
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
O

ct
ob

er
 2

02
5.

 D
ow

nl
oa

de
d 

on
 6

/1
5/

20
26

 8
:5

1:
01

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Coumarin/nitrog
aNanotechnology Research Center (NTRC), T

City, Cairo 11837, Egypt
bDepartment of Biology, College of Scienc

University (IMSIU), Riyadh 11623, Saudi Ar
cBadr University in Cairo Research Center, B

11829, Egypt
dDepartment of Chemistry, Faculty of Scien

32511, Egypt. E-mail: ibrahimtantawy@yah
eBioprocess Development Department (BID)

Research Institute (GEBRI), City of S

Applications (SRTA-City), New Borg El-Arab
fDepartment of Chemistry, College of Scienc

Saudi Arabia. E-mail: anegm@kfu.edu.sa; ek

Cite this: RSC Adv., 2025, 15, 36731

Received 11th April 2025
Accepted 13th September 2025

DOI: 10.1039/d5ra02535d

rsc.li/rsc-advances

© 2025 The Author(s). Published by
en-bearing heterocyclic hybrid-
loaded electrospun PMMA/PVP nanofibrous
scaffolds for accelerating topical wound healing
rates: synthesis and in vitro bio-evaluation

Samar A. Salim,a Mohamed A. M. Ali, b Tasneem Abed,c Anis Ahmad Chaudhary,b

Fehmi Boufahja,b Asmaa Mohammed Hasanein,d Eman Abdelaziz,d Shahira H. EL-
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Coumarin-nitrogen heterocyclic compounds (e.g. quinoline, acridine, and phthalazine) were synthesized by

facile reactions and elucidated by FTIR, 1H, and 13C-NMR analyses, which showed consistency with the

expected structures. Coumarin-quinoline (drug A)- and coumarin-acridine (drug B)-loaded electrospun

PMMA/PVP nanofibrous scaffolds were fabricated using electrospinning techniques. Results showed

a successful PMMA/PVP blend, which formed the matrix that was used as the main scaffold for drug

loading/release. The drugs (A and B) were encapsulated within the matrix as verified by IR and SEM

results. Bio-evaluation through cytotoxicity and anticancer screening was conducted using the MTT

assay against lung fibroblast (Wi-38), colon carcinoma (Caco-2), lung carcinoma (A549) and breast

carcinoma (MDA) cell lines. Notably, the IC50 values of the synthesized derivatives against Wi-38 cells

were found in the range of 126.3–195.0 mg mL−1, indicating a high level of safety for the synthesized

compounds toward the treated human normal (Wi-38) cell line. The IC50 values of these potent

derivatives against Caco-2 cells were estimated in the range of 4.87–38.23 mg mL−1, with SI values

ranging from 4.59 to 25.93. Their IC50 values against A549 cells were estimated to be in the range of

5.74–32.05 mg mL−1, with SI values ranging from 5.47 to 18.09. However, their IC50 values against MDA

cells were estimated to be in the range of 4.27–14.91 mg mL−1, with SI values ranging from 11.76 to

29.58 mg mL−1. The antimicrobial activities of the two synthesized compounds toward Gram-positive

compared to Gram-negative bacteria were estimated; the highest antimicrobial activity was achieved at

inhibition zones of ∼19.5 ± 2.3 and 17.2 ± 1.3 mm toward S. aureus and S. mutans, respectively, followed

by S. typhimurium (∼15.5 ± 1.1 mm). According to the obtained findings, coumarin-nitrogen heterocyclic

compounds (quinoline, acridine)-loaded PMMA/PVP electrospun NFs can be regarded as good

antimicrobial biomaterials for different biomedical applications, particularly for wound dressings.
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1. Introduction

Cancer and infectious diseases are among the most serious
health problems faced by humanity today. Despite signicant
advances in treatment, both diseases continue to be major
causes of death worldwide.1 In the search for new and more
effective therapies, researchers have increasingly turned their
attention to natural products and their derivatives. Among
these, coumarin and nitrogen-containing heterocyclic
compounds such as indoles, quinolines, and acridines, have
emerged as promising candidates because of their miscella-
neous biological activities.2,3 The development of effective
therapeutic agents for combating cancer and microbial infec-
tions remains a critical challenge in medical science.4

Coumarin, found in several plants, has gained signicant
RSC Adv., 2025, 15, 36731–36748 | 36731
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attention, owing to its varied pharmacological features,
including anti-cancer,5 anti-inammatory,6 and antimicrobial
activities.7 The strategic modication and hybridization of
coumarin derivatives can enhance their biological effectiveness
and broaden their applicability in therapeutic contexts.8 Various
current studies have stated the synthesis and biological activi-
ties of coumarin-containing nitrogen heterocyclic compound
hybrids.9–12 Recently, the application of electrospun nano-
brous scaffolds has been developed as a promising path for
delivering bioactive compounds.13 Among various polymer
matrices, poly(methyl methacrylate) (PMMA) and polyvinyl
pyrrolidone (PVP) stand out for their favorable mechanical
properties, biocompatibility, and ability to facilitate the
encapsulation of therapeutic agents.14 The electrospinning
technique offers a versatile approach for generating nano-
brous structures with high surface area-to-volume ratios,
enabling the controlled release of incorporated drugs while
providing a supportive environment for cellular activities.15

Nanobrous scaffolds have been widely employed in
biomedical elds, owing to their remarkable characteristics,
including a large surface area, high porosity, and the capability
to mimic natural extracellular matrix (ECM).16 Among the
various nanober production techniques, electrospinning has
proven to be an adaptable method for generating nanobrous
scaffolds with controlled structure and functionality. Lately, the
incorporation of bioactive compounds into these scaffolds has
emerged as a promising strategy for improving their therapeutic
potential. Limited recent studies have reported the use of
electrospun nanobrous platforms for drug delivery. For
example, the arrangement of nanobrous scaffolds loaded with
the antimicrobial drug ciprooxacin showed that the drug-
loaded scaffolds exhibited the sustained release of ciprooxa-
cin and enhanced antimicrobial activity, compared to free
ciprooxacin.17,18

In this research, we present the synthesis and analysis of new
hybrids featuring coumarin and nitrogen-containing heterocy-
clic compounds. The hybrids were then loaded onto electro-
spun PMMA/PVP nanobrous scaffolds as a biomaterial carrier.
The anticancer and antimicrobial activities of the hybrids and
the drug-loaded scaffolds were assessed.

