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A series of 2-substituted 1,3-thiazolidine-4-carboxylic acid nanoparticle (TNP)-loaded aramid-based

composite polypropylene (PP) membranes (PM-1 to PM-5) have been fabricated via the phase-inversion

method. For this purpose, the TNPs (1a–5a) were first synthesized by an anti-precipitation technique and

characterized using ultraviolet-visible (UV/Visible) and X-ray diffraction (XRD) analyses. PP membranes

loaded with TNPs were then prepared and characterized using scanning electron microscopy (SEM) and

Fourier transform infrared (FTIR) analyses. The TNPs, and PP membranes loaded with the same, were

subjected to antimicrobial evaluation against the Gram-negative bacteria Escherichia coli (E. coli). The

TNPs exhibited significant antibacterial potential against the selected bacterial strains. Sample 3a, i.e.,

a nitro-substituted derivative of TNPs, was found to be the most active sample tested, with a 12 mm

zone of inhibition. Similarly, all the PP membranes exhibited encouraging antifouling properties. Among

them, membranes PM-3 and PM-5 loaded with nitro- and thienyl-substituted derivatives of TNPs (i.e., 3a

and 5a) exhibited excellent antifouling activity. In addition, the TNPs and loaded PP membranes were

also screened for their antiviral potential against the Hemagglutinin 9 Neuraminidase 2 (H9N2) and

Infectious Bronchitis Virus (IBV) viral strains, and TNPs 3a and 5a were found to be the most active

antiviral agents, while the membranes loaded with the same, i.e., PM-3 and PM-5, also exhibited

significant antiviral potential. This study presents the design and development of innovative composite

membranes that can be used to efficiently disinfect water through the integration of advanced

nanomaterials and refined fabrication techniques.
1 Introduction

Access to fresh water is a critical need for human beings.
However, clean water resources have been severely depleted in
many places globally, causing difficulties and risking the lives of
many. Multiple organic and inorganic contaminants pollute
water and some of them are extremely persistent, unsafe and
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the Royal Society of Chemistry
cancer-causing agents. Therefore, access to sufficient clean
water resources has become a major challenge globally.

To address the growing scarcity of safe drinking water, it is
crucial to prioritize water purication at the local level.1 Tradi-
tional methods of purifying water, such as sedimentation and
biochemical degradation, are still commonly used in many pla-
ces to remove contaminants, such as pesticides, dyes, pharma-
ceutical waste and additional commercial waste products.
Conventional water treatment typically includes several steps,
such as the removal of suspended particles viamacro-ltration in
the initial phase of treatment and the oxidation of biological
matter in the secondary phase of treatment. Next to secondary
treatment, water may go through a tertiary treatment, which
generally utilizes various kinds of chemicals, such as chlorine
dioxide,2 potassium permanganate,3 chlorine4 and ozone,5 to
carry out the process of chemical disinfection. UV radiation is
also frequently utilized for this purpose.6 Aer the nal treat-
ment step, water is usually micro-ltered and then discharged
into the environment, where it can be utilized for e.g., irrigation.7
RSC Adv., 2025, 15, 16607–16621 | 16607
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To enhance the effectiveness of the treatment process,
membrane technology has attracted signicant attention due to
its ability to ensure the efficient removal of contaminants,
offering a promising solution for providing clean and uncon-
taminated water.8 To achieve this objective, polymeric
membranes are widely utilized for wastewater treatment and
desalination. Organic membranes are generally preferred for
separation purposes owing to their stability, adjustable hydro-
phobic and hydrophilic nature, potency for chemical reactions
and remarkable mechanical strength.9 Hence, there is great
signicance in utilizing polymers with the appropriate struc-
tural arrangement and adjustable chemical reactivity for the
fabrication of separation membranes to aid purifying water.
Among these, poly(paraphenylene terephthalamide), commonly
known as aramid, is considered one of the strongest polymers.10

