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ABSTRACT

This study presents the development and characterization of hybrid CuO-Bi(III) Schiff base nanocomposites. Copper oxide
nanoparticles were synthesized via a simple precipitation method and functionalized with a salen ligand and a bismuth-salen
complex, forming CuO-Salen and CuO-SBC. Spectroscopic analyses (FT-IR, UV-Vis) confirmed successful coordination,
with characteristic Cu—O bands and LMCT absorption up to 700 nm. The optical band gap reduced from 2.27 eV (CuO) to
1.99 eV (CuO-SBC), indicating enhanced charge transfer. FE-SEM showed a porous structure, and XRD confirmed
nanoscale crystallinity. Binding studies with BSA and HSA revealed strong interactions, especially for CuO-SBC (Ka:
1.2 x10°M™"and 3.5 x 10° M ™). Antibacterial tests showed CuO—SBC had the highest activity, with a 19 mm inhibition zone
against Bacillus subtilis. Overall, CuO-SBC demonstrated excellent biological activity, highlighting its potential in drug
delivery and antimicrobial applications.
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1. INTRODUCTION

Copper oxide (CuO) nanoparticles have drawn considerable interest in nanomedicine and materials science for their excellent
electronic, catalytic, and antimicrobial properties [1, 2]. Their narrow band gap, high surface area, and ability to generate
reactive oxygen species make them ideal for antibacterial and biochemical applications [3, 4]. Combining CuO with Schiff
base ligands particularly salen-type compounds derived from salicylaldehyde and ethylenediamine enhances their biological
potential. These ligands are known for strong metal binding, biocompatibility, and the ability to form stable, redox-active
complexes with transition metals [5—8]. Such hybrid materials often outperform their individual components in bioactivity
and binding efficiency [9, 10]. Bismuth(III)-based Schiff base complexes (SBCs) further elevate functionality by offering
excellent coordination stability, low toxicity, and broad-spectrum antimicrobial effects with minimal resistance [11, 12]. In
this study, CuO-Salen and CuO-SBC nanocomposites were synthesized and analyzed for their structural, optical, and
biological properties. Given the rising demand for effective bio-interactive and antimicrobial agents, we focused on their
protein-binding behavior with model proteins bovine and human serum albumins (BSA and HSA) and antibacterial
performance against Gram-positive and Gram-negative bacteria [13—16]. This work highlights the potential of these
multifunctional nanocomposites for biomedical applications, particularly in drug delivery and antimicrobial therapy.

2. MATERIAL AND METHODOLOGY
Materials:
All chemicals used were of analytical grade and used without further purification. Copper(Il) sulfate pentahydrate

(CuS0s4-5H:0), sodium hydroxide (NaOH), salicylaldehyde, ethylenediamine, and bismuth nitrate were purchased from
commercial suppliers. Distilled water was used throughout the synthesis process.
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Synthesis of Copper Oxide (CuO) Nanoparticles

CuO nanoparticles were synthesized via a straightforward precipitation method. In a 250 mL round-bottom flask, 0.624 g
(0.01 M) of CuSOs4 was dissolved in distilled water, and 1 g of NaOH pellets was slowly added under constant stirring. The
mixture was stirred for 2 hours, during which the color changed from blue to black, indicating CuO formation. The black
precipitate was filtered, washed, and calcined at 400 °C for 1 hour.

Preparation of CuO-Salen Nanocomposite

To prepare the CuO—Salen nanocomposite, the synthesized CuO was dispersed in a basic medium (NaOH or
NH4OH), followed by the addition of Salen ligand in a 1:1 molar ratio. The mixture was stirred until a black gel formed, then
centrifuged at 100 rpm and dried to obtain the CuO—Salen composite.

Preparation of CuO-SBC Nanocomposite

For the CuO-SBC nanocomposite, CuO was suspended in NaOH or NH+sOH and mixed with an equal amount of
Bismuth Salen complex (SBC) in a 1:1 ratio. A grey gel formed, which was calcined at 120 °C, centrifuged at 100 rpm, and
dried to yield the CuO-SBC composite.

Characterization

The FT-IR spectra were recorded using a computer-controlled Thermofisher scientific instrument. A computer-
controlled JASCO V-530 and FP-8300 was used to study UV-VIS spectral and fluorescence behavior. XRD measurements
were made by Panalytical X’Pert Powder X’Celerator Diffractometer, measurement range: 10 to 80 degrees in 26 and particle
size was calculated using Scherrer’s equation. The FESEM measurements were carried out by JEOL JSM-6700F field
emission scanning electron microscope.

