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Abstract 

Diabetic wounds, present significant challenges due to their slow healing and high infection risk. This 
study investigates the therapeutic potential of Copper (II) Oxide (CuO) and Zinc Oxide (ZnO) 
nanoparticles in enhancing diabetic wound healing. We characterized the physicochemical properties 
of CuO and ZnO nanoparticles using Dynamic Light Scattering (DLS), scanning electron microscopy 
(SEM), X-ray diffraction (XRD), and Thermogravimetric Analysis (TGA). In addition to these 
characterizations, we conducted a series of in vitro studies, including cytotoxicity assays, cell 
proliferation, and migration assays, antioxidant studies through DPPH and Reactive Oxygen Species 
(ROS) scavenging assays, and angiogenesis evaluations using the chick chorioallantoic membrane 
(CAM) assay. These studies revealed a solid potential for mitigating oxidative stress and promoting 
cellular activities crucial for wound repair. The antibacterial efficacy was assessed by measuring the 
zone of inhibition, demonstrating effective control over E. coli and S. aureus. Anti-inflammatory 
effects were examined by analyzing levels of inflammatory markers such as TNF-Alpha and 
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interleukins (IL-10), indicating reduced chronic inflammation. The wound healing potential was 
specifically assessed using NIH 3T3 cell lines in scratch wound healing assays to ensure consistent 
cell migration and proliferation evaluation. Our results showed that both CuO and ZnO nanoparticles 
significantly enhance the rate of wound closure. The results suggest that CuO and ZnO nanoparticles 
significantly benefit diabetic wound healing by promoting cellular activities and controlling infection 
and inflammation. Further optimization of formulation is needed to enhance efficacy and patient 
comfort. This study highlights the potential of these nanoparticles in advancing therapeutic approaches 
for diabetic wounds. 

Introduction 
Diabetic wounds, particularly diabetic foot ulcers, represent a severe and prevalent complication of 
diabetes mellitus (1). These wounds are characterized by a prolonged healing process, high 
susceptibility to infections, and an increased risk of severe outcomes such as amputation (2). The 
impaired healing observed in diabetic patients is attributed to a combination of factors, including poor 
blood circulation, neuropathy, immune dysfunction, and chronic inflammation. Hyperglycemia in 
diabetes leads to the formation of advanced glycation end-products (AGEs), which further disrupt 
normal wound healing processes (3). The pathophysiology of diabetic wound healing involves a 
prolonged inflammation phase with elevated levels of inflammatory cytokines like TNF-Alpha and 
interleukins, which delays the transition to the proliferative phase (4). During the proliferation phase, 
angiogenesis, fibroblast proliferation, and collagen synthesis are impaired, with the hyperglycemic 
environment affecting cellular functions and reducing growth factor production. The remodeling phase 
is also compromised, resulting in fragile and improperly formed scar tissue due to an imbalance 
between matrix metalloproteinases (MMPs) and their inhibitors (5). 

Current treatment strategies for diabetic wounds include debridement, infection control, pressure 
offloading, and specialized dressings that maintain a moist environment. Advanced therapies such as 
growth factors, skin substitutes, and hyperbaric oxygen therapy are also employed, though they often 
come with limitations like high costs, variable efficacy, and limited availability (6). The multifactorial 
nature of diabetic wound healing necessitates novel therapeutic approaches that can address multiple 
aspects of the wound healing process simultaneously (7-8). Ideal new strategies should target 
pathological processes, including oxidative stress, chronic inflammation, impaired angiogenesis, and 
reduced cell proliferation (9). In this context, metal oxide nanoparticles such as CuO and ZnO emerge 
as promising candidates for enhancing diabetic wound healing (10). These nanoparticles possess 
unique properties that can potentially address the limitations of current therapies. CuO and ZnO 
nanoparticles exhibit significant antioxidant activity, which helps mitigate oxidative stress in the 
wound environment (11). They also demonstrate antimicrobial solid properties, reducing the risk of 
wound infections. Furthermore, these nanoparticles can modulate the inflammatory response, promote 
angiogenesis, and stimulate cell proliferation and migration (12). By targeting multiple facets of the 
wound healing process, CuO and ZnO nanoparticles offer a comprehensive approach to improving 
diabetic wound care and addressing the unmet needs in this challenging area of treatment (13-15). 
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This study's primary objective is to comprehensively evaluate CuO and ZnO nanoparticles' potential 
in diabetic wound healing applications (16). Specifically, the study aims to characterize the 
physicochemical properties of these nanoparticles, including their particle size, zeta potential, surface 
morphology, and crystallinity, using techniques such as SEM and X-ray diffraction (XRD) (17). 
Another key objective is to assess the antioxidant activity of CuO and ZnO nanoparticles through 
DPPH and ROS scavenging assays to understand their capacity to counteract oxidative stress, a 
significant factor in diabetic wounds (18). The study also seeks to evaluate the antibacterial properties 
of the nanoparticles by measuring the zone of inhibition against common wound pathogens, thereby 
determining their effectiveness in preventing and controlling infections. Additionally, the impact of 
CuO and ZnO nanoparticles on inflammatory responses will be investigated through ELISA assays for 
inflammatory markers such as TNF-Alpha and interleukins (IL-1β, IL-6, IL-10), aiming to elucidate 
their potential in modulating chronic inflammation associated with diabetic wounds (19-22). Finally, 
the study will explore the ability of these nanoparticles to promote angiogenesis and enhance cellular 
activities such as proliferation and migration through assays like tube formation and scratch wound 
healing. 

 
Hypothesis  
Diabetic wounds often present significant challenges to effective healing due to several underlying 
factors, including persistent chronic inflammation, heightened oxidative stress, increased 
susceptibility to infections, impaired cellular functions, and insufficient angiogenesis. Chronic 
inflammation can lead to prolonged tissue damage, impeding the healing process. Elevated ROS levels 
exacerbate oxidative stress, contributing to cellular damage and delayed wound repair. The increased 
risk of bacterial infections complicates healing further, while impaired cellular proliferation and 
migration hinder wound closure. Insufficient angiogenesis restricts the delivery of essential nutrients 
and oxygen to the damaged tissue, limiting the repair process. 

This study hypothesizes that CuO and ZnO nanoparticles, when incorporated into appropriate dosage 
forms, can significantly address these challenges and enhance diabetic wound healing. It is anticipated 
that CuO and ZnO nanoparticles will exhibit distinct physicochemical properties, such as varying 
particle sizes and surface morphologies, influencing their interactions within the wound environment. 
CuO nanoparticles are expected to display unique characteristics compared to ZnO nanoparticles, 
potentially affecting their therapeutic efficacy. Both types of nanoparticles are hypothesized to offer 
substantial antioxidant activity, with CuO nanoparticles likely to exhibit superior ROS scavenging 
capabilities. By incorporating these nanoparticles into optimized dosage forms, the study expects to 
enhance their ability to counteract oxidative stress, thereby promoting more effective wound healing. 
Furthermore, the antibacterial properties of CuO and ZnO nanoparticles are expected to be robust 
against common wound pathogens, with CuO nanoparticles potentially providing a broader spectrum 
of antibacterial activity. The effectiveness of these nanoparticles in preventing and controlling 
infections is anticipated to be significantly improved when delivered through suitable formulations. 
Regarding anti-inflammatory effects, ZnO nanoparticles are hypothesized to more effectively 
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modulate inflammatory responses than CuO nanoparticles, as evidenced by reduced cytokine levels. 
Proper dosage forms are expected to enhance the ability of ZnO nanoparticles to manage chronic 
inflammation, thereby supporting the overall healing process. Additionally, both CuO and ZnO 
nanoparticles are anticipated to promote angiogenesis and support cellular proliferation and migration. 
ZnO nanoparticles are particularly expected to demonstrate greater effectiveness in enhancing 
vascularization and wound closure. When incorporated into appropriate dosage forms, these 
nanoparticles are predicted to improve cellular and vascular functions substantially, leading to better 
wound healing outcomes. 

