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Abstract
E-waste printed circuit boards from outdated electronic devices, including old model computers and FM radios, were 
processed to extract valuable materials. A 1 kg sample of electronic waste printed circuit board was subjected to a leach-
ing process, and the extracted materials were characterized using powder X-ray diffraction, UV–visible spectroscopy, and 
scanning electron microscopy (SEM). Powder X-ray analysis revealed a cubic crystal structure with space group Fm-3 m 
(CCDC 9012961). UV–visible spectroscopy indicated energy absorption in the visible range (400–410 nm), and SEM identi-
fied a rod-like surface morphology. Molecular docking studies demonstrated interactions between silver nanoparticles and 
anticancer/antibiotic molecules via cytochrome P450 (CYP P450) enzymes, revealing their potential for drug interactions. 
Antioxidant activities, including 2,2-diphenyl-1-picrylhydrazyl (DPPH), ferric reducing antioxidant power, and anti-lipid 
peroxidation assays, were performed, indicating strong antioxidant potential. This study introduces a novel, high-temperature 
route to obtain phase-pure AgNPs from EWPCBs, with promising applications in drug interaction, oxidative stress reduc-
tion, and therapeutic development.

Keywords  E-waste-derived silver nanoparticles · UV–vis spectroscopy · X-ray diffraction (XRD) · Molecular docking · 
SEM and EDX · Antioxidant activity · Lipid peroxidation inhibition

1  Introduction

The synthesis of silver nanoparticles from electronic waste 
(e-waste) has garnered significant attention due to its dual 
benefits of waste management and resource recovery. Gener-
ally, the chemical reduction, green synthesis [1, 2], bioleach-
ing, and biosynthesis are the very famous methods and are 
the important sources of silver, gold, and other rich material 
extractions. Recently, the electronic waste, particularly waste 
printed circuit boards (WPCBs), contains valuable metals, 

including silver, gold, and platinum. Efficient recovery of 
these metals not only mitigates environmental hazards but 
also provides a sustainable source for nanoparticle synthesis. 
In these sequences, the nitric acid leaching technique has 
played a vital role [3–5]. Compared with other methods, this 
method is very promising for yielding and is also very easy 
to recover the metals from the e-waste. At the same time, the 
challenges remain the same in terms of scalability, purity, 
and consistency of the nanoparticle synthesis. Particularly, 
there are four major areas that are still not fully addressed, 
such as low recovery efficiency, high costs and time con-
sumption, impurity of recovered silver, and environmen-
tal concerns. Despite all advancements, the gap still exists 
in developing a highly efficient, scalable, and relatively 
straightforward method for recovering silver from e-waste 
with minimal impurities and waste generation [6–8]. In this 
regard, during the leaching process, Cu, Zn, Pb, and Sn may 
also dissolve in nitric acid and become metal nitrates. The 
challenge is to separate AgNO3 from other metal nitrates 
after leaching through nitric acid. Generally, for this pro-
cess, a chloride source and a copper source have been used 
to get selective precipitation (AgCl) or cementation (Cu 
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wire), which comes in handy. In which silver is one that 
precipitates as AgCl easily or is displaced by copper due 
to its higher reduction potential, but much more processing 
time is required to get the final product, and finally, it may 
also contain Ag with complexes. In this research work, we 
would like to address this issue with an additional mecha-
nism like introducing a combination of nitric acid leaching 
with hydrothermal, calcinated temperature routing to get 
pure silver nanoparticle (AgNP) phase. It is a novel strategy 
to overcome existing challenges in silver recovery and nano-
particle synthesis. On one hand, the nitric acid effectively 
dissolves silver from electronic waste, offering a high extrac-
tion yield due to its strong oxidative and leaching capabili-
ties [2, 9]. This ensures minimal silver loss compared to 
other techniques. The nitric acid leaching process is well-
suited for large-scale operations due to its straightforward 
procedural steps and ability to handle significant volumes of 
e-waste. The technique enables the selective recovery of sil-
ver by targeting specific components in the e-waste. On the 
other hand, through the thermal treatment, like hydrother-
mal, calcination temperature, the post-leaching silver can 
be precipitated and reduced with minimal contamination, 
ensuring high-purity nanoparticles. While maintaining high 
efficiency, nitric acid leaching with the hydrothermal method 
with high calcinated temperature reduces the time, chemical 
processing, and cost associated with silver recovery, making 
it competitive with other methods [3].

