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A B S T R A C T   

Conducting polymers offer attractive mixed ionic-electronic conductivity, tunable interfacial barrier with metal, 
tissue matchable softness, and versatile chemical functionalization, making them robust to bridge the gap be
tween brain tissue and electronic circuits. This review focuses on chemically revised conducting polymers, 
combined with their superior and controllable electrochemical performance, to fabricate long-term bioelectronic 
implants, addressing chronic immune responses, weak neuron attraction, and long-term electrocommunication 
instability challenges. Moreover, the promising progress of zwitterionic conducting polymers in bioelectronic 
implants (≥4 weeks stable implantation) is highlighted, followed by a comment on their current evolution to
ward selective neural coupling and reimplantable function. Finally, a critical forward look at the future of 
zwitterionic conducting polymers for in vivo bioelectronic devices is provided.   

1. Introduction 

Bioelectronic implants function as neural prostheses, brain-machine 
interfaces, and other biointegrated devices to detect and record bio
logical signals [1,2]. Commercial implantable electrodes, made of 
metals or silicon, have been applied in auditory implants [3], visual 
implants [4], and other neuroprosthetic implants [5,6]. Owing to the 
stiff nature of these materials, the mechanical mismatch between elec
trodes and tissues induces interface stress due to electrode micromotion 
in brain tissues, leading to foreign body reactions and even malfunction 
of devices [7]. Thus, tissue-matching softness is critical for brain im
plants to reduce chronic immune responses. Besides, the surfaces of 
these electrode materials likely adsorb proteins through nonspecific 
interaction, triggering the first step for foreign body reaction [7–11]. 
The scar formation from inflammatory reactions would isolate implants 
from neural tissues, and increase the distance and electrical resistance 
between electrodes and neural cells/tissue, resulting in a low 
signal-to-noise ratio (SNR). In addition, the inertness of their surfaces 

makes it challenging to functionalize them with biomolecules for 
bridging a solid interaction with nerve cells/tissues. 

Furthermore, with the progress in biomedical engineering, the de
mand for small-size and high multiplexity neural electrodes has vastly 
increased. These electrodes can deliver stimulating signals or record 
neural activities with a relatively high spatial resolution, even reaching 
a single-cell level [12,13]. Since the interfacial electrode impedance is 
inversely proportional to its active surface area, with a decrease in ge
ometry size, the impedance of electrodes significantly increases, 
dramatically reducing the SNR. As conventional electrode materials are 
only electroconducting, charge transfer at their interfaces in an aqueous 
environment is conducted through electrochemical reactions and is thus 
heavily dependent on the limited interfacial area. Their relatively high 
impedance does not meet the requirement for a high multiplex elec
trode. The next generation of electrode material should have extremely 
low impedance, ensuring efficient electrical stimulation or sensitive 
monitoring of minute neural activity when serving as spatially resolved 
electrodes. 
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Conducting polymers (CPs) provide advantages over inorganic and 
metallic materials. The elastic modulus of CPs is much lower than that of 
inorganic and metal materials, which minimizes the mechanical 
mismatch and reduces the stress concentration at the device-tissue 
interface. Coating CPs onto electrodes dramatically improves the 
tissue-recording site electrocoupling in vitro and in vivo by significantly 
lowering the overall device impedance [14–16]. This is primarily due to 
their mixed ionic-electronic conductivity, yielding enormous volumetric 
capacitance [17–19]. In addition, CP electrodes provide high charge 
storage and injection capacity for safe stimulation due to their vast bulk 
capacitance [14,20]. Furthermore, incorporating biomolecules into CPs 
provides a feasible method to enhance the interfacial interaction with 
neurons and reduce the inflammatory response [21]. However, surface 
modification by biomolecules does not usually solve the nonspecific 
protein adsorption issue. This would increase the interfacial impedance 
[22,23], even triggering an immune response [24–26]. 

Most recently, zwitterionic CPs demonstrated excellent capabilities 
to reduce nonspecific cell/protein interactions, combined with efficient 
electrocommunication with cells/tissues at low impedance [27]. In 
addition to the mixed ionic-electronic conductivity of CPs, zwitterionic 
CPs possess enhanced ionic conductivity and close metal-CP electro
coupling strengthened by zwitterions, further facilitating charge transfer 
between electrodes and cells/tissues. Zwitterionic CPs also demon
strated their superiority in antifouling, aqueous stability, low inflam
mation, and electrochemical properties over other hydrophilic CPs 
[28–30], and have been extensively applied in in vivo and in vitro 
bioelectronic devices. Moreover, zwitterionic CPs provide spots for cell 
attachments through specific interactions from the grafted 
cell-recognized molecules. Given these exciting signs of progress, zwit
terionic CPs potentially provide a feasible solution to the limitations 
mentioned above for CPs due to their impressive combination of soft
ness, nonspecific interaction resistance, and cell-targeted electro
coupling, which provides the required biocompatibility and efficient 
electrical trade-offs for interfacing with cells/tissues. 

In this review, we first argue the significance of CPs for bioelectronic 
implants, highlight their tunable softness and unique electrochemical 
properties, and discuss the underlying reasons for the low impedance of 
CP electrodes, which is crucial for bioelectronic implants. Then, we shift 
our focus to biomolecule-functionalized CPs and their impacts on their 
in vitro and in vivo neuron interactions and the chronic stability of 
implants. We discuss our primary concerns regarding the nonspecific 
interaction challenge and the higher impedance issue of these in vivo CP 
electrodes for long-term application. To solve these issues, we highlight 
the molecular design and synthesis of zwitterionic CPs, which have 
recently emerged as inflammation-resistant CP materials for bio
electronic implants. To clarify their structure-property relationship, we 
also compare their antifouling performances by concentrating on the 
zwitterion’s hydration and the effects of solution pH, zwitterion spacer 
length, copolymer composition, and chemical structure. In addition, we 
discuss their surprisingly reduced impedance by investigating the 
inherent explanation of their zwitterion-enhanced ionic conductivity 
and CP-metal electrocoupling. Finally, we highlight the promising 
progress in zwitterionic CP electrodes for bioelectronic devices either in 
vitro or in vivo, referring to other zwitterionic neural probes, and pro
vide a future perspective on zwitterionic CPs for implantable bio
electronic devices. 

2. Conducting polymers for bioelectronic devices 

To date, the electrode materials used for clinical devices are mostly 
made of metals and inorganic materials, such as gold [31,32], platinum 
(Pt) [32], indium tin oxide (ITO) [33–35], and iridium oxide (IrO2) [36], 
as these materials are highly conductive corrosion resistant. However, 
these materials currently have several critical challenges when 
employed as neural electrodes. First, the elastic modulus of metals is 
much higher than that of neural tissues, resulting in the electrodes not 

fully conforming to the nerve tissues. Second, reducing the size of metal 
electrodes leads to a dramatic increase in impedance, leading to an in
crease in electrical noise [37]. In addition, the smaller size of metal 
electrodes causes a smaller charge injection window for safe neural 
stimulation [20]. Furthermore, the inert nature of these electrode sur
faces makes it difficult to modify them for adequate interaction with 
neural tissues, either chemically or physically. Recently, CPs have been 
considered an attractive alternative for neural signal record
ing/stimulation in cochlear implants, neural probes bionic eyes, and 
brain-machine interfaces due to their softness, excellent quality elec
trochemical characteristics, and accessible surface biofunction modifi
cation [38]. Fig. 1 is the layout of a typical planar neural probe equipped 
with conducting polymer-coated electrodes as recording sites, where 
biomolecules are used to enhance biocompatibility. 

It was frequently reported that the mechanical mismatch between 
the hard planar electronics and the soft biological tissues would lead to 
interfacial stress. Recently, to minimize the negative impact of this 
mechanical mismatch, some novel flexible bioelectronic devices were 
fabricated on soft elastomer substrates, whose Young’s modulus could 
even reach 10 kPa level, being similar to that of nerve tissue [39–43]. 
However, in comparison to the amorphous SiO2, their low permeability 
and long-term hermetic encapsulation have not been verified, and their 
long-term application in bioelectronic implants is very challenging. 
Moreover, those organic elastomers are normally solution-processed and 
are highly susceptible to damage from both organic solvents and ultra
violet light exposure, making them incompatible with photolithography 
processing. In addition, to establish intimate integration with the soft 
tissues of brains, it is highly demanded to develop wet adhesive and 
flexible substrates/encapsulation materials for bioelectronic implants. 
Its combination with CPs would offer a promising opportunity to 
fabricate long-term bioelectronic tools for diagnosing and treating 
diseases. 

Besides the neuro-inflammatory response, several abiotic factors are 
considered crucial for the electrode and implant lifetime. The electrode 
mechanical damage occurring during the insertion and implantation 
could lead to implant failure. Normally, hard bioelectronic implants 
made of brittle materials were rarely mechanically damaged during 
insertion and implantation. In contrast, the implants equipped with soft 
CP electrodes likely suffered from electrode delamination and cracking 
issues [44]. Several approaches were developed to enhance the inter
facial adhesion of CPs with underlying substrates. These include grafting 
carboxyl [45,46] and amine moieties onto CPs [47], optimizing elec
trochemistry conditions [48], and anchoring CPs onto metal surfaces by 
diazonium chemistry [49] or bioinspired dopamine polymer [50–52]. 
Moreover, the corrosion of electrical contacts and the degradation of 
passivation layers and insulating coatings were also frequently reported 
to be responsible for the failure of bioelectronic implants [53–55]. 
Therefore, a comprehensive effort on the stabilities of both electrodes 
and encapsulation materials should be carried out to extend the life span 
of bioelectronic implants. 

As this review focuses on the chemically revised conducting poly
mers for long-term bioelectronic implants, this section only provides a 
brief discussion on the substrate/encapsulation materials, the wet 
adhesion to tissues, and abiotic factors to electrode/implant lifetime, 
and wishes to give readers a complete picture of the recent progress of 
long-term electronic implants. If readers are interested in additional 
details, please refer to some recent reviews on these topics [55,56]. 

2.1. Biocompatibility and softness of conducting polymers 

The biocompatibility of electronic materials is one of the key factors 
for bioelectronic implants to function under complex biological condi
tions [57,58]. Cytotoxicity tests are often utilized to assess their 
biocompatibility before their in vivo implantation. Traditional electrode 
materials, consisting of Pt, Au, and IrOx, have been widely used in 
neural probes and found to be compatible with several cell lines by the 

S. Qian et al.                                                                                                                                                                                                                                     



Bioactive Materials 26 (2023) 24–51

26

cytotoxicity test, as shown in Table 1. However, these electrode mate
rials were frequently reported to suffer from severe tissue response, as 
they are susceptible to biofouling [57,59]. CPs were found to be 
compatible with neural cell lines, such as cortical cells [60,61], hippo
campal neurons [14,62–64], PC12 cells [65–69], and motor neurons 
[70]. Furthermore, they were also recently demonstrated to have 
improved implanting biocompatibility, plausibly due to their much 
smaller elastic modulus [71–77]. 

