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Synergistic antibacterial effect 
of copper and silver nanoparticles 
and their mechanism of action
Grigory Vasiliev 1,2,3, Anna‑Liisa Kubo 1,2, Heiki Vija 1, Anne Kahru 1,4, Denys Bondar 3, 
Yevgen Karpichev 3 & Olesja Bondarenko 1,2*

Bacterial infections are one of the leading causes of death worldwide. In the case of topical bacterial 
infections such as wound infections, silver (Ag) has historically been one of the most widely used 
antibacterials. However, scientific publications have demonstrated the adverse effects of silver on 
human cells, ecotoxicity and insufficient antibacterial effect for the complete elimination of bacterial 
infections. The use of Ag in the form of nanoparticles (NPs, 1–100 nm) allows to control the release 
of antibacterial Ag ions but is still not sufficient to eliminate infection and avoid cytotoxicity. In this 
study, we tested the potency of differently functionalized copper oxide (CuO) NPs to enhance the 
antibacterial properties of Ag NPs. The antibacterial effect of the mixture of CuO NPs (CuO, CuO–NH2 
and CuO–COOH NPs) with Ag NPs (uncoated and coated) was studied. CuO and Ag NP combinations 
were more efficient than Cu or Ag (NPs) alone against a wide range of bacteria, including antibiotic-
resistant strains such as gram-negative Escherichia coli and Pseudomonas aeruginosa as well as gram-
positive Staphylococcus aureus, Enterococcus faecalis and Streptococcus dysgalactiae. We showed 
that positively charged CuO NPs enhanced the antibacterial effect of Ag NPs up to 6 times. Notably, 
compared to the synergy of CuO and Ag NPs, the synergy of respective metal ions was low, suggesting 
that NP surface is required for the enhanced antibacterial effect. We also studied the mechanisms of 
synergy and showed that the production of Cu+ ions, faster dissolution of Ag+ from Ag NPs and lower 
binding of Ag+ by proteins of the incubation media in the presence of Cu2+ were the main mechanisms 
of the synergy. In summary, CuO and Ag NP combinations allowed increasing the antibacterial effect 
up to 6 times. Thus, using CuO and Ag NP combinations enables to retain excellent antibacterial 
effects due to Ag and synergy and enhances beneficial effects, since Cu is a vital microelement for 
human cells. Thus, we suggest using combinations of Ag and CuO NPs in antibacterial materials, such 
as wound care products, to increase the antibacterial effect of Ag, improve safety and prevent and 
cure topical bacterial infections.

The development of new antibacterials is one of the top priorities flagged by the World Health Organization and 
the scientific community1. A recent meta-analysis showed that there were 4.95 million deaths associated with 
antibiotic resistance in 2019 and highlighted the need for urgent action to address antibiotic-resistant bacterial 
infections2. Wound infection is one type of chronic infection that may lead to severe consequences such as limb 
amputation and, when unmanaged, to death. In 15–27% of cases, bacterial wound infection leads to gangrene 
that requires amputation of the limb3 demonstrating that current wound infection management strategies are 
inefficient and improved approaches are needed.

In the field of traditional antibiotics, the combinatory synergistic concept is currently considered as one of 
the most promising approaches to treat bacterial infections and avoid resistance4. The combination of diverse 
drugs allows to reduce the dose of the drugs and thus, causes fewer side effects compared to monotherapy5.

However, antibiotics are administered systemically and their combinations pose unpredictable pharmacoki-
netics profiles. Topically applied NP combinations would bypass these drawbacks of systemic antibiotics. Thus, 
we consider the application of synergistic NPs very promising. We hypothesize that due to the different modes 
of action on bacteria, Cu and Ag NPs have higher antibacterial efficacy when applied together, whereas Cu 
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enhances the antibacterial efficacy of Ag NPs—the best metal-based antibacterials known so far. In addition, 
Cu is a microelement and is beneficial for wound healing, stimulating the migration of fibroblasts, promoting 
collagen synthesis, being essential for angiogenesis, supporting wound healing6 and bone regeneration7. Thus, 
Cu and Ag NP combinations could have a superior antibacterial effect, improve wound healing and therefore, 
be a highly beneficial treatment for infected wounds.

Separately, the antibacterial effects of both CuO and Ag NPs are well-studied. Using the keywords “silver 
nanoparticle* bacteria*” or “copper nanoparticle* bacteria*”, the search in PubMed® performed on 23th March 
2023 retrieved 6,558 and 1,113 responses, respectively.

Antibacterial mechanisms of Ag NPs per se are relatively well understood. When in contact with bacteria, Ag 
NPs localize on bacterial cell wall and oxidize, leading to the concentrated Ag release at the NP-cell interface8. 
We previously showed that damage to the cell wall of gram-negative bacteria by Ag NPs occurs mainly at the 
plasma membrane, whereas the outer membrane of the bacterial cell was not a target of NPs9.

The molecular mechanisms of CuO NPs are less studied. In 2008, Heinlaan et al. showed that the toxicity of 
CuO NPs (EC50 = 79 mg/l) to bacteria Vibrio fischeri but also to crustaceans was due to solubilized Cu ions10. 
Notably, despite its excellent antibacterial effects, toxicity of CuO to human cells is lower compared to toxicity 
of Ag and Ag NPs. Since Cu is a vital microelement, in some cases CuO NPs facilitate positive effects such as 
improved angiogenesis and wound healing6. Detailed antibacterial mechanisms of CuO NPs were further studied 
using recombinant E. coli11. In contrast to Ag NPs that did not cause reactive oxygen species (ROS) under abiotic 
conditions, CuO NPs, especially positively charged ones, induced significant levels of ROS. The surface charge 
of NPs can be easily modified through surface functionalization and plays a role in the inactivation of bacteria. 
Since the cell wall of bacteria is negatively charged, positively charged NPs may adhere better to the bacterial 
cell walls and inactivate bacteria more efficiently.

We have studied antibacterial NPs since 2008 aiming to understand the toxicity mechanisms of NPs and to 
increase their efficacy and safety1,8–10,12–14. Recent articles and our research demonstrated that the antibacterial 
effect of NPs can be significantly enhanced if metal-based NPs or respective metals are used in combination. 
However, almost all previously published work focuses on the combined effects of metal ions and not NPs15–18. 
Among various studied combinations of metals (Ag with Cu, Zn, Co, Cd and Ni), the combination of Ag and Cu 
had the highest synergistic antibacterial effect against both Gram-negative and Gram-positive bacteria19. There is 
a growing interest in the synergy between Cu and Ag manifested in more published articles in the last years. Most 
of them described the antibacterial properties of nanoalloys of Cu/Ag20,21 or Cu/Ag with the addition of some 
other metals for example tungsten22. Furthermore, Jang and al. showed perfect antibacterial anti-biofilm and 
wound healing properties of Cu/Ag/Graphene Oxide composites in infected wound mouse-model23. Remarkably, 
despite these articles describing antibacterial synergy between Cu and Ag, we did not identify any publications 
systematically studying the studying the synergistic effect of NP combinations or its mechanisms.

In this study we hypothesized that the synergistic antibacterial mechanism of CuO and Ag NPs is driven 
by their complementary mechanisms of action: Ag NPs damage bacterial cell walls, facilitating the entrance of 
CuO NPs into bacteria, where CuO NPs disrupt intracellular molecules. More specifically, we first described 
the synergistic antibacterial effect between Ag and CuO NPs with different functional groups against various 
bacteria including multiresistant bacteria. Secondly, we conducted a set of tests to understand the mechanisms 
of the antibacterial synergy of NPs: measured the outer membrane damage, induction of ROS, bioavailability of 
Cu and Ag ions and charge transformation of Cu ion.

Results and discussion
Characterization of nanoparticles.  The characterization of NPs used in this study is shown in Table 1. 
CuO NPs (CuO) and CuO functionalized with amino groups (CuO–NH2) had positive zeta-potential, CuO 
functionalized with carboxyl groups (CuO–COOH) had negative zeta-potential. All tested Ag NPs had strong 

Table 1.   Characterization of nanoparticles (NPs) used in the current study. cAg, Coated silver nanoparticles; 
nAg, Nanosilver; Ag2O, Silver oxide; CuO–NH2, CuO coated with amino groups; CuO–COOH, CuO coated 
with carboxyl groups, RPMI, Roswell Park Memorial Institute medium. *Characterization of NPs has been 
done previously13. **Characterization of NPs has been done previously14. ***Characterization of NPs has been 
done previously8.

