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1. Introduction

The global rise of multidrug-resistant (MDR) bacterial infec-
tions, exemplified by pathogens such as methicillin-resistant
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The escalating threat of multidrug-resistant (MDR) bacterial infections necessitates innovative antimicrobial
strategies with enhanced potency, selectivity, and pharmacokinetic profiles. In this study, chitosan/polyvinyl
pyrrolidone (Cs/PVP) nanogels were developed to encapsulate hydrophobic scaffolds (phenyltriazole,
phenylthiazole, and phenylguanidine derivatives) to improve solubility, stability, and antimicrobial efficacy.
The nanogels exhibited nanoscale dimensions (35-320 nm), uniform spherical morphology, and good
colloidal stability. Antimicrobial evaluation revealed significant fold potentiation of activity, with minimal
inhibitory concentration (MIC) values reduced up to 64-fold against Gram-positive bacteria, particularly
methicillin-resistant Staphylococcus aureus (MRSA) and S. epidermidis. DNA gyrase inhibition assays
confirmed enhanced enzyme targeting, with TRZS-nanogels achieving an ICso of 4.44 pg mL™%
representing a 5.7-fold improvement compared to the free compound. Furthermore, nanogels
significantly inhibited biofilm formation, achieving up to 79% inhibition in MRSA and 69% in
Pseudomonas aeruginosa. Cytotoxicity studies on human fibroblast cells demonstrated high
biocompatibility, with cell viability maintained above 85% at therapeutic concentrations. These findings
highlight Cs/PVP nanogels as promising drug delivery systems with dual antibacterial mechanisms,
offering improved potency, safety, and potential clinical application against MDR infections.

Staphylococcus aureus (MRSA), poses a formidable challenge to
public health, exacerbated by the overuse of antibiotics since
their discovery in 1928.%* The increasing prevalence of hospital-
acquired (HA-MRSA) and community-acquired (CA-MRSA)
strains, coupled with their resistance to conventional thera-
pies, underscores the urgent need for innovative antimicrobial
strategies.>* Non-antibiotic agents include Antimicrobial
Peptides (AMPs), silver nanoparticles, metal oxides, peptoids,
and polymers: these have shown some promise in physically
disrupting bacterial membranes or in inducing ROS, thereby
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circumventing traditional resistance mechanisms.>” They are
only effective when adminstered through efficient delivery
systems to avoid bacterial resistance, such as efflux pumps and
degrading enzymes.®® Polymeric nanomaterials, such as den-
drimers, micelles, and nanogels, offer significant potential due
to their tunable chemical structures, controlled release profiles,
and ability to facilitate targeted delivery.” In addition to ther-
apeutic applications, antimicrobial coatings for medical
devices, textiles, food packaging, marine equipment and water
purification systems are also important in addressing the risks
associated with biofilms.'** The supercell interactions and
internalizing nature of nanogels, merger products of nano-
particles and hydrogels, their size and charge tunability, and
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their design towards responsiveness to environmental stimuli
make them ideal for use in applications such as antimicrobial,
antifouling, and on-demand drug delivery.*

Many researchers are integrating nanomaterials such as
liposomes, polymers and biomimetic membranes, into rapid
diagnostic and delivery systems to combat antibiotic resistance
and improve diagnostic sensitivity."*"” To date, methicillin-
resistant MRSA strains, such as hospital acquired (HA)-MRSA
and community acquired (CA)-MRSA, have been the most
severe public health challenge.'®**

In recent years, different chemical scaffolds have been pub-
lished, including pyranopyrazole, phenylthiazole, and phenyl-
triazole, which have been shown to have potent antibacterial
and antifungal activity.'****” As the data showed, the prominent
antibacterial selectivity affected the microbial biological targets.

Recent studies have identified potent antibacterial and
antifungal properties in chemical scaffolds such as pyranopyr-
azole, phenylthiazole, and phenyltriazole.>*** However, clinical
translation remains limited due to poor water solubility, narrow
spectrum activity, and insufficient penetration into microbial
cells and biofilms.?******° These problems hamper their ability
to effectively combat resistant and polymicrobial infections. To
overcome these problems, the study proposes a new strategy,
the development of a delivery system based on nanogels using
chitosan/polyvinylpyrrolidone (Cs/PVP). Cs/PVP nanogels offer
biocompatibility, improved solubility of hydrophobic drugs,
and enhanced penetration and sustained release at the site of
infection. Incorporating these scaffolds into the Cs/PVP nanogel
matrix can enhance their pharmacological properties and
broaden their antimicrobial efficacy, offering a promising
approach against antibiotic-resistant pathogens.

It was explored that the expanded application of hydrogel-
based nanocapillaries in bacterial research through pH moni-
toring could affect bacterial growth.* In this sense, we have
formulated nanogels of chitosan/polyvinyl pyrrolidone (Cs/PVP)
that can bind certain hydrophobic antibacterial compounds,
including phenylthiazole, phenyltriazole, and phenylguanidine,
for evaluation against both Gram-positive and Gram-negative
bacteria.

As a continuation of our previously published work on the
antimicrobial efficacy of phenyltriazole and phenylthiazole
scaffolds against Staphylococcus aureus (MRSA) and fungal
pathogens,*®*"** the current study aims to enhance their ther-
apeutic potential through nanogel-based formulation. Given
the promising in vitro results of these novel compounds, this
research focuses on encapsulating selected derivatives into
biocompatible chitosan/polyvinyl pyrrolidone (Cs/PVP) nano-
gels to improve their solubility, targeted delivery, and overall
pharmacokinetic behavior. To address these limitations, this
study aims to develop a chitosan/polyvinyl pyrrolidone (Cs/PVP)
nanogel-based delivery system to enhance the solubility, tar-
geted delivery, and pharmacokinetic properties of hydrophobic
antibacterial agents, specifically phenylthiazole, phenyltriazole,
and phenylguanidine. By encapsulating these scaffolds into
biocompatible Cs/PVP nanogels, we seek to improve their
antimicrobial efficacy against MDR pathogens through a dual-
action mechanism targeting DNA gyrase and bacterial
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membrane disruption. Additionally, we aim to evaluate the
nanogels' physicochemical properties, biocompatibility, and
anti-biofilm activity, establishing a robust platform for
combating MDR bacterial infections with potential for clinical
translation (Fig. 1).

2. Results and discussion

2.1. TEM analysis

Fig. 2 shows Transmission Electron Microscopy (TEM) images
of the Cs/PVP nanogel formulations loaded with six different
drug molecules: (a) TRZS (70-80 nm), (b) ACE (105-110 nm), (c)
TRZO (35-45 nm). The technique offers a high-resolution visu-
alization of the core morphology and size distribution of the
nanogels, directly compared to the hydrodynamic sizes ob-
tained by DLS (Fig. 4). The observed sizes are consistently
smaller than those reported by DLS due to the absence of
a hydrated layer in the dry state under TEM imaging. The near-
spherical morphology and relatively narrow size distribution
visible in the micrographs reflect uniform nanogel formation
and controlled synthesis. Differences in particle size across the
various formulations can be attributed to the structural and
chemical nature of the encapsulated drugs, which affect the
internal packing density and cross-linking behavior of the
nanogel network. For instance, the larger size of the ACE-loaded
nanogels (105-110 nm) suggests a more expanded matrix
structure, potentially due to steric hindrance or less efficient
cross-linking. In contrast, TRAZO-loaded nanogels show the
smallest size (30-45 nm), indicating tighter packing or stronger
drug-polymer affinity. The distinct core-shell-like contrast in
some micrographs suggests phase separation within the nano-
gels, potentially linked to differential localization of the drug
within the matrix. Overall, Fig. 3 confirms the nanoscale
dimensions, structural integrity, and morphological consis-
tency of the Cs/PVP nanogels, reinforcing their suitability for
biomedical applications such as targeted drug delivery, where
size and shape critically influence pharmacokinetics, cellular
uptake, and biodistribution.

