 4 wt% of TA promotes the

fibers’ reticulation, forming a stable three-dimensional network. Also, the mechanical performance

of CAS/PEO fibers was improved, where the tensile strength was increased from 0.91 MPa to

1.88 MPa with 4 % of TA, while the breaking elongation was increased from 93.74 % to

274.56 %. This behavior benefits the processing of fibers by electrospinning. Furthermore, the

TA addition during the electrospun of CAS/PEO fibers enhances fibers’ wettability properties

and thermal stability induced by the crosslinker agent. Additionally, the antibacterial activity

(AA) test demonstrates that CAS fibers can inhibit the growth of Gram-positive S. aureus and
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Gram-negative E. coli after 0.5 h, 1.5 h, 3 h, and 24 h of contact, which is generated by the TA addi-

tion. Our results suggest that the electrospun fabrication of CAS/PEO fibers with TA as a crosslin-

ker agent represents an innovative harnessing of waste milk to produce functional textiles with

potential biological application.

� 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Milk has been considered a perfect food for human consumption due

to the high source of nutrients, including water (87 %), total solids

(13.1 %), fats (4.0 %), proteins (3.4 %), lactose (4.8 %) and minerals

(0.8 %) (Alichanidis et al., 2016; Foroutan et al., 2019). However,

about 83 % of daily production worldwide comes from cows, where

between 4 and 11 million tons are considered waste products

(Ahmad et al., 2019). In particular, revalued milk, commonly men-

tioned as ‘‘waste milk,” has been known to contain drug residues such

as antibiotics, representing a significant health risk to human con-

sumption, including allergic reactions and antibiotic resistance. There-

fore, human consumption is restricted (Beyene, 2016; Sachi et al.,

2019). Several technologies have been employed to extract, purify or

reuse materials to generate bioproducts with high added value, such

as textiles (Stenton et al., 2021), aiming to develop alternatives based

on the circular economy and the appropriate harnessing of wastes with

potential application in biomedicine (Orejuela-Escobar et al., 2021;

Tham et al., 2019). In particular, casein (CAS) is a protein constituted

by three polypeptide chains (aS1, aS2, and b) and represents 80 % of

milk composition (Davoodi et al., 2016; Raak and Corredig, 2021).

The chemical structure includes phosphoproteins in their molecular

arrangement as a random spiral with the presence of polar groups

(phosphate groups bonded to serine units), demonstrating high lipo-

philic properties (Lopes et al., 2007). It also possesses high barrier

properties to non-polar molecules and has been considered a candidate

for fabricating paper coatings, adhesives, food packaging, textiles, and

fibers (Audic et al., 2003; Belkhir et al., 2021a; Wusigale et al., 2020). It

has been claimed that CAS fibers represent a significant challenge in

manufacturing non-toxic and biodegradable materials for biomedical

and textile applications (Thill et al., 2021). Due to their resistance to

UV radiation can be feasibly blended with other fibers such as cotton.

In addition, it is biocompatible in contact with skin and presents

antimicrobial characteristics (Ali et al., 2020). However, the processing

of CAS fibers could be compromised due to low mechanical properties,

poor water resistance, and brittle texture; therefore, is required to add

additives to maintain the intrinsic properties and durability of the final

product, such as plasticizers, binders, and crosslinker agents (Ghosh

et al., 2009). The primary function of plasticizers (i.e., glycerol) is

the conformation of a porous 3D network structure with enhanced

permeability, elasticity, and swelling properties, producing an appeal-

ing platform for specific biological applications (Mbituyimana et al.,

2021).

One of the innovative and low-cost trends for processing the reval-

uated CAS is the manufacture of filaments, which can be used in the

textile sector or biomedicine due to their biocompatibility and degrad-

ability (Belkhir et al., 2021b; Liu et al., 2018). In this sense, electrospin-

ning is a versatile technique capable of producing fibers from 50 nm to

500 mm, with high control of morphology and arrangement. The sys-

tem is based on the polymer solution in a syringe (as a cathode)

charged with a high voltage source to generate droplets by electrostatic

attractions, forming a characteristic Taylor cone. As a result, the

trusted polymer solution is ejected at a specific distance to form uni-

form filaments and collected on a surface (as an anode), where param-

eters such as polymer solution and the equipment configuration play

an essential role in successfully obtaining fibers. Furthermore, the elec-

trospun process from biopolymers such as CAS allows water as a sol-

vent to disperse the polymer solution with relatively fast evaporation,
with the possibility of natural biomimetic structures. However, the

intrinsic chemical nature of these materials could interfere with the

native conformation of biopolymers and have low spinnability poten-

tial (Wilk and Benko, 2021). The fabrication of electrospun CAS fila-

ments with other polymers as support has been reported to improve

their spinnability characteristics, such as polyethylene oxide (PEO)

(Minaei et al., 2019), pullulan (Tomasula et al., 2016), and polyvinyl

alcohol (Bairagi et al., 2021). According to Mo et al. 2021 (Mo et al.

