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Abstract: This review is focused on current state-of-the-art research on electroactive-based
materials and their synthesis, as well as their physicochemical and biological properties. Special
attention is paid to pristine intrinsically conducting polymers (ICPs) and their composites with
other organic and inorganic components, well-defined micro- and nanostructures, and enhanced
surface areas compared with those of conventionally prepared ICPs. Hydrogels, due to their
defined porous structures and being filled with aqueous solution, offer the ability to increase the
amount of immobilized chemical, biological or biochemical molecules. When other components are
incorporated into ICPs, the materials form composites; in this particular case, they form conductive
composites. The design and synthesis of conductive composites result in the inheritance of the
advantages of each component and offer new features because of the synergistic effects between
the components. The resulting structures of ICPs, conducting polymer hydrogels and their
composites, as well as the unusual physicochemical properties, biocompatibility and
multi-functionality of these materials, facilitate their bioapplications. The synergistic effects
between constituents have made these materials particularly attractive as sensing elements for
biological agents, and they also enable the immobilization of bioreceptors such as enzymes,
antigen—antibodies, and nucleic acids onto their surfaces for the detection of an array of biological
agents. Currently, these materials have unlimited applicability in biomedicine. In this review, we
have limited discussion to three areas in which it seems that the use of ICPs and materials,
including their different forms, are particularly interesting, namely, biosensors, delivery of drugs
and tissue engineering.
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1. Introduction

Electronically conducting polymers (intrinsically conducting polymers, ICPs) are a class of
organic polymers possessing high electronic conductivity that were first synthesized as early as 1862
[1]. Henry Letheby prepared polyaniline (PANI) via the anodic oxidation of aniline, and this
polymer was conductive and showed electrochromic behaviour [2]. This field has not developed
extensively since the mid-1970s, when a new class of polymers capable of acquiring charge was
discovered. The preparation of polyacetylene (PA) and the discovery of its conductivity after
“doping” launched this new field of research. Alan J. Heeger, Alan G. MacDiarmid and Hindeki
Shirakawa received the Nobel Prize in Chemistry in 2000 “for the discovery and development of
electronically conductive polymers” [3], [4], [5].

Conducting polymers (CPs) are similar to metals and semiconductors due to their electrical and
optical properties, while retaining the properties of common polymers, such as easy and inexpensive
synthesis and flexibility [1]. These materials are versatile because their properties can be easily
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45  modulated by surface functionalization and/or doping [6]. The fundamental nature of charge
46  propagation in CPs is based mainly on the following two mechanisms:

47 (i) the movement of delocalized electrons through conjugated systems in ICPs (e.g.,
48 polypyrrole (PPy) and PANI), and

49 (ii) the transport of electrons via an electron exchange reaction (electron hopping) between
50 neighbouring redox sites in redox polymers [1].

51 The mode of charge propagation is linked to the chemical structure of the polymer. Due to this

52 mode, CPs can be classified into electron-conducting polymers (redox polymers and ICPs) and
53 proton (ion)-conducting polymers [1].

54 The conductive properties of CPs make them an important class of materials for a wide range of
55  applications, mainly in energy storage [7],[8], electronic and photovoltaic devices [9], electrochromic
56 displays [10],[11], electrocatalysis and photocatalysis [12],[13], and sensors [14],[15],[16],[17], etc.
57  CPs have garnered increasing attention in biomedicine because they can convert different types of
58  signals into electrical signals. Since the 1980s, when it was found that these materials are compatible
59  with many biological molecules, their biomedical applications have expanded greatly [18]. Due to
60  their excellent biocompatibility, these “smart materials” may be used in different areas of
61  biomedicine [19],[20], such as cell (cell growth and cell migration) and tissue engineering,
62  Dbiosensors, drug and gene delivery systems, artificial muscles, and diagnostic applications
63 [21],[22],[23],[24],[25],[26],[27], etc.

64 2. Synthesis, physicochemical and biological properties of conducting polymers, conductive
65  hydrogels and their composites

66  2.1. Undoped conducting polymers

67  2.1.1. Redox-polymers

68 Organic CPs, which contain electrostatically and spatially localized redox sites and in which
69  electrons are transported by an electron exchange reaction between redox neighbouring sites, are
70 called redox polymers. These polymers may be divided into the following:

71 (i) polymers that contain covalently attached redox sites (organic or organometallic molecules),
72 and

73 (if) ion-exchange polymeric systems (polyelectrolytes) in which the redox active ions are held
74 by electrostatic binding [1].

75 The first group, in which the redox group is incorporated into the chain, is exemplified by

76  poly(viologens), while the second group with pendant redox groups is exemplified by
77 poly(tetrathiafulvalene), quinone polymers (Scheme 1, structure 1) and poly(vinylferrocene). Typical
78  examples of ion-exchange polymers containing electrostatically bound redox centres are
79  perfluorinated sulfonic acids (Nafion) (Scheme 1, structure 2), poly(styrene sulfonate) and
80  poly(4-vinylpyridine). Redox polymers are not frequently used in the biomedical areas that will be
81  discussed in this paper; therefore, they will not be mentioned in more detail in this review.

82  2.1.2. Electronically conducting polymers (intrinsically conducting polymers)

83 In the case of ICPs, delocalized electrons occur through conjugated systems, i.e., conjugated n
84  polymers. ICPs are electrically conductive, meaning delocalized m—electrons move freely within the
85  backbone to construct an electrical pathway for mobile charge carriers. The electron hopping is
86 based on interchain conduction and defects, which usually lead to reorganization of the bonds of the
87  polymers. The structures of these polymers mainly contain benzenoid or nonbenzenoid (mostly
88  amines) and heterocyclic compounds. The polymers are electroactive when they are partially
89  oxidized or, less frequently, reduced. Typical representatives of ICPs are PANI (Scheme 2), PPy
90 (Scheme 1, structure 3), poly(3,4-ethylenedioxythiophene) (PEDOT) (Scheme 1, structure 4),
91  polythiophene (PT), polyphenazine (PPh), PA, polycarbazole (PCz), poly(p-phenylene) (PPP) and
92  their derivatives. Some examples of the most widely used ICPs are presented in Table 1 [28].
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93 Polymers can be prepared using chemical and/or electrochemical methods of polymerization
94 [29],[30],[31]. A chemical route is recommended if large amounts of polymer are needed. For
95  relevant applications, electrochemical methods are preferable because good-quality material is
96  formed [1]. The reaction is usually an oxidative polymerization, although reductive polymerization
97  is also possible [30],[32]. Using electrochemical methods, aromatic [33], benzoid (e.g., aniline)
98 [34],[35] or nonbenzoid (e.g., 1-aminoanthracene) [36], and heterocyclic compounds (e.g., pyrrole
99  [37],[38], thiophene [39]) can be polymerized. Upon polymerization, the oxidized polymer backbone
100  generally carries a positive charge, which is balanced by a negatively charged counter-ion [14].
101 These negatively charged molecules, called dopants, become part of the formed ICP. Dopants may
102 be an anion, either small (e.g., Cl;, ClOx) or large (e.g., polystyrene sulfonate (PSS)) [14],[40],[41],[42].

103
Redox polymers
%CH— CHZ%; {(Cth(ITF—CFZ}
0] (I) .
0 F3C—CF—O—{CF,}5- SOy H'
(1) 2)
Intrinsically condueting polymers
/TN
104 (3) @)
105 Scheme 1. Some examples of CPs include (1) poly(vinyl-p-benzoquinone), (2) Nafion, (3) PPy, (4) PEDOT.
106 Table 1. Conjugated © conductive polymers (ICPs) [28].
Conjugated & Electrical
conductive Abbreviation = Formula  conductivity Applications
polymer (S cm?)
polyacetylene PA [C2Hz]n 10° biosensors [43],[44]
bioelectrodes [45]
polythiophene PT [C4HaS]n 100-103 biosensors [46],[47]
enzyme immobilization [48]
conducting biomaterials [49]
polypyrrole PPy [CsH2NH]n 10-7.5x10°  modulate cellular activities [50],[51]
nerve regeneration [52]
biomedicine [53]
biosensors [54]
bacterial detection [55],[56],[57]
poly(p-phenylene) pPrP [CeHa]n 103 -102 dental applications [58]
cell alignment [59],[60],[61],[62]
polyaniline PANI [CeHsNH]n 102 -200 neural application [63]
tissue engineering [64]
biosensors [65],[66],[67],[68],[69]
107 Reprinted with permission from Ref. 28. Copyright 2019 American Chemical Society.
108 PA is a linear polyene chain [-(HC=CH)n-] that may be synthesized by a Ziegler-Natta catalyst

109  or by radiation methods [29],[3],[4],[5]. The pristine form of PA is easily oxidized in air and is also
110 sensitive to humidity. Each repeated unit of hydrogen can be replaced by one or two substitutes,
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111  giving monosubstituted or disubstituted PAs, respectively. PA is also called acetylene black (AB)
112 due to its preparation method [70],[71]. AB is produced by the controlled combustion of acetylene
113 under air. AB is usually used for the preparation of carbon paste electrodes [72],[73], for construction
114 of biosensors [74], and for inclusion of enzymes [75]. Electrodes containing AB show excellent
115  biocompatibility, high electrical conductivity and a large specific surface area, which results in
116  electrochemical sensors with good sensitivity [74],[76),[77],[78]. Pristine AB or its doped form have
117  been used for the detection of glucose oxidase [75], colchicine [79], monoamine neurotransmitters
118  and their metabolites [80].

