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Abstract 

Background:  Breast cancer is therapeutically very challenging to treat as it has the 
main four known genetic alterations, which result in the existence of several pheno-
types leading to the difference in the mode of therapy and with poor outcome. Metal-
lic nanoparticles of silver or copper have been studied previously as anticancer agents 
in breast cancer and other types of cancers. However, the anticancer effect of silver–
copper alloy nanoparticles (AgCu-NP) is not studied in breast cancer. In this study, we 
aim to synthesize silver nanoparticles (Ag-NP), or copper nanoparticles (Cu-NP), and 
AgCu-NP and evaluate their toxicity in breast cancer and healthy breast cells.

Results:  We synthesized sodium citrate and mercapto-propionic acid (MPA-3) capped 
water-soluble metallic nanoparticles of Ag-NP or Cu-NP and an alloy of three different 
combinations of AgCu-NP. High-resolution transmission electron microscopy charac-
terization of nanoparticles revealed the spherical shape nanoparticles of varied sizes, 
furthermore dynamic light scattering characterization was performed, which investi-
gated the hydrodynamic size and stability in phosphate buffer solution. Energy-dis-
persive X-ray spectroscopy (EDS) measurements were obtained from the transmission 
electron microscope to study the composition of alloy nanoparticles and the distribu-
tion pattern of silver and copper in the alloy nanoparticles. We measured the toxicity 
of nanoparticles to breast cancer MCF-7 cell line by MTT assay and compared the 
toxic effect with non-cancerous breast epithelial cells MCF-10A. Our data showed that 
Ag-NP or Cu-NP have no effect on cancer cells or healthy cells, except Ag-NP at 20 µg/
ml were toxic to cancer cells. However, AgCu-NP were significantly toxic to MCF-7 cells 
at 10 µg/ml concentration, while as AgCu-NP have no toxic effect on healthy cells. 
Furthermore, we observed the cell death pathway by the apoptosis marker Annexin-V 
which showed non-significant results, while the exposure of AgCu-NP in MCF-7 cells 
leads to toxicity and also caused significant increase in MMP-9 level, which suggests 
the cell death may be associated with other pathways such as autophagy and oxida-
tive stress related.

Conclusion:  The data suggest that the AgCu-NP alloy imposes preferential toxicity in 
breast cancer MCF-7 cells and thus could be exploited as a new candidate for further 
anticancer investigation
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Background
Breast cancer is considered as one of the leading causes of death in women worldwide 
(Bray et al. 2018). The standard treatments for breast cancer include surgery, radiation, 
chemotherapy, hormone therapy, targeted therapy, and immunotherapy. However, there 
are limitations in conventional treatments, such as resistance, reoccurrence, metastasis, 
cytotoxicity to healthy cells (Curigliano and Criscitiello 2014; Kumari et al. 2016; MAYO 
CLINIC 2018; Tang et al. 2013). Improvements in chemotherapy have progressed since 
the introduction of monoclonal antibody therapy or Antibody Drug conjugates (ADC), 
which has the least toxicity compared to chemotherapy; however, monoclonal antibody 
therapy or ADC is showing drug resistance, and 40% of patients have shown relapse 
(Kahl et al. 2019; McLaughlin et al. 1998). By the emergence of nanotechnology, the bio-
logical properties such as the antimicrobial, antifungal, and anticancer activity of Ag-NP 
and Cu-NP are widely studied because of inexpensive and easy approachable methods of 
synthesis (Din and Rehan 2017; Roy et al. 2019).

The current use of Ag-NP in the medical field is for wound treatment, burns, disinfect-
ants, and the development of orthopedic implants (Burdușel et al. 2018). Besides, Ag-NP 
are widely studied for their antimicrobial activity against a broad range of bacterial spe-
cies (Le Ouay and Stellacci 2015). Also, the anticancer activity of Ag-NP tested in several 
forms of cancers (Bethu et  al. 2018; Gurunathan et  al. 2018). Similarly, Cu-NP exten-
sively studied for antimicrobial activity, and recently antiviral and anticancer activity of 
Cu-NP is also reported (Nagajyothi et al. 2017; Yugandhar et al. 2017). Synergistic effect 
of Silver and copper nanoparticles embedded in chitin has shown enhanced toxicity in 
MCF-7 cancer cells comparing to Ag-NP or Cu-NP; this suggests that the formation of 
the AgCu-NP alloy may be a potent anticancer agent for MCF-7 breast cancer (Solairaj 
et al. 2017).