The elastic modulus of the bioelectronic implant is a critical factor 
that is closely related to the foreign body response. The Young’s 
modulus of brain tissues ranges from 0.1 to 16 kPa [78–81]. Traditional 
electrodes have a high Young’s modulus, e.g., 140 GPa for Pt, 70 GPa for 
Au, and 300 GPa for IrOx [31,32,36]. In comparison, the mechanical 
properties of CPs are much closer to those of neural tissues. The Young’s 
modulus of CPs, including polypyrrole (PPy), poly(3, 
4-ethylenedioxythiophene) (PEDOT), and polyaniline (PANI), is much 
smaller (lower than 3 GPa) and varies over a wide range due to their 
flexible chemistry and processing methods [71–73]. To further reduce 
the Young’s modulus of conductive biomaterials to kPa, researchers 
have put much effort into developing conductive polymer hydrogels 
[74–77]. Conductive polymer hydrogels (CPHs) combine the beneficial 
characteristics of hydrogels and CPs, endowing CPHs with attractive 
physical and biological properties, including tissue-like mechanical 
features, high water content, and excellent biocompatibility. For 
example, Hur et al. [74] developed a conductive hydrogel composed of 
PPy and agarose, of which Young’s modulus (27–46 kPa) is close to that 
of human skin (5–100 kPa). Rinoldi et al. [75] designed a 
polythiophene-based hydrogel with a Young’s modulus of 4.6 kPa, 

which well matched the mechanical properties of the brain slice. In a 
recent study by Wang et al. [77], an adhesive and ultrasoft 
brain-machine interface integrated with a dopamine 
methacrylate-hybridized PEDOT nanoparticle-incorporated hydrogel 
was successfully developed. The hydrogel exhibits robust adhesiveness 
to wet and soft biological tissues. Most importantly, the hydrogel has a 
modulus lower than 1 kPa, presenting ultrasoftness and excellent me
chanical compliance to tissues. CP implants can significantly reduce the 
inflammatory tissue response compared to conventional electrode ma
terials [82,83]. Since the implant tightly adheres to the tissues, soft CPs 
as coatings on implantable electrodes can act as a buffer layer between 
soft tissue and stiff metals, significantly reducing the interfacial me
chanical stress of neural implants and dramatically improving the per
formance and lifetime of the implantable device. The Young’s modulus 
and compatible cell lines of conducting materials are summarized in 
Table 1. 

2.2. Electrochemical properties of conducting polymers 

2.2.1. Mixed ionic-electronic conductivity of CPs 
CPs conduct both ionic and electronic charge carriers [17–19], 

leading to a relatively high ionic conductivity and capacitance for CPs. 
CPs feature a continuous channel of overlapping π-orbitals, allowing 
electrons or holes to move through the polymer backbone [103]. The 
hopping mechanism allows electrons to hop to the π-orbitals of neigh
boring chains, leading to interchain charge transfer. The delocalized π 
bond enlarges the range of π electron movement, reduces the bandgap, 
and increases the polymer conductivity. The ion transport of CPs is a 
more complex process. Ions exist in various forms, single valent or 
multivalent, and can form pairs and larger clusters. Furthermore, they 
are susceptible to solvents and solvation [104]. Of note, interactions 
between ions and conjugated polymer chains cause considerable 
changes in the local structure and stabilize or destabilize the electronic 
charge carriers, altering electronic transport. As a result, the ion trans
port in CPs cannot be examined individually; instead, the interaction 
between the ionic and electronic conduction should be investigated. The 
ionic-electronic coupling (doping) of CPs under a bias significantly re
duces the charge carrier loss, distinctly enriches accessible hopping 
states, and dramatically improves the electrical conductivity of CPs 
[105]. If the CP’s highest occupied molecular orbital (HOMO) is shallow 
enough, forming positive electronic charge carriers (in the form of holes) 
stabilized by anions is energetically favored, referred to as p-type 
doping. In contrast, if its lowest unoccupied molecular orbital (LUMO) is 
sufficiently deep, forming negative electronic charge carriers stabilized 
by cations, known as n-type doping, is energetically favored [17,106]. 
P-type CPs are usually more prevalent than n-type CPs for bioelectronic 
applications, as is also general for other organic electronic devices 
[107]. 

Due to its volumetric nature, this ionic-electronic coupling dramat
ically influences almost all electronic, physical, and chemical properties 
of CPs. This potential-dependent ionic-electronic coupling is the un
derlying mechanism for the transduction between electronic and ionic 

Fig. 1. Schematic representation of a neural electrode and biofunctionalization of CPs.  

Table 1 
Mechanical Properties of tissues and the conducting materials for bioelectronic 
implants and cell lines used to assess the biocompatibility of conducting 
materials.  

Tissues/ 
materials 

Young’s modulus Cells for biocompatibility test 

Skin 5–100 kPa [84] / 
Brain 0.1–100 kPa 

[78–81] 
/ 

Pt ~140 GPa [32] SH-SY5Y cells [85], retina cells [86] 
Au ~54–70 GPa [31, 

32] 
SH-SY5Y cells [87], rat primary cortical cells 
[88], retina cells [89] 

IrOx ~300 GPa [36] Rat primary cerebral cortex neurons [90], rat 
cortical neurons [91] 

PEDOT 0.21 kPa-3Gpa 
[72,74–77,92,93] 

SH-SY5Y cells [94], rat cortical cell [60], rat 
primary dorsal root ganglion (DRG) explants 
[95], PC12 cells [65,67], C2C12 [93], rat 
primary neurons and astrocyte [96], rat 
primary motor neurons [70], rat hippocampus 
neurons [14,63] 

PPy 27kPa-2.9 GPa 
[31,71,74] 

Rat cortical cells [61], rat primary DRG 
explants [97], rat and mouse neural stem cells 
[98], rat hippocampus neurons [99], PC12 
cells [66,100] 

PANI 7.9kPa-2.3 GPa 
[73,101] 

SH-SY5Y cells [102], rat hippocampus 
neurons [62,64], PC12 cells [68,69]  
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signals, making CP electrodes superior to other materials in neural 
recording and stimulation. For bioelectronic devices, e.g., biosensors 
and neural electrodes, their frequency bandwidth and response time for 
electrical communication are determined by the interaction of the ionic- 
electronic coupling with ionic transport [108,109]. Furthermore, the 
interaction of the ionic–electronic coupling with electronic transport 
also dominates the amplification capability of organic electrochemical 
transistors [110,111]. 

During practical application, p-type CPs contact a metal electrode 
and an electrolyte. There are primarily four processes involved in the 
charge transport of bioelectronic devices: dopant ion transit at the 
interface of CP/electrolyte, electronic carrier (hole) stabilization/ 
destabilization by a dopant ion (anion) in the interior of CPs, electronic 
carrier hopping, and charge transfer between the metal electrode and 
CPs. [17], In the charge transport process, the ionic and electronic 
conduction interaction plays a critical role in the operation of CP-based 
devices. Thus, a trade-off between electronic and ionic conductivity is 
usually necessary to optimize electronic device performance. For 
example, Rivnay et al. [18] discovered that the addition of cosolvents 
oppositely affected the ion and hole transport in PEDOT:PSS films; an 
optimized condition was available to reach the maximized device per
formance with a balance between ionic mobility and hole conductivity. 

This section provides only a brief explanation of the ionic-electronic 
interactions and coupled transport properties of CPs to aid readers in 
understanding CP conductivity. It is a massive topic, and readers inter
ested in additional details can refer to excellent reviews on this subject 
[17,104]. 

2.2.2. Low impedance of CPs 
As described above, electrodes of both small size and low impedance 

are required to endow neural electrodes with both high SNR and high 
spatial resolution. Depositing CPs on neural electrodes is accepted as a 
great approach to ensure a large electrode capacitance and a low 
impedance for microelectrodes of smaller sizes [14–19]. 

The 1 kHz impedance is a critical characteristic of neural electrodes 
and is coherently related to the neuronal signal recording quality and 
electrical neural stimulation safety. Many studies have confirmed that 
CPs have a much lower electrochemical impedance at 1 kHz than 
traditional electrode materials, such as IrOx [112], platinum [113], gold 
[16], and ITO [15]. When CPs act as neural electrodes, their low 
impedance depresses electrical noise and reduces signal loss. For 
example, Nyberg et al. [15] reported that the impedance (5 kΩ) of a 
PEDOT-modified ITO microelectrode was markedly lower than that of 
an ITO electrode (270 kΩ) at 1 kHz. These PEDOT microelectrodes 
evoked a much more pronounced neural network response than ITO 
microelectrodes [15]. In another study by Kim et al., the PEDOT coating 
reduced the impedance of gold electrodes by approximately two orders 
of magnitude, enabling the electrodes to record the neural signal at a 
much higher SNR [16]. A recent investigation by Zhang et al. also 
indicated that the impedance of PEDOT-modified electrodes was much 
lower than that of the gold electrode in frequencies range from 1 Hz to 
100 kHz [28]. Moreover, CP electrodes provided a wider charge injec
tion window for safe neural stimulation. These PEDOT electrodes 
exhibited a lower voltage excursion, a higher charge injection limit 
(CIL), and a higher charge storage capacity (CSC) than the gold electrode 
[28], making CP electrodes more biocompatible for chronic stimulation. 

The substantial reduction in impedance for CPs is primarily attrib
uted to their unique mixed ionic-electronic conductivity, which facili
tates electrocoupling between the electrode substrate and the 
electrolyte, promoting interface exchange of carriers, either ions or 
electrons [18,19]. In addition, the rough surface and porous structure of 
CPs were also reported to be crucial for their impedance. Cui et al. [114] 
studied the relationship between impedance and surface roughness, 
revealing that the impedance decreased sharply as the CP surface 
became rough. However, they found that the calculated electroactive 
interface area of the CP electrode at 1 kHz was 26 times that of the gold 

electrode, much larger than the value estimated using AFM topographic 
results. This clearly indicates that some minor accesses and pores exist 
inside the film, similar to a "branching tree" structure [114]. Ions can 
penetrate the porous membrane, forming a larger accessible electro
active interface area. The porous structure also leads to a vast capaci
tance of CPs, as it promotes volumetric electrocoupling between ionic 
and electron charges within a short time [115]. Rivnay et al. [111] 
demonstrated that the 130 nm thick PEDOT:PSS film had a capacitance 
of 39 F/cm3, which is approximately 100 times larger than the 
double-layer capacitance of a flat metal electrode. This volumetric 
electrocoupling of ionic and electronic charges further gives a low 
impedance for CP materials, as impedance is inversely proportional to 
the capacitance. 

