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Abstract

:

During the last years, scientific research in biotechnology has been reporting a considerable boost forward due to many advances marked in different technological areas. Researchers working in the field of regenerative medicine, mechanobiology and pharmacology have been constantly looking for non-invasive methods able to track tissue development, monitor biological processes and check effectiveness in treatments. The possibility to control cell cultures and quantify their products represents indeed one of the most promising and exciting hurdles. In this perspective, the use of conductive materials able to map cell activity in a three-dimensional environment represents the most interesting approach. The greatest potential of this strategy relies on the possibility to correlate measurable changes in electrical parameters with specific cell cycle events, without affecting their maturation process and considering a physiological-like setting. Up to now, several conductive materials has been identified and validated as possible solutions in scaffold development, but still few works have stressed the possibility to use conductive scaffolds for non-invasive electrical cell monitoring. In this picture, the main objective of this review was to define the state-of-the-art concerning conductive biomaterials to provide researchers with practical guidelines for developing specific applications addressing cell growth and differentiation monitoring. Therefore, a comprehensive review of all the available conductive biomaterials (polymers, carbon-based, and metals) was given in terms of their main electric characteristics and range of applications.
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1. Introduction


Scaffold-based 3D cell cultures are highly investigated for many applications in pharmacology, drug development, diagnostics, tissue engineering, and regenerative medicine. Their main value relies on the capability to reproduce an environment which mimics the in vivo conditions actually undergone by cells. This approach improves reliability and usefulness of the results obtained in in vitro experiments—in terms of cell response to drugs, nanomaterials and biomolecules—addressing the translation to in vivo applications [1].



Nowadays, traditional analytical evaluations, considered the reliable “gold standard”, are performed by using dyes, DNA sequencing, immune-based assays, or fluorescence tags, which are often invasive, sample destructive and therefore prevent continuous monitoring. In this picture, one of the most critical hurdle is the possibility to evaluate specific cell functions without affecting their developmental processes. This would ensure a fundamental leap towards an improved and interactive monitoring of cell cultures [2,3].



Several efforts have been performed starting from 1970 to implement non-invasive strategies for monitoring cells and interacting with them by means of different physical cues (e.g., optical, electrical, or magnetic) [4]. Among all, specific techniques based on the application of an electrical field are attractive in terms of non-invasiveness, accuracy, sensitivity, low-cost, and time effectiveness. In this light, researchers started to investigate several methods to interact with cell development by recording or stimulating them by using specific electrical signals [5].



Electrical-based techniques for cell monitoring can be mainly classified in potential- and impedance-based ones. The first one—applicable to electrically active cells—usually gives the possibility to record/stimulate cell growth by means of a planar array of micrometric metallic electrode [6]. The latter one, suitable for monitoring also non-electrically active cells, relates cell behavior to measurable changes of the electric impedance, due to their inherent structure and morphology [7]. Throughout the years, both these techniques have become widespread methods for pharmacological drug development, biomarkers screening and in vitro pathology modeling [8,9,10,11,12,13,14].



In the last decades, a huge interest has been addressed toward to possibility to translate both these techniques from 2D to 3D sensing [15,16]. This further methodological exploitation may ensure the monitoring of cells growth or differentiation with improved reliability, for both pharmacology and regenerative medicine purposes.



The main issues introduced when shifting this approach towards 3D environment are related with the distance between cells and electrodes and the electrical properties of the scaffold materials, both of which might affect the overall reliability in the measurements.



Regarding a potential-based approach, the contact between electrodes and cells is considered primarily necessary in order to get a proper interaction both during recording and stimulating phases. By using a traditional 3D structure with non-conducting material, the contact between cells and microelectrodes is certainly impaired by the presence of the scaffold itself. Thus, the possibility to improve the overall conductivity of the scaffold is of primary interest [17,18,19].



Regarding impedance-based solutions, when switching from 2D to 3D environment, the main issue is represented by the electrical properties of the material used to embed and sustain cell growth, which has a predominant role in the measurement of the overall system (i.e., cells + scaffold) impedance [20]. The introduction of conductive materials—as alternative or combined with the traditional polymer/natural non-conductive matrices—thus represents a promising strategy to improve the interaction between sensors and cells and avoid the need of external invasive device [21,22]. However, it is mandatory to properly tune the electric characteristics of the scaffold in order to be sensitive at all the changes in impedance due to cell adhesion, growth, and differentiation [23,24].