2. Materials and methods
2.1. Materials

The following materials were utilized: 4,7-dichloroquinoline
(97%), triethylamine (99%), and coumarin-3-carboxylic acid
(99%), all sourced from Sigma Aldrich, MO, USA. Other
reagents, including 1,4-phenylenediamine, thionyl chloride
(97%), and solvents such as ethanol (98%), dichloromethane
(98%), and petroleum ether (60–80 °C), were provided by LOBA
Chemie, Mumbai, India. Polyvinylpyrrolidone (PVP) (Mwt. 40
000 g mol−1) powder (C6H9NO)n was obtained from Alfa Aesar,
while polymethyl methacrylate (PMMA, Mwt. ̃550 kDa) was
acquired from Lucite International, UK. N,N-Di-
methylformamide (DMF) was sourced from EMSURE VWR,
Germany. Additionally, MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide) dye and dimethyl sulfoxide
36732 | RSC Adv., 2025, 15, 36731–36748
(DMSO, research grade) were bought from Serva Electropho-
resis GmbH, Germany. The starting materials, such as 9-
chloroacridine and 1-chloro-4-(p-tolyl)phthalazine, were
prepared according to previously reported methods.19–21

Microbial strains: Staphylococcus aureus ATCC 25923 (S.
aureus), Streptococcus mutans ATCC 25175 (S. mutans), Bacillus
cereus ATCC 19637 (B. cereus), Bacillus aureus ATCC 25923 (B.
aureus), Bacillus epidermidis ATCC 14990 (B. epidermidis), and
Bacillus subtilis ATCC 11774 (B. subtilis) represent Gram-positive
bacteria, whereas Pseudomonas aeruginosa ATCC 27853 (P. aer-
uginosa), Klebsiella pneumonia ATCC 13883 (K. pneumonia), and
Salmonella typhimurium ATCC 14028 (S. typhimurium), Salmo-
nella pneumoniae ATCC 10031(S. pneumoniae), Escherichia coli
ATCC 10536 (E. coli), and Salmonella paratyphi ATCC 9150 (S.
paratyphi) represent Gram-negative bacteria. Additionally,
Candida albicans ATCC 10231 (C. albicans), Candida krusei ATCC
6258 (C. krusei), Candida glabrata ATCC 66032 (C. glabrata), and
Candida parapsilosis ATCC 22019 (C. parapsilosis) were applied
as models for unicellular fungi.

Cell lines: Human cancer cells, including Caco-2 (colon
carcinoma), A549 (lung carcinoma), and MDA (breast carci-
noma) cell lines, as compared to the normal human lung
broblast (Wi-38) cells, were supplied by ATCC, USA. These
tested human pathogens were taken from SRTA-City, Egypt.

2.2. Instrumental investigation

2.2.1. Scanning electron microscopy (SEM) investigation.
SEM analysis was conducted to assess the synthesized
compounds and surface attributes of the combined electrospun
nanobers (NFs). Characterization was carried out using FE-
SEM, model Quattro S from Thermo Scientic, USA. Samples
were imaged without any coatings to provide a true represen-
tation of their features. To preserve the samples' integrity, a 5 kV
accelerating voltage was used for evaluating the microstructure
and morphology of electrospun bers.

2.2.2. FTIR analysis. FT-IR analysis was conducted to
investigate the chemical congurations of the synthesized
compounds and nanober (NF) scaffolds. FT-IR analyses were
accomplished using an FT-IR instrument (model 8400s, Shi-
madzu, Japan). Spectral data were collected over a range of
4000–400 cm−1 to capture typical ngerprints and enhance the
understanding of the molecular composition of scaffolds.
Melting points (m.p.) were recorded on a scientic melting
point apparatus, and are uncorrected.

2.3. Chemistry experimental

2.3.1. Synthesis of coumarin-N-heterocyclic hybrids.
Coumarin-3-carbonyl chloride (0.3 g, 1.27 mmol) and the
appropriate amine (1.27 mmol) were dissolved in 2 mL of
CH2Cl2. Triethylamine (0.386 g, 3.81 mmol) was then added
dropwise while stirring at ambient conditions. The progress of
the reaction was monitored using TLC until the starting mate-
rials were fully dispersed, which took three days. The reaction
mixture was subsequently poured into ice-cold water and
extracted three times with CH2Cl2. The organic layer was dried
and ltered. The ltrate was then evaporated to remove the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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solvent, and the colored precipitate was ltered, dried, and
recrystallized from ethanol, yielding a good amount of product.

2.3.2. Synthesis of N-(4-((7-chloroquinolin-4-yl)amino)
phenyl)-2-oxo-2H-chromene-3-carboxamide (the coumarin
analog appended with quinoline) (drug A). A brownish-yellow
solid was obtained with a yield of 0.47 g (83%) and a melting
point of 258–260 °C. FT-IR analysis (KBr) revealed characteristic
peaks at 3390 cm−1 (NH), 1688 cm−1 (C–C]O), 1664 cm−1 (O–
C]O), 1609 cm−1 (C]CAr), 1539 cm−1 (C]N), and 1203 cm−1

(C–C). The 1H-NMR spectrum displayed signals at d ppm: 7.39–
8.49 (m, 12H, CHAr), 8.53 (m, 1H, CH]C), 8.93 (s, 1H, CH]

NAr), 9.62 (br.s, 1H, NH), and 10.73 (s, 1H, NH). Additionally,
the 13C-NMR spectrum revealed chemical shis at d ppm:
116.44, 118.00, 118.63, 120.14, 124.17, 124.76, 125.03, 125.85,
126.58, 130.46, 134.87, 135.86, 136.01, 144.70, 147.50, 147.91,
149.40, 152.72, 154.04, and 160.62.

2.3.3. Synthesis of N-(4-(acridin-9-ylamino) phenyl)-2-oxo-
2H-chromene-3-carboxamide, (coumarin analog appended with
acridine) (drug B). An orange solid was obtained with a yield of
0.5 g (79.8%) and a melting point exceeding 300 °C. FT-IR
analysis (KBr) showed characteristic peaks at 3231 cm−1 (NH),
1703 cm−1 (C–C]O), 1678 cm−1 (O–C]O), 1631 cm−1 (C]
CAr), 1558 cm−1 (C]N), and 1221 cm−1 (C–C). 1H-NMR spec-
trum revealed signals at d ppm: 5.7 (m, 2H, CH2), 7.03–7.80 (m,
15H, CHAr), 8.35 (m, 1H, CH]C), 8.92 (m, 1H, CH]NAr), 10.5
(s, 1H, NH), and 10.62 (br.s, 1H, NH). Additionally, the 13C-NMR
spectrum displayed chemical shis at d ppm: 116.24, 118.02,
118.35, 118.72, 119.03, 120.10, 121.26, 122.94, 124.80, 124.85,
125.28, 125.47, 125.74, 126.50, 128.90, 130.13, 130.26, 132.48,
134.18, 134.46, 140.80, 147.08, 148.06, 153.32, and 153.84.