2.2.3. Critical roles of metal-CP interfaces 
In addition to their unique bulk properties, charge transfers at metal- 

CP and CP-liquid interfaces are crucial for communicating CP electrodes 
with cells/tissues. However, to the best of our knowledge, few review 
papers have concentrated on the critical roles of these two interfaces on 
the electro impedance besides that by Rubinson et al. [116]. 

The interface of CPs with metal is critical for CP electrodes, as it 
defines the contact of CP with metal as either ohmic or rectifying. Good 
ohmic contact between the metal and the semiconductor layer is 
essential for injecting high-density current across the interface and 
fabricating high-performance semiconductor devices [117]. The differ
ence in the work function of the CP and metal establishes a thermody
namic equilibrium and an interfacial barrier (Schottky barrier) between 
them [118]. The interfacial barrier height determines the activation 
energy required for electrons to overcome this interfacial barrier and, 
thus, its contribution to the overall impedance. For implantable devices, 
high work function metals, such as Pt (5.7 eV) and Au (5.1) eV, are more 
favorable due to their stability [119]. The typical p-type CPs have a 
higher work function than n-type CPs [120]. When CPs contact metals, 
the interface’s intrinsic asymmetry leads to charge transfer, polariza
tion, or rearrangement of the electron cloud, inducing interfacial dipoles 
[121]. The interfacial dipoles between metals and p-type CPs favor 
decreasing the potential barrier between them [117,122]. Thus, p-type 
CPs can help achieve ohmic contacts with high work function metals 
[119,123]. It has also been observed that the total interface dipole can 
be tuned by adjusting the magnitude of the molecular dipole moments. 
Thus, it is possible that the interfacial barrier could be lowered by 
changing the chemical structure of CPs. However, with our limited 
knowledge, a systematic, either theoretical or experimental survey is 
still lacking concerning the impact of CP chemical structures on the 
interfacial barrier of CP electrodes. Further studies are needed to explore 
the nature of these zones and the underlying mechanisms. 

Increasing the doping levels of p-type CPs further benefits the for
mation of good ohmic contact between CPs and metals. In this case, the 
charge accumulation/depletion region near the interface can be nar
rowed down [116,124], and charge carriers can be tunneled through the 
potential barrier higher than their thermal kinetic energy due to their 
wave nature [116,125]. 

Implanted bioelectronic devices typically work in aqueous environ
ments. Many studies have demonstrated that the presence of water 
causes a substantial decrease in the work function of metals due to the 
complex structure of water in the vicinity of the metal surface [126]. 
Furthermore, the hydration of CPs was also found to significantly lower 
the work functions of CPs [123,127] This might be attributed to the 
rearrangements of their surface dipoles induced by polymer swelling 
and the increase in the dielectric constant with the incorporation of 
water. This induces dielectric screening of the thin film surface dipole 
(between subsurface PEDOT+ and surface PSS− ) [127]. As described 
above, metals and CPs alter their working function when meeting water 
molecules. However, a thorough investigation and discussion of the ef
fect of water on the CP/metal interface is still absent and deserves 
further research. 
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2.3. Biomolecular interaction with conducting polymers 

The interaction of biomolecules with the CP surface is critical for the 
long-term application of bioelectronic implants, which normally in
volves van der Waals, hydrophobic, and electrostatic forces. Under
standing the interaction between biomolecules and CPs would benefit 
the rational design of CPs for bioelectronic applications. The bio
molecules, particularly proteins, often present an altered viscoelastic 
profile in their adsorption to the CP surface as they would experience 
specific molecular conformational rearrangement after adsorption. 
Molino et al. [128] discovered that the adsorption of (bovine serum 
albumin) BSA on the rough PPy film is divided into two stages: proteins 
arrive and are initially adsorbed on the polymer surface; the molecules 
rearrange into a more dehydrated and dense conformation, which fa
cilitates further adsorption of proteins to the polymer interface. 

The interaction of biomolecules with CPs is coherently related to the 
chemical structure, redox status, and dopants. The chemical structure of 
CPs has a critical impact on their interaction with biomolecules. Nor
mally, all the unfunctionalized CPs, e.g., PEDOT, PANI, and PPy, present 
nonspecific interaction toward proteins, cells, and even bacteria [52, 
129–131]. The nonspecific interaction of CPs mainly arises from van der 
Waals, hydrophobic, and electrostatic forces between CPs and bio
matter. In contrast, CPs with hydrophilic side groups, e.g., polyethylene 
glycol (PEG) and zwitterions, could resist the protein/cells binding well 
due to their strong hydrophilicity and/or neutral charge [28,29,52, 
129–132]. 

The CP redox also has a great effect on the interaction of bio
molecules to the CP surface. Gumus et al. [133] investigated the inter
action of fibronectin to a p-toluenesulfonate-doped PEDOT stripe under 
an applied bias. Biasing at ±1 V could form a potential gradient, thus 
inducing a location-dependent redox state along the polymer stripe. 
Marked differences were observed in the fibronectin adsorption as a 
function of the location along the polymer stripe. Fibronectins were 
found to adsorb preferentially on the reduced PEDOT instead of the 
oxidized one. However, in another research by Molino et al. [128], fi
bronectins were demonstrated to adsorb preferentially on the oxidized 
PPy. In this case, the fibronectins adsorbed on the oxidized PPy have 
greater flexibility and higher viscoelasticity than those on the reduced 
one. Chen et al. [30] also demonstrated that protein adsorption could be 
tuned by the redox state of zwitterionic CPs. It was found that when an 
oxidation potential was applied, the bovine serum albumin (BSA) 
adsorption of the phosphorylcholine functionalized PEDOT (PEDOT-PC) 
significantly increased, attributing to the electrostatic attraction be
tween positively charged polymer films and negatively charged BSA. In 
contrast, when a reduced potential was applied, the BSA adsorption was 
almost completely suppressed. For the positively charged lysozyme, the 
lysozyme adsorption was found to be reduced and enhanced, respec
tively for the oxidized and reduced PEDOT-PC films. Gelmi et al. [134], 
using an electrochemical-atomic force microscopy (AFM) setup, verified 
that applying a positive bias to PPy could lead to a strong electrostatic 
attraction to the negatively charged protein domains, resulting in one 
order of magnitude higher adhesion force (approximately 1–2 nN) be
tween them. This electrochemically induced adhesion is strong and 
non-specific but can be reversibly switched to a much smaller pico
newton adhesion force by applying an opposite negative bias to the 
polymer. Zhang et al. [135] combined single-cell force spectroscopy 
with electrochemical AFM to quantify the adhesion between live single 
cells and CPs. The cell-CP adhesion was mainly due to the non-specific 
interaction between the glycocalyx molecules of cells and the sulfo
nate and dodecylbenzene groups of dopants, which rearrange their 
orientation during electrical switching. The cell-CP adhesion was found 
to be significantly strengthened when the CP film was electrochemically 
switched from an oxidized state to a fully reduced state, indicating a 
stronger cell binding to sulfonate groups as opposed to hydrophobic 
groups. These results indicated that the redox-switched electrostatic 
interaction plays a critical role in controlling cell-CP interaction. 

CP Dopants were also found to influence the interaction between 
biomolecules and CPs [128,136]. It was found that the dextran 
sulfate-doped PPy adsorb much more fibronectins when doped at a high 
concentration of dextran sulfate [128]. Simultaneously, the viscoelas
ticity of the protein layer adsorbed on PPy also increases with the 
dextran sulfate concentration. Gelmi et al. [136] investigated the 
interaction of fibronectins with the glycosaminoglycan-doped PPy by 
the fibronectin-functionalized AFM tip at the molecular scale. They 
classified four main types of interactions between the FN and doped PPy 
films: non-specific adhesion (including electrostatic, hydrophobic, 
hydrogen bonding, etc.), protein unfolding and subsequent unbinding 
from the surface, desorption from CP surfaces, and interactions with no 
adhesion. They found that the fibronectin adhesion with PPy films could 
be mediated by interactions with chondroitin sulfate and hyaluronic 
acid presented on the PPy surface, indicating that the specific interac
tion plausibly arose from the electrostatic attraction to sulfate/anionic 
groups of the dopants. 

The application of bioelectronic implants is limited by implant fail
ure during chronic implantation. Addressing poor interaction between 
electrodes and targeted tissue, and alleviating adverse host responses 
triggered by protein adsorption, are two main issues that remained 
unsolved for long-term bioelectronic implantation. Therefore, A clear 
understanding of the interaction between biomolecules and CP materials 
is helpful for the rational design of conducting materials for bio
electronic implants. 

2.4. Biofunctionalization of conducting polymers 

The performance of electrodes is frequently reported to degrade with 
time when operating in biological systems, which has been widely 
accepted to be related to the implant-induced inflammatory response 
[21]. Foreign body responses may lead to the glial scar formation, which 
results in a dense cellular sheath around the neural probe and insulates 
the electrode from nearby neurons. In this case, the charge transfer from 
the electrode to the neural cells/tissues will be impeded [137], resulting 
in a weakened strength and a low quality of the recorded electrical 
signal. Building a selective interaction between target neurons and 
electrodes would depress the tissue response, and thus improve the 
recording quality and chronic electrode performance [138]. That is, for 
a long-term neural signal recording and stimulation, it is desired to 
reduce inflammatory responses, facilitating an intimate contact between 
recording sites of the neural robe and neural cells/tissues. Incorporating 
biomolecules with CPs has recently attracted wide attention due to its 
potential to ensure close electrocoupling between electrodes and neu
rons, promoting the proliferation and differentiation of neurons and 
increasing nerve recording quality. Some related research results of 
biofunctionalized CPs are summarized in Table 2. 

