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Abstract: Functional fabrics embedded with active materials that can be released in a
controlled manner upon external triggering have been explored for biomedical and cosmetic
applications. This study introduces a method for the fabrication of nonwoven fabrics coated
with crosslinked polyvinyl alcohol (PVA) for in situ encapsulation and controlled release
of hydrophilic active agent, allantoin. Two types of crosslinked coatings were examined
using citric acid (CA) or polyacrylic acid (PAA) as crosslinkers. Based on gel content,
differential scanning calorimetry (DSC) and dynamic mechanical analysis (DMA) analyses
PVA:CA coatings exhibited a higher crosslinking density compared to PVA:PAA systems.
Swelling behavior was measured at 62% after 30 min for PVA:PAA 7:3 films and 36%
after 60 min for PVA:CA 7:3 crosslinked films. The release of allantoin from the coated
fabrics was influenced by the coating thickness (250–330 µm), the formulation viscosity
(8–250 cP), allantoin content (1.2–4.2 mg) and the molecular weight between crosslinks (MC)
1,000,000–494 g/mol. PVA:CA 7:3 coating allowed the controlled release of 97% allantoin
over 8 h, whereas PVA:PAA 7:3 coating exhibited a more prolonged release profile, with
96% of allantoin released over 20 h. Kinetic analyses of the release profiles revealed a good
agreement with zero-order release.

Keywords: polyvinyl alcohol; sustained release; allantoin; nonwoven fabric; polyacrylic
acid; coating

1. Introduction
For over 4000 years, since the first recorded use of sutures, textiles have been explored

for novel applications across various fields, including medicine and cosmetics [1–3]. Medi-
cal textiles range from traditional items such as surgical sutures, bandages, and surgical
gowns to more advanced materials like textile-based implants and extracorporeal devices,
such as artificial kidneys [4] and bio-functional textiles [5]. Bio-functional textiles rep-
resent a new frontier in textile innovation, serving as delivery systems for cosmetic or
pharmaceutical substances, with direct skin contact. In recent years, extensive research has
focused on development of bio-functional textiles for skin applications, particularly for
controlled release of therapeutic or cosmetic compounds and the absorption of substances
from the skin [6–9]. The combination of advanced pharmaceutical carriers with textile
enhances active molecules penetration while simultaneously regulating drug release for
both topical and transdermal therapies [10–12]. In dermatology and cosmetics, maintaining
effective contact between active agents and the skin is one of the key aspects of effective
therapy [13–17]. While semi-solid products such as creams, gels, and ointments demon-
strate sustained release, they often fail to maintain extended skin contact. In recent years,
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bio-functional textiles with controlled drug-release ability have attracted significant re-
search interest due to their strong potential to overcome the need for frequent applications
while ensuring prolonged skin contact and sustained release of active agents [18]. The
literature volume in the field of targeted delivery of pharmaceutical reagents from textiles
has rapidly increased during the past decade, and a wide variety of crosslinked coatings
and therapeutic agents are examined for numerous applications. The general strategy for
fabricating bio-functional textiles for prolonged delivery of active agents involves incorpo-
rating active small molecules into a crosslinked polymer network, which serves as a coating
for various types of fabrics. Using this strategy, hydrogel coatings based on crosslinked chi-
tosan and PVA have been reported for the prolonged release of paracetamol [19], cephalexin
and curcumin [20,21] from silk and cotton fabrics, respectively. In addition, silane-coated
cotton fabrics, prepared using a sol–gel process, were introduced for controlled release
N-palmitoyl-(4-nitro-aphenyl)-amine [22] or tetracycline hydrochloride [23]. Cotton fab-
rics functionalized with alginate and poly-β-aminoester-based crosslinked coatings were
introduced for controlled release of tetracycline and levofloxacin [24], and azulene [25].

Although the demand for new technologies for the applications requiring targeted
delivery of pharmaceutical reagents from textiles is similar for both hydrophobic and
hydrophilic active materials, the vast majority of sustained delivery systems reported in
the literature are designed for hydrophobic carriers. While the release rate of hydrophobic
molecules is mostly controlled by the rate of water penetration into the crosslinked polymer
coating, the high dissolution rate of hydrophilic active agents due to their inherent aqueous
solubility presents a unique challenge [26].

It has been shown that the sustained release of hydrophilic reagents from fabrics
for several hours and even can be realized by polymer coatings with high crosslinking
density and thickness, such as hydrogels based on alginate/poly(ethylene glycol) diacry-
late/poly(N-isopropylacrylamide) [27], chitosan/salicylaldehyde/silver nanoparticles [28],
wax [29], and electrospun nanofibers [30]. However, such systems are relatively rare and
there is a strong need for developing new biocompatible coating formulations containing
a balanced crosslinking density, thickness, and extensive intermolecular interactions that
allow sustaining the release of hydrophilic carriers.

Allantoin is a natural compound and final product of purine catabolism in humans. It
can also be extracted from plants and grains or chemically synthesized through the oxida-
tion of uric acid [31–33]. Due to its numerous skin benefits, including anti-inflammatory
properties, protective effects, and promotion of cell proliferation, allantoin is widely used
in the treatment of various skin conditions, such as ulcers, acne, and psoriasis. It is also
commonly found in oral hygiene products and skincare formulations [33–38].

