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Rbstract

The development of polypyrrole-based nanocomposites as alternative antibacterial agents represents a promising 
strategy to be applied against the prevailing multi-resistant bacteria. Herein, it is reported the most recent development 
of antibacterial materials based on the combination of polypyrrole and different fillers (metal nanoparticles, carbon 
nanotubes, and polysaccharides) and strategies to improve their action (such as light and electrical stimulus). The synergistic 
interaction of electrostatic forces provided by charged polypyrrole combined with the permeation of nanoparticles through 
the cell wall favors the leakage of cytoplasmic components and reinforces the antibacterial activity of the resulting 
material, observed in all-organic composites of polypyrrole and chitosan that reached superior performance against 
Escherichia coli (108 CFU) or metal-polymer composites (polypyrrole-palladium) with an outstanding performance 
against different types of bacteria. The development of binary and ternary composites is explored to potentialize the 
antibacterial synergy of components.
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1. Introduction

The resistance against antibiotics developed by 
microorganisms has been considered an emerging worldwide 
crisis in a scenario of the scarcity in the production of new 
antibiotics[1-5], one of the most relevant topics for world 
public health[6,7]. As a consequence, the development of 
strategies to circumvent the use of antibiotics becomes 
critically important[2,5,8-10]. The substitution of conventional 
drugs by chemical composites at nanoscale introduces 
important advantages to inactivate new mechanisms of 
resistance acquired by several microorganisms[1].

In this direction, the use of conducting polymers (isolated, 
combined, and in association with antibiotics) as antibacterial 
agents has been considered a promising methodology for 
new antibacterial systems[11-19]. In particular, polypyrrole 
has been considered as one of the most important organic 
materials in the literature, being successfully explored in 
plenty of applications, making use of its superior electrical 
properties[18], ease synthesis, high stability under ambient 
conditions, and good redox properties[20].

The most common applications of polypyrrole involve 
the development of electrodes for supercapacitors[21], 
sensors[22], anticorrosive surfaces[23], removal of heavy metal 
ions and traces from wastewater[24], adsorbent for dyes[25], 
selective adsorption of components[26], electromagnetic 
wave absorbers[27] and antibacterial agents[28-30].

In the last application, the use of antimicrobial agents is 
strongly motivated in different areas such as medical, food, 
and textiles due to the scarcity of conventional antibiotics. 
The development of these alternative materials is guided 
by characteristic environmentally friendly behavior, high 
biodegradability, and the intrinsic activity against antibiotic-
resistant organisms. These applications involve the disinfection of 
water[31], for food packing[32], for inhibition of methicillin-resistant 
Staphylococcus aureus[33], and antibacterial textiles[34] based 
on poly(lactic acid) incorporated chitosan nanocomposites[35].

The intrinsic antibacterial activity of polypyrrole is a 
consequence of the oxidative polymerization of pyrrole 
monomers: positive charges are created at fixed intervals 
of three to five monomers along the main chain of 
polypyrrole[36,37]. This relevant cationic behavior confers an 
important antibacterial activity for the resulting polymeric 
chain, described as follows.

1.1 Mechanisms of antibacterial activity of polypyrrole-
based systems

The resulting positive net charge of chains of polypyrrole 
electrostatically interacts with the overall surface charge of 
bacterial wall cell that is negatively chaged[36]. Based on this 
aspect, the bioactivity of polypyrrole has been attributed to 
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 the resulting positive charged species along the synthesized 
chains[38]. These species are stabilized by the introduction 
of anions that act as counter-ions such as Cl- and SO4

-. The 
overall process of antibacterial can be described by the 
following steps:

The initial electrostatic interaction between conducting 
polymer and bacteria results in the adhesion of microorganisms 
to the polymer surface. The physical interaction step is 
followed by the diffusion of nanoparticles and active 
counter-ions particles in the direction of the cytoplasmic 
membrane. This process is established by the permeation 
of the species into the cell, which provokes the death of 
bacteria[36]. The general scheme for the overall process of 
attachment of bacterial cells on the polypyrrole film surface 
is drawn in Figure 1 in which is indicated that interaction 
with the charged surface and the diffusion of reactive into 
the cell wall results in the death (leakage of vital components 
from the cells).

