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Abstract
Althaea officinalis (A. officinalis) contains a rich bioactive composition with high therapeutic potential, primarily con-
sisting of mucilage and phenolic compounds. The composition enables the ecofriendly green synthesis of nanoparticles 
(NPs) suitable for various biomedical applications by offering high reduction capacity and strong stabilizing properties. We 
performed the green hydrothermal synthesis of copper oxide nanoparticles (AO@CuO NPs) by using A. officinalis extract. 
The formation of AO@CuO NPs was confirmed by a visible color change, and characteristic absorbance spectrum mea-
sured at 484 nm using UV-Vis spectrophotometry. The surface morphologies and charges, chemical and crystal structures, 
and hydrodynamic diameters of AO@CuO NPs were determined using scanning electron microscopy (SEM), Zeta poten-
tial, Fourier-transform infrared spectroscopy (FTIR), and dynamic light scattering (DLS) analyses. The spherical morphol-
ogy and particle size (30.0 ± 10.0 nm) of AO@CuO NPs were confirmed by SEM analysis. The surface charge value of 
(-39.7 ± 3.9 mV) obtained by Zeta measurement. It is worth noting that the AO@CuO NPs possessed strong antimicrobial 
activity and demonstrated the highest inhibitory effect against P. vulgaris (18.67 ± 1.15 mm). It was determined that they 
exhibited moderate antioxidant activity using the DPPH method. Additionally, we detected significant antiproliferative 
(IC₅₀= 28.3, 10.7, and 253.9  µg.ml− 1) and proapoptotic potentials of AO@CuO NPs on human lung adenocarcinoma 
(A549), human colorectal (DLD-1) and human hepatocellular carcinoma (HepG2) cancer cells, respectively. Compared 
to cisplatin (CP), the apoptotic induction capacity in cancer cell lines was confirmed by flow cytometry analysis. Herein, 
we offer a reliable, sustainable and biocompatible nanotechnology-based biomedical platform approach against resistant 
infections and cancer. Schematic diagram, presenting the general outline of the research topics.
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Introduction

Green nanotechnology uses sustainable resources such as 
biological agents and cellular components instead of toxic 
chemicals. Compared to conventional synthesis methods, 
it is ecofriendly, easy to produce, and inexpensive. Plants, 
bacteria, fungi, yeasts and actinomycetes are sources of 
biological material. Among these, plant materials are fre-
quently preferred due to their rich phytochemical contents, 
as well as their stabilizing and reducing capacities [1, 2]. 
Althaea officinalis (A. officinalis), also called marshmal-
low, is a native plant of the Malvaceae family, native to 
Asia, Europe and the United States [3]. This plant contains 
important compounds such as coumarins, pectin, mucilage, 
phytosterols, starch, mono- and disaccharides, flavonoids, 
scopoletin, tannins, asparagine and many amino acids. 
It is widely used in the treatment of conditions such as 
inflammation, ulcers, skin burns and irritation of the pha-
ryngeal mucosa [4, 5]. Also, the cytotoxic activity of this 
plant has been supported by several studies, linked to its 
composition of coumarins, phenolic acids, and flavonoids 
[6]. Β-glucans forming mucilage structure of the plant, 
were suggested as adjuvants to enhance the efficacy of 
immunotherapy and chemotherapy [7]. β-glucans exhibit 
anti-tumor activity by increasing neutrophil activation 
and reducing lung metastasis [8]. In addition, the diverse 
chemical components of A. officinalis help to explain 
pharmacological properties such as antibacterial, antitus-
sive, anti-inflammatory, antioxidant and antifungal effects 
[9, 10]. Due to these properties, A. officinalis extract is 

widely used in the green synthesis of metallic NPs such as, 
primarily silver nanoparticles (Ag NPs) [11–13] and zinc 
oxide nanoparticles (ZnO NPs) [14].

Copper (Cu) is widely used due to unique physical and 
chemical properties [15]. As a transition metal, Cu acts as a cat-
alyst in Haber-Weiss and Fenton-like reactions. There is a con-
tinuous exchange of electrons between Cu+ and Cu2+ ions. In 
this process, increased the reactive oxygen species (ROS) lev-
els trigger oxidative stress [16]. These radical species occur in a 
series of complex chemical reactions, leading to enzyme imbal-
ance, lipid peroxidation, damage to proteins and nucleic acids, 
impair organ function, and ultimately cell death [17]. Specifi-
cally, copper oxide nanoparticles (CuO NPs) are classified as 
metal oxide group nanostructures with antimicrobial, catalytic 
activity and low production costs. CuO NPs exhibit superior 
thermal, magnetic, and mechanical properties, as well as a high 
surface area/volume capacity [18, 19]. Their nanoscale dimen-
sions enable effective interaction at the cellular level, similar 
to biomolecules such as enzymes and receptors. Their specific 
interactions and suitable morphological structures enable them 
to actively participate in the early diagnosis and targeted treat-
ment of cancer [20, 21]. The cytotoxic mechanisms of CuO 
NPs are primarily based on triggering apoptosis by interacting 
with intracellular macromolecules and causing cellular leakage 
and cell death due to membrane disruption [22, 23]. CuO NPs, 
which are notable for their superior physical, biochemical, and 
pharmacological properties, have been obtained through green 
synthesis using various plant materials such as Amomum subu-
latum [24], Macroptilium Lathyroides [25], pumpkin seed [26] 
and Tecoma stans leaf [27].
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In previous studies, A. officinalis extract has been used 
in the synthesis of Ag and ZnO nanoparticles; however, it 
has not been previously reported for the synthesis of CuO 
NPs. Until now, no comprehensive study has evaluated the 
antimicrobial and antibiofilm effects of plant-derived CuO 
NPs alongside the mechanisms of cellular apoptosis and 
cytotoxicity. In this study, we report the synthesis of AO@
CuO NPs via a green hydrothermal method using A. offi-
cinalis extract, which has a dual effect as a stabilizer and 
reducing agent. The antimicrobial and antibiofilm activities 
of AO@CuO NPs against various Gram-positive, Gram-
negative bacteria, and fungi, as well as their antioxidant 
capacities, were also identified. The cytotoxicity and apop-
tosis effects were assessed in against human lung adenocar-
cinoma (A549), human hepatocellular carcinoma (HepG2), 
human colorectal carcinoma (DLD-1), and mouse fibro-
blasts (L929) cell lines using the MTT assay and Muse® 
Annexin V & Dead Cell Kit to fill the critical research gap. 
Their activities were profiled by comparing them with the 
standard reference drug, cisplatin (CP). Ultimately, based 
on the versatile findings obtained in the activity studies of 
AO@CuO NPs, it is predicted that these nanostructures will 
constitute an eco-friendly and effective alternative for bio-
medical applications.