Considering these main concerns, the identification of the correct biomaterial, in terms of electric characteristics and manufacturing properties, represent the main variable for obtaining an effective system able to monitor 3D cell cultures. Conductivity, combined with proper biocompatibility and mechanical strength, has been highly investigated as possible cue for improving the performances of engineered tissues, but also to positively influence cell growth and differentiation [22]. Thus, the use of biocompatible conductive polymers or additive materials/nanomaterials could ensure the possibility to create a favorable culture environment to simultaneously promote cellular activities and assist cell monitoring. In this picture, this review aimed to give a systematic analysis of the current state-of-the art concerning the use of biomaterials in 3D cell culture monitoring. After separately introducing conductive polymers, carbon-based, and metallic materials, an overall discussion is performed comparing the identified solutions in term of electrical performances and biocompatibility. In addition, critical considerations are performed regarding the possibility to tune well the properties depending on the cell types and regarding the specific measurement strategies, thus to provide some preliminary guidelines to achieve non-invasive solutions for 3D cell monitoring.




2. Materials and Methods


In order to perform this systematic review, specific keywords were considered in the searching strategy, thus to select the most relevant papers then described in each section. The review strategy included an extended bibliographic search on Scopus and PubMed online databases and including references on published manuscripts. No year restriction was used. The search terms were “scaffold production techniques”, “conductive scaffolds”, “conductive polymers” and “impedance based cell monitoring”. Studies were included in the analysis, if they met all the following criteria:

	
the study was a scientific article written in English;



	
the study was focused on the use of conductive biomaterials for cell monitoring;



	
the study reported information about the choice of the used materials, their properties and the manufacturing process.








All the papers were first selected according to the title; after that, the abstracts were examined in order to exclude those studies that were irrelevant for this analysis.




3. Results


The literature search identified 250 potentially relevant studies. After revisiting the titles and abstracts, the reviewers recognized 150 possible studies to be included in the systematic review. Finally, 122 unique studies were available.



Since the overall aim of the review was to give a comprehensive view of all the most updated strategies available to perform cell monitoring in 3D environment, analysis and discussion of the identified papers was divided in two different sections: the first one focused on conductive polymers, whereas the second one on carbon- and metal-based solutions including additive/fillers and nanomaterials. Each section specifically reported information on each identified material and finally, an overall comparison exploiting the advantages and disadvantages of using each material was performed and discussed, in order to point out suggestion for future improvement in this specific research area.



3.1. Conductive Polymers


Conductive polymers (CPs) and their derivatives are commonly used in biomedical engineering and have gained much importance in the last 20 years, because they exhibit chemical and physical characteristics of organic polymers along with electrical properties of metals [25]. Conductive polymers provide electrical stimulus and a physical environment for tissue genesis, cell growth and allow precise control over the duration and level of stimulation [26]. Researches showed that they are widely used in biological applications and they have the capability to modulate and support the growth of various cells including bone cells and nerve cells [27]. In addition, conductive polymers are also used to design polymeric composites with enhanced structural, mechanical and electrical properties and hence proved to be helpful in regenerative medicine including cardiac and neural tissue engineering [28]. CPs mainly used in biomedical area are polypyrrole (PPy), polyaniline (PANI), and polythiophene (PEDOT), with their electrical and optical properties [29,30,31,32]. Hereinafter, several details for each type of material.

	
Polypyrrole (PPy)—PPy is conductive conjugated polymer with excellent mechanical, electrical and stimulus-responsive characteristics, which makes it one of the most conductive biomaterials, appropriate to be used in biomedicine [33]. Polypyrrole possesses great chemical stability in water and air [34,35], and high electrical conductivity under biological conditions [36,37,38,39]. It can be synthesized with various different porosities and can be adjusted to make it more feasible for biomedical applications by incorporating with bioactive molecules [40,41,42]. Moreover, its stimulus responsive nature allows to control its properties by applying electrical potential [39,43]. As a biomaterial, PPy also supports cell growth and adhesion of a number of different types of cell, which makes it a suitable for scaffold fabrication in tissue engineering [44,45,46,47].



