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Abstract  The dual-functional nanostructures show 
great promise for biomedical applications, exhibit-
ing selective cytotoxicity against cancer cells while 
also serving as a crucial component in textile screen-
printing for smart materials. In this study, we success-
fully synthesized polyethylene glycol-hibiscus extract 
copper (II) oxide nanoparticles (PEG/HS/CuO NPs) 
using a simple one-step sonosynthesis method that 
leverages ultrasonic irradiation. Comprehensive char-
acterization of the synthesized PEG/HS/CuO NPs was 
performed using transmission electron microscopy 
(TEM), X-ray diffraction (XRD), scanning electron 
microscopy (SEM) coupled with energy-dispersive 

X-ray (EDX) analysis, and Fourier-transform infra-
red spectroscopy (FTIR). The incorporation of PEG/
HS/CuO NPs into guar gum photochromic solution 
(GP) caused a significant color change after 6 ± 1 min 
of UV light exposure and resulted in visible colora-
tion on cellulose-based textiles after screen printing, 
providing an alternative strategy for smart fabrics. 
Moreover, cytotoxicity experiments demonstrated the 
selective toxicity of green PEG/HS/CuO NPs against 
cancer cells. In this study, the human colon cancer 
cell line HCT116, breast cancer cell line MCF-7, 
and normal HUVEC cells were examined. PEG/HS/
CuO NPs NPs induced apoptosis, cell cycle arrest, 
and down-regulation of CD44 antibody expression in 
MCF-7 cells, highlighting their potential as effective 
chemotherapy agents.
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Introduction

The demand for multifunctional textile nanomaterials, 
driven by technological advancements, arises from 
the expectation of improving quality of life, harness-
ing economic potential, enhancing energy efficiency, 
embracing eco-friendly perspectives, and address-
ing a variety of needs (Wan et  al. 2023; dos Santos 
et  al. 2023). These nanoformulations are accelerat-
ing the development of innovative and sustainable 
products in the textile industry, providing users with 
multifunctional and eco-conscious solutions. Photo-
cromic, fluorescent, superhydrophobic, antibacterial, 
antifungal, anticancer, and self-cleaning properties 
are key characteristics of multifunctional textile mate-
rials (Zheng et  al. 2024). These properties enhance 
the advanced roles and versatility of textile products 
in various technical and biomedical applications. The 
growing interest in environmentally friendly solutions 
has driven manufacturers to adopt innovative meth-
ods to increase the use of green textile nanomateri-
als. This reflects the industry’s commitment to sus-
tainability and its pursuit of environmentally sound 
products. Light-sensitive photochromic materials are 
a key component of smart textiles. Photochromism, 
a phenomenon involving light-induced color transi-
tions between two distinct optical states, enhances 
the visual appeal of textile products while enabling 
users to adapt to changing environmental conditions. 
Photochromic materials have been applied in vari-
ous fields, including sunglasses, detectors, displays, 
memory devices, packaging, optics, and personal care 
products. It has also aided in the creation of visu-
ally appealing traffic and road signs and advertising. 
Photochromic textile fibers have the ability to change 
color when exposed to visible light or UV rays. 
However, the dyes usually degrade during coloring, 
reducing absorption and diffusion between the fibers 
(Alsharief et al. 2022).

The functionalization of polymer-based paints and 
inks with micron- and nano-sized particles has led to 
significant advancements in developing textile-based 
products and sensors. These materials can be seam-
lessly integrated into textiles through various printing 

techniques (Andra et al. 2021; Hu et al. 2024; Zhang 
et al. 2024; Zheng et al. 2024). Nonetheless, the cur-
rent limitations associated with this methodology 
relate to the challenges in controlling the dispersion 
and even distribution of additives inside the ink, the 
reproducibility of product features, process reliability, 
and cytotoxicity of both the method and structures. In 
fact, with careful adaption and design of multifunc-
tional features, textiles can offer much more than the 
sensing capabilities realized by typical sensor integra-
tion. Consumers will profit greatly from the approach 
since it has anticancer properties in addition to mini-
mal toxicity. In addition to promoting skin health in 
cancer patients, anticancer textiles lower the risk of 
infection and enhance general health. These tex-
tiles are also composed of soft, light, and breathable 
components, which improve patient comfort during 
treatment, and they include cell-repairing character-
istics that encourage regeneration of the skin. Anti-
cancer textiles, therefore, hold promise for improving 
the quality of life of cancer patients both mentally 
and physically. For example, Marra et  al. developed 
smart textile strain sensors consisting of graphene 
nanoplatelet-based ink, fully integrated using a screen 
printing technique (Marra et  al. 2021). In another 
study, Yang et al. developed high-performance flexi-
ble planar micro-supercapacitors using screen-printed 
electrodes composed of molybdenum disulfide nano-
particles (MoS2 NPs) decorated on electrochemically 
exfoliated graphene. These micro-supercapacitors 
exhibited excellent flexibility, cycling stability, and 
remarkable area-specific capacitance, highlight-
ing their highly integrated functionality (Yang et  al. 
2022). According to the study by Shahzadi et  al. 
(2024), a composite material of polyurethane and 
strontium aluminate (SrAl₂O₄) doped with europium 
(Eu2⁺) and dysprosium (Dy3⁺) demonstrated long-per-
sistent phosphorescence when activated at room tem-
perature, making it suitable for textile-based applica-
tions (Shahzadi et al. 2024).

