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Abstract

The therapeutic use of copper oxide nanoparticles for wound healing is limited by intrinsic cytotoxicity arising from
uncontrolled Cu?" release. This study reports a hierarchical nanocomposite design that decouples bioactivity from
cytotoxicity via green sol-gel synthesis followed by polymer-mediated nanoconfinement. Green synthesis using Rhus
coriaria (sumac) extract contributed to structural changes through two primary mechanisms: (i) phytochemicals adsorbed to
growing crystal surfaces, limiting Ostwald ripening and restricting crystallite growth; (ii) incorporation of organic capping
agents induced lattice distortions during nucleation. Williamson-Hall analysis revealed a 54% reduction in crystallite size (to
13.7nm) and an 89% increase in lattice microstrain (¢ =4.81 x 10) compared to conventionally synthesized CuO NPs.
These green-synthesized CuO NPs were encapsulated within a chitosan matrix via coordination chemistry. X-ray diffraction
showed severe attenuation of CuO Bragg peaks, confirming nanoconfinement of crystalline domains below 5 nm. Fourier-
transform infrared spectroscopy revealed a hypsochromic shift of the amide I band from 1653 cm™ to 1567 cm™, evidencing
interfacial Cu?"—NH,coordination. At 125 ug/mL, the nanocomposite maintained 94.0% viability in human dermal
fibroblasts versus 4.9% for bare CuO NPs, while enhancing fibroblast migration by 44% and achieving 85.4% in vitro
wound closure over 48 h. The nanocomposite also exhibited broad-spectrum antibacterial activity (inhibition zones up to
20 mm), comparable to gentamicin. This work demonstrates that green sol-gel synthesis combined with polymer
nanoconfinement produces a hierarchical chitosan-CuO hybrid that balances safety and efficacy, offering a generalizable
design strategy for metal-oxide nanotherapeutics.
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Highlights

e Green sol-gel synthesis creates defect-rich CuO cores (13.7 nm, high strain).

e Chitosan encapsulation enables nanoconfinement and Cu?*~NH, coordination.

e Nanocomposite decouples bioactivity from cytotoxicity (94% vs. 4.9% viability).
e Enhanced wound closure (85.4%) and fibroblast migration (44% increase).

e Broad-spectrum antibacterial activity matches or exceeds gentamicin.

1 Introduction

Chronic and non-healing wounds, such as diabetic ulcers,
pressure sores, and burn injuries, represent a growing global
healthcare challenge. They affect millions of patients
annually, imposing severe personal burdens and high eco-
nomic costs on healthcare systems worldwide [1, 2]. In
developed nations, chronic wounds impact approximately
2% of the population, with annual management costs in the
United States alone estimated between $28 and $31 billion
[3]. The complex pathophysiology of impaired healing
involves persistent inflammation, microbial infection, dys-
regulated angiogenesis, and reduced fibroblast proliferation
and migration. Key obstacles include the formation of
bacterial biofilms and a hyperinflammatory microenviron-
ment that stalls the transition from the inflammatory to the
proliferative phase of healing [4, 5]. Conventional wound
care strategies are frequently inadequate, underscoring an
urgent need for advanced therapeutic platforms capable of
simultaneously promoting tissue regeneration, preventing
infection, and modulating the wound microenvironment [6].
Metal oxide nanoparticles (MONPs) have emerged as
promising candidates for advanced wound management due
to their tunable physicochemical properties and multi-
faceted biological activities [7, 8]. Among these, copper
oxide nanoparticles (CuO NPs) are particularly compelling
for their potent intrinsic antimicrobial activity, ability to
stimulate angiogenesis, and role as essential cofactors in
enzymes critical for extracellular matrix formation, such as
lysyl oxidase [9]. However, the clinical translation of CuO
NPs is severely hampered by their well-documented cyto-
toxicity, primarily driven by the rapid release of Cu? ions,
uncontrolled generation of reactive oxygen species (ROS),
and subsequent induction of oxidative stress and mito-
chondrial dysfunction in mammalian cells [10, 11]. This
fundamental conflict between therapeutic potential and
inherent toxicity highlights the critical need for innovative
nanomaterial design strategies that can mitigate adverse
effects while preserving or enhancing desired bioactivity.
Green synthesis of NPs using plant extracts has gained
prominence as a sustainable alternative to conventional
chemical methods. This approach offers distinct advantages,
including reduced environmental impact, enhanced bio-
compatibility, and formation of a stabilizing phytochemical
corona that can impart additional antioxidant and anti-
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inflammatory properties [12—14]. Rhus coriaria (sumac),
rich in polyphenols, flavonoids, and organic acids, serves as
an effective reducing and capping agent, while its phyto-
constituents may contribute beneficial bioactivities relevant
to wound healing [15]. Recent studies have demonstrated
the antimicrobial potential of phytochemicals and their
synthesized nanomaterials against various pathogens
[16-20].

To further enhance biocompatibility, biopolymers such
as chitosan are widely employed for NP coating and
encapsulation. Chitosan, a cationic polysaccharide derived
from chitin, is FDA-approved for wound care owing to its
biodegradability, mucoadhesiveness, hemostatic properties,
and inherent antimicrobial activity [21]. As a coating
material, chitosan can effectively modulate metal ion
release kinetics, attenuate ROS generation, improve colloi-
dal stability, and enhance cellular uptake—thereby poten-
tially widening the therapeutic window of MONPs [22].

Therefore, this study aims to develop, characterize, and
evaluate a novel multifunctional wound-healing nanoplat-
form. We synthesized CuO NPs via both chemical and
biogenic routes using Rhus coriaria extract, followed by
chitosan encapsulation to form a chitosan-CuO nano-
composite. We hypothesized that this hierarchical design,
integrating defect engineering through green synthesis with
polymer-mediated nanoconfinement, would fundamentally
decouple the beneficial wound-healing properties of CuO
NPs from their toxicological liabilities.

2 Materials and methods

This work was approved by the Ethics Committee of Sohag
University, Faculty of Science. All procedures were con-
ducted in accordance with the relevant institutional guide-
lines and regulations. No human or animal subjects were
involved in this study.

2.1 Materials

Copper(Il) acetate monohydrate (Cu(CH;COO),-H,0,
298%) and sodium hydroxide (NaOH, 297%) were pur-
chased from Sigma-Aldrich (USA). Low molecular weight
chitosan (deacetylation degree >75%) and glacial acetic acid
were obtained from Merck (Germany). Dried Rhus coriaria
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Fig. 1 Schematic overview of the synthesis of chemical and green chitosan CuO NPs

fruits were procured from a local herbal market in Sohag,
Egypt. Dimethyl sulfoxide (DMSO) and ethanol were of
analytical grade. The MTT assay kit (Cat. No. M6494) and
Dulbecco’s Modified Eagle Medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS) and 1%
penicillin—streptomycin were sourced from Thermo Fisher
Scientific (USA). Bacterial strains, including methicillin-
resistant Staphylococcus aureus (MRSA, ATCC 43300),
Streptococcus pyogenes (ATCC 19615), Klebsiella pneu-
moniae (ATCC 700603), and Escherichia coli (ATCC
25922), were acquired from ATCC. Human foreskin
fibroblast cells (HFB4) were provided by the Cell Culture
Unit, Faculty of Science, Sohag University.