Materials and Methods

Materials

Analytically pure components: copper II sulphate (CuSO4), 
sodium hydroxide (NaOH), ampicillin, cisplatin, crystal vio-
let, 3-[4,5-dimethylthiazol-2-yl]−2,5-diphenyltetrazolium 
bromide (MTT), and the microbiological culture media, 
namely Mueller-Hinton Broth (MHB) and Nutrient Broth 
(NB) and complete media for cell culture (DMEM High Glu-
cose, Ham’s F-12, RPMI-1640 and F-12 K) were supplied 
from Sigma-Aldrich. Plant material, A. officinalis flowers, 
was purchased in dried form from Saraçoğlu Company 
(Turkey). Different model microorganisms used in micro-
biological investigation: Staphylococcus aureus (S. aureus), 
Proteus vulgaris (P. vulgaris), Enterobacter aerogenes 
(E. aerogenes), Bacillus subtilis (B. subtilis), Escherichia 
coli (E. coli), Staphylococcus epidermidis (S. epidermidis) 
bacteria, and Candida albicans (C. albicans) and Candida 
parapsilosis (C. parapsilosis) yeasts were obtained from the 
culture collection stocks of the Biology Department at Erci-
yes University. The Muse® Annexin V & Dead Cell kit were 
procured from Cytek. The cell lines (A549, HepG2, DLD-1 
and L929) were provided from the Genome and Stem Cell 
Centre (GENKOK) at Erciyes University.

Preparation of Plant Material and Aqueous Extract

In the plant extraction process, A. officinalis (2 g), which 
had been powdered using a grinding device, was weighed 
and transferred into 100 mL of distilled water. The mixture 
was subjected to thermal processing at 60  °C for 1  h (h) 
to ensure the solubility of the components. Subsequently, 
coarse residues were removed using Whatman No. 1 filter 
paper. The resulting filtrate was centrifuged at 5000 rpm for 
approximately 10 min (min) to remove particulate impuri-
ties. The clear phase (supernatant) was decanted and stored 
at + 4 °C for subsequent biosynthesis stage [28].

Biosynthesis and Characterization of AO@CuO NPs

A green hydrothermal method was selected to produce AO@
CuO NPs using an environmentally friendly approach. In the 
synthesis process, A. officinalis extract was added dropwise 
to a 20 mM CuSO4 solution (50 mL) in equal volume ratio 
(1:1, v/v) and mixed. The reaction medium was adjusted 
to pH 11 and vortexed for 30 s to achieve homogenisation. 
It was subsequently placed in a Teflon-lined hydrothermal 
autoclave and heat-treated at 120 °C for 5 h. At the end of 
incubation, the formation was confirmed by a color change 
(from yellow to brown) reaction, and the liquid was sub-
jected to centrifugation at 10,000 rpm for 10 min to separate 
the precipitate. The product was washed twice with distilled 
water to remove undesirable organic residues, dried at 40 °C 
in the final stage, and stored at + 4 °C for subsequent use 
[29].

Initially, the absorption spectra of A. officinalis extract 
and AO@CuO NPs were measured using UV-Vis spectro-
photometry (UV1900i; Shimadzu, Japan). The surface mor-
phologies and average particle sizes by scanning electron 
microscopy (SEM, ZEISS EVO LS10), the chemical struc-
tures by the FT-IR spectrometer (Perkin Elmer, 400 FT-IR 
Spectrometer Spotlight 400 Imaging System), and the crys-
tallographic structure by X-ray diffraction (XRD, Bruker 
AXS D8) were characterized of NPs. The stability of NPs 
is evaluated by determining their hydrodynamic diameters 
and surface charges using dynamic light scattering (DLS, 
Malvern, Nano ZS90) and Zeta potential (Malvern, Nano 
ZS90), respectively.

