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Virtually all natural polymers including polysaccha-
rides, lignin, proteins, DNA, etc. are synthesized in vivo
with involvement of enzymes. However, these high
molecular weight compounds, as well as the overwhelm-
ing majority of chemically synthesized polymers, are not
conducting. A new class of conductive polymers was dis-
covered in the end of the last century. The discovery in
1977 of a conducting linear organic polymer, polyacety-
lene, stimulated synthesis and study of new compounds
termed “organic metals” [1]. These materials combine
such features of organic polymers as low density, stability,
and resistance to corrosion, with conductivity inherent in
metals. And the desired features can be set on the molec-
ular level through modifications of the initial monomers.

Most frequently, conducting polymers (CP) are syn-
thesized by chemical and electrochemical polymeriza-
tion. But chemical synthesis is rather unfavorable ecolog-
ically because it is performed in medium with high acidi-

Abbreviations: ABTS, diammonium 2,2'-azino-bis-(3-ethyl-
benzothiazoline-6-sulfonate); APS, ammonium persulfate; CP,
conducting polymers; CSA, camphorsulfonic acid; EDOT, 3,4-
ethylenedioxythiophene; HP, horseradish peroxidase; NHE,
normal hydrogen electrode; PAMPS, poly(2-acrylamido-2-
methyl-1-propanesulfonic acid); PANI, polyaniline; PEDOT,
poly(3,4-ethylenedioxythiophene); PP, polypyrrole; SDBS,
sodium dodecylbenzenesulfonate.
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ty and requires large amounts of an oxidizer, and its
reduction products must be utilized. Moreover, chemical
oxidation of monomers is often associated with genera-
tion of toxic byproducts. Chemical polymerization occurs
by an autocatalytic mechanism with a prolonged induc-
tion period. Electrochemical polymerization is also per-
formed in medium with high acidity, and, besides, it
needs a conducting electrode with geometrically limited
dimensions. Therefore, using natural biocatalysts for in
vitro synthesis of polymers to decrease the load on the
environment (by minimization of byproducts) seems to
be very attractive and promising.

An enzymatic approach has been proposed recently
for polymerization of monomers, and this approach in
many respects corresponds to the requirements of “green”
chemistry and can become an alternative to traditional
approaches of CP synthesis. This approach can eliminate
some troubles unavoidable during chemical and electro-
chemical syntheses. The biocatalytic synthesis occurs
under “soft” conditions (moderately acidic pH values of
the reaction mixture, room temperature), its kinetics can
be controlled, and the resulting polymer is not polluted
with products of disintegration of the oxidizer. Moreover,
toxic byproducts of the reaction are also absent. Because
polymerization of both natural and artificial monomers
with an undivided electron pair goes through a radical
mechanism, oxidoreductases catalyzing similar reactions
in vivo are used as biocatalysts of such reactions.
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In the present review, enzymatic methods of synthe-
sis of conducting polymers, physicochemical properties of
the resulting products, and mechanisms of the reactions
will be described. The enzymes involved in the oxidative
polymerization of monomers will be briefly characterized,
and examples of practical application of enzymatically
synthesized conducting polymers will be given.

CONDUCTING POLYMERS AND METHODS
OF THEIR PRODUCTION

Conducting polymers are highly delocalized n-elec-
tron systems with alternating single and double bonds,
which can be easily oxidized or reduced [2]. The electron
conductivity of these polymers is called “intrinsic”
because it is due to the presence in their molecular struc-
ture of electric charges capable of translocating along the
polymer chain without involvement of other conducting
materials such as metals or graphite. In the majority of
cases, these materials in the neutral state are dielectrics,
and they acquire the ability for conducting only upon the
interaction of dopant molecules with the polymer chain
regions carrying an unpaired electron. This process is
called “doping”. Note that the term doping used for con-
ducting polymers is somewhat different from this term
used for inorganic semiconductors. The difference is
determined by the amount of the dopant, which in some

o

A

|+ZI

Leucoemeraldine

OO0 O

Emeraldine base

O

Emeraldine salt

OO DO

Pernigraniline

OTROKHOV et al.

cases can be 50% of the conducting polymer weight. The
dopant interacts with the polymer but does not directly
participate in the charge transfer mechanism. The best-
known conducting polymers are polyaniline, polypyrrole,
and polyethylenedithiophene. Their structural formulas
are presented in Fig. 1.

Polyaniline. Among conducting polymers, polyani-
line (PANI) attracts attention due to the low price of the
monomer, simple preparation, resistance under environ-
mental conditions in both the doped and non-doped
states, and also due to the possibility of changing its opto-
electronic properties on changes in the medium pH and
under the influence of an electric field. The difference in
the composition and structure of the repeated unit of
PANI results in several redox states of the polymer — from
the fully reduced leucoemeraldine to the fully oxidized
pernigraniline (Fig. 1a). Different states of PANI can eas-
ily transform from one to another via redox transforma-
tions. In the semi-oxidized state (emeraldine salt)
polyaniline is conducting [3]. Some data suggest that
pernigraniline is also conducting [4], but this form is
extremely unstable and can be easily hydrolyzed.

There are two main methods of synthesizing PANI:
direct oxidation of aniline with chemical oxidizers, and
electrooxidation of the monomer on a conducting elec-
trode.