3. RESULTS AND DISCUSSION
FT-IR Studies

The FT-IR spectra of CuO, the Bi—Salen complex, and the CuO-Bi—Salen composite (Figure 1) reveal important details
about their functional groups and coordination interactions. The CuO spectrum (Figure 1a) shows characteristic Cu—O
stretching bands in the 500-600 cm™! range, confirming the presence of copper oxide, consistent with earlier reports [18]. In
the CuO-Salen spectrum (Figure 1b), shifts in the C=N stretching band suggest coordination between CuO and the salen
ligand. New peaks in the 500-600 cm™ region correspond to Cu—N and Cu—O bonds, supporting successful complex
formation [18]. The CuO-Bi—Salen spectrum (Figure 1¢) also shows a shifted C=N band relative to the free Bi—Salen ligand,
indicating imine-metal coordination [17]. Additional peaks in the Cu—N and Cu—O regions confirm the formation of the
CuO-Bi-Salen complex. The spectral shifts and new vibrational bands confirm strong coordination between CuO and the
ligands, validating the successful synthesis of the nanocomposites. These findings align with previous studies on metal—
Schiff base complexes [19].
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Fig.1. FT-IR Spectrum of a) CuO b) CuO- salen complex ¢) CuO-Bi-Salen complex
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UV-Vis Studies

The UV—Vis spectra of CuO, CuO-Salen, and CuO-Bi—Salen (Figure 2) reveal distinct absorption shifts due to ligand
coordination. Pure CuO shows a broad band around 280-320 nm, corresponding to O*" — Cu?" charge transfer transitions
[24, 25]. Upon complexation with Salen, new peaks appear in the 300-350 nm and 500—700 nm ranges. These are attributed
to m—m* transitions of the Salen ligand and ligand-to-metal charge transfer (LMCT), confirming strong Cu-ligand interactions
[20, 21]. In the CuO-Bi—Salen complex, absorption extends further into the visible region, indicating enhanced charge
transfer and improved electronic coupling due to Bi(IIl) incorporation [22, 23]. This red shift also suggests improved light-
harvesting potential, relevant for photocatalysis and optoelectronics. The optical band gaps, calculated from Tauc plots
(Figure 3), further support these observations. Pure CuO exhibited a band gap of 2.27 eV, which decreased to 2.19 eV for
CuO-Salen and to 1.99eV for CuO-Bi-Salen. This progressive narrowing of the band gap reflects better electronic
delocalization and stronger metal-ligand interactions, especially with bismuth. Such tunable optical properties make these
materials promising for applications in solar energy conversion, sensing, and photocatalytic systems [26, 27].
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Fig 3. Band gap curve of a) CuO b) CuO-salen complex ¢) CuO-Bi-Salen complex

FE-SEM Studies

The FE-SEM image of CuO (Fig. 4) shows a porous, irregular surface with nanoscale agglomerates, indicating high
surface area ideal for catalysis and gas sensing [28—-30]. It’s rough texture and loose packing enhance active site availability
and ion diffusion, supporting potential electrochemical applications [31]. In CuO—Bi—Salen (Fig. 5), the structure remains
porous and agglomerated, with irregular nanoparticles suggesting strong metal-ligand interaction. The increased surface
roughness and nanoscale features improve catalytic and sensing performance [22, 22, 32], consistent with reported hybrid
metal-organic systems.
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Fig.4. FE-SEM image of CuO
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Fig.5. FE-SEM image of CuO-Bi-Salen Complex

XRD Studies

XRD patterns confirmed the crystalline nature and phase identity of the synthesized materials. For CuO (Fig. 6), sharp peaks
at 20 = 35.5°, 38.7°, 48.7°, 58.3°, and 68.1° match monoclinic CuO (JCPDS No. 48-1548), with a calculated crystallite size
of 8.4 nm. The CuO-Salen complex (Fig. 7) showed reduced CuO peak intensity and new reflections at 24.6° and 28.4°,
indicating ligand coordination [33]. The estimated crystallite size was 16.2 nm. CuO-Bi—Salen (Fig. 8) displayed a broad
peak near 28°, suggesting low crystallinity and nanoscale features. The crystallite size was 10.2 nm. Minor shifts and
broadening imply Bi coordination, consistent with Bi-based complexes (JCPDS No. 05-0519) [34]. These results confirm
successful complex formation and ligand-induced structural modifications.
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Fig.6. XRD image of CuO
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Fig.7. XRD image of CuO-Salen Complex
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Fig.8. XRD image of CuO-Bi-Salen Complex

Binding Studies of Bovine Serum Albumin (BSA) with Different Complexes

The binding behavior of BSA with CuO-based complexes was evaluated using fluorescence quenching and UV-Vis
spectroscopy to assess their suitability for biomedical applications. In Figure 9a and 9b, CuO nanoparticles showed a
noticeable decrease in BSA fluorescence, indicating moderate binding. The Stern—Volmer constant (Ksv) was 3.5 x 10* M,
suggesting static quenching and formation of a CuO-BSA complex, likely involving coordination and hydrophobic
interactions [35]. Figure 10a and 10b show that the CuO—-Salen composite led to a greater quenching effect, with a binding
constant (Kg) of 8.4 x 10* M. This enhanced interaction is attributed to combined electrostatic and coordination bonding,
reflecting the synergistic effect of the metal-ligand system [36]. In Figure 11a and 11b, the CuO—SBC composite exhibited
the strongest binding to BSA, with a K value of 1.2 x 10° M. The substantial quenching suggests robust interaction through
multiple forces such as electrostatic, hydrophobic, and coordination effects [37].