PVA is a biocompatible polymer widely used for encapsulating active agents in drug
release, tissue engineering, cosmetic, and biomedical applications. PVA has been explored
for the fabrication of facial masks, scaffolds for cell culture, contact lenses, wound dressings,
and transdermal drug delivery [39–51]. It is also considered a non-toxic polymer with an
LD50 (>20 g/kg) for oral administration in rats and mice [52].

Citric acid is a biocompatible and non-toxic natural material widely used in cosmetic
applications as a pH regulator, chelating agent, fragrance ingredient, antibacterial agent,
and food additive [53–57]. Polyacrylic acid is a non-toxic, biocompatible polymer that plays
an important role in the production of hygiene products, detergents, wastewater treatment
chemicals, cosmetics, and more [58–61].

Coatings based on PVA, CA, and PAA crosslinked via chemical and physical bonds,
have strong potential to sustain the release of allantion from the crosslinked polymer
matrix by creating strong intermolecular bonding interactions with free hydroxyl and
carboxylic acid moieties of the coating. In addition, the crosslinking degree of such coatings
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can be tuned by varying chemical and physical crosslinking bonds via the crosslinker
concentration in the aqueous coating formulation and adjusting the curing conditions of
the solid coatings.

Nonwoven fabrics are widely used for the production of skincare products such as
bandages, facial masks, wipes, and diapers. A variety of such skincare products use thin
Spunbond polyethylene and polypropylene nonwoven fabrics containing filaments of
thermoplastic polymer randomly bonded together to create a web-like structure.

To the best of our knowledge, an efficient strategy for reducing the dissolution rate of
hydrophilic carriers, such as allantoin, incorporated into crosslinked PVA coated fabrics
via extensive intermolecular interactions balanced with crosslinking degree and thickness
has not been reported yet.

Herein, we describe a strategy for in situ functionalization of nonwoven fabrics using
crosslinked PVA-based coatings as reservoirs for encapsulation and controlled release
of hydrophilic active agent–allantoin. Four types of crosslinked coating formulations
were developed using either citric acid or polyacrylic acid as crosslinkers, using a PVA-
crosslinker weight ratio of 9:1 and 7:3 for each crosslinker. The coatings were characterized
using DSC, DMA, gel content, and swelling measurements. Aqueous coating formulations
containing allantoin were applied on polyethylene nonwoven fabrics via deep coating,
followed curing. The coated fabrics were examined for topical release of allantoin using
the vertical Franz Diffusion Cell method, and the release profiles were analyzed using four
kinetic models.

2. Materials and Methods
2.1. Materials

Polyethylene nonwoven fabric (22 GSM) was obtained from Shalag Company, Qiryat
Shemona, Israel. Polyvinyl alcohol with a molecular weight of 30–50 kDa and a hydrolysis
degree of 98–99%, Citric acid monohydrate, and poly(acrylic acid) with a molecular weight
of 450 kDa were purchased from Sigma Aldrich, Rehovot, Israel. Ethanol was procured
from Biolab, Jerusalem, Israel. Cellulose membranes with a molecular weight cutoff of
12 kDa were sourced from Sigma Aldrich, Israel. Allantoin was generously provided by
AHAVA company, Mitzpe Ramon, Israel.

2.2. Preparation of Coating Formulations

PVA:CA 9:1 formulation: A 4.5 g solution of PVA (5 wt%) in 90 mL distilled water
(DW) was prepared by vigorous stirring at 90 ◦C for 30 min, followed by cooling to room
temperature (RT). Subsequently, a 0.5 g solution of CA (10 wt%) in 5 mL distilled water was
added to the PVA solution to achieve a total concentration of 5 wt%. Allantoin (4.7 mmol,
0.75 wt%) was incorporated into the formulation at 50 ◦C, and 0.75 g and stirred until
fully dissolved.

PVA:CA 7:3 formulation: A 3.5 g solution of PVA (3.9 wt%) in 90 mL distilled water
was prepared by vigorously stirring at 90 ◦C for 30 min, followed by cooling to RT. Then,
a 1.5 g solution of CA (30 wt%) in 5 mL distilled water was added to the PVA solution to
achieve a total concentration of 5 wt%. Allantoin (4.7 mmol, 0.75 wt%) was incorporated
into the formulation at 50 ◦C, and 0.75 g and stirred until fully dissolved.

PVA:PAA 9:1 formulation: A 4.5 g solution of PVA (10 wt%) in 45 mL DW was prepared
by vigorous stirring at 90 ◦C for 30 min, followed by cooling to RT. Next, a 0.5 g solution of
PAA (1 wt%) in 50 g ethanol was prepared by vigorous stirring at 70 ◦C for 30 min. The
PAA solution was added dropwise to the PVA solution under constant stirring at 70 ◦C to
achieve a total concentration of 5 wt%. Allantoin (4.7 mmol, 0.75 wt%) was incorporated
into the formulation at 50 ◦C, and 0.75 g and stirred until fully dissolved.
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PVA:PAA 7:3 formulation: A 3.5 g solution of PVA (7.8 wt%) in 45 mL DW was
prepared by vigorous stirring at 90 ◦C for 30 min, followed by cooling to RT. Then, a 1.5 g
solution of PAA (3 wt%) in 50 g of ethanol was prepared by vigorous stirring at 70 ◦C for
30 min. The PAA solution was added dropwise to the PVA solution under constant stirring
at 70 ◦C to achieve a total concentration of 5 wt%. Allantoin (4.7 mmol, 0.75 wt%) was
incorporated into the formulation at 50 ◦C, and 0.75 g and stirred until fully dissolved.