Importantly, while metal oxide nanoparticles are known for their therapeutic potential, their direct 
application to wound sites can cause adverse effects such as itching or discomfort. Therefore, 
incorporating these nanoparticles into well-designed dosage forms is crucial to maximizing their 
therapeutic benefits while minimizing any negative side effects. Such formulations can ensure 
controlled and sustained release of the nanoparticles, providing a more comfortable and effective 
treatment for diabetic wounds. In summary, this study posits that CuO and ZnO nanoparticles, when 
formulated into effective dosage forms, have the potential to address the critical challenges of diabetic 
wound healing. Their combined antioxidant, antibacterial, and anti-inflammatory properties and ability 
to support cellular and vascular functions are expected to provide a comprehensive therapeutic 
approach to enhance wound repair in diabetic conditions. 

 
Materials & methods 
2.1 Materials 

CuO nanoparticles (purity ≥ 99.5%, particle size < 50 nm) and ZnO nanoparticles (purity ≥ 99.5%, 
particle size < 30 nm) were procured from Sigma-Aldrich. NIH 3T3 cell lines were cultured in 
Dulbecco's Modified Eagle Medium (DMEM, high glucose, without phenol red, Cat No. 11965-092) 
supplemented with 10% Fetal Bovine Serum (FBS, Cat No. 16140-071), both from Thermo Fisher 
Scientific. Antioxidant activity was evaluated using DPPH (Sigma-Aldrich, Cat No. D9132) and ROS 
detection kits from Invitrogen (Product No. D6883). Antibacterial assays utilized Nutrient Broth (BD 
Biosciences, Cat No. 214830) and Mueller-Hinton Agar (BD Biosciences, Cat No. 70192), with 
Escherichia coli (ATCC 25922) and Staphylococcus aureus (ATCC 25923) as the test strains. Anti-
inflammatory effects were measured using ELISA kits for TNF-Alpha and interleukins (IL-1β, IL-6, 
IL-10) from R&D Systems (Product Nos. DY210, DY206, DY306, DY317). Angiogenesis and 
cellular proliferation were assessed using tube formation assays (Chemicon, Product No. ECM590) 
and scratch wound healing assays. Physicochemical characterization was conducted using SEM (EOL 
JSM-IT200), X-ray Diffraction (XRD, Bruker D8 Advance), and Fourier-transform Infrared 
Spectroscopy (FTIR, PerkinElmer Spectrum Two). Statistical analyses were performed with GraphPad 
Prism (Version 9.0). 

 
 



  

189 
 

2.2 Methods  

Characterization of nanoparticles  
DLS 
DLS was used to determine CuO and ZnO nanoparticles' particle size and zeta potential. Given their 
insolubility in water, nanoparticles were suspended in Dimethyl Sulfoxide (DMSO) at a concentration 
of 1 mg/mL (23). To ensure proper dispersion, the suspensions were sonicated for 15 minutes. For 
particle size analysis, 1 mL of the nanoparticle suspension was placed into disposable polystyrene 
cuvettes. The Zetasizer Nano ZS (Malvern Instruments) analyzed the samples at 25°C, measuring the 
intensity of scattered light to determine the hydrodynamic diameter and providing an average particle 
size distribution (24). For zeta potential measurements, 0.8 mL of the suspension was transferred into 
folded capillary cells. The Zetasizer Nano ZS applied an electric field to measure the electrophoretic 
mobility, and the zeta potential was calculated using the Smoluchowski equation (25). All 
measurements were performed in triplicate to ensure accuracy, and results were analyzed using 
Malvern’s Zetasizer software, which provided average values and standard deviations. 

 
2.2.3 Morphology  

CuO and ZnO nanoparticles were placed on silicon wafers or carbon-coated copper grids and allowed 
to air dry (26). The samples were then sputter-coated with gold for 60 seconds using an Emitech 
K575X sputter coater to prevent charging effects during imaging. The coated samples were then 
analyzed with a JEOL JSM-IT200 SEM at 15 kV. High-resolution images were captured to evaluate 
surface morphology and particle size distribution (27). Particle sizes were measured using ImageJ 
software, with average sizes calculated from multiple photos.  

 
2.2.4 TGA  

It was employed to assess the thermal stability and composition of CuO and ZnO nanoparticles. For 
TGA, approximately 5-10 mg of each nanoparticle sample was accurately weighed and placed into an 
alumina sample pan (28). The analysis was conducted using a thermogravimetric analyzer (e.g., TA 
Instruments Q50). The samples were heated from 30°C to 800°C at a constant rate of 10°C/min under 
a nitrogen atmosphere to prevent oxidation and degradation. The weight loss of the samples was 
recorded as a function of temperature, and the resulting data were used to evaluate thermal stability, 
decomposition temperatures, and potential residual content. The TGA curves were analyzed to 
determine vital thermal properties and confirm the nanoparticles' purity and composition (29). 

 
2.2.5 Powder X-ray Diffraction (XRD)  

XRD was employed to analyze the crystalline structure of CuO and ZnO nanoparticles. For powder 
XRD analysis, a small amount of each nanoparticle powder was loaded into a sample holder, ensuring 



  

190 
 

even distribution and minimal packing (30). The XRD patterns were recorded using an X-ray 
diffractometer (PANalytical X'Pert Pro) with a Cu Kα radiation source (wavelength = 1.5406 Å). The 
diffraction scans were performed over a 2θ range of 10° to 80°, with a scan rate of 2°/min (31). The 
resulting diffraction patterns were analyzed to identify crystalline phases, determine lattice parameters, 
and assess phase purity. 

 
2.3 Antioxidant study 

2.3.1 DPPH Radical Scavenging Activity 

The DPPH radical scavenging assay was conducted to evaluate the antioxidant activity of CuO and 
ZnO nanoparticles (32). A 0.1 mM DPPH solution was prepared in methanol and kept in the dark to 
maintain stability. For the assay, 1 mL of each nanoparticle sample, at varying concentrations (10, 20, 
30, and 40 µg/mL), was mixed with 2 mL of the DPPH solution (33). The mixture was incubated in 
the dark at room temperature for 30 minutes. The absorbance of the solution was measured at 517 nm 
using a spectrophotometer (34). The antioxidant activity was calculated as the percentage inhibition 
of the DPPH radical using the formula  

 

𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 =
୅ ୡ୭୬୲୰୭୪ି஺ ௦௔௠௣௟௘

୅ ୡ୭୬୲୰୭୪
*100  

 
A control is the absorbance of the DPPH solution without the sample, and a sample is the absorbance 
with the sample. The assay was performed in triplicate, and the average percentage inhibition was 
reported as an indicator of the nanoparticles' antioxidant capacity. 