Hibiscus sabdariffa (commonly known as red 
sorrel or roselle), renowned for its distinctive mor-
phology, is extensively cultivated in many develop-
ing nations. This plant is characterized by its deeply 
lobed leaves, reddish stems, and vibrant calyces, 
which are widely used for various applications. Over 
300 species of hibiscus are found in tropical and 
subtropical regions worldwide. Hibiscus plants are 
originally native to areas stretching from India to 
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Malaysia (Riaz and Chopra 2018). The genus Hibis-
cus includes more than 250 species of shrubs, trees, 
and herbs, which are distributed across tropical and 
subtropical regions. Plants in this genus are known 
to contain bioactive compounds such as flavonoids, 
alkaloids, and tannins, which are associated with var-
ious health benefits. These compounds are believed to 
contribute to the plants’ anticancer, antioxidant, and 
antimicrobial properties. Hibiscus contains bioactive 
substances capable of neutralizing harmful free radi-
cals, thereby mitigating oxidative stress and inflam-
mation (Marques Mandaji et al. 2022). Some research 
suggests that hibiscus extracts may have anti-inflam-
matory properties, potentially aiding in the reduc-
tion of inflammation. Hibiscus has also been studied 
for its potential to lower cholesterol levels and blood 
pressure, which can reduce the risk of heart disease. 
Additionally, hibiscus extracts have been shown to 
inhibit the growth of certain cancer cell lines in vitro, 
though further research is needed to confirm these 
effects. There is also evidence that hibiscus extracts 
may help protect the liver from damage caused by 
toxins or diseases.

Cancer presents a significant challenge in the 
domain of global public health, marked by the uncon-
trolled proliferation of abnormal cells, culminating in 
severe ramifications. Projections indicate a troubling 
scenario, with an anticipated surge to approximately 
2.6 million new cancer cases annually by the year 
2030, accompanied by an estimated 1.7 million fatali-
ties per year. Notably acknowledged by the World 
Health Organization (WHO), prominent cancer types 
encompass breast, colorectal, lung, prostate, skin, and 
stomach malignancies (Yasmin et al. 2023). Addition-
ally, increasing drug resistance in tumor cells empha-
sizes the necessity of various treatment approaches. 
Ongoing clinical research into pioneering technolo-
gies such as nanomedicines offers promising paths 
forward. Nanomedicines utilize biocompatible mate-
rials for diagnostic and therapeutic purposes, poten-
tially mitigating adverse effects associated with con-
ventional treatments. Reports have highlighted the 
anticancer potential of medicinal plants and herbal 
components and revealed that some phytochemicals 
from these botanicals have the capacity to inhibit can-
cer cell proliferation, induce apoptosis, inhibit metas-
tasis, and inhibit angiogenesis. HS, which belongs 
to the Malvaceae family, exhibits promising proper-
ties in this field (Pucci et  al. 2019). Harnessing the 

effectiveness of medicinal plants and researching 
innovative technologies underscore a multifaceted 
strategy in the fight against cancer. By combining 
traditional wisdom with contemporary advances, 
an increasingly optimistic perspective is emerging 
toward the development of effective and less harm-
ful treatments for this common disease (Desai et  al. 
2008; Hosseini et  al. 2017). There has been some 
research into the potential anti-cancer properties of 
hibiscus, particularly in relation to certain cancer cell 
lines. Hibiscus contains various compounds, such as 
polyphenols and flavonoids, which have antioxidant 
properties and may help prevent the growth of can-
cer cells or induce apoptosis in cancer cells. Stud-
ies have shown that hibiscus extracts can inhibit the 
growth of certain cancer cell lines in vitro, including 
breast cancer, leukemia, and gastric cancer cell lines. 
However, more research is needed to fully understand 
the mechanisms involved and to determine the poten-
tial efficacy of hibiscus as a treatment for cancer. It’s 
important to note that while these initial studies are 
promising, they are mostly preclinical studies done in 
cell cultures or animal models. Further clinical stud-
ies are needed to determine the potential benefits of 
hibiscus in cancer treatment in humans. Therefore, 
hibiscus should not be considered a primary treatment 
for cancer, and its use should always be discussed 
with a healthcare professional (Lin et  al. 2012). 
Plant extracts have attracted considerable attention in 
the realm of biosynthetic approaches owing to their 
safety, widespread availability, and diverse array of 
metabolites (Amooaghaie et  al. 2015; Rehana et  al. 
2017). Phytochemical constituents like carbohydrates, 
flavonoids, saponins, proteins, amino acids, and ter-
penoids present in these extracts play pivotal roles in 
the synthesis of NPs. Numerous investigations have 
elucidated the biosynthesis of copper oxide (CuO) 
NPs utilizing extracts derived from a variety of plant 
sources including Tinospora cordifolia (Nasrollahza-
deh et al. 2015), Carica papaya (Sankar et al. 2014), 
Tabernaemontana divaricata (Sivaraj et  al. 2014), 
Calotropis gigantea (Sharma et  al. 2015), Gloriosa 
superba (Ghosh et  al. 2002), Citrus limon (Prathna 
et al. 2011), and Hibiscus rosa-sinensis (Gilani et al. 
2005). These studies underscore the potential benefits 
of environmentally benign CuO NPs across diverse 
biomedical applications. It is noteworthy that conven-
tional chemical synthesis routes for generating CuO 
NPs and other transition metal oxide NPs have long 
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been associated with several shortcomings (He et al. 
2022; Liu et al. 2024). These drawbacks include sub-
stantial energy consumption, environmental contami-
nation, reliance on costly reagents, the necessity for 
elevated pressure and temperature conditions, and uti-
lization of hazardous chemicals. In this study, we pro-
pose that incorporating polyethylene glycol-hibiscus 
extract-copper (II) oxide nanoparticles (PEG/HS/CuO 
NPs) into a guar gum photochromic solution (GP) can 
enhance the multifunctionality of cellulose-based tex-
tiles, enabling both screen-printing applications and 
anticancer therapies. Our goal is to develop a novel 
PEG/HS/CuO NP formulation that not only imparts 
visible coloration to cellulose fabrics but also dem-
onstrates selective cytotoxicity against cancer cells, 
offering a sustainable alternative to conventional tex-
tile treatments and potential as a therapeutic strategy 
for chemotherapy.

