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Understanding the pathway of antibacterial 

activity of Copper Oxide Nanoparticles  
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Padmavathy3* 

This work investigates the role of oxidation state in the antibacterial activity of copper oxide 

nanoparticles (NPs). The findings add strong support to a contact killing mechanism of copper oxides 

(CuO and Cu2O) through which bacteria initially suffer severe damag e to the cell envelope. Then further 

damage ensues by an independent pathway of each copper oxide nanoparticles. Formation of copper 

(I)-peptide complex from cuprous oxide (Cu2O) and free radical's generation from cupric oxide (CuO)  

were identified as key sources of toxicity towards E.coli. Cu2O rapidly inactivated Fumarase A, an iron 

sulphur cluster enzyme suggesting that cuprous state of copper binding to the proteins. This 

inactivation was not noticed in CuO. The percentage of biocidal / bacteriostatic activity is closely based 

on the oxidation state of copper oxides. In the case of E.coli, Cu2O nanoparticles showed more efficient 

antibacterial activity and higher affinity to the bacterial cells. CuO nanoparticles produced significant 

ROS in terms of super oxides while Cu2 O did not. The diminishing defective emission peaks of Cu 2 O 

after incubation with microbes strongly proposes the formation of protein complexes . This work is 

carried out to enable better understanding of the mecha nistic pathways of copper oxide nanoparticles.   

 

Introduction 

Nanostructured materials such as silver, copper, ZnO, MgO, 

TiO2, CuO, carbon nanotubes (CNTs) and their composites 

possessing antibacterial properties are recently receiving much 

attention1. The use of such nanomaterials in medical devices is 

to prevent bacterial infection2. Elemental copper and its 

compounds have been recognized as antimicrobial materials by 

US Environmental Protection agency (EPA)3. Copper (I and II) 

oxides in their nanoform (<100nm) displays enhanced 

antimicrobial activity towards pathogenic microorganisms. This 

desirable characteristic makes copper oxides commercially 

applicable in paints, fabrics, agriculture and in hospitals either 

as constituent powders or as coated films4, 5. Numerous reports 

discussed the antibacterial activities of elemental Cu, CuO and 

Cu2O relating their particle size effect6, morphology7, 

dissolution of copper ions in different medium8 etc. CuO 

antibacterial action has been connected with a sudden decline in 

cell membrane integrity and production of reactive oxygen 

species (ROS)9. The redox cycling between Cu (I) and Cu (II) 

intend to generate superoxide species in contributing 

degradation of biomolecules. It is believed that in bacterial 

cells, Cu (II) ions are reduced by sulfhydryl to cuprous Cu (I) 

ions. These reduced ions are responsible for causing oxidative 

stress via Cu (I) – driven ROS10. Prominent antibacterial 

potency of Cu2O over CuO has been noted in the literature. 

Release of ionic Cu from metallic Cu surfaces has also been 

suggested as a reason behind its antimicrobial effect11. 

Leaching of copper ions from different copper salts including 

micron and nano sized copper oxides to cause bactericidal 

activity is another mechanism for copper oxides12. Overall, 

Cu(I) and metallic Cu are shown to possess higher 

antimicrobial potency than the Cu(II) state13. Despite these 

reports, the exact pathway of attacking microbes by copper 

oxides is not clearly remarked in the literature. 

Three important questions so far have remained open about the 

contact killing of bacteria by copper oxides. (i) how do metal 

oxides actively damage cells during contact killing? (ii) what is 

the toxicity mechanism of copper ions in contact killing? and 

(iii) whether cuprous (Cu+) and cupric (Cu2+) ions follow 

similar mechanism in contact killing? 

Till now, the relevance of oxidation state to antibacterial 

activity of copper oxides is vaguely understood. The main 

objectives of this study are to impart a clear picture of the mode 

of antibacterial action of CuO and Cu2O with respect to 

oxidation state and the importance of the solid particles to 

mediate cellular uptake and further release of metal ions inside 

the cell. Comparisons were made with CuBr and CuCl2 salts to 

address the effect of metal ion toxicity leading to cell death. 

