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Abstract: Polyamide-6 (PA) is a popular textile polymer having desirable mechanical and thermal
properties, chemical stability, and biocompatibility. However, PA nanofibers are prone to bacterial
growth and user discomfort. ε-Poly-L-lysine (PL) is non-toxic, antimicrobial, and hydrophilic but
lacks spinnability due to its low molecular weight. Given its similar backbone structure to PA, with an
additional amino side chain, PL was integrated with PA to develop multifunctional nanofibers. This
study explores a simple, scalable method by which to obtain PL nanofibers by utilizing the structurally
similar PA as the base. The goal was to enhance the functionality of PA by addressing its drawbacks.
The study demonstrates spinnability of varying concentrations of PL with base PA while exploring
compositions with higher PL concentrations than previously reported. Electrospinning parameters
were studied to optimize the nanofiber properties. The effects of PL addition on morphology,
hydrophilicity, thermal stability, mechanical performance, and long-term antimicrobial activity of
nanofibers were evaluated. The maximum spinnable concentration of PL in PA-based nanofibers
resulted in super hydrophilicity (0◦ static water contact angle within 10 s), increased tensile strength
(1.02 MPa from 0.36 MPa of control), and efficient antimicrobial properties with long-term stability.
These enhanced characteristics hold promise for the composite nanofiber’s application in medical
and protective textiles.

Keywords: ε-poly-l-lysine; polyamide; antimicrobial textiles; hydrophilic; nanofiber

1. Introduction

Nanofibers are fibers with a diameter less than 1000 nm. Nanofibers have been
gaining increasing attention due to advantageous characteristics such as high surface-
to-volume ratio, low-pressure drop, good interconnectivity of voids, and controllable
connectivity and morphology. Nanofibers find applications in a wide range of areas owing
to their advantages, particularly in medical and protective textiles [1]. Electrospinning is
a commonly used method by which to spin nanofibers wherein a viscoelastic spinning
solution is fed at a continuous rate through a needle, and the needle is supplied with
high voltage. The electrostatic forces overcome the surface tension of the drop at needle
tip to form a jet. The jet stretches and solidifies into nanofiber on its way to a grounded
collector [2]. The popular use of the electrospinning technique is mainly due to its simple,
cost-effective setup and ability to manipulate the surface features and morphology of
nanofibers [3,4].

Functional textiles refer to a category of textile products, specially engineered for a
predetermined functionality above body covering and aesthetics. The vast area of func-
tional textiles includes several categories, such as, but not limited to, protective, medical,
sports, and electronic textiles [5]. Functional textile research has established several inno-
vative solutions that enhance the quality of life of the user. However, the optimization of
functional textiles is an on-going journey, with challenges in capturing real-use scenarios
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along with factors such as the scalability, durability, reusability, and non-toxicity of the
textile [6]. One of the categories of functional textiles is antimicrobial textiles. The antibiotic
resistance of bacterial strains and unavoidable bacterial contamination despite rigorous
hygiene protocols calls for antimicrobial surfaces in medical and protective settings [7,8].
Antimicrobial function in textiles prevents microorganisms from reaching the wearer and
vice versa; therefore, it remains essential for a healthy environment, especially in a medical
setting. The antimicrobial function also allows for the material to be self-decontaminating,
ensuring the textiles’ usability throughout its shelf time [9,10]. Leaching and synthetic an-
timicrobial agents exhibit toxicity towards the wearer, therefore highlighting the importance
of naturally occurring non-toxic antimicrobial agents [10,11].