2021), PEO is an uncharged synthetic polymer and multifunctional

binder due to its high flexibility and ionic conductance in concentra-

tions ca. 1–20 wt% respect to the material. Significant advantages of

PEO during the electrospun process include high adhesive perfor-

mance, low cost, and environmental friendliness. This phenomenon

is attributed to the low repulsive forces between the PEO and the con-

tinuous phase (i.e., biopolymer), allowing the nanofibers conformation

(Hu et al., 2015).

Aiming to improve mechanical performance and the functionality

and the of CAS fibers, tannic acid (TA) has been proposed as a cross-

linker agent due to water-solubility features such as antioxidant and

antimicrobial capacity, commonly used in biomedical and food-

packaging applications. In this regard, TA reported high affinity with

support polymers such as PEO and polyvinyl acid (PVA), suggesting

the possible enhancement of physic-mechanical characteristics

(Bairagi et al., 2021). Furthermore, TA is a polyphenol obtained from

a mixture of polygalloyl glucose molecules commonly obtained from

plants, with an empirical formula C76H52O46 (Sahiner et al., 2016),

and recently has been proposed as an additive for membrane technol-

ogy applications due to their hydrophilic and antifouling characteris-

tics, and performing the surface interface of polymer membranes

(Yan et al., 2020). Also, TA has been directly formulated to produce

crosslinked fibers due to antioxidant, anti-inflammatory, and antibac-

terial properties, suggesting their application as wound dressing mate-

rial (Sahiner et al., 2021).

According to the above, our study describes the harnessing of

revalued cow milk from the CAS extraction and their formulation to

produce fibers by the electrospinning method. For this purpose, puri-

fied CAS was formulated with PEO as a binder and incorporated dif-

ferent amounts of TA as a crosslinker agent. The goal was to focus on

the optimal exploitation of waste milk to produce electrospun fibers,

aiming to build a stable 3D network with optimal mechanical perfor-

mance and antibacterial properties desirable for biomedical

applications.

2. Experimental

2.1. Materials

Revaluated milk denominated as ‘‘waste milk” was obtained
from Holstein cows of dairy farms (Querétaro). For the CAS
extraction and purification, anhydrous acetic acid, ethanol,

and triethanolamine were purchased from J.T. Baker and used
as received. Polyethylene oxide (PEO, Mv 4,000,000) and tan-
nic acid (purity 98 %, Mw 1701.20 g/mol) were purchased

from Sigma Aldrich for electrospun fibers formulation. CAS
extraction from waste milk was performed according to previ-
ous reports (D Kaveendi Chandrasiri et al., 2019; Siroěić et al.,

http://creativecommons.org/licenses/by/4.0/


Table 3 Thermal stability of CAS and electrospun CAS/PEO

fibers was obtained by waste milk at 270 �C and 430 �C.

Sample Weight

(%)

at 270 �C

Weight

(%)

at 392 �C

Weight

(%)

at 430 �C

CAS 91.83 39.95 34.97

CAS/PEO 90/10 83.12 38.22 28.48

CAS/PEO 90/10–2 %TA 86.21 48.29 39.58

CAS/PEO 90/10–4 %TA 95.44 62.82 54.27
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2016), and the procedure was explained in the Supporting
information (S1). Antibacterial activity (AA) of CAS filaments
was evaluated using strains of Gram-positive Staphylococcus

aureus # 6538 and Gram-negative Escherichia coli # 25922
from American Type Cell Culture (ATCC). Both microorgan-
isms were grown in Luria Bertani media (BD Bioxon). Phos-

phate buffer solution (PBS) pH 7.1 was employed for
bacterial survival recovery.

2.2. Formulation of CAS solution for electrospinning

1 g of CAS powder was mixed with 0.5 mL of triethanolamine
(0.5 %) in 9.5 mL of deionized water (w/v). Triethanolamine

was employed as a pH regulator. The obtained solution was
stirred at room temperature for 12 h. PEO solution was used
as a binder to promote the formation of the fibers. For this
purpose, 0.7 g of PEO was dissolved in 9.3 mL of deionized

water (0.7 % w/v) and stirred for 12 h at room temperature.
A mix of CAS/PEO solution was prepared in a relation
90/10 and 80/20, respectively, and stirred 60 min before the

electrospinning process. From CAS/PEO solutions, TA solu-
tion (2 and 4 wt%) was added to evaluate the reticulation pro-
cess. Table 1 shows the formulation of CAS/PEO samples

Table 2

2.3. Electrospun of CAS/PEO fibers

The electrospinning process was performed using GIGA IE�
electrospinning equipment placed inside a humidity control
cabinet (ca. 40 %). First, 5 mL of each sample was placed in
a syringe and injected at 220 mL/h, with a voltage of 15 kV

and 13 cm distance. Then, the electrospun process to obtain
fibers was performed for 8 h. Fibers were collected using a
rotatory collector at 3000 rpm, using aluminum foil as a sub-

strate for fiber deposition.