Aramid has exceptional mechanical characteristics, a modi-
able structure, dispersal ability, remarkable resistance against
most commonly employed solvents, noteworthy thermal
stability and physical and chemical endurance. These proper-
ties and the structural arrangement of aramid contribute
towards its efficient membrane performance, even in chal-
lenging conditions. Consequently, aramid has found extensive
application, including as a support in the fabrication of
membranes for water purication.11,12

While membrane technology undoubtedly represents a versa-
tile and efficient solution for water purication, offering a range
of processes that can be tailored to meet specic water quality
requirements in diverse applications, persistent biofouling can
occur and poses a notable constraint hindering the optimal
performance of the membrane. Addressing and mitigating the
biofouling challenges is essential to unlock the full potential of
membrane-based processes and ensure sustained efficiency in
diverse industrial settings. To reduce this biofouling issue,
various anti-biofouling agents, including organic, inorganic, and
enzyme-dependent products, are frequently integrated into
membranes, imparting antibacterial activity.13

In particular, inorganic anti-biofouling agents, such as
silver,14–17 graphene and graphene oxide,18,19 gold,20 copper,21

CNTs,22 TiO2,23 ZnO24,25 and their nanocomposites,26,27 have been
investigated for integration into polymeric membranes to avoid
biofouling due to bacteria. These biofouling agents can be used
both in a nanosized form or immobilized onto supporting
Fig. 1 Basic structure of the 2-phenyl-substituted 1,3-thiazolidine-4-
carboxylic acid derivatives.

16608 | RSC Adv., 2025, 15, 16607–16621
materials, such as CNTs,28 graphene29 and halloysite nanotubes,30

to enhance their stability and longtime antibacterial ability.
The usage of organic modiers as antifouling agents against

bacteria can enhance the shelf-life of polymeric membranes.13

Many researchers have used organic NPs in membranes to
enhance the affinity of the organic modiers with the poly-
mers.31,32 For instance, a prior study reported modifying the
membrane through the integration of 2,4,6-triaminopyrimidine
(TAP) and PVP, which could help prevent the loss of nanosized
inorganic particles during long-term ltration processes.33

It was reported that 1,3-thiazolidine scaffolds exhibit
remarkable antimicrobial properties and are potent against
both bacteria and fungi. Moreover, they show antihypertensive
and anti-inammatory activities34–36 and have potential against
viruses too.37 The range of their biological activities and
potential is so diverse that researchers are actively engaged in
exploring this platform for numerous biological activities.36

In the present study, a series of 2-substituted 1,3-
thiazolidine-4-carboxylic acid nanoparticles (TNPs) were intro-
duced as antifouling agents into aramid-based composite
polypropylene (PP) membranes to reduce membrane fouling.
For this purpose, various TNPs (1a–5a) were synthesized as
antifouling agents. The structures of the precursor compounds
are shown in Fig. 1. By incorporating TNPs, composite PP
membranes were fabricated and are henceforth referred to as
PP membranes (PM-1 to PM-5). The synthesized TNPs were
characterized by UV/Visible spectroscopy and XRD analyses,
while the composite membranes loaded with the TNPs were
characterized via SEM and FTIR analyses. Furthermore, the
antibacterial properties of the synthesized TNPs and PP
membranes loaded with the TNPs were evaluated against E. coli,
while their antiviral properties were evaluated against the AIV-
subtypes H9N2 and IBV as model strains.

2 Experimental
2.1 Materials and method

All the chemicals used for synthesis of the TNPs and
membranes were of analytical grade. Polypropylene, in pellet
form with an isotactic structure and an averageMw of about 12
000, was obtained from Merck. Adipic acid, with a purity of
99.5%, was purchased from UNI-CHEM Chemical Reagents.
Reagent grade n-hexane and isopropyl alcohol were obtained
from Sigma-Aldrich. Sodium dodecyl sulfate (CAS-151-21-30)
with high purity was provided by Merck. Soya-bean oil was
purchased from a local market. UV/Visible analysis was per-
formed by a double beam spectrophotometer (HALO DB-20).
XRD analysis of the TNPs was carried out using an XRD
spectrometer, namely the XPERT PRO XRD diffractometer
(Panalytical, UK). The membranes were characterized by
Fourier transform infrared (FTIR) spectroscopy using an
ALPHA (PLATINIUM-ATR) FTIR spectrometer (range 375–
4000 cm−1). The morphology of the membranes was evaluated
by SEM (JEOL 5410). A Zwick Roell-Z2.0 Universal Testing
Machine, designed with a 2.5 kN Serie KS load cell and parallel
jaw grips, was used for mechanical testing of the membrane
samples.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.2 Preparation of the 2-phenyl-substituted 1,3-thiazolidine-
4-carboxylic acid derivatives (TNPs 1a–5a)