The dark-green emeraldine salt of PANI can be eas-
ily prepared by polymerization of aniline in aqueous
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Fig. 1. Structural formulas of the repeated unit of polyaniline and its possible redox states (a), of polypyrrole (b), and of poly(3,4-ethylene-

dioxythiophene) (c).
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medium under the influence of such oxidizers as ammo-
nium persulfate (APS), potassium iodate, hydrogen per-
oxide, potassium dichromate, or ferric perchlorate [5].
The main advantage of the chemical synthesis is its sim-
plicity and the possibility of producing large amounts of
PANTI with high yield, as well as the low price of the oxi-
dizer. As a rule, the reaction is performed in highly acidic
medium at pH values from 0.0 to 2.0. Most frequently, to
prevent polymer degradation (overoxidation), the
monomer and oxidizer are used in stoichiometrically
equal concentrations [5]. To obtain a high molecular
weight polymer, aniline is usually chemically polymerized
at low temperatures (from 0 to 5°C). Serious shortcom-
ings of this method are the necessity of using large
amounts of the oxidizer, the high acidity of the reaction
medium, and also the autocatalytic character of the poly-
merization reaction. The resulting product is essentially
unfit for technological application because it is insoluble
in common solvents. The poor solubility of PANI is
caused by intermolecular hydrogen bonds between amino
and imino groups of the polymer chains [6].

To improve the technological applicability of PANI,
it was proposed to use “hard” or “soft” templates for
PANI synthesis. “Hard” templates are metals, various
carbon or plastic materials, and silicon and metal oxides
with macro- to nano-dimensions. “Soft” templates
include negatively charged polyelectrolytes, micelles of
anionic surface-active substances, and also emulsions of
electroneutral polymers. Composites based on these
materials and PANI are significantly more promising for
technological application than pure PANI.

To electrochemically polymerize the monomer, it is
oxidized with the anode. The electropolymerization of
aniline results in formation of a thin film of the conduct-
ing polymer on the electrode surface. The impossibility of
covering with polyaniline of a non-conducting surface
and limitations because of the electrode area are short-
comings of the method.

Polypyrrole. Another well-studied representative of
conducting polymers is polypyrrole (PP), which has a high
conductivity, stability in the conducting state, and interest-
ing redox and electromechanical features [7]. The structure
of PP is presented in Fig. 1b. As differentiated from PANI,
polypyrrole is moderately conducting in neutral media and
is a biocompatible polymer [8]. PP has a resonance struc-
ture. In the neutral state, PP is a dielectric and acquires
conductivity only upon oxidation. The charge is usually
delocalized on several pyrrole units and can form a cation-
radical (polaron) or a dication (bipolaron), which are
charge carriers and are produced upon doping of the poly-
mer [9, 10]. Polarons and bipolarons in PP embrace three
or four units of the polymer chain [11]. Depending on con-
ditions of the synthesis, the repeated units of PP can
include structural units of 2-pyrrolidinone [12].

Experimental data on the electrical properties of PP
indicate that polypyrrole is not a linear polymer, but it
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must be considered as a reticulated one containing about
30% of monomeric units in its side chains and interchain
crosslinks [13].

The solubility of PP is limited by its rigid structure.
There have been attempts to increase PP solubility
through modifications of the pyrrole rings in the 3,4-
positions with alkyl groups or using N-substituted pyrrole
derivatives [14, 15]. The solubility of pyrrole can also be
increased by using “soft” templates, such as sodium
dodecylbenzenesulfonate (SDBS) [16], sodium di(2-eth-
ylhexyl)sulfocyanate [17], or poly(styrene)sulfonate [18].

Polypyrrole with its block structure can be produced
by oxidative polymerization of the monomer in aqueous
or anhydrous media [19-22] with involvement of chemi-
cal oxidizers or by electrochemical polymerization. As
oxidizers, aqueous or anhydrous FeCl; or other salts of
trivalent iron are used [22, 23] as well as APS [21]. The
yield and conductivity of the resulting PP is determined
by many factors: the choice of solvent and oxidizer, the
initial molar ratio between pyrrole and the oxidizer, and
the polymerization time and temperature [19, 24].
Decrease in the polymerization time and in the reaction
temperature to 0-5°C leads to increase in the PP conduc-
tivity [25]. Moreover, the PP conductivity strongly
depends on the nature of the solvent and on the redox
potential of the reaction medium [26].

Electropolymerization of pyrrole has been per-
formed in both aqueous and anhydrous media (acetoni-
trile, propylene carbonate, dichloromethane, etc.) [27,
28]. The production of PP by electrochemical polymer-
ization is a complex process depending on many factors.
The electrochemical reaction and characteristics of the
PP film strongly depend on the nature of the electrolyte,
the monomer/electrolyte ratio, the cell construction, the
solvent, the electrode material, the applied potential or
the rate of its change, and the medium temperature and
pH [29-31]. The counter ion also plays an important role.

Poly(3,4-ethylenedioxythiophene). Heteroaromatic
thiophene has poor solubility, and therefore its substitut-
ed derivatives were synthesized [32]. The thiophene
derivative 3,4-ethylenedioxythiophene (EDOT) is most
widely used for synthesizing a conducting polymer [33].
The structure of the polymer poly(3,4-ethylene-
dioxythiophene) (PEDOT) synthesized on its basis is pre-
sented in Fig. 1c [7].

Chemical methods of PEDOT synthesis can be sub-
divided into two groups: oxidizing polymerization of the
monomer (3,4-cthylenedioxythiophene, EDOT) and the
cross-combination of 2,5-dihalogen derivatives of EDOT
[34, 35].

The oxidative polymerization of the monomer
results in a doped PEDOT. For the polymerization,
FeCl,, Fe(OTs), Fe,(SO,); [36-38] and APS are used as
oxidizers. Various templates are used to produce a resist-
ant aqueous dispersion of PEDOT, similar to the synthe-
sis of PANI and PP [39-42].
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The electrochemical polymerization of EDOT pro-
duces on the anode a thin light-blue film of the polymer
[43, 44]. The polymerization is performed in media of
various electrolytes, including polyelectrolytes [45-47],
or in an aqueous solution of micelles of surfactants [41,
42, 48, 49]. Using this method, polymeric films with
known thickness and high purity can be produced rather
rapidly.

ENZYMES INVOLVED IN OXIDATIVE
POLYMERIZATION OF MONOMERS

There is now steadily increasing interest in enzymat-
ic production of organic compounds iz vitro [50, 51]. This
interest is due to the possibility of using many enzymes
not only for transformation of their natural substrates, but
also for modification of many artificial substances that
can be used as the bases for production of various new
compounds and materials [52, 53]. Such enzymes, in par-
ticular, include oxidoreductases, which play an important
role in the synthesis of the natural polymer lignin. The
active centers of the majority of these enzymes include
metal ions.