2.3. Procedure for the Fabrication of Crosslinked Thin Films and Coated Fabrics

Crosslinked thin films were prepared by pouring the coating formulations into silicon
mold (2 × 2 cm2), followed by drying at RT for 1–2 days. Subsequently, the films were
thermally cured at 130 ◦C for 2 h (for the PVA:CA formulations) and at 140 ◦C for 40 min
(for the PVA:PAA formulations).

Polyethylene nonwoven fabrics (5 × 5 cm2) were immersed in aqueous solutions of
PVA:CA/allantoin or PVA:PAA/allantoin for 5 s. The coated fabrics were dried at room
temperature overnight, followed by thermal curing as described above.

2.4. Characterization Methods
2.4.1. Fourier Transform Infrared Spectroscopy (FTIR-ATR)

FTIR spectra were recorded on a Bruker (Billerica, MA, USA) Alpha-t FTIR-ATR
spectrometer within a range of 300 to 4000 cm−1, with a resolution of 2 cm−1 and 120 scans.
FTIR was employed to detect any changes in the bonds resulting from variations in the
esterification of the crosslinkers.

2.4.2. Scanning Electron Microscopy (SEM)

Scanning electron microscopy photographs were captured using a JEOL Ltd. (Tokyo,
Japan) JSM-IT200 InTouchScope™ at magnifications of X120 and X180 to examine the
surfaces of both the unmodified and coated fabrics. This facilitated the observation of
coating and allantoin accumulation on the fabric. The samples were coated by sputter
coater (SC7620, Quorum Technologies, Laughton, UK).

2.4.3. Water Contact Angle Analysis (WCA)

The wetting properties of the coated fabrics were investigated using a contact angle
analyzer (OCA20, Data Physics, Riverside, CA, USA). Prior to the measurement, the fabrics
were dried in a vacuum oven. The reported water contact angle values represent the
averages of results obtained from five different locations on both sides of each fabric, using
5 µL Millipore water droplets.

2.4.4. Swelling Test

To investigate the swelling characteristics of the crosslinked PVA films in water,
rectangular-shaped samples (2 × 2 cm2) were dried at RT overnight, followed by cur-
ing, and then allowed to swell in water at room temperature. Once swollen, the film was
removed from the water and quickly blotted with absorbent paper to remove excess surface
water. It was then weighed and placed back into the same bath. The relative water uptake
was measured at various time intervals until a constant weight was achieved for each
sample. This weight was used to calculate the equilibrium water uptake of the hydrogel
films (S) using Equation (1):

S =
(WS − WD)

WD
(1)

where WS and WD represent the weights of the sample in the swollen and dry state,
respectively.
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2.4.5. Gel Content

To investigate the degree of crosslinking in the crosslinked PVA-based thin films,
rectangular-shaped samples (2 × 2 cm2) were dried at RT overnight and thermally cured
as described above. Subsequently, the films were immersed in water at 90 ◦C for 24 h to
induce dissolution of unreacted PVA and crosslinker. Following this, the films were dried
at 100 ◦C for 12 h, and the % gel content was calculated using the following Equation (2):

%Gel =

(
WI − W f

)
WI

(2)

where WI represents the initial weight of the sample, and Wf represents its weight after
immersion and drying.

2.4.6. Differential Scanning Calorimetry

A TA Differential Scanning Calorimeter Q200 with a RCS40 refrigerated cooling system
(Thermo Fisher Scientific, Hillsboro, OR, USA) was employed to obtain glass transition
temperatures (Tg) of non-crosslinked and crosslinked polymer films. DSC thermograms
were recorded between −50 and 250 ◦C, with a heating rate of 10 ◦C/min. The Tg values
were determined as the temperatures corresponding to the midpoint of the increment in
specific heat capacity (∆Cp) during the transitions.

2.4.7. Dynamic Mechanical Analysis

Dynamic Mechanical Analysis was conducted using a TA Dynamic Mechanical An-
alyzer Q800 V21.3 Build 96 (TA Instruments, New Castle, DA, USA). The tests were
performed within a temperature range of 25–240 ◦C under constant stress, with a frequency
of 1 Hz and a heating rate of 5 ◦C/min. A rectangular shaped crosslinked film samples
measuring 2.2 mm in width, 30 mm in length, and 0.2 mm in thickness were used for
the DMA. The viscoelastic properties of the cured films were analyzed to determine the
dimensions of the polymeric network.

According to rubber elasticity theory, when T > Tg, at low frequencies, the storage
modulus (E′) reaches a plateau. Using Flory’s rubber elasticity theory, Equation (3) was
employed to calculate the average molecular weight between crosslinks (MC), which is a
measure of the polymer network structure [62,63]. The storage modulus E’ of the films was
measured at a Tg of 50 ◦C.

Equation (3):

MC =
3RTρ

E′ (3)

R—gas constant
T—temperature [K]
ρ—material density [g/mL]
E′—storage modulus [Mpa]

Material density was measured using Archimedes’ principle, employing acetone as a
poor solvent. Triplicate samples of polymer films were weighed twice: once on an elevated
platform under atmospheric pressure and once in acetone, a poor solvent with a known
density of 0.784 g/mL [64].