2.3.4. Synthesis of 2-oxo-N-(4-((4-(p-tolyl)phthalazin-1-yl)
amino)phenyl)-2H-chromene-3-carboxamide, (coumarin
analog appended with acridine) (drug C). A dark green solid was
obtained with a yield of 0.45 g (75%) and a melting point of
260 °C. FT-IR analysis (KBr) indicated characteristic peaks at
3295 and 3053 cm−1 (NH), 1670 cm−1 (C–C]O), 1605 cm−1 (O–
C]O), 1526 and 1510 cm−1 (C]N), and 1207 cm−1 (C–C). The
1H-NMR spectrum showed signals at d ppm: 2.00 (m, 3H, CH3),
7.22–7.98 (m, 16H, CHAr), 8.58 (m, 1H, CH]NAr), 8.66 (m, 1H,
CH]C), 9.65 (br.s, 1H, NH), and 10.66 (s, 1H, NH). Additionally,
the 13C-NMR spectrum displayed chemical shis at d ppm:
124.91, 125.36, 126.06, 126.58, 126.62, 126.88, 126.95, 127.40,
127.90, 129.09, 129.20, 129.62, 129.77, 129.88, 130.28, 130.81,
131.56, 132.18, 132.52, 133.55, 133.66, 134.20, 134.36, 136.68,
138.41, and 139.37, with a peak at 146.39.
2.4. Fabrication of drug-loaded and unloaded electrospun
PMMA/PVP nanobrous scaffolds

The fabrication and spinning conditions optimization of the
PMMA/PVP nanobers (NFs) are discussed in detail. Two
separate polymeric solutions of PVP (30%, w/v) and PMMA
(30%, w/v) were prepared and dissolved in DMF. Both PVP and
PMMA solutions were then merged in an 8 : 2, v/v volume ratio,
resulting in a homogeneous PMMA/PVP solution. The
combined solution was kept stirring overnight at 50 °C. Several
solutions of different drug concentrations were added to the
© 2025 The Author(s). Published by the Royal Society of Chemistry
latter polymeric solution and kept stirring at ambient condi-
tions for 2 hours, followed by sonication for 10min to guarantee
the mixing of drugs in the polymeric solution. NFs were made
up from PMMA/PVP solutions, utilizing an electrospinner
(MECC, NANON-01A, MECC, Japan) to regulate the optimal
spinning settings. The regular mixtures were packed into a 5mL
syringe (22 G needle). Several electrospinning considerations
were xed as indicated in Table (S1) (SI), including the ow rate
(0.5–1.0 mL h−1), voltage (22–27 kV), and xed distance of 15 cm
(tip-to-collector), width 40 mm, and speed 20 m s−1.

The fabrication of PMMA/PVP/drug (A) and PMMA/PVP/drug
(B) NFs was conducted by adding drugs (A) and (B) separately
with four concentrations for each drug (0.5, 1, 3, and 5%, w/v) to
the optimum PMMA/PVP solution (8 : 2). Each solution was set
by stirring the combination for 2 h at RT. For fabricating PVP/
PMMA/drug (A)/drug (B) NFs, both drugs (A) and (B) were
added to the optimal blended solution (8 : 2) at a concentration
of 2.5% (w/v) for each drug. The electrospinning conditions
were carried out as shown in Table S1 (SI), assembled at a width
of ∼40 mm on a at plate collector. All electrospinning trials
were achieved in optimum conditions with a relative humidity
of (H, 35%).

2.5. Bio-evaluation assays

2.5.1. Cytotoxicity and anticancer activity assays. MTT
assay: the normal cell line (Wi-38), colon cancer (Caco-2), lung
cancer (A549), and breast cancer (MDA) cell lines were sourced
from ATCC, USA. All different cell lines were cultivated and
preserved in DMEM medium (SERANA, Germany), accompa-
nied by 10% FBS (Gibco, USA) and 1% Pen/Strep solution
(Lonza, USA). The newly prepared derivatives at various doses
were considered for their anticancer activity and their safety on
normal cells, applying MTT (3-[4, 5-dimethylthiazol]-2, 5-di-
phenyltetrazolium bromide) methods.22 At rst, all normal and
cancer cell lines (1.0 ×104) were inoculated in 4 antiseptic 96-
well tissue culture microplates and incubated for 24 h in a CO2

incubator. Aer cell attachments, the prepared derivatives were
added to both normal Wi-38 cells at diverse concentrations of
(6.25–200 mg mL−1, 2-fold) and cancer cells at different
concentrations of (3.125–100 mg mL−1, 2-fold) in triplicate and
incubated for another 48 h at 37 °C in a CO2 incubator with an
adjusted concentration of 5%. Aer that, the treated cells were
cleaned three times with PBS to remove debris and dead cells.
Next, 200 mL of 0.5 mgmL−1 MTT dye solution in PBS was mixed
in each well, and the cells were further kept for 3 h at 37 °C in
a 5% CO2 incubator. Aer that, MTT was removed and 200 mL of
DMSO was added to each well. The optical density (OD) was
recorded at 570 nm via a microplate reader (B.M.G. LabTech,
Germany). Basic cells (untreated) were utilized as negative
control cells, and 5-uorouracil (5-FU) was included as a stan-
dard chemotherapy drug. The qualied cell viability (%) was
evaluated as in equation (eqn (1)):

Relative cell viability (%) = [A1 − (A0/Au) − A0] × 100 (1)

where A1 is the OD of the examined derivative, A0 is the OD of
the standard, and AU is the OD of the untreated cells.
RSC Adv., 2025, 15, 36731–36748 | 36733
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Anticancer activity assay: the anticancer effect of each
derivative was assessed by evaluating the half-maximal inhibi-
tory concentration (IC50) value via the GraphPad Prism 7.0
soware. However, SI (selective index) values of each derivative
were estimated by splitting the IC50 value of healthy cells by the
IC50 value of malignant cells, as previously reported.23 The
effects of the created derivatives on the morphology of MDA
cells were evaluated at IC50 doses and captured by phase-
contrast microscopy (Olympus, Germany) in comparison to
untreated control cells.

2.5.2. Assaying of wound healing effect. To assess the anti-
migration inhibition capability of newly synthesized derivatives,
a wound healing technique was employed. A549 cells were
planted in 12-well plates and kept alive at 37 °C until they
achieved 80–90% uency. The cell monolayers were smashed
with a sterile tip and exposed to the prepared derivatives at IC50

doses. At 0 and 48 h of treatment, the wound closure area was
captured and calculated by imaging analysis with the Cell-Sens
soware (Olympus, Japan). The reduction in all area closures
was considered to determine the inhibition of migration (%) in
treated cells versus untouched cells using the following equa-
tion (eqn (2)):

Migration inhibition rate (%) = 100 − (A0 − At)/A0 × 100 (2)
Scheme 1 Synthesis of coumarin-3-carbonyl chloride (3).

Scheme 2 Production of coumarin-quinoline hybrid 7 (drug A).

