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The rising threat of multidrug-resistant (MDR) bacteria has escalated the search for alternative antimicrobial solutions, including 

the use of nanoparticles. This study evaluated antibacterial activity of biosynthesized silver (AgNP) and copper nanoparticles 

(CuNP), produced by the Klebsiella pneumoniae NSB-2 strain against Escherichia coli and Staphylococcus aureus. UV-Visible 

spectrophotometry confirmed the synthesis of these nanoparticles, with absorption peaks at 421 nm for AgNPs and 419 nm for 

CuNPs. TEM analysis revealed spherical nanoparticles with sizes of 29.3 nm for AgNPs and 31.5 nm for CuNPs. AgNPs 

demonstrated a minimum inhibitory concentration (MIC) of 30 µg/mL for both pathogens, while CuNPs had an MIC of 40 µg/mL 

for E. coli and 30 µg/mL for S. aureus. Both nanoparticles exhibited bactericidal activity at 40 µg/mL, with AgNPs showing greater 

antibacterial potency. Growth rate (µ) and doubling time (Td) analyses revealed that bacterial growth slowed, and doubling times 

increased in the presence of both nanoparticles. Results indicate that AgNPs were more effective at lower concentrations compared 

to CuNPs, underscoring their stronger impact on bacterial growth kinetics. This study suggests that AgNPs and CuNPs hold 
promise as alternative treatments for MDR bacterial infections, with AgNPs showing superior efficacy. 

Keywords: Nanomedicine, Specific growth rate, Doubling time, MDR, Bacterial growth kinetics 

Emergence of multi-drug resistant bacteria is 

becoming a global threat which has led to great 

concern in therapeutic approach to combat these 

pathogens
1
. Some of the commonly isolated 

pathogenic strains like, Escherichia coli and 

Staphylococcus aureus, have been found to possess 

certain enzymes like β-lactamases, which can delimit 

the potency of certain antibiotics
2
. In order to 

overcome this situation, alternative approaches are 

being looked on and nanoparticles have been 

identified as a strong candidate to combat these types 

of microorganisms
3,4

. AgNPs and CuNPs exhibit 

potent antimicrobial activity under all conditions
5,6

. 

Comparative analysis of their antimicrobial activity 

has revealed a strong variation due to many factors. 

Because of their capacity to damage bacterial cell 

membranes, produce reactive oxygen species ROS, 

and obstruct vital enzymatic processes, AgNPs are 

well known for their potent and broad-spectrum 

antibacterial activity
7,8

. AgNPs and CuNPs offer 

distinct advantages over other nanoparticles like zinc 

oxide (ZnO2), titanium dioxide (TiO2), and iron oxide 

(Fe2O2), particularly in antimicrobial applications 

unlike ZnO2 and TiO2, which require UV light for 

activation
9
. The broad-spectrum antimicrobial 

efficacy and stability of AgNP and CuNP makes them 

highly suitable for diverse biomedical and 

environmental applications
10

. 

Previous studies have focused largely on the general 

antibacterial effects of metal nanoparticles without 

investigating the precise growth dynamics of bacterial 

pathogens when exposed to these antimicrobials
11,12

. The 

present research introduces a novel framework for 

evaluating antibacterial treatments by quantifying the 

specific growth rate (μ) and doubling time (Td) of 

bacteria exposed to biosynthesized nanoparticles. By 

incorporating growth rate kinetics and doubling time 

calculations, this study provides new insights into the 

efficacy of these nanoparticles, particularly in 

comparison to standard treatments. This approach allows 

for a rigorous assessment of the antibacterial activity and 

enhances our understanding of how these nanoparticles 

can effectively combat multidrug-resistant bacteria. 
 

Materials and Methods 
 

Biosynthesis of AgNP and CuNP 

Biosynthesis of AgNP and CuNP was carried  

out using the extracellular extract of Klebsiella 

pneumoniae-NSB2 strain (Genbank Accession No. 