The material’s density is calculated using Equation (4):

ρpolymer =
mpolymer

Vpolymer
=

mpolymerρb

(mw − mm)− ρb
(4)
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ρpolymer—polymer density
mpolymer—polymer mass
Vpolymer—polymer volume
ρb—buoyant density
mw − mm—mass difference between the polymer weighed in the air and in the buoyant.

2.5. Release Studies

Allantoin release properties from the coated fabrics were studied using the vertical
Franz Diffusion Cell method. Fabric samples were positioned between the two chambers
of the Franz cell. The bottom chamber was filled with deionized water, stirred magnetically,
and covered by a cellulose membrane (Mw = 14 kDa) [65,66]. The fabric sample was placed
over the cellulose membrane and covered with a polyethylene sheet to ensure complete
sample wetting. During the release experiment, allantoin diffused from the fabric into the
water through the membrane. At each time interval, 2 mL of the solution was withdrawn
and replaced with 2 mL of distilled water to maintain the vessel volume. The withdrawn
sample was diluted with 1 mL of 0.1 M NaOH to a final volume of 3 mL. The release
of allantoin was monitored using UV-Vis measurements at a maximum absorbance of
235 nm, using a UV–1900i SHIMADZU spectrophotometer (SHIMADZU Corporation,
Kyoto, Japan). The absorption data were fitted to a calibration curve (Figure S1). Following
the 24 h release test, the fabrics were extracted using 25 mL of deionized water to determine
the residual allantoin concentration in the fabric. The amount of allantoin in the extracts
was quantified using the same method as for the release samples. The release profiles were
compared to the release of allantoin from a PE fabric without a crosslinked PVA coating,
which served as a reference system.

Kinetic Models for the Allantoin Release from the Coated Fabrics

The drug release profiles were analyzed using a semi-empirical Ritger–Peppas Equa-
tion applicable to one-dimensional drug release from thin polymer films [67,68]. This
Equation is derived from a solution to Fick’s law for diffusional transport of solute under
sink conditions and is expressed as Equation (5).

Equation (5): Ritger–Peppas

Mt

M∞
= Ktn (5)

Mt
M∞

—fractional drug release at time t

K—release constant
n—diffusional exponent, indicative of Fickian or non-Fickian solute transport (n = 0.5
for Fickian, 0.5 < n < 1 for non-Fickian, n = 1 for anomalous solute transports). The
Ritger–Peppas equation is valid for the first 60% of drug release.

The release mechanisms derived from the Ritger–Peppas Equation for Type II transport
and Fickian transport correspond to zero-order and Higuchi models, respectively. In zero-
order release systems, the active reagent is released at a constant rate, independent of its
concentration within the system (Equation (6)).

Equation (6): Zero order drug release model

Mt

M∞
= K0t (6)

K0—coefficient of drug release rate for zero order
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Higuchi model:
The Higuchi model is the most widely used kinetic model for describing drug release

from polymer systems [9,69,70]. Originally developed for low solubility drugs in ointments,
it has been extended to semi-solid and solid matrices containing small molecule-based
drugs ranging from poorly soluble to highly soluble.

In the Higuchi model, Mt
M∞

represents drug released at time t for a specific area.
Equation (7) describes the release rate from a saturated matrix.

Equation (7): Higuchi model for saturated matrices

Mt

M∞
=

√
2C0ε

Dt
τπ

(7)

Mt
M∞

—drug release at time t for specific area

C0—initial drug content
ε—matrix porosity
D—diffusion coefficient of the drug
τ—capillary tortuosity factor

Equation (8) is a simplified form of Equation (7), which demonstrates a linear relation-
ship between the square root of time and drug release.

Equation (8): simplified Higuchi model

Mt

M∞
= KH

√
t (8)

KH—release constant

Higuchi model includes the following assumptions:

1. The swelling or dissolution of the matrix is negligible.
2. The diffusivity of the drug is constant.
3. The perfect sink conditions in the release environment.

3. Results and Discussion
Prior fabrication of the coated fabrics, we initially studied processing conditions for

the preparation of crosslinked thin films and examined their swelling behavior. Notably,
all the materials employed in the preparation of crosslinked films are FDA-approved
for human use in food packaging, edible packaging, and delivery systems applied to
human skin, posing no concern regarding toxicity, cytotoxicity, or skin reactions within the
relevant dosage range [49,53,58]. The crosslinking reactions via esterification between the
hydroxyl groups in PVA and carboxylic acid groups in CA and PAA are shown in Figure 1.
Formation of chemical and physical crosslinking bonds between PVA and the crosslinkers
was accompanied by the formation of hydrogen bonding interactions between allantoin
and PVA, PAA, and CA (Figure 1C). Two types of crosslinked films were prepared using
7:3 and 9:1 weight ratios between PVA and CA and PAA crosslinkers as described in the
experimental section. The images of the crosslinked films are shown in Figure S2 in the
Supporting Information.
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Figure 1. Esterification reactions between PVA and CA (A), PVA and PAA (B) and electrostatic
intermolecular interactions between PVA:CA crosslinked matrix and allantoin (C).