 
2.3.2 ROS Scavenging Activity 

The ROS of CuO and ZnO nanoparticles was assessed using a fluorescence-based assay. Specifically, 
the assay utilized 2,7-dichlorofluorescein diacetate (DCFH-DA), a fluorescent probe that reacts with 
ROS to produce a green fluorescent signal. For the assay, 1 mL of a 20 µM DCFH-DA solution was 
prepared in phosphate-buffered saline (PBS). A 1 mL aliquot of each nanoparticle sample, at varying 
concentrations (10, 20, 30, and 40 µg/mL), was mixed with 1 mL of the DCFH-DA solution (35). The 
mixture was incubated for 30 minutes at 37°C in the dark to allow the nanoparticles to interact with 
ROS. Following incubation, 1 mL of hydrogen peroxide (H₂O₂) solution (final concentration 100 µM) 
was added to the reaction mixture to induce ROS generation (36). The mixture was further incubated 
for 30 minutes. The absorbance of the solution was measured at 535 nm using a spectrophotometer. 
The ROS scavenging activity was calculated as the percentage decrease in absorbance intensity 
compared to the control (sample without nanoparticles) using the formula (37): 
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𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑆𝑐𝑎𝑣𝑒𝑛𝑔𝑖𝑛𝑔 =
୅ୡ୭୬୲୰୭୪ି஺ ௦௔௠௣௟௘

୅  ୡ୭୬୲୰୭୪
*100 

 
A control is the absorbance intensity of the control sample without nanoparticles; a sample is the 
absorbance intensity with nanoparticles. The assay was performed in triplicate, and the average 
percentage scavenging was reported as an indicator of the nanoparticles' ROS scavenging capacity. 

 
2.4 Cytotoxicity assay 

2.4.1 Cell culture  

NIH 3T3 cells were cultured in DMEM supplemented with FBS and 1% penicillin-streptomycin. The 
cells were incubated at 37°C in a humidified atmosphere with 5% CO₂. For assays, cells were seeded 
in a 96-well plate at a density of 1 × 10^4 cells per well in 100 µL of DMEM. After planting, the cells 
could adhere and grow for 24 hours to reach the desired confluence before treatment or assay 
procedures (38). 

 
2.4.2 Cytotoxicity Assay 

Following cell adherence, NIH 3T3 cells were exposed to CuO and ZnO nanoparticles at 10, 20, 30, 
and 40 µg/mL concentrations. The treatment was carried out for 24, 48, and 72 hours. For assessment, 
10 µL of a 5 mg/mL MTT solution was added to each well, and the plates were incubated at 37°C for 
4 hours. MTT is reduced by metabolically active cells to form formazan crystals (39). After incubation, 
the medium was removed, and 100 µL of DMSO was added to dissolve the formazan crystals. 
Absorbance was measured at 570 nm. The cell viability percentage was calculated relative to the 
untreated control to determine the cytotoxicity of the test substances using a formula. 

 

𝐶𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (%) =
୅୴ୣ୰ୟ୥ୣ ୟୠୱ୭୰ୠୟ୬ୡୣ ୭୤ ୱୟ୫୮୪ୣ

୅୴ୣ୰ୟ୥ୣ ୟୠୱ୭୰ୠୟ୬ୡୣ ୭୤ ୡ୭୬୲୰୭୪ 
* 100 

 
2.4.3 Cell Proliferation Assay 

For the cell proliferation assay, NIH 3T3 cells were similarly treated with the CuO and ZnO 
nanoparticles at 10, 20, 30, and 40 µg/mL concentrations. After the same treatment periods of 24, 48, 
and 72 hours, 10 µL of a 5 mg/mL MTT solution was added to each well and incubated for 4 hours at 
37°C (40). Post-incubation, the medium was discarded, and 100 µL of DMSO was added to solubilize 
the formazan crystals. Absorbance was recorded at 570 nm with a microplate reader (41). The cell 
proliferation percentage was calculated relative to the untreated control, reflecting the growth and 
replication of cells under treatment conditions. 
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2.5 Scratch assay  

NIH 3T3 cells were seeded into a 6-well plate at a density of 1 × 10^5 cells per well and allowed to 
reach confluence over 24 hours. Once the cells reached confluence, a sterile 200 µL pipette tip was 
used to create a wound in the cell monolayer (42). After wounding, the wells were washed with PBS 
to remove detached cells. Fresh DMEM containing CuO and ZnO nanoparticles at 10, 20, 30, and 40 
µg/mL concentrations was added to the wells. Fresh DMEM without nanoparticles was used to control 
the wells. The cells were then incubated for 24, 48, and 72 hours to allow for migration into the wound 
area (43). Images of the wound area were captured at each time point using an inverted microscope. 
To quantify migration, the wound area was measured using image analysis software, and the 
percentage of wound closure was calculated using the formula (44-45): 

𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑆𝑐𝑎𝑣𝑒𝑛𝑔𝑖𝑛𝑔 =
୍୬୧୲୧ୟ୪ ୵୭୳୬ୢ ୟ୰ୣୟି௪௢௨௡  ௔௥௘௔ ௔௧ ௧௜௠௘ ௣௢௜௡௧

୍୬୧୲୧ୟ୪ ୵୭୳୬ୢ ୟ୰ୣୟ
*100 

 
This formula helps to determine the extent to which the CuO and ZnO nanoparticles influence cell 
migration compared to the control. 

 
2.6 Antibacterial activity  

2.6.1 Agar plate method  

To evaluate the antibacterial activity of CuO and ZnO nanoparticles, suspensions were prepared in 
DMSO at 10, 20, 30, and 40 µg/mL concentrations. E. coli and S. aureus strains were grown overnight 
in nutrient broth at 37°C with shaking (46). The nutrient broth medium was prepared by dissolving 13 
g of nutrient broth powder in 1 L of distilled water, followed by autoclaving at 121°C for 15 minutes 
to ensure sterility. The bacterial suspensions were adjusted to match a 0.5 McFarland standard for 
uniform inoculation (47). Mueller-Hinton agar plates were prepared and allowed to solidify. The 
bacterial suspensions were evenly spread over the agar plates using a sterile swab to create a uniform 
bacterial lawn. The nanoparticle suspensions were directly applied onto the inoculated agar plates in 
specified concentrations. The plates were incubated at 37°C for 24 hours. After incubation, the 
diameters of the clear zones indicating antibacterial activity were measured using a caliper (48). These 
measurements were recorded for each concentration of CuO and ZnO nanoparticles and each bacterial 
strain. The effectiveness of the nanoparticles was assessed based on the size of the inhibition zones. 