Based on previous findings of anticancer properties of Ag-NP and Cu-NP, we aim to 
synthesize AgCu-NP alloy nanoparticles, which may exhibit synergistic modality as a 
potent anticancer agent against MCF-7 cancer.

In this study, we aim to synthesize AgCu-NP as an anticancer agent and assess their 
cytotoxic effects in MCF-7 breast cancer. In this work, Ag-NP, Cu-NP, and three alloys 
of AgCu-NP of varying concentrations of silver and copper are chemically synthesized. 
The synthesized nanoparticles characterized for their shape and size using an electronic 
transmission microscope (TEM) and their hydrodynamic size and stability assessed 
by dynamic light scattering (DLS) and zeta potential. The semi-quantitative chemical 
analysis of nanoparticles was performed by energy-dispersive spectroscopy (EDS) to 
determine silver or copper and the ratio of silver and copper among alloy nanoparti-
cles. MTT assay was employed to measure the toxicity in cancer and healthy cells caused 
by nanoparticle’s exposure to find the lethal toxic dose. Also, toxicity in cells caused by 
nanoparticles was further assessed for the Apoptotic pathway and the regulation of met-
alloprotease enzymes, which are crucial in the cell death pathway (Kessenbrock et  al. 
2010; Yadav et al. 2020). The possible mechanism of toxicity lead by Ag-NP or Cu-NP is 
mainly by oxidative stress, DNA damage and lipid peroxidation, involving apoptosis or 
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autophagy cell death pathway. However, the mechanism that drives to cell death pathway 
by nanoparticles is still unknown (Aziz et  al. 2019; Bernstock et  al. 2016; Bethu et  al. 
2018; Yugandhar et al. 2017; Zielinska et al. 2018).

Results
Nanoparticle characterization

The high-resolution TEM images of the synthesized nanoparticles showed spherical 
shaped particles of different sizes. Also, lattice fringes were visualized in the nanoparti-
cles, which is a characteristic of having a crystalline form, as shown in Fig. 1. The average 
diameter of synthesized AgCu-NP varied with silver or copper composition, the smallest 
size among AgCu-NP was 70:30 (Ag:Cu) percent, as shown in Table 1. The nanoparticles 
with the largest diameter were among the Ag-NP, which were synthesized by the sodium 
borohydride method. In contrast, Cu-NP, and all three combinations of AgCu-NP were 
synthesized by the hydrazine hydrate protocol. To check the nanoparticle’s stability, the 
Zeta potential and hydrodynamic sizes were measured in phosphate buffer saline, as 
listed in Table 1. The Zeta potentials of Ag-NP, Cu-NP, and AgCu-NP (70:30) were more 
than − 50 mV, predicting better stability in aqueous solution. The nanoparticles, AgCu-
NP (Ag:Cu, 50:50) and AgCu-NP (Ag:Cu, 30:70), showed a Zeta potential of − 27.9 and 
− 29.4 mV, respectively, considered as moderate stability in aqueous solution. This dif-
ference in Zeta potential among nanoparticles could be due to the composition of the 

Fig. 1  TEM images: Nanoparticles of Ag-NP, Cu-NPr, or alloys of Ag–Cu-NP. Three types of alloyed particles 
were synthesized by adding the following concentrations of Silver and copper: 50:50, 30:70, and 70:30, as 
shown in figures a, b, and c, respectively. The silver and copper nanoparticles are shown in figures d and e, 
respectively
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nanoparticles; however, the reason for AgCu-NP to be more stable needs to be stud-
ied further. The hydrodynamic sizes of nanoparticles are generally higher than the 
TEM measurements, as shown in Table 1 and are relatively in close range of the TEM 
measurements.