2.2 Preparation of Rhus coriaria (Sumac) extract

Dried Rhus coriaria seeds were washed thoroughly with
distilled water, air-dried at room temperature, and ground
into fine powder. A total of 50 g of powdered seeds was
added to 200 mL distilled water and heated under magnetic
stirring until boiling. The mixture was maintained at boiling
temperature for 40 min, then filtered through Whatman No.
1 filter paper. The resulting aqueous extract was stored at
4 °C for subsequent use [23].

2.3 Synthesis of copper oxide nanoparticles
2.3.1 Chemical synthesis of CuO NPs

A 0.1 M aqueous solution of copper(Il) acetate mono-
hydrate was prepared in 50 mL distilled water and stirred

vigorously. A 0.1 M NaOH solution was added dropwise to
adjust the pH to 10, resulting in a color change from light
blue to dark brown. The mixture was aged overnight at
room temperature [24]. The precipitate was collected via
centrifugation at 4000 rpm for 10 min, washed repeatedly
with distilled water and ethanol, dried at 100 °C, and cal-
cined at 400 °C for 2h to obtain chemically synthesized
CuO NPs (Fig. 1).

2.3.2 Green synthesis of CuO NPs

To 50mL of 0.1 M copper(Il) acetate solution, 25 mL. of
Rhus coriaria extract was added dropwise under continuous
stirring. The pH was adjusted to 10 using 0.1 M NaOH,
inducing a color change from light blue to dark green [23].
The mixture was aged overnight, washed, centrifuged, dried
at 100 °C, and calcined at 400 °C for 2 h to produce green-
synthesized CuO NPs (Fig. 1).

2.4 Synthesis of chitosan-CuO nanocomposite (Ch-
CuO0)

A 1% (w/v) chitosan solution was prepared by dissolving
chitosan in 1% (v/v) acetic acid under continuous stirring for
24 h. The pH was adjusted to 4.78 using 0.1 M NaOH. For
nanocomposite formation, 20 mL of Rhus coriaria extract was
added dropwise to 0.1 M copper(I) acetate solution, stirred for
1 h, and pH adjusted to 9 with NaOH. Subsequently, 20 mL of
chitosan solution was added dropwise under stirring for 2 h,
resulting in a gel-like complex [25]. The product was col-
lected, washed, and dried for further characterization (Fig. 1).
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2.5 Characterization of nanoparticles

The crystalline structure of the chemically synthesized CuO
NPs, green-synthesized CuO NPs, and Chitosan CuO
nanocomposite was analyzed using an X-ray diffractometer
(D8 Advance with DAVINCI design, Bruker, Germany).
Measurements were performed using Cu Ko radiation
(A=1.5418 A) at an operating voltage of 40kV and a
current of 40 mA. Crystallite sizes were calculated using the
Debye—Scherrer equation [12].

KA

D=————
FWHM cos 6

where K is the Scherrer constant (0.89) for spherical
particles, A is the X-ray wavelength (1.5406 A), FWHM is
the full width at half maximum in radians after instrumental
broadening correction, and 6 is the Bragg angle.

To separate the contributions of crystallite size and lattice
strain to peak broadening, Williamson-Hall analysis was
performed. The relationship [26]:

K2
FWHM cos @ = 3-1-48 sin 6

was applied, where € represents the microstrain. Linear
regression of FWHM cos® versus 4sin® plots for five
characteristic peaks—(110), (-111), (111), (-202), and
(020)—yielded the slope (¢) and y-intercept (related to
D). The dislocation density (8) was subsequently calculated
using [26]:

1 . 2
6= ﬁor alternativelys = pel
where b is the Burgers vector (2.6 A for monoclinic CuO).

Fourier-transform infrared spectroscopy (FTIR) was
performed using a Bruker spectrometer equipped with a
Platinum-ATR module to identify functional groups present
in the NPs and nanocomposite. UV-visible absorption
spectra were recorded using a Jenway 7305 spectro-
photometer to confirm NPs formation. High-resolution
transmission electron microscopy (HR-TEM) was con-
ducted using a JEOL JEM-2100 microscope operating at
200kV to examine particle morphology, size, and
distribution.

2.6 Antibacterial activity assay

The antibacterial activity of chemically synthesized CuO
NPs, green-synthesized CuO NPs, and chitosan green CuO
nanocomposite was evaluated using the standard agar well
diffusion method [27]. The assay was performed against a
panel of clinically relevant Gram-positive and Gram-
negative pathogens [28], including Methicillin-resistant
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Staphylococcus aureus (MRSA, ATCC 43300), Strepto-
coccus pyogenes (ATCC 19615), Klebsiella pneumoniae
(ATCC 700603), and Escherichia coli (ATCC 25922). All
strains were obtained from the Department of Medical
Microbiology & Immunology, Faculty of Medicine, Sohag
University, and were identified by standard morphological
and biochemical tests.

For the assay, a single colony of each strain was inocu-
lated into 10 mL of sterile nutrient broth and incubated at
37 °C for 24 h under continuous shaking at 120 rpm. The
optical density of each broth culture was standardized to a
0.5 McFarland turbidity (approximately 1.5 x 10
CFU-mL™) using sterile saline, in accordance with estab-
lished guidelines for antimicrobial susceptibility testing. A
volume of 100 uL of each standardized suspension was then
spread uniformly onto the surface of nutrient agar plates
using a sterile swab. Wells of 6 mm diameter were punched
into the inoculated agar.

Each well was loaded with 100 uL of the corresponding
test suspension. The test samples (CuO NPs, green CuO
NPs, and green chitosan CuO nanocomposite) were tested at
a concentration of 500 ug/mL (dispersed in dimethyl sulf-
oxide, DMSQO). Pure DMSO served as the negative control,
and gentamicin (10 ug per well) was used as the positive
antibiotic control. All plates were incubated at 37 °C for
24 h. After incubation, the antibacterial activity was quan-
tified by measuring the diameter of the clear zones of
inhibition (ZOI) in millimeters using a digital caliper.

2.7 Cytotoxicity assay (MTT)

Cytotoxicity was evaluated using the MTT (3-(4,5-dime-
thylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) viability
assay [14]. Human foreskin fibroblast cells (HFB4) were
seeded in 96-well plates at a density of 1 x 10* cells per well
in 100 pL of complete Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10% fetal bovine serum (FBS)
and 1% penicillin/streptomycin, then incubated at 37 °C
under 5% CO,for 24 h to achieve ~80% confluence. Fol-
lowing adhesion, the medium was aspirated, and the
monolayer was gently rinsed twice with pre-warmed
phosphate-buffered saline (PBS). Serial dilutions of test
samples (CuO NPs, green CuO NPs, and green chitosan-
CuO nanocomposite) ranging from 31.25 to 1000 pg/mL
were prepared in DMEM, and 100 pL of each concentration
was added to triplicate wells. Wells containing maintenance
medium alone served as untreated controls. After 24h
treatment, 20 uL. of MTT solution (5 mg/mL in PBS) was
added to each well. Plates were gently agitated on an orbital
shaker (150 rpm, 5 min) and incubated for 4 h at 37 °C to
allow viable cells to metabolize MTT into insoluble for-
mazan crystals. Following incubation, the medium was
carefully removed without disturbing the crystals, and the
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formazan product was solubilized by adding 200 uL of
DMSO per well, followed by agitation (150 rpm, 5 min).
Absorbance was measured at 560 nm with a reference filter
at 620nm using a microplate reader. Cell viability was
expressed as a percentage relative to the untreated control,
calculated according to the equation [12]:

Cell Viability (%) = <M> % 100

Acomrol - Ablank
where Agamples Acontrol, ad Aplank represent the absorbance of
treated wells, untreated control wells, and cell-free medium
blanks, respectively.