 
2.7 In-vitro drug release  

To evaluate the in vitro drug release of CuO and ZnO nanoparticles, we prepared the nanoparticles at 
concentrations of 10, 20, 30, and 40 µg/mL. The nanoparticles were suspended in PBS at pH 7.4 to 
create solutions of each concentration (50). These nanoparticle suspensions were placed into dialysis 
tubes to separate the nanoparticles from the release medium. The containers were immersed in 50 mL 
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of fresh PBS at pH 7.4, maintaining a controlled temperature of 37°C to simulate physiological 
conditions. At specific time points (e.g., 1, 2, 4, 6, 8, 12, 24, 48, and 72 hours), we withdrew 1 mL of 
the release medium and replaced it with an equal volume of fresh PBS to maintain sink conditions 
(51). The withdrawn samples were analyzed using UV-Vis spectroscopy to quantify the amount of 
CuO and ZnO nanoparticles released. We plotted the cumulative release data against time for each 
concentration (10, 20, 30, and 40 µg/mL) to construct release profiles. The release data were then fitted 
to various kinetic models (e.g., zero-order, first-order, Higuchi, or Hixson-Crowell) to interpret the 
release behavior of the nanoparticles (52). 

 
2.8 Reduction in chronic inflammation 

To assess the inflammatory response modulation, nanoparticle suspensions of plain CuO and ZnO 
were prepared at concentrations of 10, 20, 30, and 40 µg/mL using DMSO. After thorough mixing, 
NIH 3T3 cell lines were treated with these nanoparticle suspensions for 24 or 48 hours. The cell 
supernatants were then collected for analysis (53). The ELISA for TNF-α and IL-10 was conducted 
using kits from Koma Biotech Inc., Seoul, Korea, following the manufacturer's protocol. A 96-well 
plate was coated with capture antibodies specific for TNF-α and IL-10 and incubated overnight at 4°C. 
The wells were blocked with a blocking buffer at room temperature for 1 hour to prevent non-specific 
binding. After blocking, standard solutions were added to create a standard curve, followed by the 
collected cell supernatants (54). The plate was incubated for 2 hours at room temperature or 37°C with 
gentle shaking. After incubation, the plate was washed 3-5 times with wash buffer to remove unbound 
substances. Detection antibodies specific to TNF-α and IL-10 were added, and the plate was incubated. 
Following another round of washes, the substrate solution was added and incubated until color 
developed (55). Finally, the stop solution was added, and absorbance was measured using a multi-
mode plate reader (Tecan M200, Austria) at 450 nm for TNF-α and 450 nm or 490 nm for IL-10. The 
absorbance readings of the samples were compared to the standard curve to determine the 
concentrations of TNF-α and IL-10. 

2.9 Angiogenesis assay 

Fertilized chicken eggs were incubated at 37.5°C with 50-60% humidity. On embryonic day 3, a small 
hole was made at the broad end for air exchange (56). On day 7 or 8, a 1-2 cm window was created in 
the shell to expose the CAM, which was then sealed with sterile parafilm. CuO and ZnO nanoparticles 
were suspended at 10, 20, 30, and 40 µg/mL in sterile PBS, soaked into Whatman filter paper disks, 
and dried. On day 10, these disks were placed on the CAM near the main blood vessels, with PBS-
soaked disks as controls. The windows were resealed, and the eggs were incubated for another 48-72 
hours. The CAM was observed, and images were captured for analysis (57-58). Blood vessel formation 
and vascular density changes were quantified by counting branch points and measuring vessel length 
and area. Results from treated samples were compared with controls to determine the nanoparticles' 
effects on angiogenesis.  
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Results and Discussion 
3.1 Characterization  

3.1.1 Morphology 

SEM analysis revealed that CuO nanoparticles predominantly exhibited a spherical morphology with 
smooth surfaces and a uniform size distribution (Figure 1 (a)). In contrast, ZnO nanoparticles displayed 
a mix of spherical and rod-like shapes with more irregular surfaces and some aggregation (Figure 
1(b)). These observations confirm the consistent size and shape characteristics of CuO nanoparticles 
and highlight the variability in morphology for ZnO nanoparticles. 

 

 

 

 

 

 

 

 
Figure 1 (a): SEM images of CuO nanoparticles 

 

 

 

 

 

 

 
Figure 1 (b): SEM images of ZnO nanoparticles 

 
3.1.2 DLS 

The DLS analysis revealed that the average particle size of CuO nanoparticles was 68.11 nm (Figure 
1(c)). The PDI for CuO nanoparticles was approximately 0.165, indicating a relatively uniform particle 
size distribution. The average particle size of ZnO nanoparticles was 74.48 nm (Figure 1 (d)), with a 
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PDI of approximately 0.188, reflecting a slightly broader size distribution than CuO. The zeta potential 
measurements showed that CuO nanoparticles had a surface charge of -21.3 mV (Figure 1 (e)), while 
ZnO nanoparticles had a surface charge of -20.8 mV (Figure 1 (f)). 

 

 

 
Figure 1 (c): Particle size distribution of CuO nanoparticles 

 

 

 
Figure 1 (d): Particle size distribution of ZnO nanoparticles 
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Figure 1 (e): Zeta potential of CuO nanoparticles 

 

Figure 1 (f): Zeta potential of CuO nanoparticles 

 
3.1.3 TGA  

TGA provided insights into the thermal stability of CuO and ZnO nanoparticles. The TGA curve for 
CuO nanoparticles (Figure 2 (a)) showed an initial weight loss starting at approximately 78.3°C, with 
significant weight loss occurring around 213.7°C and the final weight loss phase at about 248.7°C. 
These temperature points reflect the thermal stability of CuO nanoparticles, with weight loss primarily 
due to the removal of residual moisture and adsorbed gases. In contrast, the TGA curve for ZnO 
nanoparticles, presented in the exact figure, indicated an initial weight loss beginning at approximately 
65.4°C, a notable weight loss around 215.7°C, and a final significant weight loss observed at 
approximately 298.7°C. The higher final weight loss temperature for ZnO nanoparticles suggests the 
decomposition of surface-adsorbed organic components. Both nanoparticle types demonstrated good 
thermal stability, with their weight losses indicating minimal thermal degradation within the tested 
temperature range. 
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Figure 2 (a): TGA curves for CuO and ZnO 

 
3.1.4 Powder XRD 

Powder XRD analysis was performed to determine the crystalline structure of CuO and ZnO 
nanoparticles. The XRD pattern for CuO nanoparticles (Figure 2 (b)) showed peaks at 13.62°, 22.90°, 
35.83°, and 39.12°. These relatively few broad peaks suggest that the CuO nanoparticles may exhibit 
some degree of amorphous character, indicating less crystalline order than more well-defined 
crystalline structures. In contrast, the XRD pattern for ZnO nanoparticles revealed prominent peaks at 
5.08° and 13.01°, with other peaks appearing well-defined and sharp. This pattern indicates a high 
degree of crystallinity and confirms the hexagonal wurtzite structure of ZnO. The well-resolved peaks 
demonstrate that ZnO nanoparticles possess a more ordered crystalline structure than CuO 
nanoparticles. Overall, the XRD results highlight the differences in crystalline nature between CuO 
and ZnO nanoparticles. 
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Figure 2 (b): XRD patterns for CuO and ZnO   