	
Polyaniline (PANI)—The second most studied conductive polymer is polyaniline (PANI) which is commonly known as aniline black. It is classified into three types depending on its oxidation level, such as the fully oxidized form is pernigraniline base, half-oxidized form is emeraldine base and fully reduced form is leucoemeraldine base. Among these, most conductive and stable is PANI emaraldine [48,49]. PANI offers many advantages over other conducting polymers, such as low-cost, easy to synthesize, and able to electrically switch between its resistive and conductive states [50,51,52,53,54]. Studies have shown that PANI and its derivative support cell growth [55] and hence can be used for scaffold fabrication.



	
Poly (3,4-ethylenedioxythiophene) (PEDOT)—Another conductive polymer is PEDOT which is a polythiophene (PTh) derivative [48,56]. PEDOT possesses good electrical, environmental and chemical stability [56]. It also have better thermal stability and conductivity than PPy [49,56]. Luo et al. (2008) [57] carried out an in vivo study and examined the biocompatibility of PEDOT by seeding NIH3T3 fibroblasts cells on PEDOT based films. The results showed good inflammatory response at the implantation site with low intrinsic cytotoxicity, hence making them suitable for biological and biosensing applications e.g., in neural electrodes [49,56,58], heart muscle patches, and nerve grafts [56].








A summary of the specific properties of each material are reported in Table 1.



By using these polymers is possible to produce conductive scaffolds, with the aim of defining platforms for cell sensing. The cell growth and colonization of the scaffold brings changes in its electrochemical impedance [59] and this change can be used to track cell growth. In [60], knowing that the PEDOT:xanthan gum scaffolds can efficiently facilitate cell culture, the electrical properties has been investigated by means of electrochemical impedance spectroscopy (EIS) and studied their evolution during cell growth as a tool to monitor cell growth. In [60], the PEDOT:xanthan gum scaffold is combined with electrode based device and there overall experimental setup has been reported in Figure 1. Specifically, gold electrodes were patterned on top of glass substrates, while a polydimethylsiloxane (PDMS) “well” was used to confine the scaffolds inside the electrode area. The Ag/AgCl/KCl (3 M) reference electrode and platinum (Pt) mesh counter electrode were immobilized inside the wells. The impedance data (presented as Bode plot) revealed a significant increase in the impedance value that was modeled as additional capacitance elements in the equivalent circuit, which corresponds to the growth of insulating cell layers in the pores of the scaffold [61]. A less pronounced change can be observed for mid to high frequencies, with a slight increase in the impedance values most likely associated with the presence of cells contributing to the increase of the Ohmic resistance at the working electrode-electrolyte interface.




3.2. Conductive Fillers


A different method to design and produce conductive scaffolds is to work within their inherent structure; in general an optimal approach is to add conductive filler in non-conductive polymer, such as gelatin, chitosan, PLLA (polyl-L-lactide acid), PCL (poly-caprolactone), and PLGA (poly(lactic-coglycolic acid)). Following these guidelines, the literature reported two different types of approaches, including carbon- and metal-based fillers and nanostructures.



3.2.1. Carbon-Based Solutions


Mainly, carbon-based fillers such as carbon black, graphene, carbon nanofibers and carbon nanotubes are widely used to increase conductivity [73,74].

	
Carbon Black—Carbon black fillers are preferred over metal fillers as they do not undergo oxidation, whereas, metal fillers get oxidized and create an insulation layer on particles surface [75]. Other advantages of hybrid composites made from carbon black fillers include: flexibility, light weight process capabilities, absorption of mechanical shock, and low production costs [76]. In [77], carbon black nanoparticles have been used to develop an electric responsive scaffold for cardiomyocytes-related experiments, showing good adhesion and viability.



	
Carbon Nanotubes—Carbon nanotubes (CNTs) possess extremely high strength together with low density and high electrical conductivity. CNTs are widely used in scaffold-related applications, as they support cell adhesion and their dimensions are comparable with extracellular matrix (ECM) molecules [78]. In [79,80], CNTs are used as carbon filler showing that these fillers has remarkably increased the conductivity and mechanical strength of designed scaffolds. A 3D-structure with tunable porosity for cardiac tissue engineering was developed, showing reinforced properties in terms of mechanical and electrical properties thanks to DWCNTs [81]. Also nerve tissue engineering applications, regarding both central nervous system (CNS) and peripheral nervous system (PNS), were studied in presence of CNTs showing cells proliferation and viability [78,82].



