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Abstract

:

Conducting polymers (CPs) have attracted significant attention in a variety of research fields, particularly in biomedical engineering, because of the ease in controlling their morphology, their high chemical and environmental stability, and their biocompatibility, as well as their unique optical and electrical properties. In particular, the electrical properties of CPs can be simply tuned over the full range from insulator to metal via a doping process, such as chemical, electrochemical, charge injection, and photo-doping. Over the past few decades, remarkable progress has been made in biomedical research including biosensors, tissue engineering, artificial muscles, and drug delivery, as CPs have been utilized as a key component in these fields. In this article, we review CPs from the perspective of biomedical engineering. Specifically, representative biomedical applications of CPs are briefly summarized: biosensors, tissue engineering, artificial muscles, and drug delivery. The motivation for use of and the main function of CPs in these fields above are discussed. Finally, we highlight the technical and scientific challenges regarding electrical conductivity, biodegradability, hydrophilicity, and the loading capacity of biomolecules that are faced by CPs for future work. This is followed by several strategies to overcome these drawbacks.
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1. Introduction


Biomaterials generally indicate natural and synthetic substances that interact compatibly with biological systems [1]. The field of biomedical applications is defined by biosensors, tissue engineering, artificial muscles, drug delivery, etc., according to the component of the living organism with which the biomaterials interact for the purpose of medical diagnosis and treatment. Biomedical engineering involves both biology and engineering in an effort to apply engineering fundamentals and materials to medicine and healthcare. The current level of biomedical engineering has been reached primarily by diversifying biomaterials based on specific uses. While, biomaterials were generally acquired from the natural environment before the 20th century, a new variety of materials—such as ceramics, metals, carbons, synthetic polymers, alloys and composites have been extensively utilized as biomaterials since the early 20th century. These novel materials exhibit many advantages such as enhanced mechanical properties, chemical and biological performance, high reproducibility, and improved functionality [2,3,4,5,6,7]. Furthermore, their properties could be tuned to a target application by controlling the precursor materials and synthesis parameters. In particular, synthetic polymers have been considered promising biomaterials because they are compatible with biological environments; biocompatibility is one of the key aspects required in biomedical applications [8]. In addition to biocompatibility, polymeric materials possess some advantages, including chemical stability, good processability, and low production cost, allowing them to be widely used in various fields of engineering [9,10]. However, there are limits in certain biomedical applications where the semiconducting or metallic properties of biomaterials are essential, as conventional polymers are insulators.



As a new class of polymers, namely, conducting polymers (CPs) emerged, the limitations began to collapse. CPs are polymers with π-conjugated backbones that show electrical conductivity when given charges by redox reactions. CPs have attracted an immense amount of attention since the initial discovery of metallic polyacetylene in the late 1970s, as it was revealed that CPs can exhibit electrical conductivity in a broad range via a doping process using a relevant dopant [11]. They not only have electrical and optical characteristics similar to those of metals and semiconductors, but also exhibit the advantages of conventional polymers mentioned above. Furthermore, the level and duration of electrical stimulation can be externally controlled with CPs, which is beneficial for biomedical applications [12]. Therefore, CPs have various abilities that are useful for medical diagnoses and treatments of damaged body parts, including (i) ease of functionalization with bioactive molecules, (ii) alteration of a cellular response to electrical or optical or physical properties, (iii) charge transfer from an electrode to ions in living tissue, (iv) dimensional changes upon oxidation and reduction, and (v) entrapment and the release of drugs and biomolecules [13,14,15]. Additionally, their biocompatibility in vivo as well as in vitro is another great merit for their utilization in biomedical engineering [16,17,18,19].



Biocompatibility refers to the ability of a biomaterial to function in medical treatment by deriving a beneficial cellular or tissue response from a living host organism while not inciting any undesirable effect in the recipient of the therapy [20]. It is a crucial characteristic of a biomaterial that it is determined by a variety of factors including: physical, chemical, biological, medical, and design elements [21]. Since biomaterials must coexist with the tissue of the host; biocompatible materials need to possess long-term storage capability, and resistance to corrosion and chemical components of biological fluids. In addition, they should not cause any response that is inflammatory, toxic, carcinogenic, or allergic [22].



The biocompatibility of a material is measured through various tests concerning the interaction of the material with physiological fluids and cells, and stimulation of an immune response, both in vitro and in vivo [21]. In vitro studies are conducted to roughly assess a possibility of a material of interest harming relevant cell types. Assays composed of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) or its variants are commonly used to test cellular metabolic activity since high rates of MTT reduction is expected from rapidly dividing cells [23]. In addition, DNA synthesis, cell proliferation, cell membrane integrity, and toxicity based on cell death or tissue injury are also measures tested by in vitro studies [24,25,26].