The direct measurement of the zeta potential of the 
resulting material (polypyrrole-based composite) denotes 
important information about the overall surface charge 
signal (positive or negative) and consequently the overall 
potential for use as an antibacterial. Bin-Jumah et al.[39] 
reported the use of ocular chitosan nanoparticles in which 
the zeta potential is explored to determine the presence of 
positively charged chitosan groups on the external surface 
of particles and to infer the level of bioadhesion. To reach 
the desired condition in the zeta potential response (stability 
and positively charged surface), it worth mentioning that 
antibacterial activity of these materials is pH-dependent, 
being possible to reach the condition of protonation or 
deprotonation of polypyrrole (from positively charged to 
neutral) with direct consequences on bioadhesion: negative 

zeta potential is observed for both Gram-positive bacteria (in 
the response of prevailing polysaccharides) or Gram-negative 
bacteria (teichoic acids bonded to the peptidoglycan layer)[40].

Despite this relevant intrinsic property of polypyrrole, 
the morphology (aggregation level) of polymeric chains 
represents a critical drawback that needs to be circumvented 
by the use of specific formulations, being considered the 
possibility of production of polypyrrole-based nanoparticles[41]. 
The incorporation of polypyrrole as a filler or primary 
matrix for chemical modification is explored from the 
production of composites with carbon derivatives (such as 
carbon nanotubes and graphene oxide), metal nanoparticles 
(silver and palladium), natural materials (chitosan-based 
matrix), and from interaction with other polymers (such as 
polyaniline) – the different possibilities for the production 
of effective antibacterial composites by incorporation of 
additives/ fillers are summarized in Figure 2.

Besides, the interaction of components in the composite 
opens the possibility of the synergistic interaction towards 
more effective antibacterial devices. In the following 
section, it is discussed about the most relevant strategies 
for the optimization of polypyrrole-based composites as 
antibacterial agents.

2. Polypyrrole-based nanocomposites

The production of polypyrrole/ metal nanoparticle-
based composites represents an important step towards the 
development of superior multifunctional materials based on 
the synergistic interaction of components to reach potential 
performance against bacterial growth, proliferation, and the 
following cell death. With this aim, the polypyrrole has been 

Figure 1. Scheme of electrostatic processes involved in the general mechanism of antibacterial activity of polypyrrole and the following 
step of cell death – leakage of DNA and vital components.
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combined with different elements such as iron oxide[42], zinc 
oxide[43], palladium[44], and silver nanoparticles[45-47]. The 
advantage related to the production of multifunctional metal/
polymer nanocomposites with antibacterial activity regards 
the incorporation of intrinsic properties of inorganic phases, 
such as the magnetic separation of Fe3O4-based composites, 
the photocatalytic activity of ZnO-based samples, and the 
plasmonic properties of silver-based composites.

Despite all of the efforts to understand the general 
mechanism involved in bacterial cell death induced by these 
experimental prototypes, the overall process is not completely 
identified. The most accepted hypothesis is attributed to the 
strong diffusive activity of metal nanoparticles (palladium, 
silver, or iron oxide) that migrate in direction to bacteria 
and permeate into the cell wall to provokes the leakage of 
the cytoplasmic components which is facilitated by strong 
“adhesive” properties of conducting polymer layer that 
electrostatically attracts the oppositely charged bacterial cells.

Hasantabar et al.[42] reported the development of an 
interesting core-shell-shell structure in which iron oxide 
nanoparticles are coated by a first thin layer of polyxanthone 
triazole for the following deposition of polypyrrole layer. The 
authors attributed the superior performance in antibacterial 
activity to the mutual response of pyrrolinium, triazole 
ring, xanthone, and Fe3O4 nanoparticles that damage the 
cell wall, provoking the leakage of vital components and 
the death of the cells.