	
Carbon Fibers and Nanofibers—Carbon nanofibers (CNFs) could mechanically strengthen scaffolds and have the availability of higher amount of sites on the outer wall respect CNTs, thus facilitating electron transfer for electroactive analytes such as proteins and enzymes [83]. In [83], CNFs were successfully used in a chitosan matrix to fabricate an electrically conductive scaffold with a highly porous and interconnected structure for cardiac tissue engineering exhibiting high electrical properties and an elastic modulus similar to that of rat myocardium. CNFs were also incorporated in a biocompatible scaffold made up of cotton, which was carbonized, oxidized, and coated with polydopamine (PDA) to study nerve cells proliferation and differentiation, obtaining a final material similar to native cellular physiological environment facilitating cell adhesion, proliferation, differentiation, and other biofunctions [84].



	
Graphene—Graphene is a single layer of carbon atoms in a hexagonal lattice, capable of high mechanical properties combined with high electrical conductivity and biocompatibility. Graphene showed an important versatility since it was employed as filler in different base materials like chitosan/gelatin matrices, hydrogels and Poly(trimethylene carbonate) (PTMC). Biological properties like better adhesion, spreading and proliferation of cells on the conductive graphene make it a suitable material for scaffold based applications in tissue engineering [85,86,87,88,89,90,91].








A summary of the specific properties of each carbon-based filler are reported in Table 2.



In [78], CNTs/PLLA sensing scaffolds were microfabricated using Pressure-Activated Microsyringes (PAMs), a rapid prototyping microfabrication system which extrudes polymer solutions for biomedical and biosensing applications. Studies were carried out in presence of hepatocytes C3A cells and an electric cell-substrate impedance sensing (ECIS) method has been used, in which the impedance change of scaffold is recorded and correlated with corresponding cellular activities. The experimental results show that the impedance changes by approximately 40% in presence of cells and hence can be correlated with spreading, adhesion and changes in cell density (Figure 2). Thus, in this research, no electrodes were used and instead a smart scaffold was designed, which behaves as a biosensor for evaluating cell behavior (cell adhesion, proliferation) along with directing cellular growth.




3.2.2. Metal-Based Solutions


The metal-based solutions are mainly founded on the use of noble metals, which are resistant to corrosion and oxidation in moist air [73,74].

	
Gold—An interesting metal which has attracted attention in fields ranging from drug delivery, cancer therapies and regenerative medicine is gold, specifically gold nanoparticles (AuNPs). Gold is noble metal characterized by fundamental properties for tissue engineering like: biocompatibility, electrical, optical and catalytic properties, ease of functionalization, higher mechanical properties. It has been proven that AuNPs are capable to enhance intercellular electrical communications, augment cardiomyocyte function and cardiac differentiation of MSC. They have been used to produce a unique extracellular milieu that couples tunable conductivity and elasticity for cardiac tissue engineering (CTE) [92,93,94]. AuNPs have been employed together with different polymers to obtain conductive scaffolds evidencing an outgrowth process, where neurites originate from the soma, extend and branch, developing into a complex dendritic tree [95].



	
Platinum—Platinum Nanoparticles (PtNPs) have been indicated as promising biocompatible metal, which, when incorporated within scaffold, produce a positive influence both on cell growth and conductivity of the overall scaffold; thus, ensuring the possibility of an electric-based monitoring of cellular activities. Additionally, they protect cells from oxidation-induced inflammation which inhibits pulmonary inflammation and induced bone loss by decreasing osteoclastogenesis. PtNPs also assisted cell growth and could promote cell proliferation [96].



	
Silver—Silver (Ag) is a well-known material already used in coatings for biomedical devices and in wound care products thanks to its antibacterial properties. Since it is a metal, it shows electrical conductivity and charge storage capacity [97,98]. It must be underlined that this metal is under debate regarding the aspect of biocompatibility: Ag antibacterial properties are associated to the release of Ag+ ions and their release rate can be affected by silver nanoparticles (AgNPs) surface to volume ratio and capping agents, thus leading in toxicity problems [98].



	
Zinc—Complex tissue regeneration of peripheral nervous system (PNS) and, particularly central nervous system (CNS) (no spontaneous regeneration due to inhibitory cues connected to astroglial cells) suggest the usage of nanoparticles due to their ability to reduce activity of undesirable cells. In order to enhance neural tissue regeneration in electrical fields through conductive materials, like piezoelectric materials, zinc is a promising candidate in this field. This metal presents important properties like biodegradability (lower degradation rate than iron and magnesium (0.018–0.145 mm/year)), biocompatibility, suturability, non-toxic behavior and rapid healing capacity [99,100].








