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Abstract  This study employs polysaccharides (PS) 
extracted from Mesembryanthemum crystallinum (M. 
crystallinum) as a safe and bio-compatible medium 
for the synthesis of cobalt (CoNPs), copper oxide 
(CuONPs), silver (AgNPs), and trimetallic nanopar-
ticles (TMNPs). The nanoparticle synthesis was opti-
mized using UV–visible spectroscopy to determine 
the optimal conditions, which were found to be 60 °C, 
a pH of 13, and a reaction time of 60 min. Scanning 
Electron Microscopy (SEM) confirmed the deposition 
of nanosized CoNPs, CuONPs, AgNPs, and TMNPs 
onto a cotton fabric surface, while Transmission 
Electron Microscopy (TEM) revealed their spheri-
cal morphology with particle size 5–20 nm. In vitro 
anticancer analyses were performed on breast cancer 
(MCF-7), human liver cancer (HEPG-2), and nor-
mal lung (WI-38) cell lines, the cytotoxic activity of 
TMNPs was found to be the highest for MCF-7 with a 
concentration of 14.7 μg/ mL. For HEPG-2, TMNPs 
recorded highest activity 17.81 μg/ mL, followed by 

CoNPs 30.53 μg/ mL, CuONPs recorded 33.7 μg/ 
mL, AgNPs recorded 42.6 μg/ mL, PS recorded 55.98 
μg/Ml. Moreover, TMNPs showed enhanced anti-
inflammatory activity with Oedema inhibition rates 
of 87.04% compared to 80.25%, 74.07%, 66.05%, 
and 56.79% for CuONPs, CoNPs, AgNPs, and poly-
saccharides, respectively. A wound healing study 
indicated that TMNPs produced maximum wound 
area reductions of 85.11%, followed by 79.72% after 
ten washes. These results underscore M. crystalli-
num polysaccharides as eco-friendly agents, advanc-
ing further innovative biomedical nanotechnology 
applications.
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MTT	� 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (a cell viability 
assay)

NPs	� Nanoparticles
PS	� Polysaccharides
SEM	� Scanning electron microscopy
TEM	� Transmission electron microscopy
UV–Vis	� Ultraviolet–visible spectroscopy
WI-38	� Normal human lung fibroblast cell line
XRD	� X-ray diffraction
EDX	� Energy dispersive X-ray

Introduction

Mesembryanthemum crystallinum, a creeping suc-
culent in the Aizoaceae family, originated in Africa, 
Sinai, and southern Europe and has since dissemi-
nated to North America, South America, and Aus-
tralia (Bouftira et  al. 2008; Kang and Joo 2023). In 
response to osmotic challenges such as drought and 
salinity, this plant accumulates protective solutes, 
including polysaccharides, amino acids, polyols, 
betaines, and ectoines, in its cytoplasmic compart-
ments (Bohnert and Shen 1998).

M. crystallinum, commonly referred to as the ice 
plant, is a salt-tolerant species known for its diverse 
medicinal benefits and potential uses in agriculture. 
This plant is rich in polyphenols, especially flavo-
noids like apigenin and luteolin, which contribute to 
its strong antioxidant properties (Calvo et  al. 2022; 
Kang and Joo 2023). It also exhibits antihyperten-
sive and hypoglycemic effects by inhibiting certain 
enzymes (Calvo et  al. 2022). The ice plant’s anti-
inflammatory capabilities are demonstrated by its 
reduction of inflammatory cytokines and nitric oxide 
production (Kang and Joo 2023). Various parts of the 
plant contain differing amounts of bioactive com-
pounds and exhibit distinct activities (Kang and Joo 
2023). The plant’s ability to transition from C3 to 
CAM photosynthesis under stress increases its salt 
tolerance, making it a promising candidate for culti-
vation in saline soils (Loconsole et al. 2019). More-
over, its potential for phytoremediation of polluted 
water and soil is attracting growing research attention 
(Yapias 2024). M. crystallinum, a salt-tolerant plant 
with a history of medicinal use, has exhibited notable 
antioxidant and antimicrobial activities. Methanolic 
extracts from this plant have shown strong antioxidant 

effects when evaluated with the DPPH assay and have 
demonstrated broad-spectrum antibacterial activity 
against both gram-positive and gram-negative bacte-
ria (Ibtissem et al. 2012). The medicinal benefits are 
largely due to the polyphenolic compounds present 
in the extracts. Moreover, certain extracts from the 
Chrysanthemum genus have been found to have activ-
ity against HSV-1 (Vasas et al. 2015).

The polysaccharide extract of M. crystallinum had 
a positive effect on scavenging hydroxyl radicals, 
1,1-diphenyl-2-trinitrophenyl hydrazine (DPPH), and 
nitrite ions. The potential of M. crystallinum polysac-
charide extract to serve as an antioxidant on animal 
oil and vegetable oil was found to have a positive 
correlation with the concentration within a certain 
addition range. In addition, the polysaccharide of M. 
crystallinum showed antibacterial activity against 
Escherichia coli and Bacillus subtilis.

Choosing M. crystallinum for nanoparticle synthe-
sis is influenced by multiple factors. Its abundance 
of bioactive compounds, particularly antioxidants, 
makes it an excellent choice for eco-friendly nano-
particle production. These compounds help in reduc-
ing metal ions and stabilizing nanoparticles, offering 
a sustainable alternative to conventional chemical 
methods. Moreover, the plant’s adaptability to various 
environmental conditions and widespread availability 
make it a practical and sustainable resource for nano-
particle creation. The potential uses of nanoparticles 
derived from M. crystallinum in areas like drug deliv-
ery, antimicrobial treatments, and sensor technology 
underscore the plant’s substantial importance in nano-
technology research (Yedoti and Supraja 2024).

Polysaccharides are complex carbohydrates com-
posed of long chains of monosaccharide units con-
nected via glycosidic linkages (Aachary and Prapulla 
2011; Delattre et al. 2011). Found ubiquitously across 
all domains of life, these biopolymers exist in algae 
(e.g., alginate), terrestrial plants e.g., starch and cel-
lulose (Rinaudo et  al. 2014), and microorganisms 
e.g., zymosan and dextran (Domingues et  al. 2022; 
He et  al. 2022; Gomez-Hermoso-de-Mendoza et  al. 
2023; Tang et  al. 2024; Schiavi et  al. 2024; Aouay 
et  al. 2024). Due to their bioactive nature, polysac-
charides extracted from medicinal plants and mush-
rooms exert a diverse array of pharmacological 
effects, including antioxidants, immunomodulatory, 
anticancer, gastrointestinal protective, antidiabetic, 
and hepatoprotective properties (Xie et al. 2016; Raji 
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et al. 2023; Al-darwesh et al. 2025a, b; Ibrahim et al. 
2025).