Neurotrophic factors are widely used to dope CPs of neural elec
trodes. For example, using nerve growth factor (NGF) improves the 
differentiation of neural cells on CPs [83]. Neurotrophin-3 (NT-3) and 
brain-derived neurotrophic factor (BDNF), ligands for Trk receptors 
expressed on cochlear neuron surfaces, have been used in cochlear im
plants to control cellular responses [149,150]. Richardson et al. [150] 
used NT-3 functionalized PPy electrodes to electrically stimulate guinea 
pig cochlear nerve to promote the preservation of spiral ganglion neu
rons (SGNs) function. Compared with the control guinea pigs (no 
implant or nonfunctionalized polypyrrole implants), the guinea pigs 
treated with the NT-3-functionalized PPy electrodes presented lower 
electrically evoked auditory brainstem response thresholds and higher 
SGNs densities. However, the effects of neurotrophic factors function
alized CPs are subjected to neurotrophin loading and might disappear 
once neurotrophin is exhausted [151]. 

Moreover, cell adhesion biomolecules can effectively enhance 
adhesion and outgrowth for neurons on CP surfaces. Polylysine, a cell 
adhesion biomolecule, has been widely used to enhance the electrostatic 
interaction between CPs and cell membranes [23,142]. Kim et al. [23] 
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reported that layer-by-layer assembly of poly(L-lysine) (pLys) onto a 
poly(glutamic acid) (pGlu)-doped PPy electrode [PPy(pGlu)-pLysn] 
enhanced neuron adhesion, as shown in Fig. 2A. As the number of pLys 
layers increased, the PPy(pGlu)-pLysn impedance slightly increased but 
significantly enhanced cell adhesion and neurite outgrowth (Fig. 2B). 
Alves-Sampaio et al. [146] showed that PEDOT-coated carbon micro
fibers (PEDOT-MFs), when functionalized by a multilayer complex of 
polylysine/heparin/basic fibroblast growth factor/fibronectin, achieved 
close contact with the spinal nerve with weak inflammation and fibrosis. 
The biofunctionalized PEDOT-MFs were also used to bridge the 
damaged spinal cord of adult rats through topographic and chemical 
cues, guiding axonal extension and cell migration in longitudinal 
alignment (Fig. 2C–I). Their results indicated that biofunctionalized 
PEDOT-MFs are attractive for neuroprostheses and lesion-bridging 
scaffolds used to treat neurological diseases. Collazos-Castro et al. 
[140] grafted the N-cadherin (Ncad) and L1 recombinant proteins 
simultaneously onto poly[(4-styrene sulfonic acid)-co-(maleic acid)] 
(PEDOT:PSS-co-MA) electrodes and revealed that the covalent modifi
cation slightly influenced the electrode electrochemical properties but 
significantly promoted dendrite and axonal growth on these electrodes. 
Their group also coated Ncad-functionalized PEDOT:PSS-co-MA onto 
carbon microfibers for nerve recording, resulting in improved electro
de− neuron contact and enhanced signal recording stability and fidelity 
[141]. As shown in Fig. 3, the PEDOT:PSS-co-MA-coated carbon 
microfibers reduced the recording noise but did not affect the recorded 
biopotential amplitude. In contrast, the Ncad-functionalized PEDOT: 
PSS-co-MA-coated electrodes were found to reduce the recording noise 
and increase the amplitude of the recorded multiunit activity (MUA), 
leading to a doubled signal-to-noise ratio relative to the control carbon 
microfibers. 

The YIGSR and IKVAV (active sequences of laminin) peptide- 

modified CP electrodes demonstrated improved adhesion and differen
tiation of neural cells, including PC12 cells, granule cells, Purkinje cells, 
neural progenitor cells, and hippocampal neurons [131,143,145]. 
Various approaches, including physical adsorption, entrapment, and 
covalent bonding, were used to modify the CP electrodes, endowing 
them with specific interactions with neural cells. Bhagwat et al. [145] 
discovered that the chemical conjugation of PEDOT electrodes with 
YIGSR peptides increased cell attachment and enhanced neurite devel
opment on CP surfaces compared to the physical adsorption (PA)-mo
dified electrodes (Fig. 4A and B). Meanwhile, the chemical modification 
did not greatly undermine the electrochemical properties of the PEDOT 
electrodes. One of the most effective methods for incorporating bio
functional molecules or moieties is to utilize CPs with bioconjugate 
groups, which have a highly selective conjugation reaction [131,140]. 
Zhu and Yu et la [131]. synthesized a biomimetic conducting copolymer 
with phosphorylcholine-functionalized EDOT (EDOT-PC) and a 
maleimide-functionalized EDOT (EDOT-MI), and they further grafted 
IKVAV peptides onto the copolymer surfaces through maleimide-thiol 
chemistry (Fig. 4C). As the PEDOT-PC films exhibited high resistance 
toward nonspecific protein binding (Fig. 4D), the 
CSSSSIKVAV-conjugated poly(EDOT-MI-co-EDOT-PC) could construct a 
neuron-targeted specific interaction on the nonspecific interaction 
resistant background, supporting the proliferation (Fig. 4E) and differ
entiation (Fig. 4F) of PC12 cells well. 

In addition to proteins and peptides, some other hydrophilic bio
molecules, such as hyaluronic acid, chondroitin sulfate, and dextran 
sulfate, are also applicable for CPs to improve their biocompatibility 
with tissues by depressing surface biofouling [22,26]. For example, Kim 
et al. [26] incorporated hyaluronic acid (HA) into PPy (PPy/HA) and 
found that PPy/HA films were compatible with tissue after four weeks of 
subcutaneous implantation. The PPy/HA electrodes were more sensitive 

Table 2 
Biomolecule-functionalized conducting polymers: diverse bioligands, modification methods, biological models, and advantages.  

Conducting polymers Bioligand Modification 
method 

Cell type/animal type Key results References 

PEDOT NGF and dexamethasone 
phosphate 

Doping Sprague–Dawley (SD) 
rats 

Increasing charge storage capacitance and decreasing 
electrochemical impedance (reduced by ~96%) at 1 
kHz. Reducing inflammation and promoting neuron 
survival. 

[83] 

PEDOT-poly(vinyl 
alcohol) 

Heparin, sericin, gelatin, 
and NGF 

Doping (heparin) 
Grafting (serin and 
gelatin) 

PC12 cells Enhancing neural cell adhesion and proliferation and 
differentiation of neurons. 

[139] 

PEDOT:PSS-co-MA N-Cadherin and L1 protein Grafting Cortical neurons Promoting axonal elongation and collateralization on 
the polymer. 

[140] 

PEDOT:PSS-co-MA N-Cadherin Grafting Rat hippocampal slices Increasing the amplitude and SNR of neural recordings. [141] 
PEDOT- PPy Polylysine and glutamine Doping Cortical neurons Improving neural cell adhesion, outgrowth, and 

viability. 
[142] 

PPyCl A 12-amino acid peptide 
(T59), IKVAV and T59- 
IKVAV 

Adsorption PC 12 cells and cortical 
astrocytes, SD rats 

Enhancing cell attachment and promoting neurites 
outgrowth on PPyCl-T59-IKVAV surface. 

[143] 

PEDOT RNIAEIIKDI (p20) Grafting Cortical neurons Accelerating neurite outgrowth. [144] 
PEDOT PEG-CDPGYIGSR, Adsorption and 

grafting 
PC12 cells Improving neurite expression without compromising 

the electrochemical properties. 
[145] 

PEDOT-PC-co- 
PEDOT-MI 

CSSSSIKVAV Grafting PC12 cells, NIH3T3, and 
primary rat Schwann 
cells 

High resistance toward nonspecific enzyme/cell 
binding and specific recognition of PC12 cells for 
electrical communication. 

[131] 

PEDOT Polylysine, heparin, basic 
fibroblast growth factor, 
fibronectin 

Grafting Adult male Wistar rats Promoting tissue healing, enhancing blood vessel 
formation and axonal regeneration without increasing 
inflammation. 

[146] 

PEDOT YIGSR and RGD Grafting PC12 cells and SD rats Enhancing cell attachment and neurite extension. [147] 
PEDOT-PEDOTacid Peptide GGGGRGDS Grafting Rat primary motor 

neurons 
Increasing the adhesion of neurons between 3 and 9 
times higher than controls. 

[46] 

PEDOT- 
exomethylene side 
group (PEDOT-EM) 

Aptamer Laminin Grafting NIH3T3 cells and 
primary neuron cells 

Obtaining stable and low impedance state PEDOT-EM. 
Achieving facile post-functionalization of PEDOT -EM 
with molecules of varying size and functionality (from 
small molecules to DNAs and proteins). 

[148] 

PPy Hyaluronic acid (HA) Doping NIH 3T3 and human SH- 
SY5Y neuroblastoma 

Improving adhesion and proliferation of neuronal cells 
and resisting cell attachment by doping small and high 
molecular weight HA, respectively, into PPy. 

[26] 

PEDOT Polydopamine Doping Rat hippocampi Lowering impedance and improving CSC, CIL and SNR [14]  
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to tiny signals than unmodified electrodes. Moreover, the PPy/HA 
electrode recording sensitivity increased with HA molecular weight, 
resulting in improved electromyography (EMG) signal detection and 
enhanced SNR (Fig. 5). This was primarily attributed to their higher CSC 
and decreased impedance due to their enhanced hydrophilicity. 

Recently, polydopamine (PDA) was also used to functionalize CPs. 
Chalmers et al. [152] developed PDA-modified PPy hydrogels, which 
exhibited improved conductivity (2720%) and cell adhesion (2140%) 
compared to unmodified PPy hydrogels. Kim et al. [14] fabricated a 
PDA-incorporated PEDOT microelectrode (Fig. 6) with reduced imped
ance and higher CSC and CIL. These PEDOT/PDA microelectrodes were 
more biocompatible and exhibited much lower noise than gold elec
trodes. Moreover, they also successfully measured extracellular 
neuronal spikes from hippocampal neurons and evoked electrical ac
tivity of neuronal networks in response to current stimulations. 

