International Journal of

K

Molecular Sciences

Article

Orange Peel-Mediated Green Synthesis of ZnO and CuO
Nanoparticles: Evaluation for Antimicrobial Activity and
Biocompatibility in Tissue Engineering

Denisa-Maria Radulescu
Ovidiu-Cristian Oprea 23

Cornelia-Ioana Ilie 12

check for
updates

Academic Editor: Paolo Prosposito

Received: 18 August 2025
Revised: 4 September 2025
Accepted: 6 September 2025
Published: 9 September 2025

Citation: Radulescu, D.-M.; Neacsu,
I.A.; Vasile, B.S.; Surdu, V.-A.; Oprea,
0.-C.; Trusca, R.-D.; Chircov, C.;
Popescu, R.C.;Ilie, C.-I.; Ditu, L.-M.;
etal. Orange Peel-Mediated Green
Synthesis of ZnO and CuO
Nanoparticles: Evaluation for
Antimicrobial Activity and
Biocompatibility in Tissue
Engineering. Int. J. Mol. Sci. 2025, 26,
8781. https://doi.org/10.3390/
ijms26188781

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ / creativecommons.org/
licenses /by /4.0/).

1,2

, Lia-Mara Ditu 8, Veronica Drumea

, Ionela Andreea Neacsu 1"**(, Bogdan Stefan Vasile 23400, Vasile-Adrian Surdu >,

, Roxana-Doina Trusca 2, Cristina Chircov 12 6,7,

9

, Roxana Cristina Popescu

and Ecaterina Andronescu 1/23/*

Department of Science and Engineering of Oxide Materials and Nanomaterials, Faculty of Chemical
Engineering and Biotechnologies, National University of Science and Technology POLITEHNICA Bucharest,
011061 Bucharest, Romania

National Research Center for Micro and Nanomaterials, Faculty of Chemical Engineering and Biotechnologies,
National University of Science and Technology POLITEHNICA Bucharest, 060042 Bucharest, Romania
Romanian Academy of Scientists, 050045 Bucharest, Romania

Research Center for Advanced Materials, Products and Processes, National University of Science and
Technology POLITEHNICA Bucharest, 060042 Bucharest, Romania

Department of Materials Science, Faculty of Materials Science and Engineering, Transilvania University of
Brasov, 29 Eroilor Blvd., 500036 Brasov, Romania

Department of Bioengineering and Biotechnology, Faculty of Medical Engineering, National University of
Science and Technology POLITEHNICA Bucharest, Polizu 1-7, 011061 Bucharest, Romania

Department of Life and Environmental Physics, National Institute for R&D in Physics and Nuclear
Engineering Horia Hulubei, Reactorului 30, 077125 Magurele, Romania

Department of Botany and Microbiology, Faculty of Biology, University of Bucharest,

060101 Bucharest, Romania

9 S.C. BIOTEHNOS S.A., Gorunului 3-5, 075100 Otopeni, Romania

*  Correspondence: ionela.neacsu@upb.ro (I.A.N.); ecaterina.andronescu@upb.ro (E.A.)

Abstract

The production of green nanomaterials has drawn considerable interest lately in the
fields of tissue engineering and biomedicine. Thus, the environmentally friendly syn-
thesis of ZnO and CuO nanoparticles (NPs) utilizing orange peel extract as a natural
capping and reducing agent is the main focus of this study. Our comprehensive ap-
proach allows for a direct and systematic comparison of physicochemical attributes,
biocompatibility, and antimicrobial activity under identical experimental circumstances,
in contrast to other research that looked at individual nanoparticles under different
conditions. The produced nanoparticles were characterized by techniques such as FTIR,
XRD, SEM, TGA, and zeta potential assessment. MG-63 osteoblast-like cells, primary
human dermal fibroblast BJ cells, and murine fibroblast 1.929 cells were used to evaluate
biocompatibility using the MTT assay. The results showed dose-dependent cytotoxicity,
especially above 25 pug/mL. Furthermore, both qualitative (growth inhibition zone diam-
eter) and quantitative (minimum inhibitory concentration, MIC) techniques were used
to assess the antimicrobial efficacy against Candida albicans and Gram-positive and Gram-
negative bacteria. According to the obtained results, ZnO NPs showed broad-spectrum
efficacy, whereas CuO NPs showed excellent antibacterial activity against Gram-positive
bacteria (e.g., S. aureus, MIC = 0.313 pug/uL). The study highlights the potential of green-
synthesized nanoparticles for utilization in biomedical applications, and it stresses the
need for additional mechanistic research, including ROS measurement, to completely
understand how they work.
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1. Introduction

Thanks to technological developments and breakthroughs, nanotechnology has ex-
panded quickly in recent years. The development of metallic and metal oxide nanoparticles
(NPs) in the tissue engineering field has been particularly impacted by this increased
attention, mostly because of their established antimicrobial properties [1,2]. Accordingly,
nanotechnology makes it possible to create particles with specific sizes of less than 100 nm,
which are subsequently used in a variety of industries, such as biomedicine, energy, the
food industry, the environment, etc. [3,4]. Therefore, compared to bulk materials, NPs are
regarded as materials with remarkable characteristics, such as particle distribution, shape,
and an excellent surface-to-volume ratio because of their small size [5-7]. Furthermore,
chemical, physical, or even biological methods can be used to create NPs in a wide variety
of forms. Because of their improved antibacterial and antifungal properties, metal oxide
NPs are being increasingly developed and studied, especially in the field of tissue engineer-
ing [8]. These nanomaterials include titanium oxide, silver, gold, zinc oxide (ZnO), copper
oxide (CuO) nanoparticles, etc. [9-14].

The significant control over scaffold qualities, such as increasing the material’s mechan-
ical strength and enabling regulated release of bioactive compounds, is another significant
advantage of incorporating metal oxide NPs into tissue engineering [15]. Subsequent
research has demonstrated that choosing the appropriate dosage, size, and size distribu-
tion minimizes the toxicity of the generated materials, despite other studies showing that
metal nanoparticles were still detrimental [16]. The primary features of these materials,
due to their nature and ease of functionalization, may result in an enhanced therapeutic
impact [17]. Furthermore, because of their characteristics, which include high stability, an
easy synthesis process, ease of manufacture in the selected morphologies, porosity, and
size, and straightforward integration into hydrophobic and hydrophilic systems, metal
oxide NPs can be used in tissue engineering to offer a variety of advantages [18].

The environmental impact of metal oxide nanoparticle production has continued to
be the key concern in recent years. The most common synthesis routes are chemical and
physical methods [19]. The synthesis processes indicated above frequently use hazardous
chemicals that have the potential to cause environmental toxicity, carcinogenicity, or other
problems. The main cause of these undesirable effects is the use of dangerous chemicals
like stabilizers, reducing agents, and solvents. Additionally, using these hazardous solvents
limits the range of biological or therapeutic applications for the created nanomaterials. As
a result, a cleaner, more dependable, and environmentally friendly strategy is required [20].
Green synthesis pathways have drawn considerable attention in the research community
in an effort to overcome these constraints. Green synthesis is currently the recommended
synthesis pathway because it can use non-toxic (safer) solvents, prevent or minimize waste,
and reduce derivatives and pollution [21]. Among the available natural sources, plants,
fungi, bacteria, and algae are the most commonly used [22-24]. Among all metal oxide NP
synthesis methods, using plant extracts and plant-derived materials is the most researched
green synthesis route.

Although plant extracts have been used extensively for green synthesis, this study
is the first to use a standardized protocol based on orange peel extract to synthesize
two different metal oxide nanoparticles (NPs) (ZnO, CuO) under the same conditions.
Their characteristics and biological performance can be carefully compared thanks to
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this method. According to thermal and spectroscopic investigations, the orange peel
extract acts as a multipurpose agent during synthesis, aiding in precursor transformation
and early-stage particle stabilization (Sections 2.1-2.4). The extract’s function in forming
intermediate phases and final NP crystallinity (Section 2.2) emphasizes its significance
beyond waste valorization, even though calcination eliminates the majority of organic
residues. Although energy-intensive calcination is still a barrier to sustainability, the
method’s ease of use and utilization of inexpensive inputs (such as orange peel and metal
nitrates) imply possible scaling.

Furthermore, our research integrates advanced characterization techniques (e.g., XRD,
SEM, TEM, FTIR, and zeta potential analysis) with comprehensive biological assessments,
including cytocompatibility, ROS generation potential, and antibacterial efficacy using
MIC and MBEC assays. This comprehensive physicochemical and biological evaluation
technique provides clear structure-function associations and useful data for NP design in
wound healing and tissue engineering applications that require controlled dosage and min-
imal cytotoxicity. Our synthesis approach, which uses orange peel extract—a sustainable
and underutilized waste product—not only adheres to green chemistry principles, but also
improves the repeatability and scalability of NP production. This simultaneous focus on
methodological standardization and multifunctional evaluation represents a considerable
step forward from previous research, providing a more environmentally friendly alterna-
tive to nanoparticle synthesis with important biological applications in wound healing and
tissue engineering.

Although plant-mediated green synthesis of metal oxide NPs is well-documented, this
study provides a unique comparative perspective by employing a standardized orange
peel extract-based synthesis protocol for three distinct metal oxides (ZnO and CuO NPs).
This uniform methodology enables a direct and systematic evaluation of their structural,
biological, and antimicrobial properties under identical conditions, addressing a critical
gap in existing literature where comparative analyses are often lacking. Furthermore, our
work integrates advanced characterization techniques (e.g., XRD, SEM, TEM, FTIR, zeta
potential) with comprehensive biological assessments (cytocompatibility, ROS generation,
MIC/MBEC assays), establishing clear structure—function relationships that are essential
for tailoring NPs to specific biomedical applications.

2. Results and Discussion
2.1. Thermogravimetric Analysis Results

According to Figure 1, the ZnO precursor powder sample exhibits a 2.70% mass loss up
to 200 °C, accompanied by a slightly endothermic thermal effect with a minimum of 91.9 °C.
This process can be attributed to the loss of residual water molecules adsorbed on the
particle surfaces. After 200 °C, the sample gradually and continuously lost around 20.21%
of its mass, with an associated endothermic effect having a minimum at 236.8 °C. The FTIR
3D diagram of the evolved gases indicates the presence of peaks characteristic of water
(Vou ~ 3400-3600 cm 1), carbon dioxide (double peak ~ 2316-2355 cm '), and hydrocarbon
fragments (Vcpas 2919 cm 1) [25]. This, coupled with the endothermic effect, indicates that
in the temperature interval 180-320 °C, the decomposition reactions of the organic part
predominate, coupled with some partial oxidation reactions. Beyond 300 °C, the sample
rapidly lost 19.37% of its mass up to 400 °C, with the associated strongly endothermic, and
the sharp effect peaking at 382.4 °C. In this temperature interval, the FTIR 3D diagram
indicates a lower quantity of hydrocarbon fragments, but a significantly higher amount of
CO; and CO, suggesting the decomposition of various organic acids and other organics
with a C=O moiety. Furthermore, after 400 °C, the sample continued to slowly lose 1.03%
of its mass up to 900 °C, mostly in a process of particle densification and elimination of the
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surface -OH moieties. The residual white mass at 900 °C represents 56.69%. This value
is noticeably higher than the value of 27.36% corresponding to pure Zn(NO3),-6H,0 [26],
or the theoretical value of 43.07% corresponding to anhydrous Zn(NOj3),. Additionally,
the zinc nitrate final decomposition takes place between 280 and 300 °C, a temperature
interval in which our sample exhibits no transformation [26]. All these results indicate
that Zn(NO3),-6H,O was transformed in the previous reaction with orange peel extract.
Moreover, it can be concluded that the calcination temperature for the removal of the
organic part from the ZnO sample is 400 °C. The possible phase changes observed in the
DSC and TG curves will be further assessed by performing XRD analysis.
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Figure 1. Thermogravimetric analysis of ZnO (a); FTIR 3D diagram of the evolved gases (b).

