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Abstract: The aim of this research is to study the bactericidal effects of copper-

polypyrrole composites deposited onto 316L SS modified with silver 

nanoparticles. The antimicrobial properties were evaluated against twenty-four 

strains of Gram-positive and Gram-negative bacteria. Among the twenty-four 

strains studied, isolates included reference strains (E. coli ATCC 25922, E. coli

0157:H7 EDL 933, S. aureus ATCC 25923 and L. monocytogenes ATCC 7644), 

as well as strains isolated from food and clinical samples. The antimicrobial 

activity of the composites demonstrated that all PPy-modified films had 

antibacterial properties. Notably, Cu-PPyAgNp500 exhibited the strongest 

inhibitory activity against both Gram-negative and Gram-positive bacteria. 

Surface modification of 316L SS with these films is a promising and viable 

alternative for the development of novel antibacterial composites that can inhibit 

the growth of a significant number of bacteria. 

Keywords: conducting polymer, antibacterial applications, metallic nanoparticles, 

stainless steel. 

INTRODUCTION 

Antibiotic resistance is considered by the World Health Organization as a 

critical problem of global concern, which causes higher medical costs, prolonged 

hospital stays, and increased mortality.1 This threat is caused by the overuse and 

abuse of antibiotics, coupled with the natural evolutionary processes of bacteria. 

There is a significant interest from all nations in developing a global action plan to 
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prevent and control the growth of antibiotic resistance.2 In the biomedical field, 

bacterial infections at the site of implanted medical devices such as catheters and 

artificial prostheses are a serious and persistent problem. Although medical 

implants greatly improve the patients’ quality of life, implant-related infections are 

recognized as a tragic problem, often requiring revision surgery for individuals 

with severe infections.3 To overcome this problem, surface modifications are used 

to improve the antibacterial properties of materials. 4,5 Some antibacterial strategies 

for metal implants may include inhibiting the adhesion, the colonization, the 

biofilm formation and the proliferation of bacteria.6,7 Recently, many organic 

compounds, including conducting polymers or biopolymers, have demonstrated 

their potential as antibacterial and antiviral agents to combat infections caused by 

harmful bacteria and viruses. 8,9 

In recent years, the research on conducting polymers and their composites as 

antibacterial agents has gained momentum.8,10 In particular, polypyrrole (PPy) has 

been successfully explored for new antibacterial systems due to its easy 

preparation, low cost, low toxicity and biocompatibility.11 In a recent study, the 

antibacterial properties and the synergistic behavior of a composite consisting of 

silver nanoparticles, single-walled carbon nanotubes, and PPy were reported. The 

prepared ternary composite exhibits the following order of performance within 24 

hours at a concentration of 0.048 mg/mL: B. cereus > E. coli > P. aeruginosa > 

Methicillin-resistant S. aureus.12 Another noteworthy composite consisting of PPy 

and zinc-doped copper oxide microparticles showed remarkable antimicrobial 

effects against E. coli and S. aureus. The authors postulated that the mechanism of 

cell death was mainly induced by the release of reactive oxygen species (ROS), 

which damage bacterial membranes, DNA and proteins.13 Recent studies 

conducted in our laboratory have demonstrated that hybrid antimicrobial coating 

materials containing polypyrrole combined with copper14,15, silver16 or zinc17

species have also shown great bactericidal effects. 

Silver has a long history of use in pharmacology and medicine as an 

antibacterial agent. In the field of orthopedics, silver nanoparticles (AgNps) have 

yielded excellent results in modifying implant surfaces to prevent implant-related 

infections18. Furthermore, the antibiotic activity of AgNps has been studied in 

various bacteria, yielding positive results.19 However, the exact mechanisms by 

which Ag acts as antimicrobial agent have not been fully clarified. Three 

hypotheses have been proposed: (1) Ag+ are taken up by bacteria, triggering a 

cascade of intracellular reactions that disrupt ATP production and DNA 

replication; (2) Silver ions promote the generation of reactive oxygen species 

(ROS) both inside and outside bacterial cells, causing oxidative stress and 

subsequent damage to bacterial membrane lipids and DNA; (3) ) In the case of

AgNps, it is believed that these particles can penetrate cell membranes and activate 

one or all of the aforementioned mechanisms.20  
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POLYPYRROLE COMPOSITE WITH BACTERICIDAL PROPERTIES. 3 

