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Introduction: This study investigated the incorporation of Amphipterygium adstringens ethanolic extract into the synthesis of copper
oxide nanoparticles (CuO+Aa) and evaluates their antibacterial activity against methicillin-resistant Staphylococcus aureus (MRSA) and
carbapenem-resistant Acinetobacter baumannii (CRAB). To assess the impact of the extract, chemically synthesized CuO nanoparticles
(CuO-NPs) and the extract alone were also tested. Both CuO-NPs and 4. adstringens are known for their antimicrobial properties.
Methods: CuO+Aa nanoparticles were synthesized using 4. adstringens extract and characterized through Transmission Electron
Microscopy (TEM), Dynamic Light Scattering (DLS), Zeta Potential, Thermogravimetric Analysis (TGA), and X-ray Diffraction
(XRD), and compared to CuO-NPs. The influence of the extract was analyzed using Inductively Coupled Plasma Mass Spectroscopy
(ICP-MS), UV-Vis, FTIR, Raman, and Nuclear Magnetic Resonance Spectroscopy (NMR). Antibacterial effects were tested using the
microdrop technique and biofilm inhibition. Bacterial structural changes were observed via Scanning Electron Microscopy (SEM), and
cytotoxicity was measured through hemolysis assays.

Results: CuO+Aa nanoparticles were smaller (3.46 nm) than CuO-NPs (5.32 nm). TGA indicated improved thermal degradation in CuO
+Aa, suggesting incorporation of organic compounds. XRD revealed a shift from CuO to a mixed CuO-Cu,O phase (75.15%-24.84%) in
CuO+Aa due to the functional groups present in the extract. Antibacterial assays showed that CuO+Aa inhibited MRSA and CRAB by 77%
and 49%, respectively, using only 17.5 ppm of copper oxides—significantly lower than CuO-NPs, which required 150 ppm to achieve 96%
and 78% inhibition. SEM revealed bacterial surface damage, including roughness, perforations, and cell wall collapse. All treatments
showed low cytotoxicity (<2% hemolysis). Biofilm formation increased by 180% in MRSA and 131% in CRAB.

Conclusion: 4. adstringens ethanolic extract enhances CuO nanoparticle synthesis, reducing size and maintaining strong antibacterial
activity with low toxicity. CuO+Aa represents a promising candidate for future biomedical applications against resistant pathogens.
Keywords: nanoparticles, A. adstringens ethanolic extract, MRSA, CRAB, bacterial structural damage

Introduction

The indiscriminate use of antibiotics in humans, livestock, and agriculture, along with self-medication and poor
adherence to prescribed treatments, has significantly contributed to the emergence of antimicrobial resistance (AMR)
in various bacterial pathogens.! The Centers for Disease Control and Prevention (CDC) estimates that at least 2 million
individuals in the United States experience serious infections caused by antibiotic-resistant bacteria annually, resulting in
approximately 23,000 fatalities.” Beyond its impact on public health, AMR imposes a substantial economic burden due to
prolonged hospitalizations, extended and costlier treatments, and increased demands on medical resources. These factors

result in higher healthcare expenditures and elevated mortality rates compared to infections that remain susceptible to
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antibiotic therapy. Notably, infections caused by Gram-negative bacteria have become particularly concerning due to
their ability to develop resistance to nearly all available antibiotics.’

The increasing prevalence of antibiotic-resistant bacteria underscores the urgent need for alternative antimicrobial
strategies. The World Health Organization (WHO) recently updated its Priority Pathogens List, identifying CRAB as a
critical priority and MRSA as a high-priority pathogen.* Acinetobacter baumannii is a Gram-negative pathogen responsible
for an estimated 12,000 infections annually in the United States, with approximately 63% of cases classified as multidrug-
resistant. These infections contribute to approximately 500 deaths per year.” S. aureus is a Gram-positive bacterium in which
methicillin-resistant strains represent a major cause of healthcare-associated infections. MRSA can cause a wide range of
diseases, including skin and soft tissue infections, pneumonia, bloodstream infections, sepsis, and, in severe cases, death.®

To address these challenges, researchers have explored the potential of metallic nanoparticles, such as CuO-NPs, as
alternatives to conventional antibiotics. CuO-NPs exhibit unique physicochemical properties, including a high surface-
area-to-volume ratio, enhanced chemical reactivity, electrical conductivity, and tunable size and morphology (typically
1-100 nm). These characteristics contribute to their broad-spectrum biological activity, making them valuable for
antimicrobial applications. The physicochemical properties of nanoparticles are highly dependent on the synthesis
method employed, which influences their size, shape, and overall reactivity.