The TNPs (1a–5a) were synthesized using a solvent/antisolvent
precipitation technique with the previously prepared 2-
phenyl-substituted 1,3-thiazolidine-4-carboxylic acid deriva-
tives (1–5),38 with the structures of compounds 1–5 shown in
Fig. 1. While, the structures of the aryl substituents in these
compounds are illustrated in Table 1. For the synthesis of the
TNPs, a solution was made by dissolving a compound (0.54 g)
in 30 ml 2-propanol, and then distilled water (30 ml) was
added to this solution to obtain a clear solution. The resulting
solution was stirred at room temperature for 60 min and then
le to stand for 1 day. Aerwards, the above-prepared solution
was added to sodium dodecyl sulfate (SDS) solution (0.2% w/
v), which had previously been prepared by dissolving SDS
(0.2 g) in 100 ml distilled water to make the SDS solution. The
resulting mixture was then centrifuged at 3500 rpm. The
resulting precipitates were separated and washed with
distilled water. The nanoparticles (NPs) were collected in
a Petri dish and dried over 1 day at 60 °C 39 (Fig. 2a).

Fabrication of the nanosized 2-phenyl-1,3-thiazolidine-4-
carboxylic acid was achieved by the following steps, which
contributed to the development and stabilization of the nano-
particles. First, the compound was dissolved in a solvent to
enable complete solubilization of the compound. The func-
tional groups in the molecules, such as the carboxylic acid
group and thiazolidine ring, were involved in the nucleation
process, as they facilitate the intermolecular interactions
necessary for nanoparticle development. Upon dissolving, the
clear solution demonstrated that the compound was evenly
Table 1 Structure of the aryl substituents in the 1,3-thiazolidine-4-carb

Compounds Het (Ar)

1

2

3

4

5

© 2025 The Author(s). Published by the Royal Society of Chemistry
dispersed. Aerwards, sodium dodecyl sulfate (SDS) was added
as a surfactant in to the reaction system. SDS stabilized the
nanoparticles, preventing their aggregation and reducing the
surface tension, ensuring that the nanoparticles stayed sepa-
rated and evenly dispersed throughout the medium. Finally,
centrifugation at 3500 rpm facilitated the isolation of the
nanoparticles from any by-products or other impurities in the
solution. The nanoparticles of the 2-phenyl-1,3-thiazolidine-4-
carboxylic acid derivatives were collected and characterized.
The mechanism for the synthesis of the TNPs is shown in
Fig. 2b.

In the structure of the 1,3-thiazolidine-4-carboxylic acid
derivative the aryl group shows substitution.
2.3 Fabrication of TNP-functionalized aramid-supported PP
membranes (PM-1 to PM-5)

The fabrication of PM-1 to PM-5 was carried out using a previ-
ously reported protocol.40 First, PP polymer was heated in
soybean oil at 300 °C, and then adipic acid was added with
constant stirring (400 rpm) under heating until a homogenized
solution was obtained. The TNPs were then sonicated in
a dispersant (sodium polyacrylate) for 1 h at room temperature.
Aer that, the TNP suspension was added to the polymer
solution and stirred again to obtain a uniform phase. A piece of
4 × 7 cm2 aramid fabric (as a support) was then inserted into
the prepared solution and withdrawn instantly. Then, the
membrane was dipped in distilled water for some time before
being immersed in hexane for 12 h. The procedure to prepare
the membranes is shown in Fig. 3.
oxylic acid derivatives