2.2. Nanogel UV spectrophotometric analysis

The UV spectrophotometric data in Fig. 3 illustrate the absor-
bance profiles of three compounds: TRZS (A), ACE (B), and
TRZO (C), comparing their native form (curve 1) with their
formulation in a chitosan/polyvinylpyrrolidone (Cs/PVP) nano-
gel (curve 2). These comparisons provide insight into how
nanogel encapsulation affects the electronic environment,
solubility, and potential stability of each compound. For TRZS
(Fig. 3A), both curves display a prominent absorption peak
within the 300-320 nm range, likely corresponding to @ — m*
transitions associated with aromatic or conjugated structures.
The absorbance of the native TRZS (curve 1) is higher than that
of the nanogel-incorporated form (curve 2), suggesting that
nanogel integration leads to reduced molar absorptivity. This
reduction could be due to decreased molecular aggregation or
encapsulation effects, which limit light interaction with TRZS
chromophores. Additionally, a slight red shift observed in the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Target scaffolds and nanogels with corresponding biological screens for rationalization of the study.

nanogel sample indicates possible interactions, such as
hydrogen bonding, between TRZS and the Cs/PVP network. In
the case of ACE (Fig. 3B), the spectra show a sharp absorption
peak around 290-310 nm. Interestingly, unlike TRZS, the
absorbance slightly increases in the nanogel formulation (curve
2), implying an enhancement in solubility or stabilization of
ACE within the hydrophilic nanogel matrix. The unchanged
peak position across both curves indicates minimal alteration
of ACE's core structure but suggests beneficial interactions with
the nanogel that improve its UV visibility and possibly its
dispersion in aqueous media. For TRZO (Fig. 3C), the spectral
range between 260-400 nm reveals that curve 1 (native TRZO)
has a broader and more intense absorbance band, particularly
between 280-350 nm, compared to the nanogel-incorporated
form (curve 2). This attenuation in curve 2 again suggests that
encapsulation in the Cs/PVP nanogel may shield the chromo-
phores or limit their exposure to the UV beam, possibly through
physical entrapment or intermolecular interactions within the
polymeric network.

Overall, the UV spectroscopic profiles indicate that the
incorporation of Cs/PVP nanogel has variable effects, depend-
ing on the compound. TRZS and TRZO show reduced absor-
bance intensity, likely due to encapsulation effects that alter
chromophore accessibility or local polarity. In contrast, ACE
exhibits enhanced absorbance, indicating improved solubility

© 2025 The Author(s). Published by the Royal Society of Chemistry

or molecular stabilization. These findings highlight the versa-
tile role of Cs/PVP nanogels in modulating the optical proper-
ties of pharmaceutical compounds, supporting their potential
utility in enhancing drug delivery performance through
improved stability and controlled interaction with the
surrounding medium.

2.3. Dynamic light scattering (DLS) analysis

Dynamic Light Scattering (DLS) analysis as shown in Fig. 4
provides significant insights into the physical properties and
colloidal stability of drug-loaded Cs/PVP nanogel systems. The
results demonstrate distinct variation in particle size and
surface charge properties between the six drug-loaded formu-
lations. Fig. 4 shows the dynamic light scattering analysis of
drug-loaded Cs/PVP nanogel formulations for six different
compounds: TRZS, ACE and TRZO. The DLS provides critical
information on the hydrodynamic diameter of nanoparticles in
suspension, which reflects the size of the core particle, the
solvation layer, and any dynamic surface interaction. The
observed sizes, 180 nm for TRZS, 277 nm for ACE, 320 nm for
TRZO, demonstrate that the incorporation of each drug leads to
distinct particle size distributions, influenced by drug-polymer
interactions, drug solubility, molecular weight, and compati-
bility with the polymer matrix. The larger sizes observed for
TRZO suggest stronger intermolecular interactions or possible

RSC Adv, 2025, 15, 35941-35960 | 35943
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Fig.2 TEM of (A) (Cs/PVP)TRZS nanogel with 35-45 nm (B) (Cs/PVP)ACE with 75-80 nm (C) (Cs/PVP)TRAZO with 85-90 nm.

aggregation tendencies, likely due to hydrophobicity or steric
effects of the drug molecules. Conversely, TRZS relatively
smaller hydrodynamic diameter indicates a more compact and
stable nanogel formation with efficient encapsulation. These
variations highlight the adaptive nature of the Cs/PVP nanogel
system in accommodating diverse drug molecules, tailoring its
size in response to the molecular characteristics of these
molecules. The consistent particle sizes within the nanometric
range also confirm the colloidal stability of the formulations,
which is critical for biological applications such as drug
delivery. Furthermore, the low polydispersity values reported
elsewhere in the document support the monodispersity of these
systems, highlighting the effectiveness of the synthesis and
purification protocols in generating uniform and stable
nanogels.

35944 | RSC Adv, 2025, 15, 35941-35960

2.4. Antimicrobial efficacy of the nanogels

The antimicrobial evaluation of nanogels compared to free
compounds was conducted to clarify the impact of nano-
folmulation on the antimicrobial efficacy. Inhibition zone
determination using the disc method was conducted for
nanogels and free compounds, and data were deposited in the
SI materials, Table S2 and Fig. S8. To investigate the bacterial
inhibitory and killing effects of all the prepared nanogels, the
minimal inhibitory concentration (MICs) of ten different Gram-
positive/negative bacterial strains were determined (E. coli
ATCC 25922, A. baumannii ATCC 17978, K.pneumonia ATCC
700603, P. aeruginosa ATCC 25668, P. mirabilis ATCC 29906, S.
aureus ATCC 43300 MRSA, S. spidermidis ATCC 12228, B. subtilis
ATCC 6633, Micrococcus luteus ATCC 9341, and E. feacalis ATCC

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 UV spectrophotometer of (A) TRZS (B) ACE (C) TRZO curve 1 (sample) and 2 (sample with Cs/PVP nanogel).

29212). As shown in Table 1, the current study sought to assess
and compare the antimicrobial activity of three hydrophobic
compounds—phenylthiazole, phenylguanidine, and phenyl-
triazole—in their delivery through Cs/PVP nanogels or other-
wise by their non-nanoformulated counterparts. In this respect,
enhancement in antibacterial activity was assessed quantita-
tively through the Fold Potentiation (FP) index of their nanogels
as compared to respective non-nanoformulated counterparts in
terms of MIC values. Thus, it is expressed as FP = MIC(S)/
MIC(Ng), where an FP value greater than one suggests that
nanogels increase activity. Therefore, the lower the MIC, the
stronger the agent's antibacterial activity. All three compounds
had their antibacterial activity substantially improved to a great
extent by the nanogel formulations against the Gram-positive
strains. Among these, phenylthiazole nanogels were found,
most consistently, to deliver an improved activity, especially
against S. aureus ATCC 43300 (FP = 64), S. epidermidis ATCC
12228 (FP = 32), and P. aeruginosa ATCC 25668 (FP = 8). Such
improvements were due to increased solubility and bioavail-
ability of phenylthiazole in the ng form, which might have
helped in better interaction with the bacterial membrane. Very
good improvements have also been seen for nanogels of
phenylguanidine, especially against S. aureus (FP = 32), E. fae-
calis (FP = 16), and Bacillus subtilis (FP = 8). This is contributed

© 2025 The Author(s). Published by the Royal Society of Chemistry

by the guanidine moiety, which facilitates electrostatic inter-
action with the negatively charged bacterial cell envelope,
thereby leading to membrane disruption and enhanced uptake.
Phenyltriazole nanogels were not quite as effective as other
nanogels but gave a really positive FP value, with S. aureus being
the best target (FP = 32) and B. subtilis giving (FP = 8). This
shows that while the nanoformulation helps, phenyltriazole
may have less inherent antimicrobial activity affected by
encapsulation among the other two in the series.