Material and method

Chemicals

Dried calyces of HS were obtained from a local sup-
plier in Istanbul, Türkiye, and milled to a particle 
size of less than 200  μm before extraction. The HS 
plants were cultivated between November and July 
of 2021/2022. Guar gum (water-soluble, 99% purity, 
with an average molecular weight of 2.8 × 10 g mol−1) 
was sourced from Fluka (Switzerland). Copper (II) 
chloride anhydrous (purity 99.995%) and potassium 
dichromate (K2CrO4, ReagentPlus® ≥ 99.5%) were 
purchased from Sigma Aldrich Company (Germany). 
Ethanol (purity ≥ 99.5%) and sodium hydroxide were 
purchased from Merck Company (Germany). All 
samples were filtered using 0.45 and 0.22-micron 
retention of sterile syringe filters. The textile used in 
this study was pure cotton fabric (100  g  m⁻2), pur-
chased from Doğan Çorap Tekstil Sanayi ve Ticaret 
LTD ŞTİ (Türkiye). All chemicals and reagents were 
used without further purification.

Preparation of PEG/HS/CuO NPs

The PEG/HS/CuO NPs were synthesized through 
an economical and environmentally friendly soni-
cation process. Prior to drying in a vacuum oven at 
70  °C for 10  h, the powder was thoroughly washed 

multiple times with distilled water to eliminate any 
contaminants. The HS was prepared by adding 5.0 g 
of the dried calyces to 100 mL of distilled water and 
allowing it to steep at 25 °C in a dark environment for 
3  days. Afterward, the solution was filtered through 
a sterile syringe filter with a retention size of 0.45 
microns. To prepare a solution of 1.7  g CuCl₂, dis-
solve it in 250 mL of distilled water. Simultaneously, 
0.4 g NaOH was dissolved in 50 mL distilled water. 
The NaOH solution (4  mL) was gradually mixed 
into the copper solution, which was then sonicated 
for 45 min at a frequency of 30% amplitude. Finally, 
the PEG/HS/CuO NPs were filtered through a sterile 
syringe filter with a 0.22-micron retention size.

Textile screen‑printing application

For the preparation of the PEG/HS/CuO NPs-GG 
screen-printing nanoformulation, 0.5  g of GG was 
thoroughly dissolved in 100  mL of distilled water. 
Subsequently, 10% of a 0.01  mM K2CrO4 solution 
was added, followed by the incorporation of 2 mL of 
PEG/HS/CuO NPs-GG. This mixture was then thor-
oughly mixed to create a homogeneous suspension. 
For the printing process, polyester-based fabrics, 
measuring 50 cm × 50 cm with approximately 2 mm 
diameter holes, were prepared (Fig.  1). A suitable 
shape was prepared for applying the nano-dye (PEG/
HS/CuO NPs-GG) before coating the fabric. Finally, 
the printing process utilized screen printing technol-
ogy. During the screen printing process, UV light was 
applied from a height of 25 cm to cure the printed cel-
lulosic fabric. The prepared suspension was applied 
to cellulose-based textiles using a 100-mesh screen 
printing technique. The printed cellulosic fabrics 
were initially dried at 70 °C for 5 min and then baked 
at 120 °C for 5 min. The process was completed by 
curing under 300 W UV light for 1–15 min.

Characterization

We employed a range of advanced characterization 
techniques to analyze the nanostructure, including 
Transmission Electron Microscopy (TEM) using the 
Hitachi HighTech HT7700 in high vacuum mode at 
100  kV, Fourier Transform Infrared Spectroscopy 
(FTIR) with the Spectrum Two from Perkin Elmer, 
utilizing KBr powder within the 4000–400  cm⁻1 
frequency range at a resolution of 4  cm⁻1 over 8 
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scans, and X-ray Diffraction (XRD) utilizing Cu 
Kα radiation at 40  kV and 15  mA. Scanning elec-
tron microscopy (SEM) was performed using the 
FEI QUANTA 450 instrument, with samples being 
double-coated with gold to enhance imaging qual-
ity. The surface properties of the textile coated with 
NPs were assessed using SEM–EDX (FEI QUANTA 
450) with TedPella double-coating, configured at 
8 mmW × 20 mL. To examine the samples’ transmis-
sion electron microscopy (TEM) images, we used 
the advanced color analysis software ImageJ 1.51q. 
This enabled us to quantify and examine structural 
characteristics and color distribution at a small level. 
The software supplied extensive insights via digital 
colorimetric pixel analysis, allowing for a thorough 
comprehension of the samples’ morphology. In addi-
tion, we examined images of the samples taken with 
the Reel Me 12 smartphone before and after screen 
printing. The Reel Me 12 has a high-resolution 64MP 
primary camera, a 16MP ultra-wide camera, a 2 MP 
depth camera, and a 2  MP macro camera. These 
superior AI-based imaging capabilities meant that 

the images accurately depicted the samples, which 
improved our color distribution evaluations. Addi-
tionally, the absorbances of the samples were meas-
ured using a double-beam UV/Vis spectrophotometer 
(T + 80, PG Instrument) equipped with UVWin 5 
Software.