EDS spectral maps identified silver and copper in all groups of the synthesized nano-
particles and shown in Fig. 2. The composition of AgCu-NP obtained from EDS analysis, 
as summarized in Table 2, showed the approximate ratio of silver and copper present in 
AgCu-NP (50:50), AgCu-NP (70:30), and AgCu-NP (30:70). To map the distribution of 
silver and copper in the AgCu-NP, we used Scanning transmission electron microscopy 
(STEM-EDS) and High-angle annular dark-field (HAADF) images, as shown in Fig. 3. 
The silver and copper EDS maps of AgCu-NP of all three compositions showed the 
homogenous distribution of Ag and Cu. Also, sulfur blended in all three compositions of 
AgCu-NP, which is due to the capping agent MPA-3 used during synthesis. Oxygen was 
abundant, it may be from the organic ligands such as MPA-3 and trisodium citrate used 
in synthesis. However, the oxygen in the EDS could be from the metal oxides as well.

Cell toxicity

In this study, we evaluated the anticancer effect of Ag-NP, Cu-NP, and the combina-
tion of AgCu-NP alloy nanoparticles. Besides their anticancer effect, we assessed their 
toxic effect on normal breast epithelial cells (MCF10-A cell line). MTT cell prolifera-
tion assay of MCF7 and MCF10A cell toxicity observes a dose-dependent exposure of 
nanoparticles. The nanoparticles showed significant toxicity in MCF-7 cells in compari-
son to MCF-10A, as shown in Fig. 4. The Ag-NP and Cu-NP did not show substantial 
toxicity in MCF-7 or MCF10A, except Ag-NP at 20 μg/ml were toxic to cancer cell line 
MCF-7. All three combinations of AgCu-NP showed up to a 50% decrease in viability of 
cancer cells when treated with varying concentrations of nanoparticles from 5 to 20 μg/
ml; however, AgCu-NP 70:30 showed moderate toxicity in healthy cells (MCF10A) as 
well. Additionally, we did MTT assay in lung cancer NCI-1975 cells. Results show that 

Table 1  Characterization of  Nanoparticles which shows the  surface charge as  zeta 
potential, hydrodynamic size by DLS, and average size by TEM imaging

Zeta potential mV DLS nm TEM Nm

Ag-NP − 68.6 49.35 7–31

STDEV = 5.04 STDEV = 13.8

PDI = 0.281

Cu-NP − 50.7 6.0 6–14

STDEV = 4.46 STDEV = 1.13

AgCu-NP 50:50 − 27.9 147 20–32

STDEV = 4.34 STDEV = 40

PDI = 0.541

AgCu-NP 70:30 − 51 9.5 5–11

STDEV = 6.11 STDEV = 2.3

PDI = 0.594

AgCu-NP 30–70 − 29.4 3.15 4–20

STDEV = 8.21 STDEV = 0.85

PDI = 0.594
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Fig. 2  EDS spectra of nanoparticles. The silver and Copper spectral peaks identified in EDS spectroscopy, as 
shown in figures, represent Ag-NP, Cu-NP, AgCu-NP 50:50, AgCu-NP 70:30, AgCu-NP 30:70
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Table 2  Chemical composition of  AgCu-NP by  EDS spectroscopy, shows the  elemental 
composition in synthesized AgCu-NP nanoparticles

Element Series (norm.wt%) (norm. at.%)