Cell morphology was assessed in parallel using an
inverted phase-contrast microscope, where monolayers
were examined for hallmark features of cytotoxicity,
including cell rounding, detachment, shrinkage, cyto-
plasmic granulation, cellular and nuclear swelling, mem-
brane rupture, chromatin flocculation, cell shrinkage,
membrane blebbing, nuclear condensation (pyknosis) and
fragmentation (karyorrhexis). Representative images were
captured for documentation, and morphological changes
were scored qualitatively.

2.8 Scratch wound healing assay

HFB4 cells were seeded in 6-well plates and grown to
confluence. A uniform scratch was created using a sterile
200 pL pipette tip. After washing with PBS, fresh medium
containing NPs (125 pg/mL) was added. Images were cap-
tured at 0 and 48 h using an Olympus CKX53 inverted
microscope. Wound width and area were measured using
ImageJ software. Migration rate (RM) and wound closure
percentage were calculated as [29]

Wt — Wi

RM (m/h) =~

Ag—A
Wound Closure(%) = ( OA [) x 100
0

where W; and W; are initial and final wound widths, Ay and
A, are wound areas at time O and ¢, and ¢ is time in hours.

2.9 Statistical analysis

All experiments were performed with a minimum of three
independent biological replicates, each comprising three
technical replicates (n = 3). Data are presented as mean +
standard deviation (SD). Statistical analysis was performed
using IBM SPSS Statistics (Version 26.0, Armonk, NY,
USA). For comparisons among multiple groups, one-way
analysis of variance (ANOVA) was applied, followed by
Tukey’s honestly significant difference (HSD) post-hoc test

for pairwise comparisons when ANOVA indicated sig-
nificant differences (p <0.05). The normality of data dis-
tribution and homogeneity of variances were verified using
Shapiro-Wilk and Levene’s tests, respectively. For direct
comparisons between two groups, Student’s ¢ test (two-
tailed) was employed. A p-value<0.05 was considered
statistically significant, with the following notation used in
figures: *p <0.05, **p <0.01, ***p <0.001.

3 Results and discussion

3.1 Structural and crystallographic analysis via X-ray
diffraction

X-ray diffraction (XRD) analysis was employed to sys-
tematically investigate the crystallographic evolution from
conventional inorganic NPs to an engineered organic-
inorganic hybrid nanocomposite. The comparative patterns
of all synthesized materials (chemically synthesized CuO
NPs, green-synthesized CuO NPs, pure chitosan, and the
green chitosan-CuO nanocomposite) are presented in Fig. 2.

All copper oxide-containing samples exhibited diffrac-
tion patterns characteristic of the monoclinic tenorite phase
(space group *C2/c*, ICDD 00-048-1548) [30, 31]. Distinct
reflections at 20 values corresponding to the (110), (111),
(111), (202), (020), (202), (113), (311), and (220) crystal-
lographic planes confirmed phase purity without detectable
secondary phases or impurities (Fig. 2a). The sharp, well-
defined peaks in CuO NPs indicated high crystallinity and
well-developed crystalline domains, while the pattern of
pure chitosan NPs (Fig. 2c¢) displayed the expected broad
amorphous halo centered near 20°, characteristic of its
semicrystalline polysaccharide structure [32].

A direct comparison between CuO NPs and green CuO
NPs revealed significant structural alterations induced by
the plant-mediated synthesis route. While both samples
maintained identical peak positions, confirming preserved
lattice parameters, the green CuO NP pattern exhibited
pronounced peak broadening across all reflections. FWHM
of the dominant (111) peak increased from 0.24° in CuO
NPs to 0.52° in green CuO NPs, corresponding to a crys-
tallite size reduction from 29.8 + 1.5nm to 13.7+0.8 nm as
calculated via the Scherrer equation. This 54% size reduc-
tion is attributed to phytochemical capping agents from
Rhus coriaria extract that adsorb to growing crystal sur-
faces, limiting Ostwald ripening and promoting the forma-
tion of smaller, more uniform NPs [33].

Williamson-Hall analysis provided quantitative insight
into the microstructural changes by decoupling size and
strain contributions to peak broadening. Linear regression
of FWHM:cosB versus 4sinO plots yielded excellent fits
with R? values of 0.986 for CuO NPs and 0.992 for green
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Fig. 2 X-ray diffraction patterns
of synthesized nanomaterials.

a Comparative plot of
chemically synthesized and
green-synthesized CuO NPs.

b Pattern of green chitosan-CuO
nanocomposite. ¢ Pattern of pure
chitosan NPs. Reference lines
indicate monoclinic CuO phase
(ICDD 00-048-1548)
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CuO NPs (Supplementary Fig. S1). The analysis revealed
microstrain values of & =2.54 x 10~ for CuO NPs and
e=4.81 x 107 for green CuO NPs, representing an 89%
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increase in lattice distortion through green synthesis (Sup-
plementary Table S1). Correspondingly, the dislocation
density increased from 0.77 x 10°m™ to 2.83 x 10" m™.
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These findings demonstrate that green synthesis engineers a
“defect-rich” crystalline state with controlled lattice imper-
fections that modulate surface reactivity [34, 35].

The XRD pattern of the green chitosan-CuO nano-
composite (Fig. 2b) exhibited a transformative architecture.
The sharp Bragg peaks characteristic of crystalline copper
oxide were severely attenuated, appearing only as faint,
broad features superimposed on a dominant amorphous
background. This near-complete suppression of crystalline
signals indicates nanoconfinement of copper oxide domains
within the chitosan matrix at dimensions below 5 nm,
smaller than the X-ray coherence length. Concurrently, the
chitosan amorphous halo broadened and shifted to
approximately 21.5°, indicating decreased d-spacing likely
resulting from ionic cross-linking between Cu®" ions and
chitosan amine groups [36, 37]. This structural configura-
tion confirms successful encapsulation and suggests strong
interfacial interactions that alter both polymer chain packing
and inorganic domain morphology.

XRD analysis delineates a definitive structural progres-
sion across the synthesis strategies. Conventional chemical
synthesis yields large, low-defect crystals with high crys-
tallinity [38], whereas green synthesis produces smaller NPs
with intentionally engineered lattice defects and increased
microstrain [39]. The chitosan encapsulation step culmi-
nates in a hierarchical nanocomposite, where these ultrafine,
strain-tuned crystalline domains are spatially confined
within a responsive biopolymer matrix. This multi-scale
architecture, spanning from atomic-scale lattice defects to
nanoscale biopolymer confinement, establishes a material
design optimized for controlled interfacial interactions.
Critically, the increased microstrain and reduced crystallite
size intrinsic to the green-synthesized cores enhance surface
energy and reactivity, while the chitosan matrix governs
the diffusion-limited release of bioactive species. This
synergistic physicochemical foundation, combining a reac-
tive nanocore with a rate-controlling biopolymer shell,
directly establishes the material’s multifunctional biological
profile, reconciling potent antimicrobial activity with pro-
regenerative cellular responses.

3.1.1 Morphological and nano-structural analysis via
transmission electron microscopy

High-resolution transmission electron microscopy (HR-
TEM) analysis of CuO NPs confirmed their nanoscale
dimensions and agglomerative morphology. The micro-
graph showed nearly spherical particles with diameters of
9-17 nm, densely clustered into larger aggregates (Fig. 3a).
Such agglomeration is characteristic of chemically synthe-
sized metal oxides and is attributed to dominant van der
Waals interactions and high surface energy [40, 41]. High-
resolution imaging revealed well-defined lattice fringes with

an interplanar spacing of 0.248 nm, corresponding to the
(111) plane of monoclinic CuO (Fig. 3a inset), confirming
the high crystallinity inferred from XRD. This agglomerated
state is a key determinant of surface behavior and bioa-
vailability [42].