Enzyme assay results indicated that the intracellular proteins 

Page 1 of 8 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



ARTICLE Journal Name 

2  |  J. Name. , 2012, 00,  1-3  This journal is © The Royal Society of Chemistry 2012 

are directly damaged by Cu2O nanoparticles and cuprous salt. 

Experiments showed that CuO is also capable of damaging 

fumarase enzyme of bacteria, but significantly slower than 

Cu(I). This suggests Cu(I) compounds are chelated with such 

enzymes resulting into killing of bacterial cells.      

 

Results 

Preparation of tryptophan (Trp) capped CuO and Cu2O 

nanoparticles  

              For the synthesis of CuO, 0.1mM copper nitrate and 

0.2mM sodium hydroxide were dissolved in 50mL distilled 

water each and mixed together. The amino acid L-tryptophan, a 

capping agent of 0.03mM (0.061g) was then added into the 

solution. The mixture was heated at 80°C - 90°C for 2-3 hours 

under constant stirring. A black precipitate of Trp capped CuO 

was obtained and then purified. For Cu2O, the same procedure 

was followed; a reducing agent, 5 ml of 2M hydrazine (N2H4) 

was added at a rate of 1mL/minute into the above stirring 

solution. The change in colour from blue to reddish brown was 

noted.    

For the synthesis of nano sized Cu2O crystals, mild reducing 

agent (hydrazine) and its concentration to metal ion was 

controlled. We had initially attempted with NaBH4 and 

NH2OH.HCl but these reducing agents resulted into the 

reduction of Cu2+ to Cu2O and Cu as well (see supporting 

information Figure S1). The importance of employing 

hydrazine as a reducing agent, which produces N2 gas, is to 

maintain the reaction system in an inert atmosphere and prevent 

further oxidation of Cu2O to CuO. Care was taken so that the 

intermediate complex [Cu(OH)4]
2- obtained would not result 

into CuO precipitation in the colloidal solution.  

XRD & TEM 

Figure 1 (a) and 1 (b) show the XRD patterns of the Trp- 

capped CuO and Cu2O respectively. In both the diffractograms 

significant broadening could be observed, due to effective 

capping of tryptophan for controlling the size. The XRD 

reflections of CuO match that of JCPDS no. 48-1548 

corresponding to monoclinic structure (Figure 1a).    
 

Figure 1. X-ray diffraction spectra of synthesized tryptophan capped (a) CuO and 

(b) Cu2O nanoparticles. Note the diffraction peaks of both copper oxide NPs 

show significant peak broadening due to small grain size. 

 

Figure 1 (b) illustrates Trp-capped Cu2O nanoparticles. No 

diffraction lines associated with impurities were detected. 

JCPDS 05-0667 matches with cubic fcc structure of Cu2O 

representing <110>, <111>, <200>, <220>, <311> and <222> 

planes. 

TEM images are shown in Figure 2. It is quite evident from the 

Figures (2a-2d), that the particles are well separated and 

uniformly distributed. High morphological uniformity of these 

CuO (Figure 2a & 2b) and Cu2O (Figure 2c & 2d) crystals are 

evident from the TEM images.  

 

Figure 2.  Transmission Electron micrographs of tryptophan capped CuO (a), (b) 

and Cu2O nanoparticles (c), (d).  

Among the particles examined (Fig.2a and 2b), more than 70% 

belonged to the size range of ~30 nm and ~40 nm for CuO and 

Cu2O respectively. Through continuous conversion of Cu 

(OH)2 to CuO (Figure 2a) and well controlled reduction of 

N2H4 to Cu2O fully grown spherical particles were produced  

(Figure 2c & 2d).  

The susceptibility examination 

     The antibacterial activities of both copper oxides are shown 

in Figure 3. The ability of copper oxides to kill E.coli was 

confirmed based on the decrease in number of the colonies 

observed on the agar plates. The suspensions of various 

concentrations of Cu(I) and (II) oxides were incubated for 18 h 

and the bactericidal efficacies were monitored and the results 

were summarized in Table 1.  