Green synthesis offers a sustainable and cost-effective approach to nanoparticle production by utilizing biological
sources such as plant extracts and microbial metabolites from bacteria, algae, and fungi.” For instance, CuO-NPs
synthesized using Turbinaria species algae have demonstrated antibacterial activity against Streptococcus mutans,
Klebsiella spp., and Staphylococcus mutans.® Similarly, plant extracts from Lonicera japonica and Ocimum sanctum
have exhibited antimicrobial effects against Aspergillus niger, S. aureus, Escherichia coli, Candida albicans, Enterobacter
faecalis (MTCC-439), Agrobacterium tumefaciens (MTCC-609), and Klebsiella pneumoniae (MTCC-4030). Both plants
are recognized for their medicinal properties. CuO-NPs also possess strong antioxidant and antibacterial effects, reducing
bacterial viability and inducing oxidative stress, particularly in Gram-negative bacteria.” '

Traditional medicine offers promising natural alternatives for combating antimicrobial resistance. 4. adstringens, com-
monly known as Cuachalalate, is a medicinal plant traditionally used in Mexican medicine for its antimicrobial and
antiproliferative properties.'® It has been shown to be effective in wound healing, particularly for burn injuries.'”> The
pharmacological effects of A. adstringens are attributed to its diverse bioactive compounds in its bark, including
Triterpenoids (Friedelin, Friedelanol, and Epifriedelanol),'* Steroids (Stigmasterol and B-Sitosterol),'” Flavonoids (Rutin,
Quercetin, and Kaempferol), Phenolic Compounds (Gallic Acid and Ellagic Acid), and Tannins (Catechins and
Proanthocyanidins).'® These compounds exhibit anti-inflammatory, antibacterial, and anticancer properties.'”'® To date, the
only reported nanoparticle synthesis involving 4. adstringens utilized gold nanoparticles mediated by a shock-wave extract.

Given the significance of CuO-NPs in nanomedicine and nanobiology, previous studies evaluated the antimicrobial activity of
chemically synthesized CuO-NPs.'" These nanoparticles exhibited significant antibacterial effects, including bacterial cell wall
damage and increased reactive oxygen species (ROS) activity in S. aureus ATCC 24213 and Pseudomonas aeruginosa ATCC
27833. Building upon this work, the present study explores an innovative approach by combining CuO-NPs with plant extracts to
enhance their antimicrobial efficacy. Studies have demonstrated that the toxicity of nanoparticles can be increased when
combined with plant extracts.'® Furthermore, plant-derived compounds can serve as eco-friendly reducing agents, improving
the antimicrobial properties of nanoparticles while minimizing environmental impact.”* %

This study investigates the synthesis, characterization, and antibacterial activity of CuO-NPs, A. adstringens ethanolic
extract, and a combination of CuO-NPs with 4. adstringens (CuO+Aa) against MRSA and CRAB. As of the submission
of this manuscript, no prior studies have reported the synthesis of CuO-NPs using 4. adstringens extract.

Material and Methods

Chemicals and Extract Preparation

All chemicals used were of analytical reagent grade, and distilled water was used throughout the experiment. A. adstringens
dried bark was purchased from a commercial entity. Its extract was prepared by grinding the bark using a hammer mill. The
powdered bark was subjected to extraction using a conventional Soxhlet apparatus, with ethanol as the solvent. The ethanol
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was subsequently evaporated to dryness under reduced pressure using a Biichi rotary evaporator R-215 connected to a V-100
vacuum pump.

Synthesis of CuO-NPs and CuO+Aa Nanoparticles

For the synthesis of CuO-NPs, 300 mL of 0.02 M Copper(Il) acetate (Cu(CH3COO),, >98%, Sigma-Aldrich) was heated
to 94°C under magnetic stirring. One milliliter of glacial acetic acid (CH;COOH, JT Baker, ACS > 99.7%) was added,
followed by 0.4 g of sodium hydroxide (NaOH, >98% pellets, Sigma-Aldrich) as the reducing agent. The solution was
maintained at this temperature with magnetic stirring for 30 min. During this time, the color of the solution changed from
blue to black, indicating the formation of CuO-NPs. The supernatant was removed by centrifugation (10 min at 112 X g),
and the CuO-NPs were washed three times with water. The resulting precipitate was air-dried at room temperature. The
same procedure was followed for the synthesis of CuO+Aa, with the addition of 0.1 g of 4. adstringens ethanolic extract
to the 0.02M copper acetate solution.

Characterization

To determine the morphology of both nanoparticles, they were dispersed in distilled water by sonication, and a drop of each
solution was placed on a carbon-coated copper grid for TEM analysis using a Hitachi 7700 microscope. The arithmetic mean
size of the nanoparticles was calculated using ImageJ software®* by measuring 150 particles from each sample. XRD patterns
of the dried nanoparticles powders were recorded on a PANalytical X’Pert PRO MPD diffractometer with an X’Celerator
detector, using CuKo radiation at A = 1.54 A over a 20 range of 20° to 80°. The structural patterns of CuO-NPs and CuO+Aa
were analyzed by Rietveld refinement using the FullProf Suite Software and its interface WinPLOTR.*

CuO-NPs, CuO+Aa, and A. adstringens ethanolic extract were characterized using the following techniques. Their
hydrodynamic diameter and surface charge were assessed at a concentration of 1000 ppm using DLS and zeta potential
measurements on a Malvern ZetaSizer Nano ZS instrument. TGA was conducted using a TA Instruments Discovery TGA
Series Model STD Q600 to evaluate their thermal behavior. UV-Vis analysis was performed using a Thermo Scientific
Spectrophotometer Evolution 220. Raman spectroscopy was performed on a Micro Raman Horiba HR, and FTIR was
conducted using a PerkinElmer infrared spectrometer over a range of 500 to 4000 cm™!. Additionally, the ethanolic
extract of A. adstringens was analyzed by NMR. The extract was dissolved in DMSO-d6, and its "H NMR spectrum was
recorded at room temperature using a Bruker Advance NMR spectrometer (400 MHz) using tetramethylsilane (TMS) as
internal standard.