The Gram-positive bacteria had a stronger response to the
nanogel formulation, especially S. aureus, S. epidermidis, and
Micrococcus luteus (FP values 8-64). It indicates a very high degree
of potentiation. This may be due to the relatively simple structure
of the Gram-positive bacteria's peptidoglycan-rich cell wall,
which is affected more easily by such nanostructures and their
cationic functional groups like guanidine. The Gram-negative,
however, such as K. pneumoniae or A. baumannii, had only very
limited improvements and usually had FP values ranging from 1
to 4 because of their more complex outer membrane barrier. E.
coli and P. aeruginosa were exceptions regarding the Gram-
negative strains. The nanogels made with phenylthiazole and
phenylguanidine here achieved an FP value of 8 under optimized
conditions, thereby demonstrating the ability to overcome
certain permeability barriers. Moreover, the antimicrobial effect

RSC Adv, 2025, 15, 35941-35960 | 35945
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Fig. 4 DLS of (A) (Cs/PVP) TRZS nanogel (B) (Cs/PVP) ACE (C) (Cs/PVP) TRAZO.

of pure nanogel without drug loading resulted in MIC values
exceeding 512 pg mL™', confirming the compounds' potency.
Overall, these results substantiate yet another very novel appli-
cation of nanogels for carrying hydrophobic agents, the

Paper

antimicrobial nature of which is to be enhanced.******** The Cs/
PVP nanogel would also possess solubility and retention prop-
erties, along with dual-action mechanisms that target both UPP
synthetase and DNA gyrase, thus hampering bacterial cell-wall

Table 1 Antibacterial data of nanogels (Ng) and free sample (S) of target compounds against different strains as MICs values in pg mL™*

MICs values in pg mL ¢

TRZS ACE TRZO
Strains Ng S FP Ng S FP Ng S FP’
E. coli ATCC 25922 32 256 8 64 512 8 128 256 2
A. baumannii ATCC 17978 128 1024 8 64 256 4 512 512 1
K.pneumonia ATCC 700603 1024 1024 1 256 1024 4 1024 1024 1
P. aeruginosa ATCC 25668 64 512 8 128 1024 8 256 1024 4
P. mirabilis ATCC 29906 512 512 1 256 1024 4 256 512 2
S. aureus ATCC 43300 MRSA 8 512 64 4 128 32 4 128 32
S. spidermidis ATCC 12228 32 1024 32 32 64 2 64 128 2
B. subtilis ATCC 6633 64 128 32 256 8 128 1024 8
Micrococcus luteus ATCC 9341 128 256 2 64 128 2 128 1024 8
E.feacalis ATCC 29212 512 512 1 64 1024 16 512 1024 2

@ MIC values were obtained from a singlet experiment. * FP = MIC (S)/MIC (Ng).
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synthesis and stopping DNA replication. Guanidine moieties in
the structure further enhance this property, providing a means
for targeted electrostatic interactions with the bacterial
membrane. In general, the delivery through nanogels results in
a substantial increase in the antibacterial activity of all the
compounds considered, with higher effects noted for those
systems based on phenylthiazole against resistant Gram-positive
strains. The data further justified the need to design and develop
Cs/PVP nanogels to combat MDR infections, especially those
caused by Gram-positive pathogens (Fig. 5-7).

2.5. Mechanism of hydronanogels antibacterial action

Hydronanogels were successfully formed by mixing poly-
vinylpyrrolidone (PVP) and chitosan with various small-

phenylthiazole, and aryl carboximidamides. When incorpo-
rated into the polymeric matrix, these scaffolds produced
nanostructured hydrogels with enhanced antibacterial activity
compared to the individual compounds. The observed poten-
tiation is hypothesized to arise from the formation of physical
complexes driven by multiple non-covalent interactions such as
hydrogen bonding and electrostatic interactions. Chitosan, with
its protonated amino groups, offers strong electrostatic attrac-
tion to negatively charged bacterial membranes, while also
forming hydrogen bonds with functional groups on the small
molecules. PVP, possessing a lactam carbonyl group, further
stabilizes the system via hydrogen bonding with amines, imi-
damides, and heterocycles present in the scaffolds. These
synergistic interactions not only improve drug dispersion and
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retention but also enhance bacterial membrane disruption,
leading to superior antibacterial performance (Fig. 8).

The differential antibacterial responses observed between
Gram-positive and Gram-negative bacteria can be explained by
their distinct cell wall architectures. Gram-positive bacteria
possess a thick peptidoglycan layer that, despite its density, is
relatively porous and permits easier penetration of nanogels. In
addition, electrostatic interactions between the cationic nano-
gels and the negatively charged cell wall components further

facilitate membrane disruption and drug delivery. By contrast,
Gram-negative bacteria contain an additional
lipopolysaccharide-rich outer membrane, which acts as
a permeability barrier and limits nanogel uptake, thereby
reducing their responsiveness. Interestingly, exceptions such as
Escherichia coli and Pseudomonas aeruginosa demonstrated
improved susceptibility when treated with nanogels, which may
be attributed to enhanced permeability and partial overcoming
of efflux mechanisms mediated by the nanogel system.

PVP
(H-bonding via carbonyl)

Carboximidamide
Pec/PVA Nanogels

Chitosan
(Electrostatic NHs*)

Synergistic Antibacterial Effect
(H-bonding + Electrostatic disruption)

TR

T

TrrE

Fig. 8 A schematic-style figure illustrating the formation of antibacterial hydronanogels through the interaction of PVP, chitosan, and various
small-molecule scaffolds. It shows the key interactions (hydrogen bonding and electrostatic attraction) and highlights the enhanced antibacterial

activity.
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Fig. 9 Time-killing analysis of TRZS-ng against MRSA over a 24-hour
incubation period at 37 °C. SE are presented on the chart.

2.6. Time-killing assay against MRSA strain

Methicillin-resistant Staphylococcus aureus (MRSA) remains
among the most challenging bacterial pathogens. It is respon-
sible for several difficult-to-treat infections due to its resistance
to commonly used antibiotics, including methicillin and other
B-lactams. This growing resistance has led to an urgent need for
new antimicrobial agents to effectively combat MRSA infec-
tions. In this context, vancomycin, a glycopeptide antibiotic,
has been a mainstay in the treatment of MRSA; However,
increasing resistance and sometimes limited effectiveness have
driven the search for alternative therapies. To address this
issue, the most potent hydronanogel formulation of TRZS with
more FP value, 64, was evaluated for its antibacterial activity
(Fig. 5) against methicillin-resistant Staphylococcus aureus
(MRSA) over 24 hours. The y-axis represents the logarithm of
colony-forming units per milliliter (CFU mL™') of MRSA and
indicates bacterial concentration, while the x-axis shows time in
hours (Fig. 9).

The figure presents the results of a time-kill assay for
compound TRZS nanogel against MRSA, showing the reduction
in bacterial load over time at different concentrations relative to
the minimum inhibitory concentration (MIC). The
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concentrations tested include MIC, 2MIC, 4MIC, and a positive
control (PC). The graph indicates that higher concentrations of
TRZS nanogel lead to a more rapid and significant reduction in
bacterial counts, with the 4MIC and PC showing the most
pronounced effects. These results are significant as they
demonstrate the dose-dependent bactericidal activity of TRZS
gel against B. subtilis. The compound's effectiveness at
concentrations above the MIC suggests its potential as an
antimicrobial agent, particularly in the context of treating
infections caused by MRSA. Further research and development
could lead to new treatment options for infections where
conventional antibiotics may be ineffective due to resistance or
other factors (Table 2, and Fig. 9).

