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In situ synthesis and characterization of
polycarbazole—copper oxide (PCz—CuO)
nanocomposite: investigating superior
antibacterial performance and Fabl/FabH docking
interactions
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This research investigated the synthesis of a polycarbazole—copper oxide nanocomposite via in situ
oxidative polymerization. Various techniques were employed to characterize the structural and
morphological properties of both PCz and PCz-CuO. The study evaluated the bactericidal potential of
PCz and PCz-CuO against two common pathogens, Escherichia coli (E. coli) and Staphylococcus aureus
(S. aureus). Additionally, computational modeling (molecular docking) was performed to understand how
these materials might interact with Fabl and FabH enzymes, which are crucial for bacterial fatty acid
synthesis in both E. coli and S. aureus. The results showed that PCz—CuO was more effective at killing
both bacterial strains compared to pure PCz. The inhibition zones observed in the agar well diffusion
method were larger for PCz—CuO (4.2-16.2 mm and 4.5-17.1 mm for E. coli and S. aureus, respectively)
compared to PCz (3.4-14.5 mm and 3.5-15.2 mm). Docking simulations provided insights into possible
binding interactions between the synthesized materials and the target enzymes. The results are
consistent with a potential for inhibitory activity, which may help explain the observed differences in
antibacterial behavior. Overall, this study demonstrates the potential of PCz-—CuO as an antibacterial
agent and highlights the complementary role of molecular docking in guiding further mechanistic studies.

1. Introduction

Conductive polymers (CPs) have revolutionized polymer science
by offering unique design possibilities and property combina-
tions not achievable with conventional polymers."” This has
opened doors to their application in diverse fields like opto-
electronics, sensors, and environmental remediation.>™*?
Recently, researchers have delved into the potential of CPs for
biological applications, particularly their use in developing
antibacterial materials.**** Numerous studies have explored the
antimicrobial properties of composites formed by combining
conducting polymers (like polyaniline, polypyrrole, and poly-
thiophene) with metal or metal oxide nanoparticles (NPs).
Examples include poly(o-toluidine)/titanium  dioxide,*
polyaniline/titanium dioxide,” cuprous oxide/polyaniline,*
polypyrrole@CuO,** zinc oxide-decorated polypyrrole/chito-
san,” and polythiophene/MnO,.** Among CPs, polycarbazole
(PCz) stands out due to its ease of synthesis and tailorable
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properties. PCz nanocomposites, formed by combining PCz
with metal or metal oxide nanoparticles, have emerged as
promising candidates for antibacterial applications.””"**

Recently, research has focused on the use of polycarbazole
nanocomposites (NCs) derived from polycarbazole (PCz) as
potential antimicrobial agents, investigated through molecular
docking simulations. Examples of such NCs include
polycarbazole/titanium  dioxide  (PCz/TiO,-6%),””  poly-
carbazole-titanium dioxide (PCz/TiO,-8),*® and polycarbazole/
zinc oxide.”” However, the specific mechanisms underlying
their antibacterial activity remain under investigation. Copper
oxide (CuO) nanoparticles hold particular appeal due to their
low-cost production, along with their antioxidant, antibacterial,
and non-toxic properties.>***** Notably, CuO nanoparticles
exhibit potent antibacterial activity, especially when combined
with polymers, making them attractive for practical
applications.*

Molecular docking simulations have emerged as a valuable
tool for understanding the biochemical basis of various nano-
composite activities."***** These simulations allow researchers
to predict how nanocomposites interact with biological mole-
cules (macromolecules) at the molecular level.*® While relatively
new for studying nanomaterial behavior, molecular docking
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helps researchers investigate the potential binding sites and
mechanisms behind antibacterial activity.* For instance, Saeed
et al. employed molecular docking to explore the inhibitory
potential of poly 3-hexylthiophene/CuO and g-C;N, against
bacterial enzymes.**** Building upon our previous research
where we utilized molecular docking to understand the inter-
action of PCz and PCz/ZnO nanocomposites with DNA,** this
study aims to explore the antibacterial properties of PCz-CuO
nanocomposites and leverage molecular docking to understand
their interaction with bacterial enzymes. Specifically, this work
focuses on synthesizing PCz-CuO nanocomposites using in situ
chemical oxidative polymerization. We will then characterize
the structural, optical, and morphological properties of the
synthesized material. Subsequently, the antibacterial activity of
PCz-CuO will be evaluated against both Gram-positive (Staph-
ylococcus aureus) and Gram-negative (Escherichia coli) bacteria.
Finally, we will perform molecular docking simulations to
predict the potential inhibition of FabIl and FabH enzymes in E.
coli and S. aureus by PCz-CuO nanocomposites.