In striking contrast, the green CuO NPs present a
markedly different morphology. The particles are larger and
more heterogeneous in size, with diameters ranging from 19
to 27 nm, and show a significantly reduced tendency to
agglomerate (Fig. 3b). The particles appear more dispersed,
often with irregular or quasi-spherical shapes and slightly
diffused edges. This morphology is a direct consequence of
the Rhus coriaria phytochemicals acting as in situ capping
and growth-modulating agents. The organic matrix sur-
rounding the nascent NPs during synthesis performs a dual
function: it sterically limits particle—particle interaction—
reducing agglomeration—while also modulating the kinet-
ics of crystal growth, leading to larger, less uniform sizes
and shapes [43]. The observed lower particle-to-particle
contrast and diffuse boundaries are visual hallmarks of the
lower crystallinity and potential surface-bound organic
layer inferred from the broadened XRD peaks [44, 45].
Lattice fringes remain visible at 0.248 nm, indicating
retained crystallinity despite surface modification. This
confirms that the green synthesis route trades off the uni-
formity and high crystallinity of the chemical method for
improved colloidal stability and a bio-organic interface.

The micrograph of the green chitosan—CuO nanocompo-
site confirms the successful architectural integration predicted
by XRD (Fig. 3c). The image is dominated by a light,
amorphous background corresponding to the chitosan matrix.
Embedded within this matrix are darker, high-contrast spots
with diameters predominantly below 10nm, which are
identified as the encapsulated CuO NPs. Their appearance as
discrete, well-separated spots, rather than the dense agglom-
erates seen in CuO NPs, provides direct visual evidence of
successful nanoconfinement within the polymer network.
Chitosan effectively isolates the inorganic particles, prevent-
ing their aggregation. Furthermore, the spots appear slightly
diffuse and integrated with the background, suggesting a
strong interfacial interaction, likely through coordination
between the copper ions and the amine (-NH,) and hydroxyl
(-OH) functional groups of chitosan. This encapsulation
results in an extreme reduction in NP size within the com-
posite, as the confined growth environment and polymer
interactions limit crystal domain expansion. This visual evi-
dence perfectly explains the XRD pattern of the nano-
composite, where the sharp Bragg peaks are replaced by an
amorphous halo and extremely weak, broad residual scatter-
ing from these ultrafine, isolated crystalline domains [25, 46].

Pure chitosan NPs exhibit a featureless, amorphous
morphology without discernible lattice structure (Fig. 3d),
consistent with their semicrystalline polymer nature.

@ Springer



53 Page 8 of 23

Journal of Sol-Gel Science and Technology (2026) 118:53

(a)

(b)

100 nm

CuO NPs

Green CuO NPs

Fig. 3 TEM micrographs of a CuO NPs, b green CuO NPs, ¢ chitosan—CuO nanocomposite, and d pure chitosan NPs. Scale bars: 100 nm. Insets in

(a) and b show lattice fringes (0.248 nm spacing)
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synthesized CuO NPs, green-synthesized CuO NPs, pure chitosan, and
the green chitosan-CuO nanocomposite

Quantitative particle size distributions derived from
TEM micrographs (Fig. 4) further elucidate the synthesis-
dependent size modulation. Chemically synthesized CuO
NPs exhibited a mean diameter of 13.5+3.2nm with
a right-skewed distribution (range: 8-20nm). Green-
synthesized CuO NPs were significantly larger
(22.5 £3.8 nm, range: 15-30nm) with a more symmetric
distribution. Most notably, CuO domains within the chit-
osan  nanocomposite ~ were  substantially = smaller
(6.8 £2.1 nm, range: 3-12nm), confirming effective size
confinement by the polymer matrix.

The TEM analysis thus completes the structural narra-
tive: chemical synthesis produces small, crystalline, but
highly agglomerated NPs; green synthesis yields larger, less
crystalline, but better-stabilized particles via phytochemical
capping; and chitosan encapsulation transforms them into a
nanocomposite where ultrafine inorganic domains are iso-
lated and stabilized within a continuous, biocompatible

Particle size (nm)

! | . ;
4 26 28 30 3 4 & 8 1 12

Particle size (nm)

(black curves) show mean diameters of 13.5+3.2 nm, 22.5+ 3.8 nm,
and 6.8 2.1 nm, respectively. A summary of morphological and size
characteristics is provided in Supplementary Table S2

organic matrix. This progression from agglomerated crys-
tals to organically-capped particles and finally to a polymer-
nanoconfined hybrid is a critical determinant of how each
material will interact with biological systems, influencing
factors such as colloidal stability in physiological media,
cellular uptake mechanisms, and the spatiotemporal release
profile of bioactive copper ions.

3.1.2 Chemical composition and functional group analysis
via Fourier-transform infrared spectroscopy

Fourier-transform infrared (FTIR) spectroscopy elucidates
the chemical composition and interfacial interactions gov-
erning the synthesis and stability of nanomaterials. The
spectra (Fig. 5) confirm the presence of phytochemical
capping agents, verify the formation of copper oxide, and
reveal the specific chemical interactions within the chitosan-
copper oxide nanocomposite. A complete assignment of
key FTIR absorption bands is provided in Supplementary
Table S3.

The spectrum of the Rhus coriaria aqueous extract
exhibits characteristic bands of polyphenols and flavonoids.
A broad absorption band spanning 3200-3600 cm™ corre-
sponds to O—H stretching vibrations from water, phenolic
acids (including gallic acid), and flavonoid hydroxyl groups
[47, 48]. A strong band in the region 1600-1500cm™ is
assigned to aromatic C=C stretching, confirming the pre-
sence of aromatic rings in polyphenolic compounds [49].
Additional bands between 600-900 cm™' are attributed to
aromatic C—H bending modes. These functional groups
are integral to the reducing and capping capability of the
extract [50].

The spectrum of pure chitosan shows its characteristic
polysaccharide fingerprint. A broad band centered near
3420cm™' arises from the overlapping O-H and N-H
stretching vibrations. The weak bands at approximately
2880 cm™ are due to C-H stretching. A distinct peak at
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1650 cm™ is assigned to the C=0 stretching of the amide I
group (from residual N-acetylation), while the strong band
at 1085 cm™ corresponds to C—O-C stretching in the glu-
cosamine backbone. The band between 890-900cm™ is
characteristic of the chitosan polysaccharide structure [51].

The FTIR spectra of both chemically synthesized and
green-synthesized CuO NPs confirm the formation of the
metal oxide. A defining low-frequency band in the range
500-610 cm™ is observed in all three inorganic-containing
samples (CuO, green CuO and Chitosan green CuO nano-
composite). This band is characteristic of the Cu-O
stretching vibration in the tenorite crystal structure, con-
firming successful oxide formation [52, 53].

Critical differences between the two synthesis routes are
evident. The spectrum of chemically synthesized CuO NPs
shows a relatively simple profile. A sharp O-H stretching
band near 3670 cm™' suggests the presence of adsorbed
water or surface hydroxyls. The primary feature is the
strong Cu-O band at ~513 cm™' [54, 55].