ε-poly-L-lysine (PL) is a cationic homopolyamide naturally produced by the filamen-
tous bacterium Streptomyces albulus [12,13]. The naturally occurring homopolyamide has
an antimicrobial function owing to the cationic α-amino group. PL has been found to ex-
hibit an antimicrobial function through the destruction of microbial growth via electrostatic
adsorption towards a wide range of Gram-positive and Gram-negative bacteria [12–14].
Either naturally or bio-synthetically, PL is commonly available at low molecular weights.
The available low molecular weight (3600–4300 Da) has been established for effective an-
timicrobial function due to the presence of 25–30 L-lysine residues exhibiting cationic action
against microorganisms. However, the low molecular weight limits the spinnability of PL
into a material [12,14,15]. Thus, a nanocomposite of PL, only in small concentrations with
carrier polymers such as chitosan [16,17], gelatin [18,19], and poly(hydroxybutyrate) [20],
is being increasingly explored for a wide range of applications such as food preservation,
food packaging, wound dressing, and drug carrying. Studies have exhibited an improved
bactericidal effect with increased bacterial damage upon increasing the concentration of
PL [19,21]. The results of several analyzed studies also support improved antibacterial
properties with increased PL concentration [16,17,22]. Further, cationic polymers, such
as PL, experience a proliferation of bacteria on the surface once the surface is sufficiently
covered with microorganisms due to the exhaustion of cations [7,23,24]. A fiber system
with an increased percentage of active antimicrobial sites can be expected to have efficient
and stable contact-induced antimicrobial function. Along with improved antimicrobial
efficiency, studies have also shown improved hydrophilicity with increased PL concentra-
tion [16,17,19]. Therefore, there is an existing gap in the research concerning a fiber system
with a high concentration of PL, possibly via copolymerization or the utilization of a carrier
system with a polymer of similar backbone structure such as polycaprolactam [15].

Polyamide is a polymer largely utilized in textiles owing to its good mechanical and
thermal properties, chemical stability, and biocompatibility. Polyamide is easily spinnable
into homogeneous uniform nanofibers that are biocompatible but non-degradable, which
allows for application of a permanent nature and encourages reusability. Therefore,
polyamide is commonly found in functional textiles. Polyamide nanofibers are largely
being explored for air filtration due to their ability to form fine homogenous nanofibers with
small pore size [25,26]. Polyamide is also increasingly being explored for food packaging
and medical textiles. A drawback associated with polyamide nanofibers is that they are a
suitable carrier for bacterial growth. The drawback is addressed through the incorporation
of an antimicrobial agent and morphological manipulation, avoiding non-homogeneous
thick nanofibers [27–29].

Polyamide-6 (PA), also known as polycaprolactam, is formed via the ring-opening
polymerization of hexamethylenediamine. The polymer has a chemical structure of
(C6H11NO)n, with the lactam monomers held together by amide linkages. On the other
hand, PL has a similar main backbone structure to PA, with the additional cationic amino
side chains [30,31]. Thus, a combination of PL with PA can be expected to result in spinnable
fibers with a backbone of PA, with the added cationic alpha-amino group providing an an-
timicrobial function [15]. PL has an inherent antimicrobial function, is hydrophilic, and has
low solution viscosity [15]. Thus, the incorporation of PL to PA nanofibers, along with the
incorporation of an antimicrobial function, is hypothesized to improve the characteristics
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of PA by forming uniform nanofibers with enhanced hydrophilicity. The non-toxic antimi-
crobial function will address the tendency of PA to be a carrier of bacterial growth [27–29].
Further, the improved hydrophilicity of PA can enhance user comfort while benefiting
several forms of end-use, including the inner filter of a mask system, wound dressing, and
sanitation [9,32,33]. This study thus explores a simple scalable method of obtaining PL
nanofibers by utilizing the structurally similar PA as the base. Also, this study aims to
enhance the utilization of PA polymer in medical and protective textiles by addressing its
drawbacks of bacterial growth and user discomfort.

2. Materials and Methods
2.1. Materials

Polyamide-6 (PA) (Mw = ~10,000 Da) and formic acid (88%, Macron Fine Chemicals)
were purchased from Sigma-Aldrich (St. Louis, MO, USA). PL (Mw = ~3500–4700 Da) was
purchased from Zhengzhou Bainafo Bioengineering Co., Ltd. (Henan, China). Escherichia
coli K–12 bacterial culture and nutrient agar was purchased from Carolina Biological Supply
Company (Burlington, NC, USA).