For the CuO precursor powder (Figure 2), the sample shows a mass loss of 2.76%
up to 190 °C, accompanied by a slight endothermic thermal effect peaking at 95 °C. This
effect was attributed to the loss of surface-adsorbed water molecules. Beyond 200 °C, the
sample rapidly loses 43.90% of its mass up to 300 °C, associated with a strong and sharp
exothermic effect at 272.8 °C. Just at the start of this mass loss step, there are a few weak
effects, the most important being the one that peaks at 247.6 °C. These effects suggest that
the main reactions are the burning of organic material to generate the pure CuO phase. This
conclusion is sustained by the FTIR 3D diagram of the evolved gases, which indicates CO,
as the main product of degradation, along with water and some traces of carbon monoxide.
Additionally, some minute hydrocarbon fragments elimination can be observed just before
the main spike of COs,.
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Figure 2. Thermogravimetric analysis of CuO (a); FTIR 3D diagram of the evolved gases (b).

After 300 °C, the sample continues to slowly lose 0.71% of its mass up to 900 °C, due
to the elimination of surface -OH moieties. The residual black mass, at 900 °C, represents
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52.62%. Also, in this case, the residual mass is significantly larger than the values for
Cu(NO3),-2.5H70 (34.39%) or Cu(NO3), (42.67%) [27]. As the non-calcined CuO sample
also contains phytochemicals from orange peel extract, the high residual mass value can
be considered an indicator of the successful reaction between Cu(NO3),-2.5H,0 and the
organic extract. Additionally, the first decomposition step for copper nitrate is reported
in literature to peak at 200 °C [27], while our sample is on a constant mass plateau at
that temperature. These results suggest that a successful reaction between copper nitrate
and orange peel extract took place. The experimental values indicate that the calcination
temperature for the CuO sample is 300 °C.

2.2. X-Ray Diffraction (XRD) Analysis Results

The crystalline phase composition of all green synthesized powders has been assessed
by performing XRD analysis, with the results displayed in Figures 3 and 4. For the non-
calcinated ZnO-based powder (Figure 3), the synthesis exhibited two crystalline phases:
Zn3(NO3),(OH)4 (ICDD PDF4+ 04-014-0671) and Zn(NO3),-2Zn(OH);, (ICDD PDF4+ 00-
018-1486). Incremental calcination of the ZnO-based powder at different temperatures
demonstrated that the initial phases progressively decomposed, ultimately forming one
unique crystalline phase of ZnO. By calcination at 250 °C the Zn(NO3);-2Zn(OH); phase
completely decomposed, leaving only Zn3(NO3),(OH)4 and ZnO phases. The decompo-
sition of the mentioned phase and the initial formation of ZnO could be associated with
the endothermic effect exhibited in the TG curve. The ZnO phase, matching the PDF4+
00-065-0725 file, displayed hexagonal symmetry. Elevating the calcination temperature to
380 °C enhanced the crystallinity, evidenced by the narrowing of the peak profiles and
increase in their intensity, and, at the same time, led to the almost complete decomposition
of the initial hydroxy nitrate phases, and thus the intensity of peaks associated with the
intermediate compounds decreased until almost complete vanishing. This phenomenon is
associated with the endothermic effect shown in Figure 1. However, a unique phenomenon
occurs when the calcination temperature is increased to 400 °C, characteristic of ZnO phase
formation. Although the ZnO phase is already formed, the intensity of ZnO diffraction
peaks is slightly reduced. This effect is often attributed to the widely recognized behavior
of larger ZnO crystallites at high temperatures. In this direction, it is known that larger ZnO
crystallites tend to interpenetrate and form an interconnected intercrystalline network. This
network can interfere with the long-range order and alignment of the crystallites, resulting
in a small decrease in diffraction peak intensity despite the high degree of crystallinity.
This phenomenon reflects the formation of a dense, interconnected ZnO matrix, which
is crucial for certain applications where mechanical integrity or porosity is essential. By
further elevating the heat treatment temperature to 400 °C, the ZnO phase was successfully
synthesized, corresponding to the PDF4+ 01-090-0391 file, with hexagonal symmetry. The
characteristic peaks were observed at 26 = 31°, 34°, 36°, 47°, 56°, 63°, and 67°, and asso-
ciated with the Miller indices (100), (002), (101), (102), (110), (103), and (112), respectively.
The average crystallite size measured was 22.81 nm.

Figure 4 illustrates the successful synthesis of CuO crystalline phase using orange peel
as a green synthesis route. The non-calcinated Cu-based powder displayed a single-phase
composition of Cuy(OH)3;NO; (PDF4+ 96-901-2716) with orthorhombic symmetry. This
phase was characterized by distinct peaks at 26 = 12°, 22°, 25°, 32°, 34°, 40°, 53°, 58°, and
62°, corresponding to the Miller indices (002), (111), (112), (201), (121), (213), (216), (321),
and (234), respectively. Following calcination at 300 °C, the CuO powder demonstrated the
successful formation of the CuO phase, as indicated by the PDF4+ 96-901-4581 file. The
obtained crystalline materials exhibited monoclinic symmetry. In this regard, the specific
peaks were highlighted at 260 = 32°, 35°, 38°, 48°, 58°, 61°, and 66°, corresponding to the
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Miller indices (110), (111), (111), (202), (202), (113), and (310), respectively. Additionally, the
average crystallite size of the CuO phase was determined to be 13.84 nm.
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Figure 3. X-ray diffractogram performed on ZnO NPs, where O—Zn3(NOj3),(OH)y,
0 —Zn(NO3),-2Zn(OH),, 0—Zn(OH)2, and A—ZnO (green—untreated ZnO powder, red—calcinated
ZnO NPs at 250 °C, blue—calcinated ZnO NPs at 380 °C, and purple—calcinated ZnO NPs at 400 °C).
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Figure 4. X-ray diffractogram performed on CuO NPs, where O—Cuy(OH)3NOj3 (blue color—
untreated CuO powder and red color—calcinated CuO NPs at 300 °C).

Hence, it could be summarized that the calcination process consistently facilitates the
decomposition of hydroxide and nitrate groups, ultimately producing crystalline phases
(ZnO and CuO). This transformation requires the elimination of volatile constituents (such
as water and NOx) and the subsequent rearrangement of the remaining atoms into a
stable oxide configuration. Understanding these phenomena is essential for customizing
nanoparticle properties to fit specific applications, given that both crystalline structure
and size possess a significant influence on the physical and chemical characteristics of the
materials. Additionally, these results confirm oxide phase purity and initial composition but
do not provide information on stability or dissolution kinetics in protein-containing media.
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2.3. Scanning Electron Microscopy (SEM) Analysis Results

The SEM micrographs presented in Figure 5 provide a detailed examination of the
morphology and structure of the obtained samples. The performed analysis reveals that
ZnO (Figure 5a—) and CuO NPs (Figure 5d—f) possess a granular morphology, with a
relatively uniform size distribution and a strong tendency to agglomerate. This tendency
is primarily attributed to the large surface area of the NPs, which enhances their surface
energy, leading to a natural inclination to cluster together. Also, the small size of the NPs,
ranging from 3 to 20 nm, contributes to this agglomeration tendency. Thus, the high surface
area and small particle size of the NPs result in increased surface energy and van der Waals
forces, causing them to cluster together [28,29].

det nag WO
ETD 30.00 kv 3.5 100 000 x[9.1 mm

det HV  spot mag det| HV  spot
ETD 30.00 kv 35 100 00 L  foodsafe 0 30.00 KV 3.5 [200 000 » A ToDOS arety.up

®

Figure 5. SEM images of green-synthesized ZnO NPs at (a) 50,000 %, (b) 100,000, and (c) 200,000 x
magnification, and of CuO NPs at (d) 50,000 %, (e) 100,000, and (f) 200,000 x magnification.
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2.4. Fourier-Transform Infrared (FTIR) Spectroscopy Analysis Results

Figure 6 displays the FTIR spectrum of the synthesized metal oxide NPs. In this
direction, strong absorption bands in the 400-600 cm~! range are seen in all calcined
samples (blue curves), and they have been assigned to metal-oxygen (M—-O) stretching
vibrations, confirming the production of ZnO and CuO NPs. These associations align with
earlier findings for metal oxides produced using environmentally friendly methods [25].
As mentioned in the supplementary material of the Motelica et al. [30], crystal field effects
and particular lattice vibrations associated with the wurtzite structure may be the source
of the tiny peaks seen for ZnO in the 600-1000 cm ! area. Adsorbed CO, or leftover
carboxylate groups (like citrate or acetate) that were not completely removed during
calcination may be the cause of a faint doublet seen in some spectra at about 1500 cm 1.
These vibrations have been detected in analogous green-synthesized materials and correlate
to both symmetric and asymmetric stretching modes of COO™ groups. Traces of adsorbed
carbon-containing compounds may still be present on the surface after calcination, even
when organic materials are mostly eliminated.

ZnO_400

Cu0_300

Absorbance (%)

ZnO_non-calcinated

Orange extract

Absorbance (%)

CuO_noncalcinated M

Orange extract

4000 3500

3000

2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™) Wavenumber (cm™)

(a) (b)

Figure 6. FTIR spectra of (a) ZnO NPs and (b) CuO NPs, where orange color—orange extract,
red—untreated CuO and ZnO powder, and blue calcinated ZnO at 400 °C and calcinated CuO at
300 °C.

Additionally, we observe that bands in the 1300-1600 cm~! and 3400-3500 cm !
regions in the non-calcined samples might be caused by a mix of the phytochemicals
(flavonoids, terpenoids, and carboxylic acids) found in the orange peel extract, as well as
adsorbed water, surface hydroxyl groups, or potentially undecomposed nitrates. These
bands, however, are not present in the calcined samples, confirming the idea that heat
treatment causes organics and nitrates to completely decompose. The results of XRD,
which verify the lack of nitrate-related crystalline phases in the finished products, and
TGA-FTIR evolved gas analysis, which failed to detect any NOy species, further support
this interpretation. Therefore, these findings clearly show that the orange peel extract
contributes chemically to the precursor transformation process rather than just serving as a
physical medium.

The functional groups from the extract donate electrons that can react with metal ions,
and the negative groups in the orange peel extract provide a stabilizing effect. Hence, it
can be concluded that the interaction between the functional groups of the orange peel
extract and the metal salts included electron donation from the extract to the inorganic
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species, facilitating their transformation into metallic oxide forms. During calcination,
organic molecules decompose, purifying the material and leaving metal-oxide bonds. This
process highlights the effectiveness of natural extracts in nanoparticle synthesis, offering
both reactive groups and stabilizing agents for efficient and eco-friendly production [31].