In contrast, the spectrum of green CuO NPs is more
complex, superimposing the inorganic signature with
organic bands from the capping agents. In addition to the
Cu-O band (shifted to ~500 cm™), it displays a broad O-H
band (~ 3670 cm™), alkyl C—H stretches (2870-2890 cm™),
and residual aromatic signals. This provides direct spec-
troscopic evidence that phytochemicals from Rhus coriaria
—including flavonoids and phenolic compounds—persist
on the NPs surface, forming a stabilizing organic corona
[56, 57].

The spectrum of the chitosan green CuO nanocomposite
offers compelling evidence for successful encapsulation and
chemical interaction, not merely physical mixing. While it
retains the characteristic Cu—O band ( ~ 600-610 cm™), the
chitosan fingerprint is significantly modified. Most notably,
the amide I band (C=O stretch), which appears at
1653 cm™ in pure chitosan, undergoes a hypsochromic
(blue) shift to 1567 cm™ in the nanocomposite. This shift of
86.cm™' indicates a decrease in C=0 bond order and a
change in electron density distribution around the amide
group. The hypsochromic shift occurs because Cu>" ions
coordinate with the adjacent amine (-NH,) groups of chit-
osan, withdrawing electron density from the carbonyl
oxygen through resonance effects. Specifically, coordina-
tion of Cu?" to the nitrogen lone pairs increases the partial
positive charge on the carbonyl carbon, which reduces
C=0 bond strength and lowers its stretching frequency.
This is definitive evidence of chemical bonding between
CuO and chitosan, rather than simple physical mixing. The
shift also confirms the formation of a true nanocomposite
where the polymer matrix actively engages with the inor-
ganic phase through coordination bonds. Furthermore, the
C—H deformation band shifts from 1420 cm™ in chitosan to
1560 cm™! in the composite, and the C—O-C stretch shifts
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from 1085 cm™ to 1056 cm™. These collective shifts in key
vibrational modes confirm a strong interfacial interaction
between the copper oxide NPs and the chitosan matrix,
involving coordination bonds with amine and possibly
hydroxyl groups, leading to the formation of an integrated
nanocomposite [46, 58, 59].

The FTIR analysis conclusively demonstrates that green
synthesis via Rhus coriaria yields CuO NPs capped with a
layer of bioactive phytochemicals, as evidenced by the
persistence of organic functional groups. Furthermore, it
proves that chitosan encapsulation involves specific che-
mical interactions, transforming a physical mixture into a
coordinated nanocomposite where the polymer matrix
actively engages with the inorganic phase. This chemical
interface is crucial for the composite’s structural integrity
and will directly influence its subsequent dissolution
kinetics and biological interactions.

3.1.3 Optical properties and electronic structure via UV-
visible spectroscopy

The formation, electronic structure, and size-dependent
optical properties of the synthesized nanomaterials were
investigated using UV-visible absorption spectroscopy.
Figure 6 presents the absorption spectra, revealing distinct
optical signatures for each material that correlate with their
structural characteristics.

The spectra confirm the successful synthesis of CuO NPs
through characteristic absorption features in the ultraviolet
region. Chemically synthesized CuO NPs exhibit a strong,
well-defined absorption peak at 255.53 nm, attributed to the
intrinsic band-gap transition of monoclinic copper oxide
(electronic transitions from O 2p to Cu 3d orbitals) [60, 61].
The sharpness of this peak indicates relatively uniform
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Green CuO NPs (225.82 nm)
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Fig. 6 UV-visible absorption spectra of chemically synthesized CuO
NPs, green-synthesized CuO NPs, pure chitosan NPs, and the green
chitosan-CuO nanocomposite
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particle size and good crystallinity, consistent with XRD
and TEM observations.

In contrast, green-synthesized CuO NPs display a sig-
nificant blue shift in their absorption maximum to
225.82nm (approximately 30nm shift), indicating a
quantum confinement effect where reduced particle size
increases the band gap energy. This blue shift corroborates
the XRD-derived smaller crystallite size (13.7nm vs.
29.8 nm) and suggests that phytochemical capping from
Rhus coriaria extract effectively limits particle growth,
producing NPs with stronger quantum confinement effects
[62, 63].

Pure chitosan NPs show an absorption maximum at
210.78 nm, characteristic of m— m* transitions in the
polysaccharide backbone [64]. The optical signature of the
green chitosan-CuO nanocomposite appears at 214.92 nm,
representing a red shift of approximately 4 nm compared to
pure chitosan and a blue shift of nearly 40 nm compared to
green CuO, indicating strong electronic interaction between
components [65].

The optical band gaps were estimated using Tauc plots
derived from the absorption spectra (Supplementary
Fig. S2). For direct band gap semiconductors like CuO, the
relationship ((xhv)Z:A(hv - Eg) was applied [57]. Tauc
analysis revealed that chemically synthesized CuO NPs
show an optical band gap of 3.62 eV (substantially higher
than bulk CuO at ~1.2-1.7 eV, confirming quantum con-
finement), green CuO NPs exhibit a reduced band gap of
3.52eV (suggesting phytochemicals introduce electronic
states within the gap [66]), pure chitosan NPs present a
band gap of 3.68eV [67], and most notably, the green
chitosan-CuO nanocomposite displays a substantially
reduced band gap of 3.42¢eV.

This band gap narrowing of 0.10-0.26 eV relative to
individual components indicates formation of a true elec-
tronic hybrid rather than a simple physical mixture. The
reduction is attributed to several interconnected phenom-
ena: (i) coordination between Cu’’ jons and chitosan
amine/hydroxyl groups creates new electronic states at the
organic-inorganic interface [68]; (ii) the dielectric envir-
onment of chitosan (e ~5-8) modifies electron-hole pair
screening [69]; (iii) direct electron transfer between chit-
osan and CuO NPs may create new absorption pathways
[70]; and (iv) extreme nanoconfinement of CuO domains
(<10nm) combined with lattice strain may modify the
density of states near band edges [71]. The increased
FWHM of nanocomposite absorption indicates broader size
distribution of confined CuO domains and/or heterogeneity
in interfacial environments [58]. This tailored electronic
structure, evidenced by band gap narrowing and spectral
shift, suggests a modulated redox potential at the bio-
interface, linking hierarchical architecture to biological
performance.

3.2 Antibacterial activity assessment

The antibacterial efficacy of the synthesized NPs was
evaluated against a panel of clinically relevant pathogens,
including Gram-positive (Staphylococcus aureus, Strepto-
coccus pyogenes) and Gram-negative (Klebsiella pneumo-
niae, Escherichia coli) bacteria, to assess their potential
applicability in infection-prone wound environments. Zones
of inhibition (ZOI) were measured in millimeters and
revealed distinct antibacterial profiles that depend strongly
on material composition and bacterial cell wall structure
(Fig. 7).

Conventional chemically synthesized CuO NPs exhib-
ited a narrow and selective antibacterial profile (Fig. 8).
Moderate activity was observed against Gram-positive
pathogens, with inhibition zones of 11+0.73 mm for S.
aureus and 12+0.22mm for S. pyogenes, whereas no
detectable inhibition was observed against Gram-negative
strains (K. pneumoniae and E. coli). This selectivity is
consistent with differences in bacterial envelope archi-
tecture. Gram-positive bacteria possess a thick but rela-
tively permeable peptidoglycan layer, while Gram-negative
bacteria are protected by an additional outer membrane
enriched in lipopolysaccharides that significantly limits
NPs penetration. Green synthesis substantially broadened
and enhanced the antibacterial spectrum of CuO NPs [58,
72]. Green-synthesized CuO NPs produced inhibition
zones of 18 +0.32 mm (S. aureus), 15+0.25 mm (S. pyo-
genes), 15+£0.22 mm (K. pneumoniae), and 17 +0.34 mm
(E. coli). Notably, this represents a clear expansion of
activity toward Gram-negative bacteria. The improved
performance is likely associated with surface functionali-
zation by plant-derived phytochemicals, which may modify
NPs-bacteria interactions and enhance antimicrobial effi-
cacy [12, 14].

