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Conductive 3D scaffolds are composed of conjugated polymers (CPs) and natural non-conductive 

polymers arranged in a 3D architecture which provides tridimensionality to cellular culture, and 

thus a closer-to-in vivo environment, along with a high surface area for cell adherence and 

proliferation. However, the scaffolds must also obey other characteristics: homogeneous porosity, 

with pore sizes large enough to allow cell penetration and nutrient flow; elasticity and wettability 

similar to the tissue of implantation; and a suitable composition to enhance cell-matrix interactions. 

In this review we summarize the fabrication methods, characterization techniques and main 

applications of conductive 3D scaffolds based on conductive polymers. The main barrier in the 

development of these platforms has been the fabrication and subsequent maintenance of the third 

dimension due to challenges in the manipulation of conductive polymers. In the last decades, 

different approaches to overcome these barriers have been developed for the production of 

conductive 3D scaffolds, demonstrating a huge potential for biomedical purposes. Finally, we 

present an overview of the emerging strategies developed to manufacture 3D conductive scaffolds, 

the techniques used to fully characterize them, and the biomedical fields where they have been 

applied. 
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1. The importance of using conductive scaffolds in biomedical sciences 

Many functions of the human body are regulated by electric signals, including neural 

communication, embryonic development, tissue repair after injury, and heartbeat.1 The nervous 

system is the largest electrically active infrastructure in our body, followed by the heart and other 

muscles.2-3 The former uses electricity to transmit information from neuron to neuron through 

synapses while the muscle cells of the heart produce electrical impulses that travel through the 

entire organ leading to muscle contraction, thus producing rhythmical heart beats. In addition, 

several studies have also demonstrated that some tissues, such as bone marrow, use conductivity 

to regenerate new tissue.4 Therefore, materials that interface with electrically active tissues for 

bioapplication purposes such as tissue engineering or monitoring, must also be conductive to 

enhance the biological response to external stimuli.  

Conjugated polymers (CPs) are a composite of an oxidized conjugated polymer backbone and a 

negatively charged species (known as a dopant) that counterbalances the overall charge. The key 

feature that makes a CP highly conductive is the oxidized state that, in combination with the 

conjugated backbone and the dopant, allows the free and rapid electronic movement along the 

polymeric structure. CPs are an optimal choice for the design of devices and scaffolds with electric 

properties, not only to provide conductivity, but also because of their high biocompatibility.5 

Polypyrrole (PPy), polyaniline (PANI) and poly(3,4-ethyl-enedioxythiophene) (PEDOT) have 

been by far the most utilized CPs in biomedical fields, and have been the only ones used in the 

development of conductive 3D architectures for bioapplications. As illustrated in Figure 1, 

conductive polymer 3D Scaffolds have been applied mainly as three different architectures: porous 

scaffolds, fiber meshes and hydrogels. 6  
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Figure 1. Conductive 3D architectures manufactured from conjugated polymers. 

 

1.1. Importance of 3D cell cultures  

To ensure complete acceptance by the host tissue, the implants must mimic as much as possible 

the biological environment porosity, permeability and mechanical stability. Current in vitro tests 

to evaluate material suitability and toxicity rely on bidimensional cell cultures, and do not fully 

embrace the complexity and heterogeneity of real biological systems. One alternative might be 

animal models; however, their high cost, time-consuming screenings, and ethical issues make them 

unfeasible for most projects and reserve them for definitive tests and evaluations. Thus, 3D 

scaffolds appear as an cost-effective ultimate answer for biomedical applications obtaining rapid 

results while providing an environment similar to in vivo tissues with large surface areas for cell 

or biomaterial attachment, proliferation, sensing, etc. 7 Several studies have demonstrated that cells 

have a behavior and response when cultured in a 3D organization that is closer to the in vivo, 

providing a more realistic predictive outcome. 8 

The proper scaffold must comply with the following characteristics: (i) tridimensional porous 

structure, with pore size large enough to allow cellular penetration and growth, nutrient and 

metabolic waste flow; (ii) mechanical properties similar to the tissue it is to be placed in; and (iii) 
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a suitable surface composition and morphology permitting cellular adhesion and interaction.9 This 

third feature is the dominant factor for a successful adaptability of the scaffold inside the biological 

environment. To modulate and enhance such interactions, a large variety of biocompatible 

polymers, dopants, compositions and biomaterials have been used in the design of CPs 3D 

scaffolds. Most of them are porous materials, hydrogels and fiber meshes, composed of non-

conductive natural polymers mixed with CPs permitting acquisition of electrical properties.7 The 

most significant ones are reviewed along these pages.  

 

1.1.1. What to consider 3D vs 2D scaffolds 

The tridimensional feature has been examined in different ways. Due to the recent novelty of 

this concept in biomedicine, there is not a clear distinction between 2D and 3D dimensionality. 

Some authors considered 3D structures as tridimensional when their thickness exceeds few 

nanometers in all three directions, even though the z-axis is only in the order of hundreds of 

nanometers, such as fibers membranes.10 Other authors restrict 3D substrates  to those measuring 

a few microns in height,11while some were able to construct scaffolds of a few millimeters. 

Additionally, the term “3D” has been applied to material-cell assemblies.12  

Furthermore, pore size is a feature to consider when defining tridimensionality. For instance, 

traditional fibrous meshes, even those of mm thickness, can have pore sizes up to few microns, 

thus providing superficial porosity but hindering cell infiltration inside the structure, thus 

hampering achieving a 3D culture.13-14 Pore sizes of 200-500 µm have been suggested as the most 

effective size to favor tissue growth.15 

Herein, we have defined our own limits of tridimensionality that must apply for any scaffold to 

be considered 3D: the length in each direction must be a minimum of double the average height of 

the studied cell.  For example, if cardiomyocytes, with known thickness of around 20 µm,16 are 
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incubated, the 3D scaffold must have a height of at least 40µm.  Alternatively, if culturing neurons 

with a thickness of 150-200 µm,17 then the substrate must have a thickness of at least 300 µm. 

Furthermore, few publications specify a conductive 3D scaffold under our definition. We believe 

that these characteristics (dimensions of the 3D, size of the porosity and conductivity), are required 

to obtain the best predictive result in biomedical applications. Therefore, this is an up to date 

overview of the different processing and characterization methods used to manufacture 3D 

scaffolds as well as their most relevant applications. All the works presented here fulfill our 3D 

definition. 

 

2. Fabrication methods of 3D scaffolds based on conducting polymers 

2.1. Porous scaffolds 

The main drawbacks of using CPs in biomedical devices are the poor mechanical properties and 

their difficulties in manipulating and processing. They are commonly stiff, brittle and insoluble, 

leading to delamination and poor durability. Blending CPs with other malleable non-conductive 

polymers has become a convenient solution to overcome such shortcomings, combining the 

positive qualities of both materials. 6, 18 Although the preparation of 3D CP-based materials is 

tricky, in recent years the number of manufacturers of such scaffolds has increased significantly. 

A diverse collection of processing methods has been used, and all of them have in common the 

use of a template to define the 3D geometrical shape as well as the internal configuration. A 

summary is shown in Figure 2 and a detailed discussion of each process will be presented in this 

section. 
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Figure 2. Processing methods for manufacturing porous scaffolds. 