The impact of the research work would bridge the gap 
between efficient resource recovery and high-quality nano-
particle synthesis, ensuring that the synthesized AgNPs are 
suitable for critical applications such as drug interactions 
[10–12], antibacterial activity [13–17], and optical devices 
and can align with environmental sustainability goals by 
recycling the acid, neutralizing waste, and preventing haz-
ardous by-products [14]. The high-purity silver obtained 
through nitric acid leaching serves as an excellent precursor 
for synthesizing uniform AgNPs with desirable structural, 
optical, and antibacterial properties. This approach high-
lights a sustainable and scalable method that could serve 
as a benchmark for future work in e-waste valorization and 
nanoparticle technology.

2 � Experimental

2.1 � Hybrid Approach by Integrating Hydrothermal 
Synthesis with Nitric Acid Leaching

This study employs a hybrid approach that integrates 
mechanical separation, thermal treatment, solvent dissolu-
tion, and hydrothermal synthesis for the effective process-
ing of electronic waste printed circuit boards (EWPCBs). 
The hydrothermal process plays a crucial role in breaking 

down the complex structure of PCBs and ensuring efficient 
recovery of metals, particularly silver. This method provides 
a sustainable and scalable approach to e-waste valorization.

2.1.1 � Selection of E‑Waste Materials and Quantity

A total of 1 kg of e-waste materials was collected for the 
leaching process. This e-waste material used in this study 
was specifically selected from outdated electronic devices 
(especially relays and switches), primarily printed circuit 
boards (PCBs), silver-plated connectors, and contacts 
obtained from discarded computer models and miniature FM 
radios. These sources were chosen due to their Ag-based 
metal-rich composition and also suitable for efficient recov-
ery and recycling through the proposed methodology, and it 
is displayed in graphical abstract as shown in Fig. 1. Initially, 
the manual separation has been taken, where non-essential 
components such as plastic casings, metal connectors, and 
other undesired materials were carefully removed mechani-
cally, including plugging and scratching. The remaining 
e-waste material was finely ground to increase the surface 
area, thereby enhancing the efficiency of subsequent leach-
ing treatments [3–6].

2.1.2 � Thermal Treatment: To Remove Non‑Metallic 
Impurities, Plastics, and Other Volatile Components

To eliminate organic matter and volatile non-metallic impuri-
ties, the ground e-waste material underwent thermal treatment. 
This process involved subjecting the sample to a hot air oven 
at a temperature of 250 °C for a duration of 3 h. The thermal 
treatment significantly reduced the organic content, including 
plastics and moisture, leading to an overall weight reduction 
of approximately 20%. This step has been essential in prepar-
ing the material for effective leaching by removing unwanted 
organic components and improving metal recovery efficiency.

2.1.3 � Dissolution in solvent

Followed by thermal treatment, the e-waste materials were 
subjected to a dissolution process using a specially prepared 
solvent mixture. A solution composed of 70 mL of water 
and 30 mL of ethanol in a 70:30 ratio was prepared to aid 
in partial dissolution and enhance the dispersion of parti-
cles. The thermally treated e-waste samples were introduced 
into this solution and continuously stirred using a magnetic 
stirrer for 1 h. The stirring process ensured uniform mix-
ing and facilitated the initial leaching of metal ions, further 
improving particle dispersion in preparation for hydrother-
mal processing.
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2.1.4 � Hydrothermal Treatment: Leaching of Silver 
Nanoparticles and enable the crystallization process