The main characteristics of metal-based fillers and the corresponding manufacturing techniques used in developing scaffolds, are reported in Table 3.






4. Discussion


The performed review aimed at systematically analyze the current state-of-the-art related to conductive materials usable for tissue engineering purposes, i.e., sensing and stimulating supports such as scaffolds. In this perspective, it is fundamental not only underline the types of materials available, but it is also mandatory to stress out the main specific applications. For this reason, the discussion section is addressed towards the identification of the most promising application thus to discuss the practical advantages and disadvantages of each conductive biomaterial. Furthermore, this approach might give useful guidelines to researchers for future implementations of conductive biomaterials for scaffolds development. As summarized in Table 4, three most relevant fields of applications were highlighted in the literature: neural, cardiac and bone tissue engineering.



Applications of conductive biomaterials encompassing the use of electroactive cells (neurons and myocytes) require the use of biomaterials that could interact with the cells ensuring both monitoring and stimulation. In order to ensure this interaction, high electrical conductivity in biological environment, high thermal and electrical stability and tunable electrical properties represent fundamental and mandatory key requirements.



Focusing on neural tissue engineering, where nerve regeneration represents the most thrilling challenge, different approaches were adopted with promising effects demonstrated on cells development. Among conductive polymers, PPy and PEDOT were shown as the most suitable choice, often combined with different kinds of materials. PPy provides from one side excellent mechanical, electrical and stimulus-responsive characteristics, and from the other the highest electrical conductivity under biological conditions compared to other conductive polymers. Its great stability and biocompatibility make it the most suitable also for in vivo applications in neural engineering [101,102,103,104,105]. Further, it was shown to enhance cell attachment, differentiation and to improve gene expression level and nerve regeneration. The need to combine PPy with other materials mainly comes from its poor mechanical properties. Thus, while pure PPy is crystalline and brittle, not proper for tissue scaffold materials [117], PPy composite can provide the necessary mechanical properties, while keeping the beneficial conducting and biocompatible properties of PPy. A similar requirement can be highlighted for PEDOT. It possesses better conductivity, thermal stability, electrical, chemical, and environmental stability compared to other conductive polymers, which makes it ideal for providing a continuous stimulation. However, due to its limited processability, it needs to be combined with other kinds of mechanically supporting materials, such as polymers or hydrogels. Thus, it is usually used as coating for fibers of other structures to enhance the conductivity and ensure a proper stimulation to neuronal cells. This was shown to have a positive effect on the development of nerve conduits for axonal regeneration [105,106]. Among conductive additives, both gold and carbon were employed in several works due to their biocompatibility and great electrical properties to stimulate neuronal cells, thereby enhancing their proliferation. The use of silver was shown to be limited to its antimicrobial properties, thus to avoid bacteria contamination. Despite very promising results could be obtained from in vitro testing, still several concerns exist about the safety of materials or Ag fillers used for conductance due to their lack of degradability, an important issue if aiming to nerve regeneration in vivo. In this picture, an interesting material, which needs to be pointed out is ZnO. In [99,100] zinc nanoparticles were proposed as biodegradable and conductive filler for nerve regeneration, and the resulting effect on the promotion of neuroglial cell proliferation suggest this material as a potential candidate for further future investigations.



Regarding cardiac tissue engineering applications, the highlighted key requirements are related to the elasticity and the possibility to tune the conducting characteristics, in order to effectively reproduce the well-known behavior of excitation–contraction coupling of the heart, thus ensuring the propagation of electrical signals in a synchronized mode. PANI with its unique tunable electrical properties [50,51,52,53,54] and PPy with its ability to be easily combined with other polymers to form a composite material with required mechanical characteristics [40,41,42] are the most suitable conductive polymers for realizing an engineered tissue that could be suitable for integration with cardiac muscle. With both these materials, an improved adhesion and proliferation of cardiac myoblasts could be observed. Furthermore, supporting the differentiation of these cells into cardiac myocytes, these materials are promising candidates to facilitate the regeneration of cardiac tissue in presence of defects. Interestingly, also nanostructured gold and carbon-based materials were highlighted as extremely promising for improving the regeneration of cardiac defects. Incorporating nanoscale electro-conductive gold nanoparticles into an injectable hydrogel was shown to enhance the properties of myocardial constructs, with extremely powerful potential implication aiming at an injectable smart scaffold [94]. Similarly, nanostructured carbon has been demonstrated as potential strategy to improve the expression of cardiac-specific genes involved in muscle contraction and electrical coupling [83].