2. Experimental section

2.1. Materials and methods

This research utilized the following materials for synthesizing
CuO nanoparticles, PCz, and the PCz-CuO nanocomposite:
cupric nitrate trihydrate (Cu(NO;),-3H,0) from Fischer Scien-
tific served as the precursor for CuO nanoparticles. Sodium
hydroxide (NaOH) (99%, Thomas Baker) was used. Ferric chlo-
ride (FeCl;) (98%, CDH) acted as the oxidizing agent for both
PCz and PCz-CuO synthesis. Carbazole monomer (95%, Sigma-
Aldrich) was used for the polymerization process.

Precursor solutions were prepared using deionized water
and methanol. Throughout the experiment, various solvents
like methanol, ethanol, and distilled water were utilized for
washing purposes.

2.2. Synthesis of CuO NPs

CuO nanoparticles were synthesized in powder form through
a precipitation method.** Briefly, a solution of sodium
hydroxide (0.1 M) was gradually added dropwise to a cupric
nitrate solution under constant magnetic stirring. This addition
continued until the pH reached 10.

A blue-green precipitate was initially formed, which is
attributed to the formation of a copper hydroxide intermediate.
This precursor was then filtered, thoroughly washed with
distilled water, and dried at 80 °C for 12 hours. The dried
material was subsequently calcined at 400 °C for 2 hours to
obtain phase-pure CuO, as confirmed by XRD analysis (see
Fig. 2b). Finally, the calcined material was ground into a fine
black powder.

2.3. Synthesis of PCz polymer

The synthesis of PCz involved adding the carbazole monomer to
a 250 mL round-bottom flask containing a 1:1 v/v mixture of
methanol and water (50 mL each). This reaction mixture was
maintained at 30 °C in an ultrasonicator before the addition of
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ferric chloride (initiator) dropwise. The reaction continued for 2
hours under these conditions. A color change from dusty grey to
light yellow was observed in the mixture, indicating successful
polymerization of the carbazole monomer. The PCz residue was
then washed several times with a water/methanol mixture using
a Buchner funnel and dried in a vacuum oven at 70 °C for 72
hours.

2.4. Synthesis of PCz-CuO nanocomposite

The PCz-CuO nanocomposite was synthesized using in situ
chemical oxidative polymerization (refer to Scheme 1).***>
Briefly, both the carbazole monomer and CuO nanoparticles
were added to a 250 mL round-bottom flask containinga1:1v/v
mixture of methanol and water (50 mL each). The reaction
mixture was maintained at 30 °C in an ultrasonicator before the
addition of ferric chloride (initiator) dropwise. The reaction
proceeded for 6 hours under these conditions. The synthesized
PCz-CuO nanocomposite was then filtered using a Buchner
funnel and washed several times with both distilled water and
ethanol. Finally, the PCz-CuO nanocomposite was dried in
a vacuum oven at 70 °C for 72 hours to remove any remaining
water.

2.5. Instrumentation and characterization

To comprehensively analyze the properties of the synthesized
PCz, CuO, and PCz-CuO nanocomposite, various characteriza-
tion techniques were employed. Fourier Transform Infrared
(FT-IR) spectroscopy was conducted using a PerkinElmer
Spectrum 2 MIR spectrometer (L1600235) in the range of 4000-
400 cm™'. This analysis helped identify and understand the
functional groups present on the surfaces of PCz and PCz-CuO.
The crystal structures of the synthesized materials were inves-
tigated using powder X-ray diffraction (XRD) with a Rigaku
Advance X-ray diffractometer equipped with Cu Ka radiation (4
= 1.54178 A). The operating voltage and current were set at 40
kv and 100 mA, respectively. The XRD analysis (P-XRD) was
performed across a 26 range of 20-80° with a scan rate of
5° min~" and a step size of 0.02° s~ . Field Emission Scanning
Electron Microscopy (FE-SEM) with a ZEISS instrument oper-
ating at an accelerating voltage of 200 kV was used to examine
the structural morphology and surface characteristics of the
prepared samples. Additionally, Energy-Dispersive X-ray (EDX)
spectroscopy provided information on the elemental composi-
tion of the materials. X-ray Photoelectron Spectroscopy (XPS)
was conducted using a PHI 5000 Versa Probe III system equip-
ped with a monochromatic Al Ko X-ray source (hv = 1486.7 €V)
to investigate the electronic states and chemical composition of
the PCz-CuO nanocomposite. Finally, the optical properties of
the samples were measured in absorbance mode (4%) using
a PerkinElmer (Lambda 365) UV/vis Spectrophotometer with
BaSO, as the reference. All data obtained from these techniques
were plotted and analyzed using Origin 2023 software.