Table1: Antimicrobial activities of Copper oxide NPs evaluated by the half-

minimal inhibitory concentration (IC50) and the inhibitory concentration 

(IC100) (mM) 

 

 

 

 

 

 

CuO(a) (b)

Cu2O(c) (d)
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The results are shown in figures 3(a) and (b) in the lowest 

concentration range (0.025–0.1mM) and the highest 

concentration range (0.25–1mM), respectively. Cu2O NPs 

exhibited the MIC values of lowest IC50 equal to 0.02mM and 

IC100 higher than 0.05mM. CuO NPs also depicted sensitivity 

against E.coli almost comparable with IC50 value equal to 

0.025mM and IC100 to 0.1mM. In contrast, the growth of 

bacterial strains tested for tryptophan (0.03mM) and 5% 

inhibition was noted with concentrations higher than 0.03mM.  

 

 

Figure 3. Detection of bactericidal activity of Trp-CuO and Trp-Cu2O 

nanoparticles at different concentrations ranging from 0.025mM – 0.1mM (3a) 

and 0.25mM -1mM (3b), suspended in E.coli culture medium for 18 h incubation 

period. 

It is worthy saying that up to 97% of microorganisms (E.coli) 

were killed in the presence of Cu2O nanoparticles at the 

concentration of 0.05mM whereas for CuO nanoparticles at 

0.05mM only 73% bactericidal activity were observed.  

Images of the colonies observed on the plates at different 

concentrations of CuO and Cu2O are shown in Figure 4.  

Figure 4.  Images of colonies on Petri dishes were cultured with E.coli in culture 

medium in the presence of Trp-CuO and Trp-Cu2O nanoparticles at different 

concentrations varying from 0.025mM – 1mM for 18 h incubation period. 

Colonies observed for tryptophan were subtracted and the results were 

repeated in triplicate. 

From the Fig.4, the minimum inhibitory concentrations (MIC) 

for CuO and Cu2O were found as 0.1mM and 0.05 mM 

respectively. The minimum bactericidal concentrations (>98% 

inhibition) were noted as 0.1mM and 0.25mM for Cu2O and 

CuO respectively.     

 

 

Cell Integrity study 

     The bacterial membrane serves as a structural component 

which may become compromised during a biocidal challenge 

such as exposure to antibiotics, biocides etc. Therefore, release 

of intracellular components is a good indicator of membrane 

integrity14. Small ions such as potassium and phosphate tend to 

leach out first, followed by molecules such as DNA, RNA and 

other materials. Since these nucleotides have strong absorption 

at 260 nm, they are termed as ―260 nm absorbing materials‖15.  

 

Figure 5.  Release of 260 nm absorbing materials from E.coli upon treatment 

with  CuO and Cu2O nanoparticles at typical MBC concentration. 

The UV-Visible study on the release of 260 nm absorbing 

materials upon addition of copper oxide nanoparticles of MBC 

concentration to an E.coli suspension is shown in Figure 5.  

The OD of the bacteria suspension is quickly elevated upon the 

addition of copper oxides to 20% and 35% for CuO and Cu2O 

respectively in 15 minutes. The ratio did not increase 

significantly since then. This quick release of 260 nm 

absorbing materials is in good agreement with fast killing 

kinetics of the Cu2O nanoparticles.  

It was found that proteins were released into the surrounding 

medium on account of the loss of membrane integrity induced 

by the nanoparticles. It is evident from the results of the Trp-

CuO and Trp-Cu2O nanoparticles mediated cultures showed a 

sudden increase in the absorbance in first 15 minutes. It can 

also be seen from the graph that Trp-Cu2O nanoparticles have 

more impact on the membrane integrity of the cell than the Trp-

CuO nanoparticles. This is the indicator for us whether the 

oxidation state would play a role towards antibacterial activity. 