For the final stage, the dissolution-treated sample was trans-
ferred into a hydrothermal autoclave to facilitate further 
metal leaching and crystallization of valuable products. The 
PPL-Lined Hydrothermal Autoclave Reactor, working pres-
sure: ≤ 3 MPa, heating and cooling rate: ≤ 5 °C/min, and SS 
Alloy 316, was then placed in a muffle furnace and subjected 
to a hot air oven at 250 °C for 6 h, and the harvested material 
was again calcinated at 950 °C for 4 h. The combination of 
elevated temperature and high pressure within the hydrother-
mal system enabled the effective breakdown of the material 
matrix, ensuring enhanced metal recovery, particularly for 
silver. This process not only optimized leaching efficiency 
but also promoted the crystallization of desired metal com-
pounds, making it a crucial step in the overall valorization 
of e-waste materials.

3 � Characterization Techniques

The phase and purity identification of AgNPs were analyzed 
using a powder X-ray diffraction (XRD) technique per-
formed on a Rigaku MiniFlex 600 instrument, employing 
Cu Kα radiation (λ = 1.5418 Å) with a scan range of 20–80° 
and a step size of 0.04°. The optical properties of the silver 
nanoparticles were studied using a double-beam UV–vis-
ible spectrometer (LMSP-UV 1900) with a 520-nm-long 

light path. Scanning electron microscope (SEM) images of 
the AgNPs were obtained using a 7100 F SEM instrument. 
Additionally, with AgNPs, the docking study has been made 
theoretically through Vina docking to understand the dock-
ing performance of the AgNPs with P450 enzyme, and simi-
larly, there are three major experimental in vitro antioxidant 
activities that we have taken for these present studies, such 
as free radical scavenging activity, DPPH, ferric reducing 
antioxidant power (FRAP) assay, and anti-lipid peroxidation 
activity to confirm its antioxidant nature.

4 � Result and Discussion

4.1 � Powder X‑Ray Diffraction, UV–Visible, and SEM 
Studies

Space group (Fm-3 m) and cubic structure of the AgNPs are 
identified using powder X-ray diffraction data via Rietveld 
refinement method and indicated in Fig. 2a. The “hkl” planes 
(111), (200), (220), and (311) are identified, and the structure 
solution has been received through Rietveld refinement, and 
CCDC 9012961 has been filed in CCDC domain. According 
to structural refinement, AgNPs have crystallized in cubic 
nature, and its lattice parameters are a = b = c = 10.513

◦

A , 
and � = � = � = 90◦ . The �2 = 1.21 is the Rietveld global 
structural conformation indicator, which confirms the good 
refinement and the single-phase purity. These results are 
in good agreement with [18–21]. The crystallite size ~ 19 

Fig. 1    The leaching procedure of AgNP via nitric acid, hydrothermal and calcinated treatments 
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to 25 nm has been calculated using powder X-ray diffrac-
tion data via Scherrer equation D = K�∕�cos(2�∕2) , where 
K is the shape factor (typically 0.9), � = 1.5406

◦

A , and � 
is known as FWHM of peak. These crystallite sizes are 
also in good agreement with the reported values [22–26]. 
The UV–Vis absorbance spectrum of AgNPs is displayed 
in Fig. 2b. The graph indicates that the sharp absorption 
peaks appear between 400 and 410 nm, which is the visible 
range. Generally, for the typical Ag crystalline nanoparticle, 
these absorptions occurred from 400 to 410 nm [27–30]. 
Particularly, the peak maxima were observed at 405 nm; 
after that, the broadening extended up to 800 nm. It is due 
to two reasons: one is based on the shape effect (rods, trian-
gles, or cubes introduce broadening SPR bands) [31], and 
the other one is based on the calcinated temperature [32]. 
Using a scanning electron microscope (SEM), Ag particles 
were examined, and the SEM image is displayed in Fig. 2c. 
The energy-dispersive X-ray (EDX) spectroscopy was intro-
duced to find the elemental presence, and it is displayed in 
Fig. 2d, which shows 98% of Ag and 2% of O in weight per-
centage. Some of low-intensity peaks were observed in the 