AgCu 50:50

 Sulfur k-series 14.06 9.39

 Carbon k-series 43.84 78.20

 Copper k-series 13.09 4.41

 Silver L-series 27.05 5.37

 Oxygen k-series 1.96 2.63

AgCu 70:30

 Oxygen k-series 3.86 18.24

 Copper k-series 22.50 26.76

 Gallium L-series 0.68 0.74

 Silver L-series 71.04 49.76

 Sulfur k-series 1.86 4.39

 Chlorine k-series 0.05 0.11

AgCu 70:30

 Oxygen k-series 4.33 17.09

 Boron k-series 0.92 5.35

 Copper k-series 48.33 48.00

 Silver L-series 44.68 26.14

 Sulfur k-series 1.69 3.32

 Chlorine k-series 0.05 0.09

Fig. 3  EDS mapping of Ag and Cu in three alloyed compositions of, AgCu 30:70, AgCu 70:30, AgCu 50:50 
showed Ag and Cu are alloyed
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Fig. 4  MTT assay, Normal, and cancerous cells treated with nanoparticles were incubated for 48 h. Each 
bar represents the mean value of triplicates ± standard deviation. The significance test p values > 0.0001 
represented as ****
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AgCu-NP possesses toxicity in lung cancer cells, as shown in Additional file 1: Figure 
S1. Data showed that Ag-NP or Cu-NP had no significant toxicity in lung cancer cells, 
while AgCu-NP of all three combinations were significantly toxic to Lung cancer cells. 
MCF-7 breast cancer and NCI-1975 lung cancer are two different forms of cancers by 
their mode of action. Our data showed a toxic impact of synthesized nanoparticles (Ag-
NP, Cu-NP, AgCu-NP) against cancer cells and healthy cells, among which AgCu-NP 
showed preferential toxicity in cancer cells.

To check if the apoptosis pathway is involved in MCF-7 by AgCu-NP 70:30, we tested 
the Annexin-V marker and propidium iodide (PI) staining. Our results showed no signif-
icant staining in early or late apoptosis in both the MCF-7 or MCF10A cells, as shown in 
Fig. 5, while PI-stained cells increased by 20%, as shown in the bar graph in Fig. 5. These 
data suggest that other mechanisms may involve the cell death pathway. To prove the 
toxic effect of AgCu-NP, we also run apoptosis assay in lung cancer NCI-1975 cells, and 
there was a significant difference in early and late apoptosis stages comparing to control, 
as shown in Additional file 1: Figure S2. Our data also suggest that toxicity may involve 
different cell death pathways among different types of cancer cells. In this study, our 
interest is MCF-7 breast cancer because of its more prevalent cause of death in women.

Several metals are essential at the metabolic level for the enzyme activity. Among the 
family of proteases, metalloproteases have crucial role in cell toxicity. To measure the 
effect of AgCu-NP 70:30 on metalloprotease enzymes, we analyzed MMP9 and MMP2 
in MCF-7 and MCF10A cells, as shown in Fig. 6. Our results demonstrated that MMP-9 
was significantly upregulated in MCF-7 cancer cells and remained unaffected in healthy 
MCF10A cells. The AgCu-NP in MCF-7 cells caused expression on MMP-9 significantly 
comparing to MCF10A cells, while MMP-2 remain unaffected by exposure of AgCu 
nanoparticles in both cancer and healthy cells.

Discussion
Significant work has been done on the synthesis, design, and application of metal-
lic Ag-NP and Cu-NP nanoparticles in diagnostics and therapeutic values due to their 
unique physical and chemical properties (Azharuddin et al. 2019; Lombardo et al. 2019; 
Wei et al. 2015). The significant physio-chemical properties of nanoparticles that deter-
mine their biological interactions include size, shape, charge, agglomeration, dissolution 
and surface capping. In this work, we synthesized Ag-NP, Cu-NP, and three composi-
tions of AgCu-NP by similar methods described earlier (Abdulrehman et  al. 2020). 
This reaction is identical to one-pot nanoparticle synthesis, following the nucleation 
and growth by LaMer and coworkers. The reaction time (mixing of salts and reducing 
agents) was 3 h until the dark brown-reddish color was formed, and nanoparticles were 
harvested. However, to check if nanoparticle’s growth may increase, we let the reaction 
continue for 24 h. The size, shape, and yield of AgCu-NP did not alter (data not shown). 
Here, the factors limiting size of nanoparticles may also be by capping agents MPA-3 and 
trisodium citrate, and the reducing rate of precursor metal salts. If the concentration of 
precursor atoms drops below the minimum super-saturation level, no further nucleation 
is possible; the same applies to the growth of our AgCu-NP (Xia et al. 2009). However, 
the detailed mechanism that controls the growth and size of the AgCu-NP with different 
percentages of silver and copper is unknown and needs to be studied further.
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The nanoparticle characterization was initially carried by measuring hydrodynamic 
sizes and zeta potential, which confers the nanoparticle stability and average size. These 
data also suggest that nanoparticles in phosphate buffer remained stable and did not 