The incorporation of copper as antibacterial agent in metallic implants has also 

been considered.21 The interaction between copper and bacteria cells involves 

several important events that can be listed as follows: The first event (A) is the 

accumulation of Cu ions on the bacteria membrane or within the cell. This 

accumulation not only causes membrane damage through depolarization, but also 

leads to the leakage of intracellular components; (B) The generation of ROS by 

copper ions may lead to further cell damage; (C) Cu ions inside bacterial cells may 

bind with DNA molecules, resulting in the disruption of the helical structure and 

biochemical processes.22 

On the other hand, 316L stainless steel (316L SS) is the most commonly used 

alloy in medical implants due to its good corrosion performance, notable

biocompatibility, high mechanical properties, and low cost accessibility.23

According to this, in our laboratory a microstructured PPy film was 

electrosinthetized onto 316L SS from a solution containing copper species. The 

results indicated that PPy/Cu-modified electrodes are effective for water 

disinfection contaminated with E. coli.14 Furthermore, it has been demonstrated 

that a a salicylate-doped PPy film is an effective matrix for immobilizing Ag 

species, and the resulting composites exhibit excellent performance in inhibiting 

the activity of Staphylococcus aureus bacteria. These findings suggest that the 

composite holds promise for biomedical applications.16  

Considering the advantages of silver and copper species, as well as the 

synergistic effect of these metals with PPy in antibacterial studies, the aim of this 

research is to study the bactericidal effect of copper-polypyrrole composites 

modified with silver nanoparticles deposited on 316L SS. According to the 

bibliography consulted, this study is the first to evaluate the antibacterial properties 

of a PPy composite against a total of twenty-four strains of both Gram-positive and 

Gram-negative bacteria. These isolates include reference strains (E. coli ATCC 

25922, E. coli 0157:H7 EDL 933, S. aureus ATCC 25923 and L. monocytogenes

ATCC 7644) and strains isolated from food and clinical samples. Given the 

extensive range of bacteria examined, the resulting composite shows promise as a 

surface modification material for 316L SS, with potential applications in various 

fields such as medical instruments, water treatment devices, and food processing. 

EXPERIMENTAL 

Chemicals  

Pyrrole (99.9 % purity), Silver Nitrate (99.9 % purity) and Sodium Salicylate (99.9 % 

purity) were obtained from Sigma (Sigma Chemicals, Munich, Germany). Copper Sulphate 

Pentahydratade (98 % purity) and Potassium Nitrate (98 % purity) were obtained from Cicarelli 

Laboratorios (Santa Fe, Argentina). Pyrrole (Sigma–Aldrich) was freshly distilled under 

reduced pressure prior to use.  
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Bacterial strains 

The antibacterial properties of composites were tested against four reference strains 

(Escherichia coli ATCC 25922, E. coli 0157:H7 EDL 933, Staphylococcus aureus ATCC 

25923 and Listeria monocytogenes ATCC 7644), four E. coli strains (named 6, 17, 19 and 28) 

isolated from recreational waters24, thirteen S. aureus strains (named 1 and 13) obtained from 

the nose of asymptomatic volunteers, P. aeruginosa isolated from drinking water and 

Salmonella spp. and L. innocua isolated from meat products. 

Electrosynthesis and characterization of composite 

The composites were electrosynthesized onto 316L SS sheets (wt. % is 17.47 Cr, 10.32 

Ni, 1.88 Mn, 1.90 Mo, 0.39 Si, 0.025 C, and Fe balance) with an exposed area of 0.25 cm2. Prior 

to each experiment, the exposed 316L SS surface was abraded with a 1200-grit finish using SiC, 

then degreased with acetone, and finally washed with triply distilled water. For the 

electrochemical experiments, a conventional three-electrode system and a 20 cm3 Metrohm cell 

were used. A Pt sheet served as the counter electrode, while a commercially available 

Ag/AgCl/3M KCl electrode (Metrohm) was used as the reference electrode. 

As described in our earlier work, PPy films and copper-PPy (Cu-PPy) composites were 

obtained potentiostatically at 0.90 V from a solution containing 0.25 M Py + 0.50 M NaSa. In 

the case of the Cu-PPy composite, a concentration of 0.10 M CuSO4·5H2O was also 

incorporated in the electrosynthesis solution.15 Silver nanoparticles were electrodeposited onto 

PPy and Cu-PPy using a solution containing AgNO3 + KNO3, following the potentiostatic 

double-pulse technique introduced by Scheludko and Todorova25. The process is based onthe 

following parameters: nucleation potential E1= -0.8 V for nucleation time t1=0.5 s and growth 

potentials of E2= 0.1 V for growth time t2=30 s. The size of the nanoparticles was controlled by 

the solution concentration.  