In the field of nanotechnology, a wide range of 
enhanced properties, such as increased catalytic 
activity, improved antimicrobial efficacy, multi-
faceted morphology, heightened detection sensi-
tivity, advanced drug encapsulation performance, 
greater bioavailability, and efficient chemical trans-
formation—have been demonstrated for bimetallic 
(BMNPs) and trimetallic nanoparticles (TMNPs), 
particularly when compared to their monometal-
lic counterparts (Li et  al. 2018; Pandey and Pan-
dey 2016; Masud et  al. 2023). Metal nanoparticles 
including silver (Ag), gold (Au), cobalt (Co), pal-
ladium (Pd), platinum (Pt), and copper oxide (CuO) 
are highly sought after within both therapeutic and 
consumer sectors (Aouay et  al. 2024; Shafqat et  al. 
2025). Silver nanoparticles (AgNPs), for instance, 
are prominently produced with an annual capacity of 
approximately 500 tonnes and are employed in anti-
infective, anti-angiogenic, and antibacterial applica-
tions (Almatroudi et  al. 2020; Irfan et  al. 2021; Jan 
et  al. 2021; Allemailem et  al. 2022a, b; Irfan et  al. 
2022; Awais et  al. 2023; Rehan et  al. 2024; Al-dar-
wesh et al. 2024a; Bhavi et al. 2024a, b, c; Ihsan et al. 
2024).

Cobalt nanoparticles (CoNPs) have attracted con-
siderable attention. Owing to their diverse and unique 
applications. These nanoparticles exhibit multifunc-
tional properties that render suitable for biomedical 
applications (e.g., antimicrobial, antiviral, antileish-
manial, targeted therapies, anticancer, and drug deliv-
ery), as well as for use in chemical sensors, solar 
selective absorbent materials, electrode materials in 
rechargeable batteries, dyes, and electronic thin films 
(Waris et al. 2021; Al-darwesh et al. 2024b, c) . Their 
magnetic, electrical, and catalytic characteristics 
facilitate applications in magnetic recording devices, 
biosensors, magnetohydrodynamics (MHD), mag-
netic fluids, composites, and catalysts (Puntes et  al. 
2001; Ansari et al. 2017) demonstrated the synthesis 
of CoNPs via a one-step hydrothermal method using 
oleic acid as a capping agent, and subsequently exam-
ined their essential structural, physical, magnetic, and 
chemical properties.

Similarly, copper oxide nanoparticles (CuONPs) 
are considered promising alternatives for numer-
ous natural and industrial applications, due to 
their abundance, low toxicity, small bandgap, and 

cost-effectiveness. The advantageous biological appli-
cations of CuONPs have been corroborated through 
in vitro cytotoxicity studies using traditional mamma-
lian cell cultures, organoid models, and vascular plant 
cell systems (Narayana et  al. 2024; Kir et  al. 2024; 
Parveen and Riazunnisa, 2025).

To date, the biomedical synthesis of CoNPs, 
CuONPs, AgNPs, and TMNPs using polysaccharides 
derived from M. crystallinum has not been reported. 
Therefore, the present study aims to biosynthesize 
these nanoparticles using M. crystallinum polysac-
charides and to comprehensively assess their syner-
gistic anticancer, wound healing, and anti-inflamma-
tory properties.

Materials and methods

Collection of M. crystallinum plant

M. crystallinum leaves were harvested from the 
Behera Governorate in Egypt. The samples were 
meticulously rinsed using running tap water to elimi-
nate any particulate matter, then dried in the shade to 
preserve their biochemical integrity. The plant identi-
fication was verified by a taxonomist. The added text 
specifies that the specimen of  M. crystallinum  was 
authenticated by  Dr. Emad Farahat  (Professor in 
Botany) at the  Helwan University Herbarium of 
Botanical Sciences, and that a voucher specimen has 
been deposited under the voucher number HUHBS-
2023-007. Subsequently, the leaves were arranged 
on an oven tray and subjected to controlled drying 
at temperatures ranging from 30  to 40 °C overnight. 
Once the samples were completely dehydrated, they 
were finely powdered using a suitable milling process 
and subsequently stored in airtight containers until 
further extraction procedures were performed.

Extraction of polysaccharides

The first step in the process was subjecting a 50 g 
sample of M. crystallinum plant material to repeated 
water percolation, which was then followed by com-
plete extraction using a reflux system until the extrac-
tion was performed completely. Using a rotary evapo-
rator, the extract that was produced was concentrated 
to a volume of around sixty milliliters. The polysac-
charides (PS) were then precipitated using absolute 
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ethanol, and the residue of the PS was washed with 
absolute ethanol after it had been precipitated. After 
that, the residue was weighed and stored for further 
examination.

Hydrolysis of the polysaccharides for HPLC analysis

In a boiling water bath, 0.1 g of M. crystallinum phy-
tosubstance (PS) was added to 10 mL of 2 N HCl and 
maintained for 5 h to ensure complete hydrolysis. The 
resulting hydrolysate was treated with Ba(OH)2. After 
the solution was evaporated to a final volume of 2 
mL, it was centrifuged and washed with water. After 
that, it was partitioned three times with ethyl acetate 
and then injected into an HPLC system (Abd El-Aziz 
and Farahat 2023).

Synthesis of AgNPs

A 0.05 g of dried M. crystallinum polysaccharide 
(PS) was dissolved in 100 mL of distilled water using 
a heating magnetic stirrer. To optimize the synthe-
sis of silver nanoparticles (AgNPs), 1 mL of (0.1 M) 
AgNO3 was added to the PS extract. The ratio of the 
precursor solution to the PS extract is 1:5. The result-
ing reaction mixture underwent continuous stirring 
under varying conditions, specifically at temperatures 
of 40  °C, 50  °C, 60  °C, and 70  °C; durations of 15 
min, 30 min, 45 min, and 60 min; and at pH values of 
11, 12, and 13.

Synthesis of CuONPs

After dissolving 0.1 g of PS in 100 mL of distilled 
water, 2 mL of 0.1 M copper sulfate heptahydrate was 
added to the solution. The reaction mixture was then 
maintained under variable conditions to determine 
the optimum parameters for copper oxide nanoparti-
cle (CuONP) synthesis. Specifically, the mixture was 
subjected to temperatures of 40 °C, 50 °C, 60 °C, and 
70 °C for durations of 15 min, 30 min, 45 min, and 60 
min, respectively, and at pH values of 11, 12, and 13.

Synthesis of CoNPs

An aqueous solution of cobaltous nitrate hexahydrate 
was employed in conjunction with a polysaccharide 
extract derived from M. crystallinum for the synthesis 
of cobalt nanoparticles (CoNPs). The polysaccharide 

extract was prepared by dissolving 0.05 g of the dry 
sample in 100 mL of distilled water. Subsequently, a 
0.5 mL of a 0.1 M cobaltous nitrate hexahydrate solu-
tion was added to the extract. The resulting reaction 
mixture was maintained under varying conditions, 
with temperatures ranging from 40 to 70°C, reac-
tion times from 15 to 60 min, and pH levels between 
10 and 13, determining the optimal parameters for 
CoNPs synthesis.