36734 | RSC Adv., 2025, 15, 36731–36748
where A0 is the scratch width at 0 h, and At is the scratch width
at 48 h.
2.6. Antimicrobial activity

The antimicrobial activity of the prepared compounds was
estimated through an agar-well diffusion method as adapted
from the modied Kirby–Bauer protocol.24 In this test, micro-
bial pathogens were applied, including Staphylococcus aureus
ATCC 25923 (S. aureus), Streptococcus mutans ATCC 25175 (S.
mutans), Bacillus cereus ATCC 19637 (B. cereus), Bacillus aureus
ATCC 25923 (B. aureus), Bacillus epidermidis ATCC 14990 (B.
epidermidis), and Bacillus subtilis ATCC 11774 (B. subtilis) as
Gram-positive bacteria, and Pseudomonas aeruginosa ATCC
27853 (P. aeruginosa), Klebsiella pneumonia ATCC 13883 (K.
pneumonia), and Salmonella typhimurium ATCC 14028 (S.
typhimurium), Salmonella pneumoniae ATCC 10031(S. pneumo-
niae), Escherichia coli ATCC 10536 (E. coli), and Salmonella
paratyphi ATCC 9150 (S. paratyphi) as Gram-negative bacteria.
Additionally, Candida albicans (ATCC 10231), Candida krusei
ATCC 6258 (C. krusei), Candida glabrata ATCC 66032 (C. glab-
rata), andCandida parapsilosis ATCC 22019 (C. parapsilosis)
were applied as models of unicellular fungi. The pre-
inoculation cultures of the pathogens were prepared on
Muller–Hinton broth and cultivated for 24 h at 37 °C. The agar-
well test was prepared on Muller–Hinton agar with 100 mL of
each pathogen pre-culture (0.5 McFarland conc.) and
uniformly distributed on the plate surface. Under aseptic
conditions, six wells were created on the agar surface using
a sterile corkborer (9 mm). To each well, 100 mL of the prepared
compound (10 mg mL−1) was separately inserted into each
plate. All plates were incubated for 24 h at 37 °C; the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 Production of coumarin-acridine hybrid 10 (drug B).
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established inhibition zones (Halo-zones) surrounding the
wells indicated positive antimicrobial activity and were stated
as the radius of the inhibition zone (mm).
Scheme 4 Synthesis of coumarin-phthalazine hybrid 13.

© 2025 The Author(s). Published by the Royal Society of Chemistry
The antimicrobial qualities of formulations were evaluated
in this study using a variety of techniques. The formulations
including 8 PMMA and 2 PVP, which contained varying doses of
RSC Adv., 2025, 15, 36731–36748 | 36735
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drug A (0.5% = T1, 1% = T2, 3% = T3, and 5% = T4) or drug B
(0.5% = T5, 1% = T6, 3% = T7, and 5% = T8), as well as
a combination of 2.5% of drug A and 2.5% of drug B (T9) were
assessed. The tested human pathogens were cultivated in
a nutritional broth medium containing 0.5% peptone, 0.3%
yeast extract, 0.2% beef extract, 0.1% glucose, and 0.5% NaCl in
accordance with 0.5 McFarland turbidity criteria.25 To carry out
the agar-well diffusion analysis, microbial cultures (100 mL)
were spread on nutrient agar plates using sterile cotton swabs.
Aer drilling each well with a sterile cork-borer of 5 mm in
diameter, 50 mL of the tested formulations and the control
(composed of 8 PMMA and 2 PVP) were loaded. Agar plates were
thereaer le to incubate at 37 °C for an entire day. The
inhibitory zone that surrounds each well was measured in
millimeters (mm) using a ruler.26

Additionally, a spectrophotometric antibiolm assay was
utilized to determine whether the evaluated formulations might
inhibit the growth of pathogens. Fresh nutritional broth was
inoculated with each pathogen separately, and this mixture was
then incubated at 37 °C at 200 rpm. The optical density (OD) at
600 nm was measured over a 6 h incubation period, allowing for
an estimation of the starting microbe's exponential phase (3 ×

107 CFU mL−1). To produce treated cultures, 900 mL of plank-
tonic cultures were collected aseptically with 100 mL of each
formulation. Furthermore, untreated (formula-free) cultures of
pathogens were grown as controls. The cultures were then
incubated for 24 hours at 200 rpm and 37 °C. Through spectro-
scopic evaluation of microbial turbidity, the inhibitory effects of
the examined formulations were determined.27 By comparing the
OD of the treated sample with the matching controls, anti-
biolm percentages for each formula were computed.28
Fig. 1 SEM micrographs of PMMA/PVP NFs. (A) (8PMMA: 2PVP), (B) (8PM
2PVP/3% drug (A)), (E) (8PMMA: 2PVP/5% drug (A)), (F) (8PMMA: 2PVP/0.5
(B)), (I) (8PMMA: 2PVP/5% drug (B)), and (J) (8PMMA: 2PVP/2.5% drug (A)/
that of drug-loaded NFs is 0.4–0.6 mm, using Image-J software).

36736 | RSC Adv., 2025, 15, 36731–36748
The formulations exhibiting the strongest antimicrobial
activity against their respective pathogens were selected by
time-kill kinetics experiments. Each microbial culture's inoc-
ulum (5 × 108 CFU mL−1) was treated with the chosen formu-
lation. Furthermore, control growth cultures were generated for
every pathogen, devoid of the tested formulation. Evaluation
was carried out on pathogen samples that had grown for 0, 6,
12, 18, 24, 30, 36, 42, and 48 hours at 200 rpm and 37 °C. Aer
that, 100 mL of diluted samples were swabbed onto nutrient agar
plates. Aer a 24 hour incubation period at 37 °C, the number of
visible colonies was counted, and the CFU mL−1 was
calculated.29–31 Pathogen cell biolm reduction (%) in the
treated samples relative to each control was then calculated
using the logarithm of counted colonies (log10 CFU mL−1). The
cell viability of treated and untreated samples at various time
intervals was related by a stacked bar plot.29

Every test for the efficacy of antimicrobial treatments was
carried out three times. The mean ± standard deviation (M ±

SD) of the study was computed using Microso Excel 2019. The
Minitab 18 program (MINITAB version 18.1) used Tukey's
multiple comparison post hoc test to compute a one-way anal-
ysis of variance (ANOVA) and demonstrate statistical signi-
cance. A 95% condence interval (P-value # 0.05) was used to
establish statistical signicance.
3. Results and discussion
3.1. Chemistry experimental

3.1.1. Synthesis of coumarin-3-carbonyl chloride. The
primary intermediate acid chloride 3 was successfully obtained
in high yield as pale-yellow crystals, following previously
MA: 2PVP/0.5% drug (A)), (C) (8PMMA: 2PVP/1% drug (A)), (D) (8PMMA:
% drug (B)), (G) (8PMMA: 2PVP/1% drug (B)), (H) (8PMMA: 2PVP/3% drug
2.5% drug (B)) (the mean diameter of unloaded NFs is 0.6–0.8 mm, and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 FTIR spectra of separate components of electrospun PMMA/PVP nanofiber scaffolds. (A) PVP, (B) (8PMMA: 2PVP), (C) drug (A), (D) drug (B),
(E) (8PMMA: 2PVP/0.5% drug (A)), (F) (8PMMA: 2PVP/1% drug (A), (G) (8PMMA: 2PVP/3% drug (A)), (H) (8PMMA: 2PVP/5% drug (A)), (I) (8PMMA:
2PVP/0.5% drug (B)), (J) (8PMMA: 2PVP/1% drug (B)), (K) (8PMMA: 2PVP/3% drug (B)), (L) (8PMMA: 2PVP/5% drug (B)), and (M) (8PMMA: 2PVP/2.5%
drug (A)/2.5% drug (B)).