Antimicrobial Activity of A. Officinalis and AO@CuO 
NPs

Agar Well Diffusion

The antimicrobial activities of (A) officinalis extract and 
AO@CuO NPs were tested using agar well diffusion 
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method with a modified approach [30]. The test was per-
formed against S. aureus, E. aerogenes, S. epidermidis, (B) 
subtilis, P. vulgaris, E. coli bacterial strains and (C) albi-
cans, C. parapsilosis yeast strains. After being revived in 
the mid-log phase, the bacterial and yeast cultures were 
spread on Muller Hinton agar (MHA) and Sabourod Dex-
trose agar (SDA), respectively. Subsequently, 6 mm diam-
eter wells were created in the petri dishes. AO@CuO NPs 
(1000  µg/mL) and A. officinalis extract (2%, w/v) were 
supplemented into the respective well. Ampicillin and flu-
conazole from positive control groups were used at con-
centrations of 10 µg/disc and 25 µg/disc for bacteria and 
yeasts, respectively. Bacteria were incubated at 37 °C for 
24 h, while yeasts were incubated at 25 °C for 48 h. The 
inhibition zone diameter (mm) was recorded at the end of 
the incubation periods and evaluated by comparison with 
the control groups.

Assessment of Minimum Inhibitory (MIC) and 
Bactericidal/Fungicidal Concentration (MBC/MFC)

The inhibitory effects of synthesized AO@CuO NPs on 
model microorganisms were analyzed using the broth 
microdilution technique in 96-well sterile microplates. 
AO@CuO NPs were subjected to a two-fold serial dilution 
process in the concentration range of 1000 to 0.075 µg/mL. 
Each well containing these concentrations was incubated 
under the previously specified conditions after adding 100 
µL of standardized bacterial and yeast suspensions. The 
lowest AO@CuO NP concentration at which microbial 
growth could not be detected by the naked eye was recorded 
as the MIC value. Sterile medium without microorganisms 
was employed as the negative control in the experiment, 
while medium without NP but with added microorganisms 
was employed as the positive control. To determine the 
MBC/MFC, samples taken from the non-turbid wells were 
inoculated onto MHA and SDA, respectively. The lowest 
AO@CuO NP concentration at which no colony formation 
was observed on the agar surface at the end of the incu-
bation period was defined as the MBC and MFC values, 
respectively [31, 32].

Effect of AO@CuO NPs on Biofilm Formation

For the biofilm inhibition assessment, E. coli, E. aerogenes, 
and S. aureus strains were selected. Bacterial suspensions 
were incubated in MHB until they reached the 0.5 McFar-
land standard and were transferred to 96-well microplates 
[33]. AO@CuO NPs prepared in a concentration range of 
125  µg/mL to 1000  µg/mL were applied to these plates 
and incubated at 37 °C for 48 h. Wells containing only the 
medium without AO@CuO NPs were designated as the 

negative control group. Following the incubation period, 
the plates were washed three times with distilled water and 
stained with 0.1% crystal violet for 20  min to each well. 
Excess dye was removed, and the dye bound to the biofilm 
layer was solubilized with 96% ethanol. Finally, the opti-
cal densities of samples at 590 nm were measured using an 
ELISA microplate reader [34].

The biofilm inhibition (%) of the positive control and 
AO@CuO NPs was determined using the following for-
mula Eq. (1):

Biofilm inhibition (%) =
[

Acontrol − Asample

A control

]
× 100 � (1)

Antioxidant Activity Assay of AO@CuO NPs

The free radical scavenging activity of AO@CuO NPs 
was determined using the 2,2-diphenyl-1-picrylhydrazyl 
(DPPH) assay [35]. 1 mL methanolic DPPH (0.1 mM) 
solution was mixed with different concentrations (200, 
100, 50, 25 and 12.5  µg/mL) of 0.5 mL AO@CuO NPs 
and A. officinalis extract. Following the incubation of the 
mixtures in the dark at room temperature (RT: 25 °C) for 
approximately 20  min, their absorbances were measured 
at 517 nm. Methanol was selected as the negative control, 
while butylated hydroxytoluene (BHT) was selected as the 
positive control [36].

The percentage of scavenging activity (%) was measured 
using the following formula Eq. (2):

DPPH inhibition (%) =
[

Acontrol − Asample

A control

]
× 100� (2)

Cell Culture Assay

Evaluation of Cytotoxicity

The in vitro cytotoxicity of A. officinalis and AO@CuO 
NPs was determined using the MTT cell viability assay onto 
DLD-1, A549, HepG2, and L929 cell lines. All tested cells 
were treated with different concentrations (250, 125, 62.5, 
31.25, 15.625 µg/mL) of A. officinalis extract and AO@CuO 
NPs. Cell viability was determined by the formation blue-
coloured formazan salt following the reduction of MTT dye 
by the mitochondrial enzyme succinate-dehydrogenase [37]. 
Firstly, DLD-1 cells were cultured in DMEM High Glucose, 
A549 cells in Ham’s F-12, HepG2 cells in RPMI-1640, and 
L929 cells in F-12 K medium, each supplemented with 10% 
fetal bovine serum (FBS) and 1% penicillin–streptomycin. 
All cells maintained at 37  °C in a humidified atmosphere 
containing 5% CO₂. Cells with appropriate confluency were 
inoculated into 96-well plates at a density of 5000 cells/
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mL (100 µL/well) and incubated for 24 h at 37 °C under a 
5% CO2 atmosphere. Subsequently, the cells were washed 
with fresh medium, and the adherent cells were treated with 
AO@CuO NPs and A. officinalis extract at concentrations 
ranging from 0 to 250 µg/mL. After incubation for 48 h at 
37 °C in a 5% CO₂ atmosphere, the cells were washed twice 
with phosphate-buffered saline (PBS). 100 µL of MTT 
reagent (5.0 mg/mL) was added to each well and incubated 
in the dark for 3 h at the same condition. Thus, MTT was 
converted to insoluble formazan crystal by metabolically 
active cells. After the cell medium was aspirated, formed 
formazan crystals were dissolved with 100 µL of dimethyl 
sulfoxide (DMSO). Untreated cells and CP were used as 
negative and positive control, respectively. The absorbance 
of microplates was measured at 560 nm using a microplate 
reader (Promega Glomax). The half maximal inhibitory 
concentration (IC₅₀) was calculated for each cell type sepa-
rately using dose–response curves [13]. The cell viability 
(%) was determined using following formula Eq. (3):