Electrochemical experiments were performed using a potentiostat–galvanostat 

Autolab/PGSTAT128 N. Morphological studies of gold metallized films were conducted using

a scanning electron microscopy (SEM), specifically the LEO 1450 VP system, which was

equipped with an energy-dispersive scanning (EDS) probe. Additionally, the electrical 

conductivity of the films was measured using a homemade device through the two-probe 

method. 

Disk diffusion assay 

The antimicrobial effectiveness of the coatings was tested using the Kirby-Bauer disk 

diffusion method, following the model of antibiogram execution.26 

Briefly, cultures of the strains under study were cultivated on Muller–Hinton agar (MHA) 

plates from Britania Laboratories S.A., Argentina, for 24 h at 37 °C. The resulting colonies were 

suspended in Muller-Hinton broth from the same manufacturer. The turbidity (expressed as 

optical density; OD) of the bacterial suspensions was measured using an optical 

spectrophotometer (λ = 600 nm). The suspensions were adjusted to a turbidity of 0.5 based on 

the McFarland standard (106 CFU mL−1). A sterilized cotton swab was dipped into the resulting 

suspension, and used to apply a bacterial lawn on MHA plates. Petri plates were left to dry for 

10 minutes, after which the composites were distributed, using the bare alloy and the PPy 

covered electrode as control samples. Incubation was carried out at 37 °C, and after 24 hr, the 

plates were examined to identify the presence or absence of zones of inhibition. When zones of 

inhibition were observed, their diameter was measured with a ruler with a resolution of up to 1 

mm. For each type of composite and microbial strain, the mean and standard deviation (SD) 

were calculated based on data obtained from two independent replicates. 
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POLYPYRROLE COMPOSITE WITH BACTERICIDAL PROPERTIES. 5 

RESULTS AND DISCUSSION 

Electrosynthesis and characterization of composites 

The formation and characterization of PPy and Cu-PPy coatings on 316L SS 

were previously discussed in our prior work.15 As mentioned before, both films 

have a morphology composed of hollow rectangular-sectioned microtubes. The 

proposed mechanism for the formation of these microtubes consists in the early 

crystallization of salicylic acid (HSa) on a granular PPy. These crystals are formed 

due to the rapid production of H+ ions, which protonate the salicylate anions, 

constituting the building blocks for the formation of the rectangular microtubes.27 

Firstly, the electrodeposition of silver nanoparticles onto PPy was performed 

using the potentiostatic double-pulse technique. The initial pulse is applied to 

facilitate the formation of nuclei, while the subsequent pulse, with a more positive 

potential than the first one, regulates the growth of the nuclei deposited during the 

preceding pulse.25 

To control the nanoparticles size, two solutions with different concentrations 

were used: For smaller nanoparticles, a solution with a concentration of 5 mM 

AgNO3 + 50 mM KNO3 was utilized. SEM/EDS analysis was performed to 

characterize the composite. In Fig. 1(a), it can be observed that the surface of the 

PPy film is effectively decorated with AgNps, approximately 100 nm in size. EDS 

spectra [Fig. 1 (b)] were used to demonstrate the presence of metallic silver, with 

the signal typically appearing between 3-3.6 keV.28 The weight percentage 

registered for this element was 6.8 %. The spectrum also displayed signals of C 

and O associated with organic compounds.29 In order to increase the size of the 

deposits on the PPy films, the concentration of the electrosynthesis solution was 

raised to 10 mM AgNO3 + 100 mM KNO3. As seen in Fig. 1(c), nanoparticles of 

approximately 500 nm were obtained. In this case, the EDS analysis [Fig. 1 (d)] 

shows a signal signal indicating the presence of metallic silver, with a weight 

percentage of 13.8 %. The results demonstrated a direct correlation between the 

increase in Ag weight percentage and the increment in the particle size. To 

facilitate comprehension, the obtained composites were named PPy/AgNp100 and 

PPy/AgNp500, according to the nanoparticle size. Regardless of the AgNps size, a 

rosette-like structure characterizes most of the deposits. These preliminary 

findings indicate that, when applying the same electrochemical procedure, a rise 

in the concentration of the electrosynthesis solution, would not only leads to a 

growth in nanoparticle size but also to an increase in the amount of metallic silver 

in the composites. 
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6 MARUCCI et al. 