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2025, 15, 36731–36748 | 36737
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Table 1 Cytotoxicity and anticancer effects of the synthesized compounds against Caco-2, A549 and MDA cells, compared with normal human
(Wi-38) cells, stated in IC50 (mg mL−1) and SI valuesa

Compounds

Wi-38 Caco-2 A549 MDA

IC50 IC50 SI IC50 SI IC50 SI

Compound A1 175.3 � 14.08 38.23 � 1.64 4.59 � 0.37 32.05 � 2.18 5.47 � 0.44 14.91 � 0.96 11.76 � 0.94
Compound A 138.9 � 12.04 9.03 � 1.53 15.38 � 1.33 11.47 � 1.75 12.11 � 1.05 5.46 � 0.27 25.44 � 2.21
Compound B1 195.0 � 14.41 24.15 � 1.76 8.07 � 0.59 16.93 � 1.88 11.52 � 0.85 8.92 � 0.67 21.86 � 1.62
Compound B 126.3 � 10.95 4.87 � 1.69 25.93 � 2.25 6.98 � 1.99 18.09 � 1.57 4.27 � 0.46 29.58 � 2.56
Compound C1 192.7 � 16.79 12.09 � 1.42 15.94 � 1.39 21.01 � 2.05 9.17 � 0.79 13.98 � 0.57 13.78 � 1.21
Compound C 136.9 � 11.67 7.11 � 1.68 19.25 � 1.36 12.17 � 1.36 11.25 � 1.04 6.06 � 0.81 22.59 � 1.93
5-FU 5.23 � 0.18 6.13 � 0.28 0.85 � 0.03 5.74 � 0.24 0.92 � 0.03 5.89 � 0.19 0.89 � 0.02

a Data are presented as mean ± SD.
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reported procedures,32,33 starting from the commercially avail-
able coumarin-3-carboxylic acid 1 and thionyl chloride (SOCl2),
as described in Scheme 1.

3.1.2. Synthesis of diamino-substituted heterocycle
hybrids. The reaction of 4,7-dichloroquinoline 4 with aromatic
diamine 5 in the presence of base catalyst afforded 4-bis-
aminoquinoline 6 in great yield through nucleophilic
aromatic substitution (SNAr), according to previous methods,34,35
Fig. 3 In vitro anti-proliferation effects of the synthesized compounds o
(A), Caco-2 cells (B), A431 cells (C) and MDA cells (D) were incubated w
cytotoxic effect was assessed using the MTT assay. All values are stated

36738 | RSC Adv., 2025, 15, 36731–36748
as illustrated in Scheme 1. A synthetic method for the devel-
opment of coumarin-quinoline hybrid 7 was accomplished by
the reaction of 3 with diamine 6 in equimolar fractions in the
presence of triethylamine as a base, presenting hybrid 7 in
excellent yield (82%) Scheme 2.

The preparation of the key intermediate 9-chloroacridine 8
(Scheme 3) needed for assembling drug A was done in two steps
by a modied Ullman–Goldberg reaction of 2-chlorobenzoic
n the normal and cancer cell lines after 48 h of incubation. Wi-38 cells
ith the synthesized compounds at different concentrations, and the
as (mean ± SD) and denote the average values from three tests.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Anti-migration efficacy of the newly synthesized derivatives via
wound healing scratch assay showing relative migration inhibition
percentages. Values are presented as mean ± S.D.
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acid with aniline in the presence of anhydrous potassium
carbonate. Cu (acts as a catalyst) and CuO (acts as a co-catalyst),
in DMF as the solvent, were subjected to heating at 125 °C to
give intermediate N-phenylanthranilic acid, which was further
cyclized under reux conditions in phosphorus oxychloride
(POCl3) to afford 9-chloroacridine 8, as depicted in Scheme S5
ref. 20 (SI). Moreover, the targeted hybrid 10 was assembled by
the condensation of 9-chloroacridine 8 with bis-amine 5,
affording the condensed monoamine 9, according to the re-
ported method;36,37 further reaction with 3 in equimolar
amounts in the presence of excess triethyl amine gave hybrid 10
in good yields (79.8%) as shown in Scheme 3.

The preparation of 1-chloro-4-(p-tolyl) phthalazine 11 in
Scheme 4 was achieved by following a previously published
Fig. 5 Antimicrobial activity of the synthesized compounds against seve
represent the precursor compounds for the three prepared compounds

© 2025 The Author(s). Published by the Royal Society of Chemistry
method,21,22 involving a Friedel–Cras acylation reaction
between toluene and phthalic anhydride using a catalytic
amount of anhydrous aluminum chloride. Subsequent hydra-
zinolysis of the resulting acid with hydrazine hydrate in ethanol
yielded 4-(4-tolyl)phthalazin-1(2H)-one, which was then treated
with phosphorus oxychloride, resulting in the formation of 1-
chloro-4-(4-tolyl)phthalazine 11 as shown in Schemes S5 and S6
(SI). This chlorinated phthalazine, key scaffold 11, served as
a template intermediate for synthesizing a substituted phtha-
lazine hybrid through reaction with a nitrogen-containing
nucleophile. The synthetic schemes and the characterization
data are presented in the supplementary material. Further
condensation of 11 with 5 gave 12 in good yield, according to
a method published elsewhere.38,39 Finally, the reaction of 12
with acid chloride 3 in equimolar amounts in the presence of
extra triethylamine produced the corresponding coumarin-
phthalazine hybrid 13 in good yield (75%) as revealed in
Scheme 4. The advancement of the reaction was observed by
TLC by applying hexane and ethanol (3 : 1) as an eluent mixture
until the starting materials were fully consumed.

3.2. Fabrication of drug-loaded and unloaded PMMA/PVP
nanobrous scaffolds

All electrospinning solutions resulted in the successful
production of nanobrous scaffolds with well-formed bers.
The fabrication process proceeded smoothly and continuously,
with stable Taylor cones observed throughout the electro-
spinning methods. Increasing drug concentration in the solu-
tions enhanced the stretching of nanobers, due to the
ral human pathogens, using agar well diffusion methods; A1, B1, and C1

A, B, and C, respectively.