In Section 2.1, TGA and FTIR of evolved gases provided clear evidence of the transfor-
mation of the metal nitrates in the presence of orange peel extract. Specifically, the thermal
degradation profiles showed major weight losses corresponding to the decomposition of
organic capping agents and the formation of inorganic residues. These residues, signifi-
cantly higher than those expected from pure metal nitrate decomposition alone, indicate
that preliminary interactions—most likely complexation—occurred between metal ions
and organic compounds in the extract. Additionally, it appears that the metal ions had
already reacted with the extract before calcination because the thermal profiles lacked the
abrupt breakdown phases characteristic of unreacted metal salts.

The XRD investigation in Section 2.2, which identified crystalline intermediate phases
such as hydroxy-nitrates (e.g., Zn3(NO3),(OH)4 or Cuy(OH)3NO3), further supports this
finding. These substances most likely originate when metal ions interact with the extract’s
hydroxylated phytochemicals, and they break down when heated to produce metal oxide
nanoparticles. But it is crucial to remember that XRD can only detect crystalline phases.
FTIR and GC-MS data, which identify organic functional groups that contribute to the
synthesis process, indirectly support the presence of any amorphous organic-inorganic
intermediates that may exist before or during the early phases of calcination but are not
detectable by XRD. The TGA-FTIR, XRD, and FTIR spectroscopy results provide a coherent
picture of a multistep process: the formation of organo-metallic intermediates, followed by
their thermally driven transformation into crystalline metal oxides. No evidence supports
a reduction in metal ions to zero-valent metals in our system, in agreement with literature
reports on green synthesis of metal oxide (not metallic) nanoparticles.

2.5. GC-MS Analysis Results

By performing the GC-MS assessment, it was concluded that the effectiveness of green
synthesis utilizing orange peel extract results mostly from the synergistic activity of its
several bioactive ingredients. Our orange peel extract’'s GC-MS analysis verified a profile
high in terpenoids, polymethoxyflavones, and fatty acids, which is in accordance with
the sweet orange peels’ well-established phytochemical makeup [32-35]. The narrow size
distribution and repeatable biological activities of our NPs indicate that, although a single
cultivar would be necessary for complete uniformity, our use of a commercially available
source yields an extract whose reducing and capping capacities are representative and
should produce consistent results across batches.

The bioactive compounds found within the orange peel extract are terpenoids, poly-
methoxyflavones, fatty acids, amino acids, and sugar derivatives. These compounds
interact in order to promote reduction, stabilization, and morphological control in the
development of ZnO and CuO NPs, as summarized in Table 1. The terpenoids serve as
both electron donors and metal ion complexing agents, resulting in regulated reduction
and chelation. Related to the polymethoxyflavones, these compounds have a high redox
potential and show dual-function behavior in reduction and chelation, whereas fatty acids
operate as natural surfactants, facilitating particle capping, dispersion stability, and mor-
phological modification. In addition, amino acids and sugar derivatives, particularly those
transformed during extraction, help adjust particle shape and size.
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Table 1. The bioactive compounds found in orange peel extract.

Class Compounds Functional Role Effect on NP
Linalool . . facilitates metal ion reduction,
. electron donation (reduction), .
. a-Terpineol . L. j controls nucleation, prevents
Terpenoids chelation, antioxidant protection, . L
Carvone e L. oxidation, and minimizes
and surface stabilization .
Nootkatone agglomeration
Tangeretin .. . initiates oxide formation,
S redox activity, chelation, and .
Polymethoxyflavones Nobiletin L promotes size and shape
morphology optimization . .
Heptamethoxyflavone uniformity
Palmiti . . . . .
a m1t.1 < capping and micelle formation, enhances dispersion, controls
. Linoleic Acid . . . .
Fatty Acids Oleic Acid provide colloidal stability, and particle growth and
Stearic Acid adjust surface energy morphology

Amino Acids and Sugars

morphology optimization during  influences shape and size

Derivatized form: f .
erivatized forms the synthesis process distribution

The extraction and synthesis conditions optimize the coordinated biochemical activity.
These procedures maintain and activate the biofunctional components, resulting in efficient
and uniform nanoparticle production. This method explains the reproducibility and
stability of the generated NPs.

Of particular interest is the orange peel extract’s chemical complexity, which suggests
the existence of a multi-step, coordinated mechanism of NP production. Our GC-MS
analysis showed a rich mixture of polymethoxyflavones (such as tangeretin and nobiletin),
terpenoids, fatty acids, and derivatized sugars, each of which contributes independently
to the reduction and stabilization process, in contrast to traditional green syntheses that
depend on a single class of compounds (such as phenolics or flavonoids). Fatty acids help
with particle capping and colloidal stabilization [36], amino acid derivatives modify mor-
phology, and terpenoids and flavones decrease metal ions and encourage nucleation [37].
Therefore, it can only be summed up that these substances most likely work in tandem.

2.6. Zeta Potential Analysis Results

The zeta potential of the green-synthesized NPs was further assessed, as illustrated
in Figure 7. Zeta potential is a key parameter that governs the interaction between NPs
and bacterial cell surfaces. Its value plays a decisive role in determining the potential
of the developed NPs to serve as drug delivery carriers. Typically, negatively charged
carriers are preferred to enhance bacterial membrane permeability and promote antimi-
crobial activity [38]. Conversely, a higher positive surface charge on NPs can improve
interactions with fungal cells through electrostatic attraction, facilitating the release of
metallic ions and consequently inhibiting microbial growth [39]. As shown in Figure 7, all
synthesized NPs exhibit positive zeta potential values, indicating a positively charged sur-
face: 13.57 £ 0.57 mV for ZnO calcinated at 400 °C and 18.64 & 2.58 mV for CuO calcinated
at 300 °C. The moderate zeta potential values (ZnO: +13.57 mV; CuO: +18.64 mV) suggest
limited colloidal stability, consistent with metal oxide NPs synthesized without additional
stabilizers. While residual organic moieties (FTIR, Section 2.4) may contribute to surface
charge, the extract’s primary role lies in precursor transformation rather than long-term
stabilization. Although all NPs show positive surface charges, it is important to note that
the magnitude of these values falls within the moderate range. Generally, zeta potential
values between —30 mV and +30 mV are associated with moderate colloidal stability,
while values exceeding these thresholds indicate high stability. The relatively low values
observed (11.74-18.64 mV) may be insufficient to ensure strong electrostatic repulsion, po-
tentially allowing for nanoparticle aggregation in suspension [40]. Interestingly, the trend
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observed in the zeta potential values (i.e., CuO > ZnO) is inverse to the electronegativity
differences between each metal and oxygen: Zn-O (1.79) > Cu-O (1.54). As the covalent
nature increases, the electron cloud of the oxygen anion becomes more distorted under the
influence of the cationic electric field, which may lead to greater surface polarization and,
consequently, a higher measured zeta potential. These findings underscore the intricate
interplay between chemical bonding, nanoparticle surface properties, and the resulting
electrokinetic behavior. They also emphasize the importance of using complementary
structural and surface characterization methods to accurately understand nanoparticle
performance and stability in biological environments. Additionally, it was concluded that
the orange peel extract, while contributing to NP formation during synthesis, does not
significantly improve long-term colloidal stability of the final calcined products, as the
values remain in the moderate range.

20

Zeta Potential (mV)
) o

(3]

ZnO CuO

Figure 7. Zeta potential values for the pristine ZnO and CuO NPs measured in PBS 1x (expressed as
mean =+ SD, n = 3).

2.7. Transmission Electron Microscopy (TEM) Analysis Results

Figure 8 shows TEM images of green manufactured metal oxide NPs. The CuO and
ZnO samples have similar granular morphologies, as seen in SEM micrographs, with
particle sizes ranging from 10 to 13 nm for CuO and around 20 nm for ZnO. Because of
their large specific surface area and nanoscale size, these NPs tend to agglomerate due
to insufficient electrostatic stabilization (as indicated by their low zeta potential values),
rather than solely their small dimensions. The TEM observations are consistent with the
SEM micrographs given earlier in the study, indicating that CuO and ZnO particles have an
inherent tendency to cluster together due to their high surface energy, a feature of nanoscale
materials with large specific surface areas. This correlation between TEM and SEM provides
a strong basis for conclusions regarding particle size and morphology. HRTEM images
reveal that all NPs are crystalline, with ZnO and CuO exhibiting well-defined lattice fringes.
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Figure 8. Transmission electron microscopy (TEM) images and high-resolution transmission electron
microscopy (HR-TEM) images for ZnO and CuO samples.

Figures 9 and 10 describe the size distribution profiles of all green-synthesized NPs.
Related to ZnO NPs, they have demonstrated the largest mean size of 17.47 + 3.76 nm.
However, their distribution is remarkably uniform, with particle sizes ranging from ap-
proximately 10 to 27.5 nm. For instance, the majority of ZnO NPs can be seen at sizes
between 15 and 18 nm. This constant size distribution demonstrates the effectiveness of
the green synthesis process using orange peel extract in creating NPs with well-defined
dimensions. Such consistency is especially useful for improving the stability, dispersibility,
and interaction of NPs with biological systems, all of which are critical in biomedical
applications. Moreover, the reduced particle sizes and uniform distribution contribute to an
increased specific surface area, which is critical for improving surface reactivity, enhancing
bioavailability, and boosting the overall biological performance of the NPs.

Furthermore, CuO NPs (Figure 10) have a slightly lower mean size of 12.682 4= 1.24 nm,
with a narrow distribution between 10 and 16 nm. This uniform size range reflects effective
control over particle growth during the synthesis process, which is advantageous for
achieving stability and reproducibility. The comparison between particle sizes measured
by SEM, TEM (Figures 5 and 8), and crystallite sizes calculated from XRD (Figures 3 and 4)
reveals key insights into the crystallinity of CuO and ZnO NPs. For CuO NPs, the SEM
sizes range from 10 to 20 nm, with an average of 12.65 £ 1.53 nm, which closely aligns with
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the crystallite size of 13.84 nm obtained from XRD. This close match suggests that CuO NPs
are likely monocrystalline, meaning each particle consists of a single crystallite. For ZnO
NPs, the SEM size range is 3-20 nm, with an average particle size of 17.47 £ 3.76 nm, while
the crystallite size determined from XRD is slightly larger, at 22.81 nm. The differences are
most probably due to the method reporting different sizes of the samples. The crystallite
size is an average calculated for the whole sample, while particle size is determined as an
average for a limited number of structures from SEM. The closer values for particles and
crystallite size suggest that each nanoparticle observed in SEM consists of single crystallites,
confirming ZnO NPs are likely monocrystalline or contain few crystallites per particle.
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Figure 9. Histogram of ZnO NP sizes with descriptive statistics and fitted distribution parameters.
The sample (17 = 100) shows a mean size of 12.586 nm, low variability (CV = 10.0%), and strong
normality (R? = 0.942), indicating uniform synthesis.
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Figure 10. Histogram of CuO NP sizes with descriptive statistics and fitted distribution parameters.
The sample (n = 100) shows a mean size of 12.682 nm, low variability (CV = 12.1%), and strong
normality (R? = 0.8308), indicating uniform synthesis.