There may be effects of a biomaterial not only from direct contact with cells but also from indirect exposure since it can generate diffusible components including residual solvents, monomers and breakdown products [23]. On top of the in vitro tests, in vivo studies are also essential to fully assess the biocompatibility of a material, as the cell-based assays used in vitro do not concern the rest of the human body. A material that is not directly cytotoxic can cause a destructive reaction. For example, Yeo at al. discovered that a UV-cross-linkable chitosan depressed cell viability in a moderate degree in cell culture but caused vigorous peritoneal adhesions in the peritoneal cavity [27].



The evaluation of biocompatibility can vary depending on the applications of biomaterials. In drug delivery, a material that does not cause any tissue injury may still damage a recipient of the treatment from drug delivery, as well as unpredicted complications including intravascular coagulation and embolism [26,28,29]. Therefore, it is important to consider the effect of drug delivery systems on an entire human body to eliminate any potential risk. The biocompatibility in tissue engineering refers to the ability of a scaffold to perform as a substrate to promote cell growth. In this context, biocompatible materials for tissue engineering should be able to support appropriate cellular activity such as the facilitation of molecular and mechanical signaling systems for tissue regeneration [30].



The biocompatibility of conducting polymers is affected by their polymer compositions including chemical structures, functional groups, morphologies, and synthetic processes [31]. Diverse conducting polymers such as polypyrrole (PPy) and polyaniline (PANI) have exhibited a great cellular response and support of the growth of various cell types, which is an essential aspect of biocompatibility in biomedical applications [32,33,34,35,36]. Furthermore, the biocompatibility of conducting polymers can be readily improved by introducing biocompatible molecules, segments and side chains to the polymers [37]. An in vivo study by Ramanaviciene et al. exhibited great biocompatibility of chemically synthesized PPy particles in mice over six weeks of treatment without any negative effects on cell viability and proliferation [18]. PANI has also been reported to show great biocompatibility in terms of dermal irritation and sensitization by Humpolicek et al. [38].



In spite of the attractive features of a CP mentioned above, a few challenges that hamper their widespread adoption in biomedical applications still remain. This article seeks to review recent research efforts and progress in the use of CPs for biomedical applications. In particular, this review focuses on the motivation and function of the CPs in the research fields of biosensors, tissue engineering, artificial muscles, and drug delivery. Furthermore, the challenges that the CPs are currently facing in the research fields above will be discussed regarding the charge carrier mobility, biodegradability, hydrophilicity, and loading capacity of biomolecules. Finally, a summary of representative approaches that could resolve the challenges is presented.




2. Conducting Polymers (CPs)


CPs have π-conjugated backbones in their structure. sp2-hybridized atoms with alternating single and double bonds enable the CPs to exhibit electrical conductivity. For this reason, they are also called conjugated polymers in their neutral states before they are processed to obtain permanent charges. Polyacetylene (PA) was first recognized as a CP in the 1970s and has been widely exploited ever since [39,40]. However, this noncyclic polyene is unstable in air and is therefore difficult to process [41]. As a result, solution-processible aromatic CPs, such as PPy, PANI, polythiophene (PT), and poly(3,4-ethyelenedioxythiophene) (PEDOT), have become a popular alternative [42]. Their phenyl or pentyl groups offer excellent thermal stability and conductivity [43,44]. In Table 1, the structures and applications of the aforementioned aromatic CPs are shown.



Two commonly used methods to synthesize the CPs are chemical and electrochemical redox polymerization. The former usually produces powders, whereas a thin film is obtained via the latter.



Although the chemical synthetic route enables the mass production of CPs, its process is typically more complicated [41]. It is also worth noting that further modification of bulk CPs after polymerization is necessary to obtain the required electronic properties. On the other hand, the processes of polymerization and doping are more controllable, and thin films are readily obtainable in the case of the electrochemical polymerization technique. However, this method is not suitable for large production quantities [45].



The charges in the CPs are controlled via doping where they are oxidized (p-doping) or reduced (n-doping) while retaining neutrality via counter ions from doping. Figure 1 depicts the p-doping of heterocyclic polymers. Charge carriers injected in the form of charged polarons (radical ions) or bipolarons (dications or dianions) migrate along the conjugated CP backbone, from which electrical conductivity is generated [41]. Owing to their unique electrical properties, the CPs have been of interest in a variety of scientific applications, including capacitors, field emission display, surface protection, and biomedical engineering [42].