Metal-based NPs or 
metal salts

Primary size, 
nm ± standard 
deviation

Hydrodynamic 
diameter (Dh) 
in MQ water, nm 
(pdi) ± standard 
deviation

Dh in RPMI cell 
culture medium, 
nm (pdi) ± standard 
deviation

Zeta-potential 
in MQ water, 
mV ± standard 
deviation

Zeta-potential 
in RPMI cell 
culture medium, 
mV ± standard 
deviation

Metal content, 
% ± standard 
deviation

Dissolution after 
24 h in MQ water, 
% ± standard 
deviation

CuO 15.9 ± 5.2* 237 ± 31 (0.25)* 204 ± 13 (0.45)* 27.5 ± 1.8*  − 10.8 ± 1.4* 76.8 ± 5.7* 103 ± 0.5*

CuO − NH2 6.9 ± 2.2* 733 ± 252 (0.24)* 936 ± 229 (0.67)* 25.8 ± 1.3*  − 8.9 ± 0.8* 46.2 ± 4.0* 99.3 ± 0.8*

CuO − COOH 9.2 ± 2.5* 1124 ± 128 (0.35)* 303 ± 84 (0.70)*  − 12.0 ± 2.2*  − 10.2 ± 0.8* 33.6 ± 3.2* 98.9 ± 0.5*

CuSO4 NA NA NA NA NA 37.1 ± 4.5* 102.9 ± 0.3*

cAg 12.5 ± 4** 45.88 ± 0.21 (0.261) 61.2 ± 0.47 (0.24)  − 56.6 ± 1.91  − 9.76 ± 0.84 83.0 ± 9.8 5.24 ± 0.41

nAg 85.7 ± 29.3*** 109.4 ± 1.3 (0.447) 156 ± 3.15 (0.403)  − 27.7 ± 1.65  − 10.49 ± 0.93 71.8 ± 12.0 1.1 ± 0.32

Ag2O 23 ± 16.8 81.265 ± 9.04 (0.604) 81.8 ± 24.21 (0.533)  − 50.97 ± 4.15  − 10.2 ± 0.2 80.1 ± 11.3 39.7 ± 12.9

AgNO3 NA NA NA NA NA 70.2 ± 7.95 96.7 ± 6.3
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negative zeta-potential ranging from − 56.6 mV in the case of coated silver nanoparticles (cAg) to − 27.7 mV in 
the case of nanosilver (nAg). In the RPMI cell culture medium (RPMI CCM) the zeta-potential of NPs was nega-
tive for all the NPs ranging from − 8.9 mV (CuO–NH2) to − 10.8 mV (CuO), most likely due to the adsorption of 
the serum proteins (so called “protein corona”, a dynamic camouflage resulting from the adherence of proteins 
on the surface of NPs) as suggested previously by Ivask et al.24. Thus, we assume that protein adsorption at least 
partly masked the effect of NP charges in all subsequent experiments. The dissolution among Ag NPs was the 
highest in the case of Ag2O and the lowest in the case of nAg.

Antibacterial synergy between Cu and Ag compounds.  The synergistic effect was first characterized 
using RPMI cell culture testing medium because it contains blood serum with growth factors, which makes 
it similar to transudate that appears during tissue infection. An example of the synergistic antibacterial effect 
of NPs is shown in Fig. 1. To demonstrate the synergistic effect, we used minimum bactericidal concentration 
(MBC, the lowest tested concentration yielding no visible bacterial growth on agarised growth medium) as a 
proxy. While 40 mg/l Ag NPs or 400 mg/l CuO NPs were required to irreversibly inactivate E. coli, only 5 mg/l 
Ag NPs + 25 mg/l CuO NPs were needed when used in combination (Fig. 1).

To quantify and compare the synergistic effect between different NPs and among various bacterial strains, we 
introduced the term “coefficient of antibacterial synergy”, K(AbS), showing the antibacterial efficiency of NPs 
combinations (mix) compared to the sum of the MBC values of individual NPs and calculated as follows (Eq. 1):

Equation (1) shows the calculation of coefficient of antibacterial synergy (K(AbS) from minimal bactericidal 
concentrations (MBC).

Similar synergy calculation has been reported previously for metal mixtures by Vaidya et al.16. K(AbS) > 1 
marks synergy, K(AbS) = 1 marks additive effect or K(AbS) < 1 marks antagonism.

Figure 1 demonstrates that the MBC of the mixture of cAg and CuO NPs is several times lower than the MBC 
of the components separately. According to formula of K(AbS) = 1/

(

50 mg/L
400 mg/L +

2.5 mg/L
40 mg/L

)

 = 1/(1/8 + 1/16) = 5.33. 
Thus, in this example, the antibacterial effect of the mixture was 5.33 times higher than the sum of the antibacte-
rial effects of the components separately.

Calculations for the mixture of 25 mg/L of CuSO4 + 5 mg/L of cAg result in the same K(AbS). However, 
K(AbS) is lower in other variations of CuSO4/cAg ratios (for example 200 mg/L of CuSO4 + 1.5 mg/L of cAg 

(1)K(AbS) = 1/

(

MBC of antibacteria A in mix

MBC of antibacteria A alone
+

MBC of antibacteria B in mix

MBC of antibacteria B alone

)

Figure 1.   The antibacterial synergy between CuSO4 and cAg. Escherichia coli K-12 suspension was incubated 
with different concentrations of either Ag NPs, CuSO4 or their combinations in RPMI cell culture medium 
for 24 h. After incubation 3 μl of the bacteria-NP mixture was pipetted onto agarized broth and minimal 
bactericidal concentration (MBC, the lowest tested concentration yielding no visible bacterial growth after 24 h 
incubation at 37 ֯C in the dark) was determined. The concentrations of cAg and CuSO4 are shown on the axes. 
The minimal bactericidal concentration of CuSO4 and cAg were 400 mg/L and 40 mg/L respectively.
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mixture). The difference between K(AbS) depending on Cu/Ag ratio is shown in Supplementary Fig. 1. The 
highest K(AbS) was mostly observed using the ratio from 1:1 to 12.5:1 Cu/Ag.

Antibacterial synergy depended on the Cu component.  MBC values of different Cu components 
alone and in the mixture with cAg in different bacteria are shown in Supplementary Table 1. MBC for different 
bacteria were similar, excluding P. aeruginosa, which was resistant to Cu compounds, despite cAg MBC for P. 
aeruginosa being similar to that of other bacteria.

Calculated K(AbS) for different bacteria is shown in Fig. 2. The evident antibacterial synergistic effect between 
most of the Cu compounds and Ag NPs was found (Fig. 2, Supplementary Table 1).

Among CuO NPs, the highest K(AbS) with cAg was observed with unfunctionalized CuO and especially 
CuO–NH2, both positively charged. The lowest K(AbS) was observed with negatively charged CuO–COOH, 
being mostly lower than 2. This suggests that the pristine charge of CuO NPs (reflected in zeta-potential in MQ 
water) affected antibacterial synergy. Interestingly, the charge of NPs was uniform in cell culture medium due to 
protein corona (Table 1). This suggests that some pristine surfaces of NPs remained available even after formation 
of the protein corona in cell culture medium.

The highest K(AbS) was observed for E. faecalis and E. coli (both K-12 and ESBL). It is interesting to note 
that E. coli ESBL is more resistant to antibiotics compared to E. coli K12 and was also more resistant to cAg in 
this study. However, K(AbS) values were similar in the case of these bacteria. For E. faecalis, high K(AbS) was 
observed for all combinations that may be the result of faster rate of DNA destruction by Cu components com-
pared to Enterobacteria (such as E. coli)25.

P. aeruginosa had the lowest K(AbS) from all the bacteria tested. The reason for that could be the powerful 
antidrug efflux system and decreased outer membrane permeability26.