RSC Adv., 2025, 15, 36731–36748 | 36739
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improved homogeneity and conductivity of the polymers. Based
on this observation, a nal blended concentration of 5% for
both drugs was selected, resulting in the production of uniform
and continuous bers with excellent quality.

3.2.1. SEM investigation of PMMA/PVP NFs. SEM was
widely utilized to inspect the surface structure and
morphology of nanober scaffolds, with optimization steps
undertaken to determine the ideal drug concentrations for
incorporating both drugs into the PMMA/PVP scaffold. As
shown in Fig. 1, adding either drug (A) or (B) leads to
a decrease in fabricated nanober diameters in comparison to
the control (i.e., drug-free NFs) Fig. 1A. This is attributed to
the increased homogeneity, stretching, and enhanced
conductivity of the solution. Moreover, it was observed that
drug (B) formed more encapsulated beads than drug (A),
which may be caused by the increased homogeneity and
conductivity of drug (A) than drug (B).40 Notably, the addition
of drugs enhanced the ber matrix and increased the
concentration of drugs in the solution, forming good-quality
nanobers. The nal scaffold with the blended drugs and
Fig. 6 Agar-well diffusion results indicate the antimicrobial capabilities o
PMMA, 2 PVP, and 1% drug A), T3: (8 PMMA, 2 PVP, and 3% drug A), T4: (8 P
(8 PMMA, 2 PVP, and 1% drug B), T7: (8 PMMA, 2 PVP, and 3% drug B), T8:
and 2.5% drug B), compared with tested controls C1: (8 PMMA and 2 PV
against the tested human pathogens, coded as follows. (A): Salmonella
domonas aeruginosa, (E): Staphylococcus epidermidis, (F): Staphylococc
(J): Candida glabrata, (K): Candida albicans, and (L): Candida parapsilosis

36740 | RSC Adv., 2025, 15, 36731–36748
high drug concentration demonstrated good nanobers with
increased diameters, compared to drug-free NFs. Also, the two
blended drugs led to increased homogeneity of the solution
and decreased drug (B) bead formation, which was the result
of drug encapsulation.41

3.2.2. FTIR analysis of PMMA/PVP NFs. The PVP spectrum
shows that the amide group's hybridization causes the observed
peak shis. These shis occur due to reactions at the nitrogen
atom of C]O. This is why the sharp peak at n 1645 cm−1 corre-
sponds to C]O stretching that is referred to as amide-I rather
than solely a carbonyl stretch, particularly for amides. Several
peaks are straightforward to assign, including the broad
stretching at approximately n 3400 cm−1 (O–H, stretch), n

2900 cm−1 (C–Hn, stretch), n 1645 cm−1 (amide-I), and n 1495–
1425 cm−1 (C–Hn, deformation). Another peak, at n 1285 cm−1,
has been associated with N–C stretching. The bands at n 1425 and
n 1285 cm−1 are related to the exible CH2 vibration and the C–N
expanding vibration band, respectively. The hydrogen-bonded
O–H extending mode of pure PVP was observed in the n 3500–
3200 cm−1 region.42,43
f the tested formulations. T1: (8 PMMA, 2 PVP, and 0.5% drug A), T2: (8
MMA, 2 PVP, and 5% drug A), T5: (8 PMMA, 2 PVP, and 0.5% drug B), T6:
(8 PMMA, 2 PVP, and 5% drug B), and T9: (8 PMMA, 2 PVP, 2.5% drug A,
P), C2: (0.1% drug A), and C3: (0.1% drug B). This assay was recorded
paratyphi, (B): Escherichia coli, (C): Klebsiella pneumoniae, (D): Pseu-
us aureus, (G): Bacillus cereus, (H): Bacillus subtilis, (I): Candida krusei,
.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The PMMA spectrum exhibits distinct peaks, including
a strong, sharp peak at n 1730 cm−1, associated with CO
stretching at n 1147 cm−1, which is ascribed to the C–O bond
within the ester group, and elongating vibrations of CH3 groups
occurring at n 2995 and 2951 cm−1. Other observed peaks at n
1270 and 1240 cm−1 signify C–C–O bonds within the ester
group, while those at n 1475 and ∼1440 cm−1 signify skeletal
CH2 deformations. Furthermore, peaks at n 1186 and 1147 cm−1

are linked to C–O–C vibrations of the methoxy group. The FTIR
Fig. 7 Inhibitory widths produced by the tested formulations. T1: (8 PMM
PMMA, 2 PVP, and 3% drug A), T4: (8 PMMA, 2 PVP, and 5% drug A), T5: (8 P
(8 PMMA, 2 PVP, and 3% drug B), T8: (8 PMMA, 2 PVP, and 5% drug B), an
tested controls C1: (8 PMMA and 2 PVP), C2: (0.1% drug A), and C3: (0.1%
multidrug-resistant human pathogens via the agar-well diffusion test, l
Klebsiella pneumoniae, (D): Pseudomonas aeruginosa, (E): Staphylococ
Bacillus subtilis, (I): Candida krusei, (J): Candida glabrata, (K): Candida albi
zones (i). The Tukey–Kramer post-hoc analysis box-plot graph shows the
(ii).

© 2025 The Author(s). Published by the Royal Society of Chemistry
spectrum of PMMA also shows bands at around n 750 cm−1

arising from OH bending.30,43

FTIR spectra shown in Fig. 2 demonstrate the PVP/PMMA
scaffold blend. These spectra exhibit strong peaks correspond-
ing to PMMA and PVP, providing evidence for the creation of the
blend. Thus, FTIR analysis serves to validate the formation of
the polymer blend. Moreover, it was demonstrated in the IR
results that the drugs were encapsulated inside the matrix, as
the peaks of the drug did not appear in the blended mixture.
A, 2 PVP, and 0.5% drug A), T2: (8 PMMA, 2 PVP, and 1% drug A), T3: (8
MMA, 2 PVP, and 0.5% drug B), T6: (8 PMMA, 2 PVP, and 1% drug B), T7:
d T9: (8 PMMA, 2 PVP, 2.5% drug A, and 2.5% drug B), compared with
drug B). These antimicrobial activities were measured against several

abeled as follows. (A): Salmonella paratyphi, (B): Escherichia coli, (C):
cus epidermidis, (F): Staphylococcus aureus, (G): Bacillus cereus, (H):
cans, and (L): Candida parapsilosis. Chart showing calculated inhibition
inhibitory value distributions corresponding to the tested formulations

RSC Adv., 2025, 15, 36731–36748 | 36741
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Coumarin-quinoline hybrid (drug A): the IR spectrum of
coumarin-quinoline typically exhibits characteristic absorp-
tion peaks corresponding to various functional groups
present within the molecule. The amide C]O stretch, indic-
ative of the carbonyl functionality in amide groups, is
commonly observed at n 1650–1700 cm−1. Aromatic C]C
stretches, associated with double bonds in aromatic rings,
typically appear at n 1600–1500 cm−1. Quinoline ring vibra-
tions, specic to compounds containing quinoline moieties,
might manifest as distinct bands at n 1700–1500 cm−1.
Aromatic C–H stretching, representative of hydrogen atoms
bonded to aromatic carbon atoms, is usually observed in the
vicinity of n 3100–3000 cm−1. C–O stretching in carbonyl
groups, characteristic of ester or amide functionalities, is
oen present at n 1200–1000 cm−1. Additionally, C–N
stretching, indicative of carbon-nitrogen bonds, is expected to
occur at n 1300–1000 cm−1.