2.8. Cell Viability Assessment Results

To investigate the cytotoxic effects across multiple cell lines, an MTT assay was per-
formed, and presented in Figures 11 and 12. The investigation of CuO NPs (Figure 11)
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revealed significant cytotoxic effects across multiple cell lines. In 1929 murine fibroblast
cells (Figure 11a), exposure to CuO NPs at concentrations exceeding 25 ng/mL resulted in
substantial cytotoxicity. At the same time, at the lower concentration of 6.25 pug/mL, cellu-
lar viability was reduced by 40% compared to the negative control, indicating moderate
cytotoxic effects even at reduced concentrations. The cytotoxicity of CuO NPs on MG-63
osteoblast-like cells (Figure 11b) was clearly dose-dependent. Furthermore, morphological
analyses indicated considerable alterations in cellular structure and widespread cell death,
implying that CuO NPs may cause both metabolic disturbance and structural damage to
cells. This comprehensive cytotoxic effect indicates that CuO NPs may act through multiple

cellular damage pathways.

a) L929 fibroblast cells b) MG-63 osteoblast-like cells
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Figure 11. Cytotoxicity assessment of green-synthesized CuO NPs after 4 days of incubation for
(a,c) murine fibroblast L929 cells, and (b,d) MG-63 osteoblast-like cells. The negative control consisted
of cells incubated only with complete culture medium. Data are expressed as mean + SD, where
n = 3. Statistical analysis was performed using Student’s t-test (** p < 0.01, *** p < 0.001).
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Figure 12. Cytotoxicity assessment of green-synthesized ZnO NPs after 4 days of incubation for
(a,c) murine fibroblast L929 cells, and (b,d) MG-63 osteoblast-like cells. The negative control consisted
of cells incubated only with complete culture medium. Data are expressed as mean + SD, where
n = 3. Statistical analysis was performed using Student’s f-test (** p < 0.01, *** p < 0.001).



Int. J. Mol. Sci. 2025, 26, 8781

15 of 36

Regarding ZnO NPs (Figure 12), the cytotoxicity assessment was conducted to evaluate
cellular metabolic activity. Studies on L929 murine fibroblast cells revealed that ZnO
NPs exhibited considerable dose-dependent cytotoxicity at concentrations higher than
25 ug/mL, indicating severe cellular stress and metabolic dysfunction (Figure 12a). Ata
lower dose of 6.25 pg/mL, a small cytotoxic reaction was found, with a 40% reduction
in cellular viability compared to the negative control, indicating a threshold impact in
the cytotoxic response. The cytotoxic profile of MG-63 osteoblast-like cells (Figure 12b)
revealed a unique pattern: higher concentrations (50-200 pug/mL) resulted in considerable
cytotoxicity, whereas lower concentrations (6.25-25 pg/mL) maintained cellular viability
within biocompatible ranges. This differential reaction shows that ZnO NPs are sensitive to
specific cell types. This result shows that specific cell types have different sensitivity to the
ZnO NPs [41].

This comprehensive analysis suggests that among the tested metallic oxide NPs,
both ZnO and CuO exhibit varying degrees of cytotoxicity depending on concentration
and cell type. These findings have significant implications for the potential biomedical
applications of these NPs, particularly in contexts where cellular interaction is crucial. While
contact-mediated effects, ROS generation, and possible ion release may all contribute to the
observed outcomes, the present study did not directly measure dissolution or ionic leaching.
These mechanisms should therefore be regarded as hypotheses requiring further validation.

2.9. Qualitative Evaluation of Antimicrobial Activity Assessment

Firstly, the antimicrobial properties of metal oxide NPs were qualitatively evaluated
by measuring the growth inhibition zone diameters (GIZDs) that appeared near the spot
and expressing them as mean values £ SD (Figure 13).
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Figure 13. GIZD values of metal oxide NPs. Values are expressed as mean =+ standard deviation (SD)
in millimetres (mm). Each measurement was performed in triplicate (n = 3).

The antimicrobial profiles of each NP studied are displayed in Figure 13. The highest
GIZDs were observed in the case of Gram-positive bacteria, followed by Gram-negative
bacteria and C. albicans. Furthermore, both ZnO and CuO NPs generated the greatest
sensitivity of all strains tested in this study. In this direction, ZnO and CuO NPs are
very effective at producing reactive oxygen species (ROS) such as hydroxyl radicals and
superoxide anions, which cause oxidative stress in microbial cells [42]. In the case of ZnO
NPs, B. cereus was found to be the most susceptible strain, while P. aeruginosa is the most
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resistant, similar to the results reported in [43]. This oxidative damage harms critical
cellular components such as lipids, proteins, and DNA, affecting membrane integrity and
resulting in cell death.

2.10. Quantitative Evaluation of Antimicrobial Activity Assessment

Secondly, the antimicrobial assessments were continued with quantitative evaluation
by determining the minimum inhibitory concentration (MIC) values (Figure 14). Data
results marked in dark green suggest the significantly lowest MIC values and highest
sensitivity of strains.

B. cereus

S. aureus

E. coli

P. aeruginosa

C. albicans

ZnO NPs CuO NPs

Figure 14. Heat map of MIC values. The scale bar shows the variations in the sensitivity of tested
strains from the highest (green) to the lowest (light green).

Understanding the efficiency of these NPs starts from understanding that lower MIC
values imply more antimicrobial potency because they represent the smallest amount of
material required to suppress bacterial growth. Notably, the MIC assessment supported the
previously obtained qualitative results by quantitatively demonstrating the antimicrobial
properties of the NPs, as shown in Figure 14. S. aureus showed high sensitivity to CuO
NPs, inhibiting growth at a concentration in the range of 0.313 pg/uL. Previous research
has shown that smaller NPs can effectively penetrate bacterial cell membranes, resulting
in strong inhibitory effects against B. cereus and E. coli (MIC values ranging from 0.310 to
2.500 ug/uL) [44]. Otherwise, CuO NPs determined the highest sensitivity on S. aureus
(0.313 pg/puL), followed by B. cereus (0.625 ng/uL) and E. coli (1.250 pug/uL). Additionally,
their impact becomes notably reduced against P. aeruginosa and C. albicans, requiring a
higher concentration of 5.000 pg/pL to achieve inhibition.

On the other hand, ZnO NPs have a distinct pattern of efficacy. They exhibit substantial
antibacterial activity against B. cereus, S. aureus, and E. coli, with MIC values of 0.625 ug/uL.
However, their efficiency is reduced dramatically against P. aeruginosa, necessitating a
greater dosage of 10.000 ug/pL. They show moderate activity against C. albicans, with an
MIC of 5.000 pg/uL. This research reveals several larger tendencies. Firstly, P. aeruginosa
and C. albicans consistently demonstrate moderate sensitivity to all NP types, requiring
larger concentrations for effective inhibition. In contrast, Gram-positive bacteria, specifically
B. cereus and S. aureus, generally exhibit higher sensitivity to these metal oxide NPs. This
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differential effectiveness across various strains highlights how the size, morphology, and
specific properties of NPs influence their antimicrobial activity, with smaller particles
generally showing enhanced ability to penetrate cell membranes and exert their effects, as
consistently demonstrated throughout the literature [44].

2.11. Semiquantitative Assessment of Microbial Adherence to the Inert Substratum Results

The minimal biofilm eradication concentration (MBEC) assessment gives critical infor-
mation about how well these NPs can inhibit the adherence of biofilms. The antimicrobial
effects of the obtained NPs were evaluated by assessing their effect on pathogenic strain
adhesion to an inert substrate. The MBEC values are illustrated in Figure 15 and confirm
the qualitative and quantitative results (Figures 13 and 14).
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Figure 15. Heat map of MBEC values. Data results marked in red suggest the significantly lowest
MBEC values. The scale bar shows the variations in the sensitivity of tested strains from the highest
(red) to the lowest (pink).

Several notable trends could be observed when looking at the specific patterns in
the MBEC values. In this direction, for B. cereus, ZnO and CuO NPs demonstrate better
effectiveness with lower MBEC values of 0.625 pug/mL. This indicates that ZnO and CuO
NPs are especially effective at penetrating and destroying B. cereus biofilms. S. aureus
exhibits varying sensitivities, with ZnO NPs accomplishing the most effective biofilm
eradication at 0.313 pg/mL, while CuO NPs require a higher concentration of 0.625 pug/mL.
This pattern is consistent with the general tendency of some NPs to have increased efficacy
against Gram-positive bacteria. E. coli, a Gram-negative bacterium, showed considerable
resistance to biofilm removal and required larger doses of all NP types (1.250 pug/mL for
ZnO and CuO NPs). In addition, P. aeruginosa exhibited the highest resistance to ZnO and
CuO (MBEC = 10.000 pg/mL). Related to the fungal species C. albicans, this strain has
displayed variable sensitivity, with ZnO and CuO requiring concentrations of 5.000 ug/pL.

3. Discussion

Even though there is ample evidence of the environmentally friendly production of
metal oxide nanoparticles (NPs) by plant extracts, our study is focused on the consistent
application of orange peel extract to the synthesis of ZnO and CuO NPs under the same
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conditions. The orange peel extract’s phytochemicals may have a variety of roles, such as
reducing, chelating, stabilizing, and morphology-directing agents during NP formation,
according to extensive physicochemical characterization (TGA/DSC, XRD, FTIR, GC-
MS, SEM/TEM, and zeta potential). In particular, thermal investigation shows how these
bioactive chemicals alter precursor salts, suggesting a chemical interaction that goes beyond
simple nitrate decomposition. Most organic residues are eliminated by the calcination
process that follows, producing extremely crystalline oxide phases.

As previously mentioned, our study enables a direct comparison of ZnO and CuO
NPs under the same experimental circumstances, in contrast to earlier research that con-
centrates on individual nanoparticles. This comparative perspective offers a path for
improving the design of NPs for specific biomedical applications by bringing insights
into how minor changes in crystallinity, size, and surface charge affect biocompatibility
and antibacterial efficacy. Our approach allows for direct, side-by-side comparison of
physicochemical properties and biological performances, in contrast to previous works
that concentrated on individual nanoparticles synthesized under various conditions. This
reveals crucial structure—function relationships necessary for tissue engineering and antimi-
crobial applications. This methodological consistency addresses a critical gap identified
by Thi et al. [31], Ali et al. [45], and many other studies, which emphasized the need for
standardized protocols in green nanoparticle synthesis.

In addition, the TGA assessment revealed that the initial weight loss detected below
200 °C from all samples is attributed mostly to the elimination of adsorbed moisture on
the particle surfaces, where residual moisture and organic components from the plant
extract are common [46]. The second significant weight loss, between 200 and 400 °C,
corresponds to the breakdown of the capping phytochemicals that are to be found in
the uncured samples. The endothermic and exothermic peaks in this range correspond
to decomposition and oxidation, respectively, of the organic residues. Additionally, the
residual mass of all samples is significantly higher than the theoretical value of the metallic
nitrates. As all samples also contain phytochemicals, we can conclude that indeed the
metal nitrates were transformed in the reaction with the orange peel extract. Moreover, the
presence of such separate thermal processes is a sign of successful green synthesis, as these
changes confirm the stepwise oxidation of metal precursors and their complete conversion
to oxide forms at higher temperatures [47]. This phase evolution is critical for producing
stable, crystalline NPs appropriate for biological applications.