119 Polythiophene (PT) can be synthesized by electrochemical and chemical methods
120 [81],[39],[82],[83]. PT has a high stable conductivity (103 S cm) that varies with the type of dopant
121  and polymerization [84],[85]. One of the most important properties of this polymer is its
122 transparency, which is a function of its dilution and in turn affects its conductivity [86],[87]. Dilution
123 can be achieved by blending with a transparent polymer, grafting, copolymerization, plasma
124 polymerization or electrochemical methods [86],[88],[89]. The conductivity of PT may also be
125 improved by hybridization of the polymer chain with different dopants, for example, PSS, lithium
126 perchlorate, tetraethylene glycol, and alkyl side chains [14],[90],[91],[83], etc. One of the most
127 popular PT derivatives is PEDOT (Scheme 1, structure 4), characterized by very high conductivity,
128  high electrochemical stability and a very narrow band gap [92],[93],[94],[95]. Additionally, PEDOT is
129  easily oxidized [95]. These features make PEDOT and its derivatives preferable in many
130 electroanalytical applications [92], such as the detection of organic species (e.g., ascorbic acid,
131 dopamine, uric acid) [96],[97],[98], metal ions [99],[100], and inorganic species [101],[102], etc.

132 PPy is one of the most frequently used ICPs for biomedical applications due to its high
133 conductivity, biocompatibility, easy synthesis and environmental stability [103],[19],[104]. Similar to
134 other ICPs, the conductivity of PPy is strongly connected with the structures of its polymer chains.
135  The biocompatibility of PPy with nerve tissue was evaluated in vitro and in vivo [19],[104],[105]. An
136  extraction solution of PPy powder, which was synthesized chemically, was tested for acute and
137  subacute toxicity, pyretogen, haemolysis, allergen, quantitative measurement of cell viability, and
138  micronuclei [19]. The results of this study indicated that PPy has good biocompatibility with rat
139 peripheral nerve tissue. PPy may be synthesized by several chemical and electrochemical methods
140  that preserve its high conductivity. Similar to other ICPs, its conductivity may be improved by its
141  hybridization with other materials (myocytes, biotin, alginate, silk fibroin, tosylate ions, etc.)
142 [104],[106],[107]. The unusual physicochemical properties of PPy and its biocompatibility may be
143 applied in nerve regeneration, biomedicine or biosensors (Table 1) [108],[103],[19],[109],[104].

144 The undoped form of poly(p-phenylene) (PPP) is an insoluble powder that shows interesting
145  thermal, optical electrical and chemical properties. Its ICPs, which have low molecular weights and
146  with modified chains, are soluble in many solvents [110],[111],[112],[113]. They may be synthesized
147 by electrochemical [114] and chemical methods [110],[115], for example, polycondensation with the
148  Suzuki coupling method or catalytic polymerization. PPP frequently shows linearly dichromic
149 fluorescence [116]. PPP and its derivatives are conventionally used in the form of thin films
150  operating as active layers in light-emitting diodes, photodetectors, and other optoelectronic devices
151  [115]. PPP may also be applied in dental applications and cell alignment (Table 1).

152 One of the most promising ICPs, next to PPy, is PANIL This polymer shows high electrical
153 conductivity and great environmental stability [117],[118],[119]. Its synthesis is very easy and
154  low-cost, and its conductivity depends on its oxidation state [31]. PANI chains consist of -p-coupled
155  aniline units [69]. The combination of benzenoid and quinoid rings leads to different oxidation states
156  for the PANI polymer: leucoemeraldine, emeraldine, and pernigraniline (Scheme 2) [120],[121]. The
157  green emeraldine form of PANI exhibits electroconductive properties (Table 1). Charge carrier
158  mobility in the highly conductive emeraldine ranges from 102 to 101 em? V-s1 [122]. PANI
159  conductivity may be optimized by increasing crystallinity and conjugation length of the polymer
160  [123]. The conductivity of PANI is also strongly connected with the structures of the polymer chains.
161 PANI chains can form one-dimensional (1D) structures (nanofibres, nanorods and nanotubes)
162 [124],[125],[126], planar two-dimensional (2D) objects (e.g., ribbons, nanobelts and nanoplates)
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163 [127],[69] and three-dimensional (3D) particles (microspheres, nanospheres and granules)
164 [128],{129],[130],[131]. Nanostructured PANI offers the possibility of enhanced performance for the
165  fast transfer of electrons and can be envisioned for potential applications including supercapacitors
166  [132],[133], biosensors [134],[135],[69] and microelectronic devices [136].

Leucoemeraldine N
NH\/ N
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168 Scheme 2. Repeatable units of polyaniline (PANI) in the most common polymer forms [69].
169 Reprinted with permission from Ref. 69. Copyright 2019 MDPI.
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172 Figure 1. (A) Chemical structure and morphological characterization of phytic acid-gelated and doped
173 PANIhydrogel. A photograph of PANIhydrogel inside a glass vial. (B-D) Scanning electron microscopic (SEM) images
174  and transmission electron microscopic image of PANInydrogel [135]. (E, F) SEM images of PEDOThydrogel
175 morphology synthesized in the presence of different oxidants [137]. (G) Schematic illustration of the synthesis

176 of PPynydroget via chemical oxidation. Photographs of (H, I) synthesis of PPynydrogel inside glass vials and (J)
177 formed PPynydrogel [138]. (K-P) SEM images of PPymembrane synthesized by template-assisted polymerization [139].
178 Reprinted with permission from Refs. 135, 137-139. Copyright 2019 PNAS, Nature Group, Royal Society of
179 Chemistry and American Chemical Society.

180

181 PANI can be synthesized by several chemical (e.g., oxidative polymerization, via conventional
182  free-radical polymerization, enzymatic synthesis) [123],[131],[140],[141] and electrochemical
183 methods [142],[141]. PANI possesses controlled conductivity combined with ionic and proton
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184  conductivity, redox activity, electro- and solvatochromism, non-linear optical properties and
185  paramagnetism [143]. Additionally, PANI is nontoxic, stable in aggressive chemical environments
186  and has high thermal stability. These properties facilitate its application in biosensing, medicine and
187  tissue engineering (Table 1).

188 Notably, the conductivity of all ICPs is strongly connected with the structures of their polymer
189 chains. ICPs can be formed into aqueous gels, membranes, nanofibres, and nanowires, etc., mainly
190 by physically compositing or forming co-networks. In recent years, some of the most interesting
191  reports concern conductive hydrogels (conducting polymer hydrogels, CPHs) based on single
192 component ICPs (PANI, PPy, Pt) as the continuous phase. Despite their unusual structures (some
193 representative hydrogels/membranes of ICPs are presented in Fig. 1) [138],[139],[135],[137], the
194 resulting CPHs show some novel properties, e.g., shape memory elasticity, fast functionalization
195  with various guest objects, and fast removal of organic pollutants from aqueous solutions [138].
196  Furthermore, lightweight, elastic, and conductive organic sponges/hydrogels have been successfully
197  applied in biomedical applications, which will be discussed in the following paragraphs.