2-Phenyl-substituted 1,3-thiazolidine-4-carboxylic acids

2-Phenyl-1,3-thiazolidine-4-carboxylic acid

2-(3-Chlorophenyl)-1,3-thiazolidine-4-carboxylic acid

2-(2-Nitrophenyl)-1,3-thiazolidine-4-carboxylic acid

2-(3-Hydroxy-4-methoxyphenyl)-1,3-thiazolidine-4-carboxylic acid

2-(2-Thienyl)-1,3-thiazolidine-4-carboxylic acid

RSC Adv., 2025, 15, 16607–16621 | 16609
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Fig. 2 (a) Preparation of nanoparticles of the 2-substituted phenyl-1,3-thiazolidine-4-carboxylic acid derivatives (TNPs 1a–5a). (b) Reaction
synthesis of the nanosized 2-substituted phenyl-1,3-thiazolidine-4-carboxylic acid derivatives (TNPs 1a–5a).
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2.4 Antibacterial bioassay

2.4.1 Strain preparation. For the antibacterial assay, the E.
coli bacterial strain was obtained from Dr Imran Sajid,
Fig. 3 Preparation of the aramid-based polymeric membranes (PM-1 to

16610 | RSC Adv., 2025, 15, 16607–16621
Department of MMG, Punjab University. A nutrient medium
was used to keep the strain alive. For this assay, sterilized
nutrient broth (50 ml) was taken in a conical ask (100 ml) and
PM-5).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 UV-Visible spectra of the 2-phenyl-1,3-thiazolidine-4-carboxylic acid derivatives and their respective thiazolidine nanoparticles (TNPs).
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used to transfer each bacterial strain (100 ml). Aer that, the
bacterial strain was incubated for 24 h and cultured in the
medium, i.e., Muller–Hinton agar.41
© 2025 The Author(s). Published by the Royal Society of Chemistry
2.4.2 Antibacterial assay. The antibacterial potentials of
the TNPs and fabricated membranes were evaluated by the disk
diffusion method. A disk or lter paper was coated with the test
RSC Adv., 2025, 15, 16607–16621 | 16611
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Fig. 5 XRD spectra of the nanoparticles of the 2-phenyl-1,3-thiazolidine-4-carboxylic acid derivatives (TNPs).
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sample and was then placed on agar using an inoculation loop
and then incubated overnight. Aer the incubation period, the
plates were examined and the zones of inhibition were
measured.42 For testing the membrane, the Guango method43
16612 | RSC Adv., 2025, 15, 16607–16621
was followed, wherein the disc of the membrane, with the
antibacterial agent, was placed on the agar surface with the
bacterial strain. The disc was le for incubation overnight, and
aerwards the zone of inhibition was measured.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 IR spectra of the PP membranes (1–5) functionalized with the 2-(2-phenyl) 1,3-thiazolidine-4-carboxylic acid derivatives (TNPs).

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2025, 15, 16607–16621 | 16613
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2.4.3 Antiviral assay. The antiviral activities of the
membranes (PM-1 to PM-5) were evaluated against H9N2 and
IBV viruses. For this, microbe-free chicken eggs were collected
from the Govt. Poultry Farm, Bahawalpur, Pakistan. Meanwhile,
the viral inoculants were received from the Department of
Biochemistry and Molecular Biology Laboratory, University
College of Veterinary and Animal Sciences, Islamia University,
Bahawalpur, Pakistan. First, the viruses were inoculated in 9–11
day old chicken embryonated eggs by a chorioallantoic
pathway,44 with the whole procedure performed in biosafety
cabinet II. Before inoculation, the eggs were candled, the wide
area of the eggs was swabbed with ethanol (70%) and a hole was
drilled in the eggs with an autoclaved pin. Strain was introduced
into the eggs and the wider area was enclosed with molten wax.
Aer that, the eggs were le to incubate at 37 °C for 72 h. Then,
the allantoic uids were collected and then subjected to testing
by the hemagglutination (HA) test.45