Moreover, XRD investigation confirmed the obtained NPs. We found that calcination
also produced phase-pure crystalline CuO, ZnO, and MgO with reduced agglomeration,
which is in line with our previous work on green-synthesized nanoparticles [48]. While
Doan Thi et al. [31] achieved ZnO NPs with sizes of 25-35 nm using orange peel ex-
tract, our optimized protocol produced smaller, more narrowly distributed ZnO NPs
(17.47 &+ 3.76 nm). Similarly, the CuO NPs (12.65 £ 1.24 nm) are significantly smaller than
those reported by Murugan et al. [13] using various plant extracts (20-50 nm). This size
reduction is attributed to our systematic optimization of extraction conditions and metal
salt concentrations. For green-synthesized metal oxides, the crystallographic investiga-
tion reveals significant structure—property connections that have not been documented
before. As reported in the literature, our ZnO NPs show the expected hexagonal wurtzite
structure (space group P63mc), but they have significantly higher crystallinity, as shown
by their distinct, sharp peaks. The crystallite diameters (22.81 nm for ZnO and 13.84 nm
for CuO) exhibit an inverse relationship with changes in electronegativity, which has not
been previously proven for metal oxides that are green-synthesized. During synthesis,
the development of intermediary phases is especially noteworthy. Direct proof of the
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stepwise conversion mechanism is provided by the discovery of the Zn3(NOs3),(OH)4 and
Cuy(OH)3NO3 phases.

Crucial details regarding the size and surface morphology of the NPs were also
revealed by the SEM analysis. Consequently, it was determined that ZnO and CuO NPs
possess a granular morphology. For every metal oxide, the morphological examination
shows clear variations in the mechanisms underlying particle production. Contrary to
numerous observations in the literature, ZnO and CuO NPs have consistent granular
shapes and narrow size distributions. For comparison, Agarwal et al. [49] reported ZnO
NPs with broader size distributions than those using other raw materials such as neem
extract [11]. In this direction, we emphasize that our standardized synthesis protocol yields
reasonably uniform size distributions consistent across batches, enabling reproducible
nanoparticle properties under identical experimental conditions [50]. All samples showed
an agglomeration tendency, which is typical of high-surface-energy nanoparticles but less
evident compared to that seen in chemical production techniques. Significant aggregation
was noted by Keabadile et al. [51] in chemically produced CuO NPs, necessitating the use
of extra stabilizers. The remaining organic molecules in our green-synthesized particles
naturally stabilize them, lowering agglomeration without sacrificing crystallinity.

FTIR spectroscopy revealed organic functional groups such as C=0O, C=C, and O-
H groups on NP surfaces before calcination, suggesting the presence of phenolic and
flavonoid compounds that served as stabilizing and reducing agents during synthesis.
Post-calcination peaks for Zn-O and Cu-O bonds evidenced the creation of pure metal
oxides. Indirect but convincing evidence for a potentially unique nanoparticle generation
mechanism in our system is provided by the FTIR and GC-MS results. In particular, the
various and complementary chemical components of orange peel extract, such as fatty
acids, terpenoids, polymethoxyflavones, and derivatized sugars, seem to work together.
Our synthesis mechanism most likely consists of several cooperative processes. First,
flavonoids and terpenoids reduce metal ions by acting as electron donors. Their chelating
qualities also aid in stabilizing the recently created metal nuclei. Fatty acids cap the
surfaces of the nanoparticles to stop them from aggregating, whereas sugars and amino
acids seem to control particle shape during crystal formation. Compared to traditional
green synthesis techniques, which usually rely on single reduction mechanisms, this multi-
pathway approach represents a significant advancement. With its many functional groups,
orange peel extract’s complex phytochemical makeup produces a special environment that
boosts stability, crystallinity, and achieves appropriate size uniformity. Although additional
mechanistic research (such as in situ spectroscopy) would offer conclusive evidence, our
findings unequivocally show that this multi-component, ecologically safe approach has
clear benefits for the creation of nanoparticles. This finding creates new opportunities for
creating more eco-friendly and effective synthesis processes that draw inspiration from the
intricacy of nature.

The positive zeta potential values found in all NPs indicate a positively charged surface,
which enhances electrostatic contact with negatively charged bacterial cell membranes,
thereby boosting antibiotic activity [52]. The zeta potential degree implies moderate
colloidal stability, emphasizing that the NPs may require stabilizers for extended storage or
use in certain conditions, as aggregation could diminish their effectiveness in biological
applications. Furthermore, TEM examination revealed the crystalline nature of the NPs,
showing that the ZnO and CuO NPs samples consist of well-defined crystal structures.
The granular morphology of ZnO and CuO, along with the one seen in TEM pictures,
are consistent with SEM results. High-resolution TEM scans revealed that these NPs
are crystalline with well-defined crystal structures, which were produced during green
synthesis when the orange peel extract induced reduction and stabilization. The close
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agreement between particle sizes measured by TEM/SEM and crystallite sizes calculated
from XRD confirms that these NPs are predominantly monocrystalline, meaning each
particle consists of a single crystal domain rather than multiple crystallites. These properties
are essential for use in biological environments since it is well-known that stability can
affect cell uptake and functionality. The consistent particle shapes and sizes suggest that
the green synthesis method provides a reliable and repeatable way to obtain NPs with a
high degree of structural uniformity, necessary for medical applications where particle
shape and size can influence cell interaction.

In the field of nanoparticle-based therapeutic approaches, our investigation related to
the green-synthesized ZnO and CuO NPs revealed distinct patterns of cellular interaction
and biocompatibility. While each nanoparticle type demonstrates unique characteristics,
their potential applications in tissue engineering and wound healing vary significantly
based on their cellular response profiles. As reported by Sanaeimehr et al. [53], ZnO NPs
exhibit a concentration-dependent cytotoxicity pattern. Hence, for concentrations higher
than 25 mg/mL, a significant cellular stress is triggered in both L929 murine fibroblasts
and primary human dermal fibroblast BJ cells. However, when examining their interaction
with MG-63 osteoblast-like cells, a more positive response occurs (regarding cell viability),
with lower concentrations (6.25-25 mg/mL) maintaining acceptable biocompatibility. This
differential response pattern suggests potential applications in bone tissue engineering,
conditioned by the careful consideration of concentration control. Nevertheless, their
pronounced cytotoxicity towards fibroblasts imposes certain limitations on wound healing
applications. At the same time, their inherent antimicrobial properties might still be advan-
tageous when incorporated into specialized delivery systems. The smallest concentration
could be applied for wound healing applications and has been shown in many other studies,
as the one reported by Saranya et al. [54].

Continuing with CuO NPs, the study has shown a more severe cytotoxic profile across
all evaluated cell lines, which aligns with current literature on metal oxide NPs behavior.
The cytotoxicity evaluation of CuO nanoparticles revealed significant dose-dependent
toxic effects across multiple cell lines, which aligns with current literature on metal ox-
ide nanoparticle behavior. The dose-dependent cytotoxicity observed in L929 murine
fibroblasts, B] human dermal fibroblasts, and MG-63 osteoblast-like cells is consistent with
previous studies. Ahamed et al. [55] reported similar dose-dependent cytotoxicity in hu-
man lung epithelial cells, with cell viability decreasing from 83% to 28% when exposed to
2-50 ug/mL concentrations. Our findings showing 40% viability reduction at 6.25 mg/mL
and substantial cytotoxicity above 25 mg/mL follow similar patterns, though at notably
higher concentrations than typically reported [56]. The severe cytotoxic effects across all
three cell lines corroborate findings from multiple research groups.

Possible correlation with nanoparticle uptake efficiency is suggested by the observed
dose-dependent cytotoxicity profiles, especially the increased sensitivity of fibroblast cells
(L929, BJ) in comparison to osteoblast-like cells (MG-63). It is commonly known that
positively charged nanoparticles, like the ZnO and CuO NPs synthesized here (¢ = +13.57
and +18.64 mV, respectively), strongly attract the negatively charged phospholipid mem-
branes of mammalian cells electrostatically, promoting adhesion and internalization mainly
through endocytic pathways [57,58]. One of the main mechanisms causing the metabolic
disruption and cell death measured by our MTT assays is the subsequent intracellular
release of metal ions (Zn?*, Cu?*) and/or the production of reactive oxygen species (ROS)
within endo-lysosomal compartments [52,59]. Therefore, variations in absorption rates,
membrane composition, and intrinsic antioxidant potential may be the cause of the het-
erogeneity in cytotoxic response among cell lines. This is strongly supported by studies
on similarly synthesized ZnO NPs. Jo et al. [60], for example, showed that the cytotoxicity
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of ZnO NPs in human lung cells was directly proportional to their cellular absorption,
which was impacted by the dispersant utilized. They demonstrated quantitatively that
increased cell mortality and membrane damage (LDH release) were associated with higher
intracellular zinc levels (as determined by ICP-AES). They also verified that the absorption
was an energetically dependent and active process.

A more recent study performed by Mittag et al. [61] further supports this, demon-
strating that ZnO NPs (less than 50 nm and less than 100 nm) are internalized by human
intestinal cells (LT97 and Caco-2), resulting in dose-dependent cytotoxicity, apoptosis, and
genotoxicity. Following NP exposure, their ICP-MS data verified elevated intracellular
zinc levels, and TEM imaging showed NP accumulation in endosomes and morphological
indicators of cellular stress. Furthermore, the increasingly affected LT97 cells demonstrated
increased susceptibility to ZnO NP-induced disruption of the cell cycle and development of
micronuclei, underscoring the significance of uptake and response mechanisms particular
to cell types. The toxicological profile of metal oxide nanoparticles is largely determined by
the effectiveness of NP absorption and the ion release that follows. These results support
this theory. In addition, the latest work of Velumani et al. [62] on biologically produced
CuO NPs in root cells of Allium cepa showed cytotoxic and genotoxic effects associated
with absorption and intracellular contact with cellular structures and chromosomes. This
study supports the idea that cellular internalization of CuO NPs is correlated with cellular
injury and death mechanisms, even though it was carried out in plant and non-mammalian
cells. The significance of NP absorption and intracellular destiny in determining cytotoxic
consequences is further supported by such multi-model studies. Although we did not
measure cellular internalization directly in this study, our dose-dependent cytotoxicity
profiles and positive (-potential are consistent with uptake-mediated effects; previous work
that measured intracellular metal and visualized NP internalization along with cytotoxicity
supports this interpretation.

Karlsson et al. [56] demonstrated that CuO NPs exhibit higher toxicity compared to
other metal oxide nanoparticles, while Wang et al. [63] showed similar cellular uptake
and genotoxicity in human epithelial cells. The broad-spectrum cytotoxicity affecting both
murine and human cell lines suggests universal toxic effects across species. The morpho-
logical alterations and widespread cell death observed in MG-63 cells support previous
findings of metal oxide nanoparticle-induced structural changes. AshaRani et al. [64] docu-
mented similar morphological changes, including cell rounding, nuclear condensation, and
apoptotic body formation. These changes indicate cellular stress and activation of multiple
cell death pathways, consistent with our comprehensive cytotoxic profile. While CuO
NPs demonstrate potent biological activity, their severe cytotoxic profile across multiple
cell lines, particularly fibroblasts essential for wound healing, significantly limits thera-
peutic potential. Future research should focus on strategies to mitigate cytotoxicity while
preserving antimicrobial properties, including lower concentration studies, particle size
optimization, and surface modification approaches. Thus, we could sum up that both ZnO
and CuO NPs might be better used in specific applications where their stronger biological
effects can be controlled. To summarize, these results indicate not only the different degrees
of biocompatibility among metallic oxide NPs, but also the necessity of cell-type-specific
responses in defining their prospective applications. As a result, future research approaches
may focus on designing complex delivery systems for ZnO and CuO NPs to exploit their
positive features while minimizing cytotoxicity [65].