Antibacterial synergy depended on the Ag component.  We conducted additional studies with vari-
ous Ag NPs and AgNO3 to determine which of them would have stronger antibacterial synergy with the Cu 
components.

Supplementary Table 2 shows the findings of MBC in E. coli K-12 with various Ag and Cu components in the 
mixture and alone. The calculated K(AbS) are shown in Fig. 3.

When mixed with Cu components, most of Ag NPs showed high K(AbS). In contrast, AgNO3 did not dem-
onstrate strong antibacterial synergy with Cu components (Fig. 3, Supplementary Table 2). The highest K(AbS) 
were observed for three mixtures: cAg with CuSO4 and nAg with CuSO4/CuO–NH2. The fact that CuSO4 and 
CuO–NH2 were well dissolved (Table 1) and thus, were a source of Cu ions, suggests that Cu ions are required 
for synergy. The atypical K(AbS) result was in the mix of Ag2O and CuSO4 (no synergy). In contrast to cAg and 
nAg, Ag2O NPs were more oxidized (dissolved). These data strongly indicate that non-oxidized Ag NPs and Cu 
ions are both required to achieve the strong antibacterial synergistic effect.

Antibacterial synergy depended on the bacterial medium.  Next, we studied whether the cultiva-
tion medium had an effect on antibacterial synergy. MBC of cAg, CuSO4 and their mixtures in different media 

Figure 2.   Coefficient of antibacterial synergy between cAg and copper components in different bacteria in 
the RPMI cell culture medium. The mean values with standard deviation are shown. *P < 0.05; **P < 0.01; 
***P < 0.001. cAg, Coated silver nanoparticles; CuO Copper oxide; CuO–NH2, Copper oxide coated with amino 
groups; CuO–COOH, Copper oxide coated with carboxy groups; CuSO4, Copper sulphate.
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is shown in Supplementary Table 3, and K(AbS) in Fig. 4. In bacterial growth medium with high content of 
proteins and nutrients, K(AbS) was higher. The highest K(AbS) was in LB medium and the lowest was in MQ 
(Fig. 4). Importantly, the growth of bacteria was the fastest in LB too (Supplementary Fig. 2). This suggests that 
synergy is more prominent for cells in the active and dividing phase. Most probably, in the condition of active 
bacterial growth, the NPs and metal ions released from the NPs have better access to intracellular space for 
destroying the DNA27 and damaging proteins. Interestingly, also traditional antibiotics inactivate bacteria less 
effectively in the non-growing phase, especially S. aureus28.

The mechanisms of synergy between CuO and Ag NPs
Several additional tests were performed to understand the mechanisms of antibacterial synergy between Cu and 
Ag. It was hypothesized that antibacterial synergy is a function of the different modes of action of Cu and Ag. 
The interaction of beta-lactam antibiotics, which damage the bacterium cell membrane, and aminoglycosides, 
which inhibit protein synthesis in bacteria, is a well-known example of the classic synergy of antibiotics. The 
synergy between aminoglycosides and β-lactams has been attributed to β-lactam-mediated membrane damage 
leading to increased uptake of aminoglycosides29.

Figure 3.   Coefficient of antibacterial synergy (K(AbS)) between different Ag and Cu components in RPMI cell 
culture media with Escherichia coli K-12 strain. *P < 0.05; **P < 0.01; ***P < 0.001, ##P < 0.01 antagonism. Note 
K(AbS) has been calculated as mean K(AbS) from different experiments, not from mean MBC of components 
in the mix or alone. The mean values with standard deviation are shown. cAg, Coated silver nanoparticles; nAg, 
Nanosilver; Ag2O, Silver oxide; AgNO3, Silver nitrate; CuO, Copper oxide; CuO–NH2, Copper oxide coated with 
amino groups; CuO–COOH, Copper oxide coated with carboxy groups; CuSO4, Copper sulphate.

Figure 4.   Coefficient of antibacterial synergy in different media. Coefficient of antibacterial synergy in the 
mixture of coated silver nanoparticles and copper sulphate in different growth media against Escherichia coli 
K-12 strain. The mean values with standard deviations are shown. MQ MilliQ water, RPMI.
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The synergy of Cu and Ag components did not depend on bacterial outer membrane dam‑
age.  One hypothesis was that one of the components (Cu or Ag NPs) damages the membrane to a larger 
extent, allowing another component to penetrate into the cell more easily and harm the internal structures. Poly-
myxin B, which disrupts the outer bacterial membranes of Gram-negative cells30, was used as a positive control 
in this experiment. To verify the hypothesis, the permeability of the outer membrane of two Gram-negative bac-
teria, E. coli K-12 and Pseudomonas aeruginosa PAO1, was measured. The results showed that AgNO3 and cAg 
damaged the outer membrane of both bacteria (Figs. 5a,b). cAg required more time to damage the membrane 
compared to AgNO3, and P.aeruginosa’s membrane required more time to be damaged compared to E. coli. CuO 
NPs and CuSO4 did not cause remarkable membrane damage, especially in P. aeruginosa. This data suggests 
that one of the ways to inactivate cells in the case of Ag compounds is by destroying the outer membranes of the 
bacteria, whereas Cu compounds act on other cell structures (even high concentrations of Cu that lead to cell 
death in 24 h do not lead to rapid outer membrane destruction). Membrane destruction by Ag could help Cu to 
reach these internal cell structures in the case of Ag and Cu mixture. Relying on this data we decided to test this 
hypothesis by mixing Cu and Ag compounds. A test with a mixture of Cu compounds and cAg was also con-
ducted. cAg damaging action on the membrane was unaffected by the addition of CuSO4 or Cu–NH2 (Fig. 5c,d). 
Tests with the addition of CuO–COOH or CuO to cAg were conducted too, and the additional destructive effect 
on the membrane was not detected (not shown) as well as with addition of CuSO4 or Cu–NH2. Also, adding 
of Cu components to Polymyxin B, which rapidly damages the outer membrane, did not enhance the effect of 
Polymyxin B on the membrane (data not shown). Moreover, the antibacterial synergistic effect between CuSO4 
and Polymyxin B in E. coli K-12 in MBC test has not been detected (K(AbS) = 1.054 ± 0.243, data not shown). 
Thus, we concluded that Ag and Cu act differently on the bacterial outer membrane but their action on the outer 
membrane is not the main cause of antibacterial synergy.

Figure 5.   Damage of outer bacterial membrane by Ag and Cu compounds or their combination. Increase in 
fluorescence is indicating the outer membrane damage of Escherichia coli (a, c) and Pseudomonas aeruginosa (b, 
d) after 30 min of incubation with the components alone (a, b) and in the mixtures with cAg (c, d). The mean 
values with standard deviation are shown. cAg, Coated silver nanoparticles; AgNO3, Silver nitrate; CuO, Copper 
oxide; CuO–NH2, Copper oxide coated with amino groups; CuO–COOH, Copper oxide coated with carboxy 
groups; CuSO4, Copper sulphate; PB, Polymyxin B.
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The synergy of Cu and Ag components did not depend on reactive oxygen species.  The possi-
bility of Cu ions to redox-cycle between Cu+/Cu++ is known as a Fenton-like reaction, and it can generate reactive 
oxygen species (ROS) leading to lipid peroxidation, protein oxidation and DNA damage31. We next hypothesized 
that enhanced production of ROS might be the reason of the synergy between Cu and Ag components. Indeed, 
CuO NPs13 and Ag NPs32 were previously shown to induce ROS. We also previously demonstrated that CuO–
NH2 induces more ROS compared to unfunctionalized CuO and CuO–COOH13.

ROS generation in this study was determined in both biotic (in presence of bacteria) and abiotic (without 
bacteria) conditions (Fig. 6). The highest levels of ROS were detected in individual cAg and CuO–NH2 suspen-
sions (Fig. 6a,b). cAg induced the highest ROS levels in abiotic conditions (Fig. 6a), while CuO–NH2 in biotic 
conditions (Fig. 6b). No ROS was detected in the case of CuSO4 and AgNO3.