2.2. Preparation of Electrospinning Solution

Spinning solution was prepared by dissolving PA along with varying concentrations
of PL in formic acid (88% concentration) under constant stirring overnight with a Burrell
wrist-action® shaker, model-75 (Burrell Scientific LLC, Pittsburgh, PA, USA), to obtain a
homogeneous solution. Formic acid was chosen as it allows for an environmentally friendly
process over other toxic solvents like dimethylformamide (DMF). Also, smooth PA fibers
are expected with the organic solvent formic acid in comparison with other solvents like
m-cresol or sulphuric acid, even at a low polymer concentration [25,34]. The spinning
solution compositions and sample codes are described in Table 1.

Table 1. Spinning solution compositions.

Sample Code Polyamide-6 Concentration ε-Poly-L-lysine Concentration

Control 30% (w/v) of formic acid 0

PA/PL1 30% (w/v) of formic acid 0.5% (w/w) of PA

PA/PL2 30% (w/v) of formic acid 1.33% (w/w) of PA

PA/PL3 30% (w/v) of formic acid 10% (w/w) of PA

PA/PL4 30% (w/v) of formic acid 25% (w/w) of PA

PA/PL5 30% (w/v) of formic acid 40% (w/w) of PA

PA/PL6 30% (w/v) of formic acid 65% (w/w) of PA

PA/PL7 15% (w/v) of formic acid 100% (w/w) of PA

2.3. Electrospinning

Nanofiber membranes were developed using a single-needle electrospinning setup.
The solution was continuously fed at a fixed rate using a syringe pump (Harvard Apparatus,
Holliston, MA, USA). The distance between the needle tip and the grounded collector was
set, and a fixed high voltage was applied to the needle tip by a DC power supply instrument
(Gamma High Voltage Research, Ormond Beach, FL, USA). Table 2 specifies the spinning
parameters used for all the compositions.
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Table 2. Electrospinning parameters.

Sample Feed Rate Supply
Voltage

Spinning
Distance Collection Time

Control and
PA/PL1 to

PA/PL6
1 mL/h 20 KV 12 cm 4 h

PA/PL7_A 1 mL/h 18 KV 12 cm 4 h
PA/PL7_B 1 mL/h 16 KV 12 cm 4 h
PA/PL7_C 1 mL/h 16 KV 14 cm 4 h

2.4. Morphological Analysis

Morphological analysis of the electrospun nanofibers for their diameter and surface
features was performed using a field emission scanning electron microscope (FESEM) (FEI
Quanta 250, ThermoFisher Scientific, Waltham, MA, USA). Test samples were kept in a
vacuum overnight to evaporate any residual solvent prior to imaging. Image J software
(National Institute of Health, Bethesda, MD, USA) was used to determine the diameter
of the nanofibers. The average diameters were determined by measuring diameters of
50 representative fibers.

2.5. Fourier Transform Infrared (FTIR) Spectroscopy

The functional groups and presence of PL in developed nanofiber membranes were
determined using an FTIR spectrometer (Perkin-Elmer Frontier FTIR, Waltham, MA, USA).
The FTIR spectra were obtained in the range of 500–4000 cm−1 with 4 cm−1 wavenumber
resolution, and each measurement consisted of 32 scans.

2.6. Water Contact Angle

The static water contact angle was measured as per the ASTM-D7334-08 sessile drop
method [35]. The testing was conducted using a video-based drop shape analyzer (OCA 25,
Data Physics GmbH, Regensburg, Germany), and the contact angles were measured with
the built-in SCA20 software (V.4.5.20). For each sample, the contact angle measurement
was repeated five times on separate membranes, and an average of the readings is reported.

2.7. Water Absorption Test

The water absorption capacity was measured through the swelling ratio. The initial
dry weight of 1 cm × 1 cm sample was calculated (w1). Samples were then submerged in
excess distilled water for 24 h, followed by the measurement of their swollen weights (w2).
The swelling ratio of each sample was then calculated in triplicate on separate membranes
using the following Equation (1) [36,37]:

Swelling ratio (g/g) =
w2 − w1

w1
. (1)

2.8. Thermal Analysis

Thermal analysis was conducted using a differential scanning calorimeter (PerkinElmer
DSC 4000, Shelton, CT, USA). Each sample (approximately 10 mg) was heated to 400 ◦C at
a heating rate of 20 ◦C min−1.