Cell viability

In this study, we utilized the MCF-7 breast cancer 
cell line, the HCT116 colon cancer cell line, and 
HUVEC (human umbilical cord vein endothelial 
cells) obtained from the American Type Culture Col-
lection (ATCC, MD, USA). These cells were cul-
tured in DMEM supplemented with 10% FBS and 1% 
penicillin/streptomycin complex plated in cell culture 
flasks and cultured in a humidified 5% CO2 incubator 
at 37 °C. When the cell cultures reached 80–90% con-
fluence, they were passaged, and the growth medium 
was replaced every 2–3 days. Subsequently, the cells 
were seeded into 96-well flat-bottom plates at a den-
sity of 104 cells per well and allowed to adhere for 

Fig. 1   The schematic diagram of the PEG/HS/CuO NPs-GG nanoformulation process using screen printing technology
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approximately 2 h. The synthesized HS and PEG/HS/
CuO NPs were then added directly to the wells at a 
1:1 ratio and further diluted with a medium at ratios 
of 1:2, 1:4, and 1:8. The cells treated with HS and 
PEG/HS/CuO NPs were then incubated for 48  h at 
37  °C in a humidified atmosphere containing 95% 
O2 and 5% CO2. After the incubation period, 10 μl of 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) solution (5  mg/mL) was added to 
each well, and the plates were incubated for an addi-
tional 4  h. The formazan crystals formed by viable 
cells were solubilized by adding 100 μL of dimethyl 
sulfoxide (DMSO), and the absorbance was measured 
at 570  nm with a reference wavelength of 630  nm 
using an ELISA reader. Cell viability was calculated 
as a percentage relative to control wells. The apop-
totic cell rate of PEG/HS/CuO NPs on cell lines, 
their effects on the cell cycle, and the expression of 
CD44/24 biomarkers were also evaluated. Concentra-
tions of PEG/HS/CuO NPs equivalent to their IC50 
values were used. After the 48-h incubation period, 
the cells were analyzed using flow cytometry with 
Annexin-V/propidium iodide (PI) staining.

Apoptotic activity

Apoptotic activity was determined by Annexin V/
PI staining and analyzed by flow cytometry. In order 
to investigate the apoptotic effects of PEG/HS/CuO 
NPs, MCF-7 cells were selected due to the high activ-
ity of PEG/HS/CuO NPs on cancer cells. The cells 
were treated with an IC50 dose of PEG/HS/CuO NPs 
for 48 h. Then, cells were stained with 5 μL Annexin 
V-FITC and 2.5 μL propidium iodide (PI) for 10 min 
in the dark. Afterward, 400  μL Annexin binding 
buffer was added, and the processed cells were ana-
lyzed by Beckman Coulter Navios flow cytometer 
(Navios 3L10). Early and late apoptotic cell rates 
and necrosis rates in these cells were determined by 
flow cytometry. The data obtained were then analyzed 
with Kaluza software (Erhardt and Toth 2009; Wlod-
kowic et al. 2009).

Cell cycle analysis

HCT116 cells were cultured with RL at the IC50 
concentration for 48  h. After treatment, cells were 
centrifuged, the supernatant was removed, and the 
cells were resuspended in PBS. The suspension was 

then transferred to ethanol for fixation and stored 
at −  20  °C. Following fixation, cells were washed 
with PBS, treated with RNase A to remove RNA, 
and stained with FxCycle™ PI/RNase dye for DNA 
analysis. Flow cytometry was performed using a 
Beckman Coulter Navios system, and the data were 
analyzed with Kaluza Analysis Software to assess cell 
cycle distribution.

CD44 and CD24

The cell lines were analyzed for their apoptotic activ-
ity and cell cycle phase distribution in their original 
state. The CD44 and CD24 antibodies were incu-
bated for a period of 15–20 min in the dark at room 
temperature. The isotypic control antibodies were 
employed as a reference standard, as were the fluo-
rescent properties of the cells themselves. Following 
a single wash with PBS, the cells were analyzed using 
flow cytometry with the Beckman Coulter Navios 
instrument and the Kaluza analysis program. The 
optimal wavelengths for compatibility were found 
to be between 488 and 561 nm, with an emission at 
578  nm. A minimum of 10,000–15,000 cells were 
analyzed for each tube.

Results and dıscussıon

Characterization of the NPs

Figure 2 presents the TEM images of PEG/HS/CuO 
NPs at magnifications of × 40.0 k and × 120.0 k. The 
experimental results clearly demonstrated that the 
PEG/HS/CuO NPs exhibited an irregular morphol-
ogy, with diameters consistently below 20  nm. This 
small size suggested a large surface area for the nano-
structures, and they generally showed a good distri-
bution. However, some partial agglomeration was 
observed among the particles, although it was mini-
mal. These findings highlighted the effectiveness of 
the sonochemical synthesis method in producing 
NPs with controlled size distribution and minimal 
clustering.

