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Polypyrrole is a significantly useful material derived from an inconspicuous pyrrole ring. The available synthetic
procedures allow for the precise sculpturing of both the chemical composition and morphology of the forming
polymer. Multiple variations shall be taken into consideration to take advantage of the synergy effect coming from
the sophisticated nanostructuring of the material at the stage of choosing the polymer procedure (proper solvent,
doping ion, substrate choice), during the polymerization (conditions like temperature, stirring, enhanced impulses,

like ultrasounds) or at the post-synthetic functionalization stage.

polypyrrole nano-organization morphology drug delivery neural electrodes

| 1. Introduction

There is a famous conducting polymers (CPs) triad that includes polythiophene, polyaniline, and polypyrrole (PPy).
Among them, it is PPy that is highly attractive due to its wide range of applications. Its utilization spans outer-
coating layers W2 sensors B, drug-delivery sponges 1, charge storage in batteries [, photothermal therapy in
cancer (8, and electrodialysis . The form of usage depends on the properties of the polymer and can be tailored
to a large extent. It can be deposited as a protective thin layer for oxidizable metals X! or as a powder & in
chemical synthesis.

Electroactive conductive polymers can be oxidized (or reduced) by changing the electronic structure of the polymer
backbone. The process is accompanied by a charge compensation event as a counterion moves into or out of a
layer, forming a kind of ion-enriched sponge [, an ion gate in the form of a membrane 19, or a hydrogel (111,
Polypyrrole is positively charged in an oxidized state and is neutral and hydrophobic in a reduced state. The ion
movement possibility was utilized for the construction of potential controlled drug-delivery systems 412 Many
synthetic procedures with multiple ions were studied in this field, with salicylates 13, dexamethasone 14, or
chlorpromazine 15 as examples. Drug release kinetics and efficiency served to relate the interconnections
between synthetic procedure parameters and system work efficiency. The key parameters affecting the release
kinetics of mostly ionic species were studied with the use of various analytical tools like fluorescence spectrometry
(18] quartz crystal microbalance (QCMB) 2l or high-performance liquid chromatography (HPLC) 2. Besides its
electroactivity, PPy exhibits also antibacterial properties 818 The tunable photophysical properties of PPy like
photothermal conversion ability or Fenton catalysis ability allow for another emerging application, which is cancer
therapy for tumor ablation and immune activation 2229, photothermal therapy (PTT) utilizes heat generated locally
by light-absorbing agents under near-infrared (NIR) laser radiation 2921 The photothermal potential of PPy

particles for cancer treatment using NIR absorption was first demonstrated by Yang for material synthesized by
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aqueous-phase polymerization 221, where tumor growth was inhibited for the NIR laser irradiation (0.5 W/cm?) of
the PPy treated samples. The bioinert surface of polypyrrole makes it a prospective contrast agent for
photoacoustic imaging 23 studied with the different steric stabilizers of the dispersion polymerization like dextran
(Dex) 241, Smart scaffolds aimed at improving the functionality of the cardiac tissue were proposed by blending PPy
into silk fibroin (SF) (22!,

The coating ability of PPy makes it a suitable material for the modification of various substrates, imparting multiple
functionalizations with prevailing “anti”- or “super”-type characteristics, like antioxidant [28127] antibacterial [28](22130],
antifungal B, superhydrophobic 2, anticorrosive 3l antistatic 24, anti-biofilm B3, anticancer B8, antitumor 4
properties. The application of intrinsically conducting polymers as new coatings presents the possibility of the re-
passivation of pinholes in organic coatings 8 because of their inherent redox activity. They are also the base for
the formation of smart self-healing coatings 232, Protective polymeric film application for industrial substrates was
thoroughly discussed by Saviour A. Umoren 9 mainly in terms of anticorrosion coatings and corrosion inhibitors,

pointing to the challenges faced by the extended use of polymers for metal protection.

| 2. Deposition of Electroactive Polypyrrole

Polypyrrole can be synthesized with various approaches using two main methods, namely chemical oxidative
polymerization and electrochemical polymerization. For both methods, the template-based approach can be used
to the induce nanostructural organization of the polymer X while one has to be careful not to destroy the
previously formed organization at the template removal stage 4243l Also, other less common methods have been

proposed, like radiolytic 44, sono-enhanced 421, or cell-assisted enzymatic processes 28],

Material prepared by the oxidation of the monomer with chemical oxidants (usually FeCl; (either aqueous or
anhydrous) 44, K;Fe(CN)g 48, H,0, 49 or an enzyme-mediated system %) is black powder. Both the yield and
conductivity of the final PPy powder depend on parameters like solvent polarity, type of oxidant, pyrrole/oxidant
molar ratio, duration, and temperature of the reaction B Covering other materials with PPy coatings from
chemically derived powder is problematic. The idea to overcome this obstacle was realized by polymer deposition
from the gas phase 22 or by the preparation of composites with poly(N-vinylcarbazole) 53l poly(ethylene oxide)
(341 polyvinyl chloride 53, poly(vinyl alcohol) (PVA), poly(vinyl acetate) (PVAc) 58, polyurethane B2, carbon black
58l or proteins like silk 2. Other forms of materials containing PPy are also available, like substituted polymers,
self-doped polymers, polymer/macroion materials, and hybrid materials (where the macroion is inorganic,

polymeric, or of an organic blend) (69,

The electrosynthesis of PPy is initiated electrochemically, with the anodic oxidation of monomer leading to
subsequent polymer formation. Concurrently, oxidation (doping) of the previously formed polymer occurs, as
evidenced by the amount of consumed charge (2.07 to 2.60 F per mole of monomer with 2 F mol devoted to
monomer oxidation) B, The electropolymerization mechanism has been thoroughly investigated B2l gng
involves several stages. The general process starts with monomer oxidation, followed by the coupling reaction,