ROS in the mixture of cAg and Cu components (in a 1:4 ratio) were tested to control the hypothesis that the 
cAg will produce more ROS after the addition of the CuSO4 or CuO–NH2. Results showed that the addition of 
CuO–NH2 or CuSO4 to cAg did not enhance ROS production in both biotic and abiotic conditions (Fig. 6c,d). 
Moreover, antagonism has been detected (e.g., lower ROS in cAg + Cu components mixture compared to cAg 
alone), indicating that ROS was not the cause of antibacterial synergy.

Silver and copper in a mixture synergically induced metal efflux genes.  Since the toxicity of 
metal-based NPs is mostly caused by their ions10,33, we decided to measure intracellular Cu and Ag ions. For 
that, we used bioluminescent biosensor E. coli MC1061 pSLcueR/PDNPcopAlux, which produces luciferase in 
response to intracellular Cu and Ag34. In this bacterium, intracellular Ag and Cu ions induce the luminescence 
of bacteria in a dose-dependent manner.

Since the biosensor bacteria are not selective and detect both Ag and Cu ions, it was not possible to deter-
mine intracellular Ag and Cu individually. Therefore, we used the relative values and the coefficient of inductive 

Figure 6.   Production of reactive oxygen species (ROS) in suspensions. Measurement of induction of ROS 
in abiotic (a, c) and biotic (b, d) conditions. Measurement of ROS induction was performed after incubation 
with components alone (a, b) or in the mix of cAg and Cu components in a ratio 1:4 (c, d). cAg, Coated silver 
nanoparticles; AgNO3, Silver nitrate; CuO, Copper oxide; CuO–NH2, Copper oxide coated with amino groups; 
CuSO4, Copper sulphate; RFU, Relative fluorescence units.



8

Vol:.(1234567890)

Scientific Reports |         (2023) 13:9202  | https://doi.org/10.1038/s41598-023-36460-2

www.nature.com/scientificreports/

synergy K(InS). K(InS) was calculated in the same way as the antibacterial synergy coefficient. K(InS) is the 
reciprocal of the sum of the ratios of bioluminescence (LC) peak concentrations of components in the mixture 
to LC peak concentrations alone (Eq. 2).

Equation (2) shows the calculation of coefficient of inductive synergy (K(InS)) from bioluminescence (LC) 
peak concentrations (conc).

At first, the bioluminescence of bacteria with individual Ag and Cu components was measured (Fig. 7a). 
Afterwards, we mixed Cu components with cAg, and we found a significant shift in the peak of LC to the left 
(Fig. 7b), but no shift when mixing with AgNO3 (Fig. 7c). Peak LC concentrations of components separately and 
in the mixture are shown in Supplementary Table 4.

The high induction of bioluminescence in response to the intracellular concentration of Cu and Ag ions was 
observed in the mixtures of Cu components with cAg (Fig. 7b). Lower concentrations of cAg and Cu components 
in the mixtures were required for response induction. In combination of Cu components with cAg, all mixtures 
tested showed a high K(InS), but not in the mixtures of Cu components and AgNO3 (Fig. 8). The fact that K(InS) 
was remarkably over 1 in the case of the mixtures of cAg and Cu components revealed that biosensor bacteria 
sensed higher intracellular concentrations of metal ions in the mixture of cAg and Cu components compared 
to the sum of the components separately. This was not attributed to the membrane damage caused by cAg and 
better access of Cu to the inner components of the cells (Fig. 5c,d). It can be assumed that the intracellular con-
centration of Ag, when combined with CuSO4, was higher due to better dissolution of cAg in the presence of 
Cu2+. Also, the dissolution of AgNO3 is very high and cannot be enhanced by Cu ions, which is why we did not 
observe the synergistic effect between Cu components and AgNO3.

Better dissolution of Ag NPs in the presence of Cu2+.  Next, we investigated Ag NPs dissolution in 
water and RPMI CCM under two different conditions: with and without the addition of CuSO4. We found a 
significant difference between the dissolution of Ag NPs with and without CuSO4 addition (Fig. 9). In MQ water 
the difference of nAg and Ag2O dissolution was more than 4 times and 2 times respectively after CuSO4 addition. 
While in RPMI CCM the difference of nAg dissolution was more than 16 times after CuSO4 addition (Fig. 9). 
We assume that in the mix of nAg and CuSO4 in the water there is the effect of improving the dissolution of Ag 
NPs by the following Eq. 3:

Equation (3) shows the redox reaction between copper and silver components.
In RPMI, the reaction is most probably influenced by organic compounds. For example, the dissolution of 

AgNO3 in serum-containing RPMI CCM might be 100%, but most of the free Ag+ ions are complexed by serum 
proteins35. Because Cu ions prevent Ag ions from binding to serum proteins, there was a significant difference 
in the concentration of free Ag ions in a solution of AgNO3 in RPMI CCM with and without CuSO4. Both of 
these effects are present in a suspension of nAg and CuSO4 in RPMI CCM, resulting in a 16-fold increase in 
the amount of free Ag ions in a CuSO4-containing sample compared to a CuSO4-free sample (Fig. 9). Also, as 
described previously, already oxidized Ag2O did not have antibacterial synergy in RPMI CCM with CuSO4 and 
we did not observe better dissolution of Ag2O in this solvent after the addition of CuSO4 (Fig. 9).

The production of antibacterial Cu+ ions in the mixture of Ag NPs and Cu2+ ions.  As mentioned 
in the previous section (Eq. 3), Cu+ is produced in the mix of Ag NPs and Cu2+ ions. To prove the presence of 
Cu+ in the mixture, a qualitative chemical reaction was performed as described in the Methods section. In a 
mixture of components, the qualitative reaction proved the presence of Cu+, but not in nAg suspension, AgNO3, 
or CuSO4 solutions separately. This investigation demonstrated that the equilibrium was established as expected. 
Also, it has been shown previously that Cu+ has a higher antibacterial effect compared to Cu2+36,37, because of the 
ability of Cu+ to generate OH radicals in the presence of superoxide in a reaction analogous to the Fenton-like 
reaction38. Therefore, the formation of additional Cu+ ions in the solution may be among the main factors effect-
ing the antibacterial synergy of the Ag NP/Cu2+ system.

Mechanisms of antibacterial synergy of Cu and Ag nanoparticles.  Commonly, synergy occurs 
when components have a different mechanisms of action. Although the antibacterial synergy between Ag and 
Cu components (mostly metals and not NPs) has been described before, the mechanisms of synergy have not 
been studied. Previous publications suggested some mechanisms of antibacterial synergy, whereas authors 
mainly hypothesized that Ag targets bacterial plasma membrane, while Cu denatures nucleic acids and other 
internal biomolecules and cell structures15,16,19,22. In contrast, in our study, we did not observe a remarkable syn-
ergy between Cu components and AgNO3 (Fig. 2) or Polymyxin B, which both caused remarkable membrane 
damage (Fig. 5).

Also, it has been proposed that Cu ions released from CuO alloys inactivate bacteria by boosting ROS pro-
duction causing DNA damage and lipid peroxidation16,19,22. Moreover, Ag NPs anchored on CuO and Cu(OH)2 
produced ROS in larger amounts compared to CuO39, but in this case, ROS production could be enhanced due 
to Cu(OH)2. We, however, did not observe significant ROS production in CuSO4 solution in biotic or abiotic 

(2)K(InS) = 1/

(

LC peak conc of antibacterial A in mix

LC peak conc of antibacterial A alone
+

LC peak conc of antibacterial B in mix

LC peak conc of antibacterial B alone

)

(3)Cu2+(aq) + Ag(s) ⇌ Ag+(aq) + Cu+(aq)
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Figure 7.   Luminescence of biosensor bacteria as reaction to components. Luminescence (LC) of Escherichia coli MC1061 
pSLcueR/PDNPcopAlux as a reaction to 4 h incubation with components alone (a). The significant shift of peak LC to the 
left in the mix of copper components with cAg compared to cAg alone (b). No shift of peak LC in the mixture of copper 
components with AgNO3 compared to AgNO3 alone (c). Representative Figures are from 3 independent experiments. cAg, 
Coated silver nanoparticles; AgNO3, Silver nitrate; CuO, Copper oxide; CuO–NH2, Copper oxide coated with amino groups; 
CuO–COOH, Copper oxide coated with carboxy groups; CuSO4, Copper sulphate.
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conditions, whereas ROS production by cAg was remarkably higher. On the contrary, the addition of CuSO4 
reduced the amount of ROS production in cAg suspension in biotic and abiotic conditions (Fig. 6).