Fig.1. SEM images and EDS spectra of PPy/AgNp100 (a, b) and PPy/AgNp500 (c, d). 

To verify the amount of metallic silver deposited in the composites, a cyclic 

voltammetry experiment was performed. The procedure involved cycling the 

electrodes, which were covered with PPy/AgNp100 and PPy/AgNp500 in a 0.25 M 

NaSa solution between the potentials of - 0.60 and 1.20 V at 0.01 V s-1. The 

polymer without nanoparticles was also cycled. Figure 2 illustrates that the 

electrochemical behavior of the composites differs significantly depending on the 

size of the silver nanoparticles. The strong and well-defined anodic peaks at 0.50 

V are a result of the oxidation process of the deposited metal.16 For the 

PPy/AgNp500 composite, the oxidation peak is associated with a current density of 

6.5 mA/cm² (see curve b), while for the PPy/AgNp100 composite, the oxidation 

peak is associated with a current density of 2.5 mA/cm² (see curve a). The peak 

area analysis of the oxidative peaks reveals that, as the nanoparticle size increases, 

the peak area also increases, indicating a higher concentration of metallic silver in 

the composite. Moreover, at approximately 1.0 V, a peak associated with the 
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POLYPYRROLE COMPOSITE WITH BACTERICIDAL PROPERTIES. 7 

overoxidation of the polymer is observed in both composites.30 In the reverse scan, 

cathodic peaks appear at 0.0 V, indicating the reduction of silver ions. Based on

the comparison of the current density of reduction peaks, it can be concluded that 

a higher amount of silver ions redeposited back into the composites is 
associated with a larger size of AgNps. In contrast, regarding unmodified PPy, 

no peak is observed in this potential range (curve c). 

Fig. 2. Cyclic voltammograms registered in a 0.25 M NaSa solution at 0.01 V s−1 for 316L SS 

electrode coated with: (a) PPy/AgNp100 and (b) PPy/AgNp500. The data for unmodified PPy 

coated-316L SS is also provided (curve c). 

With the aim of determining the amount of silver deposited in the composites, 

conductivity was measured. The values obtained were 28 m-1 for PPy/AgNp100 

and 42 S m-1 for PPy/AgNp500. These values fall within the range already reported 

for conductive polymers modified with nanoparticles.31 In the case of unmodified 

PPy, the conductivity value was 3.8 S m-1. These values were estimated based on

a film thickness of 7 m.32 Firstly, it can be observed that the incorporation of 

silver nanoparticles contributes to the improvement of the electrical conductivity 

of the PPy films.28 The difference between the conductivity values of PPy/AgNp100 
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and PPy/AgNp500 could be attributed to the size of AgNps deposited in the 

composites. It is worth noting that an increase in the conductivity of the composites 

is associated with an augment of metallic silver deposited on the polymer. Indeed, 

Diantoro et al. proved conclusively that increased quantities of AgNps integrated

into a conducting polymer enhance the conductivity of the composite.33 

Considering the excellent results obtained in water disinfection with Cu-PPy 

films15, we decided to deposit AgNps onto Cu-PPy to study the antibacterial 

influence of both metals. In this process, silver nanoparticles were electrodeposited 

on Cu-PPy films, using the previously described double-pulse technique. The 

silver nanoparticles were obtained from a solution containing 10 mM AgNO3 + 

100 mM KNO3. SEM micrograph of the polymer surface confirms the presence of 

PPy microtubes decorated with approximately 500 nm-sized AgNps [Fig. 3 (a)]. 

The magnified image shows that most of the nanoparticles have rosette-like 

structures [Fig. 3 (b)]. In this case, the composite was named Cu-PPy/AgNp500. 

EDS spectra confirm the presence of Ag and Cu in the composite, with respective

weight percentages of 4.7% and 4.9%. The signals of C and O correspond to the 

polymer composition, as expected. 