accompanied by the incorporation of the counterion. A charged polymer attracts anions to balance the charge. In
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the polymer formation process, both anions and electrons move through the film 2. In the subsequent reduction,
electroneutrality is restored by expulsion of the anions or by the incorporation of cations from the electrolyte
solution. Upon the application of a positive potential, the neutral film is oxidized, and the anions are inhaled or
cations are ejected. The redox activity of a polymer is governed by the electron transfer reaction and mass
transport process 62, The activity brings about serious structural changes manifested by conformation changes,
swelling, shrinking, compaction, or relaxation 89, For standard CP, de-doping is accompanied by the expulsion of
anions along with polymer contraction 831, In the case of anion immobility, movable cations penetrate the polymer
to neutralize charge with observed expansion. In the work of Wallace, electrochemical atomic force microscopy
(EC-AFM) was used to trace the dynamic actuation of polypyrrole films doped with polystyrene sulfonate 2!, The
observation of actuation height displacement gave insight into factors limiting charge balancing processes, either of

diffusion or current nature.

Electrosynthesis is a multi-step process where the yield and quality of the product are determined by factors like
pH, electrode nature (e.g., material and shape), temperature, kind and concentration of monomer/counterion,
applied procedure and potential value, solvent nucleophilicity, stirring conditions, and the presence/absence of gas
bubble 1. It is a sophisticated art to optimize and control all parameters in a single experiment. As the oxidation
potential of pyrrole is lower (0.7-0.8 V) than that of other heterocyclic monomers and water, it is convenient to use
it in the process [62I64I65] At the beginning of polymer deposition, the reaction proceeds in the solution where
oligomers are formed. As the chain length increases, they lose solubility, and the nucleation of PPy on the

electrode surface occurs 31,

The electrochemical method is advantageous for many reasons, including the straightforward formation of the
electroactive film attached to the electrode surface in situ during the polymerization. Moreover, the process has a
high yield concerning the consumed charge, which allows for the control of deposited mass and film thickness [42],
The working electrode for electrosynthesis is dictated by the intended usage and is frequently produced with
materials stable at an anodic potential like Pt B8 Au 3 |TO-coated glasses (In,03/Sn0,) &4 FTO (fluorine-
doped tin oxide) (41, Also, the syntheses of PPy on stainless steel 68 Fe 69 cy 9 Nj Z Tj 22 NiT [Z3]) T (4],
glassy carbon [3 graphite [Z8 or tungsten 71 were proposed. However, electrosynthesis on active metals
competes with the metal dissolution possible in the relatively high oxidation potential condition B, The method
used to overcome this problem is to cover the surface with a protective passive film before electropolymerization to

prevent the dissolution of a substrate.

The external signal imposed to invoke oxidation may have different forms; hence, various electropolymerization
techniques may be applied, including potentiostatic /8 galvanostatic 2, potentiodynamic %, or pulsed £

techniques.

The properties of materials derived chemically and electrochemically are different. As shown by J. Joo 2 for
chemically synthesized materials (dodecylbenzene sulfonic acid (DBSA) or naphthalene sulfonic acid (NSA)-
doped), the density of states was markedly lower in comparison to electrochemically synthesized ones (PFg-

doped). One dopant molecule was captured per three pyrrole rings in the PPy-DBSA and PPy-PFg samples. At the
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same time, it was an electrosynthesis product that was more branched in the form of side chains or crosslinks
(33%) than a chemical one (20%) (283 The authors deduced that for the chemical technique, the use of large-
size dopants was a crucial factor for the reduction in side chains or cross-linking. However, such a structure results
in two opposite effects increasing solubility, also weakening the interchain interaction that reduces charge transport

ability.

| 3. Polypyrrole Doping and Conduction Path

CPs exhibit the optical and electrical properties of metals with the chemical properties of conventional polymers
84 The conductivity of these materials comes from loosely bounded electrons in the backbone (as in metals) or
from the doping process (as in semiconductors) 3. For PPy, the conduction mechanism is strongly related to the
motion of charge carriers named polarons and bipolarons (biradical cations) along the conjugation framework [61]
831 The oxidation level, manifested by the doping degree of the polymer, usually approaches 0.25-0.32 per pyrrole
ring 11, depending on the kind and the charge of the inhaled anion. This means that one anion affiliates to 3—4
pyrrole units, accounting for 30-40% of the weight of the polymer B2, There are an enormous number of ions
utilized for doping PPy, including simple inorganic, monovalent ones like chloride [E8: organic ones like
dodecylbenzene sulfonic acid (DBSA) B and p-toluene sulfonic acid (pTSA) B1l: large organic ones like sodium
dodecyl sulfate SDS BY: polymeric ones like polystyrene sulfonate (PSS) [63: DNA B8l or polysaccharides like
heparin B2, The type and size of the ion induce a profound effect on the electronic, optical, and biomechanical
properties of CPs 29 e.g., polymers prepared with pTS™ were shown to be more stable than PPy doped with
ClOo,~, BF,~ or NO3~ 581, The changes in the electrolyte nature, e.g., passing from a small anion such as CIO," to a
large polyanion such as poly(sodium-4-styrene sulfonate) NaPSS leads to the formation of thicker PPy—PSS hollow

nanotubules 21,

The relationship between polymerization rate and monomer concentration changes from linear for small doping
anions to exponential for large doping anions such as PSS 22 Large polyelectrolyte ions are firstly adsorbed on
the electrode surface, thus retarding the monomer oxidation process. However, once the monomer oxidation is
initiated, this process becomes much faster for increased polyelectrolyte concentration. The type of utilized dopant
also influences the distribution of charge carriers in polypyrrole thin films, as shown by Pen-Cheng Wang 88 for
chloride-, p-toluenesulfonate-, and anthraquinone-2-sulfonate-doped materials. The variation of dopant anion
manifested in a change in the conductivity of thin films by three orders of magnitude (0.64 S/cm, 7.1 S/cm, and 120