Although the biofunctionalization approach can effectively enhance 
CP-neuron interactions, implant-induced inflammation is still frequently 

observed in response to biofunctionalized CP implants [25,83,153]. 
Thus, extensive studies have been conducted to identify alternative 
materials and methods to further improve the long-term stability of 
neural electrodes. A practical approach to attenuating early implant 
inflammation is to load anti-inflammatory drugs into CPs. Wadhwa et al. 
[154] electrochemically doped dexamethasone (DEX) into a 
neuro-recording PPy electrode and verified its effect on preventing scar 
formation in the brain (Fig. 7A). Heo [25] and Boehler [155] also re
ported that drug-incorporated CP electrodes reduced the inflammatory 
response and significantly increased the density of axons around the 
electrodes (Fig. 7B and C). To achieve long-term electrical recording and 
stimulation in vivo, Zhong et al. [83] electrochemically codeposited 
PEDOT:PSS/NGF/DEX/poly(vinyl alcohol)/poly(acrylic acid) onto 
electrodes. The CSC value of the modified electrode was significantly 
enhanced, and the electrode impedance at 1 kHz was reduced by 
approximately 96% compared to the control. The immunochemical 
analysis revealed that the NGF- and DEX-functionalized CP electrodes 

Fig. 2. (A) Schematic representation of a neuron adhered to a substrate consisting of PPy doped with poly(glutamic acid) (pGlu) and subsequently modified with 
multiple layers of polylysine (PPy[pGlu]-pLysn) via reaction with protruding carboxylic acid groups of the pGlu dopant. (B) Immunofluorescence images of hip
pocampal neurons on PPy(pGlu)-pLysn 4 days after plating the with number of pLys layers n = 1, n = 2, and n = 3. The number of cells adhered to the patterns of PPy 
(pGlu)-pLysn (black bars) and the area of PPy(pGlu)-pLysn covered by neurites (white bars). Reproduced with permission [23]. Copyright 2010, American Chemical 
Society. (C–I) Spinal cord sections processed for Weigert’s hematoxylin and van Gieson’s stain, taken from animals treated with (C) poly
lysine/heparin/bFGF/fibronectin functionalized PEDOT-coated carbon microfibers (PEDOT-MFs); (D) nonfunctionalized MFs; (E) alginate alone; and (F) no treat
ment (control). Arrows in (C) and (D) signal the tissue growing along the MFs. Arrows in (E) and (F) point to the transverse fibrotic scar that sealed the spinal cord 
stumps. d, dorsal; v, ventral; r, rostral; c, caudal. (G) Quantification of the area of immunoreactivity for perivascular fibroblasts (PDGFR β), vimentin (VIM), collagen 
type IV (COL. IV), or inflammatory cells (ED1) around the MFs. (H) Quantification of the area missing neural processes for neurons (MAP2, NF), astrocytes (GFAP), 
and polydendrocytes (NG2) around the MFs. (I) Axon and blood vessel orientation at the transition zone, expressed as a percentage of elements forming an angle 
<45◦ or >45◦ with the longitudinal axis of the spinal cord. Reproduced with permission [146]. Copyright 2016, Elsevier Ltd. 
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alleviate the inflammatory response and improved neuronal survival at 
the interface after six weeks of cortical implantation in rats (Fig. 7D). 
Their results indicated that the combination of nerve growth factors and 
anti-inflammatory drugs improve the long-term stability of CP elec
trodes for chronic electrophysiological applications. 

2.5. Challenges of biofunctionalized conducting polymers 

Biofunctionalized CPs improve biocompatibility, promote neuron 
growth, notably increase SNR and reduce inflammation when utilized as 
implantable materials. However, several critical challenges remain un
addressed for CPs before their chronic applications. 

There are three main methods to functionalize CPs by biomolecules: 
physical adsorption, entrapment, and chemical conjugation. The phys
ical adsorption and entrapment of molecules are straightforward 
methods for modifying CPs. However, it is not easy to control the 
amount of biomolecules adsorbed or entrapped in CPs [156]. Protein 
adsorption or entrapment usually disrupts the CP surface morphology 
and electrical properties [157]. Furthermore, the physical adsorption of 
biomolecules with CP is pH-sensitive. The biomolecules might also leak 
from the polymer films, damaging the electrodes’ stability [158,159]. 
Chemical conjugation allows the biological molecules to be covalently 
grafted onto CP surfaces, thereby enhancing the biofunctional stability 

of the CP electrodes [156]. However, the polymer conductivity might be 
compromised [158], and the activity of the biomolecules might be 
damaged in the chemical reactions [160]. 

Although the biomolecule modification approach can improve the 
biocompatibility of CP electrodes, it might increase the electrical 
impedance, resulting in poor electrical signal exchange at the interfaces. 
Liu et al. [22] Bhagwat et al. [145] found that after modifying CP 
electrodes with proteins or peptides, these modified electrodes had 
higher impedances than the pristine CP electrodes, which might be 
related to the reduced CP-solution interface area due to the biomolecule 
coating. Green et al. [157] demonstrated that doping laminin peptide 
significantly decreased the charge storage capacity of PEDOT. These 
peptide modifications also affected the mechanical, electrochemical, 
stability, and biological properties of CPs [157]. 

Last but not least, biomolecule-functionalized CPs cannot prevent 
gliosis formation in long-term implantation. Cui et al. [153] implanted 
DCDPGYIGSR peptide-coated PPy electrodes into guinea pig brains and 
monitored their foreign body reaction for three weeks. During the sec
ond week, a layer of non-neuronal tissue, consisting primarily of 
meningeal fibroblasts and ECM proteins, formed around the neural 
probe. By the end of the third week, astrocytes began to form loose tissue 
layers. Some other biofunctionalized CP-coated electrodes also 
remained scar tissue after being implanted in vivo for several weeks [25, 

Fig. 3. (A) Schematic of a rat hippocampal slice showing the disposition of the recording electrode (REC); DG, dentate gyrus. (B) Representative traces of basal 
background noise remaining after tetrodotoxin perfusion in spontaneous activity recordings using 50 μm electrodes. (C) Representative traces of multiunit activity 
(MUA) activity segments extracted from recordings of spontaneous activity acquired using 50 μm electrodes. (D) Signal-to-noise ratio calculated for MUA. Repro
duced with permission [141]. Copyright 2015, American Chemical Society. 
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Fig. 4. (A) Schematic of surface modification of COOH-functionalized PEDOT films with YIGSR-based peptides through physical adsorption and chemical conju
gation. (B) Average number of PC12 cells/cm2 attached to the surface of COOH-functionalized PEDOT films modified with YIGSR-based peptides. Reproduced with 
permission [145]. Copyright 2016, Elsevier Ltd. (C) Schematic representation of a biomimetic conducting polymer. (D) Adsorption of various proteins on poly 
(EDOT-PC) (black) and poly(EDOT-OH) (red). (E) Proliferation and (F) differentiation (in the presence of NGF) of PC12 cells attached to CSSSSIKVAV-conjugated 
poly(EDOT-MI-co-EDOT-PC) films after 24, 48 and 120 h. Scale bar: 200 μm. Reproduced with permission [131]. Copyright 2014, Macmillan Publishers Limited. 

S. Qian et al.                                                                                                                                                                                                                                     



Bioactive Materials 26 (2023) 24–51

33

26]. Given these findings, further revision of these biofunctionalized CPs 
is necessary to achieve long-term stability of CP electrodes. Modifying 
CP with anti-inflammatory drugs was also reported to reduce the im
mune response [25,83,154,155]. However, its effect is influenced by the 
amount of drug loaded and unsuitable for chronic application. 

The interface between the implant surface and surrounding tissues is 
where the incorporated biomolecules meet with the body’s immune 
system. Implanting a foreign implant into the brain will break the 
blood–brain barrier, leading to the influx of proteins, monocytes, and 
other blood-borne cells and their nonspecific adsorption onto the im
plant’s surface [7–9,161]. The entire process was reported to occur 
within seconds [161]. During the early stages of inflammation, mono
cytes differentiate into macrophages. They recognize implants as foreign 
objects through nonspecifically adsorbed proteins and attempt to 
phagocytose and digest implants [8,9,11]. The local glia and neurons 

injured during implantation release acute cytokines and factors, e.g., 
ATP and macrophage colony-stimulating factor (M-CSF), which activate 
microglia. Activated microglia further release cytokines, including 
monokines, chemokines, and interleukins [162]. These cytokines facil
itate cell-to-cell interactions during the immune response, promote 
proliferation, and attract microglia and astrocytes to the implant site 
[163,164]. During the chronic phase, the implant is ultimately encap
sulated by a dense glial sheath, which may take more than six weeks to 
stabilize. Based on this immune response pathway, the nonspecific 
interaction of proteins/cells plays a crucial role in triggering the im
mune response. 

Nonspecific cell/protein adsorption has been verified as the primary 
factor triggering inflammation [7,10,11]. Previous studies have 
demonstrated that nonspecifically adsorbed proteins enhance macro
phage adhesion to foreign materials, triggering the early stage of the 

Fig. 5. (A) Schematic structures of hyaluronic acid-doped PPy (PPy/HA). (B) Masson’s trichrome staining images of the tissues implanted with bare electrodes and 
PPy/HA-modified electrodes with different molecular weights. Scale bars: 200 μm. (C) Scar tissue thickness in tissues implanted with various PPy/HA substrates. (D) 
A schematic illustration of the electromyography (EMG) signal measurement at the tibialis anterior using an implantable concentric needle electrode by stimulating 
the sciatic nerve using a hook-type electrode. (E) In vivo EMG signals obtained from bare, PPy/HA35k, and PPy/HA3M electrodes. (F) Average peak-to-peak am
plitudes and (G) signal-to-noise ratios of the obtained EMG signals. Reproduced with permission [26]. Copyright 2018, Elsevier Ltd. 

Fig. 6. (A) Schematic illustration of polydopamine and PEDOT hybrid (PEDOT/PDA) microelectrode microelectrodes. (B) Phase image of cultured neural networks 
on a microelectrode array. Scale bar: 100 μm. E1–E3 represent the electrodes that collected neural signals in (E). (C–F) Recording and stimulation with PEDOT/PDA 
microelectrodes. (C) Evoked neural signals after current stimulations (10 response signals overlapped). S: Stimulated electrode. (D and E) Noise of PEDOT/PDA and 
gold electrodes. Noise spectra in the frequency domain (D) and signals in the time domain (E). (F) Spontaneous neural signals recorded from PEDOT/PDA micro
electrodes. Burst activities (i) and single spikes (ii, iii) were repetitively recorded. Reproduced with permission [14]. Copyright 2019, Elsevier Ltd. 
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inflammatory response [24]. Furthermore, the compositions and 
three-dimensional structures of adsorbed proteins are crucial for im
mune cells to recognize the foreign surface and trigger a complex im
mune response [24,165]. Several works have already shown that 
reducing protein adsorption benefits device neural recording in 
long-term implantation [166,167]. Thus, given these results, antifouling 
CPs, which resist nonspecific protein/cell binding, should be much more 
promising, as they can prevent the electrode from nonspecifically 
binding proteins/cells, thus abrogating the first step toward triggering 
the immune response. 