2.7. Inhibitory DNA gyrase supercoiling assay

Nanogels have emerged as efficient nanocarriers for antimi-
crobial delivery due to their ability to enhance drug solubility,
protect labile compounds, and facilitate targeted delivery to
bacterial enzymes and intracellular sites, thereby significantly
improving antibacterial activity.*>*® The comparative evaluation
of Cs/PVP nanogels loaded with phenyltriazole (TRZS), phenyl-
thiazole (ACE), and phenylguanidine (TRZO) compounds versus
their free forms demonstrated that nanogel encapsulation
significantly enhanced antimicrobial potency. This enhance-
ment is quantitatively supported by the Fold Potentiation (FP)
indices observed across key bacterial targets, namely DNA
gyrase. Notably, among the tested compounds, TRZS-Ng
exhibited the highest inhibitory potency against DNA gyrase
(ICso = 4.44 + 0.18 pg mL '), showing a 5.77-fold improvement
over free TRZS (25.6 + 1.54 pg mL™'). TRZO-Ng and ACE-Ng also
showed enhanced activity with ICs, values of 14.13 + 0.57 pg
mL~" and 21.09 + 0.85 ug mL™", corresponding to 2.09- and
1.56-fold increases in potency compared to their free forms,
respectively. These enhancements can be attributed to the
nanogels' ability to improve drug solubility and stability, facil-
itate sustained release, and potentially enhance interaction with
the bacterial enzyme active site.

When compared to the reference drug novobiocin (IC5, =
0.55 % 0.022 pug mL™"), a well-established DNA gyrase inhibitor,
TRZS-Ng demonstrated a relatively high level of inhibition,
suggesting its potential as an effective alternative when

Table2 Time-killing analysis including log CFU values of bacterial cells at different incubation periods (0—24 h) in the presence of TRZS nanogel
at concentrations corresponding to IMIC, 2MIC, and 4MIC compared with positive control (PC). Data are expressed as mean + SE (n = 3)

Concentration (ug mL™")

1MIC 2 MIC 4 MIC PC
Incubation period -
(hrs) Log CFU
OH 6.097 £+ 0.1 6.097 £+ 0.88 6.097 £ 1.1 6.097 £ 1.8
2H 5.978 £ 0.58 5.863 £ 1.1 5.708 £ 1.3 6.217 £ 1.02
4H 5.672 £ 0.68 5.58 £ 1.5 5.384 £ 1.0 6.241 £ 1.3
6 H 5.436 + 1.2 5.417 £ 1.1 4.929 £+ 0.77 6.312 £ 0.99
8 H 5.158 £ 1.3 4.881 £+ 0.58 4.204 £+ 0.98 6.334 £ 0.89
12 H 4.556 £ 0.91 4.461 £+ 0.98 3.934 +£1.01 6.356 £ 1.5
24 H 3.417 £ 1.0 3.362 + 1.41 3.1 +£0.99 6.38 = 1.08

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 The inhibitory enzyme assay data of free compounds and
nanogels (ICso (ug mL™%)¢

Cp. DNA gyrase

TRZS Ng 4.44 4+ 0.18
S 25.6 + 1.54
FpP 5.77

ACE Ng 21.09 £ 0.85
S 32.8 £2.91
FP 1.56

TRZO Ng 14.13 + 0.57
S 29.5 + 4.10
FpP 2.09

Novobiocin 0.55 + 0.022

“ Ng; nanogel formulations, S; free compounds, FP; fold potency. ICs, £
SE values (ng mL™") for at least three runs; compound concentration
required to produce 50% inhibition of supercoiling of DNA gyrase
enzyme. Data are presented as average ICs, £ SD.

delivered via nanogel formulation. Although not surpassing
novobiocin in absolute potency, the nanogel-loaded TRZS
represents a promising candidate due to its dual-target capa-
bility and improved delivery characteristics.

Overall, these results highlight the beneficial role of nanogel
encapsulation in enhancing the inhibitory effect of antibacterial
compounds on DNA gyrase, supporting its utility as a strategy to
improve the efficacy of existing or novel antimicrobial agents,*
Table 3.

2.8. Anti-biofilm effect

2.8.1. Biofilm inhibition efficacy. A crucial factor in the
development of new antibiotics is their ability to inhibit
bacterial virulence mechanisms, particularly biofilm formation.
This study evaluated the anti-biofilm potential of three
compounds: TRZS, TRZO, and ACE, administered both as free
agents and nanogel encapsulated (NGs) against two clinically
important biofilm-producing pathogens, Pseudomonas aerugi-
nosa and methicillin-resistant Staphylococcus aureus (Table 4,
and Fig. 10). Nanogel encapsulation effectively enhanced bi-
ofilm inhibition in all the formulations under test, making the
use of nanogel-based delivery systems suitable for treating
resistant biofilm-related infections. Against P. aeruginosa, NG
formulations in all cases were superior in performance

Table 4 Percentage of biofilm inhibition (mean + SE, n = 3) of TRZS,
TRZO, ACE, and their corresponding nanogel formulations (TRZS ng,
TRZO ng, ACE ng) against P. aeruginosa and MRSA strains

Cp. Biofilm inhibition %
P. aeruginosa MRSA

TRZS 44 £ 3.50 29 £ 2.10
TRZS ng 53 £ 3.10 79 £ 2.91
TRZO 35 £ 4.50 28 £ 3.01
TRZO ng 69 £+ 4.70 55 + 4.81
ACE 34 £2.01 28 £ 2.20
ACE ng 40 £ 5.21 41 + 2.70
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compared to their free compound analogues. TRZS nanogels
were inhibited by 53% versus 44% by free TRZS, and TRZO NGs
showed a significant improvement from 35% (free) to 69% (NG).
Similarly, ACE NGs modestly improved inhibition from 34% to
40%. The enhanced potency of TRZO NGs versus P. aeruginosa
was of particular importance, suggesting that this compound
can benefit most from nanogel encapsulation, perhaps due to
better penetration within the biofilm matrix or local retention.
In contrast to MRSA, the benefit of NG encapsulation was more
pronounced. TRZS NGs yielded an impressive 79% inhibition
compared to merely 29% for the free drug a greater than 2.5-fold
enhancement. TRZO was also more active encapsulated (55%
vs. 28%), and ACE NGs improved biofilm inhibition from 28%
to 41%. These results indicate the ability of NGs to greatly
increase the efficacy of otherwise relatively weakly active
compounds against MRSA biofilms, which are notoriously
refractory to treatment due to their dense extracellular matrix
and resistance mechanisms. Several factors likely explain the
improved performance of NG formulations. Nanogels provide
a protective environment to the active agent, with increased
solubility and stability. Their nanometer size and hydrophilicity
can also promote penetration into the dense biofilm matrix,
and controlled release from the NGs maintains effective local
drug concentrations for extended periods. The NG matrix may
also exhibit stronger interactions with the negatively charged
bacterial surface or the EPS, promoting more efficient disrup-
tion of the biofilm. These findings corroborate earlier research
highlighting the role of nanocarriers in bypassing biofilm-
induced resistance. However, the current research presents
a comparative evaluation of compound classes and pathogens,
showing a broader perspective towards nanogel potential as
global biofilm inhibitors. In general, nanogel encapsulation
significantly amplified the biofilm inhibition activity of TRZS,
TRZO, and ACE, particularly towards MRSA. These observations
attest to the utility of NG-based delivery systems for enhancing
the therapeutic efficacy of anti-biofilm drugs and warrant
further evaluation in preclinical infection models in terms of
safety, pharmacokinetics, and in vivo characteristics.