S/cm, respectively) 231,

The anion incorporated into the polymer at the stage of synthesis also influences the thermal stability (81l It was
pointed out in many works that the thermal stability of PPy should be improved, especially in oxidative
atmospheres such as air 6. Additionally, research impact on the enhancement of mechanical properties is urged
for prospective applications. The aspect of aging polypyrroles derived by the chemical method was discussed by
Micusik 24 who reported that during the tests, -N-C=0 carbonyl groups were formed after oxygen attack, mainly at

the a position of the pyrrole unit. SO,42~- and S,05°"-doped materials had shorter conjugation lengths, owing to the
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interaction of sulfate groups with the polymer chains to create sulfonic functional groups. The use of anionic

surfactant (DBSA) as a co-dopant improved the stability in ambient air 241,

Thinking of the technological application of PPy also overoxidation process should be taken into consideration 22
(981 profound changes in material properties may occur after being exposed to oxidizing conditions or very positive
electrode potentials 231, It was proved that the hydroxyl radicals formed during water oxidation are responsible for
PPy oxidative degradation [28l. The changes lead to the irreversible depletion of the electroactivity, also resulting in
the decreased diffusion of ionic species. Still, it may be beneficial for some applications such as protection against
electrode fouling, provision of permselectivity, action as a host or cover for immobilized reactants, and provision of

the material for molecular imprinting [B81[831197],

The reversible variation of volume associated with the electrochemical reduction—oxidation processes was studied
by Otero 28l If a polyelectrolyte or an organic macroanion is incorporated into a CP, then the electrochemical
process induces changes in free volume, which is a counterbalance of two effects, namely electrostatic repulsions
between immobile macroanions and the exchange of ions and solvent molecules between the polymer and the

solution.

The oxidation of polypyrrole depends on crossing the activation energy, which includes two components—chemical
activation energy and the energy connected to the relaxation of the polymeric structure induced by the entrance of
counterions. The value of the second component relates to changes in the film’'s molecular structure during the

process and film thickness 29,

| 4. Morphology of Polypyrroles

The morphology of material pictured by the SEM or optical images is the result of the events that occur at the lower
stages of organization. The mutual inter- and intramolecular interactions silenced or strengthened by the chemical
composition of the reaction environment, synthetic procedure, or post-synthetic modification lead to the formation
of specific arrangements. The surface morphology alone cannot sufficiently characterize the whole polymer layer
structure, but it is the outfit of the event that takes place within the macrochains and between participants of the
synthetic process. The knowledge provided by studies of surface morphology and its origin can provide suitable
methods for the synthesis of films with required properties in reverse engineering mode. For a typical polypyrrole, a
usual cauliflower morphology is known. However, through the manipulation of the available factors, it can be
significantly altered for materials deposited in the presence of different counterions. When adjusting synthesis
duration, the shorter times produced thin films of similar characteristics. The extended time provided thicker films

with distinct topography, which proved that counterions influence topography 199,

It is interesting as one-dimensional (1D) nano-structure materials extend the application areas in comparison to
bulk ones, which are frequently composed of spherical particles. The 1D morphology of the particles lowers the
percolation threshold and increases the specific surface area. This leads to higher electrical conductivity along with

improved stability. Such products are usually characterized by uniform morphology, low polydispersity, and a high
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aspect ratio. It was found that the nanostructured organization depends on the polymerization rate and can be

supported by the use of additives like a steric stabilizer (polyvinyl pyrrolidone (PVP)) (1941,

Several electrochemical methods for the synthesis of nanostructured PPy were reviewed by Bocchetta 192 along
with template-based or template-free polymerization. The role of hard templates (like ZnO nanorods, a-Fe,O3
nanowires, silica and silicon-based templates, anodic TiO, nanotubes, and colloidal crystals) were elegantly
presented. Also, several methods for self-assembly template-free methods (like surfactant micelles, gas bubbles,
or azo dyes complexes) were delivered (192, The main parameters that govern the ability to self-assemble PPy
nanofibers in electrodeposition (template-free process) are pH, applied potential, monomer type, and doping ion
concentration. Diverse interfaces and morphologies of polymer nanodeposits were formed, and plausible
mechanisms of their formation were discussed. The composition of solution and the formation of weak interactions
between molecules are the leading forces that impose on the self-alignment ability of PPy (192, A similar effect was

found for cone-shaped PPy deposited on an Au substrate in a concentrated monomer solution (concertation up to
0.6 M) [103],