Many studies in the field of fine organic synthesis
deal with oxidoreductases, in particular with peroxidases
and laccases from different sources, because they can cat-
alyze oxidative polymerization of compounds with an
undivided electron pair by the radical mechanism with
water resulting from the reduction of the oxidizer. In this
review, only the main and most important biochemical
and catalytic characteristics will be given for the above-
mentioned enzymes, those necessary for choosing condi-
tions for synthesis of conducting polymers and under-
standing of the reaction mechanism.

Peroxidase (EC 1.11.1.7; donor:H,0, oxidoreduc-
tase) is an enzyme widely distributed in plant and animal
tissues, fungi, and bacteria. Peroxidases are involved in
the generation and subsequent lignification of cell walls,
regulation of auxin level through its catabolism, tissue
protection against damage and infectious pathogenic
microorganisms, and oxidation of indolylacetic acid [54,
55]. However, the physiological role of peroxidases is not
clear in detail. Peroxidases isolated from horseradish
roots [56], soya beans [57, 58], palm leaves [59], tobacco
leaves [60], and tomatoes [61] are the best studied and
described in the literature. Peroxidases from various
sources usually include several isoenzymes with different
biochemical and kinetic parameters.

The prosthetic group ferriprotoporphyrin IX (heme)
is in the active center of the enzyme. The Fe** ion has
four coordination bonds with porphyrin atoms and one
bond with the nitrogen atom of the imidazole ring. The
sixth coordination position remains vacant, but during
catalysis this position is occupied by hydrogen peroxide
coordinating the ferric ion.

OTROKHOV et al.

Peroxidases catalyze oxidation of many reducing
substrates. Hydrogen peroxide and some organic perox-
ides act as oxidizing substrates. Substrates of peroxidases
can be divided into two groups [62]. The first group sub-
strates (they mainly include the inorganic ions ferro-
cyanide, iodide, nitrite, etc. and also ABTS — diammoni-
um 2,2'-azino-bis-(3-ethylbenzothiazoline-6-sulfonate))
interact immediately with the heme. The second group
substrates (aromatic amines, phenols, and indoles) do not
react directly with the heme. Consequently, an electron
transport chain including functional groups of the protein
moiety of the molecule has to exist.

The ferric ion of the prosthetic group is able not only
to reduce hydrogen peroxide, but it can also activate oxi-
dation of different substrates. The reaction of native per-
oxidase with an oxidizing substrate results in a spec-
trophotometrically detectable intermediate, so-called
compound I (E;). This compound has been established to
be an oxidized derivative of the enzyme that has received
two oxidized equivalents from the hydrogen peroxide
molecule, i.e. E; formally contains a Fe" center [63].
Reducing substrates are oxidized by a one-electron
mechanism, and the reaction has two stages through
another intermediate, so-called compound II (Ey),
which contains one oxidized equivalent compared to the
native enzyme, i.e. E;; is formally the Fe!¥ form of the
enzyme. Altogether, for peroxidase five different formal
degrees of oxidation of iron are known: Fe"! is compound
111, Fe¥ is compound I, Fe'¥ is compound II, Fe''! is the
native enzyme, and Fe!' is the ferro-enzyme. In the
majority of reactions the main roles are played by the
native enzyme and compounds I and II, and the mecha-
nism of reactions catalyzed by peroxidases is described by
the following scheme:

E + H,0, > E, + H,0
E,+ DH, » E, + DH"
E,+ DH, > E + DH",

where DH, is a donor of hydrogen, and DH" is a radical
product of the reaction.

Compound III is produced as a result of the interac-
tion of the native enzyme with an excess of hydrogen per-
oxide, and it is catalytically inactive (because of prosthet-
ic group destruction). This circumstance has to be taken
in consideration when enzymatic reactions are studied.

Laccase (EC 1.10.3.2, p-diphenol:oxygen oxidore-
ductase) is another representative of oxidoreductases con-
sidered in this review. Laccase is a blue copper-containing
oxidase found in plants and fungi. The enzyme was first
detected in the Japanese lacquer tree Rhus vernicifera [64].
The majority of laccases that have been studied in detail
were isolated from different fungi [65, 66]. Fungal laccas-
es are thought to be mainly responsible for generation and
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degradation of lignin, morphogenesis of fungi, the para-
site/host interaction, and also anti-stress protection. The
majority of fungi produce several isoforms and isoenzymes
of laccases. Although the majority of fungal laccases are
monomeric proteins, in the literature there are descrip-
tions of enzymes consisting of several subunits. The
molecular weight of the monomer varies from 50 to
130 kDa. Laccases are glycoproteins. The carbohydrate
moiety, usually consisting of mannose, N-acetylglu-
cosamine, and galactose, represents from 10 to 45% of the
weight of the protein. The carbohydrate moiety is believed
to be responsible for the stability of the enzyme [67, 68].

Laccases can catalyze the oxidation by dioxygen of
various compounds including ortho- and para-phenols,
polyphenols, aminophenols, polyamines, lignins, aryl-
diamines, and some inorganic ions. This is associated
with the four-electron reduction of molecular oxygen to
water [68-72]. Inorganic substrates of laccases are elec-
tron donors, whereas organic substrates (except ABTS)
are donors of hydrogen atoms, which are detached from
an organic molecule during the enzymatic catalysis with
production of a radical.

Fungal laccases usually have a bell-shaped pH opti-
mum in the interval of 3.5-5.0 for substrates that are
hydrogen donors [73-76]. The pH optima of plant laccas-
es during oxidation of hydrogen donor substrates are dif-
ferent from those of fungal laccases. Thus, the catalytic
activity optimum of laccase from Rhus vernicifera for
hydrogen donor substrates is within neutral or weakly
alkaline pH values [77].