198  2.2.  Conducting polymer hydrogels

199 The term hydrogel usually refers to a network matrix made up of highly swollen and entangled
200  polymers that contain significant amounts of water in their network (c.a. 90-95%). Hydrogels have a
201  spatially cross-linked chain network composed of natural and/or synthetic hydrophilic polymer
202 chains that absorb a large amount of water while maintaining a 3D structure [144],[145], which
203 creates great potential for their use for biomedical purposes [146],[147],[108]. CPH is a material that
204  contains a CP (ICP or redox-polymer), frequently together with a supporting polymer. Due to their
205  specific construction, CPHs exhibit some interesting properties, such as: high water content,
206  softness, plasticity and mechanical integrity, porosity and high surface area specificity [148]. In
207  addition, they are characterized by mixed electronic and ionic conductivity, redox activity, and
208  conversion among conducting insulating forms in CPs. The most common conductive components
209  of CPHs are PANI, PPy and PEDOT [148], [149],[150],[151],[152],[138].

210 As already mentioned above, one of the most important properties of CPHs is their electrical
211 conductivity resulting from the ease with which electrons leap between and inside the polymer
212 chains [153]. In fact, conductivity is affected by several factors. These factors include (i) CP type, (ii)
213 heterogeneity of the CPH structure, and (iii) different shapes and sizes of the CPH particles, as well
214  as (iv) the presence of water bound by CPHs and (v) additional components, which affect
215 conductivity [153]. Analogous to ICPs prepared by standard methods, the occurrence of p-orbitals in
216  the conjugated system of double bonds facilitates the delocalization of electrons and their free
217  movement between atoms. The second type of charge propagation in CPs, which affects
218  conductivity, is electron hopping in redox polymers !. Redox polymers are synthesized in a
219  conducting (oxidized) form, which is stabilized by the addition of a dopant, neutralizing the CP
220  charge. In most cases, it is a negative charge. A dopant additive causes destabilization of the CP
221  skeleton at the moment of application of electric potential to CP by entering or leaving the polymer
222 (depending on the polarity) [153],[154]. In such a destabilized CP skeleton, the charge is able to flow
223 through the polymer [155],[156]. The electrical conductivity of most known and described CPHs
224 reaches values up to 10 mS cm. As mentioned in a previous section, the mechanism of electrical
225 conductivity in CPHs is similar to that observed in bulk or nanostructured ICPs. However, in the
226  case of CPHs, their conductivity also strongly depends on the electrolyte solution, which is a factor
227  of hydrogel hydration [157] and is considered to be one of the main factors responsible for the
228  electrical conductivity of hydrogels.

229 The essential physical parameters of CPHs include (i) tacticity, (ii) glass transition temperature,
230  (iii) swelling and (iv) water amount bounded in the system. These parameters are particularly
231  important in relation to the properties of CPHs that are potential carriers of drugs or in TE.

232 The factor indicating the modalities of distribution of monomer units along the polymer chain is
233 tacticity. Substitution of monomers in the polymer is possible in the following three different ways

234 [158],[159]:
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(i) isotactic - all of the same type of substituents are ordered on the same side of the polymer
chain;

(if) syndiotactic - the substituents are arranged alternately on both sides of the polymer chain;

(iii) heterotactic - substituents are distributed along the polymer chain irregularly.

The glass transition temperature is another parameter describing hydrogels. This is the
temperature at which, due to the increased viscosity of the polymer solution, it becomes a solid. The
more regular the hydrogel structure, the lower the glass transition temperature value [158]. The
degree of cross-linking and the method of water binding determine the level of swelling of the CPH.
Water molecules are bound primarily by the most polar hydrophilic groups of the polymer. Larger
spaces and pores of CPHs are often additionally filled with “free water” [158],[160].

The degree of CPH cross-linking is defined as the ratio of the cross-linking agent moles to the
moles of the repeating polymer units. A higher degree of CP cross-linking means a more compact
structure, which results in the reduced mobility of polymer chains and ultimately reflects a lower
degree of swelling [160]. The nature of the covalent bonds found in CPHs affects their mechanical
properties. Reduced mechanical properties result in gels based on van der Waals forces or hydrogen
bonding. CP and dopant amounts also change the mechanical properties of CPHs. The size and
shape of clusters containing CP and their heterogeneous distribution in CPHs have an impact on the
mechanical properties of CPHs.

The synthesis of CPHs can be carried out using natural or synthetic polymers [152],[161],[162].
Considering the advantages and disadvantages of both groups of polymers, synthetic polymers are
preferred. This is because CP preparation must meet strictly defined needs/parameters.

CPHs may be obtained by different types of methods [163],[135],[164],[165],[166]. One method
relies on mixing the hydrogel component with the conducting component. Another is based on the
polymerization of CP monomers in a hydrogel matrix. One of the most commonly used methods is
the preparation of a hydrogel containing a supporting polymer, which then forms a matrix for the
synthesis of a CP [167]. This concept is presented on Figure 2 [167].

Deswell

Swell

N\ Chain of PNIPAM .~ \. Chain of conductive polymer

<] Phytic acid ® Monomer of conductive polymer

Figure 2. Schematic illustration of the synthesis process for a hybrid hydrogel composed of
poly(N-isopropylacrylamide) (PNIPAM) and CPs. The deswelled PNIPAM hydrogel is immersed into the CP
solution and absorbs monomers until it reswells to its original volume. Then, the reswelled hydrogel is
immersed into a solution containing an oxidative initiator and phytic acid, allowing the in situ polymerization
of CPs. The photos show different stages of hydrogel formation [167]. Copyright 2019 John Wiley & Sons.

CPH consist of CP built in a matrix created from water-soluble polymers, which are swollen
with water or electrolyte solution. This synthesis begins with the creation of a hydrogel matrix, in
which the CP solution is then distracted. The matrix containing the CP monomers prepared in this
way is suspended in an oxidant solution, which diffuses into the hydrogel. The CP is created after

d0i:10.20944/preprints201901.0229.v1
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273  encountering the monomer. This kind of method is called interfacial polymerization, and it is used
274  to receive CPHs in which the CP role is fulfilled with PANI [168],[169],[170],[171], PPy
275  [172),[173],[174] and rarely with PEDOT [175],[176]. A modified interfacial polymerization method
276  has been used to obtain PANI [177] and PPy [178]. CPHs are also obtained as a result of the addition
277  of CP powders into the reaction mixture, which is the basis for obtaining a hydrogel. Using this
278 method, derivatives of PANI [179], as well as PPy [180] and PEDOT [181], may be synthesized.

279 The importance of individual functions is strictly connected with specific applications. CPHs
280 are nontoxic and compatible with living tissue or cells [182],[109],[166],[57]. CPH properties offer
281  their use in various interesting fields, particularly in biomedicine and energy storage, and are among
282  the most promising trends in materials science, which have been and are still widely studied
283 [183],[149],[150],[151],[152],[138]. Some common features of CPHs are discussed below, among
284  which the sub-standard is their inhomogeneity. Therefore, the properties of this material group are
285  closely related to hydrogel shape and size. This paradigm creates many difficulties in defining and
286  comparing CPHs, which is often possible only after the final examination of a given CPH.

287  2.3. Conductive polymer nanocomposites

288 An effective way to improve the mechanical stability of ICPs is to create composites with
289  nanoparticles or blends with other polymers that have better mechanical properties for their
290  intended applications than their pristine analogues. Conductive polymer nanocomposites (ICPcomp)
291  combine the flexibility and/or conductivity of the polymer with the distinct properties of nanofillers.
292  Figure 3 presents an overview of conductivity of CPs and their composites [184].

293
Conducting Polymers
€ ———————— >
<— Uncharged (undoped) Charged (doped) —>
Electroactive Polymeric
Composites/Blends
Emmmmmm———— ———=>
Conductivity | | | - R S— |
Sem 1013 1014 100 106 102 i 102 106
Insulators iSemiconductors:  Metallic
g : Conductors
294 :
295
296 Figure 3. Conductivity range of polymers and conductive polymeric composites [184]. Reprinted with
297 permission from Ref. 184. Copyright 2019 Royal Society of Chemistry.
298
299 CPs may form well-defined porous nanostructures (for example, gels), where they translate the

300  properties of their bulk forms and exhibit unusual chemical and physical properties owing to the
301 dimensions of nanomaterials, for example, zero-dimensional (0D) nanoparticles [185], [186], 1D
302  fibres or 2D sheets. In this context, CPs may be an ideal matrix to introduce a new component due to
303  their porous structures. The design and synthesis of ICPwmp inherits the advantages of each
304  component and offers new features because of the synergistic effects of the composite’s components

305 [187], [188].