4.1. The Impact of Morphology on the Bio-Applicability of PPy

4.1.1. N as Neural Applications

Conducting polymers exhibit ionic and electronic conduction and resemble the mechanical and conductive
properties of living organisms. This makes them interesting materials for application in the bioelectronic field [£04],
They are proposed as coatings of neural and osteogenic implants for signal recording and electrical stimulation.
The idea is based on the ability of a material to overtake high-efficiency signal transduction at the interface while
staying ion-permeable. Some strategies were proposed for such implants to enhance cell-substrate and cell-cell
interactions, providing an artificial matrix resembling ECM (extracellular matrix) behavior in terms of chemical,
topographical, and mechanical properties. Histological analyses of tissue surrounding polypyrrole-based implants
in rats showed an immune cell response similar to poly(lactic-co-glycolic acid), which is an FDA (Food and Drug
Administration)-approved material 191, For PPy-based sciatic-nerve guidance channels implanted in rats, low
inflammatory responses were reported (1981, Substrate roughness and chemical functionalization are useful tools to
adjust mimicry strategies on CPs 194 However, the implants often fail due to bacterial infection 297, Working on
conducting materials in living organisms requires mindfulness as imposed electrical signals induce multiple effects
on the cells, like the rearrangement of the cytoskeleton, the depolarization of the plasma membrane, the alternation

of protein conformation, or the modulation of membrane ion influx [84]

Effective neural interfaces require materials able to convert neural signals to digital ones. A list of desired material
properties was delivered by Krukiewicz covering low electrical impedance accompanied by high cathodic charge
storage capacity, high charge injection capacity, and electroactive surface area, with adequate mechanical
characteristics (1981, The formation of responsive, durable, and selective implantable bioelectrodes is the aim of
many research teams in the field of bioelectronics applications [X0IILIOLLL Ayailable electrodes are formed with

mechanically hard metallic materials that do not fit with biological tissue that is soft, ionically based, wet, and
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dynamic. Their interaction leads to reactive tissue responses and electrode encapsulation. The low surface area of
these electrodes reflecting the planar microscale geometry translates into disadvantages of the application, low
signal-to-noise ratio, high impedance, and low charge injection capacity at electrode—tissue interfaces 212, There
are multiple ideas for overcoming these obstacles by optimizing size and shape, choosing substrate material,
bioactive coating deposition, or delivering drugs. The performance of devices can be also improved by the
organization of PPy at the nano level 192 Decreased distance to transport ions along the chains converts into
enhanced electrical conductivity and the reduction in the impedance at the electrode/electrolyte interface. Through
nano-organization, deposited materials induce electrical advantages by increasing the surface area related to
nodular morphology, which elevates resistance to the mechanical stress derived from the electrochemical half-
reaction. The neural tissue performance is dependent on physical properties imposed by the topography,
roughness, or mechanical rigidity of materials 29,

4.1.2. A as Antibacterial and Implantable Applications

The antibacterial behavior of PPy depends on a diversity of structural parameters such as surface area,
aggregation level, and additive (e.g., metal nanoparticles) incorporation (29, These properties are related to
polymerization solution compositions and conditions; hence, the final material characteristic is a compromise
between them 122l For example, electrochemically deposited PPy with p-toluenesulfonate (TsO™) dopant is highly

conductive 1141 put still does not show enhanced antibacterial activity 11,

The real battle takes place locally; hence, the core antibacterial inhibition mechanism is relevant to the interaction
between the atoms of the biomaterial and the bacteria. The mechanism relies on an electrostatic interaction
between the positive charges located on the polymeric chains and the negative charges located on the membrane
cell of the bacteria [Bl. The attack on the cell wall of the bacteria by the charged N atom and dopant ions of the
polymers is possible. Changes in the preparation procedure impact the parameters modifying its resilience, e.g., by
controlling the sizes of PPy nanoparticles. The electrostatic interaction of polymer nanoparticles with bacteria leads
to bacterial cell death. The characteristic time-kill of bacteria in contact with the chosen agent proved the superior
bactericidal activity of highly soluble PPy with a minimal period of interaction to inhibit the growth of bacteria like E.
coli, K. pneumoniae, and S. aureus 8. The PPy effect on P. zopfii cells (saprophyte microorganisms involved in the
occurrence of infections) was verified by Ely 113 with an evident decrease in the number of cells after treatments
with sublethal doses of PPy, both in planktonic and sessile forms. After the evaluation of the effectiveness in vivo, a
formulation could be prepared to treat the animals naturally affected by Prototheca spp. 112, Smart antimicrobial
material with dual functionality was prepared by Dé&kanovsky 116 by dosing stretchable polydimethylsiloxane
(PDMS) with polypyrrole. The composite was found to be superhydrophobic with self-cleaning ability. The presence
of a conductive additive provoked the ability to electrically trigger the release of an immobilized model drug (namely
crystal violet). Focusing on morphology, it is visible that the mixing of components markedly increases the surface
roughness, forming typical aggregates. The antimicrobial protection tests in the E. coli solution showed a lack of
bacteria adhesion on the surface, while applying electric field-induced interaction with the bacteria was
accompanied by changes in the sample morphology 116 A duplex coating formed potentiostatically on a

magnesium alloy (AZ91D) was studied by Lépez [117[118] jn 3 simulated physiological environment. A dual system
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composed of a pristine protective layer deposited in molybdate solution and covered with the outer layer of PPy

film was electrosynthesized in a solution of sodium salicylate.