0.0–1.7 keV range, potentially corresponding to Sn M-lines 
[33]. However, these were not included in the final elemen-
tal quantification due to their low signal-to-noise ratio and 
ambiguity in distinguishing them from overlapping signals 
such as oxygen Kα (0.525 keV). Given the high calcination 
temperature (950 °C) and subsequent purification steps, it 
is likely that Sn either oxidized and volatilized or remained 
in trace amounts not contributing to the dominant Ag phase. 
This is further supported by XRD results, which showed no 
crystalline phases attributable to Sn-based compounds.

SEM indicates that the Ag particles appear to be aggre-
gated rod-shaped whose breadth ranges from 0.3 to 0.6 µm. 
In general, this is due to anisotropic (direction-dependent) 
growth, where the growth rate along one crystallographic 
axis (like [001]) is faster or slower than others, or if growth 
along the {100} or {110} faces is faster due to surface modi-
fiers or precursors, the particle elongates along one axis, 
forming rods. But in this research, we have calcinated at 
950 °C, and after leaching, it is the main reason [34], and 
the residual impurities like Sn, Pb, and other impurities may 
act as shape-directing agents, altering surface energies and 

Fig. 2   a) Rietveld’s structure refinement; b) UV–visible absorption spectrum of e-waste AgNP; c) SEM image of e-waste AgNP; d) EDX graph 
of e-waste AgNP
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favoring rod growth [35]. It is also possible that the other 
evidence is that broadening appears in UV–visible absorp-
tion that extends up to 800 nm.

4.2 � AgNP Ligand with P450 Enzyme Ligand

This study was designed to investigate the interaction 
between commonly used therapeutic drugs and metabolic 
enzymes in the human body. Ciprofloxacin, a widely pre-
scribed antibiotic, and doxorubicin, a potent anticancer 
agent, were selected due to their clinical importance and 
different therapeutic roles. Although ciprofloxacin is not 
extensively metabolized by cytochrome P450 (CYP450) 
enzymes, it is known to inhibit certain isoforms like CYP1 
A2, potentially leading to drug–drug interactions [36]. 
Doxorubicin, on the other hand, is partially metabolized by 
enzymes such as CYP3 A4 and CYP2 C8, making it a suit-
able candidate to evaluate metabolic binding behavior [37]. 
To explore whether silver nanoparticles (AgNPs) can influ-
ence these interactions, we studied the binding affinities of 
these drugs with key CYP450 isoforms CYP1 A2 (3 WI2), 
CYP2 C8 (1PQ2), and CYP3 A4 (6MA6) in both the pres-
ence and absence of AgNPs [38, 39].

This approach helps us understand whether AgNPs 
can alter drug metabolism or reduce the risk of harmful 
enzyme inhibition [25, 40–45]. Generally, the cytochrome 