Jang and al. (2020) showed that the release of Ag+ ions from NP was significantly higher in the solution with 
the higher concentration of Cu2+ ions23. Also, the higher release of Ag+ was related to the higher temperature and 
longer time of NP incubation21. This mechanism of synergy is in line with the results of our study.

Our research has shown that a combination of non-oxidized Ag NPs and Cu ions is essential for the synergistic 
antibacterial effect. The antibacterial synergy between Ag NPs and Cu components, according to our study, has at 
least three reasons. First, Cu ions facilitate the oxidation of non-oxidized Ag0 (Eq. 3) in a redox reaction and, as 
a result, better dissolution of Ag+ from Ag NPs in solvents in the presence of Cu2+ (Fig. 9). Indeed, non-oxidized 
Ag0 in NPs is needed for redox reaction with Cu2+ to produce Ag+ and Cu+. Better dissolution of Ag NPs leads to 
a higher concentration of Ag+ in the solvent and intracellularly in bacteria (Fig. 7), causing a stronger antibacte-
rial effect. The second reason is the production of Cu+ ions in the same redox reaction (Eq. 3). Cu+ ions are more 
antibacterial compared to Cu2+38. The third reason is that free Ag ions bind to proteins in the culture medium less 
effectively in the presence of Cu2+, resulting in a larger concentration of free Ag+ in the solution (Fig. 9). Thus, 
the release of Cu2+ ions from CuO NPs is required for the synergistic action. All of the described processes can 
occur both extracellularly and intracellularly, whereas the latter is more harmful to cell homeostasis. Moreover, 
other factors, such as zeta-potential and NP surface functionalization might have some minor effects on the 
antibacterial synergy but in order to prove that, further studies are required.

Figure 8.   Coefficient of inductive synergy in a mixture of Cu and Ag components. Induction of 
bioluminescence in bacteria was higher in response to the mixture of cAg and Cu components compared to 
components alone. This enhanced reaction has not been detected in the mixture of AgNO3 and CuO NPs. 
*P < 0.05; **P < 0.01; ***P < 0.001, ##Antagonism P < 0.01. cAg, Coated silver nanoparticles; AgNO3, Silver 
nitrate; CuO, Copper oxide; CuO–NH2, Copper oxide coated with amino groups; CuO–COOH, Copper oxide 
coated with carboxy groups; CuSO4, Copper sulphate.

Figure 9.   Dissolution of silver nanoparticles. Dissolution percentage of silver components (100 mg/L) in water 
and in RPMI CCM with and without the addition of CuSO4 (400 mg/L) after 24 h of incubation in a shaker at 
37 °C. *P < 0.05; **P < 0.01; ***P < 0.001. cAg, Coated silver nanoparticles; nAg, Nanosilver; Ag2O, Silver oxide; 
AgNO3, Silver nitrate; CuSO4, Copper sulphate; RPMI CCM, Roswell Park Memorial Institute cell culture 
media.
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Conclusion
Ag and Cu have been used separately as antibacterial agents since ancient times. Our study showed that the 
antibacterial effect of the NPs mixture containing Ag and Cu components was up to six times higher than the 
sum of the antibacterial effects of the individual components. The mechanisms of the synergy are: better dissolu-
tion of Ag in the presence of Cu ions due to oxidation in the redox reaction, the production of more antibacte-
rial Cu+ ions during the same redox reaction and less favorable binding of Ag ions to medium proteins in the 
presence of Cu ions. The antibacterial synergy between Ag and Cu could be an ideal solution for some medical 
problems where the elimination of infection is needed and where the antibacterial effect of Ag or Cu alone is 
not sufficient. For example, the results of the study can be used to develop combinatory nanotechnology to be 
used in antibacterial wound dressings to treat infected wounds. Since the treatment of some bacterial wound 
infections is an unsolved problem, combinatory treatment of wounds based on Cu and Ag NPs could reduce 
wound infection complications (such as infection-related gangrenes and amputations) and increase the quality-
adjusted life years (QALY) of patients.

Methods and materials
Chemicals.  All the chemicals were at least of analytical grade. Polymyxin B and NaCl were purchased from 
Sigma-Aldrich Co. (USA); AgNO3 from J.T. Baker (USA), CuSO4 from Alfa Aesar Gmbh & Co. (Germany); 
2′,7′-dichlorodihydrofluorescein diacetate from Life Technologies (USA); phosphate buffered saline from Biog-
nost (Croatia); tryptone, yeast extract and agar from LabM (UK); RPMI 1640 with glutamine and Sodium Pyru-
vate from Corning (USA); Fetal Bovine Serum from Gibco (USA).

Nanoparticles (NPs).  Three types of functionalized and unfunctionalized CuO NPs were obtained 
from PlasmaChem GmbH (Germany). CuO NPs were synthesized by PlasmaChem by decomposition of 
Cu2CO3(OH)2, followed by the introduction of the surface groups via treatment with mercaptopropionic acid. 
Coated Ag NPs (cAg) were obtained from Laboratorios Argenol S. L. (Spain), uncoated Ag NPs (nAg) from 
Sigma-Aldrich (USA). Ag2O NPs (Ag2O) were synthesized by us as described below.

Commercial NPs were provided as dry powders, and the suspensions were freshly prepared each time before 
the tests at concentrations of 2000 mg compound/l in endotoxin-free Milli-Q® water (MQ). Ten milliliters of CuO 
NPs suspensions were vortexed and sonicated using probe sonication (Branson 450 Sonifier, USA) for 5 min 
with an acoustic power of 13 W corresponding to the specific energy of 3.9·105 kJ/m340.

The morphology and primary size of all NPs except Ag2O were characterized in our previous studies8,13,41.
Ag2O NPs characterization by X-ray crystallography and Transmission electron microscopy was performed 

at the University of Tartu. Scanning transmission electron microscopy (STEM) measurements were made with 
Cs corrected FEI Titan Themis 200 instrument. Samples were prepared in isopropyl alcohol, sonicated and 
deposited onto carbon film-covered TEM grids. After evaporation of solvent, the samples were measured with 
bright field (BF) and high-angle annular dark-field (HAADF) detectors simultaneously.

Hydrodynamic size (Dh), polydispersity index (PDI) and zeta potential (Zeta-potential) of NPs were meas-
ured in 100 mg/l suspensions in MQ water or in Roswell Park Memorial Institute (RPMI) cell culture medium 
with 10% FBS and 1% sodium pyruvate (RPMI CCM) using Malvern Zetasizer (Zetasizer Nano-ZS, Malvern 
Instruments, UK).

The metal content of the tested compounds was determined using atomic absorption spectroscopy (AAS) 
(contrAA 800, Analytik Jena Ag). Materials and nanoparticles were incubated in 1 mL of concentrated HNO3 
(Nitric Acid TraceMetal Grade 67–69%, Seastar Chemicals) for 24 h at 65 ֯C. After incubation, the suspension 
was vortexed and diluted 1:1000 in 1% HNO3. The tissue and blood serum were incubated in H2O2 (Perdrogen 
30%, Sigma-Aldrich) and concentrated HNO3 at the following ratio 1:1:8 (tissue: H2O2: HNO3) and incubated 
for 24 h at 65 ֯ C. After incubation, the suspension was diluted 10 times in 1% HNO3 and analyzed by AAS. The 
measurements were done in triplicate in at least two independent experiments.

Preparation of silver oxide nanoparticles (Ag2O).  Analytical reagent grade (anhydrous, with purity 
over 99.9%) silver nitrate (5 mmol, 0.85 g) was dissolved in 50 mL of DI water and ultrasonicated for 1 min to 
achieve a homogeneous solution at room temperature.