A multifunctional polypyrrole/zinc oxide (PPy/ZnO) composite was deposited with the CV method on Mg alloys 119
with perspective applications in the field of orthopedic implant materials. Based on the result of an in-vitro test,
improved adhesion and proliferation of cells were confirmed. This was accompanied by significant antibacterial
ability against E. coli at the level of 96.5 + 2.6%, with coarse and wrinkled bacteria cells 19, |n the search for the
better osseointegration of titanium-based implants, a new lanthanum-substituted hydroxyapatite(HAP)/poly(N-
methyl pyrrole) (pNMPy) coating was proposed by Mathi 129,

Nano-functionalized polypyrrole with high surface potential was the subject of the study of Zhou 2. In the
template-free procedure, sulfosalicylic acid (SSA) was used to assist in the ordering of PPy macrochains and to
modulate the surface electrical properties of the coating. SSA-doped PPy nanorods were successfully built on a
titanium substrate with a diameter of approximately 100 nm, increasing specific surface area markedly. The
material was proved as an antibacterial in comparison to irregular PPy/CI, which was prescribed to two factors—

nanorod morphology and high surface potential induced by the dopant 1211,

Potentiostatically synthesized polypyrrole deposited by Martinez 122 on Ti-6Al-4V alloy is aimed at dental implant
applications. Zn particles were immobilized either during or after the process within the microstructured matrix, with
the second method being more effective in terms of antibacterial activity. SEM micrographs of the coatings
presented hollow rectangular-sectioned microtubes of polymer deposited in the presence of salicylate ions. The
organization event relates to the precipitation of rectangular structures of salicylic acid triggered by the decreased

pH, with subsequent polymer deposition at the walls of the formed crystals 1231,

The coating of a carbon steel surface with PPy, aimed at improving corrosion resistance along with antimicrobial
properties, was proposed by Jaouhari 224 PPy films synthesized galvanostatically reproduced compact
distribution with globular components of sizes in a range of 2 to 10 nm. The structural changes between the films
were imposed by a deviation in the polymer growth mechanism. It was proposed that the implosion of the cavitation
bubbles on the surface of the electrode produced many nucleation sites. The antibacterial activity quantification
proved high activity for PPy-coated steel with silver, accompanied by reduced Fe2* ion release 1241, Polypyrrole
films embedded with copper cations were deposited on 316 L stainless steel and tested as a water disinfection
system 1231, SEM images of a PPy-Cu-coated electrode revealed PPy microtubes that were not damaged after

examination in the lab-scale continuous flow tests system, and they were not adsorbed with the bacteria cells.

The electrosynthesis of polypyrrole on nitinol proposed by Saugo 3 led to materials for which morphology was
influenced by the electrolyte (sodium salicylate, NaSal) concentration. For a low concentration of NaSal (0.10 M),
the standard globular morphology was obtained, while the increase in concertation (to 0.50 M) changed it into
hollow microtubes of rectangular shape. These hollow tubes were utilized for silver immobilization within the PPy

matrix, with quantitative dependence on the polymer oxidation degree [Z2l, The antibacterial activity of the coating
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was manifested in the test against the Gram-positive Staphylococcus aureus and Staphylococcus epidermidis

bacteria.
4.1.3. D as Drug-Delivery Platforms

Drug-delivery systems constructed on CPs use the polymers’ ability to electrical switch between an oxidized and a
reduced state, accompanied by the uptake or expulsion of charged molecules from the bulk of the polymer 121,
Drug loading can be realized in several ways depending on the type of the molecule: a one-step immobilization
procedure for small anionic compounds, such as dopants; a three-step method where the synthesis and drug

loading are separated; and a modified three-step method for cationic drugs.

The release of such substances from ICP matrices is governed by electrostatic forces 281 accompanied by
expansion and contraction movements induced by the electro-chemo-mechanical response 281, These two
phenomena take place simultaneously and their interplay determines system-releasing efficiency. The polymer
nanostructure also impacts the rate-limiting mechanisms of the ion diffusion and exchange process 127, Cui
investigated the impact of the morphology of substrate electrodes on electrically controlled drug release from PPy
(1281 Flyorescein acted as a model drug, playing the role of the doping ion, while gold electrodes were covered with
platinum to elevate the surface roughness of the substrate. All measured parameters, like the range of electrical
stimulation of fluorescein release from the electrode, release per charge accumulation used during
electropolymerization, and release per charge injected during electrical stimulation, confirmed an increase in the
release of the drug from the material of higher roughness 1281, The drug loading capacity in electrically stimulated

DDS is relatively low and there are different concepts concerning how to increase it.

Drug-delivery systems composed of a modified polypyrrole film with diminished ion exchange of the stored
compound were proposed by Arbabian 122, A millimeter-sized implant electronically controlled the drug release
and was powered ultrasonically. Fluorescein-loaded polypyrrole nanoparticles were synthesized with a micelle-
templated method and subsequently aerosol spray-coated onto the modified screen-printed electrode. The
morphological analysis showed the high surface area of the resulting nanoparticulate film with pore sizes that

enhanced drug loading and facilitated the release act (122,

The polymerization of Py to nanostructural forms can be guided by a template method that is either soft or hard 63,
In electrochemical polymerization, the hard template is conductive or covered with a conductive surface. In the
process, polymers with defined micro- or nanostructures are obtained. In the subsequent removal step, the
template can be dissolved, leaving an imprint of the material. Abidian utilized such a procedure to fabricate

monodispersed conducting polymer microcups 239,

4.1.4. S as Sensors and Sorbents

The use of conjugated polymers for sensing applications is beneficial, as the intrinsic conductivity of matrices
provides a tool for fabricating highly sensitive chemoresistive sensors. Numerous studies of sensors have been