—————— 
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OP596438), which was isolated from Neem tree 

rhizosphere soil sample by using a previously 

mentioned protocol with slight modification
13

. The 

bacterial strain was freshly grown in 50 mL of Brain 

Heart Infusion Broth for 48 h at 37C followed by 

centrifugation at 10,000 rpm for 15 min to obtain the 

extracellular extract. For the biosynthesis of AgNP, 

90 mL of 1 mM AgNO3 was mixed with 10 mL of the 

extracellular extract, followed by incubation in dark 

conditions at 25C for 72 h
14

. Similarly, CuNP was 

prepared using same extracellular extract and mixed 

with 1 mM of Cu(NO3)2.3H2O followed by incubation 

at 25C for 72 h under dark conditions. The presumed 

nanoparticles thus obtained was purified by 

centrifuging the nanoparticle solution at 15,000 rpm 

for 10 min. The supernatant was then discarded and 

the pellet was washed three times with sterile double 

distilled water followed by final wash using absolute 

ethanol to remove the impurities. The pellet was dried 

in oven at 100C and grounded to powdered form 

next day. The powdered AgNPs and CuNPs were 

further characterized on the basis of their 

characteristic properties and antibacterial activities. 
 

Characterization of Ag and CuNP 

The synthesized AgNP and CuNP were analysed 

for their Surface Plasmon Response using a  

UV-Visible Spectrophotometer (Shimadzu UV-1800) 

with a scanning range of 200-800 nm
15

. Their 

crystallinity was examined via X-ray diffraction 

(XRD) technique using a Pan-Analytical XꞌPert PRO 

diffractometer (Netherlands), with Cu-Kα radiation  

(λ = 1.54059 Å) across an angular range of 20-80˚ at 

40 kV and 30 mA
16

. Additionally, the size and surface 

morphology of the nanoparticles were assessed by 

depositing the sonicated nanoparticles on copper 

grids, which were then dried and examined under a 

Transmission Electron Microscope (JEOL-JEM-1400) 

at an accelerating voltage of 120 kV
17

. 
 

Bacterial Culture 

Bacterial cultures E. coli (MTCC 443) and  

S. aureus (MTCC 96) were procured from Microbial 

Type Culture Collection (MTCC), Chandigarh (India) 

for the assessment. The freeze-dried cultures thus 

procured were aseptically added to sterile tube of 

Brain Heart Infusion Broth (BHIB) and incubated for 

24 h at 37C
18

. The growth thus obtained was then 

streaked on sterile Trypticase Soy Agar (TSA) plates, 

followed by incubation for 24 h at 37C. 
 

Antibacterial activity 

For the assessment of antibacterial activity, the 

Selected pathogens bacterial isolates were inoculated 

in sterile Brain Heart Infusion Broth (BHIB) and 

incubated at 37C for 18 hours. The bacterial growth 

obtained next day was inoculated in freshly prepared 

sterile BHIB and the cell density was adjusted as per 

the MacFarland Standard followed by incubation at 

37C for 4 hours. With the help of sterile swab, the 

bacterial culture was swabbed on sterile Muller 

Hinton Agar (MHA) plates followed by incubation at 

room temperature (25 C) for 10 minutes 
19,20

. Sterile 

borers were used to create 6 mm diameter wells in the 

plates, into which 50 µL of AgNP and CuNP were 

introduced. Negative controls consisted of 1 mM 

solutions of silver nitrate (AgNO3) and copper nitrate 

trihydrate [Cu(NO3)2·3H2O], while Streptomycin 

sulphate (50 µg/mL) was employed as a positive 

control. 
 

Minimum Inhibitory Concentration (MIC) and Minimum 

Bactericidal Concentration (MBC) evaluation: 

Broth dilution method was used for the assessment 

of the minimal inhibitory concentration of AgNPs and 

CuNPs. Based on the concentration of nanoparticles 

used in the previous studies, 10-50 µg/mL of AgNP 

and CuNP were added to the freshly inoculated 

Muller Hinton Broth (MHB) comprising of  

E coli  and S. aureus respectively, followed by 

incubation at 37C for 24 h. The MIC values were 

determined based on the presence or absence of the 

turbidity. From the MIC tubes, 100 µL of the sample 

was inoculated on the sterile nutrient agar plates, 

followed by incubation at 37C for 24 h. The 

concentration of the nanoparticles which displayed no 

growth of bacteria was designated as its MBC
21

. 