2.4.4 In ovo antiviral assay. In order to evaluate the antiviral
activities of the thiazolidines (1–5), the TNPs (1a–5a), and
membranes (PM-1 to PM-5), an in ovo antiviral assay was per-
formed. For the thiazolidine derivatives and TNPs testing, an
equal volume of thiazolidine and the viral suspension was injec-
ted into embryonated eggs and then incubated at 37 °C for 72 h.
Aerward, allantoic uid was collected for the HA test against
H9N2 and IBV viruses.46 Also, the same process was repeated for
testing the NPs. To test the membranes, the same test method
was used with some modications. For this, same-sized pieces of
membranes and an equal volume of viral suspension were
Fig. 7 Surface analysis of the PP membrane at 25 000× magnification (A
distance (WD) of 4.2 mm, and surface analysis of the PP membrane at 5

16614 | RSC Adv., 2025, 15, 16607–16621
injected into embryonated eggs and le for incubation at 37 °C.
Aer 72 h, the uid was tested for the HA virus.47
3 Results and discussion
3.1 Characterization of the prepared nanoparticles of 2-
phenyl-1,3-thiazolidine-4-carboxylic acid derivatives (TNPs)

Conrmation of the prepared TNPs was performed by UV/
Visible analysis, as shown in Fig. 4. The UV-Vis spectrum of
the phenyl-substituted derivative (1) displayed a band at
210 nm, while the band for the respective TNPs (1a) was
observed at 216 nm. The UV-Vis spectrum showed an
absorption band for the chloro derivative of the standard
thiazolidine 1,4 carboxylic acid (2) at 215 nm, while the band
for the respective TNPs (2a) was observed at 230 nm. The UV-
Vis spectrum of the nitro-substituted derivative (3) showed
a band at 220 nm, while that of its nanoparticles (3a) appeared
at 237 nm. The same pattern of bands was observed in the
case of 2-(3-hydroxy-4-methoxyphenyl)-1,3-thiazolidine-4-
carboxylic acid (4), where the compound showed a band at
236 nm, which was shied to 247 nm during the fabrication of
its nanoparticles (4a). The UV-Vis spectrum of 2-(2-thienyl)-
1,3-thiazolidine-4-carboxylic acid displayed an absorption
band at 231 nm, while that for its TNPs was observed at
249 nm.

The X-ray diffraction patterns of the TNPs are shown in
Fig. 5. Different peaks were observed at various 2q angles; e.g.,
for TNPs (1a), peaks were observed at 11.82°, 16.47°, 18.80°,
), surface analysis of the PP membrane at 500 00× (B) with a working
00 00× (C) with a working distance (WD) of 3.5 mm.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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22.81°, 33.31°, while for TNPs (2a), peaks were observed at
18.84°, 28.46°, 33.20°, 34.40°. The nitro-derivative TNPs (3a)
exhibited different peaks at 2q angles of 19°, 28.64°, 33.31°, and
34.29°. Moreover, the hydroxy-4-methoxyphenyl derivative of
TNPs (4a) and thienyl derivative of TNPs (5a) showed peaks at 2q
angles of 11.49°, 13.49°, 16.26°, 19.59°, 23.19°, 24.59°, 30.60°,
38.74° and 13.02°, 15.81°, 16.34°, 19.33°, 23.16°, 24.39°, 26.33°,
28.47°, 32.61°, 38.14°, 41.98°, respectively. The XRD patterns
were also collected and used to determine the average particle
sizes of the synthesized TNPs using the 2q values and the
Debye–Scherrer equation, as shown below.

D = Kl/B(cos q)
Fig. 8 A) Cross-sectional analysis of PM-1 at 1150×magnification with a
at 7019× magnification with a working distance (WD) of 9.18 mm. (C) C
distance (WD) of 9.35 mm. (D) Cross-sectional analysis of PM-3 at 6368
sectional analysis of PM-5 at 1212× magnification with a working dista
magnification with a working distance (WD) of 9.64 mm.