reported [131[132J1331134] " \ith polypyrrole being one of the most promising in the field because of its stability and
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biocompatibility. Multiple available electrochemical deposition techniques are also an advantage. Cyclic
voltammetry at different scan rates (5-50 mV/s) was utilized for the synthesis of polypyrrole on a gold electrode
surface (133, Deposited material was used for the electrochemical reduction in the simulant of nerve agents,
namely dimethyl methyl phosphonate (DMMP), in an aqueous environment. SEM image analysis pointed to
correlation of scan rate with surface morphology, showing globular, growing bud, hook, or rod structures. A
decreased value of Rg (the electron transfer resistance) was reported for electrodes modified at 10 mV/s
manifested in an extended surface area that enhanced electron transfer in the thin film of PPy 33 The
functionality of a dual-template molecularly imprinted polymer (DMIP) as a sensing layer to alpha-fetoprotein (AFP)
and a carcinoembryonic antigen (CEA) as a lung cancer biomarker was verified by Bagheri [41. PPy deposited on a
fluorine-doped tin oxide (FTO) electrode served as an artificial antibody-like system. The characteristic morphology
was a non-grown globular structure with an average diameter of particles of 1100 nm. The presence of a template
molecule (methylene orange, MO) induced organization, with a surface morphology of periodically dispersed
hollow rectangular nanotubes. In the case of PPy-MO DMIP, the coating has a rougher structure dictated by the
presence of biomarkers at the stage of electropolymerization. The addition of AFP (or CEA) influenced template
formation due to the interaction with MO, e.g., by hydrogen bonding, and varied the polymeric structure of the
imprinted layer “3. Impedimetric detection served as a tool for rebinding the template detected with the charge

transfer resistance, which increased as the concentration of AFP and CEA increased.

An elegant immunosensor for the detection of anti-transglutaminase antibodies was constructed utilizing an
overoxidized polypyrrole matrix 138, A transglutaminase (tTG)-specific antibody represents a specific biological
marker for coeliac disease. In the process, the transglutaminase antigen was deposited on a polymer, and gold
nanoparticles covered a glassy carbon electrode. With the use of the EIS, the linear relationship between charge
transfer resistance and analyte concentration was established. The SEM images of the AUNP and oPPy composite
showed the transformation of material in the course of the overoxidation process—from a flake-like C, -doped
system to a typical “cauliflower-like” structure. The good surface coverage of the film surface with AUNP was noted

(1381 The application of the sensor was verified using a calibration curve for known antibody concentrations.

A nanohybrid film of carboxylated polypyrrole and amine nanoclay was prepared as an immunosensor for the label-
free detection of the human cardiac troponin T (cTnT) 237 The nanohybrid film was formed in situ on the surface
of the glassy carbon electrode, followed by the covalent immobilization of anti-troponin T antibodies using
glutaraldehyde. The morphology of the film showed agglomerates of different two-dimensional laminar shapes. An
interesting review focusing on the use of polypyrrole-based electrochemical biosensors for the diagnosis of
colorectal cancer was provided by Wang 238 pointing to opportunities and challenges related to the use of PPy-

based sensors for diagnosing colorectal cancer (CRC).

The electrosorption/electrodesorption process was utilized for the detection of salicylic acid (SA) with the aid of
electrochemically controlled solid-phase extraction (EC-SPME) 139, Nitrate-doped polypyrrole was a sorbent for
the extraction of SA in plasma and urine samples. A rod-shaped stainless-steel electrode was covered with the
vertically grown nanosheets deposited with the CV method. The morphology of the nanostructure PPy/nitrate

sorbent revealed the presence of nano-sheets with a diameter of 14 nm, pointing toward a more porous, three-
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dimensional structure in comparison to the SDBS-doped system. It was validated to be more efficient for the
electrosorption of chosen analytes 139,

CPs are regarded as promising materials for monitoring environmental pollution, as CP-covered electrodes have
been tested for the selective recognition of heavy metal ions in water 149 The efficiency of an electrosensing
electrode material relies on several parameters like the type of dopant; the modification of the polymer backbone,
e.g., by chelating groups; or the preparation of an ion-imprinted matrix. The nanostructuration of sorbent material
improved the sensitivity of sensors for quantitative and rapid analyses. A polypyrrole/zeolite nhanocomposite was
proposed as a nanoadsorbent for reactive dye, namely reactive blue (RB) and reactive red (RR), removal from
synthetic solution 141, PPy/Ze nanocomposite particles were agglomerated with a spherical shape with an average

size of 40—-80 nm that was not changed after the adsorption of dyes.

4.2. The Impact of Morphology on the Technological Applicability of PPy
4.2.1. P as Corrosion Protection

Corrosion is a continuous obstacle that occurs when metallic substrates are in use. Different materials and
approaches were proposed to decrease its impact as well as improve anticorrosion properties. For CP-coated
substrates, several protection mechanisms were described, namely anodic passivation, cathodic protection, barrier
protection, and a controlled inhibitor release model. Enhanced anticorrosive characteristics were shown for
coatings electrodeposited from a solution of pyrrole and oxalic acid on an iron surface 142 The acid additive
provoked the growth of a protective layer composed of iron oxalate, preventing the anodic dissolution of substrate
at the applied potentials. The protective properties of PPy-based coatings can be improved by the application of
chosen electrodeposition parameters, including the type of doping anion and the construction of a multi-component
or multilayer system (9, For PPy films deposited from sodium salicylate solution synthesized on Ti-6Al-4V alloy
potentiostatically 2221, Zn was immobilized with two methods in the polymer to both prevent corrosion and deplete
microbial growth. SEM micrographs showed the presence of hollow rectangular-sectioned microtubes for PPy
deposited in salicylate solution, while the addition of Zn?* ions distorted this shape to some extent, with deposits of
zinc salicylate on the top. Both unmodified and modified films delivered corrosion protection by suppressing the
active dissolution process in artificial saliva 222, Similar anodic protection behavior was reported for PPy
electrosynthesised on a nickel substrate 82, Moreover, the adherence of the films markedly increased in this study.
The electropolymerization of pyrrole in aqueous solutions of salicylate (0.5 M) was reported by Saidman 143, The
coating morphology presented hollow rectangular-sectioned microtubes. The bilayer system composed of
differently doped PPy (underlayer doped with molybdate and nitrate and top layer doped with salicylate) was
constructed to test anticorrosive properties. The inner and the outer layers were electrosynthesised at 0.8 V for 180
and 600 s, respectively. It was shown that bilayers were capable of protecting the substrate (316 L SS steel)
against uniform and pitting corrosion during prolonged exposure 143 Mild steel (MS) was covered with
homopolymer and bilayer coatings composed of poly(N-methylaniline) (PNMA) and polypyrrole—dodecylsulfate
(PPy-DS) using the potentiodynamic method 144, Th surface morphology of homopolymer and bilayer coatings