2.9. Mechanical Analysis

The tensile properties of the samples were tested as per ASTM-D882-09 using an
Instron 5966 (Instron, Boston, MA, USA) tensile testing machine [38]. The samples were
tested with a load cell of 250 N, with 4 cm between the clamps, and at a stretching rate set
at 5 mm/min−1. Test specimens were prepared in dimensions of 4 × 1 inches and were
conditioned at ambient conditions for a day prior to testing. Testing was conducted on
three separate membranes for each sample, and an average of three readings is reported.
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2.10. Antimicrobial Analysis

The antimicrobial testing was performed as per the AATCC-147 zone inhibition
method [39]. Each sample was cut into circles of 1 cm diameter. Nutrient agar plates
were prepared and seeded with 1 mL E. coli inoculums containing approximately 3 × 106

colony forming units (CFU)/mL. The samples were placed on the plates and incubated for
24 h at 37 ◦C. Bacterial growth post-incubation for each sample was observed. Testing was
conducted in triplicate on separate membranes for each composition.

2.11. Long Term Stability of Antimicrobial Property

To understand the ideal shelf life of the developed nanomembrane, the antimicrobial
function was analyzed following AATCC-147 as described above at different time intervals
(1 and 6 months) in triplicate. In between the testing, the nanofiber membranes were stored
in plastic bags at room temperature.

2.12. Statistical Analysis

In this study, the results were analyzed using SPSS software (version 29.0; IBM Corp.,
Armonk, NY, USA) using one-way analysis of variance (ANOVA) and Tukey statistical
tests. All results are expressed as mean ± standard deviation, and a p-value < 0.05 was
considered significant.

3. Results
3.1. Electrospinning of PA/PL Nanofiber Membranes

Solution properties and spinning parameters are crucial for the successful execution
of the electrospinning process. A delicate balance between the influential parameters is re-
quired to obtain smooth uniform nanofibers. For the successful spinning of PA into smooth
uniform nanofibers, spinning parameters were set for the control sample (see Table 2). The
parameters were further adjusted to ensure spinnability with increasing concentration of
PL. Compositions PA/PL1 to PA/PL5 resulted in defect free nanofibers, thus validating
the spinning parameters used for the control sample. While PA/PA6 resulted in a flat
nanoribbon structure with non-uniform diameter distribution (see Figure 1). The nanorib-
bon structure of this composition could be a result of increased solution viscosity due to the
large amount of PL addition resulting in high polymer content in the system. The increased
spinning solution viscosity results in thick jets during electrospinning. The dissipation of
the solvent during the jet’s flight from the spinneret to the collector is compromised due to
the jet’s excessive thickness. The dissipation of solvent molecules from the jet core becomes
difficult, resulting in a polymer skin on the jet surface. This jet collapses upon reaching the
collector due to the solvent-rich interior forming the nanoribbon structure [2,40,41]. Thus,
PA/PL5 was considered to be the maximum possible concentration of PL that can be added
to the control spinning solution for set spinning parameters.

Further increment of PL required reduction in the base polymer concentration. Thus,
for PA/PL7, the concentration of PA was reduced to 15% (w/v of formic acid) from the
original 30% (w/v of formic acid). PA/PL7 was spun with varying parameters to determine
suitable spinning parameters for the reduced PA and increased PL concentration (see
Table 2). The voltage applied in electrospinning should be consistent with the viscosity to
ensure repulsive forces to overcome the surface tension of the solution for the formation of
Taylor’s cone. Excessively high voltage can result in defects due to high jet instability and
velocity [2,42,43]. The reduced base polymer content in the sample PA/PL7 is expected
to reduce solution viscosity. Thus, PA/PL7_A was spun at a reduced voltage of 18 KV
compared to the original 20 KV voltage. Despite the reduced voltage, unspun beads were
observed during the morphological analysis of PA/PL7_A (see Figure 1). The unspun
beads could be a result of jet breakage due to high jet velocity facilitated by excess voltage.
Thus, a further decrement in voltage to 16 KV was applied to PA/PL7_B and PA/PL7_C.
Along with decreasing voltage, the spinning distance was increased in PA/PL7_C as beads
could also arise from insufficient stretching of the jet. The decreased voltage in PA/PL7_B
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resulted in nanofibers; however, a few fibers exhibited a flat-ribbon-like morphology, while
the combination of decreased voltage with increased spinning distance in PA/PL7_C
facilitated increased nanoribbon morphology (see Figure 1). The nanoribbon structure
could be attributed to the decreased voltage ejecting thick jets. The thick jets during the
flight time develop an outer polymer skin and a solvent-rich interior, which collapses into
ribbon morphology. The increased distance seemed to facilitate the ribbon morphology
due to the increased flight time assisting the outer layer of the thick jet in its solidification,
thus preventing the dissipation of solvent from the core [40]. Overall, the PA/PL7 series
resulted in poor yield owing to the reduced base polymer concentration.
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Figure 1. FESEM images of nanofiber membranes at 15,000×.