2.8.2. Biofilm clearance efficacy. Biofilms are complex,
structured communities of bacteria encased in a self-produced
extracellular matrix, representing a crucial virulence factor for
both Pseudomonas aeruginosa and Staphylococcus aureus. These
biofilms confer significant resistance to conventional antibi-
otics and host immune defenses, often leading to persistent
and recalcitrant infections. The present study tested the
biofilm-disrupting ability of the three antimicrobial compounds
TRZS, TRZO, and ACE alone or in nanogel (NG) form against
established mature biofilms by Pseudomonas aeruginosa and
methicillin-resistant Staphylococcus aureus (MRSA). The testing
of TRZS, TRZO, and ACE compounds, both as free compounds
and nanogel (NG) formulations, for the evaluation of their
ability to break biofilms, indicated that encapsulation in
nanogels was likely to enhance the biofilm-breaking activity in
two clinically important pathogens: Pseudomonas aeruginosa
and MRSA (Table 5 and Fig. 11). Although performance varied
between compounds, the nanogel formulations in all cases
enhanced or maintained the activity compared to their free

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Biofilm clearance efficacy of the nanogel formulations compared to free compounds against the biofilm of P. aeruginosa and MRSA

strains. Data are represented as triplicate mean + SE.

Table 5 Percentage of biofilm breaking/eradication activity (mean +
SE, n = 3) of TRZS, TRZO, ACE, and their nanogel formulations against
P. aeruginosa and MRSA strains

Cp. Biofilm breaking %
P. aeruginosa MRSA

TRZS 5£0.5 28 £ 3.9
TRZS ng 29 +£2.6 33+41
TRZO 13 £ 2.1 32 +£3.8
TRZO ng 12+1.9 44 £5.1
ACE 40 £ 5.1 10 £ 1.8
ACE ng 55+ 5.8 27 £2.9

counterparts, suggesting the potential of nanogels for the
treatment of mature biofilms. Among the free compounds, ACE
showed the highest activity against P. aeruginosa (40%), while

70

60 -

Biofilm Breaking %

mP. aeruginosa

TRZO and TRZS showed moderate activities (13% and 5%,
respectively). Conversely, against MRSA, TRZO (32%) and TRZS
(28%) showed higher activity than ACE (10%). This control vari-
ation indicates the inherent difference in how each compound
works against the biofilm matrices of different pathogens.
Nanogel encapsulation significantly enhanced the biofilm-
breaking activity in most cases. For instance, TRZS increased
from 5% (free) to 29% (NG) in P. aeruginosa and from 28% to 33%
in MRSA, with increased activity in both strains. TRZO NGs, while
not more active in P. aeruginosa (12% vs. 13%), did show a large
increase in MRSA (44% vs. 32%), the highest biofilm disruption
observed in this study.” ACE, whose effectiveness was variable
when in its naked state, was significantly enhanced through
nanogel delivery, rising to 55% against P. aeruginosa and to 27%
against MRSA, demonstrating nanogels’ capability of enhancing
subpar agents, These results show that nanogels can improve

m MRSA

TRZS TRZSng TRZO

i’

TRZO ng ACE ACE ng

Fig. 11 Biofilm inhibition efficacy of the nanogel formulations compared to free compounds against the biofilm of P. aeruginosa and MRSA

strains. Data are represented as triplicate mean + SE.
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Table 6 Cellviability percentages (mean + SE, n = 3) of tested compounds (TRZS, TRZO, ACE) at different MICs concentrations (16, 32, and 64 nug

mL~Y) in a human diploid fibroblast cell line (WI-38)

Cp. Viability assay (%) using MICs values in (ug mL ")

16 32 64
TRZS 108.5 + 8.5 88.5 = 5.8 98.6 £ 7.5 80.9 + 6.9 87.5+ 5.3 80.9 + 4.5
ACE 48.6 £ 4.9 40.5 £ 9.5 46.5 £ 6.8 384 £ 8.5 35.5 + 4.6 28.5 £ 3.9
TRZO 78.9 £ 6.5 72.6 = 4.3 69.8 + 4.9 68.5 + 6.4 78.9 £ 6.9 72.6 £ 7.9

drug delivery by a variety of mechanisms: by protecting active
agents from degradation, enhancing penetration into the dense
biofilm matrix, and controlled release to maintain local thera-
peutic concentrations. Improvements were especially critical for
drugs that are initially weak or of intermediate activity, such as
TRZS and ACE, which suggests that nanogels could rescue or
enhance the clinical usefulness of current antimicrobials. The
strain-dependent variations also suggest that the interaction
between the nanogel, the compound, and the specific biofilm
microenvironment is critical to the outcome.

2.9. Cellular biocompatibility of nanogels

Any antimicrobial agent or nanocarrier intended for therapeutic
use must be biocompatible. An ideal antimicrobial system
would be one that is highly active against pathogenic bacteria
but has minimal toxicity to the host tissue cells. In order to
check the safety of the synthesized Cs/PVP nanogels, in vitro
cytotoxicity was evaluated in a human diploid fibroblast cell line
(W1I-38), which is the standard model for preliminary biocom-
patibility screening.

The cytotoxicity assay was performed at a range of nanogel
concentrations (16, 32, and 64 pg mL™ "), and the cell viability
(%) using MTT methodology for each formulation is summa-
rized in Table 6 and Fig. 12. The results showed that the
formulations nanogel are significantly more biocompatible
than their non-nanoformulated counterparts.

Among the tested nanogels, the phenylthiazole carbox-
imidamide nanogel demonstrated the highest degree of

140 -

mTRZS mACE ®mTRZO

120 -
100 -
80 -
60 -

Viability (%)

40 1
20 A

16 32 64
MICs

Fig. 12 The effect of nanogels on human diploid fibroblast cell line
(WI-38) cell viability was extended for 48 h at 37 °C, respectively. The
cytotoxicity was determined by MTT assay. Data are represented as
triplicate mean + SE.
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biocompatibility, maintaining over 88% cell viability at 32 pg
mL~" and 80.9% even at 64 pug mL™". This suggests that the
nanocarrier system effectively modulates the cytotoxic effects of
the active compound, potentially through controlled release
and reduced nonspecific interactions with host cells.

In contrast, the free phenyl carboximidamide (non-
nanoformulated) exhibited the highest cytotoxicity, with cell
viability dropping below 40% at 32 pug mL ™' and further
declining to 28.5% at 64 g mL ™", indicating substantial toxicity
at therapeutically relevant concentrations. This stark contrast
highlights the protective and biocompatible nature of the Cs/
PVP nanogel matrix, which likely minimizes direct exposure
of fibroblasts to the free drug.

The phenyltriazole carboximidamide nanogel also demon-
strated acceptable biocompatibility, with cell viabilities ranging
from 69.8% to 78.9% across tested concentrations, reflecting
a favorable safety profile.*® The impurity profiles of the synthetic
route of the nanogels preparation were toxicologically charac-
terized using MTT assay (Cs/PVP system) against the WI-38 cell
line, with viability data 89% and cytotoxicity of 11% which
reverses the safety profile of the containing materials. The anti-
bacterial effects observed here are consistent with earlier studies
reporting phenylthiazoles as potent enzyme inhibitors,* triazoles
as scaffolds enhancing antimicrobial binding and solubility,***
and guanidine groups as strong cationic motifs that disrupt
bacterial membranes.>”** Compared with these reports, our Cs/
PVP nanogel formulations achieved greater MIC fold potentia-
tion and superior biofilm inhibition, highlighting the synergistic
advantage of nanogel encapsulation in amplifying the intrinsic
activities of these pharmacophores.

Collectively, these findings demonstrate that nanogel
encapsulation significantly enhances the biocompatibility of
the tested antimicrobial agents. The Cs/PVP nanogel system
appears to provide a safe and efficient platform for delivering
hydrophobic antibacterial agents, reducing off-target toxicity
while maintaining potent antibacterial effects. This balance
between efficacy and safety underscores the potential of these
nanogels as viable candidates for further in vivo evaluation and
clinical development.