Fig. 3. SEM images (a, b) and EDS spectra (c) of Cu-PPy/AgNp500. 
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POLYPYRROLE COMPOSITE WITH BACTERICIDAL PROPERTIES. 9 

To evaluate the chemical state of copper in the Cu-PPy and Cu-PPy/AgNp500

composites, a cyclic voltammetry experiment was performed in a 0.25 M NaSa 

solution. In Figure 4, the incorporation of Cu2+ is evidenced, in both films, by the 

presence of cathodic peaks at a potential of about - 0.10 V vs. Ag/AgCl, which are 

attributable to ion reduction.15 In the case of Cu-PPy/AgNp500, an overlap of Ag+

and Cu2+ reduction peaks is registered. The inset in Figure 4 shows the anodic 

peaks of copper metal dissolution in both composites. As it was expected, the 

presence of a strong and well-defined anodic peak at 0.50 V is showed for Cu-

PPy/AgNp500 as a result of the oxidation process of the AgNps (curve b). In this 

case, the current density associated with the oxidation peak of the silver 

nanoparticles is 6.0 mA/cm², a similar value to the one obtained previously. On the 

other hand, no peak is observed for the Cu-PPy composite (curve a) in this potential 

range. 

Fig. 4. Cyclic voltammograms registered in a 0.25 M NaSa solution at 0.01 V s−1 for 316L SS 

electrode coated with: (a) Cu-PPy and (b) Cu-PPy/AgNp500. The inset shows the curves 

amplified. 

XPS analysis was used to determine the specific electron binding energies of 

the elements on the surface of the composites. Figure 5 displays the survey spectra 

of the composites PPy/AgNp100, PPy/AgNp500 and Cu-PPyAgNp500. The elements 
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10 MARUCCI et al. 

detected in all composites are C 1s, O 1s, N 1s, since they are the main components 

of the polypyrrole matrix and the dopant (Sa/HSa).22 In figure 6(a), the high-

resolution spectrum of Ag 3d is presented. As can be seen, this element is also 

present in all samples. The two significant XPS signals, located at approximately

374.2 eV and 368.2 eV and separated by a distance of 6.0 eV, correspond to the 

Ag 3d3/2 and Ag 3d5/2 binding energies of Ag°, respectively.34 The results indicate 

the successful reduction of silver ions to zero-valent silver nanoparticles during the 

double pulse technique. On the other hand, the existence of Cu2+ is detected solely 

in the XPS survey of Cu-PPyAgNp500 (Fig. 5, curve c), which is consistent with 

the Cu 2p signal. In Figure 6(b), the peaks at approximately 935.3 eV and 955.3 

eV are assigned to Cu 2p3/2 and Cu 2p1/2, respectively, while the peaks in the range 

of 940-945 eV and 964.1 eV correspond to the shake-up satellite peaks of Cu 2p, 

as supported by previous research.35,36 The XPS characterization supports the 

hypothesis that the polymer matrix contains Cu2+, as postulated in our previous 

study, where the presence of cathodic peaks during potentiodynamic polarization 

(Fig. 4) was attributed to ion reduction.15 
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POLYPYRROLE COMPOSITE WITH BACTERICIDAL PROPERTIES. 11 

Fig. 5. XPS survey spectra of a) PPy/AgNp100, b) PPy/AgNp500 and c) Cu-

PPyAgNp500. 
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Fig. 6. XPS spectra of Cu-PPyAgNp500: Ag 3d (a) and Cu 2p (b). 

Agar diffusion assay 

In order to assess the in vitro antibacterial efficacy of the resulting composites, 

the agar diffusion method was employed. The diameter of inhibition zones (DIZ) 

after 24 h is shown in Figure 7. 

Overall, Cu-PPy/AgNp500 exhibited antibacterial activity against the the 

majority of the species tested (23/24). This composite proved effective against all 

S. aureus strains and all Gram-negative bacteria under investigation. While several 

studies suggest that Gram-positive S. aureus is more resistant to silver 

nanoparticles compared to Gram-negative E. coli 37-39, this result does not 

consistently hold true.40 

PPy/AgNp500 and Cu-PPy/AgNp500 had a significant impact on the cellular 

viability of S. aureus, E. coli, S. enterica, L. innocua and P. aeruginosa. However, 

no activity was observed on the growth of Listeria monocytogenes ATCC 7644, 

which was only inhibited by PPy/AgNp100.  