After the silver nitrate was totally dissolved, sodium hydroxide (10 mmol, 0.39 g) was swiftly added to the 
reaction mixture at ambient conditions and ultrasonicated for 2 h.

The final solution was cooled down. Then the obtained blackish precipitate was filtered on the Whatman 
filter paper (Grade 5) and quenched twice with 50 mL of MQ water. The black residue was then dried at 70C for 
12 h providing yields over 60%.

Cells
Bacterial cells.  Escherichia coli MG1655 K-12 (E.coli K-12) (obtained from the E. coli genetic stock center, 
Yale University), Escherichia coli ESBL (isolated from the urine of 72 y.o. male patient with chronic prostatitis 
in West-Tallinn Central Hospital), Pseudomonas aeruginosa PAO1 (obtained from Prof. Patrick Plesiat, Besanc, 
France), Streptococcus dysgalactiae DSM 23,147 (obtained from German Collection of Microorganisms and Cell 
Cultures of Leibniz Institute, Braunschweig, Germany), recombinant bioluminescent E. coli MC1061 (pSLcueR/
pDNPcopAlux, constructed in our laboratory previously by Ivask et al.34), Enterococcus faecalis ATCC 29,212 
(obtained from the West-Tallinn Central Hospital) and Staphylococcus aureus ATCC 25,923 (obtained from the 
West-Tallinn Central Hospital) were stored on agarized Luria–Bertani medium (LB, 1% tryptone, 0.5% yeast 
extract, 0.5% NaCl, 1.5% agar) and before the tests cultivated in 3 mL of RPMI at 37 °C with shaking at 200 rpm 
overnight. After overnight cultivation, 400 µl of inoculum was mixed with 20 mL of RPMI CCM and incubated 
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for 4 h and grown to the exponential phase. After the incubation, the optical density of the bacterial suspension 
at 620 nm (OD620) was measured and the suspension at desired OD620 was prepared. In the case of recombinant 
bacteria, RPMI CCM was supplemented with 100 µg/l ampicillin and 10 µg/l tetracycline to retain the biolumi-
nescence-encoding plasmid.

Assays
Evaluation of minimum bactericidal concentration (MBC).  MBC was determined by the lowest con-
centration that kills 99.9% of the initial bacterial population using the spot test described by Suppi et al.42. After 
overnight cultivation and 4 h incubation to exponential phase, as described before, the bacterial suspension with 
OD620 0.07 (corresponds to 2 × 108 cells/mL43) in MQ, RPMI CCM or LB was obtained. 100 μL of bacterial sus-
pension was added to 100 μL components alone or their mix in medium. Bacteria were exposed in RPMI CCM, 
LB or MQ on 96-well microplates (BD Falcon) at 30 °C for 24 h without shaking in the dark. 3 µl of incubated 
suspension was pipetted onto agarized LB medium and the viability of bacterial cells (formation of colonies) was 
visually evaluated after 24 h of incubation. Each experiment was repeated at least three times.

Measurement of bacterial growth in different media.  Bacteria were prepared for the test as described 
in the paragraph “Evaluation of the minimum bactericidal concentration (MBC)”. Bacterial suspension with 
OD620 0.03 in MQ, RPMI CCM or LB was incubated for 3 h at 37 °C in a shaker and the bacterial density at 
OD620 was measured.

Evaluation of bacterial outer membrane (OM) integrity by 1‑NPN assay.  The cell wall permea-
bilization of E. coli and P. aeruginosa by AgNO3, cAg, CuO, CuO–COOH, CuO–NH2, CuSO4 and Polymixin B 
(PB, positive control) was assayed by the cellular uptake of N-Phenylnaphthalen-1-amine (1-NPN) essentially as 
described by Helander and Mattila-Sandholm44. Differently from a hydrophilic environment, the fluorescence 
of 1-NPN is significantly enhanced in a hydrophobic environment (e.g., membrane lipid bilayer), rendering it 
an appropriate dye to probe the outer membrane (OM) integrity of gram-negative bacteria. Briefly, 50 µL of 
40 µM 1-NPN and 50 µL of the tested compound in 50 mM 3-(N-morpholino)propanesulfonic acid (MOPS) 
adjusted with tris(hydroxymethyl)aminomethane (TRIS) base to pH 7.2 (MOPS-TRIS buffer) were pipetted into 
the wells of black microplates. 100 µL of bacterial suspension in 50 mM MOPS-TRIS buffer with OD = 0.5 was 
dispensed into each well and the fluorescence was measured after 30 min of incubation at RT (Fluoroskan Ascent 
FL plate luminometer; excitation/emission filters 350/460 nm). The 1-NPN cell uptake factor was calculated and 
presented as a ratio between the intensity of fluorescence values of the bacterial suspension incubated with and 
without test compounds. At least three independent experiments were performed in technical duplicates.

CopA gene induction of luminescent bacteria.  Induction of luminescence in bacteria by intracellular 
Ag and Cu ions was performed using recombinant biosensor bacteria Escherichia coli MC1061 (pSLcueR/pDN-
PcopAlux). The response of recombinant E. coli to intracellular Ag and Cu ions is mediated via CueR activator 
protein and its regulated copA promoter that is fused to the bioluminescence encoding genes34. Therefore, in the 
sub-toxic region, the presence of intracellular Ag and Cu ions leads to the increase of bioluminescence of these 
recombinant bacteria in a dose-dependent manner.

The preparation of test bacteria and the procedure of the biosensor assay were analogous to the bacterial 
growth inhibition assay with one exception: the growth medium of bioluminescent Ag-biosensor E. coli MC1061 
(pSLcueR/pDNPcopAlux) was supplemented with 100 µg/l ampicillin and 10 µg/l tetracycline during overnight 
cultivation to maintain the recombinant plasmids. Orion II plate luminometer (Berthold Detection Systems) was 
used for the bioluminescence (BL) measurement. 100 µl of bacterial suspension with OD620 0.1 was exposed to 
components or their mix in RPMI CCM (sample) or RPMI CCM (background) at 30 °C for 4 h. Dose–response 
curves of the Ag and Cu biosensor were obtained by plotting the applied concentrations of Cu and Ag against 
the bioluminescence of Ag/Cu-biosensor (as fold induction) in respective samples. The concentration with the 
highest bioluminescence value from each component has been marked as the peak of LC. Fold induction was 
calculated as follows:

where BLsample is the bioluminescence of Ag/Cu-biosensor in the sample and BLbackground is the background bio-
luminescence considering darkening of luminescence due to NPs.

Quantification of reactive oxygen species (ROS).  Since presence of cells may influence generation 
and neutralization of ROS, ROS was quantified in both, biotic (in the presence of cells) and abiotic (without 
cells) conditions.

To study cellular (biotic) ROS production, fresh stock of 2′,7′-dichlorodihydrofluorescein diacetate 
(H2DCFDA) was dissolved in ethanol to a concentration of 0.6 mg/mL and subsequently diluted in 0.1 M sodium 
phosphate buffer. 100 µL of component in MQ water was pipetted into the wells. Then, 100 µL of bacterial culture 
(E. coli K-12 at OD620 = 0.1) in MQ water was added. The test plates were incubated at 30 °C for 4 h. After incuba-
tion 100 μL of the mixture was aliquoted into black non-transparent 96 well plates, and H2DCFDA was added 
to the cells at a final concentration of 1.5 µg/mL. After 30 min of incubation, the fluorescence was measured 
using a microplate reader (excitation/emission at 485/527 nm). In the assay, H2DCFDA diffuses through the cell 
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(
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membrane and is processed by intracellular esterases to a non-fluorescent dichlorofluorescin (DCFH). DCFH is 
then converted to the highly fluorescent 2′,7′-dichlorofluorescein (DCF) due to the presence of intracellular ROS.

To study ROS in abiotic conditions, the acetate group of H2DCFDA was cleaved by 0.01 M NaOH at RT for 
30 min. The dye was diluted with 0.1 M Na-phosphate buffer to a concentration of 24 µg/mL and then added to 
each well in the black nontransparent 96 well plates, to yield a final dye concentration of 12 µg/mL. The results 
were divided by the blank and presented as relative light units (RFUs).