2.10. Correlative nanocharacterization and structure-
activity relationships

The physicochemical characterization of the nanogels was
evaluated by correlating TEM, DLS, and UV-Vis analyses and
linking these findings to the chemical structures of TRZS, TRZO,
and ACE and their corresponding antimicrobial profiles. TEM

© 2025 The Author(s). Published by the Royal Society of Chemistry
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imaging confirmed that all nanogels possessed well-defined
spherical morphology in the dry state, with diameters in the
35-110 nm range. DLS measurements demonstrated larger
hydrodynamic sizes (180-320 nm) due to solvation shells and
hydration layers, with narrow distributions and stable zeta
potentials, confirming excellent colloidal stability. UV-Vis spectra
showed reduced aggregation signatures and improved solubility
for all encapsulated scaffolds compared to their free counter-
parts, indicating that nanogel encapsulation suppressed m-m
stacking and aggregation in aqueous environments.

Structural features strongly influenced nanoscale control
and biological performance. TRZS, which contains a thiazole
ring and a guanidinium moiety, displayed compact TEM
morphology, narrow DLS distributions, and marked suppres-
sion of aggregation peaks in UV-Vis. These features translated
into the highest antibacterial potentiation, with a DNA gyrase
inhibition IC5, of 4.44 ug mL ™" and MRSA biofilm inhibition up
to ~79%. TRZO, bearing a triazole ring, guanidinium tail, and
phenolic OH group, exhibited slightly larger hydrated sizes due
to increased interfacial hydration but maintained excellent
colloidal stability. Its UV-Vis spectra confirmed stable disper-
sion, correlating with superior antibiofilm performance against
Gram-negative bacteria such as P. aeruginosa (biofilm inhibition
~69%). ACE, incorporating a phenylthiazole scaffold with
a terminal hydrophilic substituent, demonstrated highly stable
DLS profiles and minimal spectral drift in UV-Vis, reflecting
enhanced dispersion and solubilization. While its antibacterial
potentiation was moderate relative to TRZS, ACE-nanogels
showed consistent stability and effective bioactivity, suggest-
ing a mechanism more reliant on membrane interaction and
uptake than direct enzyme inhibition.

Taken together, the congruence of TEM, DLS, and UV-Vis data
confirms nanoscale gel-state control across all three formula-
tions, while differences in chemical motifs explain the distinct
antimicrobial performance. TRZS-nanogels benefited most from
strong electrostatic and 7-interactions, TRZO-nanogels leveraged
hydration and sustained release for Gram-negative activity, and
ACE-nanogels offered superior stability with reliable though
comparatively lower potentiation. These correlations emphasize
that nanoscale architecture and scaffold chemistry jointly deter-
mine the enhanced antimicrobial profiles observed.

2.11. Pharmacophoric molecular analyses

The pharmacophore analysis of the analogs ACE, TRZO and
TRZS reveals their crucial similarities and differences in the
spatial orientation and functional group nature of the binding
activity. Three compounds have been mapped to a generic
pharmacophore model with six feature: aromatic (Aro),
hydrophobic/aromatic (Hydr/Aro), hydrogen bond donor (Don),
dual donor/acceptor (Don/Acc), donor (Don), and acceptor (Acc)
groups. This model, based on feature, defines the key interac-
tions required for effective binding to the target enzyme. The
alignment of the molecules exhibited good overlap of the
pharmacophoric features, indicating that despite structural
diversity, the ligands could bind in analogous binding cavities.
Measurement of distances between the pharmacophoric

© 2025 The Author(s). Published by the Royal Society of Chemistry
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features gives further insight into their 3D distribution. The
Aro-Hydr/Aro distance of 7.70 A defines the spatial extent of the
lipophilic/aromatic region, a pharmacophore region of primary
importance for fitting into hydrophobic pockets. The Aro-Acc
distance of 3.56 A and Acc-Don distance of 2.82 A define the
proximity of the points of polar interaction, suggesting that
hydrogen bonding and dipole interactions are favorably
oriented in all compounds. Besides, the Acc-Don/Acc distance
of 3.58 A supports the multifunctional hydrogen bonding ability
in similar positions. The aromatic nuclei of the two compounds
are significant contributors to pharmacophoric alignment and
interaction potential. ACE contains a benzene ring, with clas-
sical aromaticity and planarity, which enables m-stacking
potential. TRZS contains a thiazole ring, which has the combi-
nation of aromaticity and the potential to act as a weak
hydrogen bond acceptor via its heteroatoms. TRZO, which
contains the triazole ring, has an intense electron density and
potential for both aromatic interaction and metal coordination
or polar contacts, making it highly versatile.

Finally, despite differences in their core aromatic scaffolds,
all three compounds exhibit well-aligned pharmacophore
features, which suggests that they share a common mode of
interaction concerning the biological target. Differences in
aromatic groups can adjust binding specificity and affinity, with
TRZO and TRZS potentially offering more interaction versatility
through their heterocyclic systems. This pharmacophore model
confirms the observation that these compounds are worthy of
being used as leads for optimization as enzyme inhibitors, with
TRZO and TRZS delivering slightly more pharmacophoric
complexity and potential (Table 7).

2.12. Molecular docking analyses

Docking analysis of the compounds ACE and TRZS compared to
the bound ligand of the DNA gyrase enzyme, revealed that both
compounds interact effectively with key residues in the active
site of DNA gyrase B through specific fragments responsible for
hydrogen bonding, hydrophobic, and aromatic interactions.
ACE demonstrates the closest similarity to the reference ligand
in forming hydrogen bonds via its N-H and C=N fragments
with water molecules HOH572/HOH407 and Arg76, as well as
through an OH group with Asp73—all interactions also
observed in the reference, which uses its COOH and NH groups
to bind Arg76, Arg136, and Asp73. ACE also establishes hydro-
phobic contacts through its CH; group with Pro79 and utilizes
two phenyl rings: one forming hydrophobic interaction with
Asn46, and the other participating in aromatic stacking with
Val120, Ile94, and Ala47, akin to the DiCl, group in the refer-
ence. In contrast, TRZS, while not interacting with Arg76 or
Arg136, maintains hydrogen bonding via its N-H and OH
groups with HOH572/HOH407 and Asp73, respectively. It also
engages in hydrophobic interaction via a CH; group with Pro79,
and utilizes a triazole ring for aromatic interaction with Asn46,
and a cyclohexyl ring for hydrophobic interaction with Val120,
1le94, and Ala47.

Overall, ACE has the most comparable interaction profile to the
reference ligand, and efficiently reproduces both polar and non-
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Table 7 Molecular analysis of target compounds, including alignment and pharmacophoric points matching

Compounds

\ TRZO

Pharmacophore model

Molecular alignment

N&ACERML

.52 FaDan

Featuers Aro, Hydr/Aro, Don, Don/Acc, Don, Acc
Aro-----Hyd/Aro (7.70)
) Aro---------- Acc (3.56)
Distances (A) A Don (2.82)
Acc ------------ Don/Acc (3.58)
Aromatic part Benzene Thiazole | Triazole

./’*In"-ow@fh"-

polar interactions. In addition, TRZS introduces a new scaffold
with promising binding characteristics that may further optimise
the inhibition of DNA gyrase B (Table 8). Although these
compounds are effective in the UPPS target, results for ACE and
TRZS in the Undecaprenyl Diphosphate Synthase (UPPS) indicate
that both compounds interact with key residues in the active site,
although TRZS has a stronger binding profile. The ACE forms
multiple hydrogen bonds with residues such as Phe70, Ser72,
Ala47 and water molecule, and establishes a w—H interaction with
Ala69, but with moderate binding energies (around —0.5 to
—1.3 keal mol ™). In contrast, TRZS exhibits more potent inter-
actions, especially with Arg77, forming two strong hydrogen bonds
one at 2.97 A with a notable binding energy of —7.3 keal mol~*—
well as 7-H interactions with Asn28 and Ala69, mimicking key
features of the bound ligand. The reference ligand demonstrates
the most extensive and strongest binding network, with multiple
hydrogen bonds and ionic interactions, particularly with Arg77
and Asn28, reaching energies as low as —11.6 kcal mol ™. Overall,
TRZS shows greater similarity to the bound ligand than ACE,
indicating higher potential as a UPPS inhibitor.