2.4. CAS/PEO fibers characterization

Surface morphology and average diameter of CAS/PEO fibers
were performed by Scanning Electron Microscopy (SEM)
Table 1 Formulation of CAS solution with PEO and different amo

Sample TA concentration

CAS/PEO 90/10 –

CAS/PEO 80/20–2 %TA 2 %

CAS/PEO 90/10–2 %TA 2 %

CAS/PEO 90/10–4 %TA 4 %

Table 2 Surface roughness analysis of electrospun CAS/PEO fibers

Sample Surface roughness (Rq, nm) Surfac

CAS/PEO 90/10 8.57 ± 0.80 6.23 ±

CAS/PEO 80/20–2 %TA 6.22 ± 2.19 5.02 ±

CAS/PEO 90/10–2 %TA 11.71 ± 10.92 8,28 ±

CAS/PEO 90/10–4 %TA 5.86 ± 3.20 4.07 ±
using a JEOL JSM-6610LV in SEI mode, with a work distance
of 10 mm and 15 kV. Fourier Transform Infrared Spec-

troscopy (FTIR) was determined using a Perkin Elmer Spec-
trum Gx in a fully attenuated ATR mode range of 4000 to
400 cm�1. The mechanical performance of electrospun CAS/

PEO fibers was evaluated using a tensile testing machine,
Zwick/Roell model Z005, according to the ASTM D3822.
Tensile loads of each sample were adjusted through the cross-

head displacement, connected to a 500 N load cell, aiming to
determine the constant elongation rate (CRE). The tensile
assay was performed using 500 mm/min thin film clamps.
Complementary mechanical and topographical properties at

the nanoscale were analyzed by atomic force microscopy
(AFM) using an AFM Park NX10 Park system, Sowon, South
Korea. The measurements were carried out by pinpoint mode

with a cantilever (Al-coated, 0.2 N/m, 25 kHz) with a
256 � 256 pixels resolution. Contact angle measurements
(CA) were performed for biological purposes to determine

the water affinity in CAS/PEO fibers using a goniometer
KRUSS model DSA30. A drop of deionized water was placed
at the surface of 1 cm2 of each sample, and the CA value was
determined after 30 s. Thermogravimetric analysis of electro-

spun CAS/PEO fibers was performed in a TGA/DSC 2 STARe
System Mettler Toledo, at a temperature of 25–600 �C, rate of
20 �C/min, under a nitrogen atmosphere. Antibacterial activity

(AA) kinetics of electrospun fibers was evaluated according to
the standard AATCC 100 ‘‘Antibacterial evaluation of textiles”
against S. aureus and E. coli, with slight modifications. Briefly,

samples were cut into squares (1 cm2), sterilized by UV irradi-
unt of TA for electrospinning.

CAS content (%) TA content (%)

90 10

80 20

90 10

90 10

with different amounts of TA.

e roughness (Ra, nm) Young modulus

Max

(MPa)

Young modulus

Mean

(MPa)

0.48 145.51 ± 55.16 32.57 ± 4.54

2.15 340.59 ± 68.79 113.28 ± 62.96

7.23 272.17 ± 138.09 75.64 ± 17.74

1.97 549.26 ± 315.59 150.08 ± 34.62
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ation for 10 min, and placed in a sterile Petri dish conditioned
as a humidity chamber under sterile conditions. Each microor-
ganism’s bacterial inoculum was grown in Luria Bertani media

(LB) for 16 h and adjusted to the final concentration of 1x105

colony forming unit per milliliter (CFU/mL). 20 mL of bacte-
rial suspension was placed at the surface of each sample and

incubated for 0.5 h, 1.5 h, 3 h, and 24 h, respectively, at
37 �C with 40 % humidity. After bacterial-CAS/PEO fibers
interaction, each sample was washed with 3 mL of PBS, and

an aliquot of 50 mL was plated in LB dishes to obtain the sur-
vival bacteria. The experiments were performed for three inde-
pendent experiments by duplication. To calculate the AA, we
use the following equation:

AA ¼ ððCo� CÞ=CoÞ � 100
Where the Co is the reference of bacterial growth (as con-

trol), and C is each CAS/PEO fiber.