However, at longer time, the OD value inclined to decrease 

with time. This decrease in OD might be due to the 

precipitation caused by phosphonated entities within the 

cytoplasm such as adenosine triphosphate or nucleic acids16.  

The copper oxides collected with heterogeneous cell 

components of E.coli were statistically higher than those in the 

control group.  

(a) (b)
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The above study was successful in proving that the 

nanoparticles have caused membrane damage. The cell 

membrane is known to have pores that are of nanometer size. 

The nanoparticles having appropriate charge and size can cross 

the membrane and cause cell death either by the production of 

reactive oxygen species or by the disruption of cell function 

thereby affecting proteins and DNA17. 

Measurement of Superoxide anion production using NBT-light 

system 

      The cells harvested after incubation with copper oxide 

nanoparticles of MBC concentrations (0.1mM and 0.25mM for 

CuO and Cu2O respectively) were washed twice with saline 

solution.  

Figure 6.  Dynamics of superoxide anion production was probed by riboflavin 

assay throughout the growth of E.coli in the presence of CuO and Cu2O 

nanoparticles at 0.25 mM and 0.1mM concentrations respectively. The data 

points are the average of three repeated experiments. For tryptophan and 

riboflavin standard results, see supporting information Table S4.  

The supernatant fraction was used to measure superoxide anion 

activity by the method of Rae et al.18 with slight modification. 

Superoxide anion radicals are formed by the addition of one 

electron to molecular oxygen19. This is considered as the 

―primary‖ ROS and can interact with other molecules to form 

―secondary‖ ROS. The nanoparticles were tested for the 

production of superoxides by measuring the reduction of NBT 

to blue formazan. The assay involves the ability of SOD to 

inhibit the reduction of nitrobluetetrazolium (NBT) by 

superoxides, which is generated by the reaction of photo 

reduced riboflavin and oxygen.   

The Figure 6 explains the measure of superoxide anion 

production from copper oxides and compared with standard 

riboflavin. In the case of CuO, the O2
-• level decreased 

significantly indicating that direct consumption of O2
-• for the 

reaction with CuO to form Cu (I). The diffusion controlled 

reactions are more feasible outside the cells in the presence of 

CuO20. 

 

        Cu (II)  + O2
-•                  Cu (I)  + O2 

At the same time, Cu2O did not produce any superoxide 

radicals. It can be explained that Cu2+ ion rapidly reacts with 

superoxide making it to participate in redox cycling; therefore 

leading to sustained oxidative stress.  

Determination of OH
-•
 

       Hydroxyl radical (OH-) is the most reactive oxygen radical 

known, and reacts very quickly with almost every type of 

molecule found in the living cells21. Such reactions will 

probably facilitate the combination of two OH radicals to form 

hydrogen peroxide (H2O2). The production of hydroxyl ion by 

the nanoparticle was tested based on the reduction of 

deoxyribose by the hydroxyl ions. The absorbance of several 

concentrations of Trp-CuO and Trp-Cu2O used to calculate the 

concentrations of hydroxyl ions produced. The results revealed 

that the copper oxide nanoparticles were successful in 

generating hydroxyl ions via the catalytic conversion of 

intracellular H2O2.  

From figure 7, it is evident, at relatively lower concentrations 

(0.05 and 0.075 mM), the levels of OH-• are higher for CuO 

than Cu2O. The Cu (II) ions are reduced by superoxide species 

to cuprous state and in turn produce H2O2. These intracellularly 

generated H2O2 converted to OH-• via a Fenton like reaction. 

The increase in concentration of OH• radicals is high for CuO 

even at lower dose levels (< 0.1mM).  At 0.5mM the OH 

radical concentration is less than Cu2O. These results indicate 

that free radicals such as OH• radicals are generated from the 

redox cycling of intracellular copper catalyzed by periplasmic 

Cu-Zn super oxide dismutase (SOD1) found in E.coli so called  

the defence mechanism of E.coli22. 