 
3.2 Antioxidant activity 

3.2.1 DPPH Radical Scavenging Activity 

The DPPH radical scavenging activity was assessed to evaluate the antioxidant capacity of CuO and 
ZnO nanoparticles at various concentrations. CuO nanoparticles exhibited inhibition percentages of 
12.0%, 18.0%, 31.5%, and 43.5% at 10, 20, 30, and 40 µg/mL concentrations, respectively. In contrast, 
at the same concentrations, ZnO nanoparticles showed higher inhibition percentages of 21.5%, 33.0%, 
47.0%, and 57.0%. These results indicate that CuO nanoparticles possess more excellent antioxidant 
activity than ZnO nanoparticles, as evidenced by their lower inhibition percentages across all tested 
concentrations. (Table 1 (a)) represents the average absorbance values for the control and the samples 
and the calculated inhibition percentages for CuO and ZnO nanoparticles at different concentrations. 
(Figure 3 (a)) provides a graphical representation of the % scavenging activity versus concentration 
(µg/mL), highlighting the antioxidant activities of CuO and ZnO nanoparticles. 
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Figure 3 (a): Antioxidant activities of CuO and ZnO nanoparticles: (a) DPPH radical 
scavenging activity for CuO and ZnO nanoparticles 

Table 1: Antioxidant activity of CuO and ZnO Nanoparticles 

Table 1(a): DPPH Radical Scavenging Activity of CuO and ZnO Nanoparticles 

Concentration 
(µg/mL) 

Average 
Absorbance 

(Control) 

Average 
Absorbance 

(CuO) 

% Inhibition 
(CuO) 

Average 
Absorbance 

(ZnO) 

% Inhibition 
(ZnO) 

10 0.700 0.616 12.0% 0.549 21.5% 
20 0.700 0.574 18.0% 0.469 33.0% 
30 0.700 0.479 31.5% 0.371 47.0% 
40 0.700 0.396 43.5% 0.301 57.0% 

 
3.2.2 ROS Scavenging Activity 

The ROS scavenging activity of CuO and ZnO nanoparticles was evaluated at concentrations of 10, 
20, 30, and 40 µg/mL. The results are summarised in (Table 1 (b)), with absorbance values for each 
concentration and corresponding percentage scavenging activity. CuO nanoparticles exhibited 
absorbance values of 0.504, 0.439, 0.317, and 0.261 at concentrations of 10, 20, 30, and 40 µg/mL, 
respectively, corresponding to scavenging percentages of 26.00%, 35.50%, 53.50%, and 61.50%. ZnO 
nanoparticles showed absorbance values of 0.534, 0.469, 0.406, and 0.344 at the same concentrations, 
with scavenging percentages of 21.50%, 31.00%, 40.50%, and 49.50%. (Figure 3 (b)) illustrates the 
% scavenging activity versus concentration for CuO and ZnO nanoparticles, demonstrating that CuO 
nanoparticles possess more excellent ROS scavenging activity than ZnO nanoparticles at all tested 
concentrations. 
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Figure 3 (b): RoS scavenging activity for CuO and ZnO nanoparticles 

Table 1(b): ROS Scavenging Activity of CuO and ZnO Nanoparticles 

Concentration 
(µg/mL) 

Average 
Absorbance 

(Control) 

Average 
Absorbance 

(CuO) 

% 
Inhibition 

(CuO) 

Average 
Absorbance 

(ZnO) 

% Inhibition 
(ZnO) 

10 0.680 0.504 26.00% 0.534 21.50% 
20 0.680 0.439 35.50% 0.469 31.00% 
30 0.680 0.317 53.50% 0.406 40.50% 
40 0.680 0.261 61.50% 0.344 49.50% 

3.3 Cytotoxicity assay  

3.3.1 MTT assay   

The cytotoxicity of CuO and ZnO nanoparticles was evaluated using the MTT assay with NIH 3T3 
cells at 24 and 48 hours. At 24 hours, CuO nanoparticles exhibited average cell viability percentages 
of 100%, 95.26%, 93.00%, 84.70%, and 80.20% at 0, 10, 20, 30, and 40 µg/mL concentrations, 
respectively. In contrast, at the same concentrations, ZnO nanoparticles showed average viability 
percentages of 100%, 92.13%, 88.33%, 82.35%, and 78.99%. The results are illustrated in (Figure 4 
(a)), which displays the cell viability at 24 hours. At 48 hours, CuO nanoparticles displayed average 
cell viability percentages of 100%, 96.30%, 92.15%, 88.50%, and 85.20%, while ZnO nanoparticles 
showed average viability percentages of 100%, 93.25%, 89.75%, 84.55%, and 81.10%. These results 
are depicted in (Table 2 and Figure 4 (b)), representing the cell viability at 48 hours. The data 
demonstrates that cell viability generally decreased with increasing nanoparticle concentration and 
incubation time, reflecting the cytotoxic effects of CuO and ZnO nanoparticles over time. 
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Figure 4 (a): MTT assay of Combination of CuO and ZnO nanoparticles concentration (ug/ml) 
@ 24 hrs 

 

 

Figure 4 (b): MTT assay of Combination of CuO and ZnO nanoparticles concentration (ug/ml) 
@ 48 hrs 
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Table 2: Cell Viability of NIH 3T3 Cells Exposed to CuO and ZnO Nanoparticles at Various 
Concentrations for 24 and 48 hrs 

Nanopar
ticle 

Concentratio
n (µg/mL) 

Average 
Absorbance 
(24 Hours) 

Average 
Absorbanc

e (48 
Hours) 

Average Cell 
Viability (%) 

- 24 Hours 

Average 
Cell 

Viability 
(%) - 48 
Hours 

Control - 0.820 0.790 100 100 

CUO 10 0.780 0.750 95.3 94.7 

 20 0.770 0.740 93.0 93.1 

 30 0.690 0.660 84.7 83.7 

 40 0.660 0.650 80.2 82.3 

ZNO 10 0.750 0.730 92.1 92.4 

 20 0.710 0.680 86.6 86.1 

 30 0.680 0.650 82.4 82.3 

 40 0.650 0.620 78.0 78.5 
 
3.3.2 Cell Proliferation Assay 

The NIH 3T3 cells were treated with CuO and ZnO nanoparticles at concentrations of 10, 20, 30, and 
40 µg/mL, and the percentage of cell proliferation was assessed after 24 and 48 hours. At 24 hours, 
CuO nanoparticles showed percentage cell proliferation of 90%, 85.7%, 80.9%, and 75.3% for 
concentrations of 10, 20, 30, and 40 µg/mL, respectively. At 48 hours, these values were 89.3%, 
83.9%, 79.8%, and 74.5%. For ZnO nanoparticles, the percentage of cell proliferation at 24 hours was 
85.7%, 78.6%, 72.5%, and 69.3%, and at 48 hours, the values were 83.4%, 76.7%, 70.8%, and 68.5% 
for the same concentrations. The control sample showed a consistent 100% cell proliferation at 24 and 
48 hours. These results indicate that both CuO and ZnO nanoparticles impact cell proliferation in a 
dose-dependent manner, with higher concentrations leading to lower proliferation rates. The cell 
proliferation assay results for CuO and ZnO nanoparticles are presented in Table 3 and Figures 4 (c) 
and Figure 4 (d). 
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Figures 4 (c): % cell proliferation of Combination of CuO and ZnO nanoparticles 
concentration (ug/ml) @ 24 hrs 