2.6. In vitro antimicrobial studies

To assess the potential of the synthesized materials for
combating bacterial infections, we investigated the in vitro
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Scheme 1 Synthesis of (a) pristine PCz and (b) nanocomposite PCz—CuO via chemical in situ oxidative polymerization method.

antibacterial activity. We employed two well-known bacterial
strains: Gram-positive Staphylococcus aureus (MTCC 96) and
Gram-negative Escherichia coli (MTCC 443). These strains were
procured from the Microbial Type Culture Collection Centre
(MTCC) at the Institute of Microbial Technology (IMTECH) in
Chandigarh, India.

Antibacterial activity was evaluated using the agar well
diffusion method, a well-established technique employed in
previous studies.'*** Briefly, actively growing bacterial isolates,
obtained through subculturing, were uniformly distributed
onto Mueller-Hinton Agar medium using a vortex mixer. This
inoculated agar was then poured into Petri dishes using the
pour-plate method. Sterilized cork-borers were used to create
wells with a diameter of 6 mm in the solidified agar. Varying
concentrations (250 pg/100 pul, 500 png/100 pl, and 1 mg/100 pl)
of both pristine PCz and PCz-CuO nanocomposite were then
loaded into these wells for further analysis. The plates were
incubated for 24-48 hours at 37 °C to allow bacterial growth and
assess their susceptibility to the test materials. The zone of
inhibition (measured in millimeters using a Vernier caliper)
surrounding each well was compared to positive control
(tetracycline, 1 mg/100 pl) and negative control (DMSO, 100 pl)
to determine the antibacterial efficacy of the synthesized
materials.

2.7. Molecular docking studies

A computer method called in silico molecular docking investi-
gates the molecular interactions between the ligand and

28756 | RSC Adv, 2025, 15, 28754-28769

receptor. Through the establishment of a relative orientation
between the protein and ligand, this technique seeks to mini-
mize the free energy of the entire system by optimizing the
conformation of both the receptor and the ligand.**

Molecular docking simulations were performed to investi-
gate the potential interactions between the synthesized mate-
rials (PCz and PCz-CuO nanocomposite) and specific enzymes
crucial for bacterial fatty acid biosynthesis. These enzymes,
enoyl-acyl carrier protein reductase (Fabl) and B-ketoacyl-acyl
carrier protein synthase III (FabH), were selected from E. coli
and S. aureus. The 3D crystal structures of these enzymes were
retrieved from the Protein Data Bank (PDB) with specific
accession codes (PDB ID): Fabl (E. coli): 5SBNM (resolution: 1.7 A)
(https://www.rcsb.org/structure/1KQF), FabI (S. aureus): 1MFP
(resolution: 2.33 A) (https://www.rcsb.org/structure/1KQF), and
FabH (S. aureus): 6TBC (resolution: 2.55 A) (https:/
www.rcsb.org/structure/6bb8). Water molecules were removed
from the enzyme crystal structures during preprocessing to
avoid interference with ligand binding. Metal centers,
specifically the Cu present in the PCz-CuO nanocomposite,
treated using AutoDock-compatible force field
parameters to ensure proper metal coordination during
docking. The structures of PCz and PCz-CuO were optimized
using Avogadro software to identify their most stable
conformations for docking simulations. Subsequently,
Mercury software was employed to convert these structures
into the PDB format and add polar hydrogens and Kollman
charges for further processing. Finally, MGL AutoDock Tools

were

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(version 1.5.6) were used to save the prepared files in the PDBQT
format, which is compatible with docking software. The
binding site was defined based on the known active regions of
each enzyme, and a grid box of dimensions 60 x 60 x 60 A
with a spacing of 0.375 A was applied to encompass the active
sites. AutoDock Vina (version 1.1.2) was employed to perform
the docking simulations, generating multiple binding
conformations along with their corresponding binding
energies. For each ligand-enzyme pair, nine docking runs
were performed. The exhaustiveness parameter was set to 8 to
ensure thorough conformational sampling. The resulting
binding poses were evaluated based on binding affinity
scores. Discovery Studio (version 3.5) Client 2020 software was
used to visualize the predicted binding poses of PCz and PCz-
CuO with the target enzymes and assess their binding
affinities.'**