revealed by SEM images provided a cauliflower-like structure for PPy-DS synthesized in a narrow potential range
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(0.3-0.9 V vs. Ag/AgCl), while for the extended range (0.3—1.0 V vs. Ag/AgCl), the fiber-shaped fringes were
visible. The PNMA/PPy-DS bilayer was found as the most corrosion-resistant at all immersion times (tested up to
240 h) 2441 The highly anticorrosive behavior and long-term stability of the dodecylsulfate-doped PPy system were
confirmed by Syugaev 82,

4.2.2. M as Mechanical Aspects

M-conjugated polymers combine electronic functionality with mechanical robustness. The materials were tested for
their stretchability and flexibility 1431, which are required for application in fields like wearable health monitors [148],
stretchable electrochemical sensors for cell and tissue detection (144, neurological recording 148 or soft
electronics 149 |n 150 the guthors analyzed the stress-strain data from pull tests on conjugated polymers to
explore the molecular and microstructural parameters that influence mechanical properties. Studies of mechanical
properties, namely reduced elastic modulus, indentation hardness, and creep, were reported by Basman 154 for
PPy on a Pt working electrode. Data derived from the depth-sensing indentation (DSI) technique showed that a rise
in the concentration of support electrolytes reduced both elastic modulus and indentation hardness values. This
was correlated with an increase in the free volume accompanying higher doping levels. Additionally, it also resulted

in the enhanced creep of the samples 1311,

4.2.3. B as Bubbles and Nanoporous Structures

It is possible to form empty nanostructured containers; this is realized by the gas-assisted technique. In the first
stage, gas bubbles are inhaled into micelles and adsorbed on the surface of the substrate. In the subsequent step,
these structures play the role of a template for PPy deposition 152 which takes the shape of spheres, bowls, and
cups. The technique is free from the template removal stage, in opposition to aromatic surfactants like (-
naphthalene sulfonic acid (NSA) 1531 and poly(styrene sulfonic acid) (PSSA) 1541 that are most frequently used.
The arrangement forces are mainly dictated by synthetic conditions like vertex potential, the surfactant’s

concentration, the number of cyclic scans, and solution pH.

Turco provided interesting templates for the synthetic path of PPy nanowires 222! using non-static solution surface
electropolymerization. A pivotal role in the deposition on an indium tin oxide-coated PET working electrode was
prescribed for the oxidation of pyrrole along with oxygen nanobubble formation. The morphology of the layer was
governed by synthetic parameters like flow rate, pH of the electrolyte solution, and time of process. Nanowires with
a diameter in the range of 40-300 nm were obtained, with a larger electroactive area of the sample prepared at
acidic (pH 6.8) conditions (123, Picturesque structures were obtained by the use of a gas bubbles-based procedure

in the work of Guittard (1561 based on the application of thienothiophene derivatives.

Spontaneous nanostructuration was enabled by the oxidation of water followed by the production in hydroxyl
radicals and nanobubbles of oxygen. Moreover, the authors proved that the nanobubbles shield the PPy film
against the action of the hydroxyl radicals, which react with the polypyrrole film, leading to overoxidation (193],
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Well-shaped nanostructures were provided in the study of McCarthy (127, where electrodeposition was performed
on a glassy carbon rod substrate from an emulsion of pyrrole and its N-functionalized derivative, namely N-(2-
cyanoethyl)-pyrrole. The emulsion was prepared by two sonication procedures that resulted in various
microstructure formations. The polymer was shaped as aligned open- and closed-pore microtubes, where
adsorbed toluene droplets played the role of soft templates supporting polymer growth. The rate of polymer
propagation was controlled by the chemical composition of the electrolyte solution, with the CIO,~ and H,PO,~
doping ion concentration being the most appropriate factor 124, Polypyrrole-coated pickering-type droplets were
studied as light-responsive carriers of oily material 158 |eading to the light-driven remote motion control of the

droplets.

A porous diblock copolymer template, namely a copolymer of styrene and methyl methacrylate (PS-b-PMMA), was
utilized in a procedure aimed at the deposition of high-density polypyrrole nanorods on an indium-tin-oxide (ITO)-
coated glass electrode 239, The nanorods were characterized with distinctly higher conductivity in comparison to
thin PPy films, which reflected their high degree of chain orientation coming from the synthetic stage, where the
growing chains were confined into nanosized cylindrical cavities. When the pore sizes of the templates were more
than 50 nm, the nanotubes were formed, while for smaller diameters (<25 nm), nanorods were constructed 1591,
The confinement effect in the environmentally friendly synthesis of PPy within advanced polymeric templates was
traced by Malardier-Jugroot 289, Two polymeric templates with different functional groups were used, namely SMA
(poly(styrene-alt-maleic anhydride)) and IMA (isobutylene-alt-maleic anhydride)). In the water environment, SMA
produced amphiphilic nanotubes with hydrophilic shells and hydrophobic cavities, while IMA produced amphiphilic
lamellae sheets with a hydrophilic outer layer and a hydrophobic interior. The chemistry of the templates did not
markedly influence the reaction, while the confinement effect was proven to be crucial for the reaction (in block
copolymer PS-b-PAA templates, with diameters of 40 to 70 nm, the polymerization did not occur) 169
Polycarbonate particle track-etched membranes with different pore sizes were used for PPy electrodeposition by