Cell viability (%) =
[

A sample

A control

]
× 100� (3)

Flow Cytometry Assay for Apoptotic Cells

The effect of A. officinalis extract and AO@CuO NPs on 
apoptosis/dead cells was determined using flow cytometry. 
DLD-1, A549, HepG2 and L929 cells were seeded indepen-
dently into 24-well plates at 2 × 104 cells/mL and incubated 
for 24 h at 37 °C in a humidified atmosphere containing 5% 
CO₂. Cells were treated with IC₅₀ of AO@CuO NPs at 37 °C 
for 48 h. Untreated and CP-treated cells were used as a neg-
ative and positive control, respectively. After the medium 
was aspirated, cells were harvested by 200 µL of trypsin to 
remove the cells from the surface. The cell suspension was 
centrifuged at 350 × g for 5 min and washed at least twice 
with PBS. The apoptotic cell populations were analyzed 
using the Muse® Annexin V & Dead Cell Kit (MCH100105) 
according to the manufacturer’s instructions. 50 µL Muse® 
Annexin V & Dead Cell reagent was added to 50 µL cells. 
The tested cells were incubated for 20 min in the dark at 
room temperature. The percentage of apoptotic/dead cells 
was evaluated using flow cytometry (FACSAriaIII) [38]. 
The obtained data were evaluated using FlowJo software 
(Version 7.6.1) to determine the percentage of viable, early 
apoptotic, late apoptotic and necrosis cells.

Statistical Analysis

All experiments were repeated in triplicate. The data are 
shown as mean ± standard error and plotted to each graph. 

Unpaired T-test analysis was performed to compare the 
treatment groups (*P < 0.05, **P < 0.01, ***P < 0.001).

Results and Discussion

Green Synthesis of AO@CuO NPs by Using A. 
Officinalis Extract

In this study, AO@CuO NPs were successfully synthesized 
using the hydrothermal synthesis method with A. officina-
lis aqueous extract. The extract was used as both a stabiliz-
ing and reducing agent, as it contains rich phytochemical 
content. The biosynthesis of AO@CuO NPs was initially 
determined by the color change observed at the end of the 
reaction (from yellow to dark brown), as well as by UV-vis 
spectroscopy (Fig. 1a and b). The UV-Vis spectrum showed 
an absorption peak at 322 nm for the A. officinalis extract 
and 484 nm for the AO@CuO NPs. [39, 40].

The SEM analysis shown in Fig. 1c confirms that AO@
CuO NPs aggregate through supramolecular assembly, 
forming regular shapes. These formations may be related to 
particle clustering due to the self-assembly effect. Accord-
ing to the report by Zak and colleagues [41], as the par-
ticle size decreases, the ratio of surface atoms to all atoms 
within the particle increases, thereby affecting the particle 
morphology. In addition, it can be said that the rich muci-
lage content of A. officinalis also affects the formation 
[10]. Studies conducted with Abelmoschus esculentus fruit 
extract [42] and Aloe vera extract [43] have determined 
that the mucilage structure leads to supramolecular struc-
ture. According to SEM analysis, AO@CuO NPs were 
found to have a particle size of 30 ± 10 nm and a spherical 
structure. The hydrodynamic diameters were determined as 
705.2 nm (Fig. 1d) via DLS. The surface charge densities 
were recorded as −39.7 ± 3.9 mV via the Zeta potential and 
the PDI value of AO@CuO NPs was 0.5 (Fig. 1e). The high 
negative charge of AO@CuO NPs ensures high stability to 
the NPs due to electrostatic repulsion force [44]. The highly 
negatively or positively charged NPs are quite stable and 
colloidal in solution. Regarding the DLS spectrum, while 
hydrodynamic size of NPs is much bigger than the size of 
NPs measured in SEM image, hydrodynamic size gives a 
very mono-dispersed and narrow size distribution in Fig. 1d, 
which is consistent with the stability of NPs. The large size 
of NPs in DLS measurement can be attributed to electrical 
double layer (EDL) theory. The EDL occurs on the surface 
of NPs prepared in solution form. The AO@CuO NPs are 
highly negatively charged in solution, the positive charge 
side of solvent molecules appears on the surface of AO@
CuO NPs, then the negative charge side of solvent mol-
ecules covers positive charges for neutralization [45, 46]. 
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The EDL covers the surface of AO@CuO NPs, then much 
high effective diameters are measured by DLS.