3. Results and discussion

Functional textiles obtained from revalued sources have
gained attention, aiming to develop sustainable materials and

reduce the carbon footprint of the conventional textile fabrica-
tion process. In this regard, casein (CAS) obtained from waste
cow milk was purified, and their chemical composition was

determined by FTIR comparing the purification methods of
Fig. 1 SEM micrographs and diameter size histograms of CAS/PEO

CAS/PEO 80/20–2 %TA, c) CAS/PEO 90/10–2 %TA, and d) CAS/P
obtained CAS using different solvents (ethanol and a mix of
1:1 ethanol/ether) with casein hydrolysate as a reference (Sup-
porting information, S2). The characteristic vibrations of

obtained CAS from waste milk were found and are associated
with an appropriated CAS extraction. A slight decrease of
OH/NH vibrations suggests that ethanol and ethanol/ether

extraction decrease the final water content in CAS. To select
the lower cost of CAS purification, CAS washed with ethanol
was employed for the electrospun process.

3.1. Morphology of CAS/PEO fibers by SEM

SEM micrographs were obtained to determine electrospun

fibers’ structural morphology and size (Fig. 1). It can be seen
that pristine CAS/PEO solution (Fig. 1a) presents fibers with
a characteristic matted and irregular morphology, with a diam-
eter of 2 to 16 mm. Although the CAS solution itself is not

spinnable, the presence of PEO promotes filament formation.
However, it is important to note that CAS/PEO fibers are sus-
ceptible to the electron beam of an SEM microscope (15 kV),

associated with the poor physicochemical stability of biopoly-
mer and low viscoelasticity (Xie and Hsieh, 2003). Therefore,
incorporating TA in the CAS/PEO solutions increases the for-

mation of the fibers (Fig. 1b, 1c, and 1d) and improves the uni-
formity of filaments. Also, TA addition maintains the fiber
diameter ca. 2 mm, which is not modified by the TA concentra-
fibers obtained by electrospinning method: a) CAS/PEO 90/10, b)

EO 90/10–4 %TA.
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tion (2 and 4 wt% respectively). Furthermore, in the higher TA
concentration (Fig. 1d), it is clear that a 3D network is
obtained, corroborating the successful reticulation of CAS

fibers. This behavior suggests that TA, as a natural phenolic
compound, interacts with the CAS solution, promoting their
interaction through hydrogen bonds between the CAS polymer

chains (Zhang et al., 2010), generating a well-defined fibers net-
work, aiming to improve their mechanical performance (Xie
and Hsieh, 2003).

3.2. The role of TA incorporation into CAS/PEO fibers by FTIR

FTIR spectra were obtained (Fig. 2) to determine the incorpo-

ration of TA as a crosslinker agent into CAS/PEO fibers. For
CAS/PEO fibers, characteristic vibrations located at
1647 cm�1, 1545 cm�1, and 1230 cm�1 correspond to amide
I (C‚O stretching), amide II (NAH bending), and amide III

(CAN and NAH stretching) vibrations of an a-helical struc-
ture of casein (Picchio et al., 2018), as observed in Fig. 2b. Fur-
thermore, the TA incorporation increase the signal located at

3280 cm�1 associated with the availability of the NH/OH
Fig. 2 FTIR spectra of CAS/PEO fibers and the effect of TA

incorporation as a crosslinker agent. a) Region to 4000 cm�1 from

2500 cm�1 and b) Region to 1900 cm�1 from 700 cm�1.
groups (Fig. 2a), suggesting the reticulation of CAS during
the electrospun process. Also, the vibrations located at
1446 cm�1 (associated with the carboxylate group OACAO)

and 1714 cm�1 are increased by the aromatic esters presented
in TA (Wahyono et al., 2019). As a consequence, the effect of
TA as a crosslinker (ca. 2–4 wt%) is presented in the shifted

signals located at 1351 cm�1 and 1193 cm�1, attributed to
the interaction of hydroxyl groups of the phenolic structure
of TA and the amine groups present of CAS (Minaei et al.,

2019; Picchio et al., 2018; Zhang et al., 2010). According to
Sahined et al. (Sahiner et al., 2016)(Sahiner et al., 2021), the
TA shows a characteristic peak at ca. 3600–3000 cm�1 associ-
ated with the OAH vibration of the phenolic compounds, the

C‚O vibration at 1697 cm�1, the stretching of aromatic vibra-
tions at 1612, 1521 and 1426 cm�1 and the benzene peaks
located at 1016 and 1175 cm�1. The –OH availability of