P450 enzymes are a large family of enzymes primarily 
found in the liver, involved in the metabolism of drugs 
and xenobiotics (foreign compounds). They oxidize drugs, 
making them easier to eliminate from the body. Using 
AutoDock Vina, we were able to identify the interaction 
of the ligand of doxorubicin (an anticancer drug) and cip-
rofloxacin (an antibiotic drug) with cytochrome P450 and 
list them in Table 1. Figure 3 shows the interaction of 
the ligand (AgNPs) with these CYP P450 enzymes, and 
Fig. 4 shows the ligands (doxorubicin, ciprofloxacin drugs) 
interaction with CYP P450 enzymes without AgNP and 
doxorubicin, ciprofloxacin drugs, interaction with CYP 
P450 (drugs) and AgNPs. This molecular docking study 
indicates that both ciprofloxacin and doxorubicin interact 
with key cytochrome P450 enzymes such as CYP1 A2, 
CYP2 C8, and CYP3 A4. The addition of silver nano-
particles (AgNPs) resulted in slight changes in binding 
affinity. Notably, AgNPs caused a minor reduction in the 
binding of ciprofloxacin to CYP1 A2 (from − 7.0 to − 6.9 
kcal/mol), potentially lowering the risk of enzyme inhibi-
tion. Doxorubicin’s binding to CYP2 C8 was marginally 
reduced (from − 8.3 to − 8.2), while its interaction with 
CYP3 A4 remained unchanged. These results suggest that 
AgNPs may subtly modulate drug–enzyme interactions, 
which could influence drug metabolism and reduce poten-
tial drug–drug interaction risks.

Table 1   The AutoDock 
Vina docking affinity 
scroe of Doxorubicin and 
Ciprofloxacin with Cytochrome 
P450 enzymes

Drugs Cytochrome P450 
enzymes

Affinity (kcal/mol) without 
AgNPs [25, 40–45]

Affinity (kcal/mol) 
(with AgNPs)

Syndrome

Doxorubicin 3wi2  − 7.4  − 7.5 CYP1 A2
1pq2  − 8.3  − 8.2 CYP2 C8
6 ma6  − 7.5  − 7.5 CYP3 A4

Ciprofloxacin 3wi2  − 7.0  − 6.9 CYP1 A2

Fig. 3   The AgNP interaction 
with CYP450 enzyme
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4.3 � Antioxidant Activity and Lipid Peroxidation 
Inhibition

There are three major antioxidant activities that we have 
taken for these present studies, such as free radical scaveng-
ing activity, DPPH, ferric reducing antioxidant power assay, 
and anti-lipid peroxidation activity. The activity reports are 
drawn in Fig. 5.

4.3.1 � DPPH (2,2‑Diphenyl‑1‑Picrylhydrazyl) Free Radical 
Scavenging Activity

The in vitro antioxidant activity of the nanoparticles 
(AgNPs) was evaluated; for this, the method of Blois 
[46] with minor modifications has been taken. Various 
concentrations of AgNPs from 10 to 50 µg were pre-
pared in 100 µL of methanol in a “96-well plate.” After 
that, 200 µL of methanolic DPPH solution of 0.01 mM 
was added within. The mixture was kept in incubation 
for 20 min in a dark environment. In this environment, 

the optical density was 517 nm, with methanol as the 
blank. Throughout this process, the DPPH was taken as a 
positive control, and ascorbic acid served as the standard 
[46–48].

DPPH scavenging activity is a key indicator of a com-
pound’s antioxidant potential, as it measures the ability to 
neutralize free radicals. Nanoparticles with strong DPPH 
scavenging activity can effectively donate electrons to 
stabilize DPPH radicals, thereby reducing oxidative 
stress in biological systems. This activity is significant 
because excessive free radicals contribute to aging, inflam-
mation, and the onset of diseases like cancer and neu-
rodegenerative disorders. The nanoparticles synthesized 
from e-waste, showing high DPPH scavenging capacity, 
highlight their potential as natural antioxidants for use in 
therapeutic treatments, cosmetics, and food preservation 
to combat oxidative damage [49–52].