Fig. 5  Flow cytometry of Annexin-V and PI dye. The (A) and (B) shows the Annexin-V Bv421 and propidium 
iodide in the flow cytometry analysis of MCF10A and MCF-7 cells. The bar graphs plotted for the values 
obtained from PI dye (propidium iodide staining) as a measure of necrotic cells in MCF-7 and MCF-10A cells 
treated with Ag–Cu 70:30 alloy nanoparticles. Each bar represents the mean ± standard deviation
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agglomerate. Furthermore, TEM and EDS characterization confirmed the elemental 
composition of AgCu-NP in Fig. 1. The composition of AgCu-NP in three combinations 
with molar ratios of Ag:Cu salts were as 70:30, 30:70, and 50:50, and their correspond-
ing EDS data calculated from normalized atomic weight percent are as shown in Table 2. 
EDS maps of AgCu-NP showed a homogenous distribution of silver and copper within a 
nanoparticle. The distribution of sulfur in AgCu-NP by EDS maps supports the capping 
of nanoparticles by MPA-3.

We proceed to measure the toxicity of nanoparticles by MTT assay; this assay meas-
ures mitochondrial dehydrogenase enzyme. There are reports which mention nanoparti-
cles can interfere with soluble formazan complex formed at the intracellular level of the 
WST-1 reagent, which is an analog of MTT reagent. Hence, we use conventional MTT 
assay, which forms insoluble formazan complex within the cells. The spectrophotomet-
ric measurements are obtained in pure DMSO reagent rather than cell culture media. 
MTT reagent has been widely used for measuring Ag-NP or Cu-NP toxicity. Our results 
show that significant toxicity was seen in cancer cells by AgCu-NP comparing to Ag-NP 

Fig. 6  MMP-9 and MMP-2 expression. The top bar graphs (a) and (b) shows the normalized intensity of blots 
of MMP9 and MMP-2 of MCF-7 and MCF-10A cells. Each bar graph represents the mean ± standard deviation. 
Each bar is compared by unpaired t-test with its control group. Significance is shown as P-Value < 0.05 as *, 
0.01 as ** and 0.001 as ***. The western blots for MMP-2 and MMP-9 are shown in c 
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or Cu-NP; however, AgCu-NP only 70:30 showed mild toxicity in healthy cells, as shown 
in Fig. 4.

Furthermore, we tested MTT assay in another type of cancer, lung cancer NCI-1975, 
as shown in Additional file 1: Figure S1, which indicates that AgCu-NP was toxic to lung 
cancer cells similar to MCF-7 cells. Overall, this work showed the significant selective 
toxicity in cancer cells comparing to healthy cells. However, a mechanism that kills only 
cancer cells is unknown. The cancer cells are indefinitely fast-dividing and metabolically 
more active than normal cells, which results in high production and consumption of 
ATP (Kim 2018). Cancer cells produce higher levels of superoxides, hydroxyl radicals, 
and hydrogen peroxide. Paradoxically, there is upregulation of antioxidants in cancer 
cells that enhances metabolic activity and growth in cancer cells (Panieri and Santoro 
2016). Hence, we hypothesize that Ag and Cu ions in cancer cells have a higher chance 
of interacting with hydrogen peroxide at the intracellular level in cancer cells. Ag and 
Cu ions may react with hydrogen peroxide and form hydroxyl radicals, which is a deadly 
toxic molecule, till now, there is not any known antioxidant to detoxify the hydroxyl rad-
icals. Future studies will be interesting to study the mechanism of AgCu-NP-mediated 
cytotoxicity in breast cancer cells involving oxidative stress.