Pure chitosan NPs displayed consistent moderate anti-
bacterial activity across all tested strains (12—18 mm), with
slightly higher efficacy against Gram-positive organisms.
This behavior is consistent with the well-established anti-
microbial properties of chitosan, which arise primarily from
electrostatic interactions between its positively charged
amino groups and negatively charged bacterial cell surfaces
[73, 74].

The green chitosan-CuO nanocomposite exhibited the
strongest and broadest antibacterial activity among all tested
samples, producing inhibition zones of 20+0.56 mm (S.
aureus), 20x0.46 mm (S. pyogenes), 17+0.36 mm (K.
pneumoniae), and 20 +0.45 mm (E. coli). Its performance
equaled or exceeded that of the reference antibiotic genta-
micin against three of the four strains. Importantly, the
nanocomposite consistently outperformed its individual
components, indicating synergistic enhancement of anti-
bacterial efficacy. Complete ZOI data is summarized in
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Fig. 7 Representative images of
inhibition zones for the green
chitosan-CuO nanocomposite
against all four bacterial strains.
Positive control: gentamicin

(25 pg/disc); negative

control: DMSO

Strept.

B S.aureus
B St.pyogenes

B8 K.pneumoniae
B E.coli

(<) 10 15 20

Inhibition zone (mm)

Fig. 8 Antibacterial activity of synthesized NPs. Zones of inhibition
(mm) against Gram-positive (S. aureus, S. pyogenes) and Gram-
negative (K. pneumoniae, E. coli) bacteria. Data: mean + SD (n = 3).
Statistics: one-way ANOVA with Tukey’s test. Significance:
*p<0.05, **p<0.01, ***p<0.001 vs. gentamicin control. Green
chitosan—CuO nanocomposite showed significantly larger inhibition
zones than individual components against all tested strains (p <0.05-
0.01) and matched/exceeded gentamicin against S. aureus, S. pyo-
genes, and E. coli (ns to *p <0.05)

Table 1. Individual replicate ZOI measurements are pro-
vided in Supplementary Table S4.

3.2.1 Antibacterial mechanism

Based on our data and literature precedent, the green
chitosan-CuO nanocomposite exerts antibacterial activity
through four synergistic mechanisms (Fig. 9). First, mem-
brane disruption by chitosan occurs as protonated amino
groups (-NH;3") interact electrostatically with negatively

@ Springer

Table 1 Zones of inhibition (mm) for all tested samples

Sample S. aureus S. pyogenes K. pneumoniae E. coli
CuO NPs 11+£0.73 12+0.22 ND ND
Green CuO 18+0.32 15+0.25 15+0.22 17+0.34
NPs

Chitosan NPs  15+0.41 12+0.33 13+£0.28 14+£0.38
Green 20+£0.56 20+0.46 17+£0.36 20+0.45
Chitosan-CuO

Gentamicin 18+0.28 20+0.31 22+0.42 16 £0.33

ND not detected

charged bacterial cell surfaces (lipoteichoic acids in
Gram-positive bacteria; lipopolysaccharides in Gram-
negative bacteria), disrupting membrane integrity and
increasing permeability [73, 74]. Second, controlled
release of Cu”" ions from nanoconfined domains generates
ROS via Fenton-like reactions (Cu** + H,0, —» Cu® +
*OO0H + H™), causing lipid peroxidation, protein oxidation,
and DNA damage. Third, surface-bound polyphenols from
Rhus coriaria extract (e.g., gallic acid, quercetin) con-
tribute additional antimicrobial activity through membrane
disruption and metal ion chelation. Fourth, the combined
multi-target mechanism (membrane disruption + oxidative
damage + metabolic interference) makes resistance
development less likely compared to single-target anti-
biotics like gentamicin. The enhanced activity against
Gram-negative bacteria (compared to bare CuO NPs) is
attributed to chitosan’s ability to permeabilize the outer
membrane, allowing Cu?" and phytochemicals to reach
inner membrane targets [75].
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Fig. 9 Schematic illustration of the proposed antibacterial mechanism of green-synthesized chitosan-CuO nanocomposite against Gram-positive

and Gram-negative bacteria

Table 2 provides a comparison of the presented work
with previously reported chitosan-CuO nanocomposites for
wound healing applications.

3.3 Cytotoxicity assessment

A systematic evaluation of concentration-dependent cyto-
toxicity was conducted using normal human dermal fibro-
blasts (HFB4) to establish the safety profiles of the
synthesized NPs and to examine structure—activity rela-
tionships governing their interactions with mammalian cells
(Fig. 10).

Quantitative cytotoxicity data obtained from the MTT
assay over a clinically relevant concentration range
(31.25-1000 ug/mL) reveal a clear hierarchy of bio-
compatibility that closely follows the structural evolution
from bare inorganic NPs to a hybrid organic—inorganic
architecture (Fig. 11). These results demonstrate that
rational materials design can substantially mitigate the
intrinsic cytotoxicity associated with copper oxide NPs.

Chemically synthesized CuO NPs exhibited a steep and
severe cytotoxic response, with cell viability decreasing
from 81.80+0.82% at 31.25ug/mL to 4.87+0.28% at
125 pg/mL. This behavior is characteristic of unmodified
metal oxide NPs and reflects their high surface reactivity
and limited biological compatibility [76]. The narrow con-
centration window between minimal and severe toxicity,
evident between 31.25 and 62.5 ug/mL, indicates a sharp
transition in cellular tolerance. The calculated ICspvalue of
61.47 ug/mL highlights the restricted therapeutic window

associated with conventionally synthesized CuO NPs,
pointing out the safety limitations of such materials for
biomedical use [77].

In contrast, green synthesis mediated by Rhus coriaria
extract produced CuO NPs with a markedly attenuated
cytotoxic profile. Green-synthesized CuO NPs preserved
89.23 + 1.27% cell viability at 62.5 ug/mL and 32.64 + 0.98%
at 125 ug/mL, yielding an ICsgvalue of 103.74 pg/mL. This
improvement in cytocompatibility correlates with the pre-
sence of surface-bound phytochemicals, as evidenced by
FTIR and XRD analyses. Such organic surface modification
is known to alter NPs—cell interactions and may moderate
copper ion availability at the bio-interface [78]. The more
gradual decline in viability compared to chemically synthe-
sized CuO NPs suggests a transition toward a kinetically
moderated cytotoxic response rather than an abrupt loss of
cell viability [79].

Pure chitosan NPs exhibited excellent cytocompatibility,
maintaining cell viability above 99% at concentrations up to
125 pg/mL. This confirms the intrinsic biocompatibility of
the polymer matrix and establishes a baseline against which
composite systems can be evaluated [80]. The decrease in
viability observed at higher concentrations (2250 pg/mL) is
likely attributable to non-specific physical or osmotic
effects associated with high polymer loadings rather than
chemical toxicity [81].