Moreover, the combination of metal oxide nanoparticles 
into polypyrrole-based composites, such as zinc oxide into 
polypyrrole/ chitosan composition can be considered as a 
promising strategy not only for improved antibacterial assays 
but also for anticancer performance[43]. The reinforcement 
provided by ZnO nanoparticles has been attributed to the 

oxidative stress provoked by nanoparticles after permeation 
through the cell barrier, which restricts bacterial growth.

The most common metal/ polypyrrole nanocomposites 
(polypyrrole/ palladium and polypyrrole/ silver nanoparticles) 
are described in the following sections.

2.1 Polypyrrole/palladium (PPy-Pd)

Nanocomposites of polypyrrole and palladium have been 
intensively explored in the literature for different applications 
such as catalysts[48,49], electrocatalysts[50], antibacterial[44], and 
antibiofilm activity[51]. These compounds can incorporate 
magnetic properties from ternary composites of reusable iron-
conducting polymer-noble metal[48], different disposition of 
components such as sandwich structured Pd-PPy-Pd[50], and 
more elaborate experimental systems as scaffolds (association 
of PPy, Pd and reduced graphene oxide) with antibiofilm 
properties applied in implants[51]. Despite these relevant 
applications, the typical procedure for nanocomposites 
synthesis can be considered in a simple step process: the 
micro emulsion-based polymerization procedure mediated 
by Fecl3 induces the polymerization of polypyrrole on Pd 
nanostructures, as reported in Ref[44].

The interaction of polypyrrole and Pd in composites is 
justified by the strong antibacterial activity of palladium 
nanoparticles. As described in the literature, the antibacterial 
activity of palladium is size-dependent[52] with interesting 
results for inhibition of bacteria due to the interaction of 
Pd nanoparticles with bacterial cell wall – in this case, the 
interaction of Pd nanoparticles and phosphor/ sulfur moieties 
causes the death of the cells. As a resistance mechanism from 
specific classes of bacteria (such as E. coli), it is reported 
the possibility of the use of efflux complexes that pump 
biocidal nanoparticles from cells[52] and can be explored as 

Figure 2. Interaction of polypyrrole and chemical compounds for the development of effective antibacterial nanocomposites.
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a source for superior performance of these nanoparticles 
against S. aureus cells.

Superior antibacterial properties were observed for 
PPy-Pd composites as a consequence of the incorporation 
of Pd nanoparticles into the polymeric matrix, making use 
of advantages such as the electrostatic interaction between 
polymer surface and bacterial cell wall for the following step 
of nanoparticles release[44]. The overall process favors not 
only the antibacterial activity but also favors the antibiofilm 
activity since the process tends to be established in the 
polymer surface, due to the attraction of negatively charged 
cells of bacteria.

2.2 Polypyrrole-silver nanoparticles (PPy-AgNPs)

The antibacterial activity of silver has been extensively 
reported in the literature[53-55]. As previously reported for Pd-
based systems, the effective action of silver against bacteria 
is a size-dependent process in which particles with a size in 
the order of 7 nm reaches the nuclear content and release 
Ag+ ions, being favored by the high available surface area of 
nanoparticles[53]. Based on this condition, the incorporation 
of silver nanoparticles on the polymeric matrix depends on 
the aggregation level of structures that can be conveniently 
guided from the growth of polymeric structures[56].

To reach adequate dispersion of silver nanoparticles 
on different morphology of supports, different strategies 
of synthesis have been established, as follows:

The production of cylindrical polymeric templates 
decorated with silver chloride (AgCl)[57] makes use of the self-
aggregation of methyl orange to form cylinders in microscale 
which are explored as templates for the polymeric growth. 
With the use of ammonium persulfate as the oxidizing agent 
in the presence of silver nitrate and monomers of pyrrole, 
the polymerization takes place and the polypyrrole chains 
grown on tubular supports, acquiring the morphology of 
hollow tubes decorated with AgCl nanoparticles.