Coumarin-acridine hybrid (drug B): the amide C]O stretch,
denoting the presence of carbonyl groups in amides, typically
occurs between n 1650–1700 cm−1. The amide N–H stretch,
indicative of hydrogen bonding in amides, is commonly
observed at n 3300–3500 cm−1. Aromatic C]C stretches, cor-
responding to double bonds within aromatic rings, are expected
in the range of n 1600–1500 cm−1. Vibrations specic to the
acridine ring, characteristic of compounds containing acridine
moieties, may manifest as distinct bands around n 1650–
1500 cm−1. Aromatic C–H stretching, associated with hydrogen
atoms bonded to aromatic carbon atoms, is typically observed
within the region of n 3100–3000 cm−1. C–O stretching in
carbonyl groups, found in esters and amides, is present around
n 1200–1000 cm−1. Additionally, the C–N stretch representing
carbon-nitrogen bonds is expected to occur within the range of n
1300–1000 cm−1. These characteristic IR peaks provide valuable
information for the structural elucidation and analysis of
organic compounds.3
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3.3. Bio-evaluation tests

3.3.1. In vitro anticancer assessment
3.3.1.1. Antiproliferative activity. The anticancer activities of

the newly manufactured derivatives (compounds coded A1, A,
B1, B, C1, and C) were assessed in vitro alongside diverse kinds
of human cancer cells, including Caco-2, A549, and MDA cell
lines, compared to the healthy human lung broblast (Wi-38)
cells. Herein, the IC50 of the manufactured derivatives against
Wi-38 cells was found to extend from 126.3 to 195.0 mg mL−1

(Table 1), revealing a prominent level of safety for these
synthesized compounds on the treated human normal (Wi-38)
cell line. Conversely, these synthesized derivatives demon-
strated a high selectivity toward treated Caco-2, A549, and MDA
cells with low IC50. Our results reveal that all treated cancer cell
lines were more sensitive to derived compounds (A, B, and C)
than the precursor compounds (A1, B1, and C1). Furthermore,
the precursor compound of B and its derivative B1 showed
potent anticancer activity against all tested cells, more than
other tested compounds (A1, A, C1, and C). The anticancer
activities of the synthesized compounds showed a dose
36742 | RSC Adv., 2025, 15, 36731–36748 © 2025 The Author(s). Published by the Royal Society of Chemistry
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dependence on all the treated tumor cell lines, as shown in
Fig. 3. The IC50 values of these potent derivatives against Caco-2
cells were estimated to range from 4.87 to 38.23 mg mL−1, with
SI values ranging from 4.59 to 25.93. Their IC50 values against
A549 cells were estimated to range from 5.74 to 32.05 mg mL−1

with SI values ranging from 5.47 to 18.09. However, their IC50

values against MDA cells were estimated to extend from 4.27 to
14.91 mg mL−1, with SI values ranging from 11.76 to 29.58
(Table 1). The synthesized derivative B showed the most
powerful anticancer activity with the greatest selectivity and
lowest IC50 values.

3.3.1.2. In vitro anti-migration activity. Most signicantly,
the anti-metastatic action of all tested derivatives demonstrated
inhibition potency against the cell migration of the treated A549
cells. The synthesized compound B exhibited the most potent
antimigration activity of 87.21%, followed by the synthesized
compounds coded B1 and C, which inhibited the cell migration
by 74.63% and 74.45%, respectively. The synthetic compounds
coded A1, C, and compound C1, correspondingly reduced the
migration of A549 cells by 64.25%, 79.09%, and 67.89%
respectively, as shown in Fig. 4.

3.3.2. Antimicrobial activity assessment
3.3.2.1. Antimicrobial potency of drug-unloaded-PMMA/PVA

nanobrous scaffolds. Recently, the extent of multidrug-
Fig. 8 Reduction in biofilm generation of tested human pathogens, inc
Pseudomonas aeruginosa, Staphylococcus epidermidis, Staphylococcu
glabrata, Candida albicans, and Candida parapsilosis that were treated wi
T2: (8 PMMA, 2 PVP, and 1% drug A), T3: (8 PMMA, 2 PVP, and 3% drug A),
B), T6: (8 PMMA, 2 PVP, and 1% drug B), T7: (8 PMMA, 2 PVP, and 3% drug
drug A, and 2.5% drug B), compared with tested controls C1: (8 PMMA an
percentage of biofilm reduction for Gram-positive bacteria (i), Gram-ne
conducted to compare biofilm reduction across all drug dosage groups

36744 | RSC Adv., 2025, 15, 36731–36748
resistant microbial pathogens has presented a serious health
challenge that has largely affected the entire world.44,45 Several
approaches have been proposed to alleviate the crisis by
controlling antibiotic misuse and developing new antimicro-
bial agents with lower resistance-induction potential.46,47 Thus,
the antimicrobial effects of the synthesized candidates were
assessed toward several human pathogens through the agar-
well diffusion technique. The results in Fig. 5 show the wide-
spectrum antibacterial activity of compounds A and C
against the applied bacterial pathogens. Compound C reveals
potent antimicrobial activity toward Gram-positive bacteria,
compared to Gram-negative ones, whereas the highest anti-
microbial activity was about 19.5 ± 2.3 and 17.2 ± 1.3 mm
toward S. aureus and S. mutans, respectively, followed by S.
typhimurium (about 15.5 ± 1.1 mm). The outer envelope
structure in Gram-negative bacteria is exploited as a physical
barrier and hence greatly enhances their drug resistance
compared to Gram-positive pathogens.48,49 Compound A
showed equal antimicrobial activity (about 14 mm) against S.
mutans, K. pneumonia, and P. aeruginosa. Interestingly,
compound B revealed no antimicrobial activity against all
applied pathogens, whereas its precursor (B1) revealed
considerable antimicrobial activity alongside the two applied
Gram-positive bacteria, S. aureus and S. mutans, of about 13
luding Salmonella paratyphi, Escherichia coli, Klebsiella pneumoniae,
s aureus, Bacillus cereus, Bacillus subtilis, Candida krusei, Candida
th all tested formulations labeled T1: (8 PMMA, 2 PVP, and 0.5% drug A),
T4: (8 PMMA, 2 PVP, and 5% drug A), T5: (8 PMMA, 2 PVP, and 0.5% drug
B), T8: (8 PMMA, 2 PVP, and 5% drug B), and T9: (8 PMMA, 2 PVP, 2.5%
d 2 PVP), C2: (0.1% drug A), and C3: (0.1% drug B). The chart shows the
gative bacteria (ii), and yeast cells (iii). A Tukey-post hoc analysis was
(iv).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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mm. Additionally, the prepared compounds revealed no anti-
fungal activity against C. albicans.