The crystal structure and sizes of AO@CuO NPs were 
examined by XRD analysis (Fig. 1f). AO@CuO NPs were 
scanned at 2θ in the range of 5 to 90 degrees, consistent 
with JCPDS 85–1326 and JCPDS 77–0199 cards [47, 
48]. The diffraction peaks observed at 2θ = 29.62°, 36.44°, 
42.35°, 61.39° and 73.58° corresponded to the (110), (111), 
(200), (220), and (311) crystal planes, respectively. The 
planes were in line with the JCPDS 85–1326 card. The val-
ues of 2θ = 43.32°, 50.49°corresponding to the (111), and 
(200) planes, were found to be consistent with the JCPDS 
77–0199. The values confirmed the formation of CuO NPs 
containing copper II oxide and copper metal phases. The 
crystallite sizes of AO@CuO NPs were on average 24 nm, 
and this value was computed using the Debye-Scherrer 
equation. The formula: [49]

D = 0.9λ

β cos θ

As shown in Fig. 2, FT-IR spectra in the 4000–400 cm− 1 range 
characterized the functional groups and structural changes of 
A. officinalis and synthesized AO@CuO NPs. In the analysis 
of the A. officinalis extract shown in Fig. 2a, the broad band at 
3193 cm− 1 and the band at 2902 cm− 1 indicate the stretching 
vibrations of O-H and aliphatic C-H groups, respectively. The 
sharp bands at 1595 cm− 1 can be attributed to C = O and C-O 
stretching vibrations, and the band at 1398 cm− 1 corresponds 

to aromatic C-H bending vibrations. The structure of AO@
CuO NPs was investigated through changes in the character-
istic peaks of potential functional groups (Fig. 2b). The bands 
corresponding to the O-H and aliphatic C-H group stretch-
ing vibrations were observed at 3379 cm− 1 and 2927 cm− 1, 
whereas the bands of the C = O group were observed at 
1589 cm− 1 and those of the C-O groups at 1368 cm− 1. These 
shifts indicate that these groups are responsible for the reduc-
ing and stabilizing effects of AO@CuO NPs. Furthermore, 
the band identified at 1095 cm− 1 in the structure of AO@CuO 
NPs is attributed to C-O-C stretching vibrations and indicates 
the presence of phytochemical components derived from A. 
officinalis on the surface of the NPs [36, 50]. In the finger-
print region, the characteristic band identified at 605  cm− 1 
corresponds to Cu-O stretching vibrations and confirms the 
formation of CuO NPs [51]. FT-IR peaks and their corre-
sponding functional groups are shown in Table 1.

Agar Well Diffusion Method

The antimicrobial activity of AO@CuO NPs (1000 µg/mL) 
and A. officinalis extracts (2%, w/v) was determined against 
test strains using the agar well diffusion method. Standard 
antibiotic discs (ampicillin 10 µg/disc, fluconazole 25 µg/
disc) were used as controls. As shown in Fig. 3; Table 2, 
while single A. officinalis extract did not produce any inhi-
bition zones, the diameters of the inhibition zones produced 
by AO@CuO NPs were found to range from 11.67 ± 0.58 and 
18.67 ± 1.15 mm. In addition, the ampicillin and fluconazole 

Fig. 1  Characterization of AO@CuO NPs. (a) Color changes, (b) UV-Vis absorption spectra, (c) FE-SEM image, (d) DLS spectra, (e) Zeta Poten-
tial and (f) XRD diffraction pattern

 



1 3

Page 7 of 17  93Green Synthesis of Althaea Officinalis Extract-Based CuO Nanoparticles and their Biomedical Applications

standard drug groups showed high inhibition zone diameters 
ranging from 10.25 ± 0.58 to 25.67 ± 0.58 mm, and accord-
ing to this, the activity of the obtained AO@CuO NPs is 
promising. It has been observed that the phytochemical 
components in the (A) officinalis content not only synthe-
size NPs but also impart antimicrobial properties to them. 
Specifically, the lowest zone diameter was measured in the 

S. aureus (Gram-positive) and the highest in the P. vulgaris 
(Gram-negative). This condition can be clarified by the dif-
ference in cell membrane structure. Interaction between 
NPs and a large surface area of a microbial cell compro-
mises membrane integrity. This disruption leads to leakage 
of bacterial cytoplasmic contents and antimicrobial activ-
ity [52]. Similarly, Riazunnisa and colleagues [53] report 
that Pithecellobium dulce-mediated copper oxide nanopar-
ticles (CuO NPs) exhibited the highest antibacterial activity 
against E. coli (15.57 ± 0.5 mm) and the lowest against (B) 
subtilis (10.5 ± 0.5 mm).

Determination of MIC and MBC/MFC

MIC and MBC values of AO@CuO NPs were determined 
toward the microorganisms listed in Table  3. Among the 

Table 1  Functional groups of A. officinalis contribute to stabilization 
of AO@CuO NPs
FT-IR Intensity (cm− 1) Class Functional Group
3193–3379 Alcohol O-H
2902–2927 Alkanes C-H
1589–1595 Amide C = O
1368–1397 Alkane/Phenol C-H/O-H
1032–1095 Ether C-O-C
597–605 Metal Oxide Cu-O

Fig. 2  FT-IR spectra of (a) A. officinalis extract and (b) AO@CuO NPs
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tested microorganisms, the lowest MIC of AO@CuO NPs 
was observed with E. coli (62  µg/mL) from bacteria and 
with C. parapsilosis (15 µg/mL) from fungus compared to 
others. The obtained values are compatible with the current 
literature indicating that bacteria with high cell wall content 
exhibit higher resistance to AO@CuO NPs [25]. Addition-
ally, the MIC values measured against C. albicans and C. 
parapsilosis, at 31 µg/mL and 15 µg/mL, respectively, are 
consistent with studies in the literature. Padmavathi and col-
leagues [54] declared that CuO and Cu2O NPs destroyed 
the cell membrane by inhibiting ergosterol production, lead-
ing to a loss of virulence. Therefore, high fungal inhibitory 

activity was observed even at low concentrations. AO@
CuO NPs were determined to have a significant inhibitory 
effect on all tested pathogens.