306 The ICPcomp, taking into account further bioapplications, may be synthesized in the following
307  two ways:

308 (i) a two-step synthesis in which the gel network is created and then acts as a matrix for
309 further modification, or

310 (i) a one-step method in which monomers are polymerized and cross-linked with other
311 precursors in solution, for example, inorganic nanoparticles, carbon nanostructures or

312 other monomers.
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313 The multi-functionality of nanocomposites has been extensively exploited. The synergistic
314  effects between constituents have made these materials particularly attractive as sensing elements
315  for biological agents, and they also enable the immobilization of bioreceptors such as enzymes,
316  antigen-antibodies, and nucleic acids onto their surfaces for the detection of an array of biological
317  agents through a combination of biochemical and electrochemical reactions (Table 3). Some
318  nanocomposites containing ICPs and their bioapplications will be discussed in the following
319  paragraphs.
320 3. Bioapplications of conducting polymers, conductive hydrogels and their composites
321 Herein, we provide a brief review of recent reports on the bioapplications of ICPs, CPHs and
322 their composites. Currently, these materials have unlimited applicability, and we have limited our
323  discussion to three areas in which it seems that the use of ICPs is particularly interesting (Table 2).
324  Some advantages and limitations of ICPs are summarized based on their applications.
325 Table 2. ICPs in biological applications [189].
.. Description of e e
Applications .. Advantages of ICPs  Limitations of ICPs
applications
Biosensors Devices containing v' Ability to entrap v Hydrophobicity
biomolecules as sensing biomolecules can denature
elements, integrated with an v Efficient electric entrapped
electrical transducer charge transfer proteins
from bioreactions v" Diffusion barriers
v" Electrochemical for entrapped
synthesis on metal enzymes
electrodes
v' Possible surface
modification
Tissue engineering  Biocompatible, biodegradable ~ v* Biocompatibility v Not
scaffolds containing stimuli v Good conductivity biodegradable
to enhance tissue v' Possible v Hydrophobicity
regeneration modification to
include chemical
molecules
Drug delivery Devices for storage and V' Ability to entrap v Hydrophobicity
system controlled release of drugs biomolecules can denature
v Controlled release entrapped
with reduction proteins
v' Rapid release
326 Reprinted with permission from Ref. 189. Copyright 2019 Elsevier.
327  3.1. Biosensors (enzymatic electrochemical sensors)
328 Biosensors are analytical devices in which biological sensing elements (enzymes, antibodies,
329  nucleic acids, cells, etc.) are integrated with an electronic transducer equipped with an electronic
330  amplifier [65] (Fig. 4A). Based on the JUPAC definition, a biosensor is a self-contained integral
331  device that is capable of providing specific quantitative or semi-quantitative analytical information
332  using a biological element [65],[190]. Briefly, biosensors are chemical sensors in which the
333 recognition system utilizes a biochemical mechanism [190]. The biological recognition system
334  translates information from the biochemical domain into a physical or chemical output signal [190]
335  (Fig. 4A).

336
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337
338
339  Figure 4. (A) Scheme of a biosensor [191]. (B) Schematic representation showing a biosensor operating with a
340 mediator [192]. (C) Schematic representation of electron transfer (ET). An enzyme catalyses a redox reaction of a
341 specific analyte, which results in the reduction of the CP (transducer) and the measurement of current [189].
342 Reprinted with permission from Refs. 189, 191 and 192. Copyright 2019 MDPI and Elsevier.
343
344 Biosensors may be classified by taking into account the biological specificity-conferring

345  mechanism or the mode of signal transduction (detection or measurement mode). The first group
346  contains a biocatalytic recognition element, in which reactions are catalysed by macromolecules,
347  such as enzymes, cells or tissues, or contain a biocomplexing or bioaffinity recognition element, in
348  which operation is based on antibody-antigen interaction or receptor-antagonist-agonist interaction
349  [190]. The main parts of a biosensor and their modes of operation are depicted in Figure 4A [191]. A
350  biosensor has two main components: an enzyme that is immobilized on the surface and a
351 transducer. When ICPs are used in biosensors, the ICPs act as electronic transducers. Briefly, the
352  biological part is either integrated or closely associated with the physical transducer [191]. It behaves
353  as a recognition element, which may detect a specific biological analyte. Once the interaction takes
354  place, the biochemical signal generated is converted, and its intensity is directly or inversely
355  proportional to the analyte concentration. The interactions with the analyte introduce changes in the
356  physicochemical properties resulting from the structural reorganization of polymer [193].

357 The first biosensing device was described almost 60 years ago by Clark and Lyons [194], who
358  integrated enzyme and glucose oxidase (GOD) into an electrode. Since then, much progress has been
359  made in the development of biosensors for use in diagnostic detection and monitoring of biological
360  metabolites. Authors have focused on highly sensitive, selective and precise analytical tools for
361  real-time estimation of biological important analytes, such as glucose, pathogens, toxins, antibodies,
362  hormones, drugs, viruses, etc. The abundance of published reports that describe electrochemical
363  biosensors of various designs, using both undoped ICPs, CPHs and composites containing ICPs, has
364  increased. Just a few representative examples are described below and presented in Table 3.

365 The use of ICPs in sensor technologies involves employing ICPs as electrode surface modifiers
366  to improve their sensitivity and selectivity and to suppress interference. In biosensors of different
367  kinds, ICPs are used as active, sensing or catalytic layers and as matrices entrapping biologically
368  active compounds [195]. The key process in designing a biosensor system is immobilization of the
369  transducer, which may be achieved by adsorption, covalent bonding, entrapping or cross-linking.
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370  ICPs are frequently used in biosensors due to the opportunities they present for tuning their
371  bio-catalytic properties and rapid electron transfer (ET) (Fig. 4B and 4C) [192]. For the successful
372 design of an efficient ET pathway in a biosensor, one has to consider several aspects, including (i)
373 choice of a suitable redox mediator, (ii) design of an appropriate ET mechanism, (iii) prerequisites
374  for fast ET, and (iv) sensor architecture [196]. These conditions are met in the case of ICPs with
375  appropriate preparation (chemical or electrochemical) and device design.

376 The aim of a biosensor is to detect biologically active species as target molecules (Table 3). One
377  of the most frequently studied molecules is glucose, which is essential for the management of
378  diabetes. ICP-based glucose sensors provide promising solutions as they may easily accommodate
379  GOD and give opportunities to use electrochemical techniques for target molecule detection. In a
380  typical glucose sensor, GOD catalyses the oxidation of glucose in the presence of Oz to produce
381  B-gluconic acid and hydrogen peroxide (H202) followed by the following reaction [197]:

382
383 B — glucose + 0, + H,0 - B — gluconic acid + H,0, ¢))
384
385 Presently, horseradish peroxidase (HRP) electrochemical detection of H20: is also possible

386  [198]. H202 combines with the HRP enzyme to form an HRP compound, followed by the reduction
387  of this compound to the original HRP [198] as follows:

388
389 HRP (Red) + 2H,0, — HRP compound (Ox) + 2H,0 3]
390 HRP compound (Ox) + 2e~ + 2H* - HRP (Red) + H,0 3)
391
392 Another important biological molecule is a quaternary protein with important medical

393 significance, L-lactate, which is the anion that results from the dissociation of lactic acid. It is an
394  intracellular metabolite of glucose [192]. L-lactate is the end product of anaerobic glycolysis, the final
395  step of which is conversion of pyruvate to lactate by the enzyme lactate oxidase (LOD) or lactate
396  dehydrogenase (LDH). The principal of an electrochemical biosensor based on LOD (Eq. 4 and 5) or
397  LDH (Eq. 6 and 7) is described by the following reactions:

398
LOD
399 L — lactate + 0, — pyruvate + H, 0, (4)
400 H,0, - 0, + 2H* + 2e~ (5)
401 L — lactate + NAD* 25 pyruvate + NADH + H* (6)
E
402 NADH = NAD* + H* + e~ 7
403
404 Electrochemical cholesterol biosensors are mostly based on amperometric detection [199],[200].

405  Cholesterol oxidase (ChOx) catalyses the biochemical degradation of cholesterol in the presence of
406 O yielding cholest-4-en-3-one and H202[200] as follows:

407

408 cholesterol + 0, + ChOx - cholest —4 —en—3 —one + H,0, (8
409

410 After catalytic reaction of the enzyme, H:0: is electrochemically determined at a specific
411  potential [200].

412 Enzymes are immobilized in an electroactive layer using different strategies, including physical
413 adsorption, membrane confinement, covalent binding, cross-link formation, electrical

414  polymerization and finally monolayer formation by self-assembly [201],[202],[203],[204]. Notably,
415  the physical adsorption method relies on non-specific physical interactions between the enzyme
416  protein and the surface of the matrix, and the fundamental interacting forces are weak interactions
417  such as van der Waals, hydrogen bonding and salt linkages [192]. This immobilization technique is
418  not a reproducible and reliable method because of the problems associated with leaching during
419  long-term storage of biosensors.