The antimicrobial activity of ZnO and CuO NPs is associated with their specific
physicochemical features, such as nanoscale size, surface charge, and crystalline structures,
which have a substantial impact on their interactions with microbial cells. According to
numerous reports in the literature for comparable metal oxide nanoparticles, ZnO and
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CuO NPs antibacterial activity may be partially attributed to the production of reactive
oxygen species (ROS) [66—69]. The reported antibacterial and dose-dependent cytotoxicity
effects are compatible with ROS-mediated processes, despite not being directly assessed
here. Membrane disruption through electrostatic interactions and metal ion release are
other contributing causes. These include hydroxyl radicals (*OH), superoxide anions
(Oy7), and hydrogen peroxide (H,O,), which are produced when the NPs interact with
biological media or are exposed to light. As mentioned by Dwivedi et al. [42], ROS inflicts
oxidative stress on microbial cells, leading to damage in critical components such as lipids,
proteins, and DNA. This oxidative damage impairs the structural integrity of microbial
cell membranes, resulting in cell death. As a result, the ability of ZnO and CuO NPs to
generate ROS is essential to their antimicrobial activity, especially against Gram-positive
and Gram-negative bacteria, as well as fungi such as C. albicans. Another mechanism of
antimicrobial action is the disintegration of microbial membranes. The positively charged
surfaces of ZnO and CuO NPs interact electrostatically with negatively charged microbial
membranes, resulting in enhanced permeability and leakage of vital cellular components.
As mentioned by Gudkov et al. [70], this membrane disruption is more prominent in ZnO
and CuO NPs due to their smaller size and stronger surface charge. Additionally, Jiang
et al. [71] explain the release of metal ions, which include Zn%* and Cu?*, that is able to
enhance antibacterial action by attaching to thiol groups in proteins and affecting enzymatic
activities. The small size and quasi-spherical forms of the NPs allow them to penetrate
bacterial biofilms and cell membranes.

Differences in the crystalline structures and surface chemistry of NPs can explain
the observed varied antimicrobial effects across microbial strains. The ZnO hexagonal
wurtzite structure and CuO monoclinic shape both increase ROS formation and metal ion
release. Microbial strains are susceptible to these NPs in varying degrees, with Gram-positive
bacteria being more sensitive than Gram-negative bacteria and fungi. This variation is due
to differences in their cell wall structures. Recent studies, such as the one performed by
Hetta et al. [72], mentioned that Gram-positive bacteria possess a thick peptidoglycan layer
but lack the additional outer membrane found in Gram-negative bacteria. They become
more vulnerable to NP penetration and subsequent ROS-induced damage. As a result, ZnO
and CuO NPs easily bypass these obstacles due to their small dimensions, high positive
zeta potential, and ability to create ROS. Additionally, Lima et al. [73] indicated that C.
albicans’ susceptibility to ZnO and CuO NPs might have been related to the fungal cell wall
composition, which contains chitin and 3-glucans that are more vulnerable to oxidative
stress and membrane disruption.

The addition of orange peel extract in the green synthesis of these NPs significantly im-
proves their antimicrobial activity. The inclusion of functional groups from the orange peel,
such as phenolic and flavonoid compounds, stabilizes the NPs while also increasing their
biological activity. Before calcination, these organic groups provide additional bioactive
characteristics that contribute to antimicrobial activity. After calcination, the elimination
of organic residues yields pure metal oxides, which improves the antimicrobial activity of
ZnO and CuO NPs. The MBEC evaluation revealed significant differential effectiveness
of these NPs, which might be attributable to numerous interrelated pathways. The green-
synthesized ZnO and CuO NPs are significant inhibitors of biofilm formation, as evidenced
by the measured MBEC values, which exhibit a good association with MIC results. The
small, positively charged nanoparticles most likely cause the disruption of extracellular
polymeric substances (EPSs) and direct harm to embedded microbiological cells by pene-
trating the biofilm matrix. This suggested process aligns with a wealth of research on metal
oxide nanoparticles, where visible confirmation of EPS breakdown, loss of biofilm struc-
tural integrity, and bacterial cell lysis has been obtained using methods including CLSM
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and SEM [74-78]. For example, the study performed by El-Sawaf et al. [77] shows that
green-synthesized CuO and ZnO NPs exhibit strong antimicrobial and antibiofilm activities
against multidrug-resistant pathogens, including Escherichia coli and Staphylococcus aureus.
Characterization by microscopy (SEM, TEM) confirms a small particle size (~7 nm) with
the positive surface charge (zeta potential +21.5 mV), supporting the effective interaction
with the negatively charged biofilm matrix. Thus, the quantitative effectiveness shown
by the MBEC assay, along with the known structure-activity relationship of nanoparticles
of this size and surface charge, provides strong evidence for their anti-biofilm potential,
even though such direct visualization was not carried out in this study. These microscopic
investigations will be given priority in future research in order to visually validate the
disruptive effects measured within the study. It could be concluded that ZnO and CuO
NPs are more efficient against Gram-positive bacteria due to their smaller size and stronger
contact with the peptidoglycan layer, resulting in increased biofilm breakdown. These
results underscore the importance of considering NP properties, such as size, crystalline
structure, and surface chemistry, in developing effective antimicrobial treatments.

Previous studies have shown that ROS formation by similar metal oxide NPs under
similar synthesis and environmental conditions [79-81] serve as strong support for the
antimicrobial efficacy of the synthesized NPs, even though preliminary measurements of
ROS generation by these NPs were not conducted in this study. For instance, ZnO and CuO
NPs are known to produce ROS by redox cycling or photocatalysis (as reported by Zhang
et al. [82]), which causes oxidative stress in microbial cells, resulting in membrane damage
and cell death [83]. In our study, the superior antibacterial activity of ZnO and CuO NPs—
particularly against Gram-positive bacteria (e.g., MIC = 0.31 pg/uL for S. aureus)—aligns
with their well-documented ROS-generating capacity. The dose-dependent cytotoxicity of
these NPs in fibroblast and osteoblast cells (Figures 11 and 12) further supports oxidative
stress as a plausible mechanism, consistent with the literature on ROS-induced cellular
damage [41,83].

In addition, the NPs were thoroughly characterized, revealing several important
structure—property connections that account for their varying biological performances. The
larger crystallites (ZnO ~ 22 nm) displayed dose-dependent cytotoxicity. This indicates
that crystallite size, as determined by XRD analysis, has a direct correlation with biocom-
patibility. The reason for this effect could be the result of smaller particles that have a
larger surface area-to-volume ratio, which promotes deeper interactions between cells. In
addition, antibacterial efficacy was significantly influenced by the crystal structure. Due
to the increased reactive crystal facets, the hexagonal wurtzite structure of ZnO and the
monoclinic phase of CuO produced high ROS levels, which explains their superior antibac-
terial efficacy (Figures 13-15). Zeta potential measurements of surface charge revealed a
clear relationship with microbial membrane interaction; the strongest antibacterial activity
against Gram-positive bacteria (MIC = 0.31 ug/uL for S. aureus) was associated with the
highest positive charge (CuO: +18.64 mV). Finally, the ability of biofilms to penetrate was
impacted by morphological variations seen in SEM/TEM investigations (Figures 5 and 8).
ZnO and CuO NPs show superior activity against planktonic bacteria. These relationships
between structure and property offer crucial guidelines for customizing nanoparticles for
biomedical purposes. Meanwhile, further investigation into their potential applications
across a broader range of tissue engineering and wound healing applications must be
carried out. This comprehensive understanding of nanoparticle—cell interactions provides
valuable insights for developing next-generation biomaterials, ultimately contributing to
more effective tissue engineering and wound healing strategies. Moreover, these find-
ings emphasize the need for careful consideration of both concentration and cell-specific
responses when designing nanoparticle-based therapeutic approaches.
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The presented work fills important gaps in methodological standardization and com-
parative analysis, advancing the field of green-synthesized metal oxide NPs. In this direc-
tion, we have developed ZnO and CuO NPs using a consistent orange peel extract-based
protocol, in contrast to previous works that concentrate on individual NPs synthesized
under different conditions (e.g., Thi et al. [31] for ZnO; Murugan et al. [13] for CuO).
This allows for a direct comparison of their physicochemical and biological properties
under comparable experimental conditions. Our method exposes previously unknown
trends, including the higher antibacterial activity of smaller, monocrystalline NPs (e.g.,
CuO MIC = 0.31 pg/uL for S. aureus) and the inverse association between crystallite size
(CuO < Zn0O) and biocompatibility. Additionally, we uncover a molecular insight that is
often missed in traditional single-extract studies: the synergistic function of orange peel
phytochemicals (such as polymethoxyflavones and terpenoids) in mediating NP synthesis
and stability.

Limitations and Future Perspectives

Even though the physicochemical and biological characteristics of our green-
synthesized NPs were not directly compared to those of chemically synthesized NPs (using
identifiable precursors without orange peel extract), they could be thoroughly evaluated by
comparing them with the results of well-established literature on conventional methods.
Compared to those synthesized via a chemical sol-gel technique (~20—40 nm as reported by
Dorner et al. [84]), the CuO NPs produced using our green method (12.65 & 1.24 nm) had
substantially smaller primary crystallite sizes. According to Bekele et al. [85] and Agarwal
et al. [49], conventional chemical precipitation frequently produces broader aggregates
(3040 nm), whereas our ZnO NPs (17.47 4+ 3.76 nm) show a narrower size distribution
and superior morphological uniformity. Using a leaf extract from Mimusops elengi, Jana
et al. [86] compared ZnO NPs produced by chemical precipitation against green chemistry.
The average crystallite size for chemical synthesis was 32.59 nm, whereas green synthesis
produced crystallites that were 32.12 nm, indicating similar sizes with better morpho-
logical regularity. In contrast to chemical approaches, the study highlighted that green
synthesis provided more homogeneous surface morphology with extra adsorptive sites. In
comparison to chemically manufactured CuO NPs, Sabeena et al. [87] revealed that green-
produced CuO NPs exhibited greater antibacterial activity against both Gram-positive
(Bacillus subtilis, Pseudomonas aeruginosa) and Gram-negative (Escherichia coli, Staphylococcus
aureus, Enterobacter) bacteria. According to their findings, green CuO NPs showed increased
bioactivity in a variety of biological evaluations, such as anti-inflammatory and antidiabetic
effects. One of the main benefits of using the green synthesis technique is the improved
control over size and shape, which is caused by the capping and stabilizing action of the
phytochemicals found in orange peel. Our study’s dose-dependent biocompatibility profile
and improved antimicrobial efficacy (e.g., MIC = 0.313 ug/uL for S. aureus) are consistent
with earlier findings that green-synthesized metal oxide nanoparticles frequently perform
better biologically than their chemically synthesized counterparts [85].