3. Results and discussion

3.1. FT-IR spectroscopy

FT-IR spectroscopy was employed to analyze the functional
groups present in the synthesized materials (pristine CuO, PCz,
and PCz-CuO nanocomposite). The spectra are presented in
Fig. 1(a-c). The characteristic peaks in the CuO spectrum at
601 cm " and 512 cm ™! correspond to Cu-O stretching vibra-
tions, typically observed below 700 cm . The FT-IR spectrum of
pure PCz revealed N-H stretching vibrations at 3414 cm™" and
3050 cm ™ ". Additionally, peaks associated with C=C stretching
vibrations in benzenoid and quinoid rings were identified at
1604 cm ' and 1493 cm ', respectively. The sharp peak at
1451 cm ™' confirms the successful formation of polycarbazole
through ring stretching vibrations in the carbazole moiety.
Other characteristic peaks include C-H out-of-plane bending
(1326 cm™ "), C-N stretching in the aromatic ring (1235 cm™ %),
and C-H deformations in the di-substituted and tri-substituted
benzene rings (568 cm™ ', 726 cm ™', and 806 cm ). These
observations are consistent with previous reports.****

The FT-IR spectrum of PCz-CuO shows an interesting
change in the N-H stretching region. The peak at 3443 cm ™"
suggests an interaction between the NH group (from PCz) and
the oxygen atom (from CuO). Furthermore, the shift observed in
the peak at 3414 cm ™' (PCz) to 3356 cm ™" (PCz-CuQ) supports
the potential interaction between PCz and CuO in the nano-
composite. Notably, other prominent peaks corresponding to
PCz remained largely unchanged.

3.2. X-ray diffraction analysis

X-ray diffraction (XRD) analysis was carried out to evaluate the
crystallinity and phase composition of the synthesized PCz,
CuO, and PCz-CuO nanocomposite samples, as presented in
Fig. 2.

The XRD pattern of pristine PCz (Fig. 2a) showed sharp and
well-defined peaks matching the standard JCPDS card (no. 00-
032-1556), confirming its orthorhombic structure with the
space group 62/Pnma. The appearance of well-resolved peaks
such as (031), (121), (200), and others at 26 values of 20.77°,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 FT-IR spectra of (a) CuO, (b) PCz and (c) PCz-CuO
nanocomposite.

21.33°, 22.82°, etc., indicates high crystallinity in the polymer
matrix. These results are consistent with previous reports'**
and suggest that the synthesized PCz retains its crystal structure
even after synthesis. The orthorhombic symmetry (@ # b # ¢;
a = f =y = 90°) implies a rigid and ordered arrangement,
which is beneficial for maintaining thermal stability and
mechanical strength in the composite.

The XRD profile of CuO nanoparticles (Fig. 2b) showed
diffraction peaks at 26 = 32.49°, 35.45°, 38.73°, among others,
which correspond to (110), (002), (111) planes, matching JCPDS
card no. 01-080-1917. These peaks are characteristic of mono-
clinic CuO with a distorted crystal system (a # b # ¢; a = v =
90°, B # 90°).* The sharp peaks reflect good crystallinity, while
the slight broadening suggests nanometric particle size, which
is consistent with the Scherrer equation-based crystallite size
estimation.

The XRD pattern of the PCz-CuO nanocomposite (Fig. 2c)
displayed the superposition of peaks from both PCz and CuO.
The coexistence of both sets of characteristic peaks indicates
the successful incorporation of CuO nanoparticles within the
PCz matrix without significant phase transformation or struc-
tural distortion. Notably, there is no appearance of new peaks or
significant shifts in 26 values, which suggests physical embed-
ding rather than chemical interaction altering the crystal

RSC Adv, 2025, 15, 28754-28769 | 28757
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structure. This phase integrity is crucial for maintaining the
distinct functionalities of both components. The average crys-
tallite size of the material was determined using the Scherrer

eqn (1):
D = kM(B cos 0) (1)

where D is crystallite size, k is the Scherrer constant (shape
factor, =0.9), A is the wavelength of CuKa X-ray (0.154 nm), € is
the diffraction angle (in radians), and § is the full width at half
maximum (FWHM) of the diffraction peak, was used to deter-
mine the average crystallite size.