% scavenging activity =
control O.D − sample O.D

control O.D
× 100

Fig. 4   Interaction of ligand (doxorubicin and ciprofloxacin drugs) with CYP P450 enzymes and doxorubicin, ciprofloxacin drugs, interaction 
with CYP P450 (drugs) with AgNPs
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The antioxidant activity of nanoparticles synthesized 
from e-waste was evaluated across different concentrations, 
ranging from 10 to 50 µg, and showed a consistent increase 
in activity with higher concentrations. The antioxidant 
activity of the synthesized nanoparticles was concentration-
dependent, with activity increasing as the concentration rose 
from 10 to 50 µg. This nanoparticle exhibited the highest 
antioxidant activity, suggesting that these nanoparticles 
confer strong protection against oxidative stress and also 
demonstrated strong antioxidant activity, starting at 46.56% 
inhibition at 10 µg and rising to 87.32% at 50 µg, indicating 
substantial effectiveness at higher concentrations (Fig. 5a). 
These findings indicate that e-waste-derived nanoparticles 
can serve as effective antioxidants, showing great prom-
ise. These nanoparticles could have valuable applications 
in industries such as cosmetics, pharmaceuticals, and food 
preservation, where protection against oxidative stress is 
essential.

4.3.2 � Ferric Reducing Antioxidant Power Assay

Through Oyaizu method [53], the reducing power capacity 
of the nanoparticles (AgNPs) was assessed with a small 
modification. Ten to fifty microgram concentrations of 
AgNPs, 2.5 mL of potassium buffer with 200 mM molarity 
along with 6.6 pH, and 1% potassium ferricyanide solution 
(approximately 2.5 mL) were mixed properly for about 1 h, 
and this mixture was kept incubated at 50 °C for 20 min. 
Ten percent trichloroacetic acid (2.5 mL) was added, and 

this solution was centrifuged for 10 min with 3000 rpm. 
Next, the supernatant solution was mixed with 2.5 mL 
distilled water and 0.5 mL of FeCl3 solution. The absorb-
ance was recorded at 700 nm against a water blank, and 
the reducing power was expressed as µM Fe2+, based on 
the reduction of ferric chloride [28, 48].

FRAP (ferric reducing antioxidant power) activity is a 
measure of a compound’s ability to reduce ferric (Fe3+) 
ions to ferrous (Fe2+) ions, indicating its antioxidant 
strength. Nanoparticles exhibiting high FRAP activity 
demonstrate strong electron-donating capacity, which 
helps neutralize free radicals and reduce oxidative dam-
age in cells. This is crucial for protecting against diseases 
related to oxidative stress, such as cancer, cardiovas-
cular disorders, and neurodegeneration. Generally, the 
high FRAP activity of nanoparticles synthesized from 
natural extracts underscores their potential as effective 
antioxidants in pharmaceuticals, skincare products, and 
food industries, offering natural, safe alternatives to syn-
thetic antioxidants [48]. The same FRAP activity we have 
checked here for the e-waste AgNPs at concentrations of 
10, 20, 30, 40, and 50 µg. The antioxidant capacity of 
the synthesized nanoparticles followed a concentration-
dependent pattern. The results indicate a concentration-
dependent trend for antioxidant activity of AgNPs, which 
exhibited moderate activity across all concentrations, 
ranging from 12.05 ± 1.4 at 10 µg to 67.86 ± 2.6 at 50 µg 
(Fig. 5b). These findings suggest that e-waste-derived nan-
oparticles have promising potential as natural antioxidants, 

Fig. 5   a DPPH scavenging activity of nanoparticles synthesized from e-waste. Different concentrations of NPs were subjected to scavenge 0.01 
mM DPPH free radicals. b, c Reducing power (FRAP) activity of AgNP nanoparticles synthesized. The data represent the mean ± SD, n = 3
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with potential applications in pharmaceuticals, cosmetics, 
and food preservation.

4.3.3 � Anti‑Lipid Peroxidation Activity

The anti-lipid peroxidation activity was evaluated using the 
thiobarbituric acid reactive substance method [54]. Here, 5 
to 25 µg concentrations of AgNPs were pre-incubated in 250 
µL of 10% v/v egg homogenate, and the total volume was 
adjusted to 0.5 mL with distilled water. ALP was initiated 
by adding 25 µL of 0.07 M FeSO4; this is done after the 
30-min incubation at room temperature. Afterward, 750 µL 
of 20% acetic acid (pH 3.5), 750 µL of 0.8% TBA (in 1.1% 
SDS), and 25 µL of 20% TCA were added. The mixture was 
vortexed and heated in a boiling water bath for 60 min, then 
cooled to room temperature, and 3 mL of 1-butanol was 
added. The mixture was centrifuged at 3000 rpm for 10 min, 
and the absorbance of the organic top layer was measured 
at 532 nm. The anti-lipid peroxidation (ALP) activity was 
expressed as percentage ALP using the cited formula [47, 
55].