3.1. Swelling Behavior of the Crosslinked Films

Previous studies on polymer–drug reservoir devices highlighted the critical influence
of swelling behavior on the water uptake and dissolution of the entrapped drug molecules
in the release media [26,71]. Hence, swelling behavior of the crosslinked films was examined
to evaluate their potential to serve as a matrix for the controlled release of allantoin from
the coated fabrics. Swelling profiles of the crosslinked films are shown in Figure 2. The
results revealed that PVA:PAA crosslinked films exhibited higher water uptake and faster
swelling rate in comparison with PVA:CA films. Specifically, the water uptake reached
its maximum capacity of 130% after 60 min for PVA:PAA 9:1 and 62% after 30 min for
PVA:PAA 7:3 films. In contrast, the water uptake of PVA:CA crosslinked films reached its
saturation at 110% for the 9:1 system after 180 min and 36% for the 7:3 system after 60 min.
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Figure 2. Cont.
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Figure 2. Water uptake of PVA:PAA (A) and PVA:CA (B) films.

3.2. Gel Content Measurements

The gel content of a crosslinked polymer serves as an indicator of the extent to which
polymer chains are covalently/physically linked, forming a compact polymer network. This
parameter influences both the degree of water uptake and the ability of a polymer matrix
to retain water-soluble active molecules, preventing their migration out of the reservoir
system upon exposure to moisture [69,72]. Generally, a higher degree of crosslinking
makes it more difficult for water to penetrate the polymer matrix and dissolve the active
ingredient. Consistent with the swelling experiments, variations in the gel content of the
crosslinked coatings were observed, demonstrating a clear dependence on the crosslinker
type and amount (Table 1). The gel content of the PVA:CA 9:1 system was 47%, while it
was increased to 83% in the case of PVA:CA 7:3. This difference can be attributed to the
higher amount of the CA crosslinker in PVA:PAA 7:3 films and the increased number of
the carboxylic acid groups available for the reaction with the hydroxyl groups in PVA.
In contrast, the PVA:PAA 9:1 film was completely dissolved in water, exhibiting 0% gel
content. Increasing PVA:PAA weight ratio to 7:3 resulted in a gel content of 81%, indicating
the formation of covalent and hydrogen bonding between PVA and PAA chains due to
the larger number of carboxylic acid moieties in PAA available for the interaction with the
hydroxyl groups in PVA.

Table 1. Gel content and Tg values for the crosslinked films before and after curing.

Coating
Formulation Gel Content [%] Tg [◦C]

Before Curing
Tg [◦C]

After Curing

PVA:CA 9:1 47 ± 4 65 85

PVA:CA 7:3 83 ± 3 71 95

PVA:PAA 9:1 0 98 94

PVA:PAA 7:3 81 ± 2 98 99

3.3. Termal Analysis

Samples of pre-cured and post-cured coating formulations were tested to study the es-
terification reaction between PVA and the crosslinker. The changes in the thermal properties
of the matrices showed different behaviors for the various polymeric coating formulations
(Table 1). For the non-crosslinked PVA:CA, the recorded Tg values were 65 ◦C and 71 ◦C
for the 9:1 and 7:3 systems, respectively. These values are lower compared to the Tg of
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78 ◦C measured for the neat, fully hydrolyzed PVA. The lower Tg values obtained for the
CA-containing PVA films indicate a plasticizing effect of CA on PVA, as also reported in
the literature [39,40]. Curing the PVA:CA films at 130 ◦C resulted in a significant increase
in the Tg values, to 85 ◦C and 95 ◦C for PVA:CA 9:1 and PVA:CA 7:3, respectively. This
increase in Tg can be attributed to the reduction in the amount of free CA molecules and
their plasticizing effect due to the crosslinking reaction, as well as the further restriction
of polymer chains movement by the crosslinking bonds due to the formation of covalent
ester bonds. In the case of PVA:PAA formulations, the polymers are highly miscible in the
non-crosslinked state, resulting in a single Tg of 98 ◦C observed for both 9:1 and 7:3 systems,
while neat PAA has Tg of 178 ◦C. However, in the cured films, there was no apparent change
in the Tg values, indicating that the curing process did not generate significant amount
of covalent crosslinking bonds and the films were only slightly chemically crosslinked,
containing mostly hydrogen bonding interactions.

3.4. Thermo-Mechanical Analysis

Crosslinking density influences key properties of the active agent release mechanism,
including water uptake, matrix hydrophilicity, and permeation of small molecules through
the matrix. To evaluate the crosslinking density of the coatings, crosslinked PVA:CA
and PVA:PAA films were tested using DMA, as described in the experimental section.
Equation (3) was employed to calculate the effective MC, which represents the averaged
molar weight of the chains between crosslinks.

Significant differences in the effective MC values were obtained across all the studied
crosslinked formulations, as shown in Table 2. In the case of PVA:CA systems, increasing
the amount of CA crosslinker in the coating resulted in a decrease in MC values, from
1045 g/mol to 494 g/mol for PVA:CA 9:1 and 7:3, respectively. This indicates a reduction
in the distance between crosslinking points. The Mc value for the PVA:PAA 9:1 system
was above 1,000,000 g/mol, indicating that intermolecular interactions between PVA and
PAA are mostly based on hydrogen bonds rather than covalent bonds between the two
polymers. This outcome is also in good agreement with the gel content value of 0% that
was obtained for PVA:PAA 9:1 based coating. On the other hand, PVA:PAA 7:3 crosslinked
film exhibited Mc value of 6644 g/mol, revealing a slightly more covalently crosslinked
polymer network.

Table 2. Storage modulus and MC values of the crosslinked PVA:CA and PVA:PAA films.