Antibiofilm Activity of AO@CuO NPs

NPs used as antibacterial agents are expected to penetrate 
microbial cells and prevent biofilm formation [55]. S. aureus, 
E. coli, and E. aerogenes are pathogenic bacteria commonly 
found in human and animal habitats. In this study, the anti-
biofilm activity of AO@CuO NPs was evaluated on these 
three bacteria and the results are shown in Fig.  4. AO@
CuO NPs at concentrations of 1000, 500, 250, and 125 µg/
mL were applied to biofilm-forming bacterial cells, and the 
results were compared with a 100  µg/mL ampicillin used 
as a positive control group. When the data were compared 
with ampicillin, it was seen that AO@CuO NPs inhibited 
biofilm formation on cells more effectively at all concen-
trations above 250 µg/mL (Table 4). The highest inhibitory 
rates of NPs at concentrations of 1000 µg/mL on S. aureus, 
E. coli, and E. aerogenes were determined as 82.5%, 85.1%, 
and 98.6%, respectively. Gram-negative E. coli and E. aero-
genes are structurally different from S. aureus, a Gram-
positive bacterium. The low inhibitory effect of AO@CuO 

Table 3  MIC and MBC results (µg/mL) of AO@CuO NPs
Bacterial isolates MIC MBC MBC/MIC
S. aureus 250 500 2
P. vulgaris 125 125 1
E. aerogenes 125 500 2
B. subtilis 250 250 1
E. coli 62 125 2
S. epidermidis 125 500 2
Fungal isolates MIC MFC MFC/MIC
C. parapsilosis 15 250 16
C. albicans 31 250 8

Microorganisms AO@CuO NPs (mm) Control (mm) Extract (mm)
E. coli 13.50 ± 0.71** 22.33 ± 1.53 0
S. aureus 11.67 ± 0.58* 10.25 ± 0.58 0
P. vulgaris 18.67 ± 1.15* 21.67 ± 1.15 0
E. aerogenes 15.67 ± 0.58*** 24.33 ± 0.58 0
B. subtilis 15.40 ± 0.89*** 11.25 ± 0.58 0
S. epidermidis 12.80 ± 1.64ns 12.67 ± 1.15 0
C. parapsilosis 16.67 ± 1.15*** 25.67 ± 0.58 0
C. albicans 18.33 ± 1.53** 24.33 ± 1.15 0

Table 2  Summary of inhi-
bition zone of AO@CuO 
NPs. *P < 0.05, **P < 0.01, 
***P < 0.001 compared to control 
(antibiotics)

 

Fig. 3  Antimicrobial activity 
of extract, AO@CuO NPs and 
control. A. officinalis extract 
expressed in black indicates a 
zero level of antimicrobial activ-
ity, as it did not demonstrate any 
efficacy. *P < 0.05, **P < 0.01, 
***P < 0.001 compared to control 
(antibiotics)
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NPs on Gram-positive S. aureus is likely due to presence 
of teichoic acid in the cell wall, which supports strong bio-
film formation [56]. The other reason for the lower effect on 
gram positive bacteria can be clarified by the polysaccharide 
intercellular adhesin (PAI) structure which allows bacteria to 
adhere tightly to cell surfaces [57]. All these results suggest 
that AO@CuO NPs can penetrate the biofilm matrix, insert 
bacterial cells, and cause membrane disruption. Our results 
are consistent with those of Khairy and colleagues [35] who 
indicated that CuO NPs synthesized using Jojoba extract 
reduced bacterial adhesion by 90.2–95.0% and 87.2–93.7%, 
respectively, at 125–62.5 µg/mL. Similarly, CuO NPs syn-
thesized with Neem extract decreased bacterial adhesion by 
90.2–95.0% and 87.2–93.7%, respectively, at 125–62.5 µg/
mL. Additionally, they showed that the difference in biofilm 
inhibition is associated with the material’s size, antimicro-
bial activity and penetration ability.

Evaluation of Free Radical Scavenging Activity

Antioxidants neutralize free radicals by fighting reactive 
oxygen species and play a role in the prevention and therapy 
of diseases. The antioxidant activity of NPs is strongly influ-
enced by several physicochemical characteristics, including 
their chemical composition, surface charge, particle size, 
surface-to-volume ratio and surface coating [58]. A. offici-
nalis extract and AO@CuO NPs at various concentrations 
(200, 100, 50, 25 and 12.5 µg/mL) was estimated using the 
DPPH free radical scavenging assay. BHT was used as a 
positive control. The IC₅₀ values of AO@CuO NPs, A. offi-
cinalis extract and BHT were determined as approximately 
70.6, 45.0 and 12.0  µg/mL, respectively. AO@CuO NPs 
exhibited 73.0-19.1% for the various concentrations (12.5–
200 µg/mL). The highest inhibition value was determined 
as 74.6% with A. officinalis extract. A. officinalis showed 
higher antioxidant activity than the AO@CuO NPs. This 
may be due to the high amount of phenolic and flavonoid 
compounds in plant extract. These metabolites show anti-
oxidant behaviour and act as electron and hydrogen donors 
in radical scavenging reactions [59]. Both samples showed 
only modest dose-dependent increase in antioxidant activity 
(Fig.  5; Table 5). Consistent with our results, Azharuddin 
and colleagues [60] found that Arthospira platensis derived 
CuO NPs showed strongest inhibition, reaching approxi-
mately 69% at 125 µg/mL. Narayana and colleagues [61] 
performed the biosynthesis of PO-Cu NPs using the extract 
of Pleurotus ostreatus (PO). The antioxidant activity of 
PO-Cu NPs was determined to be approximately 78% at 
150 µg/mL, which is consistent with our results.