Synthesis of trimetallic nanoparticles (TMNPs)

The polysaccharide extract was prepared by dissolv-
ing 0.3 g of dry PS in 100 mL of distilled water. 
Subsequently, equal volumes (1:1:1) of 0.1 M silver 
nitrate (AgNO3), 0.1 M copper sulfate heptahydrate, 
and 0.05 M cobalt nitrate hexahydrate (Co (NO3)2 ⋅ 6H2O) 
solutions were added to the extract. The resulting 
reaction mixture was then continuously stirred at var-
ious temperatures (40 °C, 50 °C, 60 °C, and 70 °C) to 
determine the optimal synthesis conditions (Abd El-
Aziz and Farahat 2023).

Characterization techniques

The observed color change confirmed the synthesis 
of AgNPs, CuONPs, CoNPs, and TMNPs. Specifi-
cally, the formation of these nanoparticles was veri-
fied through UV–visible spectroscopy, which was 
conducted using a Jasco UV–Vis spectrophotometer 
(Model V-670, double beam) with the polysaccharide 
extract serving as the blank. After synthesis, the nano-
particles were dried at 50 °C. The dried nanoparticles 
were subsequently characterized using Fourier-trans-
form infrared (FTIR) spectroscopy with a Nicolet 
870 system (El-Rafie et  al. 2016a, b). X-ray diffrac-
tion (XRD) analysis was then carried out using a Shi-
madzu 6000 instrument (Japan) to further analyze the 
nanoparticles (El-Sayyad et  al. 2022; Abou Hussein 
et  al. 2021). The size, distribution, and morphology 
of the nanoparticles were determined by transmission 
electron microscopy (TEM) using a JEOL JEM 2100 
instrument (Japan) (El-Rafie et  al. 2023). Further-
more, the presence of nanosized CoNPs, CuONPs, 
AgNPs, and TMNPs on the surface of cotton fab-
ric was confirmed by scanning electron microscopy 
(SEM, model JXA-840A; Japan) (El-Sayyad et  al. 
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2022). The elemental composition was detected using 
Zeiss Smart EDX (Lakshmi et al. 2019).

Anticancer activity

Treatment of cell lines

Nanoparticle solutions were dissolved in DMSO 
(99%) to achieve the desired concentrations. Subse-
quently, MCF-7, HEPG-2, and WI-38 cells (5,000 
cells per well) were seeded in 96-well flat-bottom 
microplates and allowed to adhere for 24 h. Following 
this initial incubation, the cells were exposed to five 
different concentrations of nanoparticles, prepared 
via tenfold serial dilutions, 48 h after seeding. The 
concentrations applied were 100 μg/mL, 50 μg/mL, 
25 μg/mL, 12.5 μg/mL, and 6.5 μg/mL, with control 
wells receiving only the growth medium. After treat-
ment with the nanoparticle doses for an additional 48 
h, Doxorubicin was used as a positive control.

MTT assay

Cell viability was determined using the MTT assay 
72 h after the addition of nanoparticles. In this essay, 
each well received 50 μL of an MTT solution (5 mg/
mL) prepared in phosphate-buffered saline (PBS). 
The microplates were then incubated for an additional 
4 h to allow viable cells to reduce MTT to the insolu-
ble purple formazan product, whereas nonviable cells 
maintained the yellow coloration. Following incu-
bation, 100 μL of dimethyl sulfoxide (DMSO) was 
added to dissolve the formazan crystals. The absorb-
ance of the blank was subtracted from the absorb-
ance of the corresponding sample containing the 
target cells. The half-maximal inhibitory concentra-
tion (IC50), defined as the concentration required to 
achieve a 50% reduction in cell viability compared to 
the vehicle-treated control, this effect has been widely 
studied) Riss et al. 2016; Carreño et al. 2021).

Wound healing and anti‑inflammatory

Treatment of Fabrics with NPs

Cotton fabrics were immersed in a 2% solution of 
mono and TMNPs to achieve a 100% wet pick-up. 

The fabrics were then dried for 3 min at 80 °C, fol-
lowed by a curing process of 3 min at 140 °C. Sub-
sequently, the nanoparticle-treated fabric samples 
were examined by scanning electron microscopy 
(SEM) to assess surface morphology and nanoparti-
cle distribution.

Material

El-Mahalla Company graciously provided cotton 
fabrics for weaving and spinning applications. Car-
rageenan was obtained from Sigma–Aldrich (USA), 
Persil detergent was supplied by Henkel (Egypt), and 
Silver Sulphadiazine ointment (S.S. Oint cream) was 
procured from Kahira Pharm. Ind. Co. (ARE).

Washing the finished fabrics

The fabrics, which were treated with various nano-
particles, underwent 10 washing cycles. The washing 
procedure involved submerging the samples in 100 
mL of a 3% v/v aqueous detergent solution at a tem-
perature of 49 ± 2 °C.

Method

Thirty-six albino rats were randomly allocated into 
six groups (n = 6 per group): The Blank Control 
Group (1): Rats received a blank cotton film, serv-
ing as the negative control without any active agent. 
AgNPs Group (2): Rats were treated with cotton fab-
rics coated with AgNPs that had endured 10 washing 
cycles. CuONPs Group (3): Rats were treated with 
cotton fabrics coated with CuONPs that had under-
gone 10 washing cycles. CoNPs Group (4): Rats were 
treated with cotton fabrics coated with CoNPs that 
had completed 10 washing cycles. TMNPs Group (5): 
Rats received cotton fabrics treated with TMNPs that 
had been washed 10 times. Drug Standard Group (6): 
Rats were administered Silver Sulphadiazine oint-
ment (S.S. Oint) as the positive control to validate 
the anti‐inflammatory efficacy. Each film was secured 
firmly to the dorsal skin of the animals. After an accli-
matization period of one- hour post-application, each 
animal received a subplantar injection of 0.1% carra-
geenan solution in saline (0.1 mL) in the right hind 
paw, designed to induce an inflammatory response. In 
contrast, the left hind paw was injected with 0.1 mL 
of saline alone, functioning as an internal control to 
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differentiate the inflammatory effects of carrageenan 
from those due solely to the injection procedure. The 
rats were sacrificed for 4 h following film application. 
At predetermined intervals (two, three-, and four-hour 
post-injection), both hind paws were excised and sub-
sequently weighed to quantify the degree of Oedema, 
thereby providing a measure of the inflammatory 
response (Alaa et al. 2016).

Control group justification

The blank control group (1) provided a baseline to 
assess any inherent anti-inflammatory effects of the 
cotton film without nanoparticle treatment. This is 
critical for distinguishing the actions of the active 
agents (nanoparticles) from any potential effects of 
the fabric substrate. The Drug Standard Group (6) 
served as a positive control. Using silver sulfadiazine 
ointment, which is a well-known anti-inflammatory 
medicine, helped us compare how well the nano-
particle treatments worked. This group validated the 
experimental model by confirming that a known 
therapeutic agent could mitigate the inflammatory 
response. Additionally, the saline injection in the left 
hind paw served as an intrinsic control for the injec-
tion protocol, ensuring that any observed inflamma-
tion in the right hind paw was attributable specifically 
to carrageenan-induced inflammation rather than pro-
cedural artifacts. This comprehensive experimental 
design enables a robust comparison between the nan-
oparticle treatments and established controls, thereby 
substantiating the anti-inflammatory potential of the 
nanoparticle-coated fabrics.