3. Concluding remarks

In this study, Cs/PVP nanogels were designed as delivery plat-
forms for hydrophobic antimicrobial scaffolds to overcome
solubility and bioavailability limitations. Nanoscale character-
ization confirmed uniform spherical morphology (TEM: 35-110

35954 | RSC Adv, 2025, 15, 35941-35960

nm), hydrodynamic diameters of 180-320 nm with narrow
polydispersity (DLS), and enhanced solubility with reduced
aggregation signatures (UV-Vis), highlighting controlled nano-
architecture and colloidal stability.

Biological evaluation demonstrated a marked improvement
in antibacterial potency upon nanogel encapsulation. MIC
assays revealed up to 64-fold potentiation against Gram-positive
pathogens, with exceptional activity against MRSA and S. epi-
dermidis. Mechanistic studies further showed that TRZS-
nanogels inhibited DNA gyrase with an ICs, of 4.44 pg mL ™,
representing a 5.7-fold enhancement over the free compound.
Importantly, antibiofilm testing confirmed significant inhibi-
tion, reaching 79% against MRSA and 69% against P. aerugi-
nosa. Cytocompatibility assays demonstrated >85% fibroblast
viability at therapeutic concentrations, underscoring the safety
of nanogel encapsulation. Stability testing further confirmed
that the nanogels retained particle size and zeta potential over
one month at storage conditions.

Collectively, these findings show that Cs/PVP nanogels not
only enable precise nanoscale control but also substantially
enhance antibacterial potency, biofilm inhibition, and cyto-
compatibility. Among the tested scaffolds, TRZS-nanogels
emerged as the most promising candidate, showing the stron-
gest enzyme inhibition and antibiofilm effects. Future work will
include impurity profiling, comprehensive toxicological evalu-
ation (mutagenicity, immunotoxicity, neurotoxicity), and in vivo
validation to support clinical translation. Overall, Cs/PVP

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 8 Affinity energies (kcal mol™) and intermolecular bonds of the compounds mapped to bound ligands within the active sites of the DNA
gyrase target (PDB 7P2N) and undecapreny!l diphosphate synthase (PDB 2E98)

Undecaprenyl diphosphate synthase

Cp. DNA gyrase
ACE
TRZS
[ S
Affinity energy = —10.5

Affinity energy = —10.2

nanogels represent a highly promising next-generation anti-
microbial platform for combating multidrug-resistant
infections.

4. Materials and methods

The synthesis of polymer-based nanogels utilized carefully
selected materials from reputable suppliers. Low molecular
weight chitosan (Cs) with a degree of deacetylation =75% was
acquired from Sigma-Aldrich (St. Louis, MO, USA). In contrast,
polyvinyl pyrrolidone (PVP) with a precise molecular weight of
40000 Da was sourced from Merck KGaA (Darmstadt, Ger-
many). The cross-linking network was established using
a combination of glutaraldehyde solution (GA, 25% w/v in H,0,
analytical grade), ammonium persulfate (APS, =98% purity),
and N,N'-methylenebisacrylamide (MBA, 99.5% purity), all
procured from Sigma-Aldrich. For pH adjustments and solvent
preparations, glacial acetic acid (=99.7% purity), sodium
hydroxide pellets (NaOH, reagent grade), and concentrated

© 2025 The Author(s). Published by the Royal Society of Chemistry

hydrochloric acid (HCl, 37% v/v) were obtained from Fisher
Scientific (Hampton, NH, USA).

4.1. Preparation of chitosan/PVP (Cs/PVP) nanogel

The Cs/PVP nanogel synthesis followed a modified cross-linking
approach with precisely controlled reaction parameters. A chi-
tosan solution was prepared by dissolving 0.125 g of Cs in 25 mL
of 1.2% (v/v) aqueous acetic acid solution. This dissolution
process was conducted under continuous magnetic stirring at
650 rpm for 2.5 hours at 25 £ 0.5 °C to ensure complete polymer
solubilization. The resultant solution exhibited a viscosity of
approximately 125 mPa s. The pH was meticulously adjusted to
5.2 £ 0.1 using freshly prepared 0.1 M NaOH solution added
dropwise while monitoring with a calibrated pH meter (Mettler
Toledo, accuracy +0.01). Simultaneously, 0.575 g of PVP was
dissolved in 35 mL of deionized water/DMSO (30/70)v/v in
a separate three-necked round-bottom flask equipped with
a reflux condenser. The PVP solution was heated to 62 £+ 1 °C
using a water bath with constant stirring at 525 rpm for 75

RSC Adv, 2025, 15, 35941-35960 | 35955
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minutes, resulting in a transparent homogeneous solution with
a viscosity of approximately 85 mPa s at 25 °C. The polymer
blending process involved careful addition of the chitosan
solution to the PVP solution at a controlled rate of 0.4 mL min~*
using a calibrated peristaltic pump (Watson-Marlow 120S). The
addition was performed under vigorous stirring at 825 rpm
using a Teflon-coated magnetic stir bar (40 mm x 8 mm) to
promote uniform distribution of polymer chains. The mixture
was maintained at 30 &+ 1 °C for 90 minutes to facilitate poly-
mer-polymer interactions through hydrogen bonding and
electrostatic forces. This pre-gelation mixture demonstrated
a pH of 5.4, indicating a stable colloidal system. The cross-
linking process was subsequently initiated by introducing
0.024 g of APS (dissolved in 1.25 mL deionized water) as
aradical initiator, followed by sequential addition of 0.0065 g of
MBA (dissolved in 0.75 mL of 10% v/v ethanol solution) and 62.5
pL of GA at 5-minute intervals. The reaction vessel was purged
with high-purity nitrogen gas (99.999%) for 15 minutes prior to
and continuously during the cross-linking process to ensure an
oxygen-free environment, preventing premature termination of
the free radical polymerization. The cross-linking reaction
proceeded at 72 £ 0.5 °C for 135 minutes with controlled stir-
ring at 320 rpm, monitored using a digital overhead stirrer (IKA
RW20) to prevent mechanical degradation of the forming
nanogel network. Purification of the synthesized nanogel
employed a two-stage approach to ensure complete removal of
unreacted components and potential toxicants. The crude
nanogel suspension was initially subjected to extensive dialysis
using a regenerated cellulose membrane (MWCO 12-14 kDa,
Spectrum Laboratories) against 4 L of deionized water for 60
hours at 4 °C. The dialysis medium was replaced every 4 hours
for the first 24 hours and subsequently every 8 hours, with
conductivity measurements performed to confirm the removal
of ionic species (final conductivity < 10 uS em™"). Following
dialysis, the nanogel suspension underwent differential centri-
fugation at 5250 rpm for 18 minutes at 10 °C using a refriger-
ated centrifuge (Eppendorf 5804R). The supernatant was
discarded, and the sediment was redispersed in a 20% v/v
ethanol-water mixture, followed by two additional wash cycles
with 10% v/v ethanol and finally with pure deionized water. The
purified Cs/PVP nanogel, exhibiting a solid content of 4.8% w/v
and an average hydrodynamic diameter of 185 + 12 nm (PDI
0.176), was stored in sterile borosilicate glass containers at 4 +
1 °C under nitrogen atmosphere to prevent oxidative degrada-
tion before drug loading experiments.