3. Biomedical Applications


3.1. Biosensors


A biosensor is an analytical device that generates electrical signals according to biological responses from an analyte. As the biological species is monitored by a sensing element in a biosensor, measurable electrical signals proportional to the concentration of the analyte are generated. As shown in Figure 2, a biosensor is mainly composed of a bioreceptor, transducer, and electronic module [55]. Various sensing elements, such as antibodies, cells, enzymes, and tissues, can be used as bioreceptors that interact with specific analytes. The extent of the interaction caught on the bioreceptors is transformed by the transducer into an electrochemical, optical, or thermal signal [56,57,58]. Once the transduced signals are delivered to the electronics, they are often magnified by an amplifier. Subsequently, a signal processor displays the amplified signals in a user-friendly way. Biosensors can detect various signals such as current, potential, change in conductivity, and light absorbance [59].



Biosensors have evolved through three generations depending on the level of integration of a bioreceptor and a transducer as illustrated in Figure 3 [60]. The first generation involves the bioreceptor immobilized in a dialysis membrane, which is attached to the surface of the transducer. In the second generation, the bioreceptor is either adsorbed or covalently connected to the transducer without the need for the membrane. The third generation includes the bioreceptor directly bound to the transducer and the electronics, allowing their complete integration as a biosensor unit.



In biosensors, the CPs are used as transducers owing to their great electrical conductivity as well as their great sensitivity and versatility of available monomer types. Furthermore, biomaterials for a receptor can be easily integrated with the CPs, thereby enabling the facile assembly of biosensors. Furthermore, the CPs are cost effective and can be adapted to a variety of fabrication techniques to form biosensors. PPy, PT, polycarbazole (PCz), poly(o-phenylenediamine) (POPD), PA, and polyfuran (PFu) are commonly used as biosensors.



The CPs have been exploited in diverse applications for biosensors including medical purposes and environmental monitoring. Extensively studied blood glucose biosensors are a good example of the medical applications [61,62,63]. They use enzymes to oxidize glucose in a number of steps and the concentration of glucose is detected by a transducer composed of the CPs. PPy, PANI and polyaminobenzoic acid (PAB) are typical CPs used in glucose biosensors [64,65]. Cholesterol biosensors monitor the level of cholesterol in blood, which is considered an important measure in clinical diagnostics. PPy can be used as a transducer in cholesterol biosensors to immobilize enzyme cholesterol oxidase by physical adsorption. In cholesterol biosensors, the oxidation of cholesterol in PPy films results in amperometric responses [66]. Biosensors are also capable of monitoring environmental hazards. In gas sensors for environmental monitoring, the CPs exhibit a fast change in electrical conductivity resulting from the reduction of the polymers when organic vapor or moisture is detected [67,68,69]. PANI films have been reported to be effective in ammonia gas sensors, which is beneficial for food-packaging applications [70,71]. In a humidity sensor, films of CPs, such as poly(3,4-ethylenedioxythiophene)/polystyrene sulfonate (PEDOT/PSS) and poly(anilinesulfonic acid) have been shown to be capable of detecting a change in a wide range of humidity [72,73].



The main challenge of biosensors is to combine biologically reactive elements such as antibodies, cells, and enzymes with the CPs in order to function as an electrical signal generator. The CPs are great matrices for the immobilization of the bioreceptors due to their biocompatibility, sensitivity, and durability. In addition, they are flexible to endure the embedment of the biomolecules [74,75]. Such immobilization can be done by physical adsorption, chemical adsorption, covalent bonding, crosslinking, or entrapment [76,77,78,79,80,81].



Physical adsorption takes advantage of physical interactions such as Van der Waals and electrostatic forces between bioreceptors and CPs. The anionic bioreceptors are attached to the cationic CPs through electrostatic forces. It is worth noting that physical adsorption does not require the functionalization of monomers. However, the leaching of the bioreceptors may occur over time due to the weak forces of physical adsorption. In this context, chemical adsorption that involves covalent binding between bioreceptors and the CPs is introduced. Despite its simplicity, the precise control of biomolecule orientation on the surface film remains a challenge. Such random orientations may block active sites on the surface of the CPs. In this regard, a targeted coupling strategy where crosslinking agents and functional groups, such as –NH2, –COOH, and –SH, are selectively introduced onto biomolecules. Such targeted coupling strategies enable the precise control of the biomolecule’s orientation. However, it is difficult for the biomolecules to maintain enzyme activity due to the harsh treatment by toxic chemicals involved in the crosslinking process [82,83,84,85].



Entrapment techniques where monomers, dopants, and biomolecules are mixed together in a solution are usually performed in electrochemical polymerization. In this strategy, polymerization of the CPs and immobilization of the biomolecules occur simultaneously. However, it is not cost effective because a high concentration of biomolecules is required during the process. The procedure of entrapment causes sensing elements to become less accessible to the analytes. Furthermore, the quaternary structure of proteins is damaged by the hydrophobic CPs, and therefore their biological activity as sensing elements decreases [86,87].