3.2. Morphological Analysis

The effect of PL addition on the morphology and diameter of nanofibers was analyzed
using FESEM (see Figure 1). Table 3 summarizes the effect of PL addition on the diameter
of the nanofibers. Figure 2 shows the fiber diameter distribution for each sample. A trend
observed was a decrease in diameter from the control sample for PA/PL1 to PA/PL4. PL is
of a polycationic nature and has hydration capacity, resulting in reduced spinning solution
viscosity and increased conductivity. This allows for greater stretching of the spinning jet
during electrospinning, thus explaining the thinner nanofibers [18,44,45]. Although PL
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addition to base PA polymer reduced the diameter of the nanofibers, the addition of PL
beyond a certain amount—in this case, PA/PL5 and further—increases the diameter. This
is due to the increased polymer content with respect to the ratio of the solvent resulting in
increased solution viscosity.
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Table 3. Average diameter of nanofibers.

Sample Code Diameter
(Microns)

Control 0.22 ± 0.14 ab

PA/PL1 0.18 ± 0.10 ab

PA/PL2 0.16 ± 0.05 b

PA/PL3 0.18 ± 0.05 ab

PA/PL4 0.21 ± 0.05 ab

PA/PL5 0.43 ± 0.07 c

PA/PL6 1.06 ± 0.50 d

PA/PL7_A 0.24 ± 0.05 ab

PA/PL7_B 0.26 ± 0.07 ab

PA/PL7_C 0.28 ± 0.12 a

Different letters in the superscripts indicate significant difference (p < 0.05).

Nanoweb structures were observed in all the membranes. The formation of spider-net
structures between the polyamide nanofibers upon the use of formic acid as a solvent is
because of the interaction between the amide group of PA and the ionic species in formic
acid [25]. These structures are expected to improve applicability in areas such as filtration.

Based on the morphological analysis, defective structures, which were elaborated in
the previous section, were excluded from further testing. Thus, the test samples for further
characterization constitute defect-free homogenous nanofibers, namely, control, PA/PL1,
PA/PL2, PA/PL3, PA/PL4, and PA/PL5.

3.3. Fourier Transform Infrared (FTIR) Spectroscopy

The FTIR analysis demonstrated characteristic peaks of both PL and PA, confirming
their presence in the nanofiber membranes (see Figure 3). Samples exhibited characteristic
bands of PL with peaks at 1661 cm−1 and 1555 cm−1, indicating C=O and N-H2 stretching
vibration, respectively [17,18]. These peaks indicate the presence of PL. The absorption
intensity of characteristic peaks of PL became stronger with the increasing concentration of
PL, indicating the successful incorporation of a high concentration of PL in the system [46].
Peaks observed at ~3300 cm−1 can be attributed to hydrogen-bonded N-H or O-H stretching
vibration. The absorption intensity of these peaks also became stronger with increasing
concentration of PL in the base PA, suggesting hydrogen bonding between the polymer
chains during electrospinning [47]. Additionally, all the PA/PL samples exhibited peaks
at ~2900 cm−1 and 2935 cm−1. These peaks signify C-H2 stretching of polyamide [48].
Therefore, the FTIR analysis indicates the successful incorporation of PL to base PA and
exhibits the possibility of interaction between the polymers.
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3.4. Analysis of Hydrophilic Behavior
3.4.1. Water Contact Angle