 

The most conventional method used is polymerization in solution of the monomer in the 

presence of an oxidant and other non-conductive polymers.19 Although conductive hydrogels have 

been synthesized since 1994 (see next section),20 the first attempt in manufacturing a 3D porous 

conductive scaffold appeared in 2013, when Sajesh and co-workers used alginate (Alg), a natural 

biopolymer that allows cell penetration and encapsulation, to functionalize polypyrrole (PPy) and 

become incorporated into a chitosan matrix. PPy was first polymerized via chemical oxidation 

with FeCl3 of a pyrrole solution containing Alg. The blend was next added to a chitosan solution, 

which was then lyophilized and crosslinked with glutaraldehyde.21  

Freeze-drying or lyophilization uses ice or frozen solvent as a template to build the 

tridimensional structure.  First, a mixed polymer solution containing confined solute particles 

within the solvent crystals is poured into the desired mold and frozen. Second, through ice 

sublimation, a cast 3D network is formed retaining the solute particles in their original position 

and conformation.22-24 Freeze-drying is a versatile and facile method to produce 3D macroporous 

structures with any shape and dimension imaginable.25 Several studies have demonstrated that 
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variation of the parameters, such as composition, freezing and/or sublimation rate and 

temperatures, can influence the condition of the final substrate, as well as modulate its porosity. 25 

The most common method to incorporate CPs is by in situ polymerization and deposition into 

an already prepared 3D substrate, also known as ‘coating’.26-27 Vapour phase polymerization 

(VPP) has become a feasible method to deposit conductive films in a defined and controllable 

manner. In contrast to conventional chemical polymerization in solution, synthesis of the polymer 

in the VPP process occurs through a monomer in its vapour state. Usually, the process takes place 

in three steps. First, the prepared substrate is soaked into an oxidant solution. Second, it is placed 

inside a closed chamber or container together with a monomer solution. It has to be noted that both 

species inside the chamber must not be in direct contact. Third, the coated substrate is rinsed in an 

alcohol solvent, such as butanol and water, to remove any unreacted oxidant and monomer. The 

monomer vapour can be formed through several procedures, and heat or vacuum under an inert 

atmosphere are the most common methods to evaporate the monomer.28 29 Even a combination of 

both heat and vacumm can be a proper choice for those monomers with a high boiling point, such 

as EDOT (193ºC). As an alternative, the monomer vapour can be stored or produced in a separated 

connected chamber, while the vapour flow is guided through pressure differences between them.30 

The chemical synthesis takes place by the polymerization of the monomer vapour inside the 3D 

substrate. In order to slow down the PEDOT polymerization process, Iandolo et al. added pyridine 

or the triblock copolymer PEG-PPG-PEG into the oxidant solution to reduce the oxidant reactivity, 

since it had been previously shown to avoid the crystallite formation of iron tosylate and favour 

the PEDOT guiding during its synthesis. 29  

In other cases, the approach to fabricate macro-porous 3D substrates includes the use of a 

template, which can be removed at the end of the process, resulting in the 3D replica structure. 
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Polystirene (PS) and poly(lactic-co-glycolic acid) (PLGA) are the polymers used for this role. 7, 31 

Afterwards, both template microspheres can be selectively removed by the addition DCM.  

Alternatively, electrochemical deposition may be used for coating 3D substrates. Song et al. 

developed a simple and low-cost method using nickel foam as a template to manufacture foam-

like scaffolds composed of reduced-graphene oxide (rGO) and PPy.32 They combined an 

electrostatic layer-by-layer (LBL) assembly methodology to first absorb the rGO nanosheets 

within the template with an electrochemical deposition strategy, and then polymerized PPy on the 

rGO-based substrate. At the end, the Ni was eliminated via etching, resulting in a highly porous 

and flexible scaffold. In another example, a bulk sponge made of carbon nanotubes (CNTs) has 

been directly used as working electrode to electrodeposite PANI using a three-electrode cell.33 

Severt and co-workers went a step further in the coating methodology and combined both 

chemical and electrochemical polymerization to sequencially deposit CP onto sponge-like silk 

substrates.18 After first depositing a layer of PPy via chemical polymerization, the resulting porous 

scaffolds were conductive enough to serve as working electrodes for a posterior 

electropolymerization of either PPy, PEDOT or PEDOT-OH, thus obtaining an additional layer of 

CP on the surface of the scaffold. The authors observed that such an additional layer reduces the 

resistivity of the substrate and increases its stability during long-term storage.  

The most simple and final processing method reported does not include a polymerization step, 

but utilizes already available commercial polymer solutions, such as the commonly used 

PEDOT:PSS Clevios PH-1000, from Heraeus. Ding and co-workers covered a melamine sponge 

with a PEDOT:PSS by simply dipping the sponge into a polymeric solution and then letting it dry 

in a vaccumm oven.34 Even though this is the fastest and easy way used to generate conductive 3D 

scaffolds ever published, delamination easily occurs due to the weak interaction between the CP 
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and the substrate. Thus, the commercial CP solutions are usually mixed with other non-conjugated 

polymers, placed in molds and freeze-dried. 25 Most protocols use gelatin, chitosan or collagen to 

later crosslink and improve the mechanical properties and stability of the final porous scaffolds. 

23, 35-37 

 

2.2. Hydrogels based on conductive polymers 

During the past decades, hydrogels have received special attention due to their unique and 

inherent properties. Their highly hydrated nature, together with their flexibility and softness, make 

them outstanding biomimetic materials for soft tissue applications.38-40 Furthermore, conductive 

hydrogels may also afford electrical properties permitting their use as bioelectrodes in applications 

that require interfacing with soft tissues.41-42 Similar to the conductive porous scaffolds in the 

previous section, such electrical properties can be incorporated by addition of CPs through 

polymerization before, after or even at the same time as the gel crosslinking (Figure 3).43 

 

Figure 3. Processing methods for manufacturing conductive hydrogels. 
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The processing methodologies employed so far can be considered easy and feasible, using in 

most cases natural biopolymers, such as chitosan or gelatin, as backbones for the hydrogels.44 

Yang et al. used a simple chemical polymerization of PPy within an already crosslinked alginate 

(Alg) hydrogel, a natural polysaccharide that forms ionic crosslinked networks in presence of 

divalent cations.43 In their work, the authors introduced the hydrogel in an aqueous pyrrole 

solution, allowing the monomer to penetrate within the gel by diffusion. Then, the polymerization 

was developed by adding the FeCl3 oxidant inside the solution, resulting in highly homogeneous 

PPy/Alg hydrogels. In other reports, the incorporation order of the reagents within the hydrogel 

has been reversed. Xu and co-workers immersed crosslinked carboxymethyl chitosan (CMCS) 

hydrogels into an oxidant solution of ammonium persulphate (APS), and then into EDOT/hexane 

solution to perform the subsequent polymerization. In this case, the authors applied vacuum to 

ensure a uniform dispersion of the oxidant within the gel structure, and a vibrator to facilitate the 

polymerization process.45 

Electrochemical polymerization within a gel has also been achieved by Mario Cheong and co-

workers.46 They first prepared a sericin and PVA hydrogel coated on a glass substrate with a pre-

layer of PEDOT/pTS. This both enhances adherence of hydrogels to substrates and introduces 

conductivity for use as an electrode. Later, the hybrid was dipped into an aqueous EDOT solution 

and subsequently PEDOT was polymerized by electrodeposition at low charge density, achieving 

a slow uniform deposition throughout the substrate. According to the authors, such homogeneity 

is essential to avoid increased voltage across the electrode, which would damage the hydrogel 

through hydrolysis, and lead to the formation of a nodular polymer with high peaks that can breach 

the hydrogel surface.  
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A second process to introduce CPs into a hydrogel performs the polymerization of the CP and 

the crosslinking at the same time. In this case, two solutions must be prepared, one containing the 

biopolymer and the CP monomer, and the other the oxidant and the crosslinker. Both the 

polymerization and gelation start as soon as the solutions are mixed.47 Shin and co-workers 

developed an oxidative crosslinking using sodium periodate (NaIO4) as a double agent, acting both 

as oxidant for EDOT monomer and crosslinker for catechol-functionalized hyaluronic acid (HA-

CA).48 Furthermore, other substances can be added to stabilize the final structure or modulate its 

final properties.  