Crosslinked Films E′

[Mpa]
ρpolymer
[g/mL]

MC
[g/mol]

PVA:CA 9:1 15 1.33 ± 0.01 1045

PVA:CA 7:3 29 1.34 ± 0.02 494

PVA:PAA 9:1 0.01 1.31 ± 0.01 >1,000,000

PVA:PAA 7:3 2 1.38 ± 0.03 6644

3.5. FTIR-ATR Analysis of the Crosslinked PVA Films

The FTIR spectra of the crosslinked films were analyzed to gain further insights regard-
ing the formation of the covalent ester bonds in the crosslinked films (Figure 3). The spectra
of both PVA:PAA (9:1 and 7:3) films displayed a strong peak at 1708 cm−1, corresponding to
the C=O moiety of the carboxylic acid groups in PAA (Figure 3A). This signal appeared at a
similar wavenumber to the carbonyl group of neat PAA (1702 cm−1, Figure S3), indicating
that no detectable chemical crosslinking occurred between the carboxylic acid groups and
the hydroxyl groups of PVA. These results are in good agreement with the MC values
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described in the previous section. Furthermore, both spectra displayed a broad signal
between 3020 and 3520 cm−1, corresponding to the stretching vibration of OH groups,
and antisymmetric and symmetric C-H stretch peaks at 2916 and 2848 cm−1, respectively,
attributed to PVA. Even though the FTIR spectra of both PVA:PAA systems contained
similar peaks, a noticeable difference existed in the relative intensity between the carbonyl
group of PAA and the stretching vibration of OH groups in both PVA and PAA. While
for the 9:1 system the broad band at 3020–3520 cm−1 had a stronger intensity relative to
the carbonyl signal at 1708 cm−1, these signals had the opposite relative intensity in the
spectrum of 7:3 system due to the higher concentration of PAA in the film. In the case of CA
crosslinker, neat CA showed strong peaks at 1744 and 1699 cm−1, attributed to the symmet-
ric vibration of C=O, and at 1419 cm−1, corresponding to the asymmetric C-O stretching of
the COOH groups (Figure 3B). The signals attributed to neat CA were absent in the spectra
of both PVA:CA crosslinked films, which displayed a carbonyl group peak at 1713 cm−1

indicating formation of ester linkages in the crosslinked films. Furthermore, the intensity
of the carbonyl signal relative to the wide band at 3020–3520 cm−1 was stronger for the 7:3
system, reflecting the higher number of covalent crosslinks in this system compared to the
9:1 one.

Figure 3. FTIR-ATR spectra of crosslinked films: (A) PVA, PVA:PAA 7:3, and PVA:PAA 9:1; (B) CA,
PVA:CA 7:3, and PVA:CA 9:1.
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3.6. Fabric Coating and Determination of Crosslinked Coating and Allantoin Contents

To fabricate coated polyethylene nonwoven fabrics, fabric samples were dip-coated
using aqueous solutions of the crosslinking formulations containing allantoin as described
in the experimental section (Figure 4).

Figure 4. Schematic representation of coating procedure of nonwoven fabrics using aqueous solution
containing allantoin and PVA, CA, or AA crosslinkers.

The thickness of the coatings and the amount of active ingredient within the fabric
sample may potentially influence the release profile of the active reagent [26]. To estimate
coating accumulation and allantoin content in the coated fabrics, fabric samples (4 × 4 cm2)
were weighed before and after soaking in the crosslinking solutions, followed by curing.
The results are summarized in Table 3. Fabric samples coated with PVA:CA formulations
exhibited coating mass of 42 and 39 mg for the 9:1 and 7:3 systems, respectively. On the
other hand, coating mass values were almost double for PVA:PAA formulations were 88
and 80 mg for 9:1 and 7:3 systems, respectively. Coating thickness was approximately
250 µm for the PVA:CA and 330 µm for the PVA:PAA coated fabrics. The higher coating
mass and thickness obtained for the PVA:PAA coated fabrics can be attributed to the higher
viscosities of the coating formulations [73]. While the viscosities of the PVA:PAA-based
formulations ranged from 220 to 250 cP, PVA:CA formulations had significantly lower
viscosity values of 8–10 cP, resulting in the formation of thinner crosslinked coatings.

Table 3. Summary of parameters of the crosslinked PVA:CA and PAA:PAA coatings.

Coating
Formulation

Coating Mass
[mg]

Coating
Thickness [µm]

Coating
Viscosity [cP]

Allantoin
Mass [mg]

PVA:CA 9:1 42 ± 6 250 ± 10 10 1.8 ± 0.3

PVA:CA 7:3 39 ± 8 250 ± 40 8 1.2 ± 0.3

PVA:PAA 9:1 88 ± 3 330 ± 0 250 4.2 ± 0.3

PVA:PAA 7:3 80 ± 10 330 ± 50 220 2.6 ± 0.2

In addition, we found a strong correlation between the thickness of the crosslinked
coating and the amount of allantoin incorporated into the fabrics, which was estimated via
the accumulative amount of allantoin obtained from release experiments, as described in
the experimental section. The coating thickness measured for the PVA:PAA and PVA:CA
coated fabrics was 330 µm and 250 µm, respectively. The higher coating thickness obtained
for the PVA:PAA based coatings allowed incorporation of higher amount of allantoin in
comparison with the PVA-CAA ones as shown in Table 3. In addition, both PVA:PAA
and PVA:CA systems exhibited higher amount of allantoin in the coatings prepared using
a 9:1 ratio between PVA and the crosslinker relatively to the 7:3 based systems. In fact,
when a 9:1 ratio between PVA and CA was used, the allantoin mass was 1.8 mg, and it was
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decreased to 1.2 mg for the 7:3 system. PVA:PAA coated fabrics showed a similar trend
and contained 4.2 mg and 2.6 mg of allantoin in the 9:1 and 7:3 based coatings, respectively.
These behaviors can be attributed to the fact that the 9:1 systems have lower crosslinking
density than the 7:3 ones, providing more free volume for the incorporation for allantoin.