In particular, compared to PPy/AgNp100 and PPy/AgNp500, Cu-PPy/AgNp500 

exhibited higher antimicrobial activity against S. aureus strains 3, 8 and 12; E. coli 

ATCC 25922; E. coli strain 19; S. enterica; P. auruginosa; and L. innocua.  

Given the nature of the agar diffusion method, which involves measuring the 

diameter of inhibition zones (DIZ) on agar plates using a ruler with a resolution of 

1 mm, it is important to acknowledge the possibility of measurement errors. 

However, this method demonstrates the potential antibacterial effect of composites 

against various microbial strains. In the agar diffusion method, the DIZ 

surrounding a composite serves as an indicator of the microorganisms' sensitivity 

to the composite. While studies reporting DIZ values offer a quantitative measure 

of antibacterial activity, there is still significant non-uniformity in the experimental 
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POLYPYRROLE COMPOSITE WITH BACTERICIDAL PROPERTIES. 13 

methods employed. The DIZ can exhibit variability, even within the context of the 

same microbial strain exposed to silver/copper composites. These variations may 

be attributed to several factors, including variations in the growth medium, 

differences in the initial concentration of microorganisms, and the size, shape and 

composition of nanoparticles. Thus, comparing the sensitivity of different strains 

to copper or silver nanocomposites is often not feasible, despite the wealth of 

available literature on the topic.41 

Fig. 7. Growth inhibition of different microbial species by copper and silver ions released 

from a coated specimen.  

Most research on bactericidal effects of silver and cooper has been limited to 

a small number of microbial strains or, in some cases, only a single strain. 

However, this study sought to compare the antibacterial effects of silver and copper 

compounds across a wider spectrum of twenty-four bacterial strains. These strains 

included four reference strains, five strains isolated from water sources, thirteen 

strains obtained from human clinical samples and two strains isolated from food 

sources. The findings of this study revealed strain-specific characteristics, which 

can eventually contribute to the improved and effective utilization of these 

compounds for specific applications.  

In recent years, numerous interconnected investigations have been conducted 

to enhance the utilization of AgNps for bacteria inhibition. However, an ongoing 

debate persists regarding the antibacterial action mechanism of AgNps. Previous 

studies have indicated that the bactericidal properties of AgNps are primarily 

attributed to a two-step mechanism. Firstly, Ag+ ions are released from the surfaces 

of nanoparticles. Subsequently, these released Ag+ ions interact with cellular 

targets, resulting in their bactericidal effect.42 

A
cc
ep
te
d 
m
an
us
cr
ip
t



14 MARUCCI et al. 

The cellular uptake of AgNps is another mechanism associated with physical 

interaction, and occurs when Nps are small enough to cross the cell membrane.43

Mukha et al. showed that the antibacterial activity of AgNps smaller than 10 nm 

is attributed to both membrane damage and their ability to penetrate into the cell.44

Similarly, Dong et al. evaluated Nps of varying sizes and reached the conclusion

that AgNps of smaller dimensions are more effective due to their ability to pierce

the cell membrane.45 In a separate study, Oves et al. synthesized AgNps with 

bacterial exopolysaccharides, spherical shape, and a size of about 35 nm.46 They 

demonstrated that the antimicrobial activity of these Nps against B. subtilis and 

methicillin-resistant Staphylococcus aureus (MRSA) is attributed to ROS 

production within bacterial cells. It has been suggested that AgNps smaller than 

the pore size can easily penetrate the pore networks and efficiently depolarize the 

inner membrane, causing a bactericidal effect.47 In general, bacterial cells have a

size in the micrometer range, whereas their outer cell membranes feature pores 

measuring in the nanometer range (<50 nm). Since AgNps used in this study are 

larger than the pores of the outer cell membrane, they are unable to penetrate the 

cell membrane. Conversely, the higher antibacterial efficacy of PPy/AgNp500, in 

contrast with PPy/AgNp100, can be attributed to the larger amount of ionic silver 

released as a result of the larger nanoparticle size.  