420
421
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422 Table 3. Some examples of biosensors and electrochemical sensors containing ICPs.
BlOlOg-l('Zal Detection Limit detection/
ICPs recognition (Target e Ref.
Sensitivity
element molecule)
Undoped ICPs and cross-linked ICPs
PA - Methyl parathion 2.0ng mL?! [44]
PPy GDH'! Glucose NR 2 [196]
PPynr? HRP * H:0: 1.4240.05 pA mM-(cm?) 5 [198]
GOD*® Glucose 0.2140.05 pA mM'(cm2) 3 [198]
PPymembrane LOD?” L-lactate 7.210.1 nA mM > [205]
GOD Glucose 9.940.1 nA mM 5 [205]
PPy/PPy-Cl GOD Glucose 26.9 uM [206]
PANI mAbs? Immunoglobulin G 3.0 ng mL! [68]
Myoglobin 1.4 ng mL! [68]
HRP H:0: 8 mM [67]
Anti-human IgG Human IgG 5 ug mL? [207]
P ANIhydroget GOD Glucose ~16.7 pA mM(cm??) ° [135]
P ANIoligomer/PADPA ° HRP H2O2 NR? [208]
PPyder'®/Prussian blue GOD H202, Glucose 1x10°M [209]
PEDOT/Prussian HRP H2O2 3x10°M [210]
blue/Fe(II1,II)
PEDOT/PAA ™ GOD Glucose NR [211]
PPy/PPA Urease Urea 50 uM [212]
PPy/PVS2/GA® AChE %, ChOx 1 Acetylcholine 5x10°M [213]
PTder 0 HRP H2O2 0.2 mM [214]
DTPPy(aryl)PPyA " ChOx HoOn 0.27 uM [200]
Conductive polymer nanocomposites
P ANThydrogel/Ptnp 18 GOD Glucose 0.7 uM [185]
PANI/G® GOD Glucose 2.769 uM [134]
PANI/PVPY/G ChOx Cholesterol 1 uM [215]
PTMSPANI?/Aunanorod HRP H202 0.06 uM [216]
AB/QCs?/Nf?/enzyme GOD Glucose 0.07 mM [75]
Hb 2 H:02 3.26x 107 M [75]
PPynydrogel/ Aunp anti-CEA% CEA 0.16 fg mL! [217]
PPynydrogel/fMWCNT?0/Nf GOD Glucose 5uM [218]
PPycnw?/G HBsAg 28 HBV » 10 aM [219]
PPy/ZnOngr ¥ GluOx 3t L-Glutamate 0.18 nM [220]
PPy/TiOant ® GOD Glucose 1.5uM [221]
PPy/C0304 Hb, GOD H202 0.71 uM [222]
423 ! GDH: glucose dehydrogenase; 2 NR: not reported; 3 NP: nanoparticle; * HRP: horseradish peroxidase; 5
424 sensitivity; ¢ GOD: glucose oxidase;” LOD: lactate oxidase; 8 mAbs: monoclonal antibodies; ° PADPA: aniline
425 dimer p-aminodiphenylamine; 1 PPyder: 4(pyrrole-1-yl)-benzoic acid; " PAA: polyacrylic acid doped with
426 poly(4-lithium styrenesulfonic acid) (PSSLi) or poly(4-styrenesulfonic acid) (PSSH); '2 PVS: polyvinylsulfonate;
427 13 GA: glutaraldehyde; * AChE: acetylcholinesterase; > ChOx: Cholesterol oxidase; ¢ PTder
428 5,2":5',2"-terthiophene-3'-carboxylic acid polymer; 7 DTPPy(aryl)PPyA: 4-(4H-dithienol[3,2-b: 2",3"-d]pyrrole-
429 4)aniline polymer; * NP: nanoparticles; 1 G: graphene; 2 PVP: polyvinylpyrrolidone; 22 PTMSPANI:
430 poly(N-[3-(trimethoxy silyl)propyl]aniline;? QCs: cellulose nanoparticles; 2 Nf: Nafion;? Hb: haemoglobin; 2>
431 anti-CEA: Carcinoembryonic antigen; 2 fMWCNT: functionalized multi-walled carbon nanotubes; 27 PPycnw:
432 carboxylic PPy nanowires; 2 HBsAg: serum hepatitis B antigen; 2 HBV: Hepatitis B virus; 3 ZnOnr: ZnO
433 nanorods; 3 GluOx: glutamate oxidase; 32 TiO2nt: TiO2 nanotubes.
434 In the last few years, increasing analytical performance of biosensors was achieved by
435  introducing highly porous structures, CPHs, into these devices. The micro- and mesoporous
436  structures of CPHs offer a greater effective surface area than bulk materials, which is essential for
437  increasing the quantity of immobilized enzyme and enhancing biosensor sensitivity. The potential
438  advantages include the following [185]:
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439 (i) the combination of solvation and diffusion enables CPHs to be permeable to water-soluble
440 biochemicals and chemicals,
441 (ii) the good biocompatibility of CPHs promotes the immobilization of biomolecules,
442 (iii) the conductivity of CPHs facilitates rapid ET,
443 (iv) the 3D structures of CPHs favour efficient charge collection.
444 Biosensors formed from CPHs with entrapped enzymes, prepared by the electropolymerization

445  of ICPs from aqueous solution, have been commonly used to prepared sensing electrodes. In these
446  types of sensors, PANI or PPy, prepared as a hydrogel and used as a sensing layer, showed excellent
447  selectivity even in the presence of interferents (e.g., ascorbic acid, uric acid, acetaminophen). Some
448  representative examples are presented in Table 3.

449 It has been found that ICPs are rapidly degraded in the presence of H20:. The doping of ICPs
450  with other molecules or polymers increases their mechanical stability in terms of the electrochemical
451  stability of biosensors and increases their analytical performance. Significant increasing biosensor
452  stability was observed by Krzyczmonik and co-workers [211]. Electrodes modified by PEDOT doped
453 by polyacrylic acid (PAA) and poly(4-lithium styrenesulfonic acid) (PSSLi) or poly(4-styrenesulfonic
454  acid) (PSSH) give the best results in terms of glucose oxidation current and stability, with a long
455  shelf life (up to 20 days).

456 An amperometric cholesterol biosensor was constructed based on ChOx immobilized on a
457  conducting 4-(4H-dithienol[3,2-b : 2',3-d]pyrrole-4)aniline (DTPPy(aryl)PPyA) polymer [200].
458  Glassy carbon electrodes (GCE) were modified with DTPPy(aryl)PPyA and ChOx following the
459  procedure presented in Figure 5. Analytical performance, such as linear range (2.0 uM-23.7 uM),
460  detection limit (0.27 uM), limit of quantification (0.82 uM) and the Michaelis-Menten constant (Ku)
461  (17.81 uM), of the biosensor electrodes was determined. The biosensor showed good reusability and
462  long-term stability, indicating good orientation of the enzyme on the electrode surface and the

463  biocompatible character of the polymer.
464

GCE Cholesterol

P(DTP{aryl)aniline)
V4

Cholest-4-en-3-one

tg:? ;;3} H:0;

A fv’ﬂ;ﬁ.

o ; ~
Shd Rt
Cholesterol -

Oxidase

Cholesterol Oxidase immobilized

P(DTP | line) coated GCE
RIRESaryilanisne) coave P(DTP(aryl)aniline) coated GCE

46

467 Figure 5. Preparation of a DTPPy(aryl)PPyA/ChOx electrode [200]. Reprinted with permission from Ref. 200.

468 Copyright 2019 John Wiley & Sons.
469
470 Improvement of analytical performance was also observed by Kulesza and co-workers for an

471  amperometric biosensor utilizing the electrocatalytic reduction of H:O2at a GCE modified with a
472 composite film of Prussian Blue and PPy derivative (4(pyrrole-1-yl) benzoic acid), overcoated with
473 covalently bound GOD [209]. The addition of a functionalized organic component to Prussian Blue
474  permits permanent attachment of an enzyme, exhibits an overall stabilizing effect, and supports fast
475  ET (acting as a mediator, see Fig. 4B) within the PPyder/Prussian Blue film. The proposed biosensor
476  permitted reproducible and reliable determination of glucose in real (i.e., pharmaceutical and food)
477  samples. The LOD and sensitivity were 1x10- mol L and 2.5 uA cm2mM, respectively.