Static water contact angles of the samples were measured through the sessile-drop
method using a video-based drop shape analyzer. As seen in Table 4 and Figure 4, the
contact angle significantly decreases with the addition of PL. The decreased contact an-
gle indicates improved hydrophilicity. The contact angles for the compositions PA/PL3,
PA/PL4, and PA/PL5 were zero within the first 10 s of testing, indicating highly hydrophilic
behavior. The improved hydrophilicity upon PL addition could account for its inherent
hydrophilic nature due to the large amino and amido groups [17,19,33].

Table 4. Hydration and mechanical properties of nanofiber membranes.

Sample Code
Average

Static Water
Contact Angle

Average
Swelling Ratio

(g/g)

Tensile Strength
(MPa)

Elongation
(%)

Control 82.44 ± 9.72 a 7.63 ± 3.98 a 0.36 ± 0.03 a 3.00 ± 0.84 a

PA/PL1 40.44 ± 1.59 b 13.92 ± 2.79 ab 0.33 ± 0.21 a 7.83 ± 3.85 b

PA/PL2 18.25 ± 4.02 c 13.87 ± 0.61 ab 0.53 ± 0.05 a 6.46 ± 1.19 ab

PA/PL3 0 d 14.86 ± 1.75 ab 0.72 ± 0.26 ab 5.60 ± 1.01 ab

PA/PL4 0 d 15.20 ± 1.69 ab 0.75 ± 0.19 ab 5.13 ± 0.40 ab

PA/PL5 0 d 18.10 ± 2.29 b 1.02 ± 0.25 b 2.33 ± 0.50 a

Different letters in the superscripts indicate significant difference (p < 0.05).
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3.4.2. Water Absorption Test

The hydrophilic behavior of the samples was further analyzed according to water
absorption capacity by measuring the swelling ratio (see Table 4 and Figure 5). The
swelling ratio of samples increased with PL concentration, with a significant increase for
PA/PL5 with respect to the control sample. The increased swelling ratio indicates better
water uptake capacity through available hydrophilic sites [36,37]. These results are in
alignment with the water contact angle results; therefore, it can be said that hydrophilicity
of samples improved with the increase in PL concentration owing to its inherent hydrophilic
tendency [17,19,32]. The improved hydrophilic behavior of PA due to PL can improve its
user comfort along with its applicability in medical textiles such as wipes, wound dressings,
and the inner layer of face masks, where hydrophilicity is desirable [32,33].
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3.5. Thermal Analysis

The thermal analyses of nanofiber membranes are shown in Figure 6. Endothermic peaks
were observed for all the samples, representing the melting behavior of the nanofiber membranes.
The thermal analysis of PA/PL3, PA/PL4, and PA/PL5 samples showcased multiple melting
peaks indicating secondary crystallization (melting–recrystallization–remelting) [49,50]. The
onset of melting for control, PA/PL1, PA/PL2, PA/PL3, PA/PL4, and PA/PL 5 was at
207.05 ◦C, 207.54 ◦C, 207.01 ◦C, 207.78 ◦C, 208.17 ◦C, and 208.3 ◦C, respectively. The
improved thermal stability of the nanofiber membranes upon addition of PL indicates no
disruption to the PA structure and a possible interaction between PA and PL polymers [18].
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3.6. Mechanical Analysis

The mechanical properties of the samples in terms of tensile strength and elongation
are summarized in Table 4. The addition of PL indicated an increasing trend in the tensile
strength of PA, with a significant increase for PA/PL5 from the control sample. The
increasing tensile strength is an indication of no disruption to the PA structure after the
addition of PL, along with a possible interaction between the polymers [51]. The increasing
tensile strength could be tied to the FTIR analysis, suggesting hydrogen bonding upon
addition of PL, as the introduction of amino and amide bonds to the peptide chain provides
more hydrogen bonding [47]. Further, the improved thermal stability, with increasing
concentration of PL, as shown in thermal analysis, also indicates an interaction between
the two polymers [18]. As for the elongation, the initial PL concentrations indicated an
increasing trend in the elongation (%). However, as expected, the increase in elongation
declined for higher PL concentration. The reduced elongation (%) with increased tensile
strength can be tied to the increased rigidity and crystallinity as a result of interactions
between PA and PL. However, the elongation (%) did not present a significant deterioration
with respect to the control sample.