CAS/PEO fibers slightly decreases with the TA incorporation
percentage, suggesting the successful reticulation of CAS/
PEO fibers obtained from the electrospun process.
Fig. 3 Mechanical performance of CAS fibers and the incorpo-

ration of TA as crosslinker agent, obtained by electrospinning

method. The top graph shows the strain vs stress curves of

electrospun CAS/PEO fibers, and the bottom graph shows the

mechanical comparison of CAS/PEO fibers.
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3.3. Mechanical performance of CAS/PEO fibers

The mechanical performance of CAS fibers provides informa-
tion about the electrospun fibers´ integrity and stability with the
incorporation of TA as a crosslinker agent, where their resis-

tance (Tensile strength, TS) and flexibility (Breaking elonga-
tion, BE) are important to obtaining functional textiles for
biomedical applications. Fig. 3a shows the stress–strain curves
of CAS/PEO fibers, indicating that the CAS formulation with

a different amount of TA intervenes in the mechanical perfor-
mance of electrospun fibers. It can be seen that CAS/PEO
90/10–4 % TA demonstrates a higher mechanical perfor-

mance, as compared with the other formulations, associated
with the crosslinking reaction induced by the TA addition
and corroborated by SEM analysis (Fig. 2d) and coincide with

the reported by Wagh et al. 2014 (Wagh et al., 2014), where
CAS films were mechanically improved by the addition of glyc-
erol as a plasticizer. Fig. 3b shows the mechanical performance

comparison between CAS/PEO samples with different
amounts of TA. The lower mechanical performance of CAS
fibers (CAS/PEO 90/10–2 % TA) is due to the water solubility
Fig. 4 AFM analyses of CAS/PEO fibers obtained by the electrosp

15 mm2; upper right shows the surface roughness analysis of Root Mea

right shows the mechanical strength (MPa) of CAS/PEO fibers.
of CAS and lower molecular weight (Yang and Reddy, 2012),
associated with the high interactive forces between polar
amino acids, resulting in shrinker filaments with brittle fea-

tures. The performance in the mechanical strength induced
by the reticulation between the TA and the CAS chains
(Picchio et al., 2018; Yang and Reddy, 2012) is reflected in

CAS/PEO 80/20–2 % TA and CAS/PEO 90/10–4 %TA values
(Supporting information, S3). According to Picchio et al. [22],
organic plasticizers are commonly employed in biodegradable

polymers due to their capacity to provide high mechanical
properties and elasticity, desirable in food package applica-
tions. According to the above, our results suggest that the
TA incorporation in CAS/PEO fibers improves their physical

characteristics and stability, offering their potential use as
functional textiles for biomedical applications.

3.4. Surface topography of CAS/PEO fibers by AFM

The surface topography of CAS/PEO filaments and their
mechanical performance at the nanoscale were analyzed by

atomic force microscopy (AFM), as seen in Fig. 4. 2D and
un process. Left shows the 3D images of surface topography at

n Square (Rq) and surface roughness (Ra) values (nm), and lower



Fig. 5 Contact angle measurements (CA) of electrospun CAS/

PEO fibers with different amount of TA. A) CAS/PEO 90/10, B)

CAS/PEO 80/20–2% TA, C) CAS/PEO 90/10–2% TA and D)

CAS/PEO 90/10–4% TA. Photographs of representative CA

measurements were inset into the graph.

Fig. 6 Thermogravimetric analysis of CAS and electro
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three-dimensional micrographs of CAS/PEO fibers were
obtained. For CAS/PEO 90/10, the surface roughness values
of root mean square (Rq) and surface roughness (Ra) is ca.

8.75 nm, respectively, suggesting the formation of partially
smooth fibers. In particular, the presence of TA in CAS/
PEO 80/20 slightly decreases the value of Ra to ca. 6.22 nm.

However, for CAS/PEO 90/10–2 %TA, the surface roughness
slightly increases to ca. 12 nm Comparison of surface rough-
ness between CAS/PEO fibers is presented in Fig. 4 (upper

right). The results denote that the formulation of CAS fibers
with different TA concentrations intervenes in the reticulation
of fibers, increasing the surface roughness of filaments. Fur-
thermore, since CAS fibers present low humidity resistance,

the final surface roughness could affect filaments’ hydropho-
bic/hydrophilic properties (Xu et al., 2012). In addition, the
surface porosity of CAS/PEO fibers was obtained. The pore

diameter varies for CAS/PEO 90/10, ranging from ca.
241.90 nm to 1068 nm. However, the TA addition generates
a decrease in the pore diameter, ranging from 44.5 nm to

187.53 nm (CAS/PEO 80/20–2 %TA), from 367.31 nm
to 1029 nm (CAS/PEO 90/10–2 %TA), and 192.21 nm to
820.36 nm in CAS/PEO 90/10–4 %TA, respectively (Table 2).