The temperature optimum for laccases is usually not
different from that of other extracellular enzymes of the
lignolytic complex and is within the range 50-70°C [65,
68].

The active center of laccases contains four copper
ions. One copper ion belongs to the first type (T1),
whereas the other ions form a tri-nuclear T2/T3 cluster
containing one copper ion of the second type (T2) and
two copper ions of the third type (T3) [78, 79]. The dis-
tance between the T1 copper ion and the T2/T3 cluster is
about 12 A, and the distance between copper ions T2 and
T3 is about 4 A. The T1 center of laccases is a primary
acceptor of electrons from donor substrates. For some
laccases, the redox potential of the T1 center has been
determined, and for the majority of fungal laccases it is
~750-780 mV (relatively to the normal hydrogen elec-
trode (NHE)), and for plant laccases the potential is 420-
440 mV (relatively to the NHE) [80]. The redox potential
values of the T1 center of laccases are very important for
the catalytic oxidation of various substrates.

Catalysis with laccases has three main stages: reduc-
tion of the copper ion of the T1 center by the donor sub-
strate; intramolecular electron transfer (over ~12 A) from
the T1 center onto the T2/T3 cluster; activation of
molecular oxygen and its four-electron reduction to water
on the T2/T3 cluster [81-83].
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Laccases are believed to be capable of catalyzing the
oxidation of compounds that have ionization potential
close or slightly higher than the redox potential of the pri-
mary acceptor of electrons from laccases — the copper ion
of the T1 center. However, it has been shown [84] that
using redox mediators the enzyme makes possible the
oxidation of compounds that cannot be oxidized under
the influence laccases alone. Redox mediators are low
molecular weight substrates of laccases, and their enzy-
matic oxidation results in highly reactive products capa-
ble of nonenzymatic oxidation of various compounds that
are not substrates of the enzyme. This is associated with
reduction of the oxidized mediator to its initial form, and
thus a closed cycle results [84, 85].

In addition to the above-described oxidoreductases,
for synthesis of conducting polymers the copper-contain-
ing “blue” oxidase bilirubin oxidase [86], FAD-depend-
ent glucose oxidase [87], and lactate oxidase [88] can also
be used.

ENZYMATIC SYNTHESIS OF CONDUCTING
POLYMERS AND THEIR PHYSICOCHEMICAL
PROPERTIES

The production of conducting polymers by catalysis
with enzymes attracts the attention of researchers in var-
ious countries. Many examples of such approaches are
considered in reviews [89-93]. The results published dur-
ing the last years, as well as our own data, will be summa-
rized below.

For synthesis of conducting polymers, especially that
of PANI, horseradish peroxidase (HP) is mainly used
because this enzyme is commercially available and well
known. However, the use of HP is associated with some
shortcomings. To produce a conducting polyaniline with
linear structure, the polymerization reaction has to be
conducted in strongly acidic medium (pH < 3.0). But it is
known that horseradish peroxidase is unstable at pH < 4.0
and rapidly loses its initial activity as a result of dissocia-
tion into the heme and the apoenzyme [62]. Moreover, it
should be noted that this enzyme, like other peroxidases,
is extremely sensitive to the concentration of hydrogen
peroxide: at H,O, concentration higher than 1 mM, the
enzyme is inactivated. Therefore, during the polymeriza-
tion hydrogen peroxide must be added into the reaction
mixture gradually. To prevent the inactivation of the bio-
catalyst at acidic pH values under conditions of PANI
synthesis, pH-stable peroxidases from soybeans [58, 94]
and palm leaves [95] have been used.

During recent years a fungal laccase with high redox
potential was proposed for the synthesis of conducting
PANI. As differentiated from peroxidase-catalyzed poly-
merization, during the laccase-catalyzed polymerization
of monomers atmospheric oxygen acts as the oxidizer,
and this simplifies the synthesis. Moreover, laccases from
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basidial fungi are active and stable at acidic pH values
[96].

Template-free synthesis of conducting polymers. One
of the first cases of using enzymes for synthesis of con-
ducting polyaniline has been described in a US patent
[97]. Horseradish peroxidase was used as a biocatalyst for
the oxidative polymerization and toluene sulfonic acid
was used as a dopant. The reaction was performed with-
out a template during 24 h at reaction medium pH 2.2.
The reaction product was a dark-green powder that cor-
responded to PANI emeraldine salt with rather high con-
ductivity of 1-2 S/cm. However, the catalysis of this reac-
tion with native HP seems doubtful because at the solu-
tion pH, during the synthesis the holoenzyme dissociates
into the apoenzyme and heme and completely loses activ-
ity within few minutes. Perhaps under these conditions
the reaction can be catalyzed by the heme.

In work [98], the acid-resistant peroxidase from soy-
beans was used for template-free synthesis of PANI. The
reaction scheme is presented in Fig. 2.

The reaction was performed in aqueous or aque-
ous—organic solutions (dioxane—water, 30 : 70 vol. %) at
pH values from 3.0 to 5.0 with toluene sulfonic acid as an
acidic dopant. The enzymatic polymerization at pH 3.0
produced a dark-green precipitate with yield of 71%. The
conductivity of the synthesized polymer was 2.4 S/cm. At
pH 5.0, the enzymatic polymerization of aniline resulted
in a dark-brown water-insoluble product with conductiv-
ity <107® S/cm. Studies on the resulting PANI samples by
Fourier transform IR-spectroscopy revealed that at acidic
pH values of the reaction medium a polymer with the lin-
ear structure was produced with preferential combination
of aniline molecules in the 1,4-position. Polyaniline syn-
thesized under these conditions had characteristic bands
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in the FTIR spectrum at the frequencies of 1598 and
1500 cm™, respectively, which are specific for quinoid
diimine and phenylene diamine groups of the repeated
link of the PANI. The PANI sample synthesized at pH 5.0
had bands in the region of 700-750 cm™! that correspond-
ed to 1,2-substitutions in the aromatic ring of aniline and
characterized branched polymers.