 
Growth kinetics assessment: 

For the evaluation of antibacterial activity and its 

impact on the growth curve, the concentration of  

10-50 µg/mL of AgNP and CuNP were incorporated 

into broth cultures containing selected pathogens. 

These cultures were incubated at 37°C, with OD 

readings taken at 600 nm every 30 min over a 24 h 

time period. Negative controls consisted of 1 mM 

solutions of AgNO₃) and Cu(NO₃)₂•3H₂O, while 

Streptomycin sulphate (50 µg/mL) was used as a 

positive control. Based on the result obtained, the 

specific growth rate ‘μ’ was calculated by using the 

following equation: 
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𝜇 =
ln 𝑁𝑡 − ln⁡(𝑁0)

𝑡
 

 

[Where, 𝜇 is specific growth rate constant, ln(Nt) is the natural 

log value of the population of bacteria at a given time interval 

while ln (N0) is natural log value of the population of bacteria at 

the initial time interval and t is the final time duration] 

Further, the effect of AgNP and CuNP was 

assessed by evaluating the doubling time ‘Td’ of the 

bacteria by using the following equation: 
 

𝑇𝑑 =
ln 2 

𝜇
 

 

[Where, 𝜇 is specific growth rate constant and ln(2) is the natural 

log value of the doubling bacterial population] 

 

Statistical analysis 

All results were analysed using GraphPad Prism  

8.0 and R for statistical assessment. Data are expressed 

as mean values ± standard deviation from at least three 

independent experiments (n=3). Statistical significance 

was determined using ANOVA followed by Tukey's 

multiple comparisons test, with a significance threshold 

of P < 0.05.  
 

Results 
 

Characterization of AgNPs and CuNPs 

After incubating the extracellular lysate of the 

bacterium with 1 mM silver nitrate (AgNO₃) and 

copper nitrate trihydrate [Cu(NO₃)₂•3H₂O], the 

colour changes of the pale-yellow solution to amber 

brown indicating the formation of silver nanoparticles 

(AgNPs), while the colour change from pale green to 

brown indicated the formation of copper nanoparticles 

(CuNPs), as shown in Fig. 1A&B. Absorption peak 

was found to be around 422 nm and 419 nm for AgNP 

and CuNP respectively as shown in Fig. 2A&B. The 

presence of these peaks can be correlated with the 

bio-reduction of the AgNO3 and Cu(NO3)2 salts 

which assisted in converting their ionic states and the 

mediated synthesis of nanoparticles. Crystalline 

structure of AgNP and CuNP revealed various peaks 

on XRD analysis, confirming the crystallized property 

of nanoparticles as shown in Fig. 3A&B. In case of 

AgNPs the peaks were seen at the 2θ angels of 38.22, 

45.46, 56.38⁰ and 75.28 while for CuNPs the peaks 

were observed at 31.55, 34.25, 43.19, 50.29, 

54.13 and 74.03. The peaks thus obtained at these 

angels were found to have face centre cubic pattern in 

accordance with the 2θ angels of JCPDS file no. 00-

004-0834 for Copper and 00-001-1164 for Silver. 

Topological and shape assessment by TEM revealed 

the circular morphology of AgNPs and CuNPs as 

shown in Fig. 4A&B. By using Image J software, the 

mean diameter of the AgNPs and CuNPs were 

 
 

Fig. 1 — (A) Synthesis of AgNPs: Visible change of the colour of 

1mM AgNO3 solution from pale yellow to brown after the 

addition of extracellular extract of K. pneumoniae-NSB2 strain 

followed by incubation; (B) Synthesis of CuNPs: Visible  

change of the colour of 1mM Copper Nitrate trihydrate 

[Cu(NO₃)₂•3H₂O] Solution from pale green to dark brown, 

indicating the formation of Copper Nanoparticles (CuNP). 