The above indicates that the crosslinking reaction induced by
the TA intervenes in the pore diameter distribution. Mechani-
cal properties t the surface of CAS/PEO fibers were obtained
by AFM (Fig. 4 lower right), where the Young Modulus of

electrospun CAS/PEO fibers was determined. As a result, the
maximum mechanical strength before the break is enhanced
spun CAS/PEO fibers with TA as crosslinker agent.
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with the TA incorporation (Zhang et al., 2020a, 2020b), in
agreement with the mechanical performance in bulk obtained
in Fig. 3.

3.5. Wettability properties of CAS/PEO fibers

It has been claimed that CAS protein shows high water solubil-

ity. This behavior could compromise the physical stability of
filaments and functionality (Nishat Tasnim, 2019). However,
the design of functional filaments for biomedical issues

requires an able surface to promote cellular growth, optimal
for scaffold use (Yang and Reddy, 2012). In this sense, the wet-
tability properties of electrospun CAS/PEO fibers combined

with mechanical performance are crucial to developing opti-
mal fibers. Therefore, contact angle measurements (CA) were
performed with deionized water to determine the surface
polarity of electrospun CAS/PEO fibers. Measurements were

performed for 30 s to ensure drop stability during the measure-
ment. It can be seen in Fig. 5 that the CA of CAS/PEO 90/10
at ca. 94 ± 1.37� is associated with a partially hydrophobic

surface (Yao et al., 2019). We include representative pho-
tographs of each CA measurement, which were inset in
Fig. 5, to ensure the drop stability during the evaluation.

Despite the TA incorporation inducing a three-dimensional
rigid network, the formulation of CAS/PEO 80/20–2 %TA
demonstrates a CA of 60 ± 8.43�. However, for CAS/PEO
90/10–2 %TA, the CA slightly decreased to ca. 58 ± 2.7�.
Finally, it can be seen that with the highest amount of TA
(CAS/PEO 90/10–4 %TA), the CA increases to 75 ± 8.83�,
suggesting that the forming network could prevent water from

soaking through the electrospun fibers. According to Yao et al.
(Yao et al. 2019), the reinforcement of CAS matrix with poly-
Table 4 Comparison of mechanical and antibacterial properties of

applications.

Type of

protein

Reticulate

agent

Fiber’s

diameter (mm)

Tensile

strength

(MPa)

Breaking

elongatio

(%)

Casein (PP/

CAS 95:5)

Hydrolyzed

with HCl

N.R. 1190 ± 70 N.R.

Casein

(24 wt%)

Citric acid Ca. 150 60 ± 5.0 5 ± 2.0

Starch/

Casein

PEO Ca. 0.174 1.23 ± 0.39 99.0 ± 5

Silk fibroin Ethanol Ca.50 1.6 ± 0.3 0.35 ± 0

Collagen Glutaraldehyde Ca.150 Ca. 45 N.R.

Casein Glutaraldehyde Ca. 50 75 ± 10 N.R.

Soy PEO Ca. 0.25 N.R. N.R.

Zein with

PCL

Arabic gum 0.449 ± 0.242 1.5 ± 0.5 45 ± 5

Casein

(CAS/PEO

20:80)

Di-isocyanate Ca. 0.358 0.59 ± 2.42 156.3 ±

Casein

(CAS/PEO

90:10)

TA (4 %) Ca.2.0 1.88 274.56

N.R. not reported.
mers such as gelatin-coupled cellulose allows producing a
stable composite with enhanced hydrophilic properties, sug-
gesting that the mechanical tensile strength and Young´s mod-

ulus increase ca. 3.5–6 times, compared with the raw material.
The wettability characteristics of electrospun membranes allow
the evaluation of the surface energy performance in contact

with aqueous media. This parameter is vital for obtaining
functional membranes, such as water treatment systems (Lu
et al., 2021). Therefore, the hydrophilic properties performed

with the TA incorporation into CAS/PEO fibers could enhance
the interaction with bacteria suspended in liquid media, pro-
moting their direct contact with the 3D network produced
by CAS/PEO fibers.