The A. adstringens content in the CuO+Aa samples was quantified using ICP-MS on a Thermo Scientific iCAP 6500
emission spectrometer.

Impact of Treatments on Antibiotic-Resistant Bacteria
MRSA and CRAB were isolated from patients and identified as antibiotic-resistant during routine hospital procedures at
the Central Universitario de Chihuahua Hospital. The strains were cultured in Tryptic Soy Broth (TSB) for 12 h and
adjusted to a concentration of 1 x 10® CFU/mL in 0.4X broth, using a Spectronic Genesys 8 UV-visible spectro-
photometer. Both bacterial strains were exposed to 50, 100, and 150 ppm of CuO-NPs, CuO+Aa, and A4. adstringens. All
concentrations were dispersed in water and sonicated for 30 min. The cultures exposed to the treatments and the positive
controls were incubated at 37°C for 24 h with orbital shaking at 120 rpm using a Thermo Scientific MaxQ 8000
Incubator Shaker. After incubation, a 100 pL aliquot was serially diluted 1:10 in broth. The samples were plated on TSB
agar Petri dishes using the microdrop technique.>” Aliquots (10 pL) were plated in triplicate for each dilution. After 24 h
of incubation at 37°C, the inhibition percentages for each treatment were determined by comparing the bacterial CFU
count in the treated samples to that in the untreated controls.”®

To evaluate the dissociative effect of MRSA, CRAB, water, and TSB on CuO-NPs, both bacteria, water, and TSB
were exposed to 50, 100, and 150 ppm of CuO-NPs for 24 h. The samples were centrifuged at 112 x g for 10 min, and
the supernatants were analyzed by ICP-MS to quantify the percentage of dissociated Cu ions.

The effect of the treatments on biofilm formation was evaluated using the method described by Ball et al*’ was
followed with minor modifications. Briefly, 24-hour pre-inocula of CRAB and MRSA in TSB supplemented with 0.5%
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glucose were adjusted to 1 x 10% and 1 x 10’ CFU/mL, respectively. The cultures were exposed in triplicate to CuO-NPs,
CuO+Aa, and 4. adstringens ethanolic extract at concentrations of 150, 100, and 50 ppm. A negative control (10 mm
phosphate-buffered saline [PBS], pH 7.4) and a positive control (bacteria without any treatment) were included. Aliquots
of 200 pL of each mixture were incubated in a 96-well plate at 37°C for 24 hours. Non-adherent cells were removed, and
wells were washed with 200 pL of PBS and allowed to dry for 10 minutes. The cells were then fixed with 200 pL of
absolute ethanol and left to dry. Biofilm staining was performed using 200 uL of 0.1% crystal violet solution prepared in
distilled water by incubating the microplate at room temperature for 15 minutes. The wells were washed three times with
distilled water and allowed to dry. Finally, 200 uL of an ethanol: acetone solution (80:20) was added to solubilize the
dye. Absorbance was measured at 590 nm using microplate reader Bio-Rad Model 680.

Structural Analysis of MRSA and CRAB by SEM

To observe the effect of CuO-NPs, CuO+Aa, and 4. adstringens ethanolic extract on the structure of MRSA and CRAB,
both bacteria were exposed for 24 h to 150 ppm of each treatment. Sample preparation for SEM followed the protocol
described by Ulloa-Ogaz."" Briefly, bacterial cells were fixed in 2.5% glutaraldehyde for 4 hours, washed twice with 0.1
M PBS, and dehydrated through a graded ethanol series (30%, 50%, 70%, three times in 90%, and three times in 100%).
The cells were then immersed in ethanol:hexamethyldisilazane (HMDS) mixtures (3:1, 1:1, 1:3, and 100% HMDS).
Finally, a drop of the suspension was placed on a silica wafer and stored in a desiccator until analysis. Morphological
changes were observed by field-emission scanning electron microscopy (FESEM, JEOL JSM-7401F).

Cytotoxicity Evaluation

Hemolytic activity was assessed using human red blood cells donated by a clinical analysis class from the faculty.
Erythrocytes were separated from heparinized blood by centrifugation at 500 x g for 10 minutes at 4°C. A 5% (v/v) red
blood cell suspension was prepared in PBS. Solutions of CuO-NPs, CuO+Aa and 4. adstringens ethanolic extract at 150,
100, and 50 ppm in PBS were added to the red blood cell suspension. The mixtures were incubated at 37°C for 2 h. PBS
was used as the negative control, while erythrocytes resuspended in distilled water served as the positive control to

induce osmotic hemolysis. After incubation, the absorbance of the supernatant was measured at 540 nm.>*°

Statistical Analysis

Each sample was analyzed in triplicate, and the results were statistically evaluated using one-way ANOVA followed by
Tukey’s Honestly Significant Difference (HSD) test. In the results, “ns” indicates no significant difference; * denotes a
statistically significant difference at the 0.05 level; and ** indicates a highly significant difference. All analyses and plots
were performed using OriginPro 2024.