The most notable cytocompatibility was observed for
the green chitosan—CuO nanocomposite. At 125 pg/mL, the
nanocomposite maintained 93.96 + 1.03% cell viability, a
value statistically comparable to untreated controls and
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Fig. 10 Phase-contrast microscopy images of HFB4 cells after 48 h
exposure to varying concentrations (31.25-1000 pg/mL) of conven-
tional CuO NPs, green-synthesized CuO NPs, pure chitosan NPs, and
the green chitosan—copper oxide nanocomposite. Untreated cells

3.4 In vitro wound healing efficacy

The functional regenerative potential of the synthesized NPs
was evaluated using a standardized in vitro scratch assay
on HFB4 human dermal fibroblasts. This assay quantifies
fibroblast migration and wound closure, which are critical
cellular processes during tissue repair. Healing kinetics
were assessed by measuring migration rate (um/h), per-
centage wound closure, and absolute wound area reduction
over a 48 h period (Fig. 12).

Untreated control fibroblasts exhibited a baseline
migration rate of 12.02+1.40um/h, resulting in

served as the control. Progressive cytotoxic effects with increasing
concentration are evidenced by cell rounding, detachment, and
reduced confluence, with conventional CuO NPs exhibiting the most
pronounced morphological alterations

59.25 +4.82% wound closure (mean wound area reduc-
tion: 620,818 +91,230 umz). Treatment with conven-
tional chemically synthesized CuO NPs significantly
increased the apparent migration rate (15.38 £2.72 pm/h,
p <0.05) and wound closure (75.79 +11.88%, p <0.01).
However, these results must be interpreted in the context
of the severe cytotoxicity observed at the same con-
centration (Section 3.3), where cell viability dropped
below 5%. The apparent enhancement in migration
under these conditions, therefore, reflects a biologically
unsustainable response and does not represent true
regenerative potential [76].
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Green-synthesized CuO NPs exhibited migration rates
(11.97+0.95 um/h) and wound closure percentages
(58.97+£3.24%) that were statistically indistinguishable

—u—CuO NPs
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Fig. 11 Concentration-dependent cytotoxicity of nanomaterials in HFB4
fibroblasts. Cell viability (%) was assessed by MTT assay after 48 h
exposure to conventional CuO NPs, green-synthesized CuO NPs, chit-
osan NPs, and the green chitosan—-CuO nanocomposite. Data are pre-
sented as mean +SD (n =3). Statistical significance versus untreated
control: *p<0.05, p<0.01. Additional comparisons at 125 pg/mL:
nanocomposite vs. CuO NPs (*p <0.001), nanocomposite vs. green
CuO NPs (**p <0.01), nanocomposite vs. control (ns, p>0.05)

from untreated controls (p >0.05). While green synthesis
markedly improved cytocompatibility relative to chemically
synthesized CuO NPs, it did not produce a measurable
enhancement in fibroblast migratory activity under the
conditions tested. This suggests that surface modification
alone, although effective in reducing cytotoxicity, is insuf-
ficient to promote active wound closure in the absence of
additional architectural or matrix-mediated cues [86].

Chitosan NPs produced a moderate but statistically sig-
nificant improvement in wound healing performance, with
migration rates of 13.27 = 1.11 um/h and wound closure of
65.39+4.72% (p <0.05). This behavior is consistent with
the established role of chitosan as a biocompatible, matrix-
mimetic material that supports fibroblast adhesion and
motility by providing a favorable physicochemical envir-
onment for cell spreading and migration [87].

The green chitosan-CuO nanocomposite demonstrated
the most pronounced and biologically balanced wound
healing response. Fibroblast migration was accelerated to
17.33 + 1.76 um/h, representing a 44% increase over untreated
controls (p <0.01), and wound closure reached 85.40 +7.02%
after 48h (p<0.01). Importantly, this enhanced functional
performance occurred alongside high cellular viability
(93.96% at 125 pg/mL), indicating that the pro-migratory effect
was achieved without compromising cell survival. Repre-
sentative phase-contrast micrographs visually corroborate these
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Fig. 12 Wound healing efficacy of nanomaterials in vitro. a Migration
rate. b Wound closure percentage. ¢ Wound area reduction. Data:
mean + SD (rn=3). Statistics: one-way ANOVA with Tukey’s test.
Significance vs. control: *p <0.05, **p<0.01, ***p<0.001. At
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125 pg/mL: nanocomposite showed significantly higher migration and
wound closure vs. all other groups (p <0.05-0.001). CuO NPs vs.
control: *p <0.05. Chitosan NPs vs. control: *p <0.05. Green CuO
NPs vs. control: ns
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Fig. 13 Representative phase-contrast images of HFB4 fibroblast monolayers at O h and after 48 h of treatment with the indicated nanomaterials.

Scale bar: 200 um (applies to all images)
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Fig. 14 Conceptual therapeutic landscape mapping cytotoxic safety
(cell viability, %) against pro-migratory efficacy (fibroblast migration
rate, pm/h) for all NPs at 125 ug/mL. The schematic is derived from
experimental data presented in Figs. 11 and 12

quantitative findings, showing dense and confluent fibroblast
repopulation of the wound area in nanocomposite-treated
samples, in contrast to the sparse and disrupted cell layers
observed with conventional CuO NPs (Fig. 13).

To integrate cytotoxicity and wound healing outcomes,
cell viability was plotted against migration rate at the bio-
logically relevant concentration of 125 ug/mL to generate a
therapeutic performance landscape (Fig. 14).

Quadrant analysis, centered on control fibroblast beha-
vior (100% viability, 12.02 um/h migration), delineates
four distinct material response archetypes. Conventional
CuO NPs occupy a region characterized by elevated
migration but catastrophic cytotoxicity, reflecting a non-
viable therapeutic profile. Green-synthesized CuO NPs and
chitosan NPs occupy regions associated with high safety
but limited functional stimulation. In contrast, the green
chitosan—-CuO nanocomposite uniquely resides in the
quadrant combining high cellular viability with robust pro-
migratory activity, indicating a favorable balance between
safety and efficacy.

This structure—activity relationship highlights the
importance of hierarchical material architecture in reg-
ulating biological response. Encapsulation of CuO NPs
within a chitosan matrix moderates their interaction with
cells while simultaneously providing matrix-like support
for fibroblast migration [87]. The nanocomposite thus

@ Springer



53 Page 18 of 23

Journal of Sol-Gel Science and Technology (2026) 118:53

Table 3 Therapeutic

. Parameter CuO NPs Green CuO NPs Chitosan NPs Green Chitosan—CuO
performance matrix at 125 pg/ .
Nanocomposite
mL
Viability (%) 4.87 32.64 99.81 93.96
Migration rate (um/h)  15.38 11.97 13.27 17.33
Therapeutic ratio 3.16 0.37 0.13 0.18
Performance Toxic Biocompatible inert  Passive Active modulator
classification stimulator supporter

The therapeutic ratio is presented as a qualitative comparative index rather than a clinically predictive metric
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Fig. 15 Conceptual schematic illustrating hierarchical structure—activity relationships from atomic-scale defects to macroscopic therapeutic

performance

integrates the bioactivity of copper-containing NPs with the
biocompatibility and physical support of a polymer scaf-
fold, yielding a response that exceeds the performance of
either component alone.

Further insight is provided by the therapeutic ratio
(migration rate/viability), summarized in Table 3. Conven-
tional CuO NPs exhibit an artificially high ratio due to
severe loss of viable cells, whereas the nanocomposite
achieves a balanced ratio that reflects enhanced migration
across a largely viable cell population. This metric rein-
forces the conclusion that effective wound healing requires
simultaneous optimization of functional stimulation and
cytocompatibility.