Figure 7. Intracellular production of OH
•
 from the suspensions of different 

concentrations of copper oxides.  The circled area shows that CuO at lower 

concentration produce large quantities of OH radicals. The hydroxyl radical’s 

quantification is calculated based on the standard H2O2 of different samples 

(Figure S5).   
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Discussion 

The mechanism by which copper kills the cells has been 

elusive. Copper, a redox active transition metal could labialize 

between two redox states oxidized cupric and reduced cuprous 

species23. The first indication while testing for antibacterial 

activity of cupric and cuprous oxides is the absence of 

superoxide species from Cu2O. The main question rose here, 

why did Cu2O not render super oxide(s)?  Working towards this 

key issue, interesting results were found. A long-standing 

hypothesis is that copper reacts with endogenous H2O2 to 

generate hydroxyl radicals in a process analogous to the Fenton 

reaction to generate O2
-• or hydroxyl radicals (OH•)24. This 

supports our results, (Figure 6), no super oxide species 

generated from Cu2O, but higher OH• radicals (Figure 7) 

through Fenton reaction.  

It is quite evident from the present work, bacteriostatic action 

of CuO nanoparticles mainly originates from the direct 

interaction of CuII species with the cell components. According 

to the Fenton reaction, CuII is reduced to CuI by the cell 

components and is majorly responsible for the inactivation of 

E.coli25. The ROS production from metal oxides generally 

originates from the electron – donating nature of these 

ceramics. Nevertheless, it is believed, that the significant 

quantity of ROS (likely superoxide anions) must be rendered 

directly from the surface defect sites in nanocrystalline CuO26.  

           In order to confirm the above statement, Photo 

Luminescence (PL) spectra had been taken for Trp- capped 

copper oxides after incubation with microbes (Figure 8). 

Surprisingly, CuO still preserved the surface defects at 400- 

450nm, while Cu2O depicted completely the quenched emission 

at 450-500nm. It must be pointed out here; tryptophan has been 

used as a capping agent for both the oxides, surface 

modification of metal oxides led to quenching of a defect 

related green emissions27 only with Cu2O not for CuO. 

Figure 8. Photoluminescence spectra of copper oxide nanoparticles (of their MBC 

concentration) were incubated with microbes. The pellet was collected and dried 

after centrifugation, and excited at 250 nm and 320 nm.   

Then, what could be the possible mechanism for Cu2O? Park et 

al. demonstrated the direct evidence of Cu (I) chelated complex 

of dimethyl 1,10 phenonthraloine (DMP) which completely 

inactivated E.coli. Under anaerobic conditions, conversion of 

cupric to cuprous ions is the most feasible reaction and the 

latter was much more toxic to E.coli than the previous one28. 

 

There are reports that the ability of cuprous state of copper 

directly damages certain enzymes of metabolites29. In order to 

demonstrate the binding nature of Cu(I) with proteins, purified 

fumarase A (0.1µM) as an iron cluster containing enzyme and 

non dehydratase enzyme sulphite reductase (0.1µM) were 

employed. The copper oxides (I and II) and copper salts CuBr 

and CuCl2 of 100 µM were mixed independently to the medium 

containing enzymes for 3 minutes; then active fractions were 

tested for fumarase30 and sulphite reductase31 activities.  

Figure 9. (a) Fumarase A (0.1 μM)  (b) Sulfite reductase (0.1 μM) were mixed with 

copper salts anaerobically in 50 mM Tris-HCl, pH 7.6, for 3 min at 27 °C. The data 

are the average of 3 independent experiments, and the error bars represent SD.  

The rapid inactivation of fumarase A by copper (I) salts 

indicate the enzyme is directly damaged (Fig.9 a). The 

improved solubility of CuBr might inactivate fumarase A 

quickly. Low micromolar concentrations of Cu2O and CuBr 

directly damage the enzyme fumarase A. At the same time, 

CuO and CuCl2 were also capable of damaging fumarase, but it 

is significantly slower than Cu (I) salts.  These results indicated 

that the poisoning of the enzymes by copper (I) occurred 

through a non-oxidative mechanism in an anaerobic buffer.   