Results and Discussion

Nanoparticle Characterization
Previous studies have demonstrated the antimicrobial properties of CuO-NPs against standard strains of P. aeruginosa
and S. aureus.'" In this study, CuO-NPs were synthesized using 4. adstringens ethanolic extract to evaluate their efficacy
against clinical strains with antimicrobial resistance. The morphologies of the synthesized CuO-NPs and CuO+Aa were
analyzed by TEM, as shown in Figure 1a and b, respectively. The average diameter of CuO-NPs was 5.32 nm, while their
hydrodynamic diameter measured 368.50 nm, with a Zeta Potential of —16 mV (Figure 2a and b, respectively). The
discrepancy between particle size observed via TEM and hydrodynamic diameter measured by DLS can be attributed to
nanoparticle agglomeration, as also indicated by the Zeta Potential value.>' Evidence of this agglomeration is visible in
Figure la. This agglomeration, however, does not indicate that the CuO+Aa nanoparticles lose their nanoscopic proper-
ties; on the contrary, the organic layer actually prevents aggregation.

For CuO+Aa, the average particle diameter was 3.46 nm, and the hydrodynamic diameter was significantly larger, at
1,951.3 nm (Figure 2a), with a Zeta Potential of —12.8 mV (Figure 2b). Nanoparticle formation and characteristics,

including size and morphology, are influenced by various factors such as pH, reducing agents, and temperature.''*?°
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The observed reduction in particle size and increased agglomeration were likely influenced by the addition of A.
adstringens ethanolic extract. This extract contains hydroxyl and carbonyl groups, which serve as reducing and
stabilizing agents during nanoparticle synthesis.>® The reduction effect of the extract was evident in the smaller
nanoparticle size, while the formation of an organic layer around the CuO+Aa complex contributed to nanoparticle
stabilization.

Although the average particle diameter of CuO+Aa was 1.86 nm smaller than that of CuO-NPs, its hydrodynamic
diameter was approximately five times larger. This substantial increase is attributed to the presence of the A. adstringens
extract, which formed a visible organic coating around the nanoparticles (Figure 1b). Zeta Potential data further support
this observation, indicating a shift in surface charge from —16 mV to —12.8 mV. This change suggests that molecules
from A. adstringens, which have a Zeta Potential of —8.3 mV, interact with the diffuse ionic layer surrounding CuO-NPs,
thereby altering their surface properties.’’

Low Zeta Potential values promote nanoparticle agglomeration, which can directly influence interactions with
bacterial cells. The reduction in Zeta Potential and resulting agglomeration reflect the complex interplay between
CuO-NPs and 4. adstringens ethanolic extract, potentially affecting the antimicrobial activity of the nanoparticles.
These findings underscore the importance of the organic layer in modulating nanoparticle stability and behavior in
biological environments.

Thermogravimetric Analysis
The TGA of CuO-NPs, CuO+Aa, and A. adstringens, shown in Figure 3 and detailed in Table 1, reveals distinct thermal
degradation patterns corresponding to their compositions. A primary weight loss event occurred around 200°C across all
samples, indicative of water loss. Specifically, CuO- NPs showed a 5% weight loss, whereas CuO+Aa and A. adstringens
ethanolic extract exhibited an 11% reduction, attributable to their higher water content.

For CuO-NPs, no significant weight change was observed beyond 258°C, with the weight stabilizing at 91% of the
initial value, indicating high thermal stability. In contrast, CuO+Aa demonstrated continuous weight loss until
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Figure 3 Dynamic Thermogravimetric analysis of CuO-NPs (Black solid line), CuO+Aa (red dotted line) and A. adstringens (blue dashed line).
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Table | Data Obtained from the Thermogravimetric Analysis of CuO-NPs, A. adstringens, and CuO+Aa

Sample Temp. [°C] | Weight Loss [%] | Temp. [°C] | Weight Loss [%] | Temp. [°C] | Weight Loss [%]
CuO-NPs 251 5 258 9 - -
A. adstringens 188 I 577 96 835 100
CuO+Aa 217 Il 386 67 862 69

approximately 386°C, resulting in a substantial 67% reduction in mass. Beyond this point, the weight remained constant
at approximately 33%, suggesting that the organic components had mostly decomposed, leaving a stable residue, likely
copper oxide. In the case of A. adstringens, the degradation persisted until 577°C, with almost complete conversion to
CO, at 835°C. This continuous weight loss is consistent with the decomposition of organic matter.>’

The crystallinity index, often associated with copper residues, appears at approximately 600°C.>® Analysis of the
TGA data revealed that CuO+Aa consisted of approximately 10% water, 65% A. adstringens, and 35% copper oxide,
confirming the transformation of copper acetate to copper oxide nanoparticles during synthesis.

It has been reported that the decomposition of polymer chains and imidazole groups, such as those in polyvinyl
imidazole, results in oxidation products, such as carbon, NO, NO,, and CO dioxide.*” Additionally, the thermal stability
of green-synthesized copper nanoparticles up to approximately 450°C supports their potential utility in biomedical
applications, where heat resistance can enhance performance.®® This suggests that the inclusion of plant extracts in
nanoparticle synthesis not only contributes to size reduction and stabilization but also affects the thermal behavior of the
resulting nanoparticles, enhancing their applicability in diverse fields, including medicine.