478 A similar concept was applied for the construction of an amperometric biosensor containing
479  PEDOT/Prussian Blue as an active layer and HRP [210]. High electrocatalytic activity of the enzyme
480  electrode was increased by immobilization of N-coordinated Fe(II,II) complexes capable of fast ET
481  in the PEDOT/Prussian Blue layer (additional mediator, Fig. 4B). The modified electrode responded
482  very rapidly and produced a steady-state signal within less than 5 s. The LOD was 3 x 10 mol L.
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483 Efforts to improve sensitivity have involved the incorporation of organic and inorganic
484  nanoparticles into the ICP matrix. For instance, Chan Hee Park, Cheol Sang Kim and their
485  co-workers prepared a bio-nanohybrid material based on PPynydroge with incorporated
486  functionalized multiwall carbon nanotubes (fMWCNTSs) in Nafion (Nf), followed by one-step in situ
487  electrochemical polymerization (Fig. 6A) [218]. The enzymatic PPyhydrogel//MWCNT/NT electrode,
488  which was prepared following the steps presented in Figure 6A, showed good selectivity, stability
489  and excellent electrocatalytic performance to detect glucose with a high sensitivity (54.2 pAmM-!
490  cm?)in a linear range of up to 4.1 mM as well as a low detection limit of 5 uM (S/N = 3) [218].

491 Recently, the preparation of a multidimensional conductive nanofilm composed of vertically
492  oriented carboxylic polypyrrole nanowires (PPycnw) and a graphene (G) layer was reported by Jun
493  Seop Lee and Jyongsik Jang and their co-workers (Fig. 6B-6G) [219]. The conductive composite was
494  formed using electropolymerization of Py on a G surface, followed by acid treatment.
495  Amine-functionalized serum hepatitis B antigen (HBsAg) was immobilized on the PPycnw/G surface
496  through covalent bond formation. The sensor was highly sensitive to Hepatitis B virus (HBV) with a
497  wide linear HBsAg concentration detection range from 10 aM to 0.1 uM. The LOD was as low as 10
498  aM for interfering biomolecules (bovine serum albumin, immunoglobulin G, ascorbic or uric acids)
499  with various deformations.

500

Gluconolactone
Glucose e

Nf-GOx-fMWCNTs-PPy/Pt electrode

Electrochemical
In situ electro- detection

polymerization

362

503 Figure 6. (A) Schematic illustration of glucose biosensor (Nf-GOx-fMWCNTSs-PPy electrode) fabrication via a
504 one-step in situ polymerization method [218]. (B-D) Planar and side direction (inset) field-emission (FE) SEM
505 images of PPy nanostructures with different polymerization reaction times (3, 25 and 45 min, respectively)
506 [219]. (E-G) Side-direction FE-SEM images of acid-treated PPy nanostructures (3, 25 and 45 min, respectively)
507 [219]. FE-SEM images of (H) a top surface view and (I) a cross section view of a TiOxr array, (J) a top surface
508  view of PPy/TiOnt and (K) the GOD/PPy/TiOant electrode [221]. SEM images of (L) Co3Os and (M-O)
509 Co304/PPy composites with different concentrations of PPy (5, 20 and 40%) [222]. Abbreviations: Nf (Nafion);
510  MWCNTSs (functionalized multi-walled carbon nanotubes). Reprinted with permission from Refs. 218, 219, 221
511  and 222. Copyright 2019 Nature Group, American Chemical Society and Elsevier.
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512 An interesting bioapplication of multidimensional hybrid nanocomposites was presented by
513  Kwang-Pill Lee and co-workers [216]. They prepared poly(N-[3-(trimethoxy silyl)propyl]aniline
514  (PTMSPA) and HRP on gold nanorods (Aunanored) to yield PTMSPA/Aunanorod, which was used as a
515  H:0:sensing electrode. Direct electron transfer was achieved at this electrode with an ET rate
516  constant (ks) of 3.2+0.1s. The amperometric response of the PTMSPA/Aunanorods/HRP modified
517  electrode showed a quick response (<5 s) for H202 reduction with a wide linear range from 1 x 105 to
518 1x10°M and an LOD of 0.06 uM (S/N =3). The electrode also exhibited high selectivity and
519  sensitivity (0.021 pA pM1) towards Hz0.

520 Inorganic nanoparticles incorporated into CP layers also improve the analytical parameters of
521 biosensors [220],[221],[222]. A sensitive electrochemical biosensor for the detection of L-glutamate,
522 based on immobilization of glutamate oxidase (GluOx) onto a PPy/zinc oxide nanorod (ZnOxwr)
523 composite, was described [220]. The biosensor showed an optimum response at pH 8.5 (0.1 M Tris—
524  HCl buffer) and 30°C when operated at 20 mV s1. The biosensor exhibited excellent sensitivity (LOD
525  of 0.18 nM), a fast response time (less than 5 s) and a wide linear range (0.02-500 uM). The enzyme
526  electrode lost 30% of its initial activity after 100 uses over a period of 90 days when stored at 4°C.
527  Another application of an inorganic component in biosensing was presented by Yibing Xie and Ye
528  Zhao [221]. GOD was immobilized onto PPy/TiO: nanotubes (TiOant) via a glutaraldehyde
529  cross-linker (Fig. 6H-6K). The hydrophilic PPy/TiOxnt hybrid provided highly accessible
530  nanochannels for GOD encapsulation, presenting good enzymatic affinity. The enzyme electrode
531  nicely conducted bioelectrocatalytic oxidation of glucose, exhibiting good biosensing performance
532 with a high sensitivity (187.28 uA mM-! cm?), low detection limit (1.5 uM) and wide linear detection
533 range. An organic-inorganic composite containing PPy (with different contents) and CosOs provided
534 the opportunity to incorporate haemoglobin (Hb) and GOD and influence the direct ET of Hb/GOD
535  [222] (Fig. 6H-6K). Notably, when the weight percentage of the Py monomer was 20%, the
536  heterogeneous ET ks values for Hb and GOD were estimated to be 1.71 and 1.67 s-1, respectively. The
537  composite modified electrode was used as a biosensor and exhibited a long linear range and low
538 LOD (0.71 uM) to H20:. The sensing design based on the PPy/CosO: hybrid material was
539  demonstrated to be effective and promising for the development of protein and enzyme biosensors.
540 The unique property that ties the biosensing of ICPs is their conductivity. ICPs are organic in
541  nature, making them biocompatible. The easy preparation and modification of ICPs have made
542 them a popular choice for biosensors. Despite the vast amount of research conducted in this area, the
543 field is still growing, and many questions remain to be answered.

544 3.2.  Main assumptions of tissue engineering and ICP applications in this area

545 The term "tissue engineering" was used officially for the first time in 1988 at a National Science
546  Foundation workshop. It was created to represent a new scientific area for tissue regeneration from
547 cells using biomaterials, scaffolds and growth factors [64]. TE, also known as regenerative medicine,
548 s a field of technical sciences that uses medical knowledge and material engineering methods. TE
549  provides new medical therapies as an alternative to conventional transplantation methods. TE
550  regulates cell behaviour and tissue progression through the development and design of synthetic
551  extracellular matrix analogues of novel biomaterials to support 3D cell culture and tissue
552 regeneration [153]. The aim of TE is to replace, restore, improve or maintain the function of tissues
553  and organs using implants containing the patient's own cells embedded in a special material that
554  acts as a scaffold for cells [27],[18].

555 Cells grown in vitro are placed on such scaffolds, and the whole construct is implanted in the
556  patient’s body in place of the defect [223]. Scaffolds for TE are prepared from appropriate
557  biocompatible materials, which in the in vitro stage form a physical basis for cells and act as an
558  artificial intercellular substance stimulating cells to multiply, differentiate and reproduce the desired
559  tissue [224]. In a second in vivo stage, new tissue is formed, and the materials used as the scaffold are
560  gradually degraded and resorbed by the body [27]. Due to this process, there is no need to carry out
561  surgery to remove unnecessary scaffolding, and the reconstructed new tissue is identical to healthy
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tissue, both in terms of function and structure. Therefore, intensive research is being carried out on
preparation methods and scaffold properties that can be used in TE [225].