The Comparative Binding Constants are listed in table 1. These results, supported by Figures 9—11, confirm that ligand
coordination significantly enhances protein binding. CuO-SBC, in particular, shows excellent affinity for BSA, indicating
its potential for drug delivery and targeted biomolecular interaction.

Table 1. Comparative Binding Constants

Complex Binding Constant (K;) [M™]

CuO 3.5 x10*

CuO-Salen 8.4 x 10*

CuO-SBC 1.2 x 103
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Fig.11. a and b CuO-SBC Composite

Binding Studies of Human Serum Albumin (HSA) with Different Complexes

The binding interactions between CuO-based complexes and human serum albumin (HSA) were examined using
UV-Vis and fluorescence spectroscopy to assess their structural effects and biomedical relevance. In Figure 12a and 12b,
CuO nanoparticles caused a red shift in HSA absorbance from 280 nm to 285 nm and reduced fluorescence intensity at
340 nm. The binding constant (K = 1.2 x 10° M) indicates moderate affinity, with static quenching suggesting complex
formation through electrostatic and hydrophobic interactions [38]. Figure 13a and 13b show that the CuO—Salen complex
produced stronger spectral changes. The absorbance peak shifted to 287 nm, and fluorescence intensity decreased
significantly. The binding constant (Kg = 2.8 x 10° M™) reflects a stronger interaction. Circular dichroism (CD) analysis
indicated clear conformational changes in HSA, suggesting structural rearrangement due to CuO—Salen binding [39]. In
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Figure 14a and 14b, the CuO-SBC complex showed the most pronounced interaction. UV—Vis analysis revealed a shift to
290 nm, and fluorescence quenching was the strongest among all complexes. The highest binding constant (Kg = 3.5 x
10°M™) and CD evidence of significant secondary structure alteration confirm a robust and stable CuO—SBC-HSA complex
[40].

The Comparative Binding Constants are listed in table 2. These results (Figures 12—14) demonstrate that ligand coordination
enhances protein binding. CuO-SBC, in particular, exhibits the strongest interaction and potential for use in drug delivery
and biomolecular targeting. Further thermodynamic studies could provide deeper insights into the binding mechanisms.

Table 2. Comparative Binding Constants:

Complex Binding Constant (K») (M™)

CuO-HSA 1.2 x10°

CuO-Salen-HSA 2.8 x10°

CuO-SBC-HSA 3.5x10°
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Anti Bacterial Studies

The antibacterial performance of the synthesized complexes was tested against five bacterial strains Escherichia coli (Gram-
negative) and four Gram-positive strains: Staphylococcus aureus, Bacillus licheniformis, Bacillus subtilis, and Bacillus
cereus. Ampicillin served as the standard control. The zone of inhibition (in mm) was measured to evaluate effectiveness
(Table 3).

Ampicillin showed the strongest activity across all strains, with inhibition zones ranging from 17 mm (B. subtilis) to 23 mm
(B. licheniformis). Among the synthesized materials, CuO-SBC (Fig. 16) demonstrated notable antibacterial activity, with
inhibition zones of 19 mm (B. subtilis), 12 mm (S. aureus), and 10 mm (E. coli). This suggests broad-spectrum activity,
particularly against Gram-positive bacteria.

The enhanced effect is likely due to the synergistic action between CuO and the Bi—Salen complex, potentially disrupting
membrane integrity or metabolic functions. In contrast, CuO-Salen (Fig. 15) showed no detectable inhibition, possibly due
to limited membrane penetration or reduced bioavailability.

These findings position CuO-SBC as a promising antimicrobial agent. Further studies are recommended to explore its
mechanism of action and optimize its structure for therapeutic use. A comparative bar chart illustrating the antibacterial
activity of each compound is shown in Figure 17.

Table: Zone of Inhibition (mm) for Different Compounds

Bacteria Ab-Ampicillin CuO-Salen |CuO-SBC)
Escherichia coli 19 - 10
Staphylococcus aureus 20 - 12

Bacillus licheniformis 23 - 9

Bacillus subtilis 17 - 19
Bacillus cereus 18 - 6
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Fig.15. CuO-Salen on Ambicillin

Fig.16.CuO-SBC on Ambicillin
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Fig. 17. Bar diagram for the antibacterial activities of ampicillin, ligand and its metal complexes.
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4. CONCLUSION

This study successfully developed CuO-based nanocomposites using Schiff base ligands, including a bismuth-modified
version (CuO-SBC). Structural and optical analysis confirmed the formation of stable complexes, with the CuO—SBC
composite showing a reduced band gap of 1.99 eV compared to 2.27 eV for pure CuO indicating better charge transfer and
optical activity. In protein binding studies, CuO—SBC exhibited the highest affinity, with binding constants of 1.2 x 10° M
(BSA) and 3.5 x 10° M™! (HSA), outperforming CuO and CuO-Salen. Antibacterial tests also showed superior activity, with
inhibition zones of 19 mm against Bacillus subtilis, 12 mm against Staphylococcus aureus, and 10 mm against E. coli.
Overall, CuO-SBC demonstrates strong potential as a multifunctional nanomaterial for biomedical uses such as protein
targeting, drug delivery, and antibacterial coatings.
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