3.6. Thermal stability of CAS/PEO fibers by TGA

The thermal stability of CAS, CAS/PEO fibers, and the TA

incorporation at different concentrations (2 and 4 %) was
determined by TGA measurements (Fig. 6). According to the
thermograms, a slight loss is observed at ca. 94–105 �C, attrib-
uted to the water embedded in CAS. The analysis of 1st deriva-
tive of CAS shows two losses at 194.95 �C and 338.59 �C.
However, the incorporation of PEO and TA in CAS promotes

the apparition of weight losses at different temperatures, i.e.,
CAS/PEO shows five losses (107.0 �C, 131.35 �C, 270.83 �C,
347.25 �C, and 383.66 �C); CAS/PEO with 2 % of TA shows
4 losses (94.29 �C, 249.78 �C, 336.84 �C, and 425.0 �C) and
CAS/PEO with 4 % of TA shows five losses (89.3 �C,
236.18 �C, 297.91 �C, 342.98 �C, and 424.45 �C. The above
suggests that the reticulation phenomena allow thermal degra-

dation to occur in several stages, increasing the thermal stabil-
ity of electrospun filaments. Also, the weight percentage of
different electrospun protein materials with potential biomedical

n

Biological application Reference

Antibacterial against S.

aureus and K.

pneumoniae

(Belkhir, Kedafi; Pillon, Caroline;

Cayla, Aurélie; Campagne, 2021)

Scaffold for fibroblast

growth

(Yang and Reddy, 2012)

.9 Antibacterial against B.

cereus and S.

typhimurium

(Cui et al., 2022)

.03 Biomimetic fibers (Madurga et al., 2017)

Suture strings for surgery (Zhang et al., 2020a, 2020b)

Suture strings for surgery (Zhang et al., 2020a, 2020b)

Wound healing scaffolds (Pereira et al., 2021)

Skin tissue engineering (Pedram Rad et al., 2019)

16.2 N.R. (Minaei et al., 2019)

AA against S. aureus and

E. coli.

This work
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CAS and electrospun CAS/PEO fibers at 270 �C, 392 �C, and
430 �C were obtained, as seen in Table 3. At 270 �C, CAS
shows a weight loss of 8.17 %, while the PEO incorporation

in CAS fibers shows a slight decrease of 16.88 %. However,
with the incorporation of TA at the highest concentration
(CAS/PEO 90/10–4 %TA), the weight loss is only 4.56 %, sug-

gesting that the crosslinking process induced by the TA
improves the thermal degradability behavior of CAS/PEO
fibers. In addition, at 430 �C, the final weight % of CAS is

ca. 34.97 %, while with the TA as crosslinker increases to
39.58 % (with 2 wt% TA) and 54.27 % (with 4 wt% TA),
respectively. The above establishes that the thermal stability
of electrospun CAS/PEO fibers can be improved by the inter-

molecular forces promoted through the hydrogen bonds
between CAS/PEO and TA. According to Wu et al. (Wu
et al., 2018), crosslinker agents such as transglutaminase

demonstrate a lower weight degradation and higher degrada-
tion temperature, attributed to the high hydrophobicity and
the less accessible and bond water produced by the reticulation

process.
Fig. 7 Antibacterial activity kinetics (AA) of CAS/PEO fibers agains

AA of S. aureus, b) AA of E. coli, c) representative photographs of the

E. coli.
Our results showed significant differences in the thermal sta-
bility and mechanical performance between the highest TA for-
mulation (CAS/PEO 90/10–4 %TA) and pristine CAS/PEO

electrospun filaments. In particular, the mechanical perfor-
mance was improved under our experimental conditions, sug-
gesting the potential harnessing of waste-cow milk for the

electrospun fabrication of innovative and non-toxic electrospun
fibrous membranes from biocompatible CAS desirable for
biomedical issues. According to Table 4, using protein-based

biopolymers for textile fabrication by electrospinning allows
for obtaining filaments with an average diameter of ca. 50–
150 mm.However, themechanical performance only is enhanced
with the presence of polypropylene, an engineering polymer

commonly used for biomedical devices. Under similar condi-
tions of reticulation (using citric acid and glutaraldehyde as
crosslinker agents), the tensile strength properties are similar

to our results. However, the average diameter of filaments
increases to ca. 50–150mm.The above suggests that ourobtained
filaments can be potentially used in biomedical applications,

such as antimicrobial textiles or scaffolds for tissue engineering.
t Gram (+) S. aureus and Gram (-) E. coli grown in LB media: a)

AA of S. aureus and d) representative photographs of the AA of
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3.7. Antibacterial activity of CAS/PEO fibers

Antibacterial activity kinetics (AA) was performed to deter-
mine the potential biological application of obtained electro-
spun CAS/PEO fibers, incorporating different amounts of