Figure  3 presents a detailed analysis of PEG/HS/
CuO NPs using various TEM imaging techniques. 
In Fig.  3a, the AI-supported TEM image, rendered 
in an 8-bit rainbow color scale, enhanced contrast 
and clarity, making the boundaries and morphology 
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of the PEG/HS/CuO NPs more distinct. ImageJ 
1.51q software was utilized for this analysis, and 
the TEM images were first converted to an 8-bit 
format for image processing. The green color high-
lighted the uniform distribution of the PEG/HS/CuO 
NPs, while the blue color indicated areas of partial 
agglomeration. Notably, most of the structure (over 
95%) appeared in green, providing evidence of the 
homogenous distribution and successful synthesis of 
the PEG/HS/CuO NPs. Figure 3b presents the TEM 
image’s topographic map (isoline), providing detailed 
insights into the surface characteristics and depth var-
iations of the PEG/HS/CuO NPs. The relatively minor 
elevation differences suggested an overall smooth 
surface; however, approximately 70% of the image 
displayed sharp partial peaks, indicating the presence 
of free particles and a certain degree of inhomogene-
ity. Additionally, broad flat areas, constituting around 
30% of the surface, were observed, contributing to 
the partial agglomeration of the PEG/HS/CuO NPs. 
This combination of features highlighted the complex 
topography of the NPs, accentuating both the uniform 
regions and those with more intricate textures. Fur-
thermore, these analytical techniques underscored the 
significance of artificial intelligence in microscopic 
analysis, particularly when investigating extremely 
small nanostructures, revealing intricate details that 
enhance our understanding of their morphology and 
distribution. Figure 3c–d illustrates the color distribu-
tion and histogram of the TEM image, with the cor-
responding colors positioned 50 nm beneath the over-
all distribution of PEG/HS/CuO NPs. Collectively, 

these photos offered visual evidence, considerably 
supported by AI, of the NPs’ shape, distribution, and 
surface properties, confirming the quality of their 
manufacture. Furthermore, these analytical tools 
demonstrated the importance of AI in microscopic 
analysis, particularly when studying extremely small 
nanostructures, exposing complex characteristics that 
help us comprehend their form and distribution.

Fig. S1 presents the FTIR spectra of (a) HS and (b) 
PEG/HS/CuO NPs. These spectra highlight the dis-
tinct functional groups and molecular interactions in 
the extract (HS) compared to the PEG/HS/CuO NPs, 
showcasing the changes in chemical bonding and 
surface modifications after NPs synthesis. The FTIR 
spectra for HS revealed several characteristic peaks, 
including 3329 cm−1, corresponding to OH stretching, 
2917 cm−1 for symmetric C–H stretching, 2848 cm−1 
for asymmetric C–H stretching, 1726 cm−1 for C = O 
stretching, 1615 cm−1 for protein amide I, 1185 cm−1 
for antisymmetric C–O stretching, and 1013  cm−1 
for C–O–C stretching (Fig. S1a). In comparison, the 
spectra for PEG/HS/CuO NPs exhibited peaks at 
3329  cm−1 (OH stretching), 1596  cm−1 (symmetric 
C-H stretching), 1374 cm−1 (asymmetric C-H stretch-
ing), 1224  cm−1 (C=O stretching), and 1067  cm−1 
(C–O stretching) shifts indicate interactions between 
the extract and metal ions (Fig. S1b) (Ramli and Nair 
2015). A weak band at 883 cm−1 indicated the pres-
ence of a glycosidic linkage, while a peak at 673 cm−1 
corresponded to the formation and stretching of 
CuO. The significant peaks observed at 3329  cm−1, 
1650  cm−1, 1482  cm−1, and 883  cm−1 in both the 

Fig. 2   a TEM image of PEG/HS/CuO NPs with × 40.0 k and × 120.0 k
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extract and CuO NPs spectra confirmed the presence 
of bio-based molecules on the surface of the NPs. 
The bending vibrations of υ(Cu–O–H) were con-
sidered responsible for the minor peak at 883  cm−1 

(Ananda Murthy et al. 2021). The XRD graph of the 
prepared PEG/HS/CuO NPs is given in Fig. S2. The 
XRD results revealed distinct diffraction peaks for 
PEG/HS/CuO NPs at 2θ values of 28°, 32°, 40°, 45°, 

Fig. 3   a AI-enhanced TEM image of PEG/HS/CuO NPs (8-bit 
rainbow scale), b topographic map of the TEM image of PEG/
HS/CuO NPs (isoline representation), c color distribution 

graph of the AI-enhanced TEM image of PEG/HS/CuO NPs, 
and d corresponding color histogram
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47°, 56°, and 75° are indexed to (110), (002), (111), 
(200), (202), (311), (222) planes of monoclinic CuO 
as referenced against JCPDS Card No. 04–015-5865.