X-Ray Diffraction Analysis

The XRD patterns of CuO-NPs and CuO+Aa (Figure 4) highlight the impact of A. adstringens extract on nanoparticle
synthesis. The addition of the extract caused compositional change in CuO-NPs, shifting from pure CuO (monoclinic
structure with calculated lattice parameters: a = 6.38 A, b = 342 A, ¢ = 5.13 A, B = 133.32°) to a mixed-phase
composition consisting of 75.15% CuO and 24.84% Cu,O (cubic structure with a lattice parameter of a = 4.26 A). These
lattice parameters were obtained through Rietveld refinement using a Pseudo-Voigt function,® achieving a goodness-of-
fit (%) of 1.53 for CuO-NPs and 0.83 for CuO+Aa. The refinement employed the Crystallography Open Database (COD)
cards 96-900-8962 for CuO*' and 96-900-7498 for Cu,0.*

The peak broadening observed in the XRD patterns confirms the small grain size of the nanoparticles, which aligns
with the TEM results, indicating a reduced particle size upon addition of the extract. The presence of A. adstringens
appears to promote partial transformation from CuO to Cu,O, which is likely influenced by the glucose moieties found in
the sarsasapogenin molecules present in the extract.*> Glucose can act as a reducing agent, facilitating the reduction of
Cu?" ions to Cu" and ultimately forming Cu,O nanoparticles. This reaction pathway was associated with the formation of
smaller nanoparticles.**

The reduction in particle size observed by TEM (Figure 1b), where the average diameter decreased from 5.32 nm for
CuO-NPs to 3.46 nm for CuO+Aa, further supports the influence of the extract. This combination of XRD and TEM data
demonstrates that the use of A. adstringens extract not only alters the phase composition of the nanoparticles but also
significantly affects their size, potentially enhancing their antibacterial properties due to increased surface area and
altered surface chemistry.

CuO+Aa Composition Evaluation

The ICP-MS analysis of CuO+Aa nanoparticles revealed a composition of 37.95% carbon, 4.02% hydrogen, and 31.24%
copper oxides. Rietveld refinement further distinguished the copper oxide fraction as 24.09% CuO and 7.15% Cu,O. This
result closely matches the 35% copper oxide content estimated by TGA, demonstrating strong agreement across
characterization methods. Based on the combined data from XRD, TGA, and ICP-MS analyses, the final composition
of the CuO+Aa nanoparticles is estimated to be approximately 65% A. adstringens extract, 26% CuO, and 9% Cu,O.
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UV-Vis, FTIR, Raman and NMR Spectroscopy Characterization

The impact of 4. adstringens ethanolic extract on the synthesis of CuO-NPs was further investigated using UV-Vis,
FTIR, Raman, and NMR spectroscopy. The UV-Vis spectrum of CuO-NPs (Figure 5, solid black line) displays a
characteristic absorption peak between 233 and 341 nm, consistent with copper oxide nanoparticles.*> The A. adstringens
extract showed typical features of its ethanolic extract, including strong absorbance between 200 and 300 nm and a
secondary hump between 300 and 500 nm.*® These spectral features, though with reduced intensity, were also present in
the CuO+Aa spectrum, confirming the incorporation of both the extract and CuO in the hybrid nanoparticles.

The FTIR spectrum of CuO-NPs (Figure 6a, solid black line) exhibited distinct peaks at 1399 and 672 cm™!,
characteristic of copper oxide nanoparticles.*> The FTIR and Raman spectra of A. adstringens (Figure 6a and b
respectively) showed notable similarities, as summarized in Table 2. Spectral features such as hydroxyl and carbonyl
functional groups, identified in the extract, played a significant role in the reduction and stabilization processes during the
synthesis of CuO+Aa nanoparticles.*” The presence of these functional groups was further confirmed by the overlapping
spectral patterns observed in both the extract and CuO+Aa spectra, highlighting their influence on nanoparticle
formation.
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This spectroscopic evidence supports the successful incorporation of A. adstringens ethanolic extract into the
synthesis of CuO nanoparticles, resulting in modified nanoparticle composition, size, and surface characteristics. These
changes affect the physicochemical properties of the nanoparticles and may enhance their antibacterial activity against
drug-resistant bacterial strains.

Further analysis of the CuO+Aa spectra revealed key insights into the interactions between the metal oxide and the
plant extract. O—H bond vibrations—typically associated with phenols, alcohols, water, and carboxylic acids—were
observed in the FTIR spectrum between 3100 and 3600 cm™' but were absent in the Raman spectrum due to a lack of
detectable signals in that range. Conversely, metal-oxide bond vibrations, which are undetectable by FTIR, were clearly
observed in the Raman spectrum between 180 and 600 cm™!, underscoring the complementary nature of these two
techniques. Additionally, a Raman peak between 640 and 1360 cm™! suggests the presence of aromatic compounds.
Unique to the FTIR spectrum, a signal at 1050 cm ™! indicates the presence of oxygenated compounds such as anhydrides,
while bands between 800 and 900 cm™' correspond to C—O and C-N stretching vibrations. These features likely reflect
the abundance of aromatic and cyclic compounds—including alkylphenols and terpenes—known for their antioxidant,
antiproliferative, and anti-inflammatory properties.'®'®484?

These findings are consistent with compounds identified in A. adstringens by Esquivel-Garcia et al.>° This species
contains several bioactive molecules, including sarsasapogenin, a steroidal spirostane-type sapogenin; schinol, a lanos-
tane-type triterpenoid; and masticadienolic acid along with 3B-hydroxymasticadienolic acid, both ursane-type pentacyclic
triterpenoids. These compounds are known for their gastroprotective and antimicrobial properties. The presence of their
functional groups in the nanoparticles indicates a strong interaction between the CuO-NPs and the extract, likely
enhancing the bioactivity of the synthesized CuO+Aa nanoparticles. This interaction is crucial, as it may modulate
nanoparticle properties and improve their effectiveness against resistant bacterial strains.