3.3.2.2. Antimicrobial potency of drug-loaded-PMMA/PVA
nanobrous scaffolds. Initially, the antimicrobial capacity of
the estimated formulations was assessed by the agar-well-
diffusion method. Fig. 6 shows the antimicrobial evaluation
of the tested formulations by determining the inhibitory zone
widths that were generated against human pathogens.
Compared to Gram-negative bacteria and yeast cells, Gram-
positive bacteria were the target of the largest inhibitory zone
widths (Fig. 7i). The Tukey–Kramer post-hoc analysis is used to
prove that the inhibitory value distributions are parallel for the
examined formulations. Box-plot graphs of all human patho-
gens under study (Fig. 7ii) indicate that there are minor
distinctions between T1 and T2 formulations. It was also
observed that there were small variations in the T3, T4, and T5
formulations. Furthermore, there exist notable differences in
T6, T7, and T8 compositions. The results indicate that the T9
formula produces the highest inhibitory zone widths (Fig. 7ii).
Table 2 shows that neither C1 nor C2 controls have any effect on
any of the human infections investigated. Additionally, the C3-
control only has an impact on a few examined yeast infections,
namely Candida albicans and Candida parapsilosis. Remarkably,
the T6, T7, and T8 compositions have the highest inhibitory
values (15.22 ± 3.69, 15.96 ± 1.58, and 16.23 ± 1.11 mm,
respectively) alone against Pseudomonas aeruginosa among the
Fig. 9 Multidrug-resistant human pathogens treated with the T9 formula
in cell viability (i), and the percentage biofilm reduction (ii) throughout th

© 2025 The Author(s). Published by the Royal Society of Chemistry
Gram-negative bacteria that were examined. Compared to the
other human pathogens under investigation, the T9 formula
produces the largest inhibitory zones. Also, the T9 formula
shows the highest inhibitory zone width against Bacillus subtilis
(19.25 ± 2.12 mm), followed by Candida krusei (13.26 ± 1.15
mm) and Salmonella paratyphi (11.96 ± 3.47 mm).

A biolm inhibition test resulting from the utilization of the
micro-dilution technique was also performed to investigate the
possibility that the assessed formulations could prevent the
growth of active microbes. The Tukey–Kramer post-hoc analysis
mean value for all tested formulations compared to the tested
controls indicates that the T9 formula had the highest value of
all tested formulations (Table 3). Additional data on the statis-
tical clustering of anti-biolm (%) for different examined
formulations is displayed in a box plot graph (Fig. 8iv). The T9
formula deviates considerably from the control group and other
analyzed formulations. In conclusion, the ndings demonstrate
that the anti-biolm capabilities of the T9 formula are statisti-
cally signicant. All examined human pathogens' capacity to
produce biolms was shown to be most signicantly reduced
when using the T9 formula (Fig. 8). This formula reduces the
biolms of Gram-positive bacteria (Fig. 9i), Gram-negative
bacteria (Fig. 8ii), and yeast cells (Fig. 8iii). Table 2 shows that
the highest anti-biolm (%) was detected against Staphylococcus
epidermidis (98.54 ± 3.56%), followed by Salmonella paratyphi
(93.45 ± 2.54%) and Candida albicans (90.31 ± 2.98%).
and untreated (T9-formula-free) cells are displayed against reduction
e course of the incubation period.

RSC Adv., 2025, 15, 36731–36748 | 36745
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For further examination of the time-kill kinetics of the T9
formula, pathogens with the strongest antimicrobial effects
inside eachmicrobial group were chosen. To nd viable cells (%)
following T9 treatment, the time-kill assay included strains of
Staphylococcus epidermidis (gram +ve), Salmonella paratyphi
(gram −ve), and Candida albicans (yeast cells). Table 4 summa-
rizes the results for the time-kill kinetics data. The tested T9
formulation effectively decreases the number of viable plank-
tonic cells for each tested pathogen. In all treated pathogens, the
proportion of viable cells declined over the course of the
culturing period in comparison to similar untreated cells (Fig. 9).
The viable counts of planktonic cells were signicantly reduced
aer 30 hours of incubation for Staphylococcus epidermidis,
Salmonella paratyphi, and Candida albicans treated with the T9
formulation (Fig. 9i). Staphylococcus epidermidis (98.34± 2.37%),
Candida albicans (97.28 ± 1.73%), and Salmonella paratyphi
(94.09± 1.42%) showed the highest growth decrease percentages
aer pathogens were cultivated for 48 hours using the T9
formula (Fig. 9ii). These reduction percentages signicantly
increased following a 48 hour incubation period. Time-kill
kinetics test was also used to calculate the duration of the T9
treatment that was essential to totally eradicate the pathogen
biolm. Whereas Staphylococcus epidermidis needed 54 hours to
fully eradicate its biolms, the treated biolms of Candida albi-
cans and Salmonella paratyphi were eliminated aer 96 hours.
Finally, the T9 combination consisting of 8 PMMA, 2 PVP, 2.5%
drug A, and 2.5% drug B showed potential antimicrobial effects
against microbial infection produced by multidrug-resistant
human pathogens. To inuence intracellular metabolic
processes, the T9 formulation was designed to encourage the
production of reactive oxygen species (ROS). Thesemodications
make it viable for freshly produced ROS to destroy lipids,
proteins, carbohydrates, and DNA.3

4. Conclusions

Nitrogen-bearing heterocyclic hybrid-loaded electrospun
PMMA/PVP nanobres were designed for the creation of new
antimicrobial and anti-proliferative drug-loaded biomaterials.
Our initial objective was to prepare a successful nitrogen-
bearing heterocyclic hybrid PMMA/PVP blend to form the
matrix, which was used as the main scaffold for the drugs, with
anti-proliferative, antibacterial, and antifungal activities and
greater selectivity toward the cancer cells, resulting in a higher
selectivity index and lower IC50 than the reference drug. The
antimicrobial activity of the nitrogen-bearing heterocyclic
hybrid-PMMA/PVP blend to form the matrix was evaluated
against different bacterial strains, as well as fungi, and di-
splayed strong antimicrobial potency against all utilized resis-
tant bacteria.
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