Figure 4a–e depicts the following: (a) SEM image 
of the uncoated cellulose-based material, (b) SEM 
image of the cellulose-based material coated with 
NPs after screen printing, (c) AI-enhanced SEM 
image of the NPs rendered in 8-bit rainbow-smart 
mode, and (d) SEM–EDX mapping of the cellulose-
based material coated with NPs, showing (e) the 
elemental distribution of carbon (C), copper (Cu), 
and sulfur (S). The AI-supported imaging enhanced 
contrast and clarity, allowing for a detailed examina-
tion of the NPs’ morphology and their distribution 
on the substrate. The SEM image of uncoated cellu-
lose-based textiles showed a smooth, well-defined 
and flat surface (Fig.  4a). The SEM image of the 
cellulose-based textiles coated with PEG/HS/CuO 
NPs revealed a uniform layer with partially agglom-
erated nanostructures, demonstrating the effective 
distribution and adhesion of the NPs across the tex-
tile surface (Fig.  4b). Furthermore, it was observed 
in these images that the textile coated with PEG/HS/
CuO NPs contained a layered structure covered with 
small NPs (red/yellow color reflections) (Fig.  4c). 
The SEM–EDX results for the cellulose-based mate-
rial coated with PEG/HS/CuO NPs after screen print-
ing revealed the presence of essential constituent ele-
ments of the NPs, including carbon (C), oxygen (O), 
and sulfur (S), along with copper (Cu) from the PEG/
HS/CuO NPs-GG sample (Fig. 4d–e). These experi-
mental results revealed that PEG/HS/CuO NPs-GG 
were successfully dispersed on cellulose-based textile 
and formed a homogeneous coating.

These structural and surface characterizations 
align with the synthesis mechanism of PEG/HS/CuO 
NPs. The sonosynthesis of PEG/HS/CuO NPs using 
ultrasonic irradiation leverages the localized high 
temperatures and pressures generated by ultrasonic 
waves. These extreme conditions facilitate the rapid 
nucleation of CuO NPs. Plant extract serves as both a 
reducing and stabilizing agent, while PEG functions 
as a capping agent, crucially controlling the size and 
morphology of the NPs while preventing aggregation. 
The synthesis process involves a series of chemical 
reactions driven by the interaction of system com-
ponents. Copper(II) ions (Cu2⁺) from the precursor 
solution are reduced by phenolic compounds and fla-
vonoids present in the extract, which donate electrons 

to convert Cu2⁺ to Cu⁺ and subsequently to CuO NPs. 
Although forming the CuO phase at 10  °C is typi-
cally challenging due to the dehydration and oxida-
tion reactions requiring temperatures above 60 °C, a 
sonochemical approach enables the synthesis of CuO 
NPs at 25 °C. The mechanism of CuO NPs formation 
under these conditions is outlined as follows (Kim 
et al. 2016):

Screen printing of textile coated with PEG/HS/CuO 
NPs into the GP solution

The incorporation of NPs in screen printing materials 
plays a critical role in enhancing the functional prop-
erties of printed surfaces. For example, as reported by 
Chakkarapani et al. (Chakkarapani et al. 2024), NPs 
such as silver and reduced graphene oxide have been 
effectively used to modify carbon screen printing 
electrodes, enabling selective and sensitive determi-
nation of phenolic compounds. This highlights how 
NPs can increase the performance of printed mate-
rials, especially in applications that need precision, 
sensitivity, and conductivity, making them invalu-
able in advanced technologies like as detectors and 
electrochemical instruments. Similarly, (Yang et  al. 
2022) reported the preparation of high-performance 
flexible planar micro-supercapacitors through screen 
printing, using MoS₂ NPs decorated with electro-
chemically exfoliated graphene. From a different per-
spective, (Meshram et  al. 2017) demonstrated how 
anti-microbial surfaces can be developed by deposit-
ing ZnO NPs on PVA-gelatine composite films using 
the screen printing technique. This approach not only 
improved the antimicrobial activity but also contrib-
uted to the overall biological compatibility of the 
material. To achieve the photochromic effect, screen 
printing was employed to coat cellulose-based textiles 
with multifunctional NPs. This method has proven 
to be fast, user-friendly, cost-effective, and easily 
repeatable, effectively showcasing the functional, 
biological, surface, and chemical properties of textile 
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(2)Cu(OH)
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4
]2−
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Fig. 4   (a) SEM image of the uncoated cellulose-based mate-
rial, (b) SEM image of the cellulose-based material coated 
with NPs after screen printing, (c) AI-enhanced SEM image of 
the NPs rendered in 8-bit rainbow-smart mode, and (d) SEM–

EDX mapping of the cellulose-based material coated with 
NPs, showing (e) the elemental distribution of carbon (C), cop-
per (Cu), and sulfur (S)
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materials. Moreover, screen printing offers promising 
applications in wearable bio-based sensors, providing 
a practical means of integrating advanced functionali-
ties into textiles while preserving their flexibility and 
usability. In this study, cellulosic fabrics were coated 
with bio-based NPs and cured under 300 W UV light 
for various durations (curing times: 1–15  min). To 
assess the impact of the GG biopolymer on print-
ing quality, curing times of PEG/HS/CuO NPs were 
tested both in the presence and absence of GG, with 
three replicates for each condition. The inclusion of 
GG enhanced printing quality by improving the adhe-
sion of NPs to the fabric surface. This enhancement 
occurred because GG facilitates a more uniform dis-
tribution and better adhesion of the bio-ink, creat-
ing a superior film during the printing process. The 
effects of PEG/HS/CuO NPs-GG on printing quality 
and coating performance were meticulously evalu-
ated. In Fig. 5a–e, the following images are given: (a) 
photograph of polyester and cellulosic fabrics coated 
with PEG/HS/CuO NPs, (b) PEG/HS/CuO-GG NPs, 
(c) cellulosic fabrics after screen printing with PEG/
HS/CuO-GG NPs, (d) PEG/HS/CuO NPs cured under 
UV light for 6 ± 1  min, and (e) PEG/HS/CuO NPs 
after 6 ± 1  min curing. In Fig.  5f–g, the addition of 
GG during the screen printing process significantly 
improved the uniformity of the color distribution, as 
seen in the color histograms. Specifically, the color 
histogram in (Fig. 5f), which represents the structure 
cured with PEG/HS/CuO NPs without GG, displays 
a narrower range, indicating less variation in color 
distribution. On the other hand, the histogram in 
(Fig.  5g), showing the results for PEG/HS/CuO-GG 
NPs, presents a broader, more evenly spread graph. 
This suggests that the presence of GG promotes 
a more uniform distribution of NPs on the fabric, 
enhancing overall coverage and producing a more 
homogenous color distribution. In conclusion, the 
optimal condition was found to be a curing time of 
6 ± 1 min in the presence of PEG/HS/CuO-GG NPs, 
based on three replicates per experiment. This condi-
tion resulted in more uniform color distribution and 
more effective NP coating, leading to superior print-
ing and coating performance.