In work [99], glucose oxidase was used for the enzy-
matic synthesis of PANI. The air-saturated aniline-con-
taining reaction solution was supplemented with glucose
as a substrate for glucose oxidase, and the enzymatic oxi-
dation of glucose resulted in production of hydrogen per-
oxide (that acted as an oxidizer in the reaction of aniline
polymerization) and of gluconic acid, which acted as a
weak dopant. UV-visible spectra of the PANI synthesized
under the influence of glucose oxidase corresponded to a
branched polymer.

A similar approach was used for synthesis of polypyr-
role catalyzed by lactate oxidase [100]. The enzymatic
oxidation of lactate with air oxygen resulted in produc-
tion of hydrogen peroxide, which acted as an oxidizer in
the reaction of pyrrole polymerization.

In work [101], PANI was synthesized with bilirubin
oxidase immobilized on various solid surfaces (glass and
plastic plates) on which the monomer was polymerized
under the influence of dioxygen. As a result, a thin film of
conducting PANI was produced. Structural studies
revealed that this polymer had partially branched struc-
ture.

Synthesis of conducting polymers using “soft” tem-
plates. As noted above, polyaniline and other CPs are not
thermoplastic, their handling is difficult, and thus they
are not technologically convenient for application.
Therefore, as a rule, for practice and also for studies on
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Fig. 2. Scheme of enzymatic template-free synthesis of PANI in the presence of peroxidase.
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the monomer polymerization the template synthesis of
CPs is used. Depending on the particular goal, enzymat-
ic synthesis can be used for production of composites
based on hard templates and of CPs by the in situ poly-
merization of a monomer or for obtaining stable aqueous
dispersions of polymers. To produce these dispersions,
such “soft” templates are used as polystyrene sulfonate
[102-104], poly(2-acrylamido-2-methyl-1-propanesul-
fonic acid) (PAMPS) [105, 106], polyvinyl sulfonic acid
[107], DNA [108, 109], neutral steric stabilizers such as
polyvinyl alcohol [110], micelles of surfactants — SDBS
[111-113] and sodium dodecyl diphenyl oxide disulfonate
[114], anionic vesicles consisting of SDBS and decanoic
acid [115].

During polymerization of monomers, templates are
responsible for four main functions: 1) they provide the
“local” surrounding with pH value, charge density, and
monomer concentration different from those in the solu-
tion volume; 2) as a result of electrostatic interaction of
positively charged protonated aniline molecules with the
negatively charged template, the monomer molecules are
oriented in an orderly manner on the template, and this
provides preferential growth of the polymer chain accord-
ing to the “head-to-tail” type with minimal branching; 3)
the presence of negatively charged polyelectrolytes or sur-
factant micelles allows researchers to produce highly dis-
persed CPs in aqueous and aqueous—organic solutions
and also to deposit thin layers of PANI onto conducting
and non-conducting surfaces of various nature and shape;
4) the template molecules act as charge-compensating
anions of the major chain of the polymer.

Properties of the resulting composite materials great-
ly depend on the template on which the monomer is
enzymatically polymerized. In work [116], the influence
of the template on conducting PANI synthesis and prop-
erties was studied in detail. As a catalyst, HP was used and
aniline was polymerized at pH 4.3 where the enzyme
remained stable and catalytically active. PANI synthe-
sized using a polycationic (poly-diallyl dimethylammoni-
um chloride) or a neutral (polyethylene glycol) template
had physicochemical properties similar to those of a non-
conducting branched polymer produced at pH > 4.0 in
the absence of template. Using other cationic and neutral
templates such as polyvinyl alcohol and polyvinylamine
gave the same result in the absence of strongly acidic
dopants.

On using polysulfonic acids, DNA, RNA, and vari-
ous micellar solutions of anionic surfactants, conducting
PANIs were produced with different physicochemical
properties and conductivities.

For enzymatic template synthesis of PANIs, acid-
resistant peroxidases from soybeans [117], palm leaves
[118], and chloroperoxidase [119, 120] have been used. A
conducting PANI was also produced using a high redox
potential fungal laccase from Trametes hirsuta (E$}, =
0.78 V with respect to the NHE) on PAMPS, polystyrene
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sulfonate, and SDBS templates [106, 121]. It should be
noted that the low redox potential laccase from lacquer
tree Rhus vernicifera latex (E$, = 0.42 V with respect to
the NHE) did not catalyze aniline polymerization
because of the great difference in ionization potentials of
aniline and the primary acceptor of electrons — the plant
laccase T1 center.

Comparison of the physicochemical properties of
PANI synthesized using the templates under the influ-
ence of peroxidase from soybeans [98] and fungal laccase
[106] with properties of the polymer produced under the
same conditions by the traditional chemical method with
APS revealed similarity of their physicochemical proper-
ties, including the conductivity.

To repeatedly use the enzymes, in some works it was
proposed to synthesize the conducting PANI under the
influence of peroxidase [122] and laccase [123] immobi-
lized on solid carriers or in a biphasic system based on an
ionic fluid [124]. In all cases, a conducting PANI was
produced very similar in properties to the polymer syn-
thesized under the influence of a homogenous biocata-
lyst.

During recent years, great interest has been given to
synthesis of chiral conducting polymers because they are
very promising for practical application in different fields,
e.g. for creating surface-modified electrodes, electro-
chemical asymmetric synthesis, chiral chromatography,
and chiral membrane separating technology [125, 126].
On synthesizing chiral conducting polymers, enzymes
can provide not only the ecological purity of the process
but also the obtaining of a final product with unusual
properties. In work [127], a pseudo-soluble chiral PANI
was produced by the template approach using HP as the
catalyst. A weak polyacrylic acid was used as the template
and S or R optical isomers of camphorsulfonic acid
(CSA) were used as dopants. Because the PANI molecule
does not have asymmetric carbon atoms, a spiral-like
conformation of the polymer is due to the interaction
with a corresponding CSA enantiomer. The resulting
conducting PANI had very interesting optoelectronic
properties. HP played an important role in the polymer-
ization of aniline, and PANI produced under its catalysis
displayed the same optical activity without depending on
the optical activity of the CSA isomers used.