Determination of dissolution of the components.  For the dissolution analysis, 100 mg/l cAg, Ag2O, 
nAg, AgNO3, CuSO4 (a recovery control) were incubated in MQ water or in RPMI CCM at 37 °C for 24 h and 
afterwards centrifuged at 320,000 × g for 30 min (Beckman Coulter ultracentrifuge). After centrifugation, the 
supernatants were collected and the silver concentration analyzed by AAS (contrAA 800, Analytik Jena Ag). 
The percentage of NP dissolution was calculated according to the silver concentration in the supernatant after 
centrifugation, 100 mg/l was taken as 100%. The measurements were done in triplicate in at least two independ-
ent experiments.

Detection of Cu+ in the suspension.  The detection of Cu+ was conducted using the iodometric method45. 
The Cu2+ was masked by a complex formation with potassium oxalate; then, the Cu+ was oxidized to Cu2+ by 
potassium iodate in the presence of 2 M hydrochloric acid using the 1% starch solution as an indicator of the 
presence of iodine, which appears when the reaction is completed.

Statistical analysis.  P values using Student’s t-test, standard deviations and mean values were calculated 
in Microsoft Excel.

Data availability
The data used and/or analyzed during the current study is available from the corresponding author on reason-
able request.

Received: 27 January 2023; Accepted: 4 June 2023

References
	 1.	 Theuretzbacher, U., Outterson, K., Engel, A. & Karlén, A. The global preclinical antibacterial pipeline. Nat. Rev. Microbiol. 18, 

275–285 (2020).
	 2.	 Murray, C. J. et al. Global burden of bacterial antimicrobial resistance in 2019: A systematic analysis. Lancet 399, 629–655 (2022).
	 3.	 Armstrong, D. G. & Lipsky, B. A. Singh2005.Pdf Ulcer.Pdf. 293, 217–228 (2005).
	 4.	 Theuretzbacher, U. Dual-mechanism antibiotics. Nat. Microbiol. 5, 984–985 (2020).
	 5.	 León-Buitimea, A., Garza-Cárdenas, C. R., Garza-Cervantes, J. A., Lerma-Escalera, J. A. & Morones-Ramírez, J. R. The demand 

for new antibiotics: Antimicrobial peptides, nanoparticles, and combinatorial therapies as future strategies in antibacterial agent 
design. Front. Microbiol. 11, 1–10 (2020).

	 6.	 Kornblatt, A. P., Nicoletti, V. G. & Travaglia, A. The neglected role of copper ions in wound healing. J. Inorg. Biochem. 161, 1–8 
(2016).

	 7.	 Bari, A. et al. Copper-containing mesoporous bioactive glass nanoparticles as multifunctional agent for bone regeneration. Acta 
Biomater. 55, 493–504 (2017).

	 8.	 Kurvet, I., Kahru, A., Bondarenko, O., Ivask, A. & Ka, A. Particle-cell contact enhances antibacterial activity of silver nanoparticles. 
PLoS ONE 8, e64060 (2013).

	 9.	 Bondarenko, O. M. et al. Plasma membrane is the target of rapid antibacterial action of silver nanoparticles in Escherichia coli and 
Pseudomonas aeruginosa. Int. J. Nanomed. 13, 6779–6790 (2018).

	10.	 Heinlaan, M., Ivask, A., Blinova, I., Dubourguier, H. C. & Kahru, A. Toxicity of nanosized and bulk ZnO, CuO and TiO2 to bacteria 
Vibrio fischeri and crustaceans Daphnia magna and Thamnocephalus platyurus. Chemosphere 71, 1308–1316 (2008).

	11.	 Bondarenko, O., Ivask, A., Käkinen, A. & Kahru, A. Sub-toxic effects of CuO nanoparticles on bacteria: Kinetics, role of Cu ions 
and possible mechanisms of action. Environ. Pollut. 169, 81–89 (2012).

	12.	 Bondarenko, O. et al. Nanotoxicology and nanomedicine: The Yin and Yang of nano-bio interactions for the new decade. Nano 
Today https://​doi.​org/​10.​1016/j.​nantod.​2021.​101184 (2021).

	13.	 Kubo, A.-L. et al. Surface carboxylation or PEGylation decreases CuO nanoparticles’ cytotoxicity to human cells in vitro without 
compromising their antibacterial properties. Arch. Toxicol. 94, 1561–1573 (2020).

	14.	 Kubo, A. L. et al. Antimicrobial potency of differently coated 10 and 50 nm silver nanoparticles against clinically relevant bacteria 
Escherichia coli and Staphylococcus aureus. Colloids Surf. B 170, 401–410 (2018).

	15.	 Fisher, K., Pope, M. & Phillips, C. Combined effect of copper and silver against Pseudomonas aeruginosa. J. Hosp. Infect. 73, 
180–182 (2009).

	16.	 Vaidya, M. Y., McBain, A. J., Butler, J. A., Banks, C. E. & Whitehead, K. A. Antimicrobial efficacy and synergy of metal ions against 
Enterococcus faecium, Klebsiella pneumoniae and Acinetobacter baumannii in planktonic and biofilm phenotypes. Sci. Rep. 7, 5911 
(2017).

	17.	 Yayha, M. T., Kutz, S. M., Landeen, L. K. & Gerba, C. P. Swimming pool disinfection: An evaluation of the efficacy of copper: Silver 
ions. J. Environ. Health 51, 282–285 (1989).

	18.	 Landeen, L. K., Yahya, M. T. & Gerbal, C. P. Efficacy of Copper and silver ions and reduced levels of free chlorine in inactivation 
of Legionella pneumophila. Appl. Environ. Microbiol. 55, 3045–3050 (1989).

	19.	 Garza-Cervantes, J. A. et al. Synergistic antimicrobial effects of silver/transition-metal combinatorial treatments. Sci. Rep. 7, 903 
(2017).

	20.	 Tao, Y., Zhou, F., Wang, K., Yang, D. & Sacher, E. AgCu NP formation by the Ag NP catalysis of Cu ions at room temperature and 
their antibacterial efficacy: A kinetic study. Molecules 27, 6951 (2022).

	21.	 Zhou, F., Zhu, Y., Yang, L., Yang, D. Q. & Sacher, E. Ag NP catalysis of Cu ions in the preparation of AgCu NPs and the mechanism 
of their enhanced antibacterial efficacy. Colloids Surf. A Physicochem. Eng. Asp. 632, 127831 (2022).

	22.	 Bankier, C. et al. Synergistic antibacterial effects of metallic nanoparticle combinations. Sci. Rep. 9, 16074 (2019).

https://doi.org/10.1016/j.nantod.2021.101184


14

Vol:.(1234567890)

Scientific Reports |         (2023) 13:9202  | https://doi.org/10.1038/s41598-023-36460-2

www.nature.com/scientificreports/

	23.	 Jang, J. et al. Development of antibiofilm nanocomposites: Ag/Cu bimetallic nanoparticles synthesized on the surface of graphene 
oxide nanosheets. ACS Appl. Mater. Interfaces 12, 35826–35834 (2020).

	24.	 Ivask, A. et al. Toxicity of 11 metal oxide nanoparticles to three mammalian cell types in vitro. Curr. Top. Med. Chem. 15, 1914–1929 
(2015).

	25.	 Warnes, S. L., Caves, V. & Keevil, C. W. Mechanism of copper surface toxicity in Escherichia coli O157:H7 and Salmonella involves 
immediate membrane depolarization followed by slower rate of DNA destruction which differs from that observed for Gram-
positive bacteria. Environ. Microbiol. 14, 1730–1743 (2012).

	26.	 Li, X.-Z., Zhang, L. & Poole, K. Interplay between the MexA-MexB-OprM multidrug efflux system and the outer membrane barrier 
in the multiple antibiotic resistance of Pseudomonas aeruginosa. J. Antimicrob. Chemother. 45, 433–436 (2000).

	27.	 Warnes, S. L., Green, S. M., Michels, H. T. & Keevil, C. W. Biocidal efficacy of copper alloys against pathogenic enterococci involves 
degradation of genomic and plasmid DNAs. Appl. Environ. Microbiol. 76, 5390–5401 (2010).