Despite the advantages of low cost and easy production, the CPs in biosensors have limitations—in that the CPs are more vulnerable to surrounding chemical conditions including oxygen, acids, and bases. In addition, the charge carrier mobility is not satisfactory compared to other conducting materials such as carbon nanotubes and silicon nanowires [88]. Gao et al. suggested coaxial nanowire composites composed of PPy and carbon nanotubes in an effort to exploit complimentary attributes, such as the flexibility and light weight of the CPs and the high electrical conductivity of carbon nanotubes [89]. Specifically, PPy was electrodeposited onto an array of carbon nanotubes, resulting in individually coated nanotubes with a great electroactive surface area [90]. Glucose oxidase was immobilized by the oxidation of pyrrole to form a glucose biosensor.



In Figure 4a,b, the scanning electron micrographs of the carbon nanotubes are compared before and after the electrodeposition of PPy. The layer of evenly coated PPy, thinner than 100 nm, was found in the array of carbon nanotubes with a spacing between 100 nm and 400 nm. Figure 4c illustrates the electrical current according to the concentration of glucose. The response increases linearly with the detected amount of glucose up to 20 mM, which is higher than the requirement for practical glucose biosensors, typically 15 mM.




3.2. Scaffolds for Tissue Engineering


The action potential generated at the synapse plays a key role in neural communication and electrical conductivity, and is known to help the proliferation and differentiation of cells [91,92]. A scaffold is a structural element utilized in tissue engineering that serves as a template for the regeneration of functional tissues and organs. Materials for scaffolds in tissue engineering require the following characteristics: hydrophilicity, biocompatibility, biodegradability, and mechanical properties resembling those of tissues. Therefore, the CPs are promising candidates for scaffolds for tissue engineering to regenerate or replace damaged organs such as skin, tissue, and spinal cord [93,94,95,96,97].



In early studies, pure CPs, such as PPy, PANI, and PT, that offer cytocompatibility were employed for scaffolds, as they are capable of adhesion, proliferation, and differentiation of diverse cell types [98,99,100,101]. These polymers can be synthesized in the form of films on the surface of an electrode either chemically or electrochemically [41]. To adjust the mechanical properties, it is common to blend the CPs with other degradable and more flexible polymers, including poly(lactic acid) (PLA), poly(lactic-co-glycolic acid) (PLGA), and polycaprolactone (PCL). For example, PPy/polycaprolactone films are prepared by merging polycaprolactone films in a mixture of polystyrene sulfonic acid and pyrrole in water, followed by the addition of ferric chloride, as an oxidant. As a result, conductive PPy-coated polycaprolactone films are formed, which display a similar resistivity as the native cardiac tissues [102]. Polyurethane is biocompatible and has suitable mechanical and physical characteristics for scaffolds, and therefore can be used to form composite films when blended with the CPs [103]. Conducting composite films composed of polyurethane and PPy are fabricated by the polymerization of pyrrole in an emulsion mixture of polyurethane and subsequent pressing into the form of films. It should be noted that the stiffness is tunable depending on the ratio of PPy to polyurethane [104].



Conducting copolymer films are another type of modification to enable the CPs to be more widely used in tissue engineering. Since not all the CPs are natively biodegradable, their use in vivo can be limited [105]. The addition of aniline to form a copolymer with the CPs is an effective way to provide the CPs with biodegradability. Copolymers of aniline and pyrrole functionalized with hydrolyzable groups have been reported to show a similar electroactivity to the CPs while also being biodegradable [106,107].



Nanofibrous polymeric scaffolds have been extensively researched to mimic the natural extracellular matrix (ECM). The CP nanofibers can be synthesized by electrospinning, phase separation, and molecular assembly [108,109,110]. In the process of electrospinning, the CPs are mixed with biodegradable polymers, then electrospun into the form of nanofibers. They possess a high surface area, porosity, and tunable diameters in the range of a few nanometers [111,112,113]. Scaffolds fabricated by the electrospinning of conductive nanofibers using PANI blended with PLA or gelatin have been developed and showed an electrical conductivity of 4.2 × 10−3 S cm−1, which is substantial enough to be exploited for cardiac tissue engineering [114,115].