4.2. Drug loading into Cs/PVP nanogel

The drug incorporation methodology was optimized for each
compound based on its physicochemical properties. For the
three selected compounds, TRZS, TRZO, and ACE; individual
stock solutions were prepared at a concentration of 400 ppm in
10 mL solvent volumes (DMSO). At a concentration of 400 ppm
in 10 mL of nanogel suspension. For drug solution preparation,
4 mg of each drug compounds was dissolved in 10 mL of
nanogel under sonication (40 kHz, 30 minutes, 25 °C) to ensure
complete solubilization, particularly for hydrophobic drugs, the
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solutions were filtered through 0.22 pm PTFE syringe filters to
remove any potential particulate contaminants before loading.
The drug loading procedure involved precise volume control
and environmental conditions to maximize entrapment effi-
ciency. Exactly 12.5 mL of Cs/PVP nanogel suspension (5.5 mg
mL ™) was transferred to a 50 mL jacketed glass reactor main-
tained at 22 + 0.5 °C using a circulating water bath. The
suspension was equilibrated under moderate magnetic stirring
at 425 rpm for 15 minutes before drug addition. Each drug
solution was introduced into the nanogel suspension via
a programmable syringe pump at a controlled rate of 0.85
mL min~'. The needle tip was positioned 5 mm beneath the
liquid surface to minimize surface tension effects. Following
complete addition, the stirring speed was increased to 475 rpm,
and the mixture was maintained for 3.5 hours to facilitate drug
diffusion and physical entrapment within the polymer network.
The pH was monitored and maintained at 6.0 & 0.2 for optimal
electrostatic interactions between the drugs and polymer
chains. Post-loading, the formulation underwent gentle soni-
cation (15 minutes, 25% amplitude, pulsed mode: 5 s on/2 s off)
in an ice bath to ensure uniform drug distribution while pre-
venting thermal degradation.

4.3. Characterization of nanogels

The physicochemical and structural properties of the synthe-
sized drug-loaded Cs/PVP nanogel systems were comprehen-
sively evaluated using a complementary suite of analytical
techniques. UV-Visible spectrophotometric analysis was con-
ducted on an Agilent Cary 60 spectrophotometer equipped with
a xenon flash lamp and dual silicon diode detectors.

Particle size distribution, polydispersity, and surface charge
characteristics were meticulously determined using a Malvern
Zetasizer Nano ZS90 equipped with a 4 mW He-Ne laser (A =
633 nm) and an avalanche photodiode detector at a fixed
backscattering angle of 173°. Dynamic light scattering
measurements were performed in triplicate at 25 °C after
equilibration for 120 seconds, with each measurement
comprising 12 runs of 15 seconds duration. Samples were
prepared by diluting the nanogel suspensions (1 : 40) in filtered
(0.22 pm) ultrapure water adjusted to pH 5.5 to achieve an
optimal attenuator setting of 6-8 and a 200-300 kcps count rate.
High-resolution morphological characterization was performed
using a JEOL JEM-2100F transmission electron microscope
operating at an accelerating voltage of 200 kv with a point
resolution of 0.19 nm. Nanogel suspensions were diluted to
0.01% w/v and deposited onto carbon-coated copper grids (400
mesh).

4.4. Chemistry of compounds

The supplementary material contains all details of the synthetic
procedures and spectroscopic characterizations (Table S1 and
Fig. $1-S7).

4.5. Biological screening

4.5.1. Determination of in vitro antimicrobial activity. The
primary screening was carried out using the agar disc-diffusion

© 2025 The Author(s). Published by the Royal Society of Chemistry
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method.”* Sterile paper discs (8 mm diameter) were dipped in
the designed synthesized compound solution, dissolved in
dimethyl sulfoxide, to achieve a specific concentration of 200 pg
per disc. The antibacterial ampicillin and ciprofloxacin were
used as reference antimicrobial agents. The discs were dropped
on Miiller-Hinton agar medium plates. The plates were previ-
ously inoculated separately with a panel of ten standard strains of
ten different Gram-positive/negative bacterial strains were
determined (E. coli ATCC 25922, A. baumannii ATCC 17978, K.
pneumonia ATCC 700603, P. aeruginosa ATCC 25668, P. mirabilis
ATCC 29906, S. aureus ATCC 43300 MRSA, S. spidermidis ATCC
12228, B. subtilis ATCC 6633, Micrococcus luteus ATCC 9341, and
E. feacalis ATCC 29212). The plates were incubated at 37 °C, and
the diameter of the growth inhibition zones were measured after
24 hours in case of bacteria and at 25 °C for 48 hours in case of
fungi. The Minimal inhibitory concentrations (MIC) for the free
compounds and nanogels against the same microorganisms
used in the primary screening were carried out using the
microdilution susceptibility method in Miiller-Hinton Broth.>>*
The tested and the reference compounds were dissolved in
DMSO at a concentration of 64 ug mL ', The two-fold serial
dilutions of the solution were prepared. The microorganism
suspensions at 106 CFU mL ™" (colony forming unit per ml)
concentrations were inoculated into the corresponding wells.>*
The MIC values were determined as the lowest concentration that
inhibited the growth of the microorganism.> All results are mean
values from at least three experiments.

4.5.2. MTT cytotoxicity evaluation. Cell viability following
exposure to the synthetic compounds was estimated by MTT
reduction assay.’*®” All detailed experiments are illustrated in
the SL

4.5.3. Antibiofilm screening. The biofilm inhibitory activity
of selected potent analogs at a concentration of the corre-
sponding MICs for each compound was assessed against highly
biofilm-forming Methicillin-resistant Staphylococcus aureus
(MRSA) and Pseudomonas aeruginosa. The biofilm assay was
carried out at the Department of Microbiology, Faculty of
Pharmacy, Al-Azhar University, Cairo. See detailed methodology
in supporting materials.

4.5.4. Biofilm clearance assay. The biofilm-breaking assay
is a vital technique for evaluating the potential of compounds to
disrupt established bacterial biofilms. Biofilms are resilient
bacterial communities that can cause persistent infections and
are challenging to treat due to their resistance to antibiotics.
The assay typically involves allowing bacteria to form biofilms
under controlled conditions, treating these biofilms with the
test compounds, and then assessing the extent of biofilm
disruption. Common methods for assessing disruption include
crystal violet staining followed by spectrophotometric
measurement, confocal laser scanning microscopy (CLSM) to
visualize changes in biofilm structure, and viable cell counting
to determine the number of remaining bacteria. Recent studies
have shown that enzymatic approaches, such as the use of
glycosidases, proteases, and deoxyribonucleases, can effectively
disrupt biofilms by degrading the extracellular polymeric
substance (EPS) matrix. Additionally, physical methods like
ultrasound have been explored for their ability to enhance
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biofilm disruption.***** These methods are crucial for devel-
oping new therapeutic strategies against biofilm-associated
infections.

4.5.5. Time-killing assay. A time killing assay was per-
formed to ascertain the activity of the phenylpyrazole
compounds against MRSA, following a protocol outlined
previously.?®*> Log-phase cultures of MRSA ATCC 43300 (OD600
=~ 1.00) were diluted to a final density of 2.97 x 10® CFU mL ™"
and subjected to the test compounds at concentrations of 2-4
times their minimum inhibitory concentration (MIC), in trip-
licate, with Tryptic Soy Broth as the medium. At time intervals
(0, 4, 6, 8,10, 12, and 24 hours) during incubation at 37 °C, 100
uL samples were withdrawn, serially diluted in phosphate-
buffered saline (PBS), and plated onto Tryptic Soy Agar. The
plates were incubated at 37 °C for 18-20 hours, after which
viable bacterial counts (CFU mL ') were determined. Optical
density readings at 600 nm (OD600) were plotted against time
(0-24 h) to monitor bacterial growth or reduction over time.

4.5.6. E. coli DNA gyrase supercoiling assay. The E. coli
DNA gyrase supercoiling assay was performed at the Tissue
Culture Unit, VACSERA, Giza, Egypt, using (TopoGEN Kit#
TG2000G-1KIT). A detailed methodology according to the Kit
manufacturer.

4.5.7. Molecular docking. The target compounds ACE,
TRZS and TRZO were docked into both active sites of the crystal
structures of DNA Gyrase B in complex with benzothiazole
(PDB: 7P2N)*® and Undecaprenyl diphosphate synthase in
complex with farnesyl pyrophosphate (PDB: 2E98)°* target. The
re-docking studies were performed for the crystal structures as
avalidation method. All detailed methodology was discussed in
the SI materials.
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