Among applications encompassing non-electroactive cells (i.e., bone, cartilage, skin), the most upcoming for conductive biomaterials appear the ones concerning bone tissue engineering. In these, it is essential to provide proper tensile strength, compressive strength and elastic modulus in order to support the physiological loads. In addition to these mechanical properties, proper biomaterials for bone regeneration should be able to reproduce the microstructure of the host tissue, ensuring a proper mineralization of the structure to be integrated in the host environment. Among the conductive polymers, PPy and PANI, used in combination with other materials such as gelatin and PLA, were shown to enhance bone regeneration by supporting and stimulating cell adhesion and proliferation [65,114,115]. Despite its limitation in term of mechanical properties, also PEDOT:PSS was used in combination with gelatin and bioactive glass was shown to ensure the possibility to stimulate the construct. These results represent a step forward in combining the tissue engineering techniques with the method of enhancing the bone healing and mineralization through an external electrical stimulation.



Up to now, the majority of the applications here discussed were performed only in vitro. One of the major limitations of many of the conductive biomaterials is represented by their non-biodegradability, which restricts their use for in vivo application; this issue is in fact related to the possibility to cause inflammation at implantation site and thence the implant needs surgical removal [118]. Interestingly, to overcome this problem, conductive polymers can be combined with other biodegradable polymers to introduce degradability within the composite and design a conductive biodegradable polymer. Rivers et al. (2002) [119] combined conductive oligomers of pyrrole and thiophene with degradable ester linkages and synthesized conductive biodegradable polymer. In body, these ester linkages can be break down by enzymes and hence resulting in conductive polymer with unique property of biodegradability. Likewise, Shi et al. (2004) [120] also transforms conductive polymers into degradable electroactive polymers by blending them with degradable polymers. Zhang et al. (2010) [27] designed a biodegradable and electrically conductive polymer having aniline pentamer with glycine ethyl ester as side chains and assessed its biological compatibility using Schwann cells. The results confirmed their biocompatibility, as there were no signs of inflammation and cytotoxicity and hence indicating their suitability for scaffold preparation and other biological systems that need electroactivity. Furthermore, a different biodegradable conductive scaffold is prepared in [121] by combination of biodegradable chitosan (97.5%) and conductive polypyrrole (PPy, 2.5%). Regarding carbon and metal-based fillers, similar concerns can be highlighted. One of the main challenges preventing the translation in vivo of the promising approaches demonstrated in vitro is the systemic response that fillers release might have in the host. These materials might therefore cause an inflammatory and immune response which might affect the integration of the scaffold in the human tissues. The most interesting approaches that have been evaluated to overcome this issue are the fabrication of novel biodegradable materials, such as metal oxides (e.g., ZnO) which can provide from one side optimal biocompatibility, non-toxicity and degradability, and from the other great electrical properties.



Summarizing, from a comparison of all the discussed applications, the most relevant part of available literature was addressed to an evaluation of the different conductive biomaterials in term of electrical properties, mechanical properties and of cytocompatibility. Results obtained in terms of conductivity appear promising to adopt these materials for the development of scaffolds which could directly act as a sensing/stimulating element. This would ensure the possibility to interact both with electroactive cells, to monitor or stimulate with a potential based approach, but also with non-electroactive cells, monitoring their development by means of an impedance-based approach. Up to now this kind of approach appears limited to [60] for conductive polymers and to [78] for conductive fillers and currently is not adopted for metal-based fillers. However, the perspective given by these preliminary findings appear stimulating, showing the possibility to correlate quantitative changes of impedance magnitude and phase with cell growth in the scaffold. These approaches might furthermore be combined with the most upcoming strategies in term of impedance-based assays (e.g., impedance tomography) [122]. Integrating the two approaches might give a significant contribute in non-invasive monitoring of 3D cell culture with a significant improvement for field like regenerative medicine and drug development.




5. Conclusions


The present systematic review addresses how to design conductive scaffolds to achieve an improved interaction with cell cultures, by focusing on from a biomaterials perspective. Conductive polymers and various nanomaterials and fillers were described and discussed, highlighting their main properties in term of conductivity. The identified characteristics provide these biomaterials an extra edge on other non-conductive materials for scaffold fabrication, as they are capable of measuring cellular functions (cell adhesion, proliferation) by means of potential- or impedance-based strategies, along with directing cellular growth via electric stimuli.