3.7. Water Contact Angle Measurements

To examine surface wettability of the coated fabrics, water contact angle measurements
were carried out and the images of the fabric samples obtained during the test are shown in
Figure S4. The unmodified polyethylene fabric exhibited hydrophobic characteristics, with
a water contact angle of 133 ± 2◦. A complete wetting was observed for the fabrics coated
with all types of the crosslinked formulations before curing, due to the hydrophilicity of
PVA and the crosslinker molecules. Following the curing process, which promoted PVA
crosslinking and the consumption of free hydroxyl and carboxylic acid groups, the water
contact angles of PVA:CA 9:1 were increased to 79 ± 5◦, with an additional increase to
111 ± 7◦ for the more crosslinked PVA:CA 7:3 coated fabric. In contrast, the crosslinking
process in the PVA:PAA-based coating did not result in an increase in hydrophobicity,
and the surface of the coated fabrics remained hydrophilic. The hydrophilic nature of the
PAA-based coated fabrics can be attributed to almost negligible extent of the esterification
reaction between PVA and PAA, leading to the retention of the carboxylic acid and hydroxyl
groups on the surface of the cured fabrics. This surface wettability behavior combined with
the results obtained from the FTIR-ATR and Mc measurements, supports the conclusion
that PAA-based crosslinked systems contained mainly hydrogen bonding interactions
between PVA and PAA.

3.8. SEM Analysis

The surface morphology of the coated fabrics was studied using SEM and the images
of the unmodified and coated fabrics containing allantoin are shown in Figures 5 and S5.
The surface of the uncoated fabric displayed needle-shape allantoin crystals with average
dimensions of 39 µm in length and 10 µm in width. Allantoin crystals were also observed on
the surface of all coated fabrics, indicating that allantoin concentration within the polymer
network was above its saturation point. According to the previous studies, this is one
of the essential factors for maintaining prolonged and constant release rate of the active
material [69,72]. The coatings appeared as thin discontinuous films incorporating allantoin
crystals that were randomly distributed in the coating and appeared on the surface and
between polyethylene fibers. Allantoin crystals formed aggregates with irregular shape and
average size of 14 µm in length and 35 µm in width for PVA:CA 7:3, and 15 µm in length
and 17 µm in width for the PVA:CA 9:1 coated fabrics. Fabrics coated using PVA:PAA
formulations exhibited a significantly more extensive and continuous polymer film covering
polyethylene fibers and larger amount of allantoin in comparison with PVA:CA based
coatings. In this case, allantoin crystals created spherulite-shaped aggregates with an
average diameter of 32 µm and 37 µm for 9:1 and 7:3 based coatings, respectively.

3.9. Allantoin Release

The release profiles of allantoin from the coated fabrics were obtained using a vertical
Franz diffusion cell under sink conditions, as described in the experimental section. Fab-
rics treated with PVA:PAA 9:1 and PVA:CA 9:1 formulations exhibited a burst release of
allantoin, with over 60% of the allantoin released within the first hour, followed by a 90%
cumulative release after 10 and 6 h, respectively (Figure S6). This burst release behavior
can be attributed to the low crosslinking density of the coatings containing a 9:1 ratio
between PVA and crosslinker, resulting in enhanced water permeability. In contrast, fabrics
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coated using PVA:CA 7:3 and PVA:PAA 7:3 formulations demonstrated controlled release
of allantoin for 8 and 20 h, respectively (Figure 6).

 
Figure 5. SEM images of (A) PVA:CA 9:1, (B) PVA:CA 7:3, (C) PVA:PAA 9:1, (D) PVA:PAA 7:3.
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Figure 6. In vitro evaluation of allantoin release using PVA:PAA 7:3 and PVA:CA 7:3 coated fabrics.

PVA:PAA 7:3 and PVA:CA 7:3 coatings exhibited a much higher gel content and
decreased water uptake rates compared to the 9:1 systems. The difference in the release
profiles of PVA:CA 7:3 and PVA:PAA 7:3 can be attributed to the different viscosities of the
coating formulations, that influenced the coating thickness and the amount of allantoin
incorporated into the fabric. While fabrics coated with the PVA:CA 7:3 formulation had a
250 ± 40 µm coating thickness and a total amount of 1.2 mg of allantoin, fabrics coated with
PVA:PAA 7:3 formulation had a 330 ± 50 µm coating thickness and released a total amount
of 2.6 mg of allantoin. These results are consistent with previously reported studies, which
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described a higher amount of active agent incorporation and a more prolonged release rate
for thicker crosslinked polymer matrices compared to thinner ones [71,74].