No references were found reporting the use of NMR analysis on the A. adstringens plant. However, signals in the
region of 0.5 to 3.00 ppm are typically associated with hydrogen atoms in CH3; and CH, groups (Figure 7) from
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Table 2 Functional Groups Found in FTIR and Raman Spectra Analysis of CuO-NPs and CuO+Aa

Functional Group

FTIR [cm™'] | Raman [em™']
C-H bond: saturated and unsaturated aliphatic and aromatic compounds 3000—2800 1360-613
C=0 stretching: aldehydes, ketones, carboxylic acids, and esters 1780-1680 1650-1900
C=C stretching: conjugated aromatic systems 1680-1530 1400-1600
C-O bond: terpenes and acetates 1520—-1250 936

methoxides and aliphatic chains. These findings are consistent with the analysis reported by Galor-Linaldi et a

which 6-pentadecyl salicylic acid was isolated from A. adstringens and signals corresponding to the hydrogens of the

P! in

aliphatic chain carbons were observed. Additionally, signals in the range of 6.5 to 7.5 ppm correspond to hydrogens
associated with double bonds, commonly reported in phenolic compounds. The same study identified these signals in the
phenolic structure of 6-pentadecyl salicylic acid. In the NMR analysis of guava leaf extract, signals corresponding to
quercetin compounds were observed.’” Peaks at 1.325 and 1.334 ppm were not detected due to the strong presence of
water. However, signals were observed in the 3.0 to 4.0 ppm region, as well as at 4.775 and 4.776 ppm, which are
attributed to hydrogen atoms in aromatic rings with double bonds. Further signals were identified at approximately 6.393

Benzo[a]pyrene

OH O
' Quercetin

CH3' and CHz'

DMSO-d6

l

f1 (ppm)

Figure 7 'H NMR spectrum of A. adstringens ethanolic extract.
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ppm, corresponding to benzo[a]pyrene protons at the C6 and C8 positions of the quercetin molecule. Ai-Ping et al>?
reported signals at 0.34 ppm and 0.55 ppm corresponding to saponins; however, these signals were not detected in the
current NMR spectrum. Despite their absence in this analysis, saponins have been reported as components of aqueous A.
adstringens extracts, as described by Sotelo et al.*?

Biosafety Evaluation of the Treatments

Figure 8 presents the hemolysis results for CuO-NPs, 4. adstringens, and CuO+Aa. Exposure of red blood cells to CuO-
NPs and 4. adstringens resulted in negative absorbance values, indicating lower absorbance than the control. In contrast,
CuO+Aa induced hemolysis of less than 2%. Similarly, green-synthesized copper and silver nanoparticles mediated by
Cassia occidentalis have been reported to cause less than 2% hemolysis.”* However, hemolytic responses can vary with
different nanoparticle formulations. For example, Ibne et al’> reported up to 10% hemolysis for copper nanoparticles
coated with polyethylene glycol and loaded with ciprofloxacin. The results of this study indicate that all treatments,
across all tested concentrations, are biocompatible by presenting less than 2% hemolysis.*®

Antibacterial Properties of CuO-NPs, CuO+Aa, and A. adstringens Extract

CuO-NPs demonstrated significant antibacterial activity, inhibiting CRAB by 68%, 70%, and 78%, and MRSA by 86%,
96%, and 96% at concentrations of 50, 100, and 150 ppm, respectively (Figure 9a and b). These results indicate that
increasing the concentration of CuO-NPs enhances their antibacterial effectiveness. In contrast, the ethanolic extract of 4.
adstringens exhibited substantially lower inhibition of CRAB (13%, —13%, and 7%) and MRSA (22%, 22%, and 47%) at
the same concentrations.

However, the hybrid CuO+Aa nanoparticles—comprising 4. adstringens (65%), CuO (26%), and Cu,O (9%)—
showed improved antibacterial activity. At a total concentration of 50 ppm, they achieved 46% inhibition of CRAB,
despite containing only 8% copper oxides. A similar trend was observed against MRSA, where CuO+Aa achieved 50%
inhibition—which proportionally corresponds to a 13% inhibition from CuO, 4% inhibition from Cu,O, and 33%

27 N 50ppm
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14
% T lowes
2 i 24 ;\E}Qo.oﬁs%
o 0 ' T
s | N\
I 29 +
g, N \
N i
-2 - | l
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CuO-NPs A. adstringens CuO+Aa
Treatment

Figure 8 Hemolysis produced by different concentrations of CuO-NPs, A. adstringens, and CuO+Aa.
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Figure 9 Antibacterial activity of CuO-NPs, A. adstringens, and CuO+Aa against (a) CRAB and (b) MRSA.

inhibition from A. adstringens— using only 17.5 ppm of copper oxides (35% of 50 ppm). In comparison, 50 ppm of
CuO-NPs alone was required to reach 86% inhibition of MRSA. This suggests a synergistic interaction between the CuO,
Cu,0 and 4. adstringens ethanolic extract, enhancing the overall antibacterial effect. The limited antibacterial activity of
A. adstringens alone (13% for CRAB and 22% for MRSA at 50 ppm) supports the notion that the extract enhances the
bioactivity of the hybrid nanoparticles rather than acting as a strong inhibitor independently. Previous studies have also
noted that plant extracts alone may not significantly inhibit microbial growth.>’

These results highlight the potential of green synthesis approaches in combating both Gram-positive and Gram-negative
drug-resistant bacteria. The antibacterial activity of CuO+Aa nanoparticles may be facilitated by electrostatic interactions
between their negative surface charge (—12.8 mV) and the positively charged regions of bacterial cell walls.”® Additionally, the
reduced efficacy observed against CRAB may be due to efflux pump mechanisms—such as the Resistance-Nodulation-
Division (RND) family pumps AdeABC, AdelJK, and AdeFGH—which actively expel a wide range of compounds, including
plant-derived substances like tannins, flavonoids, and polyphenols.’®*° These broad-specificity pumps contribute to the high
level of drug resistance of CRAB.