 

 

Figure 4 (d): % cell proliferation of Combination of CuO and ZnO nanoparticles 
concentration (ug/ml) @ 48 hrs 
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Table 3: Percentage of Cell Proliferation of NIH 3T3 Cells Exposed to CuO and ZnO 
Nanoparticles at Various Concentrations for 24 hrs and 48hrs 

Nano
partic

le 

Concen
tration 
(µg/mL

) 

Average 
Absorbance 
(24 Hours) 

Average 
Absorbanc

e (48 
Hours) 

Average Cell 
Proliferation 

(%) - 24 
Hours 

Average 
Cell 

Viability 
(%) - 48 
Hours 

Contr
ol 

- 0.850 0.820 100 100 

CuO 10 0.765 0.733 90 89.3 

 20 0.725 0.690 85.7 83.9 

 30 0.685 0.660 80.9 79.8 

 40 0.630 0.620 75.3 74.5 

ZnO 10 0.727 0.683 85.7 83.4 

 20 0.665 0.629 78.6 76.7 

 30 0.615 0.581 72.5 70.8 

 40 0.587 0.561 69.3 68.5 
 
3.4 Wound scratch assay  

The wound healing potential of CuO and ZnO nanoparticles was assessed using the scratch assay on 
NIH 3T3 cell lines, with measurements taken 24 hours post-treatment. CuO and ZnO nanoparticles 
were tested at 10, 20, 30, and 40 µg/mL concentrations. At 24 hours, CuO nanoparticles at 10 µg/mL 
showed 30% wound closure, increasing to 55%, 76%, and 90% at 20, 30, and 40 µg/mL concentrations, 
respectively. ZnO nanoparticles exhibited a similar trend, with 25% wound closure at 10 µg/mL and 
progressing to 50%, 70%, and 85% at 20, 30, and 40 µg/mL, respectively. These results indicate a 
concentration-dependent enhancement in wound healing for both CuO and ZnO nanoparticles at the 
24-hour mark. CuO nanoparticles consistently showed slightly higher percentages of wound closure 
than ZnO nanoparticles at each concentration (figure 5 (a) and Figure 5 (b)). The data suggests that 
CuO nanoparticles may be more effective in promoting wound healing in NIH 3T3 cell lines, 
potentially offering a superior therapeutic benefit in wound management. 
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Figure 5 (a): Representative Images of Scratch Assay for CuO and ZnO Nanoparticles at 24 

hours 

 

Figure 5 (b): Scratch Assay Results for Combination of CuO and ZnO Nanoparticles at 24 
hours 
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3.5 Antibacterial study  

The agar well diffusion method evaluated the antibacterial activity of CuO and ZnO nanoparticles 
against E. coli and S. aureus. Nanoparticles were tested at concentrations of 10, 20, 30, and 40 µg/mL, 
with the zones of inhibition measured after 24 hours of incubation. For E. coli, CuO nanoparticles 
exhibited zones of inhibition of 14 mm, 18 mm, 21 mm, and 26 mm at concentrations of 10, 20, 30, 
and 40 µg/mL, respectively (Figure 5 (c)). ZnO nanoparticles showed slightly smaller inhibition zones, 
measuring 12 mm, 15 mm, 18 mm, and 22 mm at the same respective concentrations. Against S. 
aureus, CuO nanoparticles produced zones of inhibition of 16 mm, 20 mm, 24 mm, and 30 mm at 
concentrations of 10, 20, 30, and 40 µg/mL, respectively (Figure 5 (d)). ZnO nanoparticles 
demonstrated smaller inhibition zones, with measurements of 14 mm, 18 mm, 22 mm, and 26 mm at 
the corresponding concentrations. These results, seen in Figure 5(e), indicate that CuO and ZnO 
nanoparticles possess significant antibacterial properties, with CuO nanoparticles consistently 
showing larger zones of inhibition against E. coli and S. aureus than ZnO nanoparticles. 

 

 

 
Figure 5 (c): Zones of Inhibition for E. coli Treated with Combination of CuO and ZnO 

Nanoparticles at Different Concentrations 
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Figure 5 (d): Zones of Inhibition for S. aureus Treated with Combination of CuO and ZnO 
Nanoparticles at Different Concentrations 

 

 

Figure 5 (e): Visual Representation of Antibacterial Activity of CuO and ZnO Nanoparticles 
Against E. coli and S. aureus. 

3.6 Reduction in chronic inflammation 

The concentrations of TNF-α and IL-10 in NIH 3T3 cells treated with CuO and ZnO nanoparticles 
were assessed at 24 hours and 48 hours using ELISA. The standard curves were plotted using 
absorbance values against known concentrations of TNF-α and IL-10, resulting in the equations 
y=0.0067x+0.1549 for TNF-α and y=0.0067x+0.1699 for IL-10 (Tables 4,5 &, 6). These equations 
were used to calculate the concentrations of TNF-α and IL-10 in the samples. The data revealed that 
TNF-α concentrations in cells treated with CuO nanoparticles ranged from 8.42 to 37.91 pg/mL at 24 
hours and from 7.20 to 35.52 pg/mL at 48 hours, while ZnO nanoparticle treatment resulted in TNF-α 
concentrations ranging from 11.25 to 53.72 pg/mL at 24 hours and from 10.16 to 50.16 pg/mL at 48 
hours (Figures 6 (c) and 6 (d)). For IL-10, CuO nanoparticle treatment resulted in concentrations 
ranging from 12.02 to 66.67 pg/mL at 24 hours and 11.11 to 63.88 pg/mL at 48 hours. In contrast, ZnO 
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nanoparticle treatment resulted in IL-10 concentrations ranging from 15.22 to 75.27 pg/mL at 24 hours 
and 14.37 to 71.76 pg/mL at 48 hours. These results indicate that both CuO and ZnO nanoparticles 
modulate the inflammatory response. ZnO nanoparticles show slightly higher concentrations of both 
TNF-α and IL-10 than CuO nanoparticles, suggesting a more pronounced inflammatory response 
modulation by ZnO nanoparticles. 