TA (2 and 4 wt%). AA was evaluated against Gram (+) S.
aureus and Gram (-) E. coli bacteria and compared with a ref-
erence growth (control), as observed in Fig. 7. It can be seen
that CAS/PEO 90/10 fibers do not show AA against in all tines

evaluated (Fig. 7A). However, with the TA addition, the AA is
ca. 95–99.99 % in 0.5, 1.5, and 3 h, with a complete bacterial
inhibition after 24 h of contact. This behavior is observed in

Fig. 7b through the plates of the survival CFU obtained after
each time evaluated. For the Gram (-) E. coli, a slight AA is
observed in CAS/PEO 90/10 fibers (ca. 20–25 %)., which is

increased in the contact time (as seen in Fig. 7c). As expected,
high AA behavior is presented in the fibers with the TA incor-
poration, and observed through the representative AA pho-

tographs (Fig. 7d). The above indicates that TA
incorporation is critical for the AA behavior of the electrospun
CAS fibers. TA, as a polyphenolic compound obtained from
natural sources, has demonstrated significant AA against a

broad bacterial spectrum such as S. aureus, E. coli, P. aerugi-
nosa, K. Pneumoniae, S. pyogenes, E. faecalis, among others,
representing an excellent additive to biomaterials due to their

capacity to promote the cell proliferation and tissue regenera-
tion in wound dressing systems (Kaczmarek, 2020), and there-
fore, does not represent a harmful effect on health. Our results

suggest that the TA incorporation of CAS/PEO fibers combi-
nes the crosslinking effect to improve the mechanical behavior
Fig. 8 Representative scheme of CAS interacti
and the antibacterial characteristics, generating a functional
textile for potential biomedical applications.

3.8. Reticulation mechanism of CAS/PEO fibers with TA
incorporation

Electrospun of natural proteins such as CAS, obtained from

revalued sources, have been explored to develop a biocompat-
ible and biodegradable material with enhanced mechanical
performance and thermal stability, with potential application

in tissue engineering (Dai et al., 2022; Lelkes et al., 2008;
Selvaraj et al., 2018; Yang and Reddy, 2012; Zhang et al.,
2020a, 2020b). In this regard, the intrinsic chemical nature of

CAS contains inside polar groups (–COOH, –NH2, and –
OH), enabling the formation of intra/intermolecular hydrogen
bonds (Eigel et al., 1984; Xie and Hsieh, 2003). This feature is
responsible for the fact that CAS cannot form filaments by the

electrospinning method, so using polymers as binders is key to
appropriate filament fabrication (Picchio et al., 2018; Selvaraj
et al., 2018). In particular, it has been claimed that polyethy-

lene oxide (PEO) is characterized by its high ionic conductiv-
ity, flexibility, adhesion, and easy processing (Xu et al.,
2012), thus is commonly used as a co-spinning polymer to

improve the spinnability of CAS solution in water, suggesting
the formation of hydrogen bonds (Dai et al., 2022). According
to Xie, J., and Hsieh, Y.L. (Xie and Hsieh, 2003), the strong
interaction between CAS and PEO through hydrogen bonds

is due to their high compatibility during the solution prepara-
tion. Therefore, the interaction between the both polymers is
key to obtain a low phase separation. In addition, the incorpo-
on with PEO and their reticulation with TA.
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ration of tannic acid during the solution preparation, previous
to electrospun process, improve the fibers reticulation, where it
is clear the interaction of CAS/PEO with TA by intercon-

nected polypeptide chain of CAS, capable to form hydrogen
bonds interaction (Picchio et al., 2018). As a result, a stable
three-dimensional network is obtained, with enhanced

mechanical performance. A representative scheme of CAS
interaction with PEO and the reticulation process by TA addi-
tion is presented in Fig. 8.

4. Conclusions

Revalued waste milk was harnessed to produce electrospun fibrous

membranes from a natural protein (CAS) with improved thermo-

mechanical and antibacterial properties. In this regard, CAS/PEO

fibers incorporating tannic acid (TA) as a crosslinker agent was per-

formed, obtaining filaments with a slightly irregular morphology with

a diameter of ca. 2 mm, capable of forming a stable three-dimensional

network non-soluble in water. Furthermore, TA induces chemical

changes associated with the reticulation process in electrospun fila-

ments, as observed in the availability of OH/NH2 polar groups of

CAS using FTIR measurements. This behavior enhances the mechan-

ical performance and the thermal stability of electrospun CAS/PEO

fibers associated with the TA concentration. Although the CAS/PEO

solution was prepared under aqueous conditions (deionized water),

this allowed obtaining electrospun fibrous membranes from revalued

waste milk. AA results demonstrate high antibacterial properties of

CAS/PEO fibers with the incorporation of TA against S. aureus and

E. coli. Our results suggest the possibility of harnessing revalued waste

sources to produce functional textiles with potential application in

biomedical issues.
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