Table 4  Percentage (%) inhibition of biofilm by AO@CuO NPs and 
ampicillin, ND Not detected (no measurable biofilm inhibition). 
*P < 0.05, **P < 0.01, ***P < 0.001 compared to control (antibiotics)

Concen-
tration 
(µg/mL)

Biofilm İnhibition (%)

Bacterial isolates
E. aerogenes E. coli S. aureus

Ampicillin 100 90.8 ± 3.6 66.3 ± 3.0 74.0 ± 2.5
AO@CuO 
NPs

1000 98.6 ± 0.2* 85.1 ± 2.6ns 82.5 ± 3.8ns

500 95.7 ± 1.7ns 75.4 ± 0.8* 61.7 ± 0.6**

250 74.7 ± 1.3*** 58.7 ± 0.5** ND
125 28.6 ± 0.6*** 42.0 ± 0.6* ND

Fig. 4  Effect of AO@CuO NPs 
on biofilm production. *P < 0.05, 
**P < 0.01, ***P < 0.001 com-
pared to control (antibiotics)
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Determination of Cytotoxic Activity

DLD-1, A549, and HepG2 cells were used to evaluate 
cancer-fighting potential of AO@CuO NPs with differ-
ent concentrations (0–250  µg/mL) using the MTT assay 
method. L929 cells were used for the toxicity test of AO@
CuO NPs. Proliferation of DLD-1, A549, and HepG2 cells 
was inhibited dose-dependently by AO@CuO NPs. How-
ever, no significant decrease was observed in normal L929 
cells. The IC₅₀ values of A0@CuO NPs ranged from 10.7 
to 253.9 µg/mL across tested cancer cell. These values are 
lower than those of the A. officinalis extract. This indicates 
that the AO@CuO nanoparticle formulation increases the 
cytotoxic effect. The results are shown in Table 6. Morpho-
logical changes induced by AO@CuO NPs were observed 
through the light inverted microscope, in contrast to the 
untreated control cells (Fig.  6). The cytotoxic profile of 
AO@CuO NPs is illustrated in Fig. 7. According to MTT 

results, AO@CuO NPs were most toxic to DLD-1 colorec-
tal cancer cells. Additionally, cancer cells were more sensi-
tive to the treatment compared to normal L929 fibroblast 
cells. Recently, Sathiyavimalu and colleagues have reported 
Abutilon indicum extract mediated green synthesis of CuO 
NPs has highly efficient antibacterial and anti-cancer prop-
erties against A549 and MDA-MB-231 cells. The IC₅₀ val-
ues were determined as 16 µg/mL for A549 cells and 14 µg/
mL for MDA-MB-231 cells, consistent with the results 
obtained in this study [62].

The cytotoxic activity of CuO NPs synthesized using 
Pimenta dioica leaf extract was reported by Pillai and col-
leagues [63]. They examined antitumor activities against 
both human colorectal cancer and normal fibroblast cells. 
The IC₅₀ value was found to be 89.42 µg/mL for the DLD-1 
cell lines, demonstrating lower activity compared to our 
results. Their studies confirm that CuO NPs exhibit lower 
toxicity to normal fibroblast cells than to human colorectal 
cancer cells. Younas and colleagues reported the cytotoxic 
effects of CuO NPs against HepG2 cells induced by oxi-
dative stress. At a concentration of 100 µg/mL, CuO NPs 
caused 46% decrease in the viability of hepatocellular car-
cinoma cells [64]. Recent studies have consistently shown 
that CuO NPs trigger ROS production in various cancer 
cell lines, leading to oxidative stress-mediated cytotoxicity 
[38, 65]. Moschini and colleagues examined the molecular 
mechanisms underlying CuO NPs–induced loss of cellular 
integrity and subsequent cell death in A549 cells. It has been 
determined that CuO NPs cause oxidative changes through 
increased protein carbonylation and decreased protein thiol 
oxidation [66].

Analysis of Apoptotic and Dead Cells by Muse 
Annexin V

The apoptotic induction of AO@CuO NPs and A. offici-
nalis extract on DLD-1, A549, HepG2 and L929 cell lines 
was determined with flow cytometry analysis. Treatment 
with A0@CuO NPs induced an increase in apoptotic cells 
in DLD-1, A549, and HepG2 cells. Among the tested cell 
lines, AO@CuO NPs treatment resulted in the highest total 
apoptosis (early + late apoptosis) in A549 (55.5%) compared 
to 1.1% in control cells and DLD-1 cells (45%), compared 
to 2.0% in control cells (Fig. 8). The observed increase in 
apoptosis was consistent with the decrease in cell prolifera-
tion detected in the MTT assay. The flow cytometry plots 
are shown in Fig.  9. In comparison to the control group, 
AO@CuO NPs showed no significant effect on the prolif-
eration of L929 cells. However, they were found to be effec-
tive in inducing apoptosis (43.2%). This phenomenon may 
likely be linked to the presence of a significant population 
of early apoptotic cells, which has not yet been reflected in 

Table 5  Percentage (%) DPPH-scavenging activity of AO@CuO NPs, 
A. officinalis extract and BHT. *P < 0.05, **P < 0.01, ***P < 0.001 
compared to BHT
Concentration 
(µg/mL)