Demoustier-Champagnen 291611

4.2.4. C as Carbon-Based Materials

In many cases, the good properties of polypyrrole can be even better when a proper other ingredient is introduced
to prepare a multi-component system. This seems to be true for the “marriage” of polypyrrole and carbon-based
materials, where attempts to provide new materials are highly successful and promising. Different carbon-based
substrates (vitreous carbon and Au (111)) as well as various experimental conditions (dynamic vs. static potential
protocols) and halogen dopants (I~ and F~) were tested in the work of Batina 262 The morphological study
revealed that the conditions induced ring (doughnuts) and microcontainer formation. The microstructure formation
was contingent on the occurrence of the overoxidation of PPy [2621. The polypyrrole morphology showed significant
influence on the BET surface in the studies of Mosch 183, where the porosity and surface measurements revealed
the increase in average pore size for composites in comparison to pure carbons (either CB or MWCNT). The
highest electrochemical area and mesoporous structure belonged to composite samples, which were also
characterized by increased capacitance. It revealed the beneficial aspect of the deposition of polymers on the

carbon substrate (1831, The electrochemical capacitance of composite coatings composed of PPy and carbon
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nanotubes (CNTs) was also investigated in supercapacitor application by Bara [164. PPy deposited on CNTs on a
Ni catalyst layer deposited on a Si/SiO, substrate showed uniform coverage with high capacitance in an acid

electrolyte (1641,

4.2.5. E as Energy Conversion Systems (Solar, Photothermal and Energy Storage
Applications)

Conventional energy sources are limited in nature, so other solutions are sought and studied, including marine,
nuclear, solar, bio, and wind resources. Solar energy is transmitted with solar thermal technology, photovoltaic
energy conversion, and solar hydrogen gas production technology 183, There are many technologies to convert
solar energy; photovoltaics (PVs) is one of the cleanest to choose. Conjugated polymers are used for the
fabrication of photovoltaic devices, namely electrochemical and dye-sensitized solar cell (DSSC) devices 88, The
overall efficiency of bulk heterojunction (BHJ) architecture photovoltaic cells depends to a large extent on the
nanomorphology of the photoactive layer. It can be tuned by processing parameters like the choice of solvent(s) in
the spin-casting method, thermal and solvent annealing, solvent additive, and blend composition (1881, Molecularly
imprinted polypyrrole was proposed as counter-electrode material for dye-sensitized solar cells (DSSCs) by
Sangiorgi 187, Moreover, 2-aminoacetic acid (glycine) and L-2-aminopropionic acid (L-alanine) were used as
template molecules at the imprinting stage. Gel-state DSSCs based on MIP-PPy CE with glycine were
characterized by a 20% increase in the power conversion efficiency along with a 50% reduction in the charge
transfer resistance, in comparison to the cells based on NIP-PPy. In terms of the morphology of MIP and NIP PPy
electropolymerized on the FTO surface for glycine coating, they showed globular-shaped particles with circular
nano-aggregates smaller than the ones found for NIP-PPy. At the same time, for MIP with L-alanine, the presence
of small aggregates with needle-like shapes was visible, forming more homogenous film. The differences were
prescribed to various molecular surface areas of the two template molecules 267, Carbon fabric (CF) coated with
polypyrrole was used as a flexible counter electrode in DSSC 168, |t showed a homogenous structure along with
proper electron/hole charge transfer. The power conversion efficiency (PCE) of the constructed DSSC reached
3.86%. The application of polyoxometalate (POMs: H3PW;,04q) led to (PW12)-doped polypyrrole (PW12-PPy)
hybrid film tested as an efficient counter electrode in a DSSC 263 POMS exhibit multi-electronic reversible
reactions and good electrochemical catalytic activity, resulting from transition metal oxide components. The
average power conversion efficiency of the DSSC illuminated with solar radiation (PCE, 6.19%) was comparable
with ordinary Pt-cathode devices. SEM images of the PW12-PPy showed a sphere-like structure with a large

specific surface area 163,

| 5. Conclusions

Polypyrrole is a significantly useful material derived from an inconspicuous pyrrole ring. The available synthetic
procedures allow for the precise sculpturing of both the chemical composition and morphology of the forming
polymer. Multiple variations shall be taken into consideration to take advantage of the synergy effect coming from
the sophisticated nanostructuring of the material at the stage of choosing the polymer procedure (proper solvent,

doping ion, substrate choice), during the polymerization (conditions like temperature, stirring, enhanced impulses,
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like ultrasounds) or at the post-synthetic functionalization stage. The scope of possibilities is greater for composite

preparation where a multiphase system is produced. The scientist is supposed to be a designer who uses the right

bricks, at the right time, with the right sequence, to obtain advanced materials with high utility. Usually, it is an

application field that imposes the required properties and guides us to deliver, e.g., either a highly porous substrate

for neural scaffolds or a homogeneous, compact coating for corrosion protection. As we have gained knowledge of

the relation between the synthetic path and morphological properties, it is possible to use it in the reverse

technology and tailor future materials.
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