© 2025 The Author(s). Published by the Royal Society of Chemistry
Here, D shows the average size of the crystallites (nm), K is the
crystallites shape constant (0.9), l is the X-ray wavelength, B
shows the full width at half maximum (FWHM) in radiation of
the X-ray diffraction peak, and q is Bragg's angle. The average
particle sizes of the TNPs ranged from 28 to 30 nm.
3.2 Characterization of the fabricated aramid-supported PP
membranes (PM-1 to PM-5)

The spectra of the various functional groups of the TNPs
embedded in the polymeric membranes were observed in the
range between 400–4000 cm−1 (Fig. 6). The spectrum of the
phenyl-substituted TNPs embedded in the membrane (PM-1)
working distance (WD) of 9.14 mm. (B) Cross-sectional analysis of PM-1
ross-sectional analysis of PM-3 at 113× magnification with a working
× magnification with a working distance (WD) of 9.21 mm. (E) Cross-
nce (WD) of 9.75 mm. (F) Cross-sectional analysis of PM-5 at 6794×

RSC Adv., 2025, 15, 16607–16621 | 16615

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra00748h


Fig. 9 Graphical representation of the pore sizes of the membranes.

Fig. 10 Comparison of the mechanical properties of the membranes
(PM-1 to PM-5).
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exhibited –NH stretching at 2924 cm−1, while a band for C]O
appeared at 1742 cm−1, and the phenyl showed C–H bending
vibrations between 666–1054 cm−1. The chloro derivative of the
TNPs embedded in the membrane (PM-2) displayed a peak at
760 cm−1 associated with C–Cl stretching. Moreover, it exhibi-
ted –NH stretching at 2926 cm−1 and C]O stretching of
a carboxylic acid group at 1742 cm−1. Similarly, it was observed
that the membrane (PM-3) functionalized with the TNPs of the
nitro derivative showed several conrmation vibrations at 1240
and 1475 cm−1, with these two peaks related to the nitro group.
Moreover, –OH and –NH strong peaks were observed at
2924 cm−1 as well as C]O stretching at 1740 cm−1. The 3-
hydroxy-4-methoxy derivative of TNPs embedded in the
membrane (PM-4) displayed –OH and –NH stretching bands at
3343 and 2841 cm−1 respectively. Besides, the C–O peak of the
methyl phenyl ether and NH bending were observed at 1021 and
1650 cm−1, respectively. Thus, the membrane (PM-5)
16616 | RSC Adv., 2025, 15, 16607–16621
functionalized with the thienyl derivative of TNPs displayed –

NH stretching at 2929 cm−1 and a band for C]O that appeared
at 1645 cm−1.

In order to observe the surface characteristics of the
membranes, they were subjected to SEM analysis. First, the PP
membrane was examined under SEM, and images of it under
different magnications are shown in Fig. 7. The blank
membrane was observed by SEM at 5.00 kV voltage with magni-
cations of 25 000× and 50 000×. At high magnication, the
image of the PP membranes showed the presence of polymers
hiding the aramid ber, with some cavities depicted by redmarks.

The cross-sectional characteristics of some of the polymeric
membranes, i.e., PM-1, PM-3, and PM-5, were examined by SEM
analysis. SEM images of these membranes are shown in Fig. 8
and as captured with an electron voltage of 5 kV with different
magnications.

The pores in the membrane were the same size as those
present in MF membranes; however, the hybrid membranes
possessed three layers. The fabric middle layer was sandwiched
between the top and bottom covers composed of a polymer,
thus behaving as composite membranes. The membrane could
lter in the NF range because of the crisscrossing pattern of the
three layers. Similar results were documented in ref. 48.
Generally, the pore size of composite membranes can range
from nanometers to micrometers, based on the fabrication
process and the intended function. Using SEM (Fig. 7C) and the
ImageJ program, the pore sizes of these membranes were
calculated and are shown in Fig. 9.