Another alternative is reported by J. Upadhyay et al.[58] 
that produced silver nanoparticles-decorated polypyrrole 
nanocomposites (PPy-AgNPs) from in situ reductions of 
silver nitrate. The authors identified a direct relationship 
between the amounts of silver in the composite with the 
overall antibacterial activity of the resulting material. The 
electrostatic interaction between the conductive layer of 
polypyrrole and negatively charged bacteria and the release 
of Ag+ ions into the cells are general mechanisms for this 
antibacterial system.

Another interesting property for the decorated 
nanostructures with silver nanoparticles is reported by 
Saad et al.[59]. For this process, silica nanoparticles were 
impregnated with pyrrole monomers while silver nitrate 
was explored as a photosensitizer. The polymerization was 
initiated by ultraviolet irradiation and silica@PPy composites 
in which silver nanoparticles were synthesized as a result 
of the polymerization.

2.3 Polypyrrole/chitosan (PPy-chitosan)

Chitosan is a hydrophilic polysaccharide derived from 
chitin and extensively reported as a natural material with 
antibacterial activity[60,61]. The mechanism of bacterial 

inhibition is similar to the polypyrrole due to the high-density 
of cationized amines on the chitosan surface, which results 
in a positively charged surface that affects the attached 
bacteria inducing osmotic imbalances and provoking the 
hydrolysis of the peptidoglycan layer with the following 
leakage of intracellular electrolytes[62]. As observed for 
previously reported systems, the aggregation represents a 
strong limiting factor due to the inhibition of active sites 
for the adhesion of microorganisms. The development of 
composites based on the interaction of chitosan and conducting 
polymer represents an important strategy to improve the 
density of active sites for bacterial adhesion[63-65].

Soleimani et al.[66] reported the preparation of 
polypyrrole/ chitosan nanocomposites, exploring the chemical 
polymerization of polypyrrole that uses the chitosan as a 
substrate. The synergistic interaction of components (with 
a higher density of electrostatic active sites) results in 
superior performance for the composite, that follows the 
order (in terms of antibacterial activity): PPy-chitosan> 
pure PPy> chitosan. The presence of chitosan creates the 
effect of a phospholipid sponge, in which negatively charged 
phospholipid cells attached to cell membrane migrated in 
direction to the porous structure rich in charged polymeric 
chains and amine groups.

2.4 Polypyrrole/ carbon nanotubes (PPy-CNT)

Carbon nanotubes have been successfully applied against 
groups of microorganisms (such as bacteria, protozoa, and 
viruses)[67,68] in planktonic and biofilm forms with a primary 
mechanism based on the physical elements that penetrate 
the membrane and lead to the leakage of components such 
as protein and nucleic acid leakage[69]. However, the poor 
solubility degree of CNT in different solvents inhibits its 
potential antibacterial activity (characteristic of isolated 
nanotubes). To circumvent this limitation, a promising strategy 
refers to the incorporation of CNT into the polymer as a filler 
component[67]. Thus, the adequate disposition of CNT into 
the polymeric matrix avoids further bundle formation steps 
and favors the effective physical disruption of the bacterial 
membrane. The development of composites based on PPy 
and CNT makes use of superior properties of both materials, 
such as high conductivity, potential antibacterial activity, 
and strong absorption of light in the near-infrared region.

Tondro et al.[69] combined these properties and incorporated 
the components in a phototherapy treatment based on IR 
light irradiation. The direct incidence of irradiation combines 
the effect of physical rupture of cells (from CNT), the 
electrostatic attraction of polypyrrole to the bacterial cells, 
and the improved generation rate of reactive oxygen species 
(ROS) induced by laser irradiation. Therefore, it is observed 
a reduction in the viability of the cells, as a result of protein 
and nucleic acid leakage and ROS production inhibit vital 
processes in the bacteria[69].