The biocatalytic synthesis of chiral PANI with
involvement of another enzyme, the fungal high redox
potential fungal laccase from 7. hirsuta and the same CSA
enantiomers as low molecular weight dopants, gave dif-
ferent results [96]. Depending on the dopant used, the
resulting PANI had different optical activities (Fig. 3).
The treatment of the enzymatically synthesized PANI
doped with S-CSA (curve 1) by a solution of R-CSA
changed the optical activity of the polymer (curve 3). The
subsequent treatment of PANI with S-CSA solution pro-
duced an optically active polymer PANI/S-CSA
(curve 4). Thus, the oxidative polymerization of aniline
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Fig. 3. CD spectra of doped polyaniline dispersion: PANI/S-CSA
as a product of enzymatic synthesis (/); polymers treated upon
synthesis with solutions of S-CSA (2) and R-CSA (3); the poly-
mer from (3) after treatment with R-CSA solution (4).

catalyzed by laccase, as differentiated from the catalysis
by HP, resulted in PANI/CSA products with optical
activities depending on the optical activity of the chiral
dopant. A similar effect was observed if PANI was enzy-
matically synthesized in the presence of R-CSA and
redoped under the influence of another dopant isomer.

Note that upon the chemical synthesis of PANI
doped with CSA optical isomers, the chirality of the syn-
thesized polymer was also different [128, 129].

Optically active conducting PANI can be also pro-
duced by enzymatic synthesis on a chiral template of
DNA. Work [108] describes the production of an optical-
ly active PANI on a long-chain DNA double helix at
pH 4.3 catalyzed by HP. It was shown by circular dichro-
ism (CD) spectroscopy that the chiral PANI doped with
phosphate groups of DNA had positive optical activity,
and in the dedoped state at pH 9.0 the optical activity of
the polymer disappeared.

Chiral PANI was also synthesized on a short-chain
DNA template using HP and myeloperoxidase-11 as bio-
catalysts of the oxidative polymerization of aniline [130].
CD spectroscopy showed that in conducting inter-poly-
mer PANI/DNA complexes, PANI had different optical
activity in the region of 370-450 nm depending on the
biocatalyst used. The difference in the stoichiometry of
the PANI/DNA complexes suggests an important role of
the biocatalyst in the direction of twisting the conducting
PANTI spiral on the DNA template. The binding of the
electrically active PANI with the biological template and
a possibility of controlling its conformation seems funda-
mentally promising for basic studies on biomolecules and
also for constructing unique biosensors, nanoconductors,
and creating an interface between electronic devices and
biological objects.

As noted above, the chemical synthesis of the con-
ducting PANI goes autocatalytically with a long induc-
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tion period [130]. And the kinetics of enzymatic synthesis
of this polymer can be controlled, and the emeraldine salt
of PANI is produced immediately after initiating the
polymerization with peroxidases or with fungal laccases.

In work [132], template polymerization of aniline
dimer (N-phenyl-1,4-phenylene diamine) on SDBS
micelles was studied to identify intermediate products of
the aniline polymerization under the influence of laccase.
It was shown by MALDI TOF that the main products of
the reaction were oligomers with m/z ratio lower than
2180, which corresponded to the polymerization degree
of 24 (in terms of aniline subunits). Enzymatically syn-
thesized oligomers mainly consisted of para-substituted
units represented as the emeraldine salt. The rate of ani-
line dimer polymerization under the influence of laccase
was several times higher than the rate of aniline monomer
polymerization under the same conditions.

To elucidate differences in the mechanisms of chem-
ical and enzymatic syntheses of PANI and also to study
specific features of the template polymerization of aniline
using laccase from 7. hirsuta, the reaction medium redox
potential was measured in our laboratory during the syn-
thesis under conditions of disconnected chain with con-
current recording of UV-visible spectra of the resulting
products.

On initiation of the chemical polymerization of ani-
line with APS, the redox potential (pH 3.5) of the solu-
tion containing aniline and PAMPS decreased by ~15-
20 mV and reached a minimum in a few minutes. This
was associated with appearance in the electronic spectra
of the reaction medium of an absorption band at wave-
length 320-330 nm characteristic for t—n*-transition in
aromatic rings on the oxidation of aniline. Then the redox
potential of the medium sharply increased without
changes in the optical density in the region of 500-
1100 nm. Fifty minutes later the optical density in the
electronic spectra of the reaction medium increased in
the region of 600 nm, which corresponded to the oxidized
chains of aniline oligomers, whereas the rate of medium
redox-potential growth significantly decreased and soon
the reaction medium potential became maximal and then
decreased. Concurrently, the absorption band of the
inter-polymer complex PANI/PAMPS displaced to
longer wavelength (from 600 to ~730 nm) that suggested
the generation of the emeraldine salt of PANI.

In the enzymatic polymerization of aniline in the
presence of dioxygen, the redox potential of the reaction
medium sharply increased immediately after initiating
the reaction with laccase, and then for ~20 min it
decreased monotonously. Immediately after the enzyme
addition, the absorption increased in the region of
700 nm in the solution electronic spectra, which suggest-
ed the generation of the conducting inter-polymer com-
plex PANI/PAMPS.