Finally, the last methodology includes using a solution of already synthesized or commercial CP 

as a starting point, adding the hydrogel precursor and, afterwards, the crosslinker to form the final 

gel. 49 Mawad et al. prepared a N-(3-aminopropyl) methacrylamide hydrochloride (APMA) 

derived-PEDOT crosslinked with acrylic acid (AA) in presence of poly(ethylene glycol) diacrylate 

(PEG-DA).50 

Single component conductive hydrogels have also been achieved. In the study performed by Dai 

et al., hydrogels composed of PEDOT/PSS where manufactured through a type of ionic 

crosslinking using an excess of Fe3+ ions.51 As well, monomer derivatives have been synthesized 

to achieve gelation not only through crosslinking of the side chains,52 but also without such 

cross/linking effect: Du and co-workers succeeded in the formation of PEDOT-based  hydrogels 

from an amphiphilic PEDOT monomer, yielding to a non-crosslinked 3D structure as shown in 

Figure 4).53 
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Figure 4. Schematic diagram of the synthesis of conducting polymer hydrogels: An EDOT-S 

colloidal solution with spherical micelles has converted into a PEDOT-S hydrogel with sheet-like 

building blocks upon addition of an oxidant. Reprinted with permission from ref. 53 Copyright 

(2011) Royal Society of Chemistry. 

 

2.3. Electrospun fiber meshes 

 

Figure 5. Schematic representation of the fabrication of 3D electrospun fibrous scaffolds. 

Adapted with permission from ref 14. Copyright (2012) Royal Society of Chemistry. 

 

Fibers are the third type of 3D scaffolds used in tissue engineering.54 Due to their inherent shape 

and distribution, they can effectively mimic the extracellular matrix (ECM). Thus, they are 
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potential materials to achieve improved cellular growth and functional expression.55 As in the other 

types of scaffolds, natural or synthesized fibers are non-conductive. However, in this case, the 

electrical properties have only been integrated through CP coating, which can sometimes be a 

difficult task since the CP monomer prefers to polymerize in the liquid phase rather than on the 

fiber surface.56 In the few examples in the literature, the most common coating process used was 

chemical polymerization by immersing the 3D fibrous mesh in the corresponding monomer and 

oxidant solutions.56 We anticipate that any of the methods used to deposit CP onto 3D substrates 

described so far along this review, could also be applied in fibrous meshes. For example, Chen et 

al. reported an in situ interfacial polymerization of EDOT in ether on bacterial cellulose 

membranes previously immersed in aqueous PSS. 57 Similarly, Yow et al. developed an interfacial 

polyelectrolyte complexation (IPC) technique, where the chemical polymerization occured at the 

interphase of aqueous solutions containing oppositely charged electrolytes. 58 

On the other hand, fibers are usually synthesized in films and the main goal is to achieve 3D 

fibrous meshes. Fibers are commonly synthesized via electrospinning and can be prepared as 

randomly dispersed or patterned meshes. Briefly, a high-voltage electrostatic field is applied to a 

polymer solution or melt until a charged liquid jet is formed and, as it flies towards a collector, the 

solvent is dried, resulting in homogeneous fibers with diameters of a few hundred nanometers. 

Although this methodology mainly produces membranes up to few micrometers in thickness, there 

exist scarce examples in the literature where 3D structures have been obtained using new and 

original strategies. Jin et al. manufactured a special collector to fabricate a 3D “fluffy” PPy-coated 

conductive fibrous PLLA scaffold, which consisted of a hemispheric plastic dish embedded with 

stainless-steel probes and covered with aluminum foil.59 In another study, Pelton and co-workers 

prepared a 3D fibrous scaffold by extrusion of a poly-96L/4D-lactide (PLA) filament and then 
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manually carding the fibers obtained into sheets and punching them until a nonwoven scaffold of 

2mm thickness was obtained. 60 In a third example, Xu et al. used electrospinning to accumulate 

3D polyacrylonitrile (PAN) nanofibers into a collector filled with ethanol, which was shaken every 

few minutes to ensure the homogeneity of the fibers along the 3D structure. 61 In all these reports, 

PPy was in situ chemically polymerized by immersion of the 3D fibrous scaffold into the 

corresponding monomer and oxidant solution. 14, 59 

Even though all the examples described first form the electrospun substrate before its CP coating, 

there exists one example in the literature where the electrospinning solution already contains a 

mixture of the biopolymer and the CP. Subramanian and co-workers were able to electrospin a 

solution of PLGA with PHT and collect 3D axially aligned nanofibers. The authors designed a 

collector as a grounded rotating mandrel, shown in Figure 5, with a small insulating gap dividing 

the rod into two independent-like electrodes, thus allowing the deposition of longitudinally 

oriented fibers. 62 

 

3. Characterization of 3D materials 

3.1. Common characterization of 3D scaffolds 
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Figure 6. Characterization techniques employed for conductive 3D architectures. Adapted with 

permission from ref 63, copyright (2012) Springer; ref. 50, copyright (2016) American Chemical 

Society; ref 13, copyright (2009) Elsevier. 

Scaffolds intended for biomedical purposes are designed for effective cell-scaffold contact and 

favor cellular attachment. Thus, analysis of the composition and the functional groups in the 

backbone of the polymeric matrix is essential to understand and guarantee a successful interaction. 