3. Zwitterionic conducting polymers for bioelectronic devices 

3.1. Zwitterionic conducting polymers 

Antifouling CPs have recently received extensive attention due to 
their strong resistance to nonspecific protein/cell interactions and their 
exciting potential for depressing immune responses. A common struc
tural feature of these antifouling CPs is their grafting of hydrophilic 
groups or polymers. Depending on the chemical structures, three main 
kinds of antifouling CPs were developed for bioelectronic applications. 
Oligo(ethylene glycol) (OEG)- or poly(ethylene glycol) (PEG)-function
alized CPs were the earliest reported antifouling CPs [168,169]. During 
the past ten years, the most commonly studied antifouling CPs have been 

zwitterion-functionalized CPs [29,131,132,170–179], which are grafted 
by zwitterionic groups or polymer chains with an equal number of 
oppositely charged groups. The zwitterionic groups and zwitterionic 
polymers usually present strong hydrophilicity and neutral charge, 
which helps the CPs prevent proteins/cells from approaching via 
nonspecific interactions (originating from hydrophobic-hydrophobic, 
electrostatic, dipole–dipole, or van der Waals interactions). Hydrophil
ic biomolecules, e.g., hydrophilic peptides and phytic acid [170,180, 
181], have also been used to functionalize CPs with antifouling prop
erties. Table 3 summarizes some recent studies of antifouling CPs. 

PEG- or OEG-functionalized CPs are susceptible to oxidative degra
dation, as ethylene glycol groups were reported to decompose when in 
contact with transition metals and oxygen in biological solutions [187, 
188]. PEG-functionalized CPs were also unstable after being applied in 
an oxidation potential for a few hours [30]. In addition, OEG and PEG 
were reported to be immunogenic and thus might not be applicable for 
long-term implants [189]. Their immunogenic feature was attributed to 
the hydrophobic C–C backbone and –O(CH3) terminal group. The hy
drophobic feature of OEG and PEG moieties exposes it to the immune 
system, leading to the generation of PEG-specific antibodies [190]. In 
addition, several studies revealed that zwitterion polymers are chemi
cally more stable and superior in antifouling performance [191–195]. 
Thus, we focus on the synthesis, properties, and bioelectronic applica
tions of zwitterionic CPs. 

Fig. 7. In vitro or in vivo studies of the effects of anti-inflammatory drugs on CPs. (A) In vitro studies for the effect of dexamethasone (Dex) on reactive astrocytes 
number, as shown by GFAP staining. Control group: no drug, Dex group: Dex was added to the media at a concentration of 10^6 M, and DexR: drug was electrically 
released in PBS from the PPy–Dex electrode, and the resulting solution was added to media with a final Dex concentration of 10^6 M. Histograms showing the 
normalized number of astrocytes on day 3 and the effect of Dex on neuron viability on day 3 for Ctrl-, Dex- and DexR-treated cells. Reproduced with permission 
[154]. Copyright 2005, Elsevier Ltd. 
(B) Schematic illustration of the fabrication process for the cyclosporin A (CsA)- and PEDOT:PSS-functionalized nerve cuff electrode. Histograms showing quanti
fication of the fibrotic tissue area of the nerve tissue and axonal density of sciatic nerves after implantation with control (Ctrl), Hydrogel + PEDOT, and Hydrogel +
MS + PEDOT coated electrodes. Reproduced with permission [25]. Copyright 2016, Elsevier Ltd. 
(C) Microscope image of a polyimide neural probe with 4 PEDOT/Dex-coated electrode sites. Comparison of CSC and impedance magnitude for a PEDOT/Dex-coated 
probe before implantation and 12 weeks later in vivo. Neuron distance around different material-coated probes. Passive probe: no stimulation, the active probe: 
CV-stimulation. Reproduced with permission [155]. Copyright 2017, Elsevier Ltd. 
(D) Comparison of CSC and impedance magnitude of Pt/Ir implant (substrate) and CP/NGF/DEX/hydrogel electrode (modified). GFAP (red) and NeuN (green) 
immunostaining around implants at 6 weeks after implantation in the rat brain. Reproduced with permission [83]. Copyright 2017, Elsevier Ltd. 
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Table 3 
Hydrophilic and zwitterionic group functionalized conducting polymers, applications, and key results (Abbreviation: PC = phosphorylcholine, SB = sulfobetaine, CB 
= carboxybetaine, BSA = bovine serum albumin, FN = fibronectin, FNG = fibrinogen, MA = methacrylate, MI = maleimide, HQ = hydroquinone, Th = thiophene, 
MAA = methacrylamide, PTh-CB-co-ThAA = carboxybetaine thiophene-co-thiophene-3-acetic acid, and PThAA = poly(thiophene-3-acetic acid)).  

Antifouling 
moieties 

Antifouling CPs Impedance Application Protein/cell/ 
bacteria/animal 

In vitro and in vivo 
stability 

Key results References 

PC PEDOT-PC / Dopamine 
biosensor 

BSA, rat The PEDOT-PC electrode 
could retain 92% 
sensitivity, while the 
PEDOT electrode only 
43%. 

The biosensor maintained 
its high sensitivity to 
dopamine in rat brains. 

[182] 

PC PPy-PC / Anti- 
inflammtion 
electrode 

BSA, Escherichia 
coli, 
Staphylococcus 
aureus, and mice 

PPy-PC suppressed scar 
tissue formation by 80% 
after 4 weeks of 
subcutaneous 
implantation. 

PPy-PC electrodes displayed 
high resistance to proteins, 
bacterials and cell, and 
suppressed scar tissue 
formation. 

[129] 

SB PEDOT:PSS-SB Au: ~252 Ω; 
PEDOT:PSS-SB: 
~160 Ω at 1 kHz 

Neural 
interface 

PC 12 cells, rat PEDOT:PSS-SB device 
induced a stable 
compound action 
potential for at least 4 
weeks of implantation. 

PEDOT:PSS-SB electrode 
showed improved 
impedance, charge storage 
capacity, and charge 
injection capability and 
demonstrated efficient 
stimulating and recording 
during chronic 
neuromodulation. 

[183] 

Zwitterionic 
peptide 
(sequence 
EKEKEKE) 

PEDOT–COOH– 
EKEKEKE 

/ DNA sensor Human plasma / The DNA biosensor 
displayed high selectivity 
and low detection limit. 

[170] 

PEG PPy/GCE-PEG Glassy carbon 
electrode (GCE): 
121.4 Ω; PPy 
coated GCE (PPy/ 
GCE): 12.4 Ω; 
PPy/GCE- 
PEG:498.0 Ω. 

DNA sensor Serum The Rct value of PPy/GCE 
increased dramatically 
after the protein solution 
incubation, while those of 
PEG/PPy/GCE did not. 

The detection range of 
targeted miRNA is from 
0.10 pM to 1.0 nM. 

[184] 

SB and PEG Poly(OEGMA) 
grafted PEDOT 
(PEDOT-POEGMA), 
poly(SBMA) grafted 
PEDOT(PEDOT- 
PSBMA) 

PEDOT-PSBMA 
showed a lower 
impedance than 
PEDOT-POEGMA 
at low frequency. 

Antifouling 
electrode 

BSA, FNG, 
NIH3T3 

/ PEG and SB grated PEDOT 
electrode prevented cell 
adhesion. Protein binding 
properties of the surface can 
be modulated by the density 
of polymer brushes. 

[29] 

SB PEDOT-C4-SB, 
PEDOT-C5-SB 

PEDOT-C4-SB: 
82 Ω; PEDOT-C5- 
SB: 55Ω; PEDOT- 
SB: 1630 Ω at 1 
Hz. 

Antifouling 
electrode 

FNG After being applied 1000 
cycles of CV scans, the 
total charge of PEDOT-SB 
decreased to 60%, while 
those of PEDOT- C5-SB 
and PEDOT- C4-SB 
retained 70% and 80%, 
respectively. 

The antifouling CP 
electrode showed excellent 
antifouling properties. The 
1 Hz impedance of PEDOT- 
C4-SB (-C5-SB) was 20 times 
lower than PEDOT-SB. 

[174] 

SB PEDOT-SB / Antifouling 
electrode 

BSA, NIH3T3 / Only a minimal amount 
(<1% of surface coverage) 
of cell adhesion was 
observed on the surface. 

[173] 

PC, SB, and CB Poly(EDOT-co- 
EDOT-PC), poly 
(EDOT-co-EDOT-CB), 
poly(EDOT-co-EDOT- 
SB) 

Poly(EDOT-co- 
EDOT-PC) had 
the lowest 
impedance at the 
low frequency. 

Antifouling 
electrode 

NIH3T3 / Poly(EDOT-co-EDOTPC) 
gave the lowest impedance 
and the best resistance to 
protein adsorption and cell 
adhesion. 

[132] 

PC, SB, and EG PEDOT-EG3, PEDOT- 
EG4, PEDOT-PC, 
PEDOT-SB 

PEDOT-SB and 
PEDOT-EG4 had a 
higher impedance 
than PEDOT-PC, 
PEDOT-EG3, and 
PEDOT. 

Antifouling 
stability under 
stimulation 

HAPI, NIH3T3 PEDOT-PC demonstrated 
the best stability in the 
antifouling and 
electrochemical properties 
during the electrical 
stimulation. 

After the electrical 
stimulation, the PEDOT-PC 
electrode still exhibited 
good electrochemical 
stability, low impedance, 
small voltage excursion, and 
excellent resistance toward 
proteins and HAPI 
microglial cells. 

[28] 

PEG and PC PEDOT-PC, PEDOT- 
EG 

/ Antifouling 
conducting 
biointerface 

BSA and lysozyme / PEDOT-PC has a higher 
desorption rate and film 
regeneration compared with 
PEDOT-EG. 

[30] 

PC Peptide grafted Poly 
(EDOT-MI-co-EDOT- 
PC) 

Poly(EDOT-MI- 
co-EDOT-PC) 
showed lower 
impedance than 
PEDOT and Au. 

Selective cell 
interaction on 
PEDOT 

BSA, FN, FNG, 
LYZ, FBS, NIH/ 
3T3, PC 12 

The PEDOT-PC film still 
could retain its 
electroactivity and 
excellent antifouling 
property after being 

Peptide grafted poly(EDOT- 
MI-co-EDOT-PC) could 
selectively interact with 
cells, ensuring efficient 
electrical communication 

[131] 

(continued on next page) 
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3.2. Synthesis of zwitterionic conducting polymers 

Zwitterionic CPs are composed of a conjugated backbone and hy
drophilic side groups and chains with equal amounts of cationic and 
anionic units. Phosphorylcholine (PC), sulfobetaine (SB), and carbox
ybetaine (CB) moieties are the most popular zwitterions used to func
tionalize CPs. The following sections highlight their synthesis and their 
molecular design. 