In our previous work, we have deeply studied the toxicity of AgCu-NP in vitro and in 
animal studies which showed that AgCu-NP above 20 µg/ml are toxic in healthy cells, 
and above 2 mg/kg of body weight in animals showed inflammatory response by IL 1b 
and IL 6 and danger signal S100A9, also showed the mechanism of AgCu-NP-induced 
inflammation by the NLRP3 inflammasome. Hence, we aim to study AgCu-NP toxicity 
in cancer cells, which are safe in healthy cells; otherwise, it may be impossible to trans-
late our research in future clinical studies (Ramadi et al. 2016).

Next, we tested if apoptosis is a cause of cell death; however, our Annexin-V results 
were non-significant, and PI staining, which counts for dead cells, increased by 20%. 
While lung cancer showed Annexin-V-positive staining indicated the role of apoptosis, 
these data reflect that cell death in MCF-7 could be initiated by other pathways such as 
oxidative stress, autophagy, and necrosis. The oxidative stress lead cell death is usually 
associated with Autophagy (Filomeni et al. 2015).

Furthermore, metalloproteases (MMPs) are linked to cell death pathways. MMPs have 
been widely studied for its role in tissue remodeling, inflammation, and cancer inva-
sion. However, it is more complicated than it is to believe concerning the degradation 
of the extracellular matrix by MMPs. Instead, it controls the signaling pathways in the 
normal physiological process in healthy and diseased cells (Kessenbrock et  al. 2010). 
However, its role varies in different cells such as in macrophages, whereas MMP-9 is 
packaged directly into vesicles with support of microtubules without taking part in the 
autophagy–lysosomal pathway in a pathological process (Hanania et al. 2012). It is worth 
noting that the function of MMPs varies drastically in two metastatic breast cancer cells 
MDA-MB-231 and MDA-MB-435. The antitumor drug sodium phenylacetate increased 
the intracellular level of MMP-9 and MMP-1 in MDA-MB-435. While as secretion of 
MMP1 and MMP-9 was increased in MDA-MB-23 and the formation of auto-phago-
somes were seen which further suggests that the regulation of MMPs in breast cancer 
takes part in autophagic cell death and or apoptosis in MDA-MB-231 (Augustin et al. 
2009).
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It was recently shown that the role of MMP-9 in hyperglycemia-induced cell death in 
human cardiac stem cells showed MMP-9 initiates apoptosis irrespective of hyperglyce-
mia and determines MMP-9 upstream to SAPK/JNK signaling and demonstrated MMP-
9-mediated apoptosis. This study also reveals that MMP-9 is upstream to MAP/JNK 
signaling and plays a major role in hyperglycemia-induced ROS generation in human 
cardiac stem cells (Yadav et al. 2020). Briefly, MMP-9 has a pivotal role in cell survival.

In this work, our data showed that MCF-7 cells with the exposure of AgCu-NP upreg-
ulated the expression of MMP-9; however, it remains unchanged in non-cancerous 
MCF10A cells. Hence, these data suggest that further study is needed to determine the 
mechanism of toxicity in MCF-7 cells mediated by AgCu-NP and the role of MMP-9 in 
toxicity, which could give a new insight into cancer therapy. We have studied the toxicity 
of AgCu-NP in animals and have predicted the safe and toxic doses when administered 
sub-dermally or intravenously. Further studies in animal cancer models will explore the 
feasibility of using the AgCu-NP at known sub-lethal doses for cancer therapy.

Conclusion
The nanoparticle synthesis in this work is an environmentally friendly method to obtain 
alloyed AgCu-NP, which possess more potent anticancer activity than Ag-NP or Cu-NP 
nanoparticles. Our findings suggest that AgCu-NP alloyed nanoparticle selectively 
increased toxicity in cancer cells and did not affect normal cells. The role of AgCu-NP’s 
in cell toxicity is not fully understood; we suggest that future work is needed to unveil 
the role of oxidative stress and MMP-9 in cytotoxicity caused by AgCu-NP in MCF-7 
cells.