The antibacterial activity of Cu-PPy/AgNp500 composites encompasses a 

series of steps. One of these steps involves the dissolution of AgNps to release 

silver ions, along with the diffusion of copper ions from the PPy matrix. The 

release of silver ions leads to the disruption of the cytoplasm and the cell wall, 

while also triggering the production of ROS. This ROS production deactivates

respiratory enzymes and inhibits the release of adenosine triphosphate.48 It is 

possible that the mechanism underlying the antibacterial action of cooper ions may 

be attributed to the generation of ROS, which induces oxidative stress and/or 

damage in the bacteria.49 In addition to ROS production, the cationic interaction of 

Ag+ and Cu2+ with negatively charged components of the bacteria cell membrane 

results in improved bactericidal efficacy at higher concentrations, achieved

through the processes of cell lysis and bacteria collapse.50 Hence, it is expected 
that both Cu and AgNps are able to interact with the entire surface of the 

bacterium. As a result, the copper and silver ions, which are toxic to bacteria, 

penetrate the cell wall, initiating a series of reactions that ultimately result in cell 

death.51,22 Drawing on these findings, it can be suggested that the antimicrobial 

activity primarily stems from the presence of silver in AgNp, while the addition of 

copper ions further enhances its antibacterial efficacy. Consistent with this, 

Mujeeb et al. found that silver-copper nanocomposites (Ag-CuNCs), synthetized 

using an Olax scandens leaf extract, exhibited a greater antimicrobial activity 

than monometallic AgNps. Importantly, this enhanced antimicrobial activity was 

associated eith an increase in the production of ROS.52 

A
cc
ep
te
d 
m
an
us
cr
ip
t
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CONCLUSIONS 

In the present study, PPy and Cu-PPy composites underwent electrochemical 

modification using two different sizes of AgNps. The results demonstrated that a 

higher concentration of metallic silver in the composite corresponded to a larger

size of nanoparticles. Furthermore, it was found that the size of AgNps deposited 

on the PPy film influenced the antibacterial activity of the modified composites. It 

was proposed that the higher antibacterial efficacy of PPy/AgNp500, compared to 

PPy/AgNp100, can be attributed to a greater release of ionic silver resulting from 

the larger nanoparticle size. Although all PPy-modified films exhibited 

antibacterial properties, Cu-PPy/AgNp500 emerged as the composite that exhibited

the strongest antibacterial activity against most of the species tested. This 

heightened antibacterial activity can be largely ascribed to the synergistic potential 

of both metals for eradicating bacteria. The surface modification of 316L SS with 

these films holds promise as a viable alternative for the development of novel 

antibacterial composites capable of inhibiting the proliferation of large amounts of 

bacteria. 
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И З В О Д  

БАКТЕРИЦИДНИ ЕФЕКАТ КОМПОЗИТА БАКАР-ПОЛИПИРОЛ МОДИФИКОВАНИХ 
НАНОЧЕСТИЦАМА СРЕБРА НА ГРАМ-ПОЗИТИВНЕ И ГРАМ-НЕГАТИВНЕ БАКТЕРИЈЕ 

PATRICIA L. MARUCCI1, MARIA G. SICA1,4, LORENA I. BRUGNONI1, 2 AND MARÍA B. GONZÁLEZ3,* 

1Department of Biology, Biochemistry and Pharmacy, National University of the South, Bahía Blanca, 

Argentina, 2Institute of Biological and Biomedical Sciences, National University of the South, CONICET, 

Bahía Blanca, Argentina, 3Chemical Engineering Department, Institute of Electrochemistry and Corrosion 

Engineering, National University of the South, CONICET, Bahía Blanca, Argentina, and 4Department of 

Health Sciences, National University of the South, Bahía Blanca, Argentina 

У раду је испитиван бактерицидни ефекат композита бакар-полипирол (Cu-PPy) 
таложених на нерђајући челик 316L и модификованих сребром. Процењена су 
антимикробна својства према двадесет четири соја Грам-позитивних и Грам-негативних 
бактерија. Међу двадесет четири проучавана соја, изолати су укључивали референтне сојеве 
(E. coli ATCC 25922, E. coli 0157:H7 EDL 933, S. aureus ATCC 25923 and L. monocytogenes ATCC 
7644), као и сојеве изоловане из хране и клиничке узорке. Антимикробна активност 
композита показала је да сви филмови модификованог полипирола имају антибактеријска 
својства. Значајно је да је Cu-PPyAgNp500 показао најјачу инхибиторну активност против 
Грам-негативних и Грам-позитивних бактерија. Модификација површине челика 316L 
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овим филмовима је обећавајућа и одржива алтернатива за развој нових антибактеријских 
композита који могу инхибирати раст значајног броја бактерија. 

(Примљено 13. фебуара, ревидирано 26. марта, прихваћено 2. августа 2023.) 
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