This equation relates the broadening of a peak in the XRD
pattern () to the crystallite size (D) and the diffraction angle ().

For PCz, the (210) and (211) peaks gave average crystallite
sizes of 33.76 nm and 33.90 nm, indicating a relatively uniform
size distribution. In contrast, CuO displayed significantly
smaller crystallite sizes: 0.253 nm and 0.232 nm for the (002)
and (111) planes, respectively. The reduced size of CuO nano-
particles may enhance surface activity, which is beneficial for
catalytic or sensing applications.

28758 | RSC Adv, 2025, 15, 28754-28769

In conclusion, the XRD results confirm the crystalline nature
and phase purity of the individual components and their
successful integration in the composite, which is essential for
the anticipated synergistic properties of PCz—CuO.

3.3. Morphological (FE-SEM) analysis

To investigate the surface morphology of CuO and PCz-CuO
nanocomposites, a high-resolution imaging technique, field
emission scanning electron microscopy (FE-SEM) from ZEISS,
was employed. This powerful tool allows for detailed visualiza-
tion of the nanocomposite's surface features at high magnifica-
tions. The microscope was operated at an accelerating voltage of
200 kV. Fig. 3(a-d) presents FE-SEM images of both CuO and the
PCz-CuO nanocomposite at various magnifications for compar-
ison. The FE-SEM images of CuO (Fig. 3a and b) show strong
agglomeration, with irregularly shaped rods oriented in random
directions.*® In the case of the PCz-CuO nanocomposite (Fig. 3¢
and d), the FE-SEM images reveal that the surface of CuO rods is
coated with a relatively smooth layer of PCz, indicating

successful polymerization. The composite appears more

© 2025 The Author(s). Published by the Royal Society of Chemistry
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compact with reduced agglomeration due to the polymer
matrix surrounding the CuO particles. This suggests a strong
interfacial (synergistic) interaction between PCz and CuO.

3.4. Energy-dispersive X-ray spectroscopy

Energy-dispersive X-ray spectroscopy (EDX) was used to analyze
the elemental makeup of the synthesized nanostructures, CuO
and PCz-CuO. The results are presented in Fig. 4 and 5. Fig. 4
shows the elemental mapping and surface morphology of CuO
(Fig. 4a-d). The images reveal the distribution of copper (Cu) and
oxygen (O) elements within the CuO nanostructure. Fig. 5 vali-
dates the absence of impurities in the PCz-CuO material, con-
firming successful fabrication through in situ chemical oxidative
polymerization. This finding aligns with observations from other
spectroscopic techniques like HR-XPS, XRD, and FT-IR. Fig. 5a
displays the EDX mapping of PCz-CuO, while Fig. 5(c-f) shows
the distribution of elements within the nanocomposite: carbon
(©), nitrogen (N), oxygen (0), and copper (Cu).

3.5. X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) was employed to inves-
tigate the electronic structure and chemical composition of the

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

PCz-CuO nanocomposite surface. The analysis was performed
using a PHI 5000 Versa Probe III instrument equipped with
a monochromatic Al Ko X-ray source (hv = 1486.7 eV). Specific
regions of the XPS spectrum were examined to determine the
oxidation state of the elements present (Fig. 6(a-e€)).

Fig. 6b shows the high-resolution XPS spectrum for Cu. The
peaks observed at 934.71 eV and 954.61 eV, with a separation of
19.9 eV, correspond to Cu 2p3,, and Cu 2p4,, respectively. This
splitting is characteristic of Cu®>* oxidation state, confirming the
presence of divalent copper in the form of Cu0O.*® Additionally,
three satellite peaks at 940.96 eV, 942.76 eV, and 961.96 eV
further confirm the presence of Cu®" species, as such satellites
are typically observed in CuO and are indicative of strong shake-
up processes due to unpaired 3d electrons. The deconvoluted
XPS spectrum for O 1s (Fig. 6¢c) displays a single peak at
531.21 eV. This peak signifies the presence of Cu-O bonds in the
nanocomposite.*® The presence of this peak confirms that
oxygen is primarily involved in bonding with copper ions,
forming CuO domains. The absence of additional significant
peaks suggests minimal surface hydroxylation or adsorbed
oxygen species, pointing to a relatively clean and well-formed
CuO structure. The deconvoluted C 1s spectrum (Fig. 6d)