2.5 Polypyrrole-based ternary composites

As observed for polypyrrole-based systems, the 
intrinsic antibacterial activity of PANI has been observed 
for emeraldine salt form in the response of high doping 
level of this structure, which offers a high density of sites 
for electrostatic interaction with bacterial cells and favors 
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the production of hydrogen peroxidase that participate in 
the reactive oxygen species activity (cell damage and cell 
death)[70-72]. On the other hand, the high conductivity of PANI 
perturbs the flow of electrons in bacterial cells, establishing 
an alternative mechanism for bacterial control.

The development of ternary nanocomposites (structures 
with three active antibacterial agents) can be explored as 
an important source for antibacterial activity and also as 
systems with two- and three-level of interaction between 
components[73].

There are at least two important possibilities of 
combination: a complete electrostatic sponge-like structure 
(a combination of conducting polymers and chitosan) or a 
polymeric template with nanoparticles and physical agents 
(polypyrrole, silver nanoparticles, and carbon nanotubes), 
described as follows.

Kumar et al.[74] reported the synthesis of composites of 
polypyrrole containing polyaniline that were functionalized 
with chitosan to act as ternary antibacterial agents. The 
comparison of the performance of ternary with binary 
and isolated compounds follows the order: chitosan+PA
NI+PPy>PANI+PPy>PPy>PANI>chitosan, confirming 
the potential of isolated polypyrrole and a promising 
synergistic interaction with chitosan and polyaniline in a 
better antibacterial experimental system.

The interaction of carbon nanotubes, nanoparticles, 
and polymeric surface[75] was reported from oxidative 
polymerization (in situ) of polypyrrole induced by reaction 
with silver nitrate in a matrix loaded with different 
amounts of carbon nanotubes. The resulting composites 
(CNT0-60/ PPy/ AgNPs) demonstrated a good synergistic 
interaction between polypyrrole and CNT that is favored 
by the available surface area of carbon nanotubes in an 
electroactive matrix of polypyrrole decorated with silver 
nanoparticles. The performance of recent state-of-art in the 
area for corresponding systems is compared in Table 1, which 
described the type of synthesis and the resulting inhibition 
halo for each composition.

As reported in the literature, the biocidal activity of 
polypyrrole is derived from its intrinsic positive charge. Thus, 
the attachment with cells disrupts the negatively charged 
cytoplasmic membrane of bacteria and causes the leakage 
of internal components, leading to the death of bacteria[78]. 
However, Gram-negative bacteria such as E. coli present 
an extracellular membrane that reduces the total negative 

charge per cell. This process makes these organisms less 
prone to be electrostatically adsorbed on positive charges 
at the surface of composites[79]. The complexity of the outer 
membrane of Gram-negative bacteria, by selective proteins 
and efflux systems, is also a prohibitive barrier for inward 
diffusion of drugs, acting as an inducing factor for resistance 
to antibacterial agents. In consequence, concentration-
dependent processes and the synergistic interaction with 
nanosized-scale structures represent important strategies to 
circumvent this limitation against Gram-negative species. 
These antibacterial new barriers can be categorized as 
dependent on different processes, summarized as follows:

• Incorporation of diffusive fillers;

• Interaction with physical processes;

• Incorporation of fillers for ROS production;

• Development of porous supports that minimize the 
aggregation level of antibacterial components.

The doping level of conducting polymers is a key role 
in the overall process since it confers relevant properties not 
only in terms of electronic properties but also to increase 
the diffusive counter ions concentration. These species are 
relevant in the following step of attachment of organisms 
on conducting polymer surface, being responsible by the 
penetration and the subsequent step of inhibition of vital 
processes in the organisms. Besides that, the interaction of 
conducting polymers and carbon nanotubes introduces an 
additional advantage related to the physical rupture of the 
cytoplasmic layer and the following leakage of internal 
components that are additional advantages of the toxic 
activity of carbon nanotubes. It refers to the incorporation 
of some external excitation conditions that can improve the 
performance of these devices.