 

 
 

Fig. 2 — (A) UV-vis spectra of silver nanoparticles (AgNPs): 

Peak of the biosynthesized AgNP was observed at 421 nm;  

(B) UV-vis spectra of copper nanoparticles (CuNPs): Peak of the 

biosynthesized CuNP was observed at 419.33 nm. 
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calculated and it was observed that the size of AgNP 

was 29.3 nm and CuNP was 31.5 nm. 
 

Antibacterial activity  

Well diffusion experiment was performed to 

measure the antibacterial activity and observed that 

AgNPs demonstrated high antibacterial activity 

against all the test pathogens compared to CuNPs. 

The zone of inhibition displayed by these 

nanoparticles against the bacterial pathogens is shown 

in Table 1 and Fig. 5. In the present study, CuNPs 

displayed a zone of inhibition against S. aureus that 

was closer to that of the antibiotic.  Comparative 

analysis of the antibacterial effects of AgNP, CuNP 

and a positive control (Streptomycin sulphate) against 

E. coli and S. aureus revealed significant findings. For 

E. coli, the AgNPs demonstrated a markedly higher 

antibacterial effect compared to CuNPs, with a mean 

difference of 11.19 mm (P = 0.0101), indicating a 

statistically significant difference. Similarly, when 

comparing AgNPs to the streptomycin sulphate, the 

mean difference was 8.050 mm (P = 0.0023), also 

showing a significant enhancement in antibacterial 

activity. However, the comparison between CuNPs 

and the streptomycin sulphate did not yield a 

statistically significant difference, with a mean 

difference of -3.140 mm (P = 0.0832), suggesting that 

CuNPs and the streptomycin sulphate have 

comparable effects on E. coli. For S. aureus, the 

AgNPs again showed superior antibacterial activity 

compared to CuNPs, with a mean difference of  

11.35 mm (P = 0.0051), indicating a significant 

difference. The comparison between AgNPs and 

streptomycin sulphate also revealed a significant 

difference, with a mean difference of 10.20 mm  

(P = 0.0033). The comparison between CuNPs and 

the positive control showed a statistically significant 

difference, with a mean difference of -1.154 mm  

(P = 0.0350), indicating that CuNPs are slightly less 

effective than the positive control against S. aureus as 

shown in Fig. 6. These results highlight the potential 

of AgNPs as a more potent antibacterial agent in 

comparison to CuNPs and standard treatments. The 

statistical analysis further supports the significant 

 
 

Fig. 3 — (A) XRD Peaks of AgNPs were seen at the 2θ angels of 

38.22, 45.46, 56.38 and 75.28; (B) XRD Peaks of CuNPs 

were seen at the 2θ angels of 31.55, 34.25, 43.19, 50.29, 

54.13 and 74.03⁰.  

 

 
 

Fig. 4 — (A) TEM image of AgNPs and (B) TEM image of 

CuNPs. 

Table 1 — Antibacterial activity of AgNP and CuNP against E. coli and S. aureus 

Test samples E. coli (Mean ± SD) 

Zone of inhibition (mm) 

S. aureus (Mean ± SD) 

Zone of inhibition (mm) 

AgNP 23.26 ± 0.51 21.34 ± 0.32 

CuNP 11.91 ± 0.29 11.79 ± 0.84 

Positive control 13.06 ± 0.07 14.93 ± 0.26 

 
 

Fig. 5 — Antibacterial activity of AgNPs and CuNPs against  

E. coli and S. aureus 
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differences in antibacterial activity, emphasizing the 

superior effectiveness of AgNPs. 
 