Materials and methods
Synthesis of silver nanoparticles

Ag-NP were prepared in 25  ml of degassed water by mixing 10  mM of each salt; sil-
ver nitrate, mercaptopropionic acid, and sodium hydroxide, the solution was kept under 
vigorous mixing. The mixture of the solution was added dropwise in 20 ml of degassed 
water containing 10 mM of sodium borohydride and 10 mM of sodium citrate with vig-
orous shaking using a magnetic stirrer at 4  °C. In 3 h, suspension turn in to orange to 
red color. The reaction was stopped by adding cold acetone to precipitate nanoparticles. 
Furthermore, nanoparticles were obtained by centrifugation at 4000 g for 10 min. Parti-
cles were re-suspended in 70% ethanol for washing and collected by centrifugation, and 
finally, particles were re-suspended in deionized water and centrifuged to collect the pel-
let. Nanoparticle pellet was flash-frozen with liquid nitrogen and kept for freeze-drying, 
and powder form was obtained and stored at − 80 °C for future use.

Copper nanoparticles

10 mM of salts containing copper acetate, mercaptopropionic acid, and sodium hydrox-
ide was prepared in 25 ml of degassed water and were kept under mixing. The solution 
was added dropwise in 25 ml of degassed water containing 10 mM of hydrazine hydrate 
and sodium citrate. The reaction was continued under argon atmosphere with vigor-
ously mixing for another 3–4 h until the solution turns to dark red color. Particles were 
obtained as a dry powder similar to Ag-NP’s procedure, as mentioned earlier.
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Silver–copper alloy

AgCu-NP (50:50), AgCu-NP (70:30), and AgCu-NP (30:70) alloy nanoparticles were 
prepared similar to Cu-NP protocol, except the ratio of silver or copper salt was 
added according to the combination of Ag and Cu. Each batch was obtained as a 
freeze-dried powder and stored in − 80 °C temperature.

Characterization of nanoparticles.

The freeze-dried powder was dissolved in deionized water and sonicated. The sample 
for TEM imaging was prepared by depositing a small drop of diluted solution onto 
Lacy/Carbon thin film on a copper grid and allowed to evaporate and dry at room 
temperature. Images were obtained high-resolution transmission electron micros-
copy (HRTEM) using FEI TALOS X operated at 200  kV, coupled with superX EDS 
detector.

The size, crystallinity, and elemental analysis of nanoparticles were obtained by 
transmission electron microscopy (TEM) and energy-dispersive X-ray spectroscopy 
(EDS). The EDS confirmed the presence of silver or copper in the five compositions 
of nanoparticles; (AgCu-NP 70:30), (AgCu-NP 30:70), (AgCu-NP 50:50), (Ag-NP) and 
(Cu-NP).

Furthermore, particle size and zeta potential were measured using Zeta sizer nano 
Malvern (ZSP), and graphs were generated by software (Zetasizer). The average size 
of particles was obtained from TEM images by using Fiji software.

MCF‑7 and MCF 10‑A cell culture

MCF-7 breast cancer cell line and MCF-10-A breast normal cell line were grown in 
DMEM cell culture media with high glucose-containing L-glutamine (2  mM), 10% 
Fetal bovine serum (FBS), penicillin and streptomycin 100 U/ml (Gibco by Life Tech-
nologies—15140-122). The cells were grown in the incubator at 37 °C under a humidi-
fied atmosphere containing 5% CO2.

Cell cytotoxicity (MTT assay)

Cells were seeded onto 96-well cell culture plates at a cell density of 1 × 105 cells/well. 
After 24 hr of incubation, fresh DMEM high glucose media with L-glutamine (2 mM), 
10% Fetal bovine serum (FBS), penicillin, and streptomycin 100 U/ml. Varying concen-
trations (5, 10, 15, and 20 μg/ml) of Ag-NP, Cu-NP, and or different alloyed compositions 
of AgCu-NP were added to cells growing on 96-well plates and were incubated for 48 h. 
Following incubation, MTT (Thermo Fisher Scientific V13154) assay was performed as 
directed by the supplier’s protocol. After incubation time, media were aspirated slowly, 
and 50  μL of Dimethyl sulfoxide (DMSO) was added to each well and incubated for 
15 min to dissolve insoluble formazan crystals. The absorbance of the formazan dye was 
read at 540 nm using a TECAN-SPARK plate reader.