RSC Adv, 2025, 15, 28754-28769 | 28759
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reveals three peaks at 284.86 eV, 288.63 eV, and 288.71 eV.
These peaks can be attributed to different carbon atom types
within the PCz polymer of the PCz-CuO nanocomposite. The
peak at 284.86 eV corresponds to C-C/C=C bonds, typically
seen in the aromatic rings of the polymer backbone. The peaks
near 288 eV are attributed to oxidized carbon species such as
C-N and C=N, reflecting the incorporation of heteroatoms
from the PCz polymer. These findings highlight the complex
electronic environment within the polymer and its interaction
with the CuO surface. The deconvoluted N 1s spectrum (Fig. 6e)

28760 | RSC Adv, 2025, 15, 28754-28769

exhibits four peaks at binding energies of 396.33 eV, 399.3 eV,
401.76 eV, and 403.4 eV. These peaks are assigned to various
nitrogen functional groups in the PCz polymer, including (=
N-), (N-C), (-N-H), and (-NH").*#** Their presence confirms the
successful polymerization of the carbazole monomer into
polycarbazole (PCz) and its stable incorporation within the PCz-
CuO nanocomposite. The slight shifts in binding energies
compared to pure PCz may suggest electronic interactions or
charge transfer between PCz and CuO. So, the XPS analysis,
along with other spectroscopic techniques like FT-IR and EDX

© 2025 The Author(s). Published by the Royal Society of Chemistry
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mapping, strongly supports the formation of PCz-CuO through
in situ chemical oxidative polymerization.

3.6. UV-visible (UV-vis) spectroscopy

UV-visible (UV-vis) spectroscopy was used to measure the
optical properties of the synthesized materials (PCz, CuO, and
PCz-CuO) in the wavelength range of 200-800 nm (Fig. 7a-c).
The Tauc equation was then employed to calculate the optical
band gap (E) for each sample based on their absorbance
spectra. The Tauc equation,

ahv = B(hy — E,)

describes the relationship between a material's light absorption
coefficient («), photon energy (Av), and its optical band gap
energy (Eg). The constant B and exponent r depend on the type
of electronic transition involved (direct or indirect).

To estimate the optical band gap, (a/hr)"" is plotted against
(hv). The band gap value is then obtained by extrapolating the
linear portion of the plot to the x-axis (Av) at the point where
(ahw)"" equals zero. As shown in the Tauc plots (insets of
Fig. 7a—c), the band gaps for PCz, CuO, and the PCz-CuO
nanocomposite were determined to be 3.19 eV, 3.33 eV, and
2.11 eV, respectively. This observed redshift in the band gap
energy from 3.33 eV (pristine CuO nanoparticles) to 2.11 eV
(PCz-CuO) is attributed to the quantum confinement effect.*

The combined changes in the optical band gap (from UV-vis)
and crystallinity (from XRD) for the PCz-CuO nanocomposite
suggest a complexation and synergistic interaction between the
PCz polymer and CuO nanoparticles.

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

(a) XPS survey spectrum of PCz—CuO nanocomposite, HR-XPS spectra of (b) Cu 2p, (c) O 1s, (d) C 1s, and (e) N 1s.

3.7. Antibacterial evaluation

An agar-based diffusion method was used to evaluate the in vitro
antibacterial activity of pristine PCz and the PCz-CuO nano-
composite against E. coli (MTCC 443) and S. aureus (MTCC 96).
The PCz-CuO nanocomposite demonstrated superior antibac-
terial activity against both strains compared to pristine PCz,
particularly against S. aureus, as confirmed by larger inhibition
zones at all tested concentrations (doses) (Table 1). These
findings are consistent with results reported for other CuO-
based systems.*® Tetracycline, a standard antibiotic, served as
the positive control with inhibition zones of 20 mm and 23 mm,
while the negative control (DMSO) showed no antibacterial
activity (0 mm inhibition zone).