Finally, we examined the kinetics of allantoin release from PVA:PAA 7:3 and PVA:CA
7:3 coated fabrics using four mathematical models: Zero-order, First-order, Higuchi, and
Ritger–Peppas, as presented in Equations (9)–(12). According to the literature, these kinetic
models are valid only for up to 60% of the drugs released under sink conditions in the
release environment [67,69]. Therefore, PVA:CA 9:1 and PVA:PAA 9:1 were excluded from
this analysis due to the burst release of allantoin observed for these systems.

Ritger–Peppas
Mt

M∞
= Ktn (9)

Zero order
Mt

M∞
= K0t (10)

Higuchi
Mt

M∞
= KH

√
t (11)

First order ln
(

1 − Mt

M∞

)
= −K1t (12)

where Mt/M∞ represents the fractional drug release at time t; K, K0, KH, and K1 are the
release constants, dependent on the polymer matrix; t is the release time; and n is the
diffusional exponent.

A summary of the coefficient of determination (R2) values and other parameters
related to the mathematical models is presented in Table 4. The results revealed that the
release profiles of both PVA:PAA 7:3 and PVA:CA 7:3 systems were in good agreement
with the Zero-order model, as reflected by R2 values of 0.9931 and 0.9963 for the PVA:CA
7:3 and PVA-PAA 7:3 systems, respectively (Figure S7).

Table 4. Mathematical modeling of allantoin release profile.

Coated
Fabric

Zero-Order First-Order Higuchi Ritger–Peppas

R2 R2 R2 R2 K n

PVA:CA
7:3 0.9931 0.9015 0.8748 0.9804 1.1690 0.7080

PVA:PAA
7:3 0.9963 0.9352 0.8855 0.9872 0.4717 0.7581

These results can be explained by examining the key parameters that influence the
release profile from crosslinked thin films and hydrogels: the water uptake/swelling
behavior of the crosslinked system and the solubility of the released active agent within the
crosslinked matrix [75,76]. PVA:CA 7:3 and PVA:PAA 7:3 coatings exhibited water uptake
of 36% within 60 min and 62% within 30 min, respectively, until reaching the maximum
capacity and remaining constant throughout the entire release period. These results show
better compliance with type II, non-Fickian solute transport from the crosslinked polymers,
which comply with their ability to swell rapidly and undergo chain relaxation during
the active agent release process, alongside other factors such as saturation of the active
molecule in the polymer system [69,77]. In addition, one of the requirements of Zero-order
release kinetics is that the drug concentration in the matrix must be above the saturation
point, and the reservoir must exceed the saturation point within the drug release time range,
while the active agent amount in the release medium remains below saturation [75,78]. The
allantoin concentration in the coated fabrics likely exceeded the saturation point for both
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PVA:PAA 7:3 and PVA:CA 7:3 matrices, as indicated by the crystalline allantoin particles
observed in the SEM images of the crosslinked fabrics (Figure 5).

4. Conclusions
Crosslinked PVA-based coating formulations for PE nonwoven fabrics were success-

fully developed for the incorporation and controlled release of hydrophilic agent, allantoin,
upon exposure to water. The allantoin release profiles from the coated fabrics were strongly
dependent on the type of crosslinker and on the composition of the crosslinked coating,
both of which influenced crosslinking density and water uptake. When the PVA:PAA
weight ratio was 9:1, the coating exhibited 0% gel content and an MC value above 1,000,000,
indicating mainly hydrogen bonding interactions between the polymers. Although the
PVA:CA 9:1 coating had a higher crosslinking density than the PVA:PAA 9:1 one, a rapid
water uptake was observed for both coatings, resulting in the burst release of allantoin. On
the other hand, effectively crosslinked polymer networks with approximately 80% gel con-
tent and limited water uptake were achieved for the PVA:PAA 7:3 and PVA:CA 7:3 systems.
The release profiles from the coated fabrics prepared using PVA:PAA 7:3 and PVA:CA 7:3
coating formulations complied with the Zero-order model, facilitating continuous allantoin
release for up to 8 and 20 h for PVA:CA 7:3 and PVA:PAA 7:3 coatings, respectively. The
results of this study indicate that PVA:CA and PVA:PAA formulations can serve as a general
strategy for reducing the aqueous solubility of hydrophilic molecules encapsulated within
crosslinked polymer coating through intermolecular bonding interactions. The efficient
and practically simple coating method of nonwoven fabrics and the use of biocompatible
materials in the coating formulations make this system promising for bio-medical and
pharma applications such as smart wound dressings, face masks and bandages, that require
controlled release of hydrophilic therapeutic and cosmetic compounds to skin.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jfb16060216/s1. Figure S1: Allantoin Release Assessment—
calibration curve; Figure S2: Images of the crosslinked thin films for different coating formulations;
Figure S3: FTIR-ATR spectra of neat poly acrylic acid; Figure S4: (A) polyethylene fabric neat;
(B) polyethylene fabric coated with PVA and cured in 130 ◦C for 2-h; (C) polyethylene fabric coated in
PVA:CA 9:1; and (D) polyethylene fabric coated in PVA:CA 7:3; Figure S5: SEM image of polyethylene
fabric (A) neat and (B) containing 15 wt% of allantoin; Figure S6: In-vitro drug release evaluation
from PVA:PAA 9:1 and PVA:CA 9:1 formulation; Figure S7: Comparison between (A) PVA:CA 7:3
and (B) PVA:PAA 7:3 to zero-order release kinetics.
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