MIC and MBC evaluation 

MIC and MBC values of AgNP and CuNP against 

two bacterial strains, E. coli and S. aureus, were 

evaluated. The results revealed that MIC of AgNP 

against both E. coli and S. aureus was found to be  

30 μg/mL, indicating that at this concentration, the 

growth of both bacterial strains was successfully 

inhibited. However, for CuNP, MIC was slightly 

higher for E. coli at 40 μg/mL, suggesting that a 

higher concentration of CuNP is required to inhibit 

the growth of this gram-negative bacterium compared 

to AgNP. It was also observed that the MIC for  

S. aureus was 30 μg/mL which was identical to that of 

AgNP, indicating that both types of nanoparticles 

were equally effective against this gram-positive 

bacterium at that concentration. Further analysis of 

MBC values, which represent the lowest 

concentration required to kill the bacteria, showed 

that AgNP had an MBC of 40 μg/mL for both  

E. coli and S. aureus. This implies that while  

30 μg/mL of AgNP was sufficient to inhibit bacterial 

growth, a slightly higher concentration was needed to 

completely eradicate the bacteria. For CuNP, the 

MBC was also 40 μg/mL for both bacterial strains, 

reflecting a similar bactericidal potency as AgNP, 

despite the slight variation in MIC values for  

E. coli. These findings highlight that AgNP and CuNP 

exhibit strong antibacterial effects against both  

gram-negative (E. coli) and gram-positive (S. aureus) 

bacteria, with AgNP showing slightly superior 

inhibitory effects at lower concentrations for E. coli.  
 

Growth kinetics assessment 

The antibacterial activity of AgNP and CuNP was 

assessed by calculating the turbidimetric evaluation of 

the bacterial culture grown in the presence and 

absence of these nanoparticles. The reading thus 

obtained was calculated using the equations for the 

estimation of specific growth rate ‘μ’ and doubling 

time ‘Td’ and summarized in Table 2 & Table 3 , 

respectively. It can be deduced from the table that 

both  E. coli  and S. aureus exhibits slower growth 

due to which the Td increases along with the increase 

in nanoparticleꞌs concentration in the beginning and at 

the highest concentration of 50 µg/mL, no growth was 

displayed by either of the bacteria. Secondly, it was 

also observed that at lower concentrations, AgNPs 

suppress the growth of both E. coli as well as  

S. aureus initially as compared to CuNP. But as the 

concentration of both AgNP and CuNP increases 

above 30 µg/mL, a strong decline in μ and Td and of 

E. coli and S. aureus is noticed as shown in  

Fig. 7A-D. In both cases, it is clearly seen that when  

these pathogens are exposed to AgNP and CuNP, 

their μ decreases while the Td increases. 

 
 

Fig. 6 — Two-way ANOVA based assessment of  

antibacterial activity of AgNPs and CuNPs against E. coli and  

S. aureus. **= P value < 0.005, * = P value < 0.05. 

Table 2 — Effect of AgNP & CuNP on specific growth rate(μ) of E. coli & S. aureus 

Concentration  

(μg/mL) 

AgNPs CuNPs 

E. coli S. aureus E. coli S. aureus 

10 0.2594 0.2642 0.2637 0.3181 0.3177 0.3221 0.233 0.2278 0.2331 0.1749 0.1747 0.1749 

20 0.2387 0.2396 0.2412 0.2177 0.2044 0.2058 0.1743 0.1732 0.1742 0.2007 0.2015 0.2004 

30 0.1227 0.123 0.121 0.159 0.152 0.1564 0.1706 0.1704 0.1708 0.1659 0.174 0.1741 

40 0.1227 0.1231 0.1238 0.1469 0.1518 0.153 0.142 0.1247 0.1421 0.1661 0.1682 0.1689 

50 0.1003 0.1 0.101 0.1199 0.102 0.1031 0.1199 0.1191 0.12 0.1003 0.1 0.1009 

PC 0.1003 0.1002 0.1002 0.1395 0.141 0.1462 0.1003 0.1002 0.1002 0.1395 0.141 0.1462 

#NC 0.6842 0.6794 0.6742 0.5314 0.5718 0.5416 - - - - - - 

*NC - - - - - - 0.7421 0.7394 0.7468 0.6125 0.6122 0.6097 

[Positive control(PC) = Streptomycin sulphate (50 μg/mL), #Negative Control(#NC) = 1mM Ag(NO)₃, *Negative Control (*NC) = 1mM 

[Cu(NO3)₂·3H₂O] 



MADHAV et al.: ANTIBACTERIAL EFFECT OF AgNP AND CuNP ON E. COLI AND S. AUREUS 

 

 

487 

Discussion 

Quantifying the impact of nanoparticles on 

bacterial growth rates can help researchers to develop 

a more effective treatment for antibiotic-resistant 

infections while utilizing a mathematical model that 

computes and correlates bacterial proliferation could 

be a key parameter in evaluating their potency
22,23

. 