DPPH-scaveng-
ing activity (%)
BHT Extract AO@CuO 

NPs
200 92.1 ± 0.1 74.6 ± 1.2*** 73.0 ± 2.4***

100 84.1 ± 0.4 68.9 ± 0.8*** 64.3 ± 0.5***

50 74.9 ± 3.2 53.5 ± 0.1*** 40.0 ± 0.3***

25 63.5 ± 0.5 38.1 ± 2.4*** 23.5 ± 2.2***

12.5 53.9 ± 3.7 28.6 ± 2.4*** 19.1 ± 1.2***

Table 6  The IC₅₀ values of AO@CuO NPs and A. officinalis extract 
across all tested cancer cells
Cell Lines IC₅₀ values (µg/ml)

AO@CuO NPs A. officinalis
A549 28.3 ± 1.4 > 250
DLD1 10.7 ± 0.7 > 250
HepG2 253.9 ± 11.8 > 250

Fig. 5  Free radical scavenging activity of AO@CuO NPs, A. officina-
lis extract and BHT. *P < 0.05, **P < 0.01, ***P < 0.001 compared to 
BHT
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proliferation. Conducting subsequent studies at later time 
points could potentially elucidate the impact of proliferation 
on the observed outcomes [67].

The intracellular ROS level and detailed molecular 
mechanism weren’t directly assessed in the present study. 
Previous reports suggest that CuO NPs cause mitochon-
drial dysfunction and ROS production [68]. Increased 
oxidative stress can lead to disruption of mitochondrial 
membrane integrity, leakage of cytochrome C into the 
cytosol, and activation of the intrinsic apoptotic pathway 
[69]. Therefore, while the observed apoptotic effect may 
potentially be ROS-mediated, this should be confirmed 
by further molecular analysis. Increased ROS production 
can activate the caspase cascade (−3/9) [70], resulting in 
increased Bax expression and decreased Bcl-2 levels [71]. 

Farshori and colleagues, studies confirm that CuO NPs 
exhibit a dose-dependent cytotoxic profile on the HepG2 
cell line. It has been demonstrated that CuO NPs also 
trigger the caspase cascade by disrupting mitochondrial 
homeostasis in HEp-2 cells. Furthermore, there were sig-
nificant changes in mRNA transcription levels in Hep-2 
cells. The activation of caspase-dependent pathways, par-
ticularly Bax, p53, and Bcl-2 factors, induced apoptosis 
[72]. Another study reported that CuO NPs showed cyto-
toxic effects on colorectal cancer cells (HCT-116), while 
causing minimal toxicity against normal healthy cells. The 
HCT-116 cell line was found to induce apoptosis by reduc-
ing Nrf-2 gene expression and increasing the expression 
of p53 genes and Bax [73]. According to Tennalli and col-
leagues, CuO NPs induced apoptosis in A549, MCF-7, and 

Fig. 6  Microscopic examination of CP and AO@CuO NPs against (a) A549, (b) DLD-1, (c) HepG2 and (d) L929 cells
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HepG2 cells. The strongest effect observed in A-549 cells, 
consistent with our findings. Additionally, it has been sug-
gested that the spherical nanostructure enhances surface 
reactivity and cellular uptake, thereby triggering apoptosis 
through increased ROS production, mitochondrial disrup-
tion, and DNA damage [74].

Conclusion

In this study, we report for the first time synthesis of CuO 
NPs using A. officinalis aqueous extract with a nature 
friendly, fast and low-cost green hydrothermal synthe-
sis method. Characterization of AO@CuO NPs were 

Fig. 8  Percentage of viable, apoptosis and dead cell in cell lines treated 
with IC₅₀ values of AO@CuO NPs, A. officinalis extract and CP. Sta-
tistical significance was assessed by comparing percentages of A. offi-

cinalis extract and AO@CuO NPs with CP (***:P < 0.001, **:P < 0.01 
and *:P < 0.05)

 

Fig. 7  Cell proliferation (%) of A549, DLD-1, HepG2 and L929 cells 
treated with AO@CuO NPs, A. officinalis extract and CP. The calcu-
lation was made by accepting the control group as 100%. Statistical 

significance was determined by comparing the highest concentrations 
of A. officinalis extract and AO@CuO NPs with CP (***:P < 0.001, 
**:P < 0.0,1 and *:P < 0.05)
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determined by UV-Vis spectroscopy, SEM, DLS, XRD, 
FT-IR and Zeta Potential. AO@CuO NPs were spherical 
structures with a mean diameter of 30 ± 10 nm. The FT-IR 
analysis indicates functional groups that play a significant 
role as the reducing and stabilizing for AO@CuO NPs. 
AO@CuO NPs demonstrated antibacterial, antibiofilm 
and antioxidant activity, making them potential candidates 
in various fields including healthcare, food industry and 
therapeutic applications. They showed in vitro cytotoxic 
and apoptosis-related activity in cancer cells. The apop-
totic increase is observed in flow cytometry analysis, and 
the results are consistent with mechanisms described in 

the current scientific literature. However, to explain the 
molecular mechanism of CuO NPs fully, it is necessary to 
investigate molecular markers, such as ROS production, 
caspases-3/9 activities and Bax/Bcl-2 expression ratios. 
Following this biological investigation, future studies 
detailing these pathways will provide a strong foundation 
for various potential applications of AO@CuO NPs, such 
as biosensors and drug delivery systems.
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