When designing a scaffold for use in TE, the following key issues are important
[226],[227],[228],[18]:

(i) biocompatibility to prevent an inflammatory reaction that may cause rejection by the body;

(if) biodegradability of scaffolds that are not intended as a permanent insertion;

(iif) mechanical properties should be adequate to the tissue into which it is to be implanted;

(iv) scaffold architecture is a frame that facilitates the creation of tissue;

(v) the type of biomaterial from which the scaffold is fabricated and the manufacturing

technology should be clinically and commercially viable.

These issues are met in the case of ICPs [148]. CPs are attractive biomaterials for TE applications

as they can deliver electrical signals to cells for the regeneration of injured tissues. Their greatest
advantage is their vast versatility [64]. The key to this is the dopant, which defines CP applicability
[64].
Due to their ability to electronically control a range of physicochemical properties, CPs and their
composites provide compatible substrates that promote cell growth, adhesion, and proliferation at
the polymer—tissue interface [26],[148]. Specific cell responses depend on CP surface characteristics
such as roughness, topography, surface free energy, charge, chemistry, and other properties such as
electrical conductivity or mechanical actuation [26],[229].
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Figure 7. Schematic illustration of the constituent factors used in TE [229]. Reprinted with permission from
Ref. 229. Copyright 2019 American Chemical Society.

In recent years, it also has been indicated that nanostructured biomaterials significantly affect
the biological functions of cells [230],[231],[232],[233],[234]. Within this group of materials at the
nanometre scale (nanofibres, nanotubes, nanoparticles, and nanofilaments) [234],[235], CPs may be
applied, and their biological activity towards cells may be controlled by electrical stimulation
[26],[236],[153],[237],[238],[239],[240]. These properties depend mainly on the employed synthesis
conditions. Micro- and macrostructured CPs may be synthesized using an electrohydrodynamic
method called flow-limited field-injection electrostatic spraying [233], electrospinning
[234],[237],[238],[239], plasma polymerization [240] and wet-spinning [241], etc. Manipulation of
synthesis parameters also offers fine control over the physical properties of CPs, which is a useful
tool for tuning the material for specific TE applications (Fig. 7) [229],[153].

d0i:10.20944/preprints201901.0229.v1
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596  3.2.1. Conductive Hydrogels in tissue engineering

597 The fact that hydrogels are biomaterials designed specifically for human use is what makes
598  hydrogels good potential candidates for tissue scaffolds [242],[166] used in tissue regeneration. A
599  spedial role is played by CPHs that have electrical conductivity ability, which provides increased cell
600  growth, adhesion and proliferation during the regeneration of muscle, cardiovascular nerves, and
601 bone tissue cells [243],[244],[229],[64]. A hydrogel may be synthesized in few different forms—as a
602  copolymer, a graft copolymer or a composite—and each variety will have a different structure [152].
603 An example of a single component CP is PTAA (poly(3-thiopheneacetic acid)) hydrogel,
604  characterized for potential use as a scaffold in biomedical applications [214]. The PTAA polymer has
605  a porous internal structure, good mechanical properties comparable to those of muscle tissue,
606  appropriate adhesion and increased myoblast cell proliferation. These characteristics offer the
607  possibility of using PTAA in TE as scaffolds for nerve and muscle regeneration.

608 CPHs mainly consist of two components: a CP component responsible for electrical
609  conductivity and a hydrogel unit that ensures environmental hydration. The first such material was
610  created based on PPy electropolymerized straight onto a preformed polyacrylamide (PAAm)
611  hydrogel [245]. From that moment, there was a rapid development of CPH applications in TE
612 [246],[166],[247],[248],[249],[250]. The most commonly used ICPs, among all CPs, are PPy, PT,
613  PEDOT and PANI [251]. The most frequently used in a wide range of biomedical fields are PANI
614  and PPy. The use of these ICPs in artificial muscles, TE, and drug delivery systems derives from the
615  fact that they are biocompatible, chemically stable, and their synthetic process and doping are
616 simple [252],[253],[254],[255]. Certain tissues, such as muscle, may require different material
617  properties, as these tissues need flexibility as a fundamental part of their mode of action (Fig. 7). To
618  address this, modification of a flexible polymer was conducted to make it more suitable for the
619  culture of muscle cells [256].

620 CPHs are used in TE to imitate the specific properties of cardiac tissue, which has significantly
621  limited regenerative capacity [257],[258]. An example of the use of CPHs in cardiac tissue
622  engineering is a homogeneous hydrogel containing PTAA and methacrylate aminated gelatin. The
623  conductivity of this hydrogel (10-1 mS:cm™) is similar to the conductivity of myocardial tissue.
624  Biological evaluation of this hydrogel showed its positive effects on cardiac differentiation efficiency
625  [259].

626 Savyar and co-workers prepared conducting biocompatible PPy/graphene/chitosan composite
627  hydrogels (Table 4) [248]. The addition of 3% graphene caused an increase of over 200% in terms of
628  the mechanical properties (tensile strength) and conductivity of these hydrogels. Fibroblast cells
629  showed good adhesion, proliferation and viability on the surfaces of these composites, indicating
630  that they are excellent candidates for biodegradable materials in TE cell scaffolds with very low risk
631  of graphene accumulation during degradation. In turn, the hydrogel affects the increase in cell
632 viability and proliferation of human embryonic stem cells derived from fibroblasts and cardiac
633 muscle cells [260],[261]. An example of a CPH with high potential for use as a conductive substrate
634 for the growth of cells responsive to electricity in TE is a conductive polymer made by Y. S. Kim and
635  co-workers [262], consisting of PEDOT:PSS poly(4-styrenesulfonic acid) in a PEG (poly(ethylene
636  glycol)) hydrogel matrix. This CPH can be used as an electrically conductive TE scaffold for muscle
637  and nerve tissue. The surface of the above-mentioned CPH can be easily modified to aid cell
638  adhesion and proliferation, and in vitro studies conducted using electrically responsive H9C2
639  myocytes showed that this hydrogel is not cytotoxic. The conducting PPy composite hydrogels
640  possessed very good swelling/deswelling potential as well as good electrical conductivity, indicating
641  they can be used in TE [263].

642 One very interesting combination of polymers are the composites containing CPs and
643  stimulus-responsive polymers [264]. The latter are a special class of polymeric materials that can
644  respond to even very slight changes in temperature, pH, light, and ionic strength, permitting their
645  wide use in TE, drug delivery systems and sensors [264]. Temperature-sensitive materials have
646  attracted significant attention owing to their ability to display intelligent responses to temperature
647  changes. Sharma used poly(N-isopropylacrylamide) (PNIPAM), which may act as a controllable
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648  temperature-responsive bio-switch, and PANI for controlled cell adhesion. When fibroblast cells
649  were seeded on the composite surface, the PANI/PNIPAM nanofibres exhibited the highest cell
650  growth and a %live of approximately 98%, indicating very good biocompatibility.

651 Table 4. ICPs with networked polymers used for biological applications.
Synthesis -

ICPs Networked Polymer technique of ICPs Application Ref.
PPy Chit? ChemP 2 Biomedicine, TE [248],[260]

PAA?3 ChemP Drug delivery [265]

PVA ¢4 ElectroP 5 Drug delivery [266]

OPEGF © ChemP TE [267]

Cellulose ChemP Drug delivery [268]

PANI Heparin ChemP TE [269]

PEGDA 8 ChemP TE [270]

PNIPAM ° ChemP TE [264]
PAAM 10 ChemP Drug delivery [271],[272]

PEDOT Alginate ChemP Drug delivery [273]

RGD-functionalized Alg. 1! ElectroP TE [274]

PEG ChemP TE [262]

652 ! Chit: chitosan; 2 ChemP: Chemical polymerization; > PAA: Poly(acrylic acid); + PVA: Poly(vinyl alcohol); °
653 ElectroP: Electrochemical polymerization; ¢ OPEGEF: Oligo(polyethylene glycol) fumerate; 7t-CGN:
654 iota-Carrageenan; ® PEGDA: Poly(ethylene glycol) diacrylate; ° PNIPAM: poly(N-isopropylacrylamide); 1
655 PAAM: Polyacrylamide; "' RGD-functionalized Alg.: Arginine-glycine-aspartic acid (RGD)-functionalized
656 alginate hydrogel.

657

658 Ongoing studies seek to generate new CPHs that would be biocompatible with cells of the
659  human body and would aid in the treatment and rehabilitation of damaged tissues sensitive to
660 electrostimulation [263].