While silver and copper nanoparticles have been 

widely studied. The biosynthesis of nanoparticles 

using K. pneumoniae-NSB2 strain and their impact on 

bacterial growth dynamics, particular growth rate and 

doubling time, is not well explored. Applying a 

mathematical model that correlates the rapid 

proliferation of bacteria and nanoparticle inhibition 

offers a clear understanding of how silver and copper 

nanoparticles can be utilized as alternatives to 

antibiotics in combating drug-resistant bacterial 

strains
11,24

. One of the essential parameters for the 

confirmation of the nanoparticle synthesis is the 

change of colour which is indicated by the shift in 

Surface Plasmon Resonance (SPR)
25,26

. This change 

of SPR is due to the conversion of the metallic ions of 

Ag
+
 to Ag

0
 and Cu

+
 to Cu

0
 state, which is then 

measured using a UV-Vis spectrophotometer
27,28

. 

Table 3 — Effect of AgNP & CuNP on doubling time(Td) of E. coli & S. aureus 

Concentration  

(μg/mL) 

AgNPs CuNPs 

E. coli S. aureus E. coli S. aureus 

10 267 266 268 220 218 218 298 300 303 420 423 419 

20 290 291 288 321 318 320 398 400 403 349 347 345 

30 565 562 571 440 436 438 406 410 412 439 438 436 

40 565 562 563 483 479 481 488 490 495 452 453 448 

50 691 689 694 621 606 610 606 612 615 691 695 691 

PC 691 692 696 529 521 523 691 693 693 526 523 521 

#NC 119 120 117 182 174 178 - - - - - - 

*NC - - - - - - 119 122 126 180 176 174 

[Positive control(PC) = Streptomycin sulphate (50 μg/mL), #Negative Control(#NC) = 1mM Ag(NO)₃, *Negative Control  

(*NC) = 1mM [Cu(NO₃)₂•3H₂O] 
 

 

 
 

Fig. 7 — Effect of nanoparticles on specific growth rate of bacteria (A) CuNPs; (B) AgNPs and effect of nanoparticles on doubling time 

(Td) of bacteria (C) AgNPs; (D) CuNPs. 
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Similar results pertaining to the colour change during 

the AgNP and CuNP synthesis has been reported in 

previous studies
29

. The antibacterial activity of 

nanoparticles is mediated by several mechanisms, 

including the generation of ROS, disruption of the 

bacterial cell membrane, and interaction with bacterial 

DNA and proteins
30

. The release of silver ions (Ag
+
) 

of AgNPs play a crucial role in its antimicrobial 

activity by binding to the bacterial cell membrane and 

proteins, disrupting essential cellular functions such 

as respiration and DNA replication
31

. The smaller size 

of AgNPs enhances their ability to penetrate bacterial 

cells, which is another reason for their superior 

antibacterial activity compared to CuNPs
21,32

. The 

ability of AgNPs to target multiple cellular pathways 

makes them highly effective antimicrobial agents and 

reduces the likelihood of bacteria developing 

resistance. CuNPs, while slightly less effective than 

AgNPs, also exhibit strong antibacterial properties
33

. 