Overall, the in vitro wound healing data demonstrate that
architectural control at the nanoscale enables functional
decoupling of pro-healing activity from cytotoxicity. By

@ Springer

combining green-synthesized CuO NPs with a chitosan
encapsulation matrix, the resulting nanocomposite achieves
a level of fibroblast migration and wound closure that is not
attainable with either component alone, while maintaining
high cellular viability. These findings position the green
chitosan—CuO nanocomposite as a promising candidate for
wound healing applications and provide a rational frame-
work for designing safer and more effective metal-based
nanotherapeutics.

3.4.1 Structure-activity relationships

The superior therapeutic profile of the green chitosan-
CuO nanocomposite arises from its deliberately engi-
neered multiscale architecture, as schematically illu-
strated in Fig. 15.
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At the atomic scale, green-synthesized CuO exhibits
reduced crystallite size (13.7nm) and elevated lattice
microstrain (e = 4.81 x 10’3), indicative of increased defect
density relative to conventionally synthesized CuO. Such
defect-rich structures influence surface reactivity and ion
release behavior, correlating with moderated biological
responses rather than acute cytotoxicity. At the nanoscale,
FTIR analysis confirms coordination between Cu? ions and
chitosan amine groups, establishing a chemically defined
organic-inorganic interface that stabilizes the CuO phase
and modifies nanoparticle-environment interactions. At the
mesoscale, encapsulation within the chitosan matrix spa-
tially isolates CuO domains, suppresses aggregation, and
imposes diffusional constraints on copper species, introdu-
cing temporal control over material-cell interactions. At
the macroscale, these hierarchical features collectively
establish a functional window in which antibacterial effi-
cacy and fibroblast migration are enhanced, while cytotoxic
effects are substantially attenuated, as captured in the
therapeutic landscape analysis (Fig. 14).

The nanocomposite’s intermediate optical band gap
(3.42 eV) supports the presence of an electronically mod-
ified hybrid system, consistent with altered interfacial
electronic structure arising from defect engineering and
polymer coordination. FTIR analysis further reveals that
while bare CuO NPs possess high-energy surfaces pro-
moting non-specific  interactions and cytotoxicity,
phytochemical-capped CuO NPs exhibit passivated surfaces
with limited functional stimulation. The nanocomposite
introduces a chemically integrated interface wherein Cu®*-
NH;coordination stabilizes the inorganic phase while
maintaining accessibility for biological interaction.

Although the limited number of material systems
examined (n=4) precludes formal statistical correlation,
consistent directional trends emerge. Reductions in crys-
tallite size and increases in microstrain coincide with pro-
gressive attenuation of cytotoxicity and modulation of
fibroblast migration. Three functional bounds can be
defined: a lower bound where insufficient surface reactivity
fails to elicit bioactivity; an upper bound where excessive
reactivity causes cytotoxicity; and an operational window
where biological activity is expressed without cellular
damage. Conventional CuO NPs operate outside this win-
dow due to excessive reactivity, green-synthesized CuO
NPs fall toward the lower boundary due to surface passi-
vation, and the chitosan-CuO nanocomposite uniquely
occupies the intermediate region where moderated reactivity
coincides with enhanced functional performance.

From these correlations, generalizable design principles
emerge for metal-based therapeutic nanomaterials: con-
trolled lattice disorder enhances surface functionality while
avoiding extreme reactivity; chemical integration at
organic-inorganic interfaces is more effective than physical

mixing; polymer-mediated nanoconfinement enables tem-
poral and spatial regulation of material-cell interactions;
and electronic structure modulation accompanies improved
biological compatibility. The green chitosan-CuO nano-
composite exemplifies how multiscale architectural control
regulates complex biological responses, providing a rational
blueprint for designing safer, more effective metal-based
nanotherapeutics.

4 Conclusion

In this study, we successfully engineered a hierarchical
chitosan-copper oxide nanocomposite that decouples pro-
healing bioactivity from cytotoxicity through green synth-
esis and polymer-mediated nanoconfinement. Green synth-
esis using Rhus coriaria extract produced defect-rich CuO
nanoparticles with reduced crystallite size (13.7 nm) and
increased microstrain (e =4.81 x 107). Encapsulation
within a chitosan matrix via Cu?>"-NH,coordination created
an integrated hybrid with confined CuO domains (<10 nm).

Three major achievements emerge from this work.
Scientifically, we demonstrate that hierarchical nanocon-
finement can decouple bioactivity from cytotoxicity,
establishing a generalizable design principle for safer metal-
oxide nanotherapeutics. Translationally, the nanocomposite
achieves 94.0% fibroblast viability at 125 pg/mL (19-fold
improvement over conventional CuO NPs), 44% enhanced
migration, 85.4% wound closure, and antibacterial activity
matching gentamicin. Societally, chronic wounds affect 2%
of developed populations with annual US costs of $28-31
billion; a low-cost, green-synthesized dressing that prevents
infection while promoting healing could reduce amputa-
tions, healthcare costs, and antibiotic overuse while sup-
porting circular economy principles through the use of
sumac byproduct.

Generalizable design principles include controlled lattice
disorder, chemical interfacial integration, polymer-mediated
nanoconfinement, and electronic structure modulation.
These principles extend to other metal oxides (ZnO, TiO,,
Fe30,) for applications requiring balanced bioactivity and
safety. The green chitosan-CuO nanocomposite provides a
rational blueprint for designing safer, more effective nano-
medicines. Future work will focus on clinical translation
through hydrogel or electrospun scaffold formulations,
followed by in vivo testing in diabetic and burn wound
models.

5 Study limitations

Several limitations should be considered. Antibacterial
activity was assessed using disc diffusion only; future
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studies should include MIC, MBC, and biofilm assays.
Direct measurements of intracellular ROS and copper ion
release kinetics were not performed. Copper oxide content
was estimated from synthesis parameters rather than directly
quantified by TGA or ICP. Physicochemical parameters,
including zeta potential, protein corona formation, and long-
term stability, were not characterized. Long-term anti-
bacterial stability was not assessed; future work will include
accelerated and real-time stability testing per ICH guide-
lines. Regarding the generalizability of our design strategy,
specific limitations include the requirement for metal ions
with affinity for chitosan amine groups (e.g., Cu?, ZnZ, Fe¥,
but not alkali metals), the need for calcination temperatures
below 500 °C to avoid biopolymer degradation, potential
batch-to-batch variation in phytochemical composition of
plant extracts, and that applications requiring rapid ion
release would be hindered by the diffusion-limiting chitosan
layer. Finally, all biological evaluations were in vitro;
in vivo validation in diabetic or burn wound models is
essential to confirm translational potential.
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ROS Reactive Oxygen Species

HFB4 Human Foreskin Fibroblast cells

MTT 3-(4,5-Dimethylthiazol-2-yl1)-2,5-diphenyltetrazolium
bromide

XRD X-Ray Diffraction

FTIR Fourier-Transform Infrared Spectroscopy

HR-TEM  High-Resolution Transmission Electron Microscopy

UV-Vis Ultraviolet-Visible Spectroscopy

FWHM Full Width at Half Maximum

701 Zone of Inhibition
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ICs Half-Maximal Inhibitory Concentration
DMEM Dulbecco’s Modified Eagle Medium

FBS Fetal Bovine Serum

PBS Phosphate-Buffered Saline

DMSO Dimethyl Sulfoxide

ATCC American Type Culture Collection

MRSA Methicillin-Resistant Staphylococcus aureus
SAR Structure-Activity Relationship
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