661  3.3. Drug delivery systems containing ICPs

662 The family of electroactive biomaterials is considered a new generation of smart materials that
663  allow the direct delivery of electrical signals by converting their chemical, electrical and physical
664  properties (Fig. 8A) [183]. These biomaterials include CPs, piezoelectrics, photovoltaic materials, and
665 electrets. Their unusual properties result in unlimited applications (e.g., medicine, pharmacy and
666  agriculture). CPs are perfect materials for the controlled delivery of chemical compounds
667  [163],[275],[219], mainly in CPH form.

668 Since the 1980s, when Zinger and Miller demonstrated that glutamate and ferrocyanide can be
669  released from PPy films through the application of an electric potential [276], CPs have been
670  investigated as potential candidates for drug delivery systems. Briefly, drug delivery systems based
671  on CPs exploit the polymers' ability to electrically switch between an oxidized and a reduced state.
672  The desired molecules incorporated into the CPH matrix by using a doping method can be released
673  in a controlled manner after applying a reducing (negative) or oxidative (positive) electrical
674  potential [219],[275],[265],[64]. This creates a flexible, lightweight and partially biodegradable device
675  that does not require an external power source to operate. The diffusion of bound molecules is
676  facilitated by the porous structure of CPHs and the presence of delocalized charge carriers in their
677  structure [219]. This theory has been confirmed by studies conducted for medicinal substances such
678  as dopamine [277], naproxen [278], heparin [265],[279] and dexamethasone [275]. The discharge of
679  particles usually takes place quite rapidly, within just a few minutes, which, depending on the CPH
680  used, can be both a disadvantage and an advantage of CPs [279],[280],[281].

681 Loading of the drug compound can be performed in a number of ways depending on the type
682  of drug, determined mainly by its size (small or big) and charge (positively and negatively charged
683  or neutral drug compounds) (Fig. 8B) [183]. Small anionic compounds can be loaded through
684  one-step immobilization (Fig. 8B(1)) as dopants during the polymer synthesis process [282],[283].
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685  When the drug molecules interfere with the polymerization process, the most complicated loading
686  process is required. The three-step method separates the synthesis and drug loading processes (Fig.
687  8B(2)) [183],[284],[282],[285],[283], which comprise the following:

688 (i) the synthesis of polymer using an ideal anionic “primary” dopant;

689 (ii) application of a reducing potential to flush out the primary dopant;

690 (iii) incorporation of the desired medicinal compound into the polymer by reversing the potential
691 [183].

692 Using this method, large anionic compounds may be incorporated in the polymer matrix.

693  Cationic drugs require a modified version of the three-step method, which is presented in Figure
694  8B(3) [183]. A large primary anionic dopant is immobilized inside the polymer matrix during
695  synthesis. Next, a reducing potential is applied to the polymer, which results in the positively
696  charged drug entering the material to maintain electroneutrality.
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699 Figure 8. (A) Schematic representation of the properties of electroconductive biomaterials and their applications
700 [183]. (B) Mechanism of drug loading and release in CPs: (1) one-step loading of anionic drug; (2) three-step
701 loading of anionic drug; and (3) loading of cationic drug [183]. (C) Examples of advanced CP-based drug

702 delivery solutions include (1) nanowires, (2) microtubes, (3) nanoporous structures, and (4) nanoparticles [183].
703 Reprinted with permission from Ref. 183. Copyright 2019 Elsevier.

704

705 The limitation of the use of CPs for the transport and release of drugs is the diffusion of bound

706  molecules outside the polymer and replacement of these particles with others found in the polymer
707  environment, as well as a small amount of the drug bound in the polymer. Molecular weight and
708  charge also determine which molecules can be bound and released. In this respect, modification of
709  CP chains is frequently required. To remove such limitations, various modifications are made, e.g.,
710  Dbiotin-streptavidin conjugation with PPy [280],[286]. Biotin is a dopant that provides more
711 homogeneous kinetics of release. As a result of the application of an electrical stimulation, the
712 bioactive molecule, covalently attached to biotin, is released. This is due to reduction of the PPy
713 backbone through the use of electrical stimulation and release of biotin [64],[281],[280].


http://dx.doi.org/10.20944/preprints201901.0229.v1
http://dx.doi.org/10.3390/polym11020350

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 January 2019 d0i:10.20944/preprints201901.0229.v1

20 of 33

714 Saha and co-workers described the preparation and use of a CPH based on PAAM and PPy
715 [272]. This hydrogel, obtained by electrochemical polymerization of PPy into PAAM and assuming
716 the form of an implantable, cylindrical drug-delivery device, was proposed for the treatment of
717  schizophrenia and bipolar disorder. The controlled release of model compounds, specifically
718  safranine [287] and methylrosaniline chloride [173], was tested with PPy/PAAM hydrogels
719  developed by electropolymerization and proved their suitability for use in electrochemically
720  controlled drug release processes. It is extremely important that this type of hydrogel is ‘active’
721  under neutral pH conditions, which significantly increases its attractiveness for in vivo applications.
722 The shortened lifespan of CPHs can be seen in PPy/PPS composites whose conductivity drops by
723 95% after 16 hours of 0.4 V voltage application [64]. As a result of repetitive stimulation cycles, the
724  CPH undergoes irreversible polymer oxidation reactions and a parallel process of dedoping and
725  reduction of conductivity, shortening the lifespan of the CPH. PPy and PEDOT very often are
726  combined and synthesized in hydrogels in pristine form or by cross-linking with other polymers,
727  which can be individually used in the drug delivery process. These polymers include, for example,
728  alginate [182], xanthan [268] and poly(lactic-co-glycolic acid)-co-poly(ethylene glycol) (PLGA-PEG)
729  [288]. Such CPHs are characterized by electrical conductivity, swelling ability and biocompatibility
730 [289].

731 Poly(p-phenylenevinylene) (PPV) was used to create a hydrogel with PAAM. This combination
732 of components resulted in the delayed release of salicylic acid from 3 to more than 15 hours after
733 application of the appropriate anode potential. The release profile of salicylic acid was optimized by
734  using a cathodic potential, different electric field strengths as well as cross-linking densities,
735 hydrogel pores and drug molecule sizes [127],[183]. A PAAM and PANI hydrogel was also used in a
736  drug delivery system [271].

737 Notably, for many applications, simple CP films alone do not provide sufficient drug storage
738  capacity. The use of organized porous structures (micro- and nanostructures) of CPs can provide a
739 greater volume and surface area for drug binding (Fig. 8C) [183]. PPy nanowires were formed, and
740  the micro- and nanogaps between the wires served as reservoirs for the binding of ATP and
741 dexamethasone (Fig. 8C(1)) [183],[290]. Chemically synthesized PANI nanofibres loaded with
742  amoxicillin were encapsulated into a PAAM hydrogel and evaluated to establish release and toxicity
743 profiles. Research confirmed the attractiveness of this hydrogel for electrically controlled drug
744 delivery applications, including implantable devices and transdermal drug delivery systems. Micro-
745 and nanotubes of PEDOT were used to load bacterial cellulose [291], PLLA or PLGA [292] (Fig.
746 8C(2,3)).

747 Nanocomposites with incorporated nanoparticles (NPs) offer an additional solution to improve
748  drug-loading capacity. ICPs with NPs show an increased specific surface area, which results in
749  increased encapsulation/loading efficiency of the drug [293],[294],[295],[296],[183]. Graphene oxide
750  (GO) was combined with PPy to generate a composite material with twice greater dexamethasone
751  binding capacity than PPy alone, a linear release profile up to 400 stimulations, and no passive drug
752 diffusion [293]. GO was also combined with PEDOT and as a composite to deliver dexamethasone in
753 a smart coating for orthopaedic implants [294]. An encapsulation efficiency of 95% was achieved
754  when loading ketoprofen inside PPy-iron oxide nanoparticles (Fig. 8C(4)) [183]. The PPy
755  nanoparticles were also immobilized in a calcium alginate hydrogel for the sustained pH-dependent
756  release of the anti-inflammatory drug piroxicam [297],[298]. Rapamycin was bound in a liposome
757  wall formed around PPy nanoparticles [299]. The liposome was coated with Herceptin®, which
758  binds specifically to a receptor expressed by breast cancer cells. Exposing the cells to an 808-nm laser
759  heated up the particles, releasing rapamycin and triggering apoptosis [299].

760 The combination of the conductive properties of CPs and hydrogel capabilities allows them to
761  be used for various biomedical purposes [300], including as drug delivery systems applied directly
762  to a target area. In this review, we highlighted some aspects of the structures of CPs, their
763  composition, roughness and other physicochemical properties resulting in their application in
764  biomedical areas.
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