3.7.1. Mechanism of antibacterial activity. Several mecha-
nisms contribute to the bactericidal activity of synthesized PCz
and PCz-CuO materials, as depicted in Scheme 2. These
mechanisms include:

(i) Free radical formation: reactive oxygen species (ROS) like
superoxide anion ('O, "), hydroperoxyl radical (HO;), hydroxyl
radical (OH"), and hydrogen peroxide (H,O,) are generated.*®
ROS are generally considered the main contributor to the
antibacterial activity of metal oxides. The band gap of the
materials plays a role in ROS generation, which can damage the
bacterial surface and compromise cell membrane integrity.*
Additionally, the complex and abundant surface defect sites in
the PCz-CuO nanostructure may further enhance ROS
generation.

(ii) Metal ion release: metal ions can leach from the nano-
materials, potentially disrupting bacterial cell membranes.
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Fig. 7 Combined optical (UV-vis) spectra of (a) PCz, (b) CuO, and (c) PCz-—CuO (with corresponding inset Tauc plot).
Table 1 |n vitro antibacterial activity of samples (bactericidal behavior results)
Inhibition zone” (mm) Inhibition zone” (mm)
Samples 250 pg/100 pl 500 pug/100 pl 1 mg/100 pl 250 pg/100 pl 500 pug/100 pl 1 mg/100 pl
PCz 3.4 7.5 14.5 3.5 8.3 15.2
PCz-CuO 4.2 9.3 16.2 4.5 10.4 17.1
Tetracycline 20 23
DMSO 0 0

“ Inhibition zone (mm) for E. coli. ” Inhibition zone (mm) for S. aureus.

Step 1: PCz-CuO + hv — € ) + h* (vB)
Step 2: h* (vg) + H,O — ‘OH + H*

Step 3: €cp) + 02 — 02

Step 4: ‘O;"+ H* — HOy

Step 5: HOy + H* + € () — H202

Scheme 2 The process (mechanism) of H,O, production on the
surface of PCz—CuO.

28762 | RSC Adv, 2025, 15, 28754-28769

(iii) Cell membrane dysfunction: both ROS and metal ions
can damage and compromise the integrity of the bacterial cell
membrane.*’

The inhibition zones observed during antibacterial activity
likely arise from a combination of metal ion release and ROS
generation. When ROS interact with the bacterial outer surface,
they can form negatively charged hydroxyl radicals and super-
oxide anions. These can infiltrate the cytomembrane (cell
membrane) while maintaining contact with the outer surface.*>*
In contrast, hydrogen peroxide can penetrate the inner cell
membranes, disrupting the internal components of the bacteria.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3.8. Molecular docking analysis ability of PCz and PCz-CuO to interact with specific enzymes in
the fatty acid synthesis pathway of E. coli and S. aureus bacteria.

Many studies have explored the potential of various nano- ; .
Essentially, PCz and PCz-CuO were evaluated as potential

composites to kill bacteria. This research investigated the

o Lys163
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Fig. 8 Binding interaction pattern of PCz—CuO (a) fitted inside the active site of Fablg ;i (LMFP); (b) close view and (c) inhibitor—enzyme (amino
acid) interaction.
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Fig. 9 Binding interaction pattern of PCz (a) fitted inside the active site of Fablg .o; (LMFP); (b) close view and (c) inhibitor—enzyme (amino acid)
interaction.
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binding molecules (ligands) for FabI and FabH enzymes, which
are crucial for these bacteria. Molecular docking was used as
a preliminary tool to explore possible binding interactions. The
simulations suggested a likely binding pose (conformation) for
PCz-CuO within the active site (pocket) of FabIy .o, as illus-
trated in Fig. 8. This pose featured two notable interactions: an
electrostatic attraction (Pi-cation) between PCz-CuO and

View Article Online

Paper

a specific amino acid residue (Lys165) at a close distance of 4.01
angstroms (A), and potential m-7 stacking between aromatic
rings in PCz-CuO and another amino acid (Tyr156). Notably,
the predicted binding affinity of PCz-CuO to Fably ; was
—4.9 keal mol ™. In comparison, pristine PCz showed a slightly
more negative predicted binding affinity (—5.8 keal mol™") to
FabIy, . (Fig. 9), with suggested - stacking interactions were

Fig. 10 Binding interaction pattern of PCz—CuO (a) fitted inside the active site of Fabls .ureus (6TBC); (b) close view and (c) inhibitor—enzyme

(@amino acid) interaction.