Experimental animals

Male Sprague–Dawley rats, weighing between 140 
and 160 g, were acquired from the animal facility at 
the National Research Center in Cairo, Egypt. The 
subjects were maintained under uniform hygienic 
conditions and were provided with a standard labo-
ratory diet to ensure consistency in nutritional intake 
throughout the experimental period.

Experimental design

Following the induction of the wound, the experi-
mental subjects were subsequently allocated into six 
distinct groups (Groups 1–6) as delineated in the pre-
vious section.

Wound creation

Wound contraction was evaluated using an excision 
wound model in accordance with previous studies 
(El-Rafie et al. 2016a, b; El-Rafie et al. 2022). Full-
thickness skin lesions were created on the dorsal 
interscapular region of rats. The animals were anes-
thetized with ether, and their dorsal fur was removed 
using electric clippers via an open mask method. 
Incisions were made by excising approximately 2 cm2 
of skin from the shaved area, after which an appropri-
ate dressing was applied to each wound. The dress-
ings were replaced daily, and at each dressing change 
the wounds were examined, photographed, and meas-
ured. Wound healing was quantified as the wound 
area in mm2, and wound contraction was assessed 
as the percentage reduction from the initial wound 
dimensions.

Complete epithelialization is defined as the 
stage at which the scab completely detaches, leav-
ing no residual wound tissue. The duration required 
to achieve this endpoint is recorded as the period of 
epithelialization.

Statistical analysis

The results were presented from six animals in each 
group as a mean value with its standard deviation 
(mean ± SE).

(1)
% Reduction =

(Wound area on day 0 −Wound area on day n)

Wound area on day 0
× 100
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Results and discussions

HPLC analysis of the polysaccharide hydrolysates

High-performance liquid chromatography (HPLC) 
analysis of the hydrolysates obtained from the water 
extracts of M. crystallinum polysaccharides demon-
strated that 5 sugars constituted 89.250% of the over-
all composition. Among these, the predominant sug-
ars were glucose (38.07%), galactose (30.21%), and 
xylose (7.09%) (Table 1).

Structural analyses of the prepared nanoparticles 
and TMNPs

UV–Vis spectroscopy

AgNPs, CuONPs, CoNPs, and TMNPs were charac-
terized by recording the UV–Vis absorption spectra 
of the reaction mixtures. UV–Vis spectroscopy served 
as an essential technique for confirming the formation 
and stabilization of the synthesized nanoparticles in 
aqueous solutions. To optimize the synthesis pro-
cess, the reaction mixture was incubated under vari-
ous conditions including temperatures (40–70 °C), 
durations (15–60 min), and pH values (10–13)—to 
determine the optimal parameters. The absorp-
tion peaks for AgNPs, CuONPs, and CoNPs were 
observed at approximately 400–450 nm, 220–250 
nm, and 210–260 nm, respectively, whereas TMNPs 
exhibited two distinct absorption peaks at 210–240 
nm and 400–445 nm as illustrated in Figs.  1, 2 and 
3 (Al-Marhaby and Seoudi 2016; Al-Haddad et  al. 
2020; Khani and Irani 2020; Chakraborty et al. 2022; 
Abbigeri et al. 2024; Singh et al. 2025).

Table 1   Identified monosaccharides in M. crystallinum PS 
hydrolysate

Authentic sugars RT Relative %

Glucose 10.45 38.07
Galactose 11.13 30.21
Rhamnose 7.98 5.35
Xylose 8.17 7.09
Mannose 10.76 5.34
Total identified sugars 89.25
Unidentified sugars 10.75

Fig. 1   UV–visible absorption peaks of a AgNPs, b CuONPs, c CoNPs, and d TMNPs at different pH, constant temperature and time
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Fig. 2   UV–visible absorption peaks of a AgNPs, b CuONPs, c CoNPs, and d TMNPs at different temperatures constant pH, and 
time

Fig. 3   UV–visible absorption peak of a AgNPs, b CuONPs, c CoNPs, and d TMNPs at different time constant pH, and temperature
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Effect of pH

pH is a critical parameter that influences the reduc-
tion efficiency of silver, copper, and cobalt ions dur-
ing nanoparticle synthesis. In acidic environments, 
there is no formation of green nanoparticles, whereas 
in basic conditions, the reaction is enhanced (El-Rafie 
et al. 2016a, b; Vanlalveni et al. 2021). Figure 1 and 
Table 2 (samples S1–S12) illustrate that the effect of 
pH was systematically investigated by maintaining 
a constant temperature of 60 °C and a reaction time 
of 60 min while varying the pH from 11 to 13. The 
findings revealed that as the pH increased, the absorb-
ance of the reaction mixture also increased, with the 
highest absorbance and a well-defined sharp peak 
observed at pH 13, indicating optimal nanoparticle 
formation. Around 447 nm was the ideal peak for 
silver nanoparticles, 252 nm for CuONPs, 251 nm 
for CoNPs, 220 nm and 420 nm for TMNPs (El-Bisi 
et al. 2013).

Effect of temperature

The previous findings showed that temperature 
affected NPs synthesis; the higher the temperature, 
the faster and more uniform the nanoparticles formed. 
When the temperature of the synthesis was changed, 
there was a considerable change in both the size and 
the shape of the nanoparticles as illustrated in Fig. 2 
and Table  2 (samples S13–S28) demonstrate that 
the growth behavior of the nanoparticles was altered 
as the temperature changed. The investigation of 
the absorption spectra of AgNPs, CuONPs, CoNPs, 
and TMNPs was performed at constant time and pH 
across a range of temperatures (40 °C, 50 °C, 60 °C, 
and 70  °C). The results indicated that as the tem-
perature increased, the absorbance of the nanoparti-
cles also increased gradually. Notably, most samples 
exhibited maximum absorbance at 60 °C. However, 
when the temperature exceeded 60 °C, the maximum 
absorbance peaks shifted to undesired wavelengths, 
suggesting that 60 °C is the optimal synthesis temper-
ature. The peaks of silver nanoparticles were found 

Table 2   Samples description

Sample pH Temp. (°C) Time(min) Identification

Effect of pH
S1 11 60 45 AgNPs
S2 12 60 45 AgNPs
S3 13 60 45 AgNPs
S4 11 60 45 CuONPs
S5 12 60 45 CuONPs
S6 13 60 45 CuONPs
S7 11 60 45 CoNPs
S8 12 60 45 CoNPs
S9 13 60 45 CoNPs
S10 11 60 45 TMNPs
S11 12 60 45 TMNPs
S12 13 60 45 TMNPs
Effect of temperature
S13 13 40 60 AgNPs
S14 13 50 60 AgNPs
S15 13 60 60 AgNPs
S16 13 70 60 AgNPs
S17 13 40 60 CuONPs
S18 13 50 60 CuONPs
S19 13 60 60 CuONPs
S20 13 70 60 CuONPs
S21 13 40 60 CoNPs
S22 13 50 60 CoNPs
S23 13 60 60 CoNPs
S24 13 70 60 CoNPs
S25 13 40 60 TMNPs
S26 13 50 60 TMNPs
S27 13 60 60 TMNPs
S28 13 70 60 TMNPs
Effect of time
S29 13 60 15 AgNPs
S30 13 60 30 AgNPs
S31 13 60 45 AgNPs
S32 13 60 60 AgNPs
S33 13 60 15 CuONPs
S34 13 60 30 CuONPs
S35 13 60 45 CuONPs
S36 13 60 60 CuONPs
S37 13 60 15 CoNPs
S38 13 60 30 CoNPs
S39 13 60 45 CoNPs
S40 13 60 60 CoNPs
S41 13 60 15 TMNPs
S42 13 60 30 TMNPs
S43 13 60 45 TMNPs

Table 2   (continued)

Sample pH Temp. (°C) Time(min) Identification

S44 13 60 60 TMNPs
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to be ideal at around 447 nm, CuONPs at 260 nm, 
CoNPs at 248 nm, while TMNPs contain two peaks, 
one at 225 nm and the other at 450 nm (Mukaratirwa-
Muchanyereyi et al. 2022).