3.2.1. Phosphorylcholine (PC)-functionalized conducting polymers 
Zhu and Yu et al. [131] reported the first zwitterionic PEDOT, i.e., 

phosphorylcholine-functionalized PEDOT (PEDOT-PC); its synthesis 
pathway is shown in Fig. 8A–i. EDOT-OH was first reacted with 2-chlor
o-2-oxo-1,3,2-dioxaphospholane. Then, in the presence of trimethyl
amine, the dioxaphospholane ring was opened to yield 
phosphorylcholine-functionalized EDOT (EDOT-PC). A surfactant- 
assisted electropolymerization was used to deposit the EDOT-PC ho
mopolymer and its copolymers, which displayed strong resistance to 
nonspecific protein/cell binding. Goda et al. [171] later also synthesized 
phosphorylcholine-functionalized EDOT and its polymer, which is 
slightly different from the above chemical structure (Fig. 8A–ii). First, in 
the presence of p-toluene sulfonic acid, 3,4-dimethoxythiophene was 
reacted with 3-chloro-1,2-propanediol to prepare EDOT-Cl. Then, its 
chloromethyl was reacted with potassium thioacetate to form 
methanethioester-functionalized EDOT through nucleophilic substitu
tion. The methanethiol-functionalized EDOT (EDOT-SH) was then 
available by deprotection in a basic medium. Finally, it was reacted with 
2-methacryloyloxyethyl phosphorylcholine (MPC) through thiol− ene 
chemistry to yield EDOT-PC. Electrocopolymerization of EDOT and 
EDOT-PC monomers was performed to prepare random copolymers. In a 
later study from the same group, they used EDOT-SH to react with 
zwitterionic methacrylates to prepare three zwitterionic EDOTs bearing 
phosphorylcholine (EDOT-PC), carboxybetaine (ECOT-CB), and sulfo
betaine (EDOT-SB) (Fig. 8A–iii) [132]. Subsequently, copolymers of 
zwitterion EDOT with EDOT were synthesized by electrochemical 
copolymerization. Their results further revealed that the structure and 
composition of zwitterions exerted pronounced effects on the protein 
adsorption and cell adhesion of these polymer films. 

3.2.2. Sulfobetaine (SB)-functionalized zwitterionic conducting polymers 
As mentioned above, the EDOT-SB monomer was synthesized from 

EDOT-SH through thiol-ene chemistry. This synthesis method is 
straightforward and efficient with a high yield. In addition, Cao et al. 
[172] recently synthesized EDOT-SB using a simple three-step method 
(Fig. 8B–i). First, 3,4-dimethoxythiophene was reacted with 3-chloro-1, 

2-propanediol to synthesize EDOT-Cl through acid-catalyzed trans
esterification. Then, the amination of EDOT-Cl was performed to yield 
aminated EDOT. Subsequently, the substance was reacted with 1,3-pro
panesultone by quaternization to generate EDOT-SB. Finally, the 
EDOT-SB polymer (PEDOT-SB) was prepared by electrochemical poly
merization. The PEDOT-SB surface exhibited excellent conductivity, 
stability, and switchable antifouling/antimicrobial properties. Shen 
et al. [173] developed another approach to preparing 
sulfobetaine-functionalized EDOT from hydroxymethyl-EDOT (EDO
T-OH) (Fig. 8B–ii). EDOT-OH and dimethylglycine were condensed via 
Steglich esterification to yield tertiary amino-functionalized EDOT. 
Then, it was reacted with 1,3-propanesultone to produce EDOT-SB 
through quaternization. The PEDOT-SB films were prepared by elec
trochemical deposition, which inhibited 95% of the nonspecific binding 
of proteins and fibroblast cells. Lee et al. [174] synthesized two de
rivatives of PEDOT-SB, PEDOT-C4-SB, and PEDOT-C5-SB by introducing 
alkoxyl spacers of different lengths between the PEDOT backbone and 
sulfobetaine (Fig. 8B–iii). First, 4-bromobutoxy methyl-EDOT or 5-bro
mobutoxy methyl-EDOT was synthesized from EDOT-OH through 
nucleophilic substitution, and then a procedure similar to that shown in 
Fig. 7B–i was conducted to prepare PEDOT-C4-SB and PEDOT-C5-SB. 
PEDOT-C4-SB and PEDOT-C5-SB were found to be significantly different 
from PEDOT-SB with respect to oxidation potential and surface 
morphology. 

In addition to bottom-up synthesis, post-modification approaches, i. 
e., surface-initiated polymerization or the direct grafting-to method, 
have also been used to introduce zwitterionic groups or polymers onto 
CP surfaces. Pei et al. [175] successfully grafted zwitterionic betaine 
polymers onto PPy using atom transfer radical polymerization (ATRP). 
Pyrrole was electrocopolymerized with 4-(3-pyrrolyl) butyric acid to 
yield poly(Py-co-PBA), followed by conversion of carboxylate to 
hydroxyl and subsequent coupling of ATRP initiators through the 
nucleophilic substitution reaction. Then, poly(3-(methacryloylamido) 
propyl)-N,N′-dimethyl(3-sulfopropyl)-ammonium hydroxide) (PMPDS 
AH) and poly(methyl methacrylate)-b-PMPDSAH (PMMA-b-PMPDSA 
H) were grafted from the initiator via ATRP. In this way, zwitterionic 
polymer-grafted PPy materials and electrodes were successfully syn
thesized. In another earlier study, Zhao et al. [29] first synthesized the 
ATRP initiator (-Br)-grafted 3,4-ethylene dioxythiophene (EDOT-Br) 
from EDOT-OH and 2-bromoisobutyryl bromide by nucleophilic sub
stitution. Then, poly(EDOT-Br-co-EDOT) films were deposited as thin 
films using electropolymerization. Finally, surface-initiated ATRP was 
used to graft poly((oligo(ethylene glycol) methacrylate), poly(OEGMA), 
and zwitterionic poly([2-(methacryloyloxy)ethyl]dimethyl-(3-sulfo
propyl) ammonium hydroxide), poly(SBMA) onto PEDOT surfaces. 

Table 3 (continued ) 

Antifouling 
moieties 

Antifouling CPs Impedance Application Protein/cell/ 
bacteria/animal 

In vitro and in vivo 
stability 

Key results References 

applied 1000 cycles of CV 
scans. 

with neural model cells over 
five days. 

PC EDOT-PC copolymers Copolymers had a 
much lower 
impedance than 
gold. 

Cell-repulsive 
cues for 
electrodes 

PC 12 cells / The strong repulsive force of 
PEDOT-PC could control the 
neurite outgrowth well and 
enhance it by 179%. 

[185] 

PC Poly(EDOT-HQ-co- 
EDOT-PC) 

Poly(EDOT-HQ- 
co-EDOT-PC) and 
PEDOT had a 
similar 
impedance. 

Dynamic Cell 
Capture and 
Release 

NIH3T3, PC12 
cells 

The poly(EDOT-HQ) film 
displayed a reversible 
electrochemical switch. 

This PEDOT copolymer 
presented a dynamic 
interaction with cells 
through redox 
bioconjugation; it further 
demonstrated the 
electrically stimulated cell 
differentiation and 
subsequent safe cell release 
on this copolymer. 

[186] 

CB PThCB-co-ThAA, 
PThCB-co-ThMAA, 
PCBTh-co-ThRGD 

/ Specific cell 
interaction 

Bovine aortic 
endothelial cells 

/ RGD grafted PThCB-co-Th 
specifically interacted with 
cells through RGD. 

[177]  
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Their results revealed that nonspecific protein adsorption on CPs could 
be modulated by zwitterionic polymer brush density, which is tuned by 
the feed composition of EDOT-Br in the solution for 
electropolymerization. 

3.2.3. Carboxybetaine (CB)-functionalized zwitterionic conducting 
polymers 

Wang et al. [176] synthesized poly(carboxybetaine methacrylate) 
(polyCBMA)-modified polyaniline (PANI) nanowires by postgrafting. As 
shown in Fig. 8C–i, CBMA monomers were first anchored onto PANI 
surfaces using EDC-NHS chemistry; thus, these methacrylates anchored 
onto surfaces could function as monomers to join the photocatalyzed 
radical polymerization and grafted polymer chains onto PANI surfaces. 
Thus, the prepared polyCBMA-grafted PANI nanowires displayed 
excellent antifouling and electrical conductivity. In another study, Cao 
et al. [177] synthesized carboxybetaine-functionalized thiophene 
monomer (Th-CB), its homopolymer (PTh-CB), and its random copol
ymer (PTh-CB-co-ThAA) with thiophene-3-acetic acid (ThAA). ThAA 
was reacted with N,N′-dimethylethylenediamine through the 

condensation reaction to give (N-(2-(dimethylamino)ethyl)-2-(
thiophene-3-yl)acetamide). Then, it was further reacted with ethyl 
bromoacetate through the dimethylamino group, and the product was 
subsequently hydrolyzed to regenerate the final product via the ion 
exchange resin column. PTh-CB and PTh-CB-co-20%ThAA were then 
synthesized using oxidative polymerization with iron(III) chloride as an 
oxidant. PTh-CB-co-ThAA could further react with methacrylamide and 
thiol to install the desired functional groups (Fig. 8C–ii). These polymers 
effectively prevented nonspecific BSA and fibrinogen adsorption. 
Recently, the Lee group synthesized two multifunctional zwitterionic 
conducting polymers, i.e., linear poly(carboxybetaine thiophene) 
(PTh-CB) and porous poly(carboxybetaine thiophene-co-9,9′-bifluor
eneylidene) (PTh-CB-co-BF). Its synthesis pathway is similar to those 
mentioned before, as shown in Fig. 8C–iii [178]. The same group further 
synthesized a multifunctional zwitterionic liquid crystalline polymer 
PCBTh–C8C10 (Fig. 8C–iv) as an intriguing approach for implanting 
organic bioelectronics [179]. These conducting biomaterials exhibited 
significant antimicrobial properties and were highly resistant to protein 
adsorption and cell attachment. 