Electroconductive hydrogels are hybrid materials comprised of CPs blended with conventional polymers that provide aqueous gel networks. These hydrogels exhibit rubber-like flexibility, tunability, and biocompatibility, which are essential requirements for the use in scaffolds [116,117,118,119]. An electroconductive hydrogel made of poly(ethylene dioxythiophene) and poly(acrylic acid) (PAA) has been developed by free radical polymerization since they display distinguished electroactivity, mechanical properties, and swelling [120]. Despite their excellent electrical conductivity, physiological pH of living tissue (7.4) diminishes electrical conductivity of electroconductive hydrogels, as the charges on the CP backbone return to the neutral states [121]. Also, hydration in physiological media allows physically trapped CPs to escape the network, resulting in a further decrease in electrical conductivity [122]. Single component CP hydrogels fabricated from CPs as a main matrix can be a solution to the limitations of electroconductive hydrogels. However, it is challenging to form such hydrogels since conjugated polymers lack flexibility, water solubility, and functional side chains [123]. Therefore, only a few studies have been reported on the single component hydrogels. Nevertheless, there are potential candidates for these hydrogels, and polythiophenes are one example owing to a variety of water-soluble polythiophenes that have been developed [124]. Mawad et al. demonstrated the fabrication of single component hydrogels composed of poly (3-thiophene acetic acid) (PTAA), which is based on polythiophenes [125]. 1,1′-carbonyldiimidazole (CDI) was utilized as a crosslinking agent to form the hydrogels since it is soluble in water and washable from the network. The crosslinking density was determined by the ratio of CDI to the monomer of PTAA. In Figure 5a, scanning electron micrographs of the hydrogels with different crosslinking densities are shown. All of the hydrogels exhibited porous networks with varying wall structures and pore size distributions. A well-established morphology of C2C12 myoblast cells 72 h after the incubation on the surface of the hydrogels is shown in Figure 5b,c, which indicates that the hydrogels assisted the adhesion and proliferation of the cells. Depending on the crosslinking density, the swelling ratio and porosity as well as mechanical properties could be tuned. Excellent swelling ratio up to ~850% was observed when the crosslinking density was low. The compressive modulus was also affected by the crosslinking density and measured to be 17.88 kPa with a high crosslinking density, which is comparable to muscle tissue. Furthermore, great electrical conductivity of ~10−2 S cm−1 was obtained in physiological conditions.



Tissue engineering usually concerns three approaches: (1) utilization of biomolecules to help host cells regenerate tissue, (2) introduction of repair cells directly to the defective area, and (3) growth of cells on a scaffold in bioengineered atmospheres that would help the regeneration of tissue [126]. Tissue scaffolds should mimic the chemical, mechanical, and topographical properties of the ECM composed of proteins and polysaccharides [127]. Therefore, a controllable geometry, high degree of porosity with appropriate pore size, great surface-to-volume ratio, and a high degree of pore interconnection are required for tissue scaffolds [128]. Nanofabrication technologies that are able to synthesize nanostructures satisfying such factors include electrospinning, chemical etching, and photolithography. Electrospinning is commonly used to generate ECM-like nanofibrous scaffolds. PPy, PANI, and PT have been proven to be compatible with cells and tissues in in vivo and in vitro systems [126].




3.3. Actuators for Artificial Muscles


The volume change of the CPs due to the electrochemomechanical reactions pave a way towards their utilization as actuators for artificial muscle applications [129]. The volumetric expansion of a CP in electrolyte is controlled by tuning the applied voltage. It is notable that the oxidized state is stiffer than the reduced state due to the ionic crosslink at the polaron site and delocalization of π-electron [130]. The size of anions used for the process determines whether the electrochemomechanical reaction occurs via anion drive or cation drive, as illustrated in Figure 6. Small anions, such as ClO4− and bis-(trifluoromethanesulfonyl)imide (TSFI−), come out of the bulk CPs during reduction, and thereby the reduced state is shrunk, which is called anion drive (Figure 6a). On the other hand, when large anions, such as dodecylbenzenesulfonic (DBS−) acid, are used, long alkyl chains of the anions cause entanglement and immobilization in the network. The reduction of the CPs then occurs via the cation drive, where cations inserted from the electrolyte solution result in a swollen polymer network by the volume of additional cations (Figure 6b) [131].



In actuators, a linear or angular movement can be derived from the volumetric change of the CPs. One of the most widely used configurations is a bilayer structure composed of a CP film grown on a metallic electrode with a nonconductive film. The device exhibits macroscopic bending behaviors shown in Figure 7 due to swelling or shrinking induced by a mechanical stress gradient across their interface resulting from electrochemical reactions. Specifically, the anion-driven device bends towards the CP-convex form upon oxidation via swelling of the CP. On the other hand, the cation drive results in bending the device in a CP-concave manner, as they shrink by oxidation. It is yet unavoidable to use a metallic counter electrode in a bilayer actuator. However, it often results in deterioration of the actuating film caused by corrosion of the metal electrode exposed to a harsh environment (i.e., a sudden change in pH and chemical) [129].