Fourier transform infrared spectroscopy (FTIR) is the most commonly used technique to determine 

the composition of the scaffolds,21-22 while XPS gives an accurate percentage of the chemical 

elements present in the materials.9, 26 Thermogravimetric analyses (TGA) can not only give 

information on the thermal stability of the entire scaffold, but also can quantify the percentage of 

each material within the matrix. CPs are highly thermally stable.64-66 Thus, the incorporation of 

CP into the polymeric structure can increase significantly the thermal decomposition temperature 

of the resulting substrates when compared to the bare natural polymer. 21 Such an effect is observed 

when high amounts of CP are present and can be explained due to the high electrostatic interaction 

occurring between the two polymers. However, when the matrix is composed of less than 10% of 

CP, it shows no effect on thermal stability.35, 37, 56  

 Scaffolds engineered for biological application, and in tissue engineering in particular, must 

have appropriate pore size to allow cellular infiltrations, and homogeneous interconnected porosity 
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to enhance the medium and nutrient flow to the seeded cells. Macroporous substrates range from 

a few tens to several hundreds of micrometers,22, 26, 35 while fibers and hydrogels have a much 

smaller porosity, with sizes below a few tens of micrometers, what hinders the cellular penetration 

inside the tridimensional structure.7, 14 Moreover, the orientation of the pores plays a crucial role 

in determining the biological activity of the material. Patterned structures should be applied for 

tissues with a specific directionality, such as muscle cells, while randomly distributed porosity 

mimics tissues with undefined directionality, such as brain tissues.67-69 Scanning Electron 

Microscopy (SEM) is the most common method employed to analyze the internal and/or external 

morphology of the scaffolds. However, it can only examine 2D cross-sections of the entire 

assembly. 21 To obtain the tridimensional visualization of the skeletal structure, micro-computed 

tomography (µCT) can be a proper alternative. This non-destructive technique gives a detailed 3D 

model reconstruction of the entire scaffold.35 More detailed analyses on the surface area can be 

obtained from porosimetry techniques, such as ethanol displacement,21 Brunauer–Emmett–Teller 

(BET) 37 or mercury porosimetry.25  

Tridimensional porous scaffolds have porosities between 60%-90%, 26, 35-36 and the 

incorporation of the CP does not always have the same effect. Several studies have shown that the 

addition of CP decreases the overall porosity of the scaffolds. In other cases, the addition of the 

CP increases the porosity and the surface area.37 Yazdimamaghani et al. demonstrated a decrease 

in the pore size with the addition of PEDOT:PSS compared to a bare matrix of gelatin and bioactive 

glass, but a decrease in the size when the PEDOT:PSS concentration was raised.35-36 

It is reasonable to expect thicker fibers after CP coating, resulting in smaller pore size. However, 

most reports did not observe a significant difference, likely since the coating layer is usually in the 

nanometric range.56 Furthermore, Chen et al. demonstrated that an excess of the PSS dopant within 
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the conductive matrix may disturb the polymerization reaction and result in thinner fibers. 57 In 

hydrogels materials, the pore size may be lower than in porous scaffolds, commonly below 20µm. 

In this case, the pore size seems to be more dependent on the hydrogel polymer, addends and 

crosslinking level.70 

In addition, CP coating formed characteristic nano- and microscale topography roughening the 

surface of the matrix (Figure 7).23 Less smooth surfaces can be directly related to the cell adhesion, 

thus improving cellular proliferation and, in some cases, differentiation.29 
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Figure 7. SEM images of a) PCL and PCL/PPy porous scaffolds, b) Gelatin and 

gelatin/PEDOT:PSS hydrogel and c) Bacterial nanocellulose (BC) and BC/PEDOT fibers. 

Adapted with permission from a) ref. 26, copyright (2016) Elsevier, b) ref. 71, copyright (2018) 

American Chemical Society, c) ref.  57, copyright (2015) Springer. 
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Swelling analyses are extremely important for applications that include implant incorporation in 

in vivo experiments, such as tissue engineering or drug delivery.  On the one hand, strong water 

uptake facilitates the migration and infiltration of the cells, the diffusion of the nutrients and waste 

removal.37 On the other hand, a huge and uncontrolled increase of the substrate can affect the 

surrounding living tissue and lead to severe inflammation.72-73 For porous or fibrous materials, the 

change in the volume is generally negligible and the swelling ability is directly correlated with the 

porosity of the system.35 It has been observed that a decrease in the porosity yields to a decrease 

in the water uptake.21 However, swelling behaviors of hydrogels are significantly affected by the 

composition and amount of hydrophilic groups present.70 Discrepancies between the different 

studies regarding the swelling effects when incorporating a CP are also described. Some reports 

observed a reduction in the swelling after incorporating CPs, concluding that the main factor 

governing this phenomenon was the hydrophobicity of the conjugated matrix. 22, 37, 48, 74 In order 

to reverse the hydrophobicity, some scientists have been altering the matrix composition to 

improve the swelling ability of conductive substrates.75 Mawad et al. obtained a higher ratio of 

swelling compared to previously reported conductive hydrogels by mixing functionalized PEDOT-

COOH with polyacrylic acid hydrogel.50 They determined that such an increase was due to the 

ionization at pH=7.4 of the free carboxylic groups present in both polymers.  

The Young Modulus can be determined using a compression mechanical testing apparatus or, in 

the case of hydrogels, rheology. The Young modulus is obtained by measurement of the elastic 

deformation response of the material against the applied force. The stiffer the material, the lower 

the elastic deformation. 43, 48-49 Although the Young Modulus can be altered by dopants, monomer 

concentrations, hydrophobic polymer content or crosslinking density,37, 70, 75 we will only focus on 
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those alterations coming from the conjugated backbone. Usually, the compressive modulus in dry 

conditions is increased by the addition of CP into the matrix even at low concentrations of CP. 24, 

26, 32, 58 35 This effect has been attributed to the highly conjugated, and thus rigid and stiff, nature 

of the CP. 48, 56, 74 Furthermore, in the case of fibrous substrates, Niu and co-workers presumed that 

such an increase may also come from deposition within the interstices, which act as crosslinks and 

reduce the sliding of neighboring microfibers in contact with each other. 56 Alternatively, Yang et 

al. hypothesized that clustered PPy within alginate hydrogels may be connected, thus 

strengthening the internal network with hydrogel portions.43  

To determine the correct Young modulus, experiments must be performed in wet conditions, 

since the biological tissues are in aqueous media. Furthermore, the swelling can greatly affect the 

scaffold strength. Del Agua et al. observed a reduction of the half value after swelling compared 

to dry conditions. 24 Wang et al. rationalized that this effect was due to the weakened matrix 

resistance to external compression caused by the presence of water molecules within the structure. 

74 The redox state of the conjugated polymer can also affect the mechanical strength of the material, 

which can be rationalized due to secondary bond formation within the structure, 50 or even by 

electrostatic interaction between the CP and the non-conductive matrix.43  

 

3.2. Electrochemical characterization 

The most peculiar and specific characteristic of CPs is their ability to transport electrons through 

their conjugated bonds. This conductivity can be beneficial for electrophysiological-related 

bioapplications, such as neural or cardiac communication. It has been demonstrated that substrates 

with electrical properties have a positive effect on cellular differentiation.76-77 Moreover, 

conductivity is an indispensable property for a scaffold to be used as an electrode itself for both 

recording electrical activity in the biological material and electrically stimulating cells or tissue. 



22 

 

The intensity current of biological processes in human body has been determined in the order of 

nanoamperes;78 thus, even semi-conductor materials are suitable for tissue regeneration 

applications. It is worth to noting that each study undertook experiments using different conditions, 

even for the same technique, which makes it challenging to compare the electrical conductivity 

values between them. Thus, we are reviewing studies under this qualified point of view.  