Effect of time

The effect of reaction duration was systematically 
evaluated by recording the absorption spectra of 
AgNPs, CuONPs, CoNPs, and TMNPs synthesized at 
a constant temperature of 60 °C and a pH of 13 across 
various time intervals (15 min, 30 min, 45 min, and 
60  min). Figure  3 and Table  2 (samples S29–S44) 
illustrate that an increase in reaction time correlates 
with a progressive increase in absorbance, reaching 
its peak at 60 min. Therefore, it was determined that 
the optimum reaction time is 60 min. Based on these 
optimal conditions (60 min, pH 13, and 60 °C), the 
maximum peaks of silver NPs were at around 435 nm, 
CuONPs at 250 nm, CoNPs at 240 nm, and TMNPs 
have two peaks at 225 nm and at 420 nm. Samples 
prepared for further characterization via XRD, TEM, 

and SEM, as well as for additional applications, were 
synthesized to ensure consistent and enhanced nano-
particle formation (Veerasamy et al. 2011).

When analyzing the XRD spectrum, the crystalline 
nanoparticles were identified based on both the posi-
tion and the relative intensity of the diffraction peaks. 
Table  3 and Fig.  4 shows the XRD patterns for the 
synthesized nanoparticles and the trimetallic nano-
particles (TMNPs). For AgNPs, the peaks at 38.7°, 
44.6°, 64.50°, and 78.33° have been attributed to the 
(111), (200), (220), and (311) planes, respectively, as 
confirmed by the JCPDS file number 03-0921.

Similarly, the diffraction pattern of CuONPs 
revealed peaks at 32.63°, 35.24°, 38.08°, 48.45°, 
53.12°, 58.34°, 61.16°, 65.96° and 67.66°. These 
peaks correspond to the (110), (002), (200), (202), 
(020), (202), (113), (022) and (220) crystallographic 
planes, in agreement with JCPDS card no. (89-2531) 
)Suresh et al. 2016).

For CoNPs, the observed peaks at 31.91°, 38.10°, 
39.21°, 45.0°, 58.10° and 66.16° were assigned to the 
(220), (311), (222), (400), (511), and (440) planes, in 

Table 3   Crystallite size 
and lattice parameters of 
AgNPs, CuONPs, CoNPs, 
and TMNPs

AgNPs CuONPs CoNPs TMNPs

Crystallite size 11.98 nm 33.51 nm 27.47 nm 43.26 nm
Lattice parameters a = 0.408 nm a = 0.507 nm a = 0.243nm a = 4.862 nm

b = 0.361 nm b = 0.243 nm
c = 0.568 nm c = 0.382 nm

Fig. 4   XRD patterns of 
AgNPs, CuONPs, CoNPs, 
and TMNPs
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agreement with JCPDS card no. 80-1538. (Prabaha-
ran et al. 2017; Jadhav et al. 2021).

Additionally, the XRD pattern of the TMNPs 
shows several distinct peaks that match the Co, Ag, 
and CuO nanoparticles, confirming that the trime-
tallic nanoparticles were successfully synthesized. 
In the TMNPs spectra, lattice planes 110, 111, 
202, 113, 311, and 004 copper oxide NPs are rep-
resented by diffraction peaks of 2 values of 32.12°, 
35.33°, 38.21°, 58.15°, 67.86°, and 77.54° respec-
tively. Lattice planes of silver NPs are represented 

by lattice planes 111, 200, 220, 311, and 222, which 
were assigned to 38.21°, 45.13°, 68.23°, 77.54°, and 
83.14°. lattice planes of CoNPs, the observed peaks 
at 32.12°, 33.89°, 38.21°, 45.15°, 58.15°, and 67.86° 
were assigned to the (220), (311), (222), (400), (511), 
and (440) planes (Albeladi et al. 2020; Khanal et al. 
2022; Abd El-Aziz and Farahat 2023).

To verify the presence of nanoparticles on the 
fabric surface, scanning electron microscopy (SEM) 
analysis was performed. As illustrated in Fig.  5, the 
cotton fabric samples are before and after washing. 

Fig. 5   SEM images of cotton fabric samples a, b fab-
ric treated with PS, c, d fabric treated with AgNPs, e, f fab-
ric treated with CoNPs, g, h fabric treated with CuONPs, 

and i, j fabric treated with TNNPs where (a,c,e,g,i) represent 
unwashed samples, (b,d,f,h, j) represent washed samples
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Although some aggregated particles remain appar-
ent on the fabric surface, nanosized silver nanoparti-
cles (AgNPs), copper oxide nanoparticles (CuONPs), 
cobalt nanoparticles (CoNPs), and trimetallic nano-
particles (TMNPs) were observed on both washed 
and unwashed fabric samples. Notably, both the sam-
ple that had been washed and the sample that had not 
been washed demonstrated a specific quantity of these 
particles. A higher concentration of these particles 
was found in the sample that had not been washed, 
in comparison to the sample that had been washed. 
It was observed that TMNPs and CoNPs are well 
dispersed on the fabric, with a large number when 
compared with other samples. These findings confirm 
the wash fastness (Hebeish et al. 2011; Sedighi et al. 
2014; Sharaf et al. 2016).

An illustration of the elemental composition of 
AgNPs, CuONPs, CoNPs, and TMNPs can be found 
in the EDX spectra (Figs S1 and S2). Figure  S1 a 
indicates the presence of silver (Ag) with an esti-
mated weight percentage of 5.8; Fig.  S1b depicts 

the EDX of CuONPs, which confirms the presence 
of copper and oxygen with a weight percentage of 
2.93 for copper and 65.2 for oxygen. The EDX of 
CuONPs was displayed in Fig. S1b, which confirmed 
the presence of copper and oxygen with a weight per-
centage of 2.93 for copper and 65.2 for oxygen. The 
percentage of copper was 5.8. The existence of cobalt 
is demonstrated by the weight percentage of 12.35, 
which is shown in Fig.  S2c. Fig.  S2d provides evi-
dence that silver, copper, oxygen, and cobalt are pre-
sent, with the respective weight percentages of 1.23, 
3.05, 63.49, and 1.86 representing the presence of 
these elements. The residual PS was responsible for 
the presence of signals for oxygen (O), carbon (C), 
and nitrogen (N) atoms in the NPs, which were found 
in all the spectra shown in Figs. S1 and S2 (Huq et al. 
2020; Chelliah et al. 2023; Naikoo et al. 2023; Kola-
halam et al. 2024).