In an effort to exclude the metallic counter electrode, a trilayer actuator was developed in which two CP films were attached to double-sided tape [132]. When the trilayer structure is immersed in an electrolyte (Figure 8), two opposite volume changes are produced as one of the CP films undergoes anion-driven swelling, whereas the other film experiences cation-driven shrinking [129]. The main advantage of the CPs, as actuators for artificial muscles, is their low operating voltage (as low as 2~10 V) [133]. In addition, they provide higher strains in a more cost-effective way than carbon nanotubes [134]. However, the electromechanical coupling, the conversion efficiency from electrical to mechanical energy, is not as high as that in carbon nanotubes. Therefore, the application of the CPs in a large-scale actuator has been hampered [135,136].




3.4. Drug Delivery


The CPs in drug-delivery applications utilize their electrical stimulation to release several therapeutic proteins and drugs. PPy is one of the most widely studied CPs for drug delivery due to their controllable and reversible redox reactions that enable the delivery of drugs [41]. The rate of drug release in the CPs can be precisely controlled via alteration of their redox state, resulting in changes in polymer charge, conductivity, and volume. Specifically, as illustrated in Figure 9, the mechanism of drug release by the CPs is similar to that of bioactuators. Anionic drugs that are incorporated using small anions leach out as the volume of the CP decreases upon reduction, whereas cationic drugs prepared with immobile anions are released by cation-driven actuation when the CPs are oxidized [137].



Drugs of interest can be incorporated during the polymerization of the CPs. For anionic drugs, the incorporation into the CPs occurs by anions that balance out the positive charges induced by oxidation. In contrast, cationic drugs are incorporated into the CPs with the help of cations [138]. The incorporation of drug molecules into CP matrices during polymerization can be hindered due to the unfavorable interaction among drug molecules and polymers. Moreover, the drug molecules weaken the adherence of the CPs to the electrode, which is crucial to provide electrical stimuli for drug release [137]. In order to resolve such challenge, drug molecules can be incorporated after synthesizing the CPs. A buffer layer of pristine CPs between the electrode and CP/bioactive drug mixture can improve adherence preventing detachment of the CP/bioactive drug layer [138].



A drug molecule for the use in the CP-based drug delivery system needs to meet the following requirements; (1) it should not be electroactive at the voltages applied to the systems in order to maintain its biological activity, (2) the pKa needs to be moderated to precisely control the loading and releasing of the drug, (3) short half-lives are preferred to reduce the risk of accumulation, and (4) it should not be toxic to local tissues that may be subject to higher concentrations of the drug [137].





4. Current Stage and Challenges


To date, significant progress has been achieved in exploiting the CPs in the field of biomedical engineering owing to their electrical conductivity and biocompatibility. Nevertheless, some drawbacks still limit the utilization of these polymer materials in biomedical engineering.



Biodegradability is one of the critical issues of typical CPs that requires improvement, especially in tissue engineering, where scaffolds are expected to eventually decompose. A scaffold is an artificial support device implanted temporarily in order to boost the differentiation and proliferation of cells until new tissues are formed. Therefore, the CPs used as scaffolds must degrade after they achieve their role [105]. In an effort to ensure biodegradability of a scaffold, the CPs have been blended with other degradable polymers. For example, PLA, a common biodegradable polymer, was mixed with conductive PPy nanoparticles to provide both conductivity and degradability [41].



Armelin et al. reported on the fabrication of stable freestanding nanomembranes by combining a PT derivative that has carboxylate substituents in the 3-position of the heterocyclic ring and a biodegradable polyester [138]. The nanomembranes were fabricated by spin-coating mixtures of a PT derivative, poly(3-thiophene methyl acetate) (P3TMA) and polybutylene succinate (PBS) for use as bioactive platforms for tissue engineering [139]. Although it is possible to provide the CPs with biodegradability, there is a tradeoff between the electrical conductivity and biodegradability, as the overall structure is modified in such a way that the conductive properties are hindered.



Hydrophobicity of the CPs is also an obstacle that must be overcome in order to apply the CPs to scaffolds and biosensors. Despite their excellent mechanical properties and biocompatibility, their lack of hydrophilicity hampers the attachment of cells onto their surfaces [140,141]. The surface properties can be modified via functionalization. For example, Guo et al. proposed a two-step method, as shown in Figure 10, for the functionalization and surface modification of PLA to promote hydrophilicity as well as to introduce conductive aniline oligomers onto the surface of PLA. It resulted in improved cell adhesion and controllable cell behaviors such as spreading, proliferation, and differentiation in a later stage. Specifically, carboxyl acid and anhydride functionalities were introduced onto a PLA film using photo-crosslinking. Subsequently, aniline tetramers were coupled with the functionalized PLA films. The surface modification enhanced both hydrophilicity and electroactivity at the surface [142].