The electrical properties are directly related to the amount of CP present within a substrate. Thus, 

a measure of the conductivity is a straightforward way to determine the composition of the 3D 

scaffold. There are several methods to measure the conductivity. (i) Direct measures that give an 

absolute value in S·cm-1, such as digital multimeter or four-point probe analyzer (4PP),22, 24, 26, 36, 

45, 56, 74, 79 although these procedures are more common for 2D films, some scientists also use them 

for 3D substrates in direct contact with the scaffold or using two metal plate electrodes as 

support.18, 43, 63 (ii) Evaluation of the current passing through the scaffold while a controlled voltage 

range is applied, i.e., cyclic voltammetry, with an electrochemical station.28, 57, 70 (iii) Indirect 

measures through the analysis of the resistivity using electrochemical impedance spectroscopy 

(EIS), which results in the inverse of the conductivity.46, 50 EIS presents the signal as a function of 

frequency at a constant potential and generates analyzable information at each frequency. This is 

a very powerful and sensitive tool to study the processes of sensing, cell attachment, and drug 

release. (iv) Some studies construct an electrical circuit that includes the scaffold, an LED bulb 

and a power supply connected in series to qualitatively confirm the pass of electricity through the 

scaffold.7, 31, 34 Positive results are obtained if the bulb lights up once the circuit is closed. (v) 

Finally, the distribution of surface current can be analyzed using a scanning electrochemical 

microscope (SECM). 21 
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In all cases, whether in porous scaffolds, fibers or hydrogels, the addition of a small amount of 

CP increases the conductivity significantly.22, 43, 56 For example, Shahini et al. observed a 70% 

increase in conductivity in a scaffold containing only 0.3% of PEDOT. 35-36 The method of 

fabrication is very important to the final properties. Some scientists find that the chemical 

polymerization method that results in the highest conductivity is the vapour phase polymerization, 

7, 29 although electropolymerization has been shown to produce higher conductivity. Severt and co-

workers demonstrated that the electrical properties can be even more enhanced if, after chemical 

polymerization, a second coating layer is deposited via electrodeposition.18  

Additionally, the type and amount of dopant or non-conjugated polymer present within the 

matrix can also have an impact on the electrical properties of the system.49, 57, 70 An excessive 

concentration of dopant can lead to 3D structural damage, as observed by Chen and co-workers, 

since it may disturb the polymerization deposition, thus leading to, for example, thinner coated 

layers.57 Moreover, Mawad et al. discovered that the CVs became more reversible after doping.50 

As previously pointed with the evaluation of the mechanical properties, it is important to 

evaluate the conductivity in biological conditions, and, thus, samples should be hydrated when 

performing the measurements. It is important to evaluate the electrode-media interface, since it is 

the dominant factor in the electron transmission from the substrate to the media.75 In 

semiconductive matrices incorporating CP, such as chitosan/gelatin hydrogels, it was observed 

that the conductive ability of the polymeric matrices is significantly enhanced in hydrated 

scaffolds, which can be associated with the electrolyte nature of the non-conjugated polymer.74 On 

the other hand, Niu and co-workers observed a decrease in the conductivity after several hours of 

cell culture. 56 The authors detected that PEDOT/PLLA was associated with losses in the 

conductivity of 22% and 65% after 100h and 240h of incubation with cells, respectively, and this 
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could be related to the biodegradability rate of the scaffold. Moreover, EIS can be also used for 

cell monitoring after seeding within the 3D scaffold to evaluate attachment and development.24, 75 

 

3.3. Biological characterization: biocompatibility, biodegradability and cell imaging 

after culture 

Biocompatibility, i. e., a good cellular response to a material, is the first requirement a scaffold 

must comply with to be feasible for any kind of biological application. Even though the conjugated 

polymers have never shown any trace of cytotoxicity, each one of the studies discussed in these 

pages has been demonstrated to be biocompatible for a different kind of cell, including neurons, 

osteoblasts, cardiomyocytes, and mesenchymal stem cells, among others.  

One of the questions that always arises when using synthetic materials in any biological 

application, particularly in long-term implants, is “how long will they last once are placed inside 

the body?”. In tissue engineering, a suitable scaffold must be either reabsorbed by the biological 

system, becoming part of the tissue, or biodegrade, creating space for cellular growth and 

rearrangement of new tissue. 74 The scaffold degradation rate should then match the new tissue 

formation rate for optimal regeneration. In summary, all implants must remain long enough to 

provide the desired support and/or connective effect, but no longer than necessary as they may 

become a hindrance to repair. 80 Biodegradation refers to degradation occurring through 

disintegration, hydrolytic mechanisms or enzymatic activity.81 In practice, the biological 

degradability of 3D substrates is evaluated in vitro under physiological conditions.22, 74 Usually, 

the presence of CP results in higher biodegradability resistance.48 For instance, the incorporation 

of 0.3% of PEDOT to gelatin-based porous substrates reduces the biodegradation from 70% after 

one day to less than 40% in 90 days.22, 35 These observations have been be attributed to the presence 

of PEDOT nanoparticles on the scaffold surface and its increased hydrophobicity. The 
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permeability and contact area between the water containing enzyme and the biopolymer is 

decreased, thus resulting in a significantly lower degradation rate. 74 In functionalized monomers, 

such as PEDOT-COOH, the increase in stability can be rationalized with increased crosslinking 

coming from the formation of new covalent bonds between the carboxyl groups and the 

biopolymer. 22  

On the other hand, degradation of conductive substrates can occur due to delamination that 

typically occurs with CP coatings after time. To overcome this limitation, Severt and co-workers 

have developed a coating method where a second layer of CP is deposited electrochemically after 

a first chemical polymerization of the CP.18 In their work, they demonstrated that such a second 

layer enhanced the conductivity, stability and surface area of the CP coating on silk, thus avoiding 

delamination of the CP.  

Apart from the appropriate degradation rate, the degradation products of the scaffold should not 

be cytotoxic, so cell viability studies of the biodegradation solution is typically performed. 74 In 

addition, the scaffolds can be designed with side chains or dopants known to have no foreign body 

response, such as polyethylene glycol (PEG), poly (glycerol-sebacate) (PGS), and poly 

(tetrafluoroethylene) (PTFE).81 

After in vitro experiments, the morphology of the cells as well as the degree of migration inside 

the substrate can be visualized using SEM in addition to the common staining analyses.61 However, 

after incubation, wet samples must be prepared for the SEM vacuum to avoid sudden modification 

of the cellular morphology.14 The resulting images may show cells covering the surface of the 

substrate, which is an indicator of strong adhesion and biocompatibility. And, usually, such 

coverage is larger with CP-coated substrates, which can be attributed to an increase of the 

conductivity of the scaffold, which is beneficial for those cells with electrical connections, such as 
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neurons and cardiomyocytes, or due to an increase in the roughness of the surface.74 It is worth 

noting that the morphology of cells grown in 3D incubation can differ from those grown on flat 

surfaces, i. e., cell culture dishes, and can also be dependent on the kind of substrate, composition 

or rugosity.7, 36  

4. Biological applications of 3D scaffolds based on conductive polymers  

Conductive 3D scaffolds have demonstrated great potential for a wide range of biomedical 

applications, such as tissue engineering, drug delivery and biosensing, due to their excellent 

morphological, physical, electrical and biological properties (Table 1). This section focuses on 

specific examples that employ 3D scaffolds in biological applications, summarized in Figure 8. 

  

Figure 8. Biological applications where 3D scaffolds have been applied.  
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Table 1. Summary of the of the CP-based structures, properties and biological application highlighted in this article. 

Structure Composition Fabrication method Max. pore 

size 

Conductivity / 

resistance 

Swelling 

ratio 
YM 

(kPa) 

Biodegradability Biomedical Application Ref. 