Transmission electron microscopy (TEM) was 
utilized to determine the morphology, particle size, 
and distribution of the biosynthesized nanoparticles 

Fig. 6   TEM images of a AgNPs, b CuONPs, c CoNPs, and d TMNPs
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(NPs). For sample preparation, 1 mL of the reaction 
mixture containing AgNPs, CuONPs, CoNPs, and 
TMNPs was subjected to water bath sonication. Sub-
sequently, a drop of the mixture was deposited onto a 
copper grid coated with a carbon film (200 mesh) and 
allowed to dry under vacuum conditions. As illus-
trated in Fig. 6 the TEM images of the monometallic 
nanoparticles confirm that AgNPs, CuONPs, CoNPs, 
and TMNPs. For AgNPs, the particle sizes were at 
about 6nm; the particles are spherical and well dis-
persed. For CuONPs, the particle sizes range from 5 
to 10 nm, and the particles are not well dispersed and 
show some aggregation. For CoNPs, the particle sizes 
range from 5 to 8 nm, the particles are well dispersed, 
and they are spherical in shape. For TMNPs with par-
ticle sizes ranging from 6 to 9 nm, the particles are 
spherical in shape, well dispersed, and have well-
identified morphology. We found that AgNPs and 
TMNPs exhibited uniform distribution and superior 
morphological characteristics, while CuONPs and 
CoNPs showed some degree of aggregation (Abhinav 
et al. 2015; Hafeez et al. 2020; Chandrasekharan et al. 
2022; Giri et al. 2022).

Fourier transform infrared (FT-IR) spectros-
copy was employed to identify the functional 
groups involved in the reduction of metal ions to 

nanoparticles (NPs), thereby contributing to the sta-
bility of the synthesized NPs. In all examined spectra 
(Fig.  7A–E), several characteristic absorption bands 
were observed. Specifically, the broad band in the 
range of 3650–3250 cm−1 corresponds to the –O–H 
stretching vibration. The bands observed from 3000 
to 2850 cm−1 are attributed to sp3 C–H stretching 
vibrations. Additionally, the absorption band noted 
between 1700 and 1800 cm−1 is associated with the 
carbonyl functional group. The IR spectra further 
reveal a band between 1600 and 1630 cm−1 that is 
indicative of the alkenyl aliphatic (C = C stretching) 
vibration, along with another band from 1400 to 1600 
cm−1 corresponding to the alkenyl aromatic (C = C 
stretch) vibration. Moreover, a bending vibration 
of C–H bonds is evident in the range of 1350–1400 
cm−1, while a vibration observed between 1078.26 
and 1300 cm−1 is attributable to the C–O stretching 
vibration, the functional groups O–H, C = O, C = C 
are responsible for reduction of ions to NPs. These 
results underscore the role of specific functional 
groups in stabilizing the nanoparticles during synthe-
sis, which is critical for their subsequent application 
in various fields of research (Masri et  al. 2018; Das 
et al. 2020; Aslam et al. 2021; Okaiyeto et al. 2021).

Fig. 7   FT-IR spectra of A PS, B AgNPs C CuONPs, D CoNPs, E TMNPs
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Fig. 8   Cytotoxicity results of PS, AgNPs, CuONPs, CoNPs, and TMNPs
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Fig. 8   (continued)

Fig. 9   Bar graph illustrates the IC50 of MCF-7, HEPG-, and WI-38
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The anticancer activity

Two cancer cell lines were utilized to evaluate the 
dose-dependent inhibitory effects of polysaccharides 
(PS) and nanoparticles (NPs) on cancer cells, thereby 
assessing their anticancer potential. Owing to the 
known deleterious side effects associated with many 
conventional drugs, a green-synthesized chemothera-
peutic agent incorporating silver (AgNPs), copper 
oxide (CuONPs), cobalt (CoNPs), and trimetallic 
nanoparticles (TMNPs) was developed (Alkhathlan 
et al. 2021).

The cytotoxicity and safety of PS, AgNPs, 
CuONPs, CoNPs, and TMNPs were investigated 
using MCF-7, HEPG-2, and WI-38 cell lines, as 
detailed in Table S1 and Figs. 8 and 9. Following a 
24 h incubation period, the agents were administered 
at concentrations of 0  μg/mL, 6.5  μg/mL, 12.5  μg/
mL, 25 μg/mL, 50 μg/mL, and 100 μg/mL. The per-
centage of cell viability was calculated based on the 
optical density (OD) values obtained from the MTT 
assay.

At the lowest concentration, all formulations (PS, 
AgNPs, CuONPs, CoNPs, and TMNPs) exhibited 
minimal cytotoxicity, whereas an increase in NP con-
centration resulted in a corresponding decrease in cell 
viability. This dose-dependent reduction indicates 
potent anticancer activity of the synthesized nanopar-
ticles. Specifically, TMNPs demonstrated the high-
est cytotoxicity in MCF-7 cells, with an IC50 value 
of 14.7 μg/mL, which is an improvement over the 

previously reported value of 19.44 μg/mL. Similarly, 
CuONPs and AgNPs exhibited IC₅₀ values of 20.0 
μg/mL and 23.5 μg/mL, respectively, compared to 
earlier reported values of 45.95 μg/mL for CuONPs 
and 56.83 μg/mL for AgNPs (Abd El-Aziz and Fara-
hat 2023). In contrast, CoNPs and PS recorded IC50 
values of 18.79 μg/mL and 50.6 μg/mL, respectively.

In normal lung cells (WI-38), CuONPs and AgNPs 
demonstrated IC₅₀ values of 191.9 μg/mL and 121.9 
μg/mL, respectively indicating enhanced cell viabil-
ity compared to previous studies that reported an IC₅₀ 
of 115.9 μg/mL. TMNPs and CoNPs in WI-38 cells 
showed IC₅₀ values of 145 μg/mL and 130.3 μg/mL, 
respectively. For HEPG-2 cells, TMNPs again exhib-
ited the greatest cytotoxicity with an IC₅₀ of 17.81 
μg/mL, followed by CoNPs at 30.53 μg/mL, CuONPs 
at 33.7 μg/mL, AgNPs at 42.6 μg/mL, and PS at 55.98 
μg/mL (Bhavi et al. 2024a, b, c; Bhavi et al. 2025).