The anti-lipid peroxidation assay was conducted to evalu-
ate the antioxidant potential of nanoparticles synthesized 
from e-waste AgNPs; it revealed a significant reduction in 
lipid peroxidation and was highly effective, with lipid per-
oxidation levels reducing from 67.8% at 1 µg/mL to 21.3% 
at 25 µg/mL (Fig. 4c). These results suggest that the synthe-
sized nanoparticles possess the greatest efficacy in reduc-
ing lipid peroxidation. This could be due to the AgNPs, or 
Ag+ ions are bioactive compounds in nature that are known 
to neutralize free radicals and prevent oxidative damage. 
Overall, the data indicates that these nanoparticles could be 
promising candidates for therapeutic applications aimed at 
reducing oxidative stress and preventing lipid peroxidation 
in biological systems. Further research is needed to explore 
the mechanisms underlying their antioxidant effects and to 
compare their efficacy with traditional antioxidants.

5 � Conclusion

The e-waste printed circuit boards were selectively 
sourced from outdated computers, circuit boards, minia-
ture radios, and similar electronic devices. For this study, 
nitric acid leaching process was introduced to extract 
materials. Leached materials were subsequently character-
ized using powder X-ray diffraction, UV–visible spectros-
copy, and scanning electron microscopy. Additionally, the 

Percentage ALP =
1 − sample absorbance

control absorbance
× 100

biological activity of the extracted materials was evalu-
ated, and molecular docking studies were also studied. 
Powder X-ray diffraction analysis revealed that the leached 
sample crystallizes in a cubic structure with Fm-3 m space 
group and the refined structure was deposited in the Cam-
bridge Crystallographic Data Centre (CCDC 9012961). 
UV–visible spectroscopy confirms the AgNP absorption 
peaks appear in the visible range (400–410 nm). Through 
SEM images, a rod-like surface morphology was identi-
fied; it may be due to the high calcinated temperature. 
Furthermore, the molecular docking study was carried out 
using Vina docking, and it indicates that both ciprofloxa-
cin and doxorubicin interact with key cytochrome P450 
enzymes such as CYP1 A2, CYP2 C8, and CYP3 A4. 
The addition of silver nanoparticles (AgNPs) resulted in 
slight changes in binding affinity. Notably, AgNPs caused 
a minor reduction in the binding of ciprofloxacin to CYP1 
A2 (from − 7.0 to − 6.9 kcal/mol), potentially lowering 
the risk of enzyme inhibition. Doxorubicin’s binding to 
CYP2 C8 was marginally reduced (from − 8.3 to − 8.2), 
while its interaction with CYP3 A4 remained unchanged. 
These results suggest that AgNPs may subtly modulate 
drug–enzyme interactions, which could influence drug 
metabolism and reduce potential drug–drug interaction 
risks. Through antioxidant activity and lipid peroxidation 
inhibition studies, these nanoparticles could be promising 
candidates for therapeutic applications aimed at reduc-
ing oxidative stress and preventing lipid peroxidation in 
biological systems. Further research is needed to explore 
the mechanisms underlying their antioxidant effects and to 
compare their efficacy with traditional antioxidants. There-
fore, we would like to conclude that this study underscores 
the significance of recycling e-waste to extract valuable 
materials with potential biomedical applications. Further 
research is recommended to elucidate the mechanisms 
behind their biological activities and to benchmark their 
efficacy against conventional antioxidants.
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