The antimicrobial activity of CuNPs is primarily due 

to the release of copper ions (Cu
2+

), which can disrupt 

bacterial cell membranes and generate ROS
34

. The 

generation of ROS leads to oxidative damage to 

bacterial proteins, lipids, and DNA, ultimately 

resulting in cell death. However, the larger size of 

CuNPs compared to AgNPs may limit their ability to 

penetrate bacterial cells, which could explain their 

relatively lower antibacterial activity
35,36

. Previous 

research has described the role of silver to bind 

chemical entities of bacteria like Thiol groups of the 

respiratory enzymes, thus inhibiting the respiratory 

process and hence eliminating
37,38

. Similarly, in 

copper nanoparticles studies have mentioned that they 

can generate ROS as well as replace the cofactors in 

metalloproteins in the microorganisms
39

. It has been 

reported that due to their complex cell wall, the gram 

positive bacteria are often found to have higher 

tolerance against the antimicrobial agents including 

antibiotics
40

 and nanoparticles
41

, which in the present 

study was not evident. This may be due to the 

interaction of the nanoparticles on the cell of the 

gram-positive and gram-negative bacteria which  

have rich content of peptidoglycan and  

lipo-polysaccharides in their cell wall and also the 

presence of carboxyl, phosphates and other amino 

acid groups that imparts a negative charge on the cell 

wall
42

. Studies have shown that AgNPs have the 

potential to interact with these negative charges, 

which leads to the binding of the positively charged 

nanoparticles, leading to the penetration and 

elimination of bacteria
43

. 

The determination of MIC and MBC of AgNP and 

CuNP was performed using a turbidimetric method, 

which measures bacterial growth by assessing the 

turbidity or cloudiness of a bacterial culture. In this 

study, the MIC of AgNP was 30 μg/mL for both  

E. coli and S. aureus, while the MIC for CuNP was  

40 μg/mL for E. coli and 30 μg/mL for S. aureus. 

These results indicate that AgNP is slightly more 

effective than CuNP in inhibiting bacterial growth, 

particularly against E. coli. This difference in efficacy 

can be attributed to the smaller size of AgNPs, which 

allows them to penetrate bacterial cell membranes 

more easily. The MBC for both AgNP and CuNP was 

40 μg/mL for both bacterial strains, indicating that 

while AgNP may inhibit bacterial growth more 

effectively at lower concentrations, both nanoparticles 

are equally capable of killing bacteria at higher 

concentrations. The fact that both nanoparticles 

exhibited bactericidal properties is significant because 

it suggests that they could be used to prevent bacterial 

growth and eliminate existing bacterial populations. 

Despite significant progress in the study of metal 

nanoparticles, a critical research gap remains in 

exploring alternative biosynthesis methods and 

quantifying their antibacterial effects using bacterial 

growth kinetics
44

. The application of mathematical 

models to calculate μ and Td offers a deeper 

understanding of bacterial inhibition kinetics
45

. No 

bacterial growth was observed at higher concentrations 

(50 μg/mL), suggesting that both AgNP and CuNP can 

completely eradicate bacterial populations at sufficient 

doses. This finding is particularly relevant for medical 

applications, where preventing bacterial regrowth is 

essential for preventing infections. The extended Td 

observed in the presence of both nanoparticles further 

supports their ability to inhibit bacterial reproduction 

and suggests that they could be used as effective 

antimicrobial agents in a variety of settings
46

. Both 

nanoparticles were found to significantly reduce μ of 

both bacterial strains, indicating that they effectively 

inhibit bacterial proliferation. The reduction in bacterial 

growth rate is an important indicator of the 

nanoparticles' ability to prevent bacterial colonization 

and biofilm formation, which are major challenges in the 

treatment of bacterial infections
47

. Further research on 

the safety and optimization of nanoparticle usage in 

clinical settings is necessary to advance these promising 

findings. Additionally, the data suggests that CuNPs 
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may be more effective during the early growth phase of 

these pathogens, potentially leading to early cessation of 

bacterial growth, a hypothesis that requires further 

exploration.  
 

Conclusion 

Outcomes of the study conclude that AgNPs had a 

significantly greater zone of inhibition than CuNPs 

against both bacterial strains, confirming their superior 

efficacy. Growth kinetics analysis revealed that AgNPs 

and CuNPs reduced bacterial growth rates (μ) and 

increased doubling times (Td), with AgNPs exhibiting a 

more pronounced effect. CuNPs displayed moderate 

antibacterial properties, their activity remained lower 

than AgNPs and the positive control (streptomycin 

sulfate). These findings highlight the potential of 

biosynthesized AgNPs as an effective antibacterial agent 

and provide valuable insights for optimizing 

nanoparticle-based antimicrobial strategies. 
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