Fig. 8. (A) Syntheses of phosphorylcholine functionalized conducting polymers. i) Syntheses of PEDOT-PC from EDOT-OH [131]. ii) Synthesis route for EDOT-PC 
from 3, 4-dimethoxythiophene. Electrochemical copolymerization of EDOT and EDOT-PC [171]. iii) Synthesis of zwitterionic EDOTs from EDOT-SH, and electro
polymerization of zwitterionic EDOTs and EDOT [132] 
(B) Syntheses of sulfobetaine functionalized conducting polymers. i) Synthetic route of PEDOT-SB from 3, 4-dimethoxythiophene [172]. ii) Synthesis of PEDOT-SB 
from EDOT-OH [173]. iii) Synthetic route of PEDOT-C4-SB and PEDOT-C5-SB from EDOT-OH [174] 
(C) Syntheses of carboxybetaine functionalized conducting polymers. i) Schematic illustration of the construction process of antifouling PANI. Reproduced with 
permission [176]. Copyright 2018, Elsevier Ltd. ii) Synthetic routes to PCBTh homopolymer and its random copolymers: PCBTh-co-ThAA, PCBTh-co-ThMAA and 
PCBTh-co-ThSH [177]. iii) Synthetic routes to obtain PCBTh and PCBTh-coBF [178]. iv) Synthetic routes for polymer PCBTh–C8C10 [179]. 
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3.3. Antifouling of zwitterionic conducting polymers 

Zwitterionic biointerfaces have been well demonstrated to resist the 
nonspecific adhesion of proteins and cells [29,131,132,172,173,177, 
185,186]. Schlenoff has provided a systematic review of all antifouling 
mechanisms of zwitterionic biointerfaces based on the surface energy, 
the water structure around zwitterions, the excluded volume effect 
(including the contribution of enthalpy and entropy), the ion coupling 
effect, the mobility of surface functional groups, and salt resistance 
[196]. Thus, this review will not discuss those subjects in detail but will 
instead focus on zwitterion superiority in hydration and the effect of 
zwitterionic CP structures. 

3.3.1. Hydration of zwitterions 
The hydration of antifouling interfaces is critical for cell/protein 

resistance. The hydration layer formed at the zwitterion-modified 
interface originates from ionic interactions [194]. This makes the hy
dration layer more compact and stable than those formed at 
PEG/OEG-modified interfaces. As PEG/OEG chains are neutral hydro
philic components, their hydration occurs via hydrogen bonding 
instead. Through molecular dynamics simulations or sum frequency 
generation techniques, it was confirmed that water molecules close to 
zwitterionic surfaces exhibit decreased mobility, wider dipole orienta
tion distribution, and longer residence time than those of the OEG sur
faces or nonmodified surfaces [191,192]. The free energy of hydration 
for zwitterionic CB and SB (− 404 and − 519 kJ mol− 1, respectively) was 
much lower than that for nonionic EG4 moieties (− 182 kJ mol− 1) [193], 
revealing that zwitterionic materials have more substantial hydration 
capability [194]. Furthermore, more water molecules were demon
strated to interact with zwitterionic units than with EG units; the hy
drated water molecules on SB units were more tightly bound than those 
on EG units before saturation [195]. Given these results, water mole
cules tend to steadily stay on zwitterionic surfaces and are less favored to 
move away, indicating that zwitterionic polymers strongly repulse 
nonspecific protein adsorption. 

Intriguingly, zwitterions have a more reliable antifouling property 
than some other hydrophilic moieties. Zhang et al. [197] found that 
proteins binding on zwitterion surfaces could be removed entirely by 
water washing and did not substantially stick to the interface. In com
parison, the polysaccharide-modified surface could not be regenerated 
by washing. It indicates that irreversible binding is predominant. This 
can be explained well by the fact that the water bonding strength for 
zwitterionic surfaces is much more robust than that for polysaccharide 
surfaces. 

A simulation by Shao et al. revealed that the self-assembled PC 
monolayers are highly ordered [198]. Moreover, poly 
(2-methacryloyloxyethyl phosphorylcholine) (PMPC) persisted in a 
relatively stiff structure in an aqueous NaCl solution within a wide range 
of concentrations (0–5.0 M) [199]. In another study by Kobayashi et al. 
[200], it was demonstrated that the most characteristic property of 
PC-based polymer compared to SB-based polymer is its independence of 
the chain dimensions on salt concentration. This is primarily because the 
trimethylammonium cation and phosphate anion bind covalently in the 
PC unit to form the inner salt situation. The two ions are situated close to 
one another, with three methyl groups bound to the nitrogen atom of the 
PC unit located outside of the polymer chains. This provides a site that 
can form favorable interactions with water through hydrophobic hy
dration, including a more ordered water structure similar to that of free 
water in the bulk phase. This hydrophobic hydration layer did not 
disturb the hydrogen bonding between the water molecules [201]. 
These results could explain why zwitterionic PC groups have extreme 
resistance to nonspecific protein/cell interactions. 

3.3.2. pH, spacer length, composition, and chemical structure effects 
All three zwitterionic CPs have the same positively charged unit, the 

ammonium group, but have different negatively charged units. Their 

difference in the negatively charged units should lead to different sur
face charges and thus different antifouling performance under the same 
acid environments. The sulfonic and phosphate groups can remain 
unprotonated over a wide pH range of approximately 2–14 [202–204]. 
Thus, both sulfobetaine- and phosphorylcholine-functionalized CPs are 
expected to retain their zwitterionic nature over a wide pH range from 2 
to 14. However, the carboxylic groups of carboxybetaine-functionalized 
CPs would be protonated at pH ≤ 4, as carboxylic acid is a weaker acid 
[203,205]. This result indicates that carboxybetaine groups could be 
neutral or positively charged, depending on the pH. Thus, it is not un
expected that the antifouling performance of carboxybetaine is highly 
dependent on the pH value of the environment. 

In another research by Zhang et al. [28], it was found that the 
antifouling performance of the PEDOT-SB electrode was slightly worse 
than that of the PEDOT-PC electrode. One plausible explanation is that 
the charge densities of the cationic (3.0 e/nm3) and anionic groups 
(− 4.5 e/nm3) of SB groups are unbalanced, which may change the 
configuration of self-associated SB moieties [206]. Zwitterionic PC 
moieties have a charge density balance between the cationic group (3.0 
e/nm3) and the anionic group (− 3.0 e/nm3), enhancing the 
self-association of PC moieties and stabilizing their configuration [206]. 

The distance between the two oppositely charged groups in a zwit
terion also influences the antifouling property of zwitterionic polymers. 
Usually, the hydrophobic alkyl group is used to connect and gap the two 
oppositely charged groups. Although the hydrophilicity increases with 
spacer extension [203], the longer hydrophobic alkyl compromises more 
hydrophilicity [207]. As simulated by Shao et al. [207], the hydration 
free energy of carboxybetaine groups decreases with the extension of the 
alkyl spacer, when the number of methyl groups is smaller or equal to 3. 
It was also indicated that the charges groups of CB moieties with longer 
alkyl spacer are more highly charged, and those of CB moieties with 
spacer length ≥3 methyl groups present identical charges. Another 
concern is that the hydrophobic alkyl chain would compromise the 
hydrophilicity. However, based on the study by Shao et al. [207] there is 
only a slight variation in the hydration free energy for CB molecules with 
longer hydrophobic spacer. 

Their simulation results further indicated that the interactions be
tween CB moieties and guest ions strongly depend on the spacer length. 
The longer the carbon spacer length is, the stronger the Na+ association 
preference for CB moieties due to the higher partial charge of carboxylic 
groups. Mi et al. [208]experimentally verified that CB moieties with 
methylene spacers did not associate with Mg2+ or resist polysaccharide 
attachment, whereas CB moieties with longer spacers bound poly
saccharides due to their association with Mg2+. The previous study by 
Weers et al. [203] has found that the methylene spacer length has a very 
small effect on the sulfobetaine hydration while having a distinctive 
effect on the carboxybetaine hydration. It could be explained by that 
increasing methylene spacer length would increase the pKa value of 
carboxybetaine, and enhance the carboxybetaine hydrophilicity as the 
protonated moiety is more hydrophilic than the zwitterionic one. 

Zhu and Yu [131]. studied the effect of polymer composition on 
resistance to proteins/cells for PC-functionalized CPs. Its resistance to 
nonspecific protein/cell interactions was sigmoidally dependent on the 
EDOT-PC monomer feed composition. When the feed composition of 
EDOT-PC in the electrolyte solution was greater than 50%, the copol
ymer films were consistently highly resistant to cells and proteins. This 
finding is critical for applying zwitterionic CPs in bioelectronic devices, 
as it provides a composition window to combine conjugatable co
monomers for building biomolecule-defined specific interactions 
without damaging the nonspecific interaction resistance. Goda [132] 
developed three zwitterionic conducting copolymers by copolymerizing 
EDOT with EDOT-PC, EDOT-CB, or EDOT-SB. They also verified that the 
antifouling property of the copolymer films remains constant when the 
composition of the zwitterionic monomer is more than 50 mol%. They 
further demonstrated that PEDOT-PC exhibited more resistance to pro
tein adsorption and cell adhesion than PEDOT-SB and PEDOT-CB. 
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3.4. Low impedance of zwitterionic conducting polymers 

3.4.1. Enhanced ion conductivity 
For bioelectronic implants, the low impedance of electrodes is crit

ical to ensure their efficient electrocoupling with cells/tissues. High 
impedance usually results in increased noise and signal loss in the neural 
recording. Furthermore, the higher CSC and CIC of implants are crucial 
for preventing tissues/cells from being damaged by the side electro
chemical reaction under higher potential. Zhu and Yu demonstrated that 
the impedance of phosphorylcholine-functionalized PEDOT was even 
lower than that of unfunctionalized PEDOT [131]. Zhao et al. [29] found 
that the impedance of OEG functionalized PEDOT was significantly 
increased, whereas that of the sulfobetaine functionalized PEDOT 
remained almost unchanged, possibly due to the zwitterion-enhanced 
ionic conductivity. In a recent study, Zhang et al. [28] demonstrated 
that the CSC and CIC values of zwitterionic PEDOT electrodes are higher 
than those of OEG-functionalized PEDOT electrodes. This should be due 
to zwitterions promoting ion dissociation and transportation compared 
to nonionic oligo(ethylene glycol) [209]. Cao et al. [177] also found that 
the carboxybetaine-functionalized thiophene polymer displayed higher 
electrical conductivity than the thiophene polymer. 

The improved electrical properties of zwitterionic CPs should arise 
from the ionic conductivity enhancement with zwitterion incorporation. 
Many studies have demonstrated that adding zwitterionic moieties into 
conducting polymer electrolytes significantly enhances ion conductiv
ities [210,211]. The enhanced ionic conductivity is primarily due to the 
large dipole moment of zwitterions, which is 7–8 times larger than those 
of polar solvents [212]. The large dipole moment endows the materials 
with a large dielectric constant that shields the electrostatic attraction 
between anions and cations (Fig. 9A–D) [213]. As shown in Fig. 9D, the 
Li 1s binding energy of PBP-g-Li(PSI)2 slightly shifts to a higher value of 

54.95 eV, compared to that of PBP-g-LiPSI (54.60 eV). In PBP-g-LiPSI, 
the