Actuators based on the CPs are electrically controllable with low voltage and biocompatible with liquid electrolytes such as bodily fluids, which makes the CPs attractive materials for the application. However, the mobility of charge carriers in the CPs needs improvement to provide faster responses in the actuators. By blending the CPs with nanofibers and nanotubes, the charge-carrier mobility can increase due to their porous structures, but making the blended materials biocompatible is another issue [143].



Finally, for drug delivery, there is a limit to the amount of therapeutic substances that can be delivered using the CPs. Increasing porosity and surface area is one way to increase the drug-loading capacity. Films of template-grown CP can enhance the porosity and increase the surface area by forming nanostructures. According to Sharma et al., PPy scaffolds created with the help of a 3-dimensional colloidal crystal template made of monodisperse poly(methyl methacrylate) (PMMA) exhibited a high surface area [144]. Nanofibers can also be used as a template to fabricate the CPs with a high porosity and surface area. Abidian et al. constructed poly(3,4-ethylenedioxythiophene) (PEDOT) nanotubes using nanofibers of poly(lactide-co-glycolide) (PLGA) as a template for a precisely controlled release of dexamethasone [145]. PEDOT was electrochemically deposited around the electrospun nanofibers of PLGA. Subsequently, PLGA can be dissolved, resulting in hollow nanotubes of PEDOT. Figure 11a compares the release of dexamethasone from the PLGA nanofiber and the PEDOT-coated PLGA nanofiber. The layer of PEDOT around the PLGA nanofibers slows down the release of dexamethasone. Furthermore, the drug release can be controlled more precisely by actively actuating the PEDOT nanotubes loaded with the drug with an electric field. As depicted in Figure 11b, upon the application of a positive voltage, PEDOT shrinks as electrons are inserted into the chains and counterions are discharged into the solution. This contraction of the nanotubes allows the release of the drug at the ends of the nanotubes. In Figure 11c, the cumulative mass releases of dexamethasone from the PLGA nanofibers and the PEDOT-coated PLGA nanofibers with and without electrical stimulation are shown. By the electrochemical deposition of PEDOT around the PLGA nanofibers, a substantial decrease in the amount of dexamethasone released was observed. In addition, when the electrical stimulation of 1 V was applied at specific points, the amount of the drug release increased significantly. SEM images of the PEDOT nanotubes after dissolution of the PLGA nanofibers in the core in Figure 11d–f reveal the hollow morphology of PEDOT as well as the well-defined internal and external texture. The diameters of the nanotubes varied from 100 to 600 nm, whereas the average wall thickness of PEDOT ranged from 50 to 100 nm.




5. Summary


In summary, we first reviewed the motivation and function of the CPs in biomedical applications including biosensors, tissue engineering, artificial muscles, and drug delivery. The CPs have been widely developed and studied in biomedical engineering over the past few decades; they can provide unique optical and electrical properties along with the advantages of ease of controlling their morphology, high chemical and environmental stability, and biocompatibility. The most commonly used CPs are PPy, PANI, PT, and PEDOT, which are simply synthesized via chemical or electrochemical redox polymerizations. In biosensors, the CPs act as a transducer that turns chemical reactions into electrical signals. As a scaffold in tissue engineering, they serve to promote the proliferation and differentiation of cells. Furthermore, these polymers are utilized not only as actuators for artificial muscles, because of their volume change properties upon redox reactions, but also as a drug carrier in the process of drug delivery, because of their ability to release drugs upon electrical stimulation.



However, the use of the CPs in biomedical engineering has been limited by a lack of biodegradability, low hydrophilicity, low charge-carrier mobility, and a small loading capacity of biomolecules. Nevertheless, ongoing studies have been investigating a wide range of possibilities for resolving these issues. As a response to low biodegradability, it has been strongly suggested that the CPs should be blended with biodegradable polymers because the blend scaffolds are expected to degrade faster than pure CP ones. To enhance the hydrophilicity of the CPs, surface modification and functionalization have been attempted using the chemicals and small molecules that possess hydrophilic properties. Hybridization with other conducting materials, such as carbon nanotubes and nanofibers, have proven to be an effective strategy that supplements the low charge-carrier mobility of the CPs. Finally, it has been reported that the limit in drug-loading capacity can be overcome by forming nanostructures with higher porosity and surface area.