Porous  Melamine/PEDOT/PSS Immersion 200 µm Stress dependent - - - Pressure sensor 34 

 PPy-Alg/chitosan Immersion 100 µm 1000 nA 9% - 30% after 4 weeks Tissue engineering 21 
 Cs/Gel/PEDOT Immersion 250 µm 10-1 S/cm 400% 30 37% after 8 weeks Tissue engineering 74 
 PPy/Silk and PEDOT/Silk Immersion + EP 5 µm 102−103 Ω/sq - - - - 18 
 rGO/PPy/CPP Immersion 200 µm - - 186 MPa - Stem cells differentiation 9 
 PTMC/PPy Immersion 250 µm 1 kΩ/sq - - - Stem cells differentiation 27 
 PPy/PCL Immersion 328 µm 10-1 S/cm - 12 MPa 2% after 10 weeks Tissue engineering 26 
 PEDOT/PS and PPy/PS VPP 150 µm - - - - Tissue engineering 7 
 PEDOT/SiO2 VPP >100 µm 0.5 kΩ - - - - 31 

 PEDOT/PCL VPP 600 µm - - 103 - Stem cells differentiation 29 
 PEDOT-HA/Cs/Gel Freeze-drying 300 µm 10-3 S/cm 700% 55 43% after 8 weeks Tissue engineering 22, 23 
 PEDOT/XantamGum Freeze-drying 150 µm 10-2 S/cm 400% < 40 - Live-cell monitoring 24 
 Gel/PEDOT/PSS Freeze-drying 300 µm 210 µS/m - - - Tissue engineering 36 
 PEDOT/PSS/GOPS Freeze-drying 40 µm 101 kΩ - 4.5 - Tissue engineering 25 
 Gel/BaG/PEDOT/PSS Freeze-drying 250 µm 170 µS/m 240% 35 MPa 35% after 90 days Stem cells differentiation 35 
 HAp/Gel/Si/PPy Freeze-drying 350 µm - 250% 110 MPa - Tissue engineering, drug 

delivery 
37 

 PANi/CNT EP 1µm 186 S/m - - - - 33 
 rGO/PPy/HAp EP 400 µm - - 186 MPa - Tissue engineering 32 
          
Hydrogel Collagen/PPy Ox. crosslinking - 3.4 x 10-3 S/cm  1-3  - Glucose sensing 47 
 HA/CNT/PPy Ox. crosslinking - 12.6 kΩ/sq ~30%  3.2  100% after 2 days Stem cells differentiation 48 
 Alg/PPy Filling 1µm 31.1 x 10-4 S/cm  ~2000 - Stem cells differentiation 43 
 CMCS/PEDOT Filling 100 µm 4.7 x 10-3 S/cm 1700%  12.5  35% after10 weeks Tissue engineering 45 
 GelMa/PEDOT/PSS Filling 50 µm 261 kΩ/sq 600 %  7.6   25 % after 2 weeks Tissue engineering 71 

 PNAGA-PAMPS/ 
PEDOT/PSS 

Polym. before gelation - 0.2-2.2 S/cm 65-88%  30-110  - Inks for 3D printing 49 

 HEMA/PAA/PEDOT Polym. before gelation 30 µm - ~2500% ~100 - Tissue engineering 70 
 Collagen/PEDOT/PSS Polym. before gelation 50 µm 28 kΩ/sq - 45 - Live-cell monitoring  75 
 PAA/PEG-DA/      

APMA-PEDOT 
Polym. before gelation - - ~5000% ~45 - Tissue engineering 50 

 PVA-hep/PEDOT Filling - ~50 Ω/sq - - - Drug delivery 46 
 PTAA Side-chain crosslinking 50 µm ~10− 5 S/cm 300-800% - - Tissue engineering 52 
          

Fibers PLA/PEDOT Immersion - 0.4 kΩ/sq - 15.7 - Tissue engineering 56 
 PAN/PPy Immersion 30 µm - - - - Tissue engineering 61 
 PLA/PPy Immersion 200 µm 1700 Ω/sq - - - Stem cells differentiation 60 
 PLLA/PPy Immersion 100 µm - - - - Tissue engineering 14,59 
 Cellulose/PEDOT/PSS Interfacial polym. 5 µm 0.1 S/m - 990 - - 57 
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4.1. Tissue engineering 

Most of the published works incorporating CPs in porous materials have been designed for 

Tissue Engineering applications.82 However, the majority are not tridimensional materials and 

have uneven nanoscale porosity, thus inducing the non-uniform deposition of the biological cells 

or tissue. 32 Tissue regeneration aims to repair or replace damaged or diseased tissues with 

synthetic and/or natural implants. Those implants should mimic the environment of the host tissue 

to avoid possible rejection, and 3D scaffolds are the best choice for that purpose due to their low-

cost, high reproducibility and controllable processing morphology and composition that can affect 

cellular growth and morphology.70 All these features have been shown to affect the cellular growth 

and morphology, as shown in Figure 9.61 Furthermore, the possibility of incorporating chemical 

groups, bioactive agents such as drugs, growth factors and dopants make them tunable to enhance 

the cellular adhesion and proliferation.75, 83 For instance, the incorporation of hydroxyapatite 

(HAp), known as a bone mineral, shows strong adhesion and excellent proliferation with mouse 

MC3T3-E1 pre-osteoblasts. 32 
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Figure 9. SEM of cortical cells cultured in 2D-CNFs (a and c), 3D-CNFs (band d) and confocal 

microscopic ortho-images of cell culture in 2DCNFs (e) and 3D-CNFs (f). The red arrows and 

triangles indicated two different cell morphologies respectively. Green: MAP2; blue: DAPI. 

Reprinted with permission from ref. 61, Copyright (2018) The Royal Society of Chemistry.  

 

Tissue engineering can be understood as an implantation of a bare scaffold, with all the 

components to ensure its functionality, or an artificial tissue developed in vitro from the growth 

and invasion of cells inside a scaffold. Currently, regeneration employing 3D CP-incorporating 

scaffolds is in its early stages of investigation and there have not yet been published studies in 

which real in vivo implantation or full artificial tissue was developed. However, in vivo 

subcutaneous implantation of PPy/Alg hydrogels for eight weeks has been undertaken, and 

moderate immune reactions were induced.43  
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In practice, the studies are based on the ‘healthy’ growth of the cells of interest within the 3D 

structure, imaging their morphology and dispersion along the surface with SEM and fluorescent 

microscopy.61 In few cases, the evaluation of characteristic cell functions have also been used to 

analyze cell proliferation. For instance, the concentration of vascular endothelial growth factor 

(VEGF) in 3T3-L1s fibroblasts, a stromal model, was characterized to quantify its pro-angiogenic 

potential. 25 In addition, neurotransmitters and other specific protein markers for neurons and heart 

cells and have been utilized to determine cell proliferation. 19, 23, 50 Inal and co-workers, have taken 

advantage of the effect of cells on the electrical conductivity of porous structures and used in situ 

impedance measurements as a tool to monitor cell growth.75 Moreover, phenotyping and gene 

expression characterization have become useful tools to follow up cellular behavior studies. 22, 74 

In general, the results obtained predict the suitability of the scaffold employed for future applied 

tissue regeneration. One of the main requirements of a scaffold employed for regeneration 

purposes is its ability to maintain healthy cells inside its structure for long periods of time. All the 

works summarized in this section performed cellular cultures of at least 5 days and up to 21 days. 