Cell cytotoxicity

Extracts from the HS, containing organic acids, proto-
catechuic acid, anthocyanins, citric acids, flavonoids, 

saponins, tannins, caffeic acids, polyphenols, and 
various other compounds, have been documented to 
possess anti-cancer properties. These constituents 
have demonstrated abilities to decrease cancer cell 
proliferation, trigger apoptosis, and induce cell cycle 
arrest. In this investigation, we explored the cyto-
toxic effects of HS and PEG/HS/CuO NPs on MCF-7 
breast cancer, HCT116 colon cancer, and HUVEC 
normal cells (Fig. 6a–f). Our results revealed signifi-
cant cytotoxicity of HS on both MCF-7 and HUVEC 
cells. However, HS demonstrated enhanced cytotox-
icity in HCT116 cells relative to the control group. 
Moreover, it is notable that the cytotoxicity was fur-
ther induced when treated with PEG/HS/CuO NPs 
across all groups. Furthermore, the highest toxic-
ity was observed for HS and PEG/HS/CuO NPs on 
MCF-7 cells among all cell groups. Furthermore, the 
viability of HUVEC cells treated with HS was found 
to be lower than that of HCT116 cells, but higher than 
that of MCF-7 cells. In MCF-7 cells, undiluted HS 
(1:4 ratio) resulted in approximately half of the cells 
dying, a result that was comparable to that observed 
with PEG/HS/CuO NPs at the same dilution. This 
indicates that the PEG/HS/CuO NPs were four times 
more cytotoxic than HS. Conversely, HS exhibited 
low cytotoxicity on HUVEC cells, while PEG/HS/
CuO NPs caused approximately 32% cell death at 
a dilution ratio of 1:4 and approximately 50% cell 
death at a dilution of 1:2. When the cytotoxicity of 
PEG/HS/CuO NPs was compared between HUVEC 
and MCF-7 cells, a dilution ratio of 1:4 resulted in 
approximately 50% cell death in MCF-7 cells, while 
32% of HUVEC cells died, indicating a lower level of 
toxicity in normal cells. In summary, PEG/HS/CuO 
NPs demonstrated higher cytotoxicity against MCF-7 
cancer cells compared to HUVEC normal cells. A 
comparison of the cytotoxicity of PEG/HS/CuO NPs 
on HUVEC and MCF-7 cells revealed that the former 
exhibited a higher degree of toxicity, with approxi-
mately half of the MCF-7 cells undergoing death at a 
dilution ratio of 1:4, whereas the latter demonstrated 
a lower level of cell death, with approximately 32% of 
cells dying at the same concentration. Previous stud-
ies by Christopher Nguyen and colleagues have dem-
onstrated the efficacy of HE in inducing apoptosis in 
both triple-negative MDA-MB-231 and ER + MCF-7 
breast cancer cells (Nguyen et  al. 2019). The other 
study reported that HE has been shown to induce 
apoptosis significantly around treatment of 2  mg/
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mL of crude extract in prostate cancer, with a similar 
dose-dependency (Chiu et al. 2015). Thun et al. have 
reported findings indicating that the HS, applied at a 
dose of 4 mg/mL for 48 h in vitro conditions on breast 
cancer cell lines, induced apoptosis and increased 
ROS and mitochondrial membrane collapse (Thun 
et al. 2010). In our study, PEG/HS/CuO NPs clearly 
showed selectivity by increasing cytotoxicity in can-
cer cells. In addition, in Table 1, brief summaries of 
NPs prepared by different studies are given and com-
pared with our study.

Apoptosis, also known as programmed cell death, 
is a fundamental process necessary for maintaining 
morphogenetic homeostasis during early develop-
ment and in various pathophysiological conditions. 
Multiple studies have identified the dysregulation of 
various apoptotic components during the develop-
ment and progression of cancer. Apoptosis depends 
on the activation of specific signaling pathways, 
which are frequently disrupted in cancer (Kashyap 
et al. 2021). As illustrated in Fig. 7 of our study, PEG/
HS/CuO NPs have been demonstrated to induce cell 
death by apoptosis.

The present study was conducted on the MCF7 
cell line with the objective of evaluating changes in 
the CD44 + /CD24− cancer stem cell (CSC) popula-
tions, which are associated with drug resistance and 
metastasis.Treatment with CuO NPs reduced the 
CD44 + /CD24− population from 29.68 to 8.43%, 
while the CD44-/CD24- population increased from 
70.28 to 91.54%. (Fig. 8). These findings suggest that 
CuO NPs effectively reduce proliferation, migration, 
and metastatic potential, highlighting their role in 
combating drug resistance and tumorigenic activity.