The results also suggest that Cu-based nanoparticles are more effective against MRSA (Gram-positive) than CRAB
(Gram-negative), consistent with findings by Du et al,®" who reported that nanoparticles with negative zeta potential
exhibit stronger activity against Gram-positive strains.

The antibacterial effect of CuO-NPs is primarily attributed to the generation of reactive oxygen species (ROS),
facilitated by surface defects and the electron-donating properties of CuO. Notably, the hydrodynamic diameter plays a
more significant role than the actual particle size in enabling membrane penetration.®> Consequently, CuO-NPs, which
possess a smaller hydrodynamic diameter, demonstrated enhanced antibacterial activity. In contrast, the antibacterial
mechanism of Cu,O is associated with its affinity for intracellular proteins and its ability to disrupt bacterial homeostasis,
independent of ROS production. Meghana et al®> emphasized the importance of the higher affinity of Cu,O to the
bacterial cells, which explains the efficacy of CuO+Aa nanoparticles despite their larger hydrodynamic diameter. It is
hypothesized that, upon contact with bacterial cells, the organic coating of CuO+Aa nanoparticles is partially lost,
reducing the hydrodynamic diameter and facilitating a more effective interaction with the bacterial membrane.

Dissociation Effect of Bacteria and TSB on CuO-NPs

The dissociative effects of MRSA, CRAB, water, and TSB on CuO-NPs were evaluated to understand the interactions
between the nanoparticles, media, and bacteria. CuO-NPs typically precipitate when dispersed in water, but when dissolved
in TSB, CRAB, or MRSA, there is no visible evidence of the precipitation of the nanoparticles, suggesting that potential

International Journal of Nanomedicine 2025:20 hetps: 8015



Ruvalcaba-Ontiveros et al

50ppm
| 100ppm
*% 150ppm

(]
o
1

~
o
1

ns

I

(o))
o
1

1

5
S
1
N
—f
|

% Dissociated Cu
s &
1 1
/4

Z 7 N
% o
%’%

1 I
MRSA Water TSB

N
o
|

%7
NR
%%

-
o
1

I
CRAB
Figure 10 Dissociative effect of CRAB, MRSA, water and TSB on CuO-NPs. The arrows indicate roughened cell surfaces and collapse of the cell wall. ns: Nonsignificant
difference. *: Significant difference. **: Highly significant difference.

interactions affect their stability. To quantify the dissociation of Cu ions, the nanoparticles were exposed to TSB, both
bacterial strains, and water for 24 h. The supernatant was analyzed using ICP-MS to quantify the Cu content. Figure 10
shows the percentage of dissociated Cu ions at three different concentrations of CuO-NPs (50, 100, and 150 ppm). The
average dissociation percentage for each medium is listed in Table 3.

The results indicated that the CuO-NPs exposed to water showed minimal dissociation of Cu ions (19.28%), reflecting
the stability of the nanoparticles in this medium. In contrast, exposure to TSB and MRSA resulted in significantly higher
dissociation (37.43% and 37.19%, respectively), indicating that the nanoparticles interacted more extensively in these
environments. Notably, the most substantial dissociation occurred when CuO-NPs were exposed to CRAB, with a
dissociation rate of 50.91%.

These findings highlight that the dissociative behavior of CuO-NPs is strongly influenced by the presence of bacteria
and TSB, suggesting that the biochemical environment plays a critical role in the stability and dissolution of CuO-NPs.
The increased dissociation observed with CRAB compared to water and other media indicates specific interactions that
could enhance the antibacterial activity of CuO-NPs, potentially owing to changes in the local microenvironment.
Numerous studies have detailed the effects of factors, such as pH, ionic strength, proteins, and other substances, on

Table 3 Summary of the Data Used to Perform the One-
Way ANOVA and Tukey’s HSD Test

Groups | Count | Sum [%] | Average [%] SD

CRAB 9 458.22 5091 0.13904
MRSA 9 33475 37.19 0.08008
TSB 9 336.94 3743 0.06376
Water 9 173.58 19.28 0.10694
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the colloidal stability of nanoparticles.®**> These factors also play a significant role in the biosynthesis of nanoparticles,
which is mediated by secondary metabolites from microorganisms.*® Although much has been explored regarding
nanoparticle synthesis via microbial pathways, there is a notable gap in the literature regarding the specific impact of
these secondary metabolites on the solubilization and dissociation of nanoparticles. Understanding these interactions is
essential to optimize the use of CuO-NPs as antibacterial agents, particularly against drug-resistant bacterial strains.