In order to evaluate the mechanical properties of the
membranes, they were subjected to mechanical testing. The
results showed that all the membranes were mechanically
strong. Among all the membranes, PM-3 demonstrated the
highest Fmax and Fbreak, showing that the PP membrane func-
tionalized with the nitro-substituted compound had the ability
to withstand pressure, indicating it was more resistant to
rupturing. It also had the best mechanical strength. These
ndings show its strong structural integrity and high resistance
to mechanical failure under stress. Other membranes i.e., PM-1
and PM-2, also showed good mechanical strength with some
exibility. PM-4 demonstrated a moderate mechanical strength
with low exibility. PM-5 had good mechanical resistance with
moderate elongation. The mechanical properties of all these
membranes are compared and shown in Fig. 10.
3.3 Evaluation of the disinfection ability

The 2-phenyl-substituted 1,3-thiazolidine-4-carboxylic acid
derivatives (1–5), their respective nanoparticles (TNPs) (1a–5a)
and the TNP-loaded aramid-based composite PP membranes
(PM-1 to PM-5) were evaluated against E. coli to assess their
disinfection ability, and the results are shown in Table 2.
Among the 2-substituted 1,3-thiazolidine-4-carboxylic acids (1–
5), the nitro-substituted compound (3) proved to be more active,
showing the maximum zone of inhibition; however, the TNPs
prepared from these derivatives all showed good results
compared to their bulk counterparts, which may be attributed
to their small size distribution. The TNPs (3a and 5a)-based
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Antibacterial activities of the 2-phenyl-substituted 1,3-thiazolidine-4-carboxylic acids (1–5), TNPs (1a–5a) and PM-1 to PM-5
membranes against E. colia

Antimicrobial
compounds (1–5)

Zone of inhibition
(mm)

TNPs
(1a–5a)

Zone of inhibition
(mm) Membranes

Zone of inhibition
(mm)

1 08 1a 11 PM-1 09
2 09 2a 10 PM-2 07
3 11 3a 12 PM-3 10
4 08 4a 09 PM-4 06
5 10 5a 11 PM-5 10

a Ampicillin was used as a positive control (ZOI observed at 23 mm).

Fig. 11 Zone of inhibition against E. coli displayed by: (a and b) 2-phenyl-substituted 1,3-thiazolidine-4-carboxylic acids compounds (1–5),
DMSO, and ampicillin (c and d), thiazolidine based nanoparticles, TNPs (1a–5a), DMSO, and ampicillin (e–g) polymeric membranes (PM-1 to PM-
5), DMSO, and ampicillin.
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polymeric membranes (PM-3 and PM-5) indicated excellent
antifouling properties, and their zones of inhibition (ZOIs) are
shown in Fig. 11.

All the synthesized materials were also evaluated for their
antiviral activity and the results are shown in Table 3. As model
viral strains, H9N2 and IBV were used for the antiviral evaluation.
According to the data collected, the PM-3 and PM-5 membranes
showed good antifouling properties. These membranes were
considered to be good against H9. Also, thesemembranes proved
© 2025 The Author(s). Published by the Royal Society of Chemistry
to be more active against IBV. Images of the antiviral activity of
the standard compounds, TNPs and membranes against AIV are
shown in Fig. 12, while Fig. 13 shows the antiviral activity of the
membranes against IBV.

The existing literature reveals a diverse range of polymers, such
as PVDF, PES, and PSF, commonly enhanced with metallic nano-
particles, show varying degrees of efficacy against a spectrum of
microbes, including E. coli. Based on the tabulated data above, it
could be observed that the PP membranes enhanced with TNPs
RSC Adv., 2025, 15, 16607–16621 | 16617
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Table 3 Antiviral activities of the 2-phenyl-substituted 1,3-thiazolidine-4-carboxylic acids (1–5), TNPs (1a–5a) and PM-1 to PM-5 membranes
against AIV and IBV viruses

Standard compounds AIV (H9N2) HAa (titre) TNPs AIV (H9N2) HA (titre) Membranes AIV (H9N2) HA (titre) IBV HA (titre)

1 00 1a 08 PM-1 32 32
2 10 2a 02 PM-2 02 08
3 04 3a 00 PM-3 00 00
4 00 4a 02 PM-4 08 08
5 04 5a 00 PM-5 00 00
Normal saline (negative control) 1024
DMSO (solvent control) 1024
Amantadine
(standard anti-AIV drug)

2.70

a Hemagglutination (HA) titer 0–8: strongly effective drug (no growth or very limited growth of the virus); 16–32: effective drug (limited growth of the
virus, the drug has controlled viral growth effectively); 64–128: moderately effective drug (the drug is not able to control the growth of the virus very
efficiently, but it is still able to control the growth to some extent); 256–2048: ineffective drug (unable to control the growth of the virus).