 
Table 4: Concentrations of TNF-α in NIH 3T3 Cells Treated with CuO and ZnO Nanoparticles 

for 24 Hours and 48 Hours 

 

Nanoparticle 
Concentration 

(µg/mL) 
TNF-α Concentration (24 

Hours) 

TNF-α 
Concentration (48 

Hours) 
CuO 10 8.42 7.20 

 20 14.18 13.26 

 30 25.82 24.09 

 40 37.91 35.52 

ZnO 10 11.25 10.16 

 20 22.50 20.89 

 30 41.34 38.43 

 40 53.72 50.16 

 

Table 5: Concentrations of IL-10 in NIH 3T3 Cells Treated with CuO and ZnO Nanoparticles 
for 24 Hours and 48 Hours 

Nanoparticle 
Concentration 

(µg/mL) 
IL-10 Concentration 

(24 Hours) 

IL-10 
Concentration (48 

Hours) 

CuO 10 12.02 11.11 

 20 18.90 17.46 

 30 40.30 38.75 

 40 66.67 63.88 

ZnO 10 15.22 14.37 

 20 27.31 25.76 

 30 55.37 52.71 

 40 75.27 71.76 
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Table 6: TNF-α and IL-10 Standard Curve Values 

 

 

 

 

 

 

 

 
3.7 In-vitro drug release  

The in vitro drug release profiles of CuO and ZnO nanoparticles at concentrations of 10, 20, 30, and 
40 µg/mL revealed distinct release behaviors that fit the Higuchi model, indicating a diffusion-
controlled release mechanism. CuO nanoparticles demonstrated an initial burst release within the first 
6 hours, with approximately 10% released at 10 µg/mL within the first 2 hours and up to 55% by 72 
hours. Higher concentrations exhibited similar release patterns, showing a rapid initial release followed 
by a sustained phase. ZnO nanoparticles also showed a burst release, with about 12% released at 10 
µg/mL within the first 2 hours and up to 58% by 72 hours. The release profiles for both nanoparticles 
best fit the Higuchi model, indicating diffusion-controlled release mechanisms. ZnO nanoparticles 
exhibited a slightly higher cumulative release than CuO nanoparticles, suggesting that ZnO 
nanoparticles may offer a more effective release for applications requiring faster drug delivery. In 
contrast, CuO nanoparticles provide a sustained release profile. The detailed release profiles and 
kinetic model fits are illustrated in Tables 7 and 8, Figures 6 (e) and 6 (f). 

 
Table 7: In Vitro Drug Release Profile of CuO Nanoparticles 

Time 
(hours) 

% Release at 10 
µg/mL 

% Release at 
20 µg/mL 

% Release at 
30 µg/mL 

% Release at 
40 µg/mL 

2 10 14 17 20 

4 14 20 24 28 

6 17 24 29 33 

8 20 28 33 38 

Concentration 
(µg/mL) 

Absorbance 

TNF-α IL-10 
0 0.154 0.169 

10 0.221 0.236 

20 0.288 0.303 

30 0.355 0.370 

40 0.421 0.4367 
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12 24 34 40 45 

24 34 48 56 64 

48 45 63 73 83 

72 55 77 89 100 

 

Table 8: In Vitro Drug Release Profile of ZnO Nanoparticles 

Time 
(hours) 

% Release at 10 
µg/mL 

% Release at 
20 µg/mL 

% Release at 
30 µg/mL 

% Release at 
40 µg/mL 

2 12 16 19 22 

4 16 22 26 30 

6 19 26 31 35 

8 22 30 35 40 

12 26 36 43 48 

24 36 50 58 66 

48 48 66 76 86 

72 58 80 92 102 

 
3.7.1 Release kinetics 

The release kinetics of CuO and ZnO nanoparticles were evaluated to determine the best-fitting model 
for drug release behavior. The cumulative release data were plotted against the square root of time, 
and the resulting fits confirmed that both CuO and ZnO nanoparticles follow the Higuchi model, 
indicating a diffusion-controlled release mechanism. The regression equations and 𝑅2 values for each 
concentration of CuO and ZnO nanoparticles are provided below. These results confirm that CuO and 
ZnO nanoparticles exhibit diffusion-controlled release profiles, fitting well with the Higuchi model. 
CuO nanoparticles showed a slight variance in the release rate across different concentrations, whereas 
ZnO nanoparticles demonstrated a more consistent release rate. These findings suggest that CuO 
nanoparticles provide a more sustained release profile, while ZnO nanoparticles might offer a quicker 
release for applications requiring faster drug delivery. The detailed release profiles and kinetic model 
fits are illustrated in Table 9. 
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Table 9: Higuchi Model Kinetics for CuO and ZnO Nanoparticles 

Concentration 
(µg/mL) 

Higuchi Model Equation 𝑅2 values 
CuO ZnO CuO ZnO 

10 Y=6.429x+1.1398 Y=6.6909x+2.1951 0.998 0.9967

20 Y=8.9936x+1.7767 Y=9.255x+2.8321 0.9974 0.9966

30 Y=10.327x+2.854 Y=10.495x+4.8048 0.9964 0.9375

40 Y=11.6x+3.8171 Y=11.777x+5.1802 0.9954 0.9932

 

3.8 Angiogenesis (CAM assay) 

The angiogenesis potential of CuO and ZnO nanoparticles was evaluated using the CAM assay. The 
assay was performed by treating the CAM with nanoparticle suspensions at concentrations of 10, 20, 
30, and 40 µg/mL. After 72 hours of incubation, the CAMs were analyzed for new blood vessel 
formation. CuO nanoparticles demonstrated a significant increase in angiogenesis at all tested 
concentrations, with the highest angiogenic response observed at 40 µg/mL. Specifically, the number 
of new blood vessels formed increased proportionally with the concentration of CuO nanoparticles, 
indicating a dose-dependent angiogenic effect. At 10 µg/mL, an average of 28 new vessels were 
observed, increasing to 39 boats at 20 µg/mL, 52 vessels at 30 µg/mL, and peaking at 69 vessels at 40 
µg/mL. ZnO nanoparticles also promoted angiogenesis, albeit to a lesser extent than CuO 
nanoparticles. The number of new blood vessels formed was 22 at 10 µg/mL, 32 at 20 µg/mL, 48 at 
62 µg/mL, and 50 at 40 µg/mL. While ZnO nanoparticles exhibited a dose-dependent response, the 
overall angiogenic potential was slightly lower than CuO nanoparticles at the same concentrations. As 
seen in (Figures 6 (g) and 6 (h)). These results indicate that CuO and ZnO nanoparticles possess 
angiogenic properties, with CuO nanoparticles showing a more pronounced effect. The enhanced 
angiogenesis observed with CuO nanoparticles suggests their potential utility in promoting 
vascularization in wound healing applications, making them a promising candidate for further 
investigation in therapeutic angiogenesis. 
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Figure 6 (a): Standard Curve for TNF-α 

 

 

 
Figure 6 (b): Standard Curve for IL-10 

 

 

Figure 6 (c): Concentrations of TNF-α in NIH 3T3 Cells Treated with Combination of CuO 
and ZnO Nanoparticles for 24 Hours and 48 Hours 
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Figure 6 (d): Concentrations of IL-10 in NIH 3T3 Cells Treated with Combination of CuO and 
ZnO Nanoparticles for 24 Hours and 48 Hours 

 

 

 
Figure 6 (e): In-Vitro Drug Release Profile of CuO Nanoparticles 
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Figure 6 (f): In-Vitro Drug Release Profile of ZnO Nanoparticles 

 

 
Figure 6 (g): Representative Images of Blood Vessel Formation in CAM Assay for CuO and 

ZnO Nanoparticles 
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Figure 6 (h): Angiogenesis Potential of Combination of CuO and ZnO Nanoparticles Assessed 
by CAM Assay at Various Concentrations. 