Each material was discussed with a focus on the physical properties, possible fabrication techniques and on the most updated clinical applications, including novel uses of these materials for cell monitoring. This non-invasive evaluation of cell behavior by analyzing impedance change caused by cell spreading, adhesion, proliferation etc. represents a huge potential that still have a large space to be investigated. However, nowadays, ongoing researchers are more focused towards transforming a scaffold into a biosensor, which will eliminate a need of any external sensing system. This approach will provide a direct conducting path between cell and scaffold allowing a more effective and sensitive interaction, correlating very precisely even small changes of potential or impedance with specific cellular activities.
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Figure 1. (a) Experimental setup for electrode-based device with scaffold; (b) impedance magnitude and phase shift change with and without cells (reprinted with copyright permission [60] Copyright © 2018 American Chemical Society). 
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Figure 2. (a) Impedance spectrum (real part) of a typical membrane coated with collagen and immersed in medium at 0, 6, 24, and 44 h. Note that the 24 and 44 h spectra are coincident. (b) Impedance magnitude change, |Zp|, for the same membrane with respect to time 0 h. (c) Plot of real impedance values for a CNT/PLLA membrane with C3A cells as a function of time after cell seeding, (d) magnitude of impedance change for the same membrane. (Reprinted with copyright permission [78] Copyright © 2011 Elsevier). 
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Table 1. Properties of different conductive polymers and corresponding techniques used in manufacturing scaffolds.
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	Conductive Polymers
	Manufacturing Techniques
	Conductivity (Scm−1)
	References





	PPy or PPy
	Electrospinning, freeze drying, in situ polymerization
	102–7.5 × 103
	[62,63,64,65,66,67,68]



	PAN or PAN
	Electrospinning
	30–200
	[62,69,70]



	PEDOT or PEDOT Composites
	Freeze drying, vapor-phase polymerization, solvent casting
	10–103
	[60,62,71,72]
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Table 2. Properties of different carbon-based fillers and corresponding techniques used in manufacturing scaffolds.
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	Fillers
	Manufacturing Techniques
	Conductivity (Scm−1)
	References





	Carbon black nanofillers
	Reversible esterification reaction and two crosslinking steps
	/
	[77]



	Carbon fibers and nano fibers
	Precipitation, Heat treatment + surface oxidization + PDA coating
	4 × 10−4–128, 2 × 10−2
	[83,84]



	CNTs
	Electrospinning, chemical vapor deposition and oxidative purification; Pressure-Activated Microsyringe (PAM); High pressure carbon monoxide conversion synthesis and suspension mixing.
	1 × 10−9–3.72 × 102
	[78,81,82]



	Graphene
	Electrospinning and hydrazine vapors; co-electrospinning; Electrospinning and 3D ultrasound expansion; Emulsion polymerization by chemical oxidation method; Bioplotter extrusion printing with UV cross-linking
	0.93 × 10−7–2.52
	[85,86,87,88,89,90,91]
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Table 3. Properties of different metal-based fillers and corresponding techniques used in manufacturing scaffolds.
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	Fillers
	Manufacturing Techniques
	Conductivity (Scm−1)
	References





	Gold nanofillers
	Electrospinning, capillary force lithography + electron beam evaporation
	10−4–2 × 105
	[92,93,94,95]



	Silver nanofillers
	Capillary force lithography + electron beam evaporation
	4
	[97,98]



	Platinum nanofillers
	Heat sintering
	/
	[96]



	Zinc nanofillers
	Electrospinning
	0.01–0.08
	[99,100]
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Table 4. Properties of different metal-based fillers and corresponding techniques used in manufacturing scaffolds.
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Application Areas

	
Conductive Material

	
Effect on Cellular Activities

	
References






	
Neural Tissue Engineering

	
PPy:

i. PPy/PLA

ii. PPy/PLGA

iii. PPy/PCLF

	
An increased c-Fos gene expression level and enhanced nerve regeneration

Formation of longer neurites by electrical stimulation of PC12 cells

Enhancing the PC12 cell attachment.