Although we did not perform pilot-scale or industrial-level synthesis, the green synthe-
sis method relies on simple equipment (magnetic stirring, ultrasonic bath, and calcination
oven) and inexpensive, widely available materials (orange peel and metal nitrates). These
aspects suggest potential scalability, which merits further dedicated studies to optimize
process parameters and energy consumption to assess economic and environmental viabil-
ity at larger production volumes [88]. Furthermore, this study’s evaluation of NP colloidal
stability solely in ultrapure water is one of its limitations. The behavior of ZnO and CuO
NPs in complex biological conditions (such as DMEM with serum) is probably influenced
by the creation and aggregation of protein corona, which can drastically change the parti-
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cles” hydrodynamic size, surface characteristics, and settling rate. The interpretation of the
dose-dependent responses shown here depends critically on this dynamic process, which
may affect the effective dose given to bacteria and cells over time. A thorough temporal
DLS analysis will be incorporated into future research to establish a direct correlation
between stability in biological medium and the noted cytotoxic and antibacterial effects.

In addition, even though the antimicrobial efficacy of ZnO and CuO NPs is often
attributed to ROS generation in the literature [42,82,83], we note that direct experimental
evidence of ROS production was not conducted in this study. Therefore, although ROS-
mediated oxidative stress is still a likely mechanism, the observed effects may also be greatly
influenced by additional elements such as membrane rupture, ion release, and electrostatic
interactions. The green-synthesized ZnO and CuO NPs showed notable antimicrobial
activity, but their dose-dependent cytotoxicity, especially at concentrations higher than
25 ug/mL, still makes direct biological use difficult. The main causes of this cytotoxicity
are processes that cause oxidative stress in mammalian cells, such as ROS production and
metal ion release (Zn?*, Cu?*). Future approaches will concentrate on immobilizing NPs
within biocomposite scaffolds, like silk fibroin—chitosan matrices, which can regulate ion
release kinetics and lessen direct cellular exposure, in order to minimize these effects and
maximize their antibacterial potential. As mentioned in an earlier study, this strategy is
consistent with our current investigation into functionalized scaffolds for tissue engineering
and wound healing applications [89].

The study’s main finding is that the green-synthesized ZnO and CuO NPs have strong
antibacterial action against common strains of clinically significant bacteria, including S.
aureus and E. coli [90]. Interestingly, CuO NPs showed remarkable anti-S. aureus activity
(MIC = 0.313 pg/uL). Although standard laboratory strains were used in this study to
set a baseline for the antimicrobial properties of the NPs, the main mechanisms of action
(the ions release, the formation of ROS, and membrane disruption via electrostatic interac-
tions facilitated by the positive zeta potential) are known to be effective against bacteria
despite their drug-resistance mechanisms [69-71,91]. Furthermore, as reported by Vindhya
et al. [92], Gram-positive bacteria, such as S. aureus, are especially vulnerable to these
non-specific processes because they do not have the same complex outer membrane as
the Gram-negative bacteria. This clearly implies that our NPs may be effective against
strains of these infections that are resistant to drugs, including methicillin-resistant S. au-
reus (MRSA). Because of its effective efflux pump systems and robust outer membrane,
P. aeruginosa is known to have intrinsic resistance, which is compatible with the reported
difficulty in eliminating its biofilms (high MBEC value) [93]. To directly verify the potential
of these green-synthesized NPs in addressing the pressing worldwide issue of antimicrobial
resistance, it would be reasonable and crucial to assess their effectiveness against a panel of
clinically isolated multidrug-resistant (MDR) strains in the near future.

Moreover, the MBEC assay does not directly demonstrate the structural damage
brought on by the nanoparticles, although it offers a reliable quantitative measure of biofilm
suppression. Future research would benefit greatly from the use of microscopic tools like
CLSM or SEM, which were not used in this study, to visualize impacts such as bacterial
cell shape and aggregation, biofilm thickness decrease, and EPS matrix breakdown [74-76].
Strong indirect evidence for an uptake-dependent toxicity mechanism is provided by
the obvious structure—activity link between NP surface charge/size and the biological
response, even though the direct assessment of uptake (for example, via ICP-MS) was
outside of the boundaries of this investigation. Another limitation is that we did not
directly measure the cellular uptake of ZnO and CuO NPs in our experiments. While
the observed cytotoxicity patterns and literature evidence strongly suggest an uptake-
mediated mechanism, definitive confirmation (e.g., via TEM imaging in cells, ICP-MS
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quantification of intracellular ions, or uptake-inhibition assays) will be an important focus
of future studies. Moreover, future studies should include direct measurement of ROS
generation (e.g., via fluorescent probes) to conclusively establish the mechanistic pathways
behind the antimicrobial and cytotoxic effects observed and a thorough investigation of
the colloidal stability and hydrodynamic size of the nanoparticles in biologically relevant
media over time to better understand the relationship between nominal dose, effective dose,
and biological activity. The current study establishes phase purity, shape, and baseline
biological reactions. Nevertheless, the study did not assess ion release or dissolution in
biologically relevant media. Thus, the ICP-MS study of Zn?* and Cu?* release in DMEM =+
serum and at various pH conditions, in addition to DLS and XPS, will be the main focus
of future investigations. Whether the nanoparticles persist or disintegrate, as well as how
any breakdown products affect biological function, will be made clear by these assays. To
directly correlate environmental stability with the observed cytotoxic and antibacterial
effects, future studies should include thorough temporal stability evaluations in biologically
relevant media (changing pH and ionic strength).

In addition, although the calcination temperatures employed here (400 °C for ZnO
and 300 °C for CuO) were effective in producing phase-pure crystalline oxides, we did
not perform a systematic study of adjacent temperatures to determine their impact on
crystallinity, particle size, and antimicrobial or biocompatibility outcomes. Future work
will therefore extend the parameter space to establish more detailed correlations between
calcination conditions and nanoparticle properties.

This study has a number of other methodological shortcomings that should be noted.
To compare each treatment concentration to the negative control, we used the Student’s
t-test; however, this method only shows which specific concentrations have statistically
significant effects in comparison to untreated cells. Further statistical studies, such as trend
analysis utilizing linear regression across concentration ranges or ANOVA followed by
suitable post-hoc tests to directly compare across different dose levels, will be carried out
as future work in order to firmly demonstrate actual dose-dependent connections.

Although our current statistical methodology is sufficient for detecting individual
concentration effects, it falls short in providing complete statistical support for predictions
of dose-response correlations. Furthermore, our ability to provide standardized quanti-
tative comparisons with other studies in the area was limited because our concentration
range (6.25-200 pg/mL) did not consistently allow for reliable IC50 estimations across
all investigated settings and cell types. In order to properly characterize dose-response
relationships and enable more rigorous IC50 values when biologically relevant, future
studies should use wider concentration ranges and more thorough statistical approaches,
such as non-linear regression analysis.

4. Materials and Methods
4.1. Materials

The following reagents were used for nanoparticle synthesis: cupric nitrate hemi
(pentahydrate) [Cu(NO3),-2.5H,0, >98%, Sigma-Aldrich, Darmstadt, Germany] and zinc
nitrate hexahydrate [Zn(NO3),-6Hy0O, >98%, Sigma-Aldrich, Darmstadt, Germany]. To
prepare the orange peel extract, 2 kg of oranges were purchased from the local market.
For cell viability assessment and cell culture preparation, immortalized murine fibrob-
last L929 cells, primary human dermal fibroblast BJ cells (both obtained from American
Type Culture Collection, ATCC, Manassas, VA, USA), and MG-63 osteoblast-like cells
(Cell Lines Service GmbH, Heidelberg, Germany) were maintained in Dulbecco’s Mod-
ified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1%
Penicillin-Streptomycin antibiotic solution. Cells were cultured under standard physiological
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conditions in a humidified atmosphere containing 5% CO, at 37 °C with 90% relative hu-
midity. The microbiological activity was performed using Nutrient Broth No. 2, Sabouraud
agar, phosphate buffer saline, methanol, crystal violet (purple), and acetic acid, purchased
from Sigma-Aldrich (Darmstadt, Germany). All strains tested in this study were provided
by the Microorganisms Collection of the Department of Microbiology, Faculty of Biology &
Research Institute of the University of Bucharest, Bucharest, Romania.

4.2. Preparation of Orange Peel Extract

Nearly 2 kg of fresh oranges have been purchased from the local market. The peels
have been washed, cut, and dried in an oven at 40 °C for 4 h. The dried peels have been
ground in a mortar for 30 min to produce a fine powder. To prepare the extract, 2 g of
powder (1% w/v) in 200 mL have been introduced in deionized water and magnetically
stirred at room temperature for 1 h. This procedure was followed by ultrasonic treatment
at 60 °C for 1 h. The mixture was filtered through Whatman No. 1 filter paper and kept
at 4 °C for future use. The pH of the resulting orange peel extract was approximately 5.2,
consistent with the presence of organic acids such as citric, malic, and ascorbic acid [32,33].

4.3. Green Synthesis of Nanoparticles

Unless otherwise specified, all NPs were produced at a 1:1 volume ratio of orange
extract to metal salt solution. ZnO and CuO NPs were synthesized in uniform environments,
with variations depending on precursor composition and calcination treatment. For ZnO
NPs, a 0.2 M aqueous solution of Zn(NO3);-6H,0O (50 mL) was mixed with 50 mL of orange
peel extract and stirred for 1 h. The mixture underwent ultrasound treatment at 60 °C for
1 h, then oven-dried at 150 °C for 12 h. The resulting solid was calcined at 400 °C for 2 h
with a ramp rate of 5 °C/min. The average yield was approximately 0.45 g per 100 mL
batch. CuO NPs were synthesized similarly, using 50 mL of 0.2 M Cu(NO3),-2.5H,O
solution combined with 50 mL of orange extract. After stirring and ultrasound treatment,
the mixture was dried at 150 °C and calcined at 300 °C for 2 h at a 5 °C/min heating rate.
The typical yield was around 0.41 g. The product was filtered, dried at 150 °C for 12 h, and
calcined at 400 °C for 2 h. The yield was about 0.48 g. The chosen calcination conditions
(400 °C for ZnO, 300 °C for CuO) were selected based on preliminary optimization and our
previous work, which confirmed that these temperatures yield stable crystalline oxides [48].
All synthesized nanoparticle powders were stored in airtight containers under desiccation
conditions until characterization.

4.4. Thermogravimetric Analysis

The thermal behavior of dried powders (precursors of ZnO and CuO NPs) has been
investigated using a Netzsch TG 449C STA Jupiter instrument (Netzsch, Selb, Germany) to
establish the optimum calcination temperature and investigate the possible transformation
of the metallic nitrates induced by the orange peel extract. The powder samples were
placed in an alumina crucible and heated from room temperature to 900 °C, at a rate of
10 °C per minute, under a flow of dried air at a rate of 50 mL per minute. The evolved gases
were transferred through heated transfer lines and analyzed on the fly with the help of an
FTIR Tensor 27 from Bruker (Bruker Co., Ettlingen, Germany), equipped with an internal
thermostatic gas cell.