2.6 The effect of light and electric field on the 
antibacterial activity of polypyrrole-based composites

The introduction of an external excitation can be 
conveniently addressed to optimize the overall antibacterial 
activity of the composites. The interaction with light, in the 
infrared region, makes use of strong absorbance of conducting 
polymer-based systems, promoting the additional ROS 
generation[69]. Another important aspect that can be explored 
in high conductivity-based polymeric antimicrobial agent 
refers to the association of thermal effects and ROS-induced 

Table 1. Different systems containing polypyrrole (PPy), type of synthesis, and amount of each composite are used to inhibit different 
bacterial organisms.

Material Synthesis Mass (mg) Bacterium CFU Inhibition halo 
(mm) Ref.

PPy-Pd Chemical polymerization 100 Bacillus spp. 108 23 [2]

S. aureus 10
E. coli 16
K.pneumoniae 14

PPy-AgCl Reactive Self-degradation - E. coli 108 23 [76]

PPy- NTs: Ag-NPs In situ reduction 100 S. aureus 108 23 [77]

PPy-chitosan Chemical Polymerization 100 E. coli 108 20 [18]

PPy-silica-AgNPs Oxidative Photopolymerization 200-300 E. coli 107 10 [24]

CNT0-60/ PPy/ Ag Chemical Polymerization 200 E. coli 108 - [58]
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generation by the external electric field. Da Silva et al.[19] 
reported the electrochemical modulation of cationic species 
by an external low electrical field. Similar to this phenomenon 
in photodynamic phototherapy, polypyrrole-based systems 
can act as electrical heating sources with the advantages of 
metal-free electrodes.

These strategies are favored by increasing surface area 
for resulting devices. With this aim, the development of 
substrates for polymer deposition with high surface area 
circumvents the limiting aspect related to the progressive 
adhesion of bacteria on the polymer surface. The deposition 
of conducting polymers on porous polyurethane (as an 
example) offers a bulky structure to the impregnation with 
microorganisms and treatment. The combination of these 
strategies favors the increase in the intrinsic and stronger 
antimicrobial activity of conducting polymers that can be 
considered as promising candidates for alternative strategies 
against increasing antibiotic-resistant organisms.

3. Conclusions

The development of alternative antibacterial agents based 
on conducting polymers represents a promising strategy to 
circumvent the increasing resistance to antibiotics, which 
can be enriched by the incorporation of fillers and physical 
methods such as phototherapy and electrical excitation to 
avoid limitations related to the progressive attachment 
of microorganisms in the polymer surface – strategies of 
interest in different areas such as medical, food and textile 
industries. Promising options to reach adequate activity 
involve the development of substrates with high porosity 
degree, surface area, and flexibility to be applied as prototypes 
for wound dressing devices activated by different external 
excitation for use in the topical treatment of microbial 
infections. Based on these aspects, the interaction of carbon 
derivatives, metal nanoparticles and polypyrrole immersed 
in porous substrate represents an important prototype for 
antibacterial applications, due to the high surface area, high 
conductivity, intrinsic activity of polypyrrole (for electrostatic 
interaction) and carbon nanotubes (for physical rupture 
of the membrane) in composites that can be optimized in 
terms of heat treatment and ROS generation for effective 
rupture and leakage of components from microorganisms. 
The polycationic behavior of the resulting material can be 
favored by both components, as observed for PPy-chitosan 
composites that present good performance in the response 
of positive zeta potential of the arrangement, favoring the 
electrostatic interaction with oppositely charged species 
(Gram-positive and Gram-negative bacteria).
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