	28.	 Eng, R. H. K., Padberg, F. T., Smith, S. M., Tan, E. N. & Cherubin, C. E. Bactericidal effects of antibiotics on slowly growing and 
nongrowing bacteria. Antimicrob. Agents Chemother. 35, 1824–1828 (1991).

	29.	 Kohanski, M. A., Dwyer, D. J. & Collins, J. J. How antibiotics kill bacteria: From targets to networks. Nat. Rev. Microbiol. 8, 423–435 
(2010).

	30.	 Moubareck, C. A. Polymyxins and bacterial membranes: A review of antibacterial activity and mechanisms of resistance. Mem-
branes 10, 1–30. https://​doi.​org/​10.​3390/​membr​anes1​00801​81 (2020).

	31.	 Dupont, C. L., Grass, G. & Rensing, C. Copper toxicity and the origin of bacterial resistance—New insights and applications. 
Metallomics 3, 1109 (2011).

	32.	 Choi, O. & Hu, Z. Size dependent and reactive oxygen species related nanosilver toxicity to nitrifying bacteria. Environ. Sci. Technol. 
42, 4583–4588 (2008).

	33.	 Bondarenko, O. et al. Toxicity of Ag, CuO and ZnO nanoparticles to selected environmentally relevant test organisms and mam-
malian cells in vitro: A critical review. Arch. Toxicol. 87, 1181–1200 (2013).

	34.	 Ivsak, A., Rõlova, T. & Kahru, A. A suite of recombinant luminescent bacterial strains for the quantification of bioavailable heavy 
metals and toxicity testing. BMC Biotechnol. 9, 1–15 (2009).

	35.	 Gnanadhas, D. P., Ben Thomas, M., Thomas, R., Raichur, A. M. & Chakravortty, D. Interaction of silver nanoparticles with serum 
proteins affects their antimicrobial activity in vivo. Antimicrob. Agents Chemother. 57, 4945–4955 (2013).

	36.	 Popov, S. et al. Factors enhancing the antibacterial effect of monovalent copper ions. Curr. Microbiol. 77, 361–368 (2020).
	37.	 Saphier, M., Silberstein, E., Shotland, Y., Popov, S. & Saphier, O. Prevalence of monovalent copper over divalent in killing Escherichia 

coli and Staphylococcus aureus. Curr. Microbiol. 75, 426–430 (2018).
	38.	 Rapisarda, V. A., Montelongo, L. R., Farias, R. N. & Massa, E. M. Characterization of an NADH-linked cupric reductase activity 

from the Escherichia coli respiratory chain. Arch. Biochem. Biophys. 370, 143–150 (1999).
	39.	 Muppidathi, M. & Perumal, P. Ag@CuO@Cu(OH)2: A synergistic catalyst for H2O2 detection with peroxidase-mimic activity 

without interference of O2. ChemistrySelect 6, 10253–10257 (2021).
	40.	 Käkinen, A., Kahru, A., Nurmsoo, H., Kubo, A.-L. & Bondarenko, O. M. Solubility-driven toxicity of CuO nanoparticles to CaCo2 

cells and Escherichia coli: Effect of sonication energy and test environment. Toxicol. In Vitro 36, 172–179 (2016).
	41.	 Blinova, I. et al. Toxicity of two types of silver nanoparticles to aquatic crustaceans Daphnia magna and Thamnocephalus platyurus. 

Environ. Sci. Pollut. Res. 20, 3456–3463 (2013).
	42.	 Suppi, S. et al. A novel method for comparison of biocidal properties of nanomaterials to bacteria, yeasts and algae. J. Hazard. 

Mater. 286, 75–84 (2015).
	43.	 Silvestro, L. et al. Antibacterial and antimembrane activities of cecropin A in Escherichia coli. Antimicrob. Agents Chemother. 44, 

602–607 (2000).
	44.	 Helander, I. M. Fluorometric assessment of Gram-negative bacterial permeabilization. 213–219 (2000).
	45.	 Jabber, M. S. A. & Stephen, W. I. The titrimetric determination of copper(I), copper(II) and copper metal in admixture. Fresenius’ 

Zeitschrift für Analytische Chemie 311, 259–264 (1982).

Acknowledgements
We thank Dr. Villem Aruoja (National Institute of Chemical Physics and Biophysics, Estonia) for English cor-
rections of the manuscript.

Author contributions
Conceptualization, G.V., O.B.; Data curation, G.V. and A.-L.K.; Formal analysis, G.V.; Investigation, G.V., A.-L.K. 
and O.B.; Methodology, G.V., A.-L.K., O.B., H.V. and D.B.; Project administration, O.B., A.K., Y.K.; Resources, 
A.K., Y.K. and O.B.; Validation, O.B.; Visualization, G.V.; Writing draft, G.V. and O.B.; Review of manuscript, G.V., 
A.-L.K., O.B., H.V., D.B., Y.K., A.K. All authors have read and agreed to the published version of the manuscript.

Funding
EIC Accelerator Grant No. 190199469 (NANOWOUND) from the European Commission (Grigory Vasiliev, 
Anna-Liisa Kubo, Olesja Bondarenko). GOVSG16 Grant from Estonian Research Council (Grigory Vasiliev, 
Anna-Liisa Kubo, Olesja Bondarenko). Arengufond_OB Grant from Development Fund of National Institute 
of Chemical Physics and Biophysics (Grigory Vasiliev, Anna-Liisa Kubo, Olesja Bondarenko). PRG749 Grant 
from Estonian Research Council (Anne Kahru). Grant COVSG5 from Estonian Research Agency (Denys Bondar, 
Yevgen Karpichev). The study was partially supported by the European Regional Development Fund Project 
“Emerging orders in quantum and nanomaterials” (TK134).

Competing interests 
A.-L.K., G.V., O.B. are co-founders of Nanordica Medical developing nanoparticle-based antibacterial products. 
A.K., D.B., H.V. and Y.K. declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​023-​36460-2.

Correspondence and requests for materials should be addressed to O.B.

Reprints and permissions information is available at www.nature.com/reprints.

https://doi.org/10.3390/membranes10080181
https://doi.org/10.1038/s41598-023-36460-2
https://doi.org/10.1038/s41598-023-36460-2
www.nature.com/reprints


15

Vol.:(0123456789)

Scientific Reports |         (2023) 13:9202  | https://doi.org/10.1038/s41598-023-36460-2

www.nature.com/scientificreports/

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2023

http://creativecommons.org/licenses/by/4.0/

	Synergistic antibacterial effect of copper and silver nanoparticles and their mechanism of action
	Results and discussion
	Characterization of nanoparticles. 
	Antibacterial synergy between Cu and Ag compounds. 
	Antibacterial synergy depended on the Cu component. 
	Antibacterial synergy depended on the Ag component. 
	Antibacterial synergy depended on the bacterial medium. 

	The mechanisms of synergy between CuO and Ag NPs
	The synergy of Cu and Ag components did not depend on bacterial outer membrane damage. 
	The synergy of Cu and Ag components did not depend on reactive oxygen species. 
	Silver and copper in a mixture synergically induced metal efflux genes. 
	Better dissolution of Ag NPs in the presence of Cu2+. 
	The production of antibacterial Cu+ ions in the mixture of Ag NPs and Cu2+ ions. 
	Mechanisms of antibacterial synergy of Cu and Ag nanoparticles. 

	Conclusion
	Methods and materials
	Chemicals. 
	Nanoparticles (NPs). 
	Preparation of silver oxide nanoparticles (Ag2O). 

	Cells
	Bacterial cells. 

	Assays
	Evaluation of minimum bactericidal concentration (MBC). 
	Measurement of bacterial growth in different media. 
	Evaluation of bacterial outer membrane (OM) integrity by 1-NPN assay. 
	CopA gene induction of luminescent bacteria. 
	Quantification of reactive oxygen species (ROS). 
	Determination of dissolution of the components. 
	Detection of Cu+ in the suspension. 
	Statistical analysis. 

	References
	Acknowledgements