It is known that APS gradually decomposes in acidic
medium, and the oxidation potential of aniline oligomers
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is significantly lower than the oxidation potential of the
monomer. Therefore, it can be reasonably concluded that
during the polymerization of aniline with APS as an oxi-
dizer the growing PANI chains are constantly in the oxi-
dized state, whereas the reaction mixture always contains
a fraction of unoxidized aniline. After the complete
decomposition of APS, oxidized chains of PANI are
reduced by the unreacted monomer to the conducting
emeraldine salt. This explains the presence of the induc-
tion period in the generation of the PANI emeraldine salt
during the chemical synthesis. On the contrary, the enzy-
matic synthesis lacks the induction period, and the PANI
chains grow due to generation of half-oxidized forms of
aniline oligomers, which have been identified using
MALDI TOF spectrometry [132].

The formal mechanism of initial stages of the poly-
mer chain growth during the chemical and laccase-cat-
alyzed synthesis of PANI can be presented as follows (Fig.
4).

It should be noted that using laccases and peroxidas-
es for synthesis of PANI is associated with oxidation of
aniline (or its low molecular weight oligomers) in the
active centers of these enzymes and generation of reactive
products, whereas the polymer chain grows within the
reaction solution volume.

Although the kinetics of the enzymatic oxidative
polymerization of aniline can be controlled and there is
no induction period in the generation of the final prod-
uct, the PANI emeraldine salt, the reaction rate is rela-
tively low and high concentrations of the enzymes must
be used to increase this rate. Redox mediators of the
enzymes can significantly accelerate the monomer poly-
merization, which seems promising for synthesis of con-
ducting polymers having high molecular weight and high
conductivity. The scheme of the enzyme—mediator sys-
tem functioning is shown in Fig. 5.

As differentiated from aniline, EDOT, having a high
ionization potential, cannot be oxidized with enzymes
alone. In the literature there is only one description of
PEDOT synthesis on a polysulfostyrene template using HP
[133]. The conductivity of the resulting PEDOT product
was 2107 S/cm. The reaction was performed for 24 h at
pH 2.0. But HP at this pH value is known to completely
lose its activity within a few minutes. It seems that under
the experimental conditions at strongly acidic pH values of
the reaction medium low molecular weight 3,4-ethylene-
dioxythiophene oligomers are produced similarly to pyr-
role polymerization under the influence of acids in the
absence of an oxidizer [21, 134]. The oxidation potential of
EDOT oligomers is lower than that of the monomer, and
their oxidation can be catalyzed by the heme produced
upon the dissociation of the holoenzyme at acidic pH of
the solution. This is indirectly confirmed by data presented
in work [135] on the template synthesis of PEDOT initiat-
ed by thiophene trimer using soybean peroxidase. But this
hypothesis needs additional confirmation.
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The enzymatic oxidation of EDOT with production
of the radical and subsequent growth of the polymer
chain can occur in the presence of the corresponding
redox mediator of the enzyme. In work [136], template
oxidative polymerization of EDOT was performed with a
laccase—mediator system. Potassium octacyanomolyb-
date(4+) was used as the redox mediator, and its enzy-
matic oxidation with dioxygen resulted in octa-
cyanomolybdate(5+) anion. This anion nonenzymatical-
ly oxidized EDOT in a diffusion-controlled regimen to
the corresponding radical with subsequent growth of the
polymer chain. PAMPS was used as a template. As a
result, a dark-blue aqueous dispersion of the inter-poly-
mer complex PEDOT/PAMPS was produced. The com-
plex was studied by UV-visible and FTIR spectroscopies.
The conductivity of the PEDOT/PAMPS complex was
1073 S/cm.

The enzyme—mediator systems based on laccase
[137] and HP [138] and ABTS as a mediator were used for
synthesis of conducting polypyrrole (PP). The enzymatic
oxidation of the redox mediator produces the cation-rad-
ical ABTS ™, which nonenzymatically oxidizes pyrrole.
The redox mediator is concurrently reduced to the initial
form. These publications revealed an extremely low rate
of monomer oxidation under the influence of the enzyme
in the absence of the redox mediator and the production
of low molecular weight pyrrole oligomers. In work [110],
the spectral characteristics and conductivity of PP pro-
duced with the peroxidase/ABTS system and of PP tradi-
tionally synthesized chemically through pyrrole oxidation
with ferric chlorate were compared. PP products synthe-
sized by these two methods have similar characteristics of
their FTIR spectra, whereas the conductivity of the enzy-
matically synthesized PP was slightly lower than that of
the chemically prepared polymer.

In work [139], physicochemical properties of PANI
synthesized with laccase and by the laccase—mediator
approach on “soft” templates (PAMPS and straight
micelles of SDBS) were compared. Potassium octa-
cyanomolybdate(4+) was used as a redox mediator. On
laccase—mediator-based synthesis, the rate of template
polymerization of aniline was approximately an order of
magnitude higher than the rate of the laccase-catalyzed
synthesis at the same concentrations of the enzyme. The
spectral characteristics (UV-visible and FTIR spectra) of
PANI specimens synthesized by both methods were sim-
ilar. However, the conductivity of the PANI/PAMPS
complex prepared by the laccase—mediator approach was
approximately fivefold higher than the conductivity of the
complex produced in the absence of the mediator and was
4.8-5.9 mS/cm. Moreover, the laccase—mediator synthe-
sis gave threefold higher yield of the polymer. Aniline
oligomers extracted with tetrahydrofuran from the PANI
samples were identified by MALDI TOEF, and the lac-
case—mediator system was shown to result in aniline
oligomers with higher molecular weight.
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Fig. 5. Scheme presenting the role of a redox mediator during the enzymatic synthesis of conducting polymers.

PROSPECTS OF PRACTICAL APPLICATION
OF ENZYMATICALLY SYNTHESIZED
CONDUCTING POLYMERS

Composites based on conducting polymers attract
the attention of specialists in different fields of science
and technology due to prospects of their application as
materials for electrodes in devices for accumulation and
storage of energy (supercondensers), in “light” galvanic
elements, as anticorrosion and antistatic coatings, for
separation of optical isomers of physiologically active
substances, and for creating flexible solar batteries, light-
emitting diodes, chemo/biosensors, biomedical systems,
etc. [140-143]. Conducting polymers for these purposes
are synthesized mainly chemically or electrochemically.
In this section of the review, only applications of enzy-
matically synthesized CPs will be presented.