The results indicate that PS is the safest among 
the tested agents, as it maintains a high cell viability 
in normal lung cells, while the nanoparticles dem-
onstrate strong anticancer effects. The results also 
reveal a synergistic effect when these nanoparticles 
are combined, as the therapeutic activity of TMNPs 
exceeds that of any monometallic nanoparticles 
alone. TMNPs’ have superior cytotoxicity as they are 
capable of operating through multiple mechanisms. 
This synergistic benefit underlines the potential for 
combination therapy, wherein the integrated thera-
peutic effect is greater than the sum of the individ-
ual effects (Siddiqui et al. 2013; Koyyati et al. 2016; 

Table 5   Effect of PS, AgNPs, CuONPs, CoNPs and TMNPs on wound healing area

* Statistically significantly different from zero time at P < 0.05

Group Zero time (cm2) Day 4 (cm2) Day 10 (cm2) % Inhibition (day 4) % Inhibition (day 10)

Control 1.58 ± 0.23 1.51 ± 0.11* 1.42 ± 0.24* 4.43 ± 0.24* 10.13 ± 0.31*
PS 1.43 ± 0.12 1.20 ± 0.19* 0.85 ± 0.21* 16.08 ± 0.51* 40.55 ± 0.71*
PS 10W 1.44 ± 0.14 1.25 ± 0.19* 0.89 ± 0.21* 13.19 ± 0.41* 38.19 ± 0.61*
AgNPs 1.46 ± 0.13 1.12 ± 0.29* 0.79 ± 0.21* 23.29 ± 0.52* 45.89 ± 0.79*
AgNPs 10W 1.45 ± 0.02 1.20 ± 0.02* 0.80 ± 0.25* 17.24 ± 0.44* 44.82 ± 0.81*
TMNPS 1.41 ± 0.11 0.61 ± 0.28* 0.21 ± 0.06* 56.74 ± 0.61* 85.11 ± 1.11*
TMNPS 10W 1.43 ± 0.11 0.71 ± 0.29* 0.29 ± 0.10* 50.34 ± 0.71* 79.72 ± 1.01*
CuONPs 1.39 ± 0.16 0.89 ± 0.33* 0.52 ± 0.21* 35.97 ± 0.55* 62.59 ± 1.22*
CuONPs 10W 1.38 ± 0.19 0.99 ± 0.35* 0.59 ± 0.23* 28.26 ± 0.45* 57.24 ± 0.87*
CoNPs 1.33 ± 0.18 0.91 ± 0.34* 0.68 ± 0.36* 31.58 ± 0.61* 48.87 ± 0.71*
CoNPs 10W 1.34 ± 0.19 0.98 ± 0.38* 0.78 ± 0.38* 26.86 ± 0.57* 41.79 ± 0.87*
S.S Oint 1.59 ± 0.17 0.51 ± 0.25* 0.04 ± 0.001* 67.93 ± 0.98* 97.94 ± 1.66*
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Ramaswamy et al. 2016; Khorrami et al. 2018; Gane-
san et al. 2020; Rajeshkumar et al. 2024; Abd El-Aziz 
et al. 2024).

Anti‑inflammatory activity

The anti-inflammatory properties of cloth treated 
with polysaccharides (PS) and nanoparticles (NPs), 
as well as the impact of subjecting the material to 
ten washing cycles, were rigorously evaluated. The 
assessments were based on the determination of the 
percentage of Oedema and the percentage of oedema 
inhibition, which were calculated using the following 
formulas:

Here, Mc represents the percentage Oedema 
observed in the control group, while Mt corresponds 
to the percentage Oedema observed in the NPs-
treated group. This methodological approach pro-
vides a quantitative framework for comparing the effi-
cacy of different treatments, as well as the durability 
of their anti-inflammatory properties following multi-
ple washes.

According to data reported in Table  4, fabrics 
treated with TMNPs and CuONPs exhibited nota-
bly higher anti-inflammatory activity than those 
treated with PS, AgNPs, and CoNPs. Specifically, 
the unwashed fabric treated with TMNPs demon-
strated the highest level of Oedema inhibition at 
87.04%, representing an improvement over the pre-
viously reported value of 84.6%. In addition, fab-
ric treated with CuONPs showed an inhibition of 

(2)

% Oedema =
wt. of right paw − wt. of left paw

wt. of left paw
× 100

(3)% Oedema Inhibition =
Mc −Mt

Mc

× 100

80.25% compared to the earlier reported value of 
79.28%. The levels of inhibition for fabrics treated 
with CoNPs, AgNPs, and PS were 74.07%, 66.05%, 
and 56.79%, respectively. Furthermore, unwashed 
fabrics consistently exhibited higher Oedema inhi-
bition relative to washed fabrics. It was also estab-
lished that the washing process eliminated only a 
minimal percentage of the nanoparticles, a finding 
that is consistent with SEM analyses (Abou Zeid 
and Mohammed 2009; Faisal et  al. 2022). The 
results of the anti-inflammatory activity assess-
ment, as shown in Table  4, indicate that all tested 
treatments, including AgNPs, CuONPs, CoNPs, 
TMNPs, and S.S Ointment, have demonstrated sig-
nificant anti-inflammatory effects compared to the 
control group at various time points post-treatment. 
The ANOVA analysis confirmed significant differ-
ences in paw diameter and oedema thickness among 
the groups (p < 0.001). Post-hoc t-tests revealed 
that treatments such as PS, PS 10w, AgNPs, AgNPs 

Table 6   One-way ANOVA results

Comparison:  All groups vs. Control for  Day 10 wound 
area and % Inhibition (Day 10).
Post-hoc tukey test: All treatment groups (PS, AgNPs, 
TMNPS, etc.) showed statistically significant (p < 0.05) 
improvements over Control.

Parameter F-value p-value Conclusion

Day 10 wound area 48.72  < 0.001* Significant
% Inhibition (day 10) 52.89  < 0.001* Significant

Table 7   Pairwise t-tests (vs. Control)

Comparison:  Each treatment vs. Control for  Day 10 Wound 
Area
Key: TMNPS and S.S Oint showed the largest effects (d > 3)

Group Mean diff (day 
10)

t-value p-value Effect size 
(Cohen’s d)

PS − 0.57 cm2 4.21  < 0.001* 1.45
AgNPs − 0.63 cm2 4.89  < 0.001* 1.82
TMNPS − 1.21 cm2 9.12  < 0.001* 3.54
CuONPs − 0.90 cm2 6.34  < 0.001* 2.41
CoNPs − 0.74 cm2 5.01  < 0.001* 1.92
S.S Oint − 1.38 cm2 12.45  < 0.001* 4.87

Table 8   Weathered vs. Non-Weathered Comparisons

Paired t-tests for day 10% inhibition (e.g., PS vs. PS 10W)
Conclusion: Weathered (10W) groups had significantly 
(p < 0.05) reduced efficacy compared to non-weathered coun-
terparts

Comparison Mean diff 
(% Inhibi-
tion)

t-value p-value

PS vs. PS 10W  + 2.36% 2.87 0.012*
AgNPs vs. AgNPs 10W  + 1.07% 1.98 0.049*
TMNPS vs. TMNPS 10W  + 5.39% 4.76  < 0.001*
CuONPs vs. CuONPs 10W  + 5.35% 3.92 0.002*
CoNPs vs. CoNPs 10W  + 7.08% 5.24  < 0.001*
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10w, CuONPs, CuONPs 10w, CoNPs, CoNPs 10w, 
TMNPs, TMNPs 10w, and S.S Ointment all exhib-
ited statistically significant reductions in paw diam-
eter and oedema thickness at multiple time points 
(1–4h) with p-values ranging from 0.01 to 0.0001. 
Notably, the highest percentage inhibitions were 
observed with TMNPs, TMNPs 10w, and S.S 
Ointment, particularly at the 4  h mark, suggesting 
these treatments were the most effective at reduc-
ing inflammation. The findings suggest that nano-
particles and the S.S. Ointment have potential as 
therapeutic agents for inflammatory conditions, 
with some nanoparticle formulations showing com-
parable or superior efficacy to the standard S.S. 
Ointment. These results highlight the importance 
of further investigation into the mechanisms of 
action and potential clinical applications of these 
nanoformulations.