In spite of significant advances in biomedical engineering by the use of the CPs as a biomaterial, there are still many challenges to be surmounted, including poor biodegradability, low hydrophilicity, low charge-carrier mobility, and small loading capacity of biomolecules. However, we believe that the CPs will become more promising materials for biomedical research in the near future, as a variety of ways to overcome the weaknesses of the CPs are continuously being explored.
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Figure 1. p-doping of heterocyclic polymers (X = S, N, O): a polaron and a bipolaron are subsequently introduced upon oxidation. 
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Figure 2. A schematic of a biosensor. Adapted with permission from [55]. Copyright 2011 Intech. 
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Figure 3. Three generations of biosensors. 
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Figure 4. Scanning electron micrographs of an array of pure carbon nanotubes before the electrodeposition of polypyrrole (a) and the aligned coaxial nanowires after polypyrrole was deposited (the inset shows a single nanotube) (b). Anodic current response of the glucose sensor composed of polypyrrole, carbon nanotubes and glucose oxidase, depending on the concentration of glucose detected (c). Adapted with permission from [89]. Copyright 2003 John Wiley and Sons. 
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Figure 5. Scanning electron micrographs of the poly (3-thiophene acetic acid) (PTAA) hydrogels with different crosslinking densities: low (left), middle (middle), and high (right) (a). Morphology of C2C12 myoblast cells at 72 h of post-seeding observed by SEM (b) and by a fluorescence assay (c). Adapted with permission from [125]. Copyright 2012 John Wiley and Sons. 
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Figure 6. Electrochemomechanical reactions using small anions result in the shrinking of CPs upon reduction by anion drive (a), whereas large anions cause CPs to swell when reduced by cation drive (b). Reprinted with permission from [131]. Copyright 2014 Springer. 
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Figure 7. A bilayer actuator bends upon oxidation of the CP: anion-driven swelling results in the CP layer on the concave side (a), whereas cation-driven shrinking results in the CP layer on the convex side when the CP is reduced (b). 
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Figure 8. Bending of a trilayer actuator is caused by one CP film that swells by anion drive and the other CP film that shrinks by cation drive. Republished with permission of Royal Society of Chemistry, from Biomimetic polypyrrole based all three-in-one triple layer sensing actuators exchanging cations, García-Córdova et al., J. Mater. Chem., 21, 2011 [132]; permission conveyed through Copyright Clearance Center, Inc. 
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Figure 9. Release of anionic drugs occurs by anion driven shrinking when a CP is oxidized (a) whereas cationic drugs are released during reduction of a CP by cation drive (b). 
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Figure 10. Photografting of poly(lactic acid) (PLA) films with maleic anhydride (MA) (top) and acrylic acid (AA) (bottom), followed by subsequent coupling reactions. Adapted with permission from [142]. Copyright 2012 American Chemical Society. 
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Figure 11. A schematic of the release of dexamethasone from the PLGA nanofiber and the PEDOT-coated PLGA nanofiber (a). A mechanism of drug release resulting from contraction of the PEDOT nanotube by a positive applied voltage (b). Cumulative mass of dexamethasone released over time from the PLGA nanofibers (black), the PEDOT/PLGA nanofibers with no electrical stimulation (red), and the PEDOT/PLGA nanofibers when 1 V was applied at five specific points (c). Scanning electron micrographs of the PEDOT nanotubes after removal of PLGA (d–f). Adapted with permission from [145]. Copyright 2006 John Wiley and Sons. 
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Table 1. Chemical structures, applications of common aromatic Conducting polymers (CPs): Polypyrrole (PPy), Polyaniline (PANI), Polythiophene (PT), and Poly(3,4-ethyelenedioxythiophene) (PEDOT).






Table 1. Chemical structures, applications of common aromatic Conducting polymers (CPs): Polypyrrole (PPy), Polyaniline (PANI), Polythiophene (PT), and Poly(3,4-ethyelenedioxythiophene) (PEDOT).





	Polymer
	Chemical Structure
	Applications
	References





	Polypyrrole (PPy)
	 [image: Applsci 09 01070 i001]
	Fuel cells, corrosion protection, computer displays, microsurgical tools, biosensors
	[33,46,47,48,49]



	Polyaniline (PANI)
	 [image: Applsci 09 01070 i002]
	Biosensors, neural probes, drug delivery, tissue engineering
	[38,50]



	Polythiophene (PT)
	 [image: Applsci 09 01070 i003]
	Biosensors, solar cells, tissue engineering, photosensitizers, supercapacitors
	[41,51,52,53]



	Poly(3,4-ethyelenedioxythiophene) (PEDOT)
	 [image: Applsci 09 01070 i004]
	Neural electrodes, nerve grafts, heart muscle patches
	[54]











© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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