Acceptor Kl

() Phe204

Fig. 11 Binding interaction pattern of PCz (a) fitted inside the active site of Fabls sureus (6TBC); (b) close view and (c) inhibitor—enzyme (amino

acid) interaction.
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observed between PCz and aromatic amino acid residues suggesting they could be more effective inhibitors of fatty acid
(Phe1203 and Tyr1146). Additionally, PCz displayed a Pi-alkyl synthesis in S. aureus, although this requires further experi-
interaction with another amino acid (Tyr1156). mental validation.

Interestingly, both PCz and PCz-CuO displayed a greater Within the active site of Fabls, 4yreys (Fig. 10), the PCz-CuO
predicted binding affinity towards Fabls ureus compared to nanostructure exhibited w-m stacking interactions between its
Fably .. This may indicate a potentially stronger interaction, aromatic rings and amino acid residues Tyr157 and Tyr147. The

Fig. 12 Binding interaction pattern of PCz—CuO (a) fitted inside the active site of FabHg. o (SBNM); (b) close view and (c) inhibitor—enzyme
(amino acid) interaction.
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Fig. 13 Binding interaction pattern of PCz (a) fitted inside the active site of FabHg o (5BNM); (b) close view and (c) inhibitor—enzyme (amino
acid) interaction.
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predicted binding affinity for this interaction was
—4.9 kcal mol™". Similarly, pristine PCz also interacted with
FabIg gurens through m—m stacking, as shown in Fig. 11. In this
case, the aromatic rings of PCz formed m-7 stacking interac-
tions with amino acids Tyr147 and Phe204 within the enzyme's
active site.

The binding potential of PCz and PCz-CuO was further
investigated against another enzyme critical for fatty acid
synthesis: B-ketoacyl-acyl carrier protein synthase III (FabH)
from E. coli. Interestingly, PCz-CuO displayed a distinct binding
mode compared to PCz when interacting with FabHy .
(Fig. 12). PCz—CuO formed three hydrogen bonds with specific
amino acid residues (Thr84, Thr190, and Thr206) and a Pi-alkyl
interaction with His85. The predicted binding affinity for PCz-
CuO to FabHy, .,; was —5.7 kcal mol . In contrast, pristine PCz
did not form any hydrogen bonds with FabHy . (Fig. 13).
However, it exhibited -7 stacking interactions with His180
and His222, alongside Pi-alkyl interactions with these same
residues as well as Trp310. The predicted binding affinity of PCz
to FabHp, .,;; was —6.4 kcal mol™', indicating a slightly more
negative (i.e., potentially stronger) binding interaction
compared to PCz-CuO. However, this interpretation remains
tentative and requires experimental confirmation. However, it is
important to emphasize that molecular docking offers
a simplified and approximate model of molecular interactions.
Limitations such as protein flexibility, solvation effects, and
entropic contributions are not fully addressed. Thus, these
results should be regarded as preliminary predictions, serving
as a basis for guiding future experimental or more rigorous
computational studies.*>*

4. Conclusion

This study successfully synthesized a PCz-CuO nanocomposite
via in situ chemical oxidative polymerization. The synthesized
nanocomposite was thoroughly characterized using various
techniques like FT-IR, XRD, FESEM/EDX, XPS, and UV-vis
spectroscopy. Evaluation of the antibacterial activity against E.
coli and S. aureus revealed superior performance of the PCz-
CuO nanocomposite compared to pristine PCz, as demon-
strated by the agar well diffusion method. This enhanced
bactericidal effect is attributed to the generation of radicals and
reactive oxygen species (ROS) within the bacterial cells.
Furthermore, in silico molecular docking simulations provided
insights into possible binding interactions and offered
a preliminary understanding of how PCz and PCz-CuO might
interact with Fabl and FabH enzymes, critical for fatty acid
biosynthesis in E. coli and S. aureus. These computational
findings merit further experimental validation. While the
simulations suggested stronger predicted binding affinities of
PCz-CuO compared to PCz for both enzymes, these results are
best regarded as indicative rather than definitive. In conclusion,
the PCz-CuO nanocomposite developed in this study presents
itself as a promising eco-friendly bactericidal agent. The
encouraging in vitro antibacterial activity and the in silico
docking results are not inconsistent with the possibility of
inhibitory activity, suggesting a potential role as an enzyme
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inhibitor for bacterial fatty acid synthesis and highlight its
potential for future applications.
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