Russian Federation patent No. 2348455 of 10.10.2006
describes a method for production of a chiral sorbent based
on enzymatically synthesized PANI for separation of physio-
logically active substances using high-performance liquid
chromatography [144]. The high redox potential laccase
from the basidial fungus 7. hirsuta was used as a biocatalyst.
Because PANI is practically insoluble in eluents traditional-
ly used in liquid chromatography, the polymer can be effec-
tively and rather simply used as a coating due to the synthe-
sis immediately on the sorbent surface by the so-called in
situ method. The resulting chiral sorbent was used for filling
a 4 x 250-mm chromatographic column. Optical isomers of
amino acids and their derivatives are separated within a few
minutes, and the separation occurs virtually to the baseline
(Fig. 6 and table). For the majority of racemates, the enan-
tioselectivity factors are high — from 1.8 to 4.5.

Due to their stability and the absence of toxicity, CPs
can be used for removing static electricity. In our labora-
tory the inter-polymer PANI/PAMPS complex synthe-
sized using laccase was shown to have conductivity of
~10 mS/cm determined by the double-point method.
The rate of positive electric charge removal from wool tis-
sue surface treated with the PANI/PAMPS complex syn-
thesized enzymatically and chemically increased 300-
and 280-fold, respectively, compared to the control in the
absence of PANI.
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The enzymatically synthesized composite based on
conducting PANI and multi-wall carbon nanotubes
(MWCNT) is also used for making electrodes of a super-
condenser, an apparatus for energy accumulation and
storage. PANI was synthesized in situ on the surface of
functionalized MWCNTs using the laccase—mediator sys-
tem. By scanning electron microscopy, the PANI was
shown to cover the carbon nanomaterial surface as a uni-
form thin layer. The resulting composite had high specific
capacity (~440 F/g) measured by cyclic volt-amperometry
and (~390 F/g) in the galvanostatic regimen in
charge/discharge cycles. On the basis of this composite, a
flexible and thin (300-400 um) supercondenser was elabo-
rated with a gel electrolyte that is simultaneously a separa-
tor for separation of the electrodes of the supercondenser.

Work [145] describes the production of a composite
based on carboxylated MWCNTs with covalently bound
enzymes (HP and glucose oxidase) and with PANI precip-
itated on this modified surface. The enzymatic oxidation of
glucose catalyzed by glucose oxidase produced hydrogen
peroxide, which, in turn acted as an oxidizer in the perox-
idase-catalyzed polymerization of aniline. The synthesized
biocomposite material was used for production of a biosen-
sor for quantitative determination of glucose. The detec-
tion limit of the analyst was 0.02 mM at signal/noise ratio
of 3 and analysis sensitivity of 0.94 pA/mM. The linear
range of glucose concentration measurement with the
biosensor was up to 12 mM, which fully covers the clinical
range of glucose determination (3.5-6.5 mM) [146].

I\ N

0 5 10 15 20 25 300 2 4 6 8 10 12 14
Retention time, min

Fig. 6. Separation chromatograms of enantiomers of 3,4-dihy-
droxy-phenylalanine (a) and of phenylalanine (b) [144].



1550

Values of retention factors (k), enantioselectivity (o),
and resolving power (Rg) on a hybrid sorbent [144]

Compound k| k, o R,
Phenylalanine 0.70 | 3.12 4.5 7.76
Tryptophan 3.35 | 6.06 1.8 4.23
m-Fluorotyrosine 1.06 | 3.16 | 3.0 | 6.69
3,4-Dihydroxyphenylalanine | 1.30 | 5.53 4.3 8.76
Tyrosine 0.87 | 4.03 4.6 9.54
(2-Thienyl)-alanine 1.11 | 3.00 2.7 7.03
Histidine 0.07 | 0.24 | 3.9 1.80
Methionine 0.26 | 0.67 2.6 3.99
Alanine 0.15 | 0.68 4.5 5.44
oa-Aminobutyric acid 0.16 | 0.84 5.3 6.32
Valine 0.16 | 0.85 53 | 6.23
Norvaline 0.27 | 0.96 3.6 5.25
Leucine 0.29 | 0.90 | 3.1 5.05
Norleucine 0.23 | 0.59 2.6 3.60
Aspartic acid 245 | 3.74 1.5 4.27
Glutamic acid 2.03 | 4.81 2.4 7.65
Citrulline 0.34 | 0.63 1.9 | 2.54
Threonine 0.07 | 0.16 2.3 0.96
Serine 0.12 | 0.23 1.9 1.46

In this review, achievements in the synthesis of con-
ducting polymers catalyzed by oxidoreductases are
described. The use of enzymes for synthesis of new func-
tional materials is an alternative for traditional chemical
and electrochemical approaches for producing both con-
ducting polymers and composites based on them.

Among oxidoreductases, peroxidases and fungal lac-
cases having high redox potential are the most promising
for this purpose. Owing to advances in gene engineering,
large amounts of recombinant oxidoreductases with
improved properties and acceptable price can be pro-
duced, and this will make the biocatalytic production of
CPs commercially justified. Enzymatic synthesis is an
ecologically favorable approach for producing CPs under
“soft” conditions without generation of toxic byproducts,
and kinetics of the monomer polymerization can be con-
trolled. Templates of different nature and structure are
promising for the improvement of the operational charac-
teristics of CPs.

Redox mediators of enzymes allow increased reac-
tion rate and polymerization of monomers that cannot be
oxidized with oxidoreductases alone. Moreover, enzy-
matic and enzyme—mediator syntheses allow researchers
to control molecular weight and some physicochemical
parameters of synthesized CPs. However, it should be
noted that the growth mechanism of the polymer chain
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during enzymatic synthesis of CPs, as well as the interac-
tion of the resulting oligomers with active centers of the
enzymes, are still not clear and need further studies.
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