Flow cytometry‑based cell apoptosis assay

Annexin-V-BV421 (Brilliant Violent 421 Annexin-V; Biolegend) and Propidium Iodide 
was used to evaluate apoptosis and necrosis. MCF-7 or MCF-10A cells were seeded 
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in six-well culture plate (50,000 cells/well). After 24 h, fresh media was fed contain-
ing AgCu-NP (70:30) of varying concentrations ranging from 5 to 20 μg/ml and incu-
bated for 48 h. The group of cells without nanoparticle treatment was considered as a 
negative control. Annexin staining was performed as directed by the manufacturer’s 
protocol. Briefly, post-incubation cells were washed with 1 mL of phosphate-buffered 
saline (PBS), and 700 μL of Accutase cell dissociation buffer was added and kept for 
5–10 min in the incubator. Then, added 2 mL of fresh media and cells were collected 
by centrifugation at 1000 rpm for 5 min. The cell pellet was re-suspended in 500 μL 
of 1 × binding buffer of Annexin-V-BV421 and 5 μL of propidium iodide was added, 
followed with incubation at room temperature for 5–10 min in the dark. The stained 
cells were analyzed by flow cytometer using FACS Calibur (BD LSRFortessa).

MM‑2 and MMP‑9 expression level by western blot

MCF-7 and MCF-10-A cells were plated individually in a six-well culture plate. After 
24 h of incubation, changed the DMEM media in a final volume of 2 mL and treated 
cells with AgCu(70:30) nanoparticles with varying concentrations (5, 10, 15, and 
20 μg/ml). After 48 h of treatment, cells were washed with 1 mL of phosphate-buff-
ered saline (PBS) and 700  μL Accutase cell dissociation buffer was added and kept 
for 5–15 min in the CO2 incubator. 2 mL of fresh media containing 10% serum was 
added, then cells were harvested by centrifugation at 1000 rpm for 5 min. After that, 
the cell pellet was first washed with 1 mL of 1 × PBS for 5 min at 1000 g. Then, the 
cell pellet was re-suspended in pre-cooled lysis RIPA buffer containing proteinase 
inhibitors and incubated on ice for 30 min. The cell lysate was centrifuged at 8000 g to 
remove the cell debris. The supernatant was transferred and stored on ice. The sample 
was mixed with 2× Laemmli buffer (161-0737-Bio Rad) mixed thoroughly, followed 
by heating at 95 °C for 10 min. 5 mM of 2-Mercaptoethanol (161–0710-Bio Rad) was 
added to the denatured lysate, and 50 μg of denatured protein from each sample was 
loaded in the precast 10% SDS-PAGE (4561033EDU – Bio RaD), and electrophoresis 
was carried at 100 V.

The protein was transferred to 0.2  μm PVDF membrane (Immun-Blot PVDF mem-
branes—162-0177 Bio Rad) were pretreated with Tris-buffered saline containing 0.05% 
tween-20 (TBS-T) and 5% non-fat dry milk at room temperature for 2 h. The membranes 
were blocked for non-specific binding and incubated with Rabbit polyclonal primary 
anti-MMP-2 or MMP-9 antibody for overnight at 4 °C. Primary antibody dilutions were 
used as anti-MMP-2 1:500 (ab37150—Abcam) and Anti-MMP-9 1:1000 (ab38898—
Abcam). Following primary antibody incubation, blots were washed three times in 
TBST buffer and secondary antibody (Polyclonal Goat Anti Rabbit IgG, HRP conjugated 
(Millipore Cat.No. 12-348) in 1:5000 dilution was incubated for one hour, and substrate 
(Western ECL 170-5061—Bio Rad) was added. Clarity and Chemi Doc System was used 
for obtaining images.
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