Figure 9b shows that enzymes whose clusters are largely 

occluded by polypeptide are unlikely to be targets of copper. 

Indeed, metabolic pathways that include non-dehydratase 

cluster enzymes—such as sulfite reductase remained functional 

when cells were exposed to copper oxides and salts, as 

evidenced by growth in medium. These results proved that Cu 

(I) might chelate proteins so that it fails to associate with DNA 

and/or undergo cycles of oxidation and reduction.  

 

The biocidal action of Cu2O must be based on the binding 

nature of Cu (I) ions with thiol groups, just like Ag (I)32. 

Ascorbic acid, glutathione (GSH) and other amino acids from 

intracellular proteins are ready to chelate Cu (I) ions and tend 

to reduce cupric ions to cuprous33 (by any means) and then 

bonding the latter. This was strongly indicating that Cu2O binds 

with intracellular proteins. In Gram negative bacteria such as 

E.coli, the smallest water soluble molecules (including 

antibiotics) enter the intracellular membrane by diffusion, 

through the channels of non – specific porin located in the outer 

membrane34. It helps in up-taking basic amino acids including 

tryptophan. So, the observed enhanced antibacterial action is 

possible for copper (I) oxide through, binding of protein 

components to Cu (I) but not through ROS / oxidative stress 

and the ROS pathway is more applicable for CuO. 

 

(a) (b)
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Another important factor to be addressed is the leaching of 

copper ions in the culture medium. Two aspects have to be 

looked at with respect to the intracellular bioavailability, 

namely the internalization of particles and the increase in water 

soluble copper ions within the cell35. Though copper is an 

essential trace element, elevated intracellular levels may exceed 

copper homeostasis, giving rise to pro-oxidative reactions.  

E.coli cells were incubated with copper compounds for 24h to 

quantify the bioavailability and intracellular distribution of 

ionic copper (Figure 10). The cells were lysed and the soluble 

cytoplasmic fractions were isolated. The primary copper level 

of E.coli cells was found to be 22 μM in the cytoplasmic 

fraction. Treatment with copper compounds provoked a 

concentration-dependent copper accumulation in the 

cytoplasmic fraction.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. Copper bioavailability and intracellular distribution after incubation 

with CuO, Cu2O, CuBr and CuCl2 in  E.coli cells of 1mM for 24 h. Cytoplasmic 

fractions were isolated and analysed through AAS measurements.  

Thus, the highest (MBC concentration) incubation 

concentration of 1mM of copper compounds increased the 

primary cytoplasmic level of CuO, Cu2O, CuBr and CuCl2 to 

around 750 μM, 610 μM, 220 μM and 380 μM respectively.  

 

The considerable amount of copper ions release from the 

nutrient media indicate that the media chloride ions interact 

with the oxide layers of copper oxides. The above results are in 

good agreement with Applerot et al.36. They stated from their 

results that the inactivation of E.coli by CuO is from 

intracellular ROS generation. Earlier reports stated that copper 

bacterial toxicity occur when the copper concentration to be 

20mg/L37. But the released copper ions were not enough to be 

toxic to the bacteria, might be considered negligible, whereas 

ROS generation and binding of proteins are the contributing 

factors of CuO and Cu2O respectively. 

 

 

 

Conclusions 

Taken together, this current work clearly indicates that the 

antimicrobial effect of copper oxides (I & II) differs by the 

oxidation state. Two different pathways are followed by these 

copper oxides, which are specific and independent. The 

percentage of reduction of viable cells was found to be high for 

cuprous oxide. The biocidal effect of CuO nanoparticles 

suggested the involvement of reactive oxygen species.  

Intracellular proteins have high affinity towards Cu2O rather 

than CuO was noticed. Significant inactivation of fumarase 

enzyme by Cu2O was demonstrated through binding of Cu (I) 

to the protein surface contributing the vital role. 
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