Structural Effects of the Treatments on CRAB and MRSA

Microscopic analysis of the treated cells revealed significant changes in cell morphology for both CRAB (Figure 11) and
MRSA (Figure 12). Upon exposure to 150 ppm A. adstringens, CRAB cells exhibited smoother surfaces; some cells
appeared smaller than those in the control group, whereas others displayed elongated shapes, suggesting inhibition of cell
division. When exposed to CuO- NPs or CuO+Aa, noticeable changes in the cell surface structure were observed,
including roughened cell surfaces, potential perforations, and collapse of the cell wall (indicated by arrows in the
figures).

In the case of MRSA, control cells retained their typical cocci shape with smooth surfaces. However, upon exposure
to A. adstringens, the cells developed a rough surface, with the formation of thread-like structures intertwining the cells.
When exposed to CuO-NPs or CuO+Aa, rougher cell surfaces and biofilm formation were observed in both the
treatments. These observations are consistent with the findings of Mohammed et al,” where CuO-NPs used to decorate
carbon nanoparticles led to similar alterations in the cellular structures of E. coli and S. aureus.

Evaluation of Biofilm Production

Biofilm production is one of the primary resistance mechanisms of CRAB and MRSA.?*®® Figure 13 shows the
percentage of biofilm produced by CRAB (Figure 13a) and MRSA (Figure 13b) after exposure to 150, 100, and 50
ppm of CuO-NPs, 4. adstringens, and CuO+Aa. An increase in biofilm production was observed with higher treatment

(b) CRAB exposed to A adstringens

20kV  X25000 WD 80mm 1um

exposed to CuO+Aa

LEI 5.0kV X25,000 WD 8.0mm 1um

(d) CRAB

||||||

Figure |1 Microscopic analysis of: (a) CRAB control, (b) CRAB exposed to A. adstringens, (c) CRAB exposed to CuO-NPs, and (d) CRAB exposed to CuO-Aa. The arrows
indicate roughened cell surfaces and collapse of the cell wall.
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Figure 12 Microscopic analysis of: (a) MRSA control, (b) MRSA exposed to A. adstringens, (c) MRSA exposed to CuO-NPs, and (d) MRSA exposed to CuO-Aa.
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Figure 13 Biofilm production of (a) CRAB and (b) MRSA when exposed to different concentrations of CuO-NPs, A. adstringens, and CuO+Aa.

concentrations. Notably, all values exceeded 100%, indicating that bacteria exposed to the treatments produced more
biofilm than the untreated positive control. Yang et a
response to antibiotic exposure. This response is attributed to stress induced by the treatment, which triggers gene

169

regulation mechanisms that confer a fitness advantage to resistant strains.”’

reported that A. baumannii increases biofilm formation in

8018
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Conclusion

This study investigated the synthesis and characterization of CuO+Aa nanoparticles and their antibacterial activity
against MRSA and CRAB, using CuO-NPs and 4. adstringens ethanolic extract as controls. The incorporation of A.
adstringens ethanolic extract led to the formation of smaller CuO-NPs, with the measured diameter decreasing from 5.32
nm to 3.46 nm. A. adstringens also enhanced the thermal stability and altered the structural composition of the
nanoparticles, as demonstrated by TEM, XRD, and ICP-MS analyses. Notably, the CuO+Aa formulation contained
only 35% copper oxide nanoparticles (26% CuO and 9% Cu,0). Spectroscopic analyses confirmed that functional groups
such as hydroxyl and carbonyl in the extract played a key role in nanoparticle stabilization and size reduction.

All of the treatments used in this research, CuO-NPs, CuO+Aa, and A. adstringens ethanolic extract, showed good
biocompatibility, as indicated by the very low red blood cell lysis rates.

The hybrid CuO+Aa nanoparticles, composed of A. adstringens extract (65%), CuO (26%), and Cu,O (9%),
demonstrated enhanced antibacterial activity, supporting the presence of a synergistic effect. At a total concentration
of 50 ppm, the formulation inhibited CRAB growth by 46%, despite containing only 8% copper oxides. Similarly, against
MRSA, CuO+Aa achieved 50% inhibition with just 17.5 ppm of copper oxides (35% of the total concentration), a
significantly lower amount compared to the 50 ppm of CuO-NPs required to achieve 86% inhibition. These findings
highlight the potential of combining 4. adstringens extract with copper oxides to improve antibacterial efficacy while
reducing the required concentration of metallic components.

The results suggest that the bacterial cell wall structure influences the antibacterial response, with greater reactivity
observed against Gram-positive bacteria than Gram-negative. However, the presence of efflux pump mechanisms in
CRAB likely contributed to reduced treatment effectiveness.

Despite the larger hydrodynamic diameter of CuO+Aa nanoparticles, they retained strong antibacterial activity. This
may be explained by the loss of the organic coating upon contact with bacterial cells, which facilitates membrane
penetration. Structural damage to bacterial cells, including surface roughening, perforations, and cell wall collapse,
further supported the antibacterial effect of the nanoparticles.

These findings highlight the potential of CuO+Aa nanoparticles for biomedical applications, particularly in combating
drug-resistant bacterial strains. The results demonstrate that incorporating 4. adstringens extract into nanoparticle
synthesis can enhance antimicrobial activity, offering a promising green approach. However, further research is needed
to better understand how A. adstringens influences the surface chemistry and reactivity of the nanoparticles, as well as
the implications of their thermal stability. Additionally, in vivo studies are essential to assess the systemic effects and
safety of these treatments before clinical application.
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