In our study, we also investigated the effects of 
PEG/HS/CuO NPs on the cell cycle in MCF-7 cancer 
cells. Consistent with the findings of Liu et al. (2017), 
who showed that GTPs induce cell cycle arrest at 

G1/M and G2/M checkpoints while promoting apop-
tosis, our results revealed significant changes in cell 
cycle dynamics following treatment with PEG/HS/
CuO NPs (Liu et al. 2017). In particular, we observed 
that the G0/G1 phase increased from 50.17% in con-
trol cells to 59.52% after treatment, indicating a shift 
towards cell cycle arrest and growth arrest. This was 
accompanied by a significant decrease in the S phase, 
indicating that DNA synthesis and overall cell growth 
were effectively inhibited. Furthermore, the decrease 
in G2/M phase activity reinforces the idea that PEG/
HS/CuO NPs exert strong inhibitory effects on cell 
proliferation (Fig. 9). In a similar study, Simsek et al. 
(2020) found that carbon-based NPs caused an arrest 
in the G0/G1 phase on MCF-7 cells, resulting in a 
transition to the S phase and inhibition of cell growth. 
That is, they detected a significant increase in the G0/
G1 population with a significant decrease in both S 
and G2/M phases (Şimşek et al. 2020). In summary, 
our findings emphasize the potential of these agents 
to improve cancer therapy by specifically inducing 
cell cycle arrest and apoptosis.

Conclusion

In conclusion, the dual-functional PEG/HS/CuO NPs 
showed substantial promise for biological and mate-
rial-related applications. Their specific cytotoxicity 
against cancer cells, notably MCF-7 breast cancer 
cells, along with their capacity to cause G2/M phase 
cell cycle arrest and apoptosis make them intriguing 
chemotherapeutic options. The synthesized PEG/HS/
CuO NPs exhibited an irregular morphology with 
sizes below 20 nm, enhancing their ability to establish 
effective contact with biological cells. Furthermore, 
these PEG/HS/CuO NPs were successfully mixed 
into a photochromic GG for screen printing onto cel-
lulose-based textiles, presenting a novel method for 
creating smart materials. A curing time of 6 ± 1 min 
under UV light was found to be optimal for screen 
printing, with GG playing a key role in ensuring uni-
form distribution and strong adherence of NPs to the 
textile surface. This study offers promising avenues 

Fig. 5   a Photograph of polyester and cellulosic fabrics coated 
with PEG/HS/CuO NPs; b PEG/HS/CuO-GG NPs; c cellulosic 
fabrics after screen printing with PEG/HS/CuO-GG NPs; d 
PEG/HS/CuO NPs cured under UV light for 6 ± 1 min; e PEG/
HS/CuO NPs after 6 ± 1 min curing; f color histogram of the 
structure cured with PEG/HS/CuO NPs; and g PEG/HS/CuO-
GG NPs

◂
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Fig. 6   The concentrations depicted in the graph were applied 
using HB to assess cytotoxicity. For HCT-116, various concen-
trations of PEG/HS/CuO NPs (a) and HS (b) were applied by 
diluting them as 1/8, 1/4, 1/2, and 1. The impact of PEG/HS/
CuO NPs was assessed in graph (c), while HS was evaluated in 
graphs (d) on HUVEC cells. Additionally, the effects of PEG/
HS/CuO NPs (e) and HS (f) on MCF-7 cells are presented in 

the graph. Statistical significance was indicated by p < 0.001 
(***), and p < 0.01 (**) when compared to the control group. 
The samples were analyzed using the Student-t test. Statistical 
analysis was performed using GraphPad Prism 8.0 (GraphPad 
Software, San Diego, CA). Each test was conducted at least 
three times
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Table 1   Comparison of the different NPs in different areas

Treatment Size Results Refs

PEG-coated Cu@Se nano-hybrid ∼ 109 nm Potential anticancer activity, DU145, LNCaP 
cells

(Liu et al. 2020)

Cobalt oxide (Co3O4-NPs), 
magnesium oxide nanoparticles 
(MgO–NPs)

 ~ 28–19 nm Multiple biomedical applications (Kainat et al. 2021)

AuNPs-Hibiscus, AuNPs-Curcumin ∼ 20 nm Potential anticancer, HCT116, MCF-7 (Liu et al. 2020)
AgNPs and HS leaf extract 21.22 nm Antibacterial and anticancer activity, A549 (Ahirwar et al. 2024)
ZnO, Au, and Au/ZnO NPs 50.7, 51.6, 8.45 nm Anticancer activity, MCF-7 (Shochah and Jabir 2024)
PEG/HS/CuO NPs less than 20 nm, For biological and material-related applica-

tions, MCF-7, HCT116, HUVEC
This study

Fig. 7   The apoptotic effects of HS and PEG/HS/CuO NPs in MCF-7 cells. (a) MCF-7 cells treated with HS (b) MCF-7 cells treated 
with PEG/HS/CuO NPs at IC50 values

Fig. 8   CD44 + /CD24- cell 
surface marker analysis by 
flow cytometry. The graph 
illustrates the percentage of 
cells treated with HS and 
PEG/HS/CuO NPs at the 
IC50 value. (a) MCF-7 cells 
treated with HS, (b) MCF-7 
cells treated with PEG/HS/
CuO NPs
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for future research into the application of these nano-
structures in anticancer therapies and multifunctional 
smart materials, particularly in wearable sensor tech-
nologies and advanced textiles.
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