The longer the study duration, the more unquestionable is the suitability of the scaffold for tissue 

engineering. In the literature, three main types of cells have been tested, all of which have 

electrically active properties: bone, neuronal and heart cells. The articles related to bone tissue 

engineering used pre-osteoblasts, i. e., mesenchymal stem cells that differentiate into bone cells. 

These will be further discussed in the ‘Stem cell differentiation’ section. The most employed neural 

model is the rat phaeochromocytoma-derived (PC12) cells. 22, 40, 45, 74 Neonatal rat ventricular 

cardiomyocites and mouse myoblasts C2C12 cells have also been analyzed as models for heart 

regeneration.14, 50, 70 Other kinds of non-conductive cells that have been employed as models for 
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cell viability and proliferative ability of 3D architectures include epithelial cells 24 and 

fibroblasts.75 

4.1.1. Biomineralization for bone tissue engineering 

The biological integration with the surrounding tissue is what determines the potential of a 

scaffold in tissue regeneration. In bone engineering, a reliable way to the mimic the bone 

regeneration and evaluate the osteointegration is through in vitro mineralization of the substrate. 

In this process, the material is immersed in saturated simulated body fluid (SBF), a supersaturated 

calcium phosphate solution with composition similar to human plasma, for several periods at 37ºC 

and the formation and rate of the deposition of bioactive minerals, such as hydroxyapatite (HA), 

on the surface is evaluated with SEM, EDX and Alizarin Red staining, a specific staining for HA 

(see Figure 10).20 Those minerals are similar to the ones present in the bone; thus, the faster the 

HA formation rate, the more feasible and stronger the osteointegration of the scaffold with the host 

tissue. Although the mineral covers the entire surface, it is essential to determine the existence of 

pores afterwards to ensure proper cellular penetration and nutrient and media flow. 9, 36-37 

 

Figure 10. a) SEM images and b) Alizarin Red staining showing mineralization of chitosan on 

(A) 7th and (C) 14th day, and chitosan/PPy–Alg on (B) 7th and (D) 14th day. Adapted with 

permission from ref. 21. Copyright (2013) Elsevier.  
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4.1.1. Stem cells differentiation 

In tissue engineering, one of the mechanisms used to develop artificial tissues in the laboratory 

is direct differentiation of pluripotent or mesenchymal stem cells inside a 3D structure. Growth 

factors, specific proteins and culture media are the features used to guide the differentiation into 

the desired cell type. However, the mechanical properties of the materials also play an important 

role in such differentiation. 75 

Human mesenchymal stem cells (hMSC) are the most frequently used cells for differentiation 

purposes. They are mainly extracted from the bone marrow, and can be guided to produce bone, 

cartilage and fat, as well as neuronal and endodermal lineages.29, 35-36, 43, 60, 84 MC3T3-E1 

mesenchymal cells derived from mouse skull have been used for osteoblast differentiation, and 

shown to form calcified bone tissue in vitro.7, 9 Neural stem cells (NSCs) are self-renewing, 

multipotent cells used to generate neurons, astrocytes, and oligodendrocytes.23, 48 Heart tissue 

differentiation has been achieved through C2C12 cells, a mouse myoblast cell line commonly used 

as an in vitro model to study muscle differentiation.50 

4.1.2. Electric stimulation  

One of the main advantages in the use of conductive scaffolds is that they can directly stimulate 

electrically conductive cells and tissues, providing a new tool that can interact electrically with 

biological systems.56 Several studies have observed that cellular regeneration of electroactive 

tissues is improved with local electrical stimulation (ES) of cells in scaffolds, which enhances the 

cell-to-cell and cell-to substrate interaction.85 ES has become a cheaper and better controlled 

alternative to the use of the bioactive molecules to modulate cell adhesion, migration, protein 

secretion and DNA synthesis, thus favoring and accelerating the proliferation and healing 

process.84 Clinically, application of pulsed electromagnetic fields has been employed to treat bone 
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fractures and enhance spinal fusions.86 Now, the combination of CP scaffolds with ES opens a 

safer window for the application of localized and guided regeneration: the applied current passes 

through the scaffold structure, thus minimizing the electrolysis of the biological medium and 

reducing the production of cytotoxic agents.26  

Zhang and co-workers demonstrated that the application of 200µA (4h per day, 21 days) on 

human adipose-derived mesenchymal stem cells (ADM-SCs) cultured in PPY/polycaprolactone 

(PCL) porous scaffolds promoted cell migration into deep regions of the scaffold and enhanced 

their osteogenic differentiation.26 Furthermore, ES on neurons and glial cell cultures has been 

demonstrated to reduce the formation of clusters in the PPy-coated structure only when applied at 

the beginning of culture, while improving the proliferation and acceleration of neuron maturation. 

61 Björninen et al. used an ES strategy to differentiate adipose stem cells (ASCs) into smooth 

muscle cells (SMCs). They manufactured a novel device to stimulate 24 3D scaffolds 

simultaneously over long periods. The PPy coating was shown to improve the SMCs expression 

and proliferation (see Figure 11). 27 
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Figure 11. a) Assembly for 3D electrical stimulation device on 24-well plate. b) Comparison of 

smooth muscle cells immunomarker expression in unstimulated controls and two ES paradigms at 

day 14. Scale bars represent 200 μm. Adapted with permission from ref. 27. Copyright (2016) 

Springer.  

 

Although electrical stimulation not always has a significant effect in cell cultures, there are no 

reports of possible damage in the cellular culture. 7 Furthermore, CPs-based devices loaded with 

drugs can be electrically stimulated for a controlled released. 

4.2. Drug delivery 

The combination of TE with drug delivery might be, in our minds, the ultimate treatment for 

several diseases. However, the combination of conductive polymers with drug delivery is in its 

early stage, and very few studies have been published in the past years. The mechanical properties 

play an important role in the drug release. The scaffolds should have a similar young modulus as 

the host tissue to ensure a prolonged release; otherwise, only short-term drug liberation can 

happen. Zanjanizadeh Ezazi et al. developed PPy/gel 3D scaffolds and loaded a model antibiotic, 
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vancomycin (VCM), for anti-infection effect in bone regeneration purposes. The resulting 

scaffolds, with elasticity in the range of the cancellous bone, showed great potential to release 

drugs for 4 months, as anticipated by the authors. 37 Vishnoi and co-workers developed a 

chitosan/gelatin/PPy scaffold and loaded alpha-ketoglutarate (𝛼-KG), an intermediate in the 

formation of ATP in the citric acid cycle, to improve the neuro-2a cell proliferation. The aim of 

their work was to explore the exposure of neuronal cells to different amounts of drug in the same 

period through different delivery methods: exogeneous, 2D and 3D systems with and without PPy, 

concluding that the 3D system provides longer duration release of the drug. 19 In addition, the 

liberation of a nerve growth factor (NGF) loaded in a conductive hydrogel scaffold was tested for 

PC12 cells, which are known to differentiate into neurons in response to NFG uptake. The results 

collected in Figure 12 showed a larger neurite outgrowth for the scaffolds loaded with NGF than 

for those unloaded, demonstrating the drug delivery ability of the material.46  
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Figure 12. a) Neurite outgrowth response in PEDOT/PVA-Hep hybrids. b) Neurite outgrowth 

observed on samples after 96 h of incubation on (A) CH with NGF in media, (B) CH with NGF 

preloaded in the polymer and (C) no NGF in either media or polymer. Reprinted with permission 

from ref. 46. Copyright (2014) Elsevier.  