	
[101,102,103,104]




	
PEDOT:

i. PEDOT/agarose gel hydrogel

ii. PEDOT/HA/PLA

	
Development of nerve conduits for axonal regeneration.

Electrical stimulation of PC12 cells for neural out growth.

	
[105,106]




	
Carbon fibers and nanofibers:

Cotton/CNFs/Poly-dopamine (PDA)

	
Electrical stimulation accelerated cell proliferation and differentiation of nerve cells

	
[84]




	
CNTs:

Hydrogel containing single-walled carbon nanotubes (SWCNTs)

	
Schwann cell (SC) response to SWCNT is examined in both 2D and 3D microenvironments

	
[82]




	
Graphene:

i. Conductive polyaniline/graphene (PAG) nanoparticles into a chitosan/gelatin matrix

ii. Polyaniline/graphene (PAG) nanocomposites

	
Electrical and mechanical properties increased depending on the PAG content

Improved electrical conductivity, stabilized thermal behavior

	
[85,90]




	
Au:

polycaprolactone (PCL)-gelatin

	
Enhances neuronal proliferation with encouraged axonal elongation over forming a complex branching trees

	
[95]




	
Ag:

Carboxylated Cellulose Nanofibers–Dopamine/Silver Nanoparticles (CCNF-DA/AgNPs)

	
Improved mechanical properties, antimicrobial activity (Gram-positive and Gram-negative bacteria), and electrical conductivity

	
[97]




	
Zn:

i. ZnO-NPs polymer composites 50:50, 75:25, 90:10, 98:2, and 100:0 (PU:ZnO wt.%)

ii. ZnNPs in poly(εcaprolactone) (PCL) matrix

	
Decreased astroglial cell adhesion and proliferation

Promoted neuroglial cell proliferation

	
[99,100]




	
Cardiac Tissue Engineering

	
PAN:

i. PAN substrate

ii. PAN/PLCL

iii. PAN/CSA

iv. PAN/PLGA

	
Supporting adhesion and proliferation of H9c2 cardiac myoblasts.

Increasing cell differentiation of C2C12 myoblasts.

In vitro differentiation of hMSC into cardiomyocytes

Integration of cardiomyocytes.

	
[107,108,109]




	
PPy:

i. PPy/Pt

ii. PPy/PC/gelatin

	
Stimulating cardiac myocytes.

Regeneration of infarct myocardium and cardiac defects.

	
[110,111]




	
CNTs:

i. CNT/PGS/gelatin

ii. CNT/PLA

	
Supporting for improved alignment of cardiomyocyte

In vitro cardiomyogenesis

	
[94,112]




	
Carbon black:

Liquid crystal elastomers with carbon black nanoparticles

	
Enhances cell attachment and viability of Cardiomyocytes cells.

	
[77]




	
Carbon fibers and nanofibers:

Chitosan/carbon nanofibers composite scaffold

	
Increasing expression of cardiac-specific genes involved in muscle contraction and electrical coupling.

	
[83]




	
Au:

Chitosan/Au (Thermosensitive conductive hydrogel)

	
Enhanced cardiomyogenic differentiation and proliferation of MSCs

	
[94]




	
Bone Tissue Engineering

	
PPy:

i. PPy/PLA

	
Stimulating cell growth and proliferation of ADSCs.

	
[65]




	
PAN:

i. PAN/HAP-CS/Gel

ii. PAN/PLA

	
Improves attachment and proliferation of dental pulp stem cells.

Enhance bone regeneration

	
[113,114]




	
CNTs:

i. CNT/PCL

ii. CNT/ HAP/PMMA

	
Enhanced osteogenic signal expression of rat bone-marrow-derived stroma cells.

Increased mechanical strength of scaffold

	
[115,116]




	
Graphene:

i. Poly-caprolactone (PCL), gelatin and polyaniline/graphene(PAG) nanoparticles

ii. Polyaniline solution + conductive hydrogel precursor charged with graphene nanoparticles

iii. Poly(trimethylene carbonate) (PTMC) with addition of just 3 wt % graphene

	
Mechanical and electrical properties increased and enhances rat bone marrow-derived mesenchymal stem cells adhesion and proliferation

Increased elastic modulus and electrical conductivity. Better supported human osteoblast-like cell adhesion, proliferation, and morphology comparing hydrogel alone

Improved tensile strength and electrical conductivity, enhanced mesenchymal stem cell (MSC) attachment and proliferation.

	
[87,89,91]
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