Fig. 12 Antiviral activities of the 2-phenyl-substituted 1,3-thiazolidine-4-carboxylic acids (1–5), TNPs (1a–5a) and PM-1 to PM-5 membranes
against AIV.
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fabricated in this study are superior to most previous reports as
shown in Table 4. Notably, our study distinguishes itself in intro-
ducing a novel approach for enhancing antimicrobial properties
Fig. 13 Antiviral activity of the membranes (PM-1 to PM-5) against IBV.

16618 | RSC Adv., 2025, 15, 16607–16621
targeting E. coli, H9N2 and IBV. This aspect presents a signicant
contribution to the eld, addressing the limited antimicrobial
effectiveness or the need for improved composite membranes.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Comparison of the various supported polymeric membranes targeting microbesa

Membranes Fabrication technique Porous/non-porous Antimicrobial Zone of inhibition (mm) Reference

PES-PANCMA-PEI-Ag Dry wet spinning process Porous Antibacterial 2.5–3 47
PAN/Ag-NPs Electrospinning Porous S. aureus 8.45 � 0.9 49

E. coli
PSF/Cu2O NPs Phase inversion Porous E. coli 9.7 (�0.6) 50
PSF/ZnO Phase inversion Porous E. coli 1.18 51
Aramid/PP/TNPs Phase inversion Porous E. coli 10 Current study

a PES: polyether sulfone, PANCMA: poly acrylonitrile-co-maleic acid, PEI-Ag: polyethylene imine-silver, PAN: polyacrylonitrile, PSF: polysulfone,
Cu2O: cuprous oxide.
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4 Conclusion

In this study, we successfully synthesized nanosized 2-phenyl-
1,3-thiazolidine-4-carboxylic acids TNPs (1a–5a) utilizing
a solvent/antisolvent precipitation technique. Furthermore, we
developed polypropylene membranes (PM-1 to PM-5) modied
with these TNPs, demonstrating remarkable antifouling prop-
erties. Notably, all the synthesized TNPs exhibited signicant
antibacterial activity. Additionally, the TNP-based membranes,
particularly those incorporated with nitro and thienyl TNPs,
displayed signicant antifouling efficacy against E. coli. In
addition to their efficacy against E. coli, PM-3 and PM-5
demonstrated effectiveness against both IBV and the AIV
subtype H9N2. Notably, owing to the increased surface area of
the TNPs, they exhibited enhanced antiviral potency compared
to their precursor compounds. Our study not only validates the
existing research ndings but also advances this eld by
unveiling insights into the enhanced antimicrobial efficacy
achieved through the integration of TNPs into aramid-based
polypropylene composite membranes.
5 Future perspectives

In the rapidly growing domain of water purication technology,
the development of robust and high-performance membranes
continues to be a primary focus. Aramid/PP composite
membranes functionalized with nanosized 2-phenyl-1,3-
thiazolidine-4-carboxylic acids have shown remarkable antimi-
crobial performance and the ability to reduce biofouling. Future
research is anticipated to focus on boosting the longevity of these
membranes, and expanding their antimicrobial scope to target
a broader spectrum of pathogens, especially those involving
multi-drug-resistant strains. Simultaneously, the exploration of
environmentally benign materials is critical to ensure that these
membranes do not harm the environment post-use when they
may be discarded. A cost-effective fabrication method is also
important in making these innovative membranes suitable for
extensive use, particularly in water-treatment facilities at a large
scale. Furthermore, real-world testing will continue to be essen-
tial for validating the membranes' effectiveness and compati-
bility with existing infrastructure, enabling their seamless
implementation. Finally, the success of these advanced
membranes will be measured by their impact on public health,
© 2025 The Author(s). Published by the Royal Society of Chemistry
particularly in areas facing water quality issues. This progress
could mark a transformative era in membrane-based water-
treatment technologies.
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