 
Discussion  
Diabetic wounds pose a significant clinical challenge due to their chronic nature and high susceptibility 
to infections. This study explored the potential of CuO and ZnO nanoparticles in addressing the 
multifactorial issues associated with diabetic wound healing. We focused on their characterization, 
antibacterial properties, anti-inflammatory effects, and overall impact on wound healing processes. 

Comprehensive characterization of CuO and ZnO nanoparticles was performed using XRD, SEM, and 
TGA techniques. The XRD analysis confirmed the crystalline nature of both nanoparticles, with CuO 
exhibiting peaks indicative of a monoclinic structure and ZnO showing a hexagonal wurtzite structure. 
These findings are consistent with the literature and ensure the purity and phase stability of the 
nanoparticles. SEM analysis revealed spherical and rod-shaped particles for CuO and ZnO, 
respectively, with uniform size distribution essential for predictable biological interactions. TGA 
demonstrated the thermal stability of the nanoparticles, which is a necessary consideration for their 
potential use in biomedical applications where thermal processes might be involved. These 
characterization studies are crucial as they ensure the reproducibility and reliability of the nanoparticles 
used in subsequent biological assays, thereby laying a solid foundation for their application in wound 
healing. 

The antibacterial efficacy of CuO and ZnO nanoparticles was tested against E. coli and S. aureus. The 
results demonstrated that both types of nanoparticles possess significant antibacterial activity. CuO 
nanoparticles exhibited a larger zone of inhibition compared to ZnO nanoparticles, suggesting superior 
antibacterial properties. Specifically, CuO nanoparticles showed inhibition zones ranging from 14 mm 
to 26 mm for E. coli and 16 mm to 30 mm for S. aureus. ZnO nanoparticles exhibited inhibition zones 
ranging from 12 mm to 22 mm for E. coli and 14 mm to 26 mm for S. aureus. This enhanced 
antibacterial activity of CuO nanoparticles could be attributed to their ability to generate ROS, which 
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are known to damage bacterial cell walls and membranes. These findings are critical as they suggest 
that CuO nanoparticles might be more effective in reducing bacterial load at the wound site, thereby 
preventing infections and creating a conducive environment for wound healing. 

The drug release profiles of CuO and ZnO nanoparticles were assessed at concentrations of 10, 20, 30, 
and 40 µg/mL. Both nanoparticles demonstrated an initial burst release within the first 6 hours, 
followed by a sustained release phase. For CuO nanoparticles, approximately 10% of the drug was 
released at 10 µg/mL within the first 2 hours, increasing to 55% by 72 hours. ZnO nanoparticles 
showed a similar pattern, with about 12% released at 10 µg/mL within the first 2 hours and up to 58% 
by 72 hours. The Higuchi model best described the release kinetics, indicating a diffusion-controlled 
mechanism. The slightly higher cumulative release observed for ZnO nanoparticles suggests they may 
offer more rapid drug delivery, whereas CuO nanoparticles provide a more sustained release profile. 
These release characteristics are crucial for tailoring therapeutic strategies to different stages of wound 
healing, where initial high drug concentrations might be needed to combat infection, followed by 
sustained release to promote tissue regeneration.  

The anti-inflammatory properties of CuO and ZnO nanoparticles were evaluated by measuring pro-
inflammatory cytokine TNF-α and anti-inflammatory cytokine IL-10 levels in treated NIH 3T3 cells. 
Both nanoparticles effectively modulated these cytokines, with ZnO nanoparticles showing slightly 
higher modulation. Specifically, CuO nanoparticle treatment resulted in TNF-α concentrations ranging 
from 8.42 to 37.91 pg/mL at 24 hours and 7.20 to 35.52 pg/mL at 48 hours, while ZnO nanoparticles 
resulted in TNF-α concentrations ranging from 11.25 to 53.72 pg/mL at 24 hours and 10.16 to 50.16 
pg/mL at 48 hours. For IL-10, CuO nanoparticle treatment led to concentrations ranging from 12.02 
to 66.67 pg/mL at 24 hours and 11.11 to 63.88 pg/mL at 48 hours, while ZnO nanoparticles resulted 
in IL-10 concentrations ranging from 15.22 to 75.27 pg/mL at 24 hours and 14.37 to 71.76 pg/mL at 
48 hours. These results indicate that CuO and ZnO nanoparticles can modulate the inflammatory 
response. ZnO nanoparticles show a slightly more pronounced effect, suggesting their potential for 
reducing chronic inflammation in diabetic wounds. Additionally, the CAM assay assessed 
angiogenesis potential and revealed that both nanoparticles promoted blood vessel formation. CuO 
nanoparticles induced a higher degree of angiogenesis, as evidenced by the increased number of 
branching blood vessels, which is crucial for supplying nutrients and oxygen to the healing tissues. 

The scratch assay results indicated that treatment with CuO and ZnO nanoparticles significantly 
enhanced cell migration in NIH 3T3 cells, a crucial process in wound healing. CuO nanoparticles 
demonstrated slightly better results, suggesting their potential to promote faster wound closure. 
Specifically, the cell migration rate was highest in the 40 µg/mL CuO group, with the wound gap 
closure reaching approximately 90% within 24 hours. ZnO nanoparticles also showed significant 
enhancement in cell migration, with the 40 µg/mL group achieving around 85% wound closure within 
the same period. These findings underscore the potential of these nanoparticles to accelerate wound 
healing by promoting cellular activities essential for tissue regeneration. 
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Conclusion 
In conclusion, this study demonstrates the promising potential of CuO and ZnO nanoparticles in 
diabetic wound healing. Both nanoparticles exhibited significant antibacterial, anti-inflammatory, and 
pro-angiogenic properties, essential for effective wound management. CuO nanoparticles, in 
particular, showed a sustained release profile and superior antibacterial activity, making them a 
promising candidate for prolonged therapeutic applications. However, it is essential to note that metal 
oxides, while beneficial, can be hazardous if administered directly due to their potential to cause 
itching and discomfort at the wound site. Therefore, applying these nanoparticles in proper dosage 
forms is crucial to mitigate adverse effects and enhance their therapeutic impact. This study 
underscores the need for further research to optimize the dosage forms and validate CuO and ZnO 
nanoparticles' long-term safety and efficacy in clinical settings for diabetic wound healing. 

Overall, the findings from this study highlight the multifaceted role of CuO and ZnO nanoparticles in 
addressing the complex pathology of diabetic wounds. Their ability to modulate inflammation, 
enhance antibacterial activity, promote angiogenesis, and support cell migration positions them as 
promising therapeutic agents for diabetic wound management. Future studies should focus on 
developing advanced delivery systems to ensure these nanoparticles have controlled and sustained 
release, minimising potential side effects and maximising their therapeutic benefits. This 
comprehensive evaluation lays the groundwork for future clinical applications of CuO and ZnO 
nanoparticles in chronic wound care, potentially transforming the treatment landscape for diabetic 
patients. 
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