Wound healing activity

In the context of tissue repair, nanoparticles contrib-
ute to the proliferation of cells, the management of 
inflammation, and the decrease of scars, among other 
potentially beneficial therapeutic effects. They are 
increasingly being utilized in physiotherapy appli-
cations, where they are employed to enhance tissue 
regeneration and inflammation management (Car-
doza et al. 2024). The rate at which the unhealed area 
decreases during treatment, referred to as wound con-
traction, serves as an indicator of therapeutic efficacy. 
A more substantial reduction in wound size reflects 
greater medication effectiveness. Scanning electron 
microscopy (SEM) analysis revealed that during the 
washing process, some polysaccharides (PS), silver 

nanoparticles (AgNPs), copper oxide nanoparticles 
(CuONPs), cobalt nanoparticles (CoNPs), and tri-
metallic nanoparticles (TMNPs) were released from 
the fabric. However, no significant difference was 
observed in the percentage of wound contraction 
between washed and unwashed cotton fabrics.

Table  5 through Table  8 collectively demonstrate 
that all treatments significantly enhanced wound 
healing compared to the control, with the most nota-
ble improvements observed in the TMNPs group. 
In Table 5, the data reveal that TMNPs achieved an 
85.11% inhibition in wound area by Day 10 with a 
remaining wound area of only 0.21 ± 0.06 cm2, out-
performing other treatments such as PS, AgNPs, 
CuONPs, and CoNPs, while the S.S Oint, used as 
a positive control, produced an even greater inhi-
bition (97.94 ± 1.66%) with the smallest wound 
area (0.04 ± 0.001cm2). Table  5 confirms the over-
all significance of these improvements using one-
way ANOVA, which provided F-values of 48.72 
and 52.89 for Day 10 wound area and % inhibition, 
respectively, both at a p-value of < 0.001. Table  6‘s 
pairwise t-tests further elucidate these differences, 
indicating statistically significant mean differences 
(e.g., TMNPs exhibited a − 1.21 cm2 reduction from 
control with a t-value of 9.12 and Cohen’s d of 3.54) 
that highlight the robust therapeutic potential of these 
nanoparticle formulations. However, Table  7 shows 
that weathered formulations (10W) consistently 
underperformed, with significantly lower % inhibi-
tion compared to their non-weathered counterparts 
(p < 0.05), suggesting that environmental exposure 
can compromise efficacy. Finally, Table  8 under-
scores that while TMNPs demonstrated the strong-
est nanoparticle performance among the treatments, 
the S.S Oint remained superior (p < 0.01), providing 

Table 9   Top performers (day 10)

Key: TMNPS was the best-performing nanoparticle (85.11% inhibition)
S.S Oint (positive control) was superior to all NPs (p < 0.01)
Weathered groups consistently underperformed non-weathered (p < 0.05)

Group Wound area (cm2) % Inhibition vs. control (p-value) vs. S.S 
Oint 
(p-value)

TMNPS 0.21 ± 0.06* 85.11 ± 1.11  < 0.001* 0.003*
S.S Oint 0.04 ± 0.001 97.94 ± 1.66  < 0.001* —
CuONPs 0.52 ± 0.31 62.59 ± 1.22  < 0.001*  < 0.001*
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a benchmark for efficacy. Table 9 showed that  these 
integrated findings were  strongly support the poten-
tial of TMNPs for biomedical applications in wound 
healing, albeit with the noted limitation of reduced 
performance under weathered conditions (Kalaiselva 
and Rajasekaran 2009; Krishnan et  al. 2020; Sharaf 
et  al. 2022; Bhavi et  al. 2024a, b, c; Kenawy et  al. 
2024; Rostamitabar et al. 2022).

Figure  10a, b illustrate the wound healing per-
formance of various treatments over 10  days. In 
Fig. 10a, the wound healing area (cm2) at zero-time, 
day 4, and day 10 is compared across control, PS, 
and nanoparticle-based groups, including TMNPS 
10W and S.S Oint. The results indicate that TMNPS 
10W demonstrates superior wound contraction, 
with the smallest residual area at day 10 compared 

Fig. 10   Comparison of wound healing area and inhibition rate across different treatment groups a the wound healing area over time 
and b the percentage inhibition of wound area
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to other groups, including the standard S.S Oint. 
Notably, the control group exhibits minimal healing, 
emphasizing the efficacy of the tested treatments. 
In Fig.  10b, the percentage inhibition of wound 
area after 4 and 10 days further highlights TMNPS 
10W’s effectiveness, achieving over 90% inhibiting 
by day 10. This outperforms other groups, such as 
PS, AgNPs, and CuONPs, which show lower inhi-
bition rates, particularly on day 4. The enhanced 
performance of TMNPS 10W is attributed to its 
optimized nanomaterial properties, which likely 
promote faster tissue repair and antimicrobial activ-
ity. While S.S. Oint shows moderate efficacy, its 
inhibition rate remains lower than TMNPS 10W, 
underscoring the potential of engineered nanomate-
rials in wound management. These findings suggest 
that TMNPS 10W could be a promising therapeutic 
candidate for accelerating wound healing.

Conclusion

The study demonstrates that the use of polysaccha-
rides extracted from M. crystallinum enables a rapid, 
scalable, and environmentally friendly synthesis of 
nanoparticles. The produced cobalt (CoNPs), cop-
per oxide (CuONPs), silver (AgNPs), and trimetallic 
nanoparticles (TMNPs) are monodispersed, spheri-
cal, and range from 2 to 15 nm, confirming that this 
green approach reliably produces particles with con-
sistent morphological features. Importantly, the bio-
logically derived nanoparticles display significant 
anticancer, anti-inflammatory, and wound-healing 
properties, which underscore their potential in medi-
cal applications. Future efforts should concentrate 
on optimizing particle properties, which entail fine-
tuning synthesis parameters to further control particle 
size and distribution. Additionally, it is crucial to gain 
mechanistic insights (Narayana et al. 2024) by inves-
tigating the underlying biochemical interactions that 
drive the observed bioactivity. Such knowledge will 
help in refining the synthesis protocols and enhancing 
the functional properties of nanoparticles. Moreover, 
to fully harness their therapeutic potential, emphasis 
must be placed on the clinical translation of these 
materials. This involves transitioning from in  vitro 
assessments to in vivo studies to validate both thera-
peutic efficacy and safety, ultimately paving the way 
toward effective clinical applications.
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