3.7. Antimicrobial Analysis

The antimicrobial activity of the developed compositions was tested through zone
inhibition testing. The testing demonstrates the antimicrobial function of the test sample
upon the observation of an inhibition zone surrounding the sample when plated with test
bacteria [52]. Figure 7 is a representative image of the testing. Zones of inhibition were
seen for the samples PA/PL4 and PA/PL5, indicating antimicrobial activity against the
tested bacteria E. coli, with highest antimicrobial activity for PA/PL5 (see Figure 8). PL
has an inherent cationic antimicrobial function owing to the α-amino side group [12,14,15].
The FTIR analysis confirmed the presence of PL and a cationic amino group in the samples,
which are responsible for inducing antimicrobial activity to base PA. The antimicrobial tests
disclosed that base PA consisting of PL at 40% (w/w) of PA is successful in establishing
efficient antimicrobial function. The addition of PL in concentrations lower than 25% (w/w)
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of PA did not exhibit an inhibition zone and are thus insufficient to induce antimicrobial
function to the base PA. The efficient antimicrobial activity of PA/PL5 could be tied to a
high concentration of PL and defect-free homogeneous morphology.
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3.8. Long-Term Stability of Antimicrobial Property

The characterization of an antimicrobial agent in textiles can be versatile, addressing
aspects crucial to its intended applications, such as storage, reusability, or long-term sta-
bility [9,53,54]. PL is a cationic polymer exhibiting an antimicrobial function through the
positively charged amino side groups. Although cationic polymers such as PL have the ad-
vantage of better stability over the leaching antimicrobial agent, cationic polymers can still
experience a proliferation of bacteria on the surface once the surface is sufficiently covered
with microorganisms due to the exhaustion of cations [7,23,24,53]. Thus, it is important
to analyze the long-term stability of antimicrobial textiles. Despite the importance of this
test to being able to define an appropriate shelf-life, ensuring functionality, its inclusion in
antimicrobial characterization was found to be uncommon [27]. The long-term stability
of the PA/PL 5 sample was characterized at 1 and 6 months. As seen in Figure 9, the
antimicrobial activity through the observed zone of inhibition remains to be effective until
6 months. This test allows us to define the 6-month shelf-life of developed PA/PL5 without
any deterioration in antimicrobial activity.
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4. Conclusions and Future Scope

PA is a popular polymer for functional textile applications due to its excellent me-
chanical and thermal properties, chemical stability, and biocompatibility. However, PA
nanofibers tend to promote bacterial growth, limiting their use in medical textiles. On
the other hand, PL is a naturally occurring homopolyamide known for its non-toxicity,
hydrophilicity, and antimicrobial properties, but its low molecular weight hinders its
spinnability. Given the structural similarity between PL and PA, with PL having an addi-
tional amino side chain, this study addresses the spinnability of PL by utilizing PA as the
carrier, hypothesizing enhanced PA properties.

This study demonstrates the spinnability of varying concentrations of PL with base PA,
including higher concentration of PL than previously reported. The effects of PL addition
on morphology, hydrophilicity, thermal stability, mechanical property, and antimicrobial
activity were thoroughly investigated. Among the various compositions developed and
characterized, PA/PL5 was identified as the maximum spinnable concentration of PL that
allowed for enhanced properties in PA, resulting in superhydrophilicity, improved thermal
and mechanical behavior, and efficient antimicrobial properties with long-term stability.

This study presents a simple scalable method with which to produce spinnable fibers
with PA backbone and the added cationic α-amino group from PL. This method can enhance
the industrial utilization of PA in functional textiles by improving mechanical performance,
improving hydrophilicity, and providing stable antimicrobial function. These findings
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suggest significant potential for specific applications, such as respiratory protection, wound
dressing, and sanitation.
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