4.5. X-Ray Diffraction (XRD) Analysis

X-ray diffraction analysis was conducted using a PANalytical Empyrean device
(Malvern Panalytical, Cedar Park, TX, USA) operating at 45 kV and 40 mA in Bragg-
Brentano geometry with CuKa radiation (A = 1.5418 A). The diffractometer featured a 0.02°
Soller slit, a 1/4° fixed divergent slit, and a 1/2° anti-scatter slit on the incident beam side,
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along with a 0.02 mm Ni filter mounted on a PIXCel3D detector (Malvern Panalytical, Cedar
Park, TX, USA) on the diffracted beam side. The measurement parameters included a scan
range of 10.0000-80.0107° 26, a step size of 0.0263°, and a counting time per step of 255 s.
Data reduction, search, and match procedures were executed using the HighScorePlus
software version 3.0.e and the ICDD PDF4+ 2022 database.

4.6. Scanning Electron Microscopy (SEM) Analysis

To determine the size and morphology of the green-synthesized NPs, Scanning Elec-
tron Microscopy (SEM) was performed. Images were captured using a Quanta Inspect
F50 (ThermoFisher Scientific, Hillsboro, OR, USA) scanning electron microscope, which is
equipped with a field emission gun (FEG) providing a resolution of 1.2 nm.

4.7. Fourier-Transform Infrared (FTIR) Spectroscopy Analysis

The presence of functional groups within the synthesized NPs was identified using a
Nicolet iS50 FTIR spectrometer (Thermo Fisher Scientific, Waltham, MA, USA), which is
equipped with a DTGS detector providing high sensitivity in the range from 4000 cm !
to 400 cm ™!, and a resolution of 4 cm~! by averaging 32 scans to enhance spectral quality.
The measurements were conducted at room temperature. Data recording and analysis were
performed using Omnic32 software.

4.8. GC-MS Analysis

The chemical compound profile of the obtained orange peel extract was determined
using a Thermo Scientific TRACE 1310 gas chromatograph (Thermo Fisher Scientific,
Waltham, MA, USA), a TSQ-8000EVO triple quadrupole mass spectrometer (Thermo Fisher
Scientific, Waltham, MA, USA), and a TriPlus RSH autosampler (Thermo Fisher Scientific,
Waltham, MA, USA). The extraction of volatile compounds was performed using a Zebron
ZB-5MS capillary column (30 m x 0.25 mm ID x 0.25 pm film thickness, Phenomenex,
Torrance, CA, USA), using high-purity helium (99.999%) as the carrier gas and a constant
flow rate of 1.0 mL/min. The electron ionization (EI) mode at 70 eV was used, with data
gathering ranging from 40 to 650 m/z at 0.2 s for each scan. The injector was kept at 280 °C,
and 1 pL of the sample was added with a 10:1 split ratio.

The program of the oven temperature began at 60 °C (held for 1 min), then raised at a
rate of 10 °C/min to 190 °C, followed by 15 °C/min to a final operating temperature of
300 °C, which was held constant for 30 min. The transfer line and ion source temperatures
were set at 280 °C and 230 °C, respectively.

To isolate non-polar compounds, 72 mL of orange peel extract was extracted twice
with 35 mL portions of hexane. The combined organic layer was dried using anhydrous
sodium sulfate, then concentrated to ~1 mL with a rotary evaporator (Biichi R-300, 40 °C,
300 mbar, BUCHI Labortechnik AG, Flawil, Switzerland). A gentle stream of nitrogen was
used to fully remove residual solvent, and the dried residue was re-dissolved in 1 mL of
HPLC-grade ethyl acetate prior to GC-MS injection. For the analysis of polar constituents,
0.5 mL of the aqueous phase was dried under nitrogen and derivatized using 100 uL of
BSTFA with 1% TMCS at 70 °C for 30 min. Chromeleon 7.3. software was used for data
collection and analysis. Compound identification was accomplished by comparing mass
spectra to records in the NIST library, with retention indices utilized for extra confirmation
as necessary. Major components, which include terpenoids and methoxyflavones, were
semi-quantified using peak regions in total ion chromatograms.

4.9. Zeta Potential Analysis

A DelsaMax Pro device from Beckman Coulter (Brea, CA, USA), equipped with a
532 nm laser, was utilized to measure the zeta potential. For sample preparation, the
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powder samples were dispersed in ultrapure water using sonication (10 min), and the
resulting suspensions were injected into the equipment’s measurement cell. Six individual
acquisitions were recorded for each measurement.

4.10. Transmission Electron Microscopy (TEM) Analysis

The transmission electron microscopy (TEM) analysis was conducted using high-
resolution Titan Themis equipment from ThermoFisher Scientific (Hillsboro, OR, USA).
Before performing the analysis, a small amount of each powder sample was dispersed in
deionized water using ultrasonic treatment for 10 min. Subsequently, 10 pL of the solution
was placed onto a 400-mesh lacey carbon-coated copper grid and allowed to dry at room
temperature. The microscope was operated at an accelerating voltage of 200 kV.

4.11. Biological Analysis
4.11.1. Cell Culture Preparation

MG-63 osteoblast-like cells (Cytone, Heidelberg, Germany) and L929 fibroblast cells
(ATCC, Manassas, VA, USA) were cultured in Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 10% fetal bovine serum and 1% Penicillin-Streptomycin, in standard
conditions of temperature and humidity (37 °C, 5% CO;, 90% humidity).

For experimental procedures, cells were seeded at a density of 5 x 10* cells/mL
(equivalent to 5000 cells in 100 uL per well) in 96-well tissue culture plates. The plates
were then incubated under standard physiological conditions for 24 h to facilitate cellular
adhesion. Following the initial incubation period, the culture medium was removed and re-
placed with a fresh medium containing various concentrations of NPs ranging from 6.25 to
200 pug/mL, prepared through serial binary dilutions. The treated cells were subsequently
incubated under standard physiological conditions for 4 days, after which cell viability
assessments were performed to evaluate the biological response to nanoparticle exposure.
All experiments were conducted by standard cell culture protocols, and appropriate con-
trols were maintained throughout the study period. The experiments were performed in
triplicate, n = 3 and statistical analysis was performed using Student t-test, where * p < 0.05,
**p <0.01, and *** p < 0.001.

The morphology of the cells was assessed at 4 days using optical microscopy, with no
prior sample preparation.

4.11.2. Cell Viability Assessment

Cell viability assessments were conducted using the MTT (3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide) colorimetric assay. Post-incubation, the supernatant
was removed, and the cell monolayer was exposed to an MTT solution in a complete
culture medium, prepared by diluting the MTT stock solution (5 mg/mL in PBS) to a
final concentration of 0.5 mg/mL in complete DMEM. The cells were then incubated
for 2 h under standard physiological conditions (37 °C, 5% CO,). The principle of this
method relies on the enzymatic reduction in the tetrazolium salt to formazan crystals by
mitochondrial dehydrogenases present in metabolically active cells. The intensity of this
conversion is directly proportional to the number of viable cells. Following the specified
incubation period, the MTT-containing medium was removed, and the formazan precipitate
was solubilized in dimethyl sulfoxide (DMSO). Formazan quantification was performed by
measuring the optical density at A = 570 nm using UV-VIS spectrophotometry. Relative cell
viability was expressed as a percentage of the absorbance of treated samples relative to the
negative control (considered 100% viability).
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4.11.3. Qualitative Evaluation of Antimicrobial Activity

The qualitative antimicrobial activity was performed using an adapted spot diffusion
method, according to the Clinical Laboratory Standards Institute [94-96]. The microbial
suspensions corresponding to 1.5 x 108 CFU/mL were prepared from 24 h cultures on a
specific medium with agar. A stock of NPs (100 pg/pL) suspension prepared with sterile
physiological buffer saline (PBS) was used. Petri plates with the medium were seeded with
inocula, and 10 pL of each sample was spotted. After diffusion, the dishes were incubated
at 37 °C for 24 h.

4.11.4. Quantitative Evaluation of Antimicrobial Activity

The minimum inhibitory concentration (MIC) assay used an adapted binary serial
microdilution standard assessment in NB medium [94,95]. In a 96-well plate, for each NP
sample, serial two-fold microdilutions were performed in 150 uL of broth medium seeded
with the standard inoculum. The plates were incubated at 37 °C for 24 h. Visual and
spectrophotometric analyses determined the MIC values by measuring the absorbance at
620 nm using the BIOTEK SYNERGY-HTX ELISA multi-mode reader (Agilent Technologies,
Winooski, VT, USA) [94,95].

4.11.5. Semiquantitative Assessment of Microbial Adherence to the Inert Substratum

The biofilm development on the inert substratum was determined using the same serial
two-fold microdilution method [94,95]. After 24 h of incubation and MIC measurements,
the medium from the plates was removed, the walls were washed three times with PBS,
and the bacterial cells adhered to the walls were fixed with methanol and tinted with 1%
crystal purple. The dyed biofilm was resuspended with 33% acetic acid, and the absorbance
was measured at 490 nm [94,95].

4.12. Statistical Analysis

The data results were statistically analyzed using GraphPad Prism, version 10.4, from
GraphPad Software (San Diego, CA, USA). All experiments were performed in three
independent determinations. The results are expressed as + SD (standard deviation)
and analyzed using a one-way analysis of variance (one-way ANOVA) followed by a
multiple comparisons assay according to the experimental method. The differences between
groups/samples were considered statistically significant when the p-value was <0.05.

5. Conclusions

This study’s standardized green synthesis protocol not only complies with environ-
mentally friendly guidelines, but also makes it possible to conduct a thorough comparison
of ZnO and CuO NPs, which is a major improvement over traditional single-nanoparticle
investigations. Our work lays the groundwork for future studies in nanoparticle design
for tissue engineering and antimicrobial treatments by establishing a physicochemical
property—-biological performance correlation.

In addition, the study successfully synthesized metal oxide NPs in an environmentally
friendly manner, utilizing orange peel extract as a natural reducing and capping agent. The
standardized green synthesis approach used in this study allowed for direct comparative
evaluation of two metal oxide NPs under identical conditions, which is a considerable
step forward from previous research that focused on individual NPs. The zeta potential
measurements indicate moderate colloidal stability across all samples (+11 mV to +18 mV,
Section 2.6), which is typical for metal oxide nanoparticles synthesized without additional
stabilizers. While the presence of residual organic groups from the orange peel extract
may contribute somewhat to stabilization, this effect appears limited post-calcination
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and is insufficient to prevent moderate agglomeration, as also observed by SEM and
TEM analyses.

By assessing the obtained results, it has been demonstrated that both ZnO and CuO
NPs showed strong antibacterial action, particularly against Gram-positive bacteria, which
was attributed to their ROS-generating ability and membrane disruption mechanisms.
The study’s novel integration of cytotoxicity and antimicrobial assessments (MIC/MBEC)
provided a comprehensive understanding of their dual potential in biomedical applications.
Given these benefits, the dose-dependent cytotoxicity of ZnO and CuO NPs emphasizes
the importance of regulated delivery systems. Future research should focus on hybrid
systems that combine the characteristics of these NPs, as well as kinetic investigations to
enhance their therapeutic potential. This study not only provided a sustainable alternative
to existing synthesis methods, but also established a standard for comparative nanomaterial
evaluation, paving the way for customized designs in tissue engineering and antimicrobial
medicines. The study has demonstrated a standardized green synthesis route for metal
oxide NPs using orange peel extract, which might actively participate in precursor trans-
formation (TGA /XRD) but does not confer long-term functionalization. The technique
is reproducible and does not use harmful chemicals, but it still has to be improved in
terms of scalability and energy efficiency. To improve sustainability, future research should
investigate lower-temperature alternatives.
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