 

There is clear evidence that the incorporation of CP into a non-conjugated matrix has a positive 

effect in regulating drug release: rougher surfaces generated by the CP coating increases the 

surface and thus the drug-polymer interaction. Moreover, the entrapment within the matrix and 

porosity of the substrate also have significant effects on the rate of release, being faster with larger 

pore sizes.37 

4.2.1. Drug loading and release characterization 

Drugs are usually incorporated at the initial steps of the processing by dispersion with the non-

conjugated polymer, before the addition of the CP and any crosslinking. An initial loading is then 

calculated from the UV spectrometry of the supernatant of the centrifuged suspension. Since the 

drug is not usually covalently attached to the polymer backbone, subsequent processing steps and 

washing results in drug loss and reduction of the final loading. The release was tested similarly 

with UV spectrometry after incubation of the scaffolds in PBS at 37ºC for long periods by 

measuring the absorbance of the supernatant at different time points.19, 37 The same volume of PBS 

was added in the incubation tubes to maintain a constant final release volume.  

4.3. Biosensing 

Electrophysiology involves recordings from single ion channel protein, such as patch clamp or 

fluorescent techniques, to whole organ monitoring, as electroencephalogram or 

electrocardiography. For this reason, it is mandatory to used conductive materials to transfer the 

electric signals from the biological material to the monitoring system. The most common 

https://www.sciencedirect.com/topics/chemical-engineering/polymers
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electrodes used in clinics nowadays are composed of platinum, silver, tungsten and iridium 

metals,87 which can lead to biocompatibility issues due to the formation of insulating scars after 

short periods of post-implantation. Conjugated polymers have been largely used as coatings for 

implantable sensing devices to provide electrical conductivity, but also to improve the 

biocompatibility and avoid the scar formation.88 The inherent characteristic of conductive 3D 

architectures to be used as electrodes makes interesting materials for biosensing devices.89 In 

addition, due to their porous structure, 3D substrates have a much larger surface area for cell and 

biomolecule attachment, leading to higher biosensing sensitivity and concentration range than the 

bidimensional architectures. Ravichandran developed the first injectable electrochemical sensor 

for in situ monitoring glucose levels in tissue.47 The authors combined the hydrogel properties of 

collagen with the electronic functionality of PPy to manufacture the soft device. Glucose oxidase 

was then encapsulated within the gel matrix as the bioactive molecule of the sensor, allowing 

measurement of chronoamperometrically levels of glucose up to 10mM. They were able to 

demonstrate its potential in vitro when administered in porcine meat tissue over 5 days. According 

to the authors, the main advantages of the developed sensor is that the hydrogel can adapt its 

conformation to the host tissue and provide a well-attached interface in dimensions as small as the 

puncture wound, thus reducing damaging invasiveness.47 Cysewska manufactured also a glucose 

sensor by electrodeposition of PPy in a Pt surface. The authors obtained non-porous structures 

with PPy particles with sizes up to the milimiter scale by controlling the deposition charge of the 

method. 89 

Another example is the piezoresistant pressure sensor developed by Ding et al. to monitor human 

motions for ultimate application in robotics, artificial intelligence and personal healthcare 

monitoring.34 The device was composed of a melamine sponge coated with PEDOT/PSS solution. 
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It demonstrated high compressibility, sensitivity and stability when tested with a volunteer’s 

throat, index finger, elbow, and knee, as shown in Figure 13.  

 

Figure 13. Applications of the PEDOT:PSS@MS pressure sensor for human motion detection: 

relative resistance variations of the sensor attached on a) the throat, b) the index finger, c) the 

elbow, d) the knee joint, (e-g) to an insole. Reprinted with permission from ref. 34. Copyright (2018) 

American Chemical society. 

However, biosensors can be used in in vitro monitoring as well. Inal et al. manufactured a live-

cell monitoring platform based on microporous scaffolds composed of crosslinked PEDOT/PSS 

porous subtrates with freeze-drying. The scaffold was housed inside disposable cuvettes with a 

plastic tube incorporated and its potential for cellullar hosting and 3D culture monitoring was 

demonstrated.75  

 

5. Conclusions and future perspectives 

Conductive 3D substrates have emerged as the next generation platforms to translate the in-

laboratory experiments to the real in vivo, thus providing a cost-effective reliable tool to predict 

cellular behaviors and responses before subsequent clinical trials. However, manufacturing the 
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third dimension is not always an easy task, since CPs are insoluble, and their layer-by-layer 

stacking made them difficult to manipulate, which reduces the volume of publications even though 

new fabrication methodologies and techniques to achieve the 3D architecture have recently been 

developed. Here, we present a comprehensive overview of the state-of-the-art processing methods 

used, the characterization techniques necessary to analyze correctly the tridimensional properties 

and further biomedical applications tested for the conductive 3D substrates so far. Nevertheless, 

this field is in its early stages and we anticipate that it will be exponentially expanded in the coming 

years, and new methodologies to achieve the 3D architecture will be developed to meet the 

demands of clinical trials.  

In that line, 3D printing is arising as a promising technique to automate and increase the bulk 

production of 3D scaffold fabrication.90 In contrast to conventional techniques, 3D printing allows 

the fabrication of customized scaffolds with controlled shape, pore size and pore structure through 

a precise layer-by-layer deposition. Some studies have used the 3D printer to generate a template 

that was then coated with the CP.29, 91 Thus, we anticipate that the future lies with the preparation 

of conductive printable inks that can be used to construct the 3D scaffold in situ.49, 92 Although not 

reviewed here, other studies have succeeded in the construction of a 3D scaffold by using carbon 

nanotubes or graphene instead of CPs to provide conductivitiy.79 

All the biomedical areas of application require 3D scaffolds that mimic as close as possible the 

in vivo tissue. To ensure their adaptability, the substrates should obey the following criteria: 

contain homogeneous porosity with pore sizes large enough to host the cells, and to provide large 

surface area for cell attachment and proliferation; have similar mechanical properties to the tissue, 

including elastic modulus and wettability; and have a suitable surface composition to enhance the 

cell-substrate interaction. Thus, the design of the scaffold and all the steps during its manufacture, 
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including its shape, composition and doping, must be developed with the final desired application 

in mind.  

The main areas were conductive 3D scaffolds have the most potential are in tissue engineering 

of electroactive tissue, such as neurons, bones and heart cells, drug delivery and biosensing. In any 

of these applications, localized electric stimulation can play an important role in any of the cellular 

or tissue incubation steps. Initial studies demonstrated its potential, but further and extended 

investigations are in demand. Furthermore, the same implanted scaffold can be imagined as a 

single platform that can complete the three purposes at the same time. For instance, loaded 

substrates with drugs or growth factors and receptors could be used as monitoring devices for the 

regeneration of cells during their growth inside the scaffold, which could be enhanced with the 

loaded biomaterial. Nevertheless, the current studies are focused on in vitro assays that, although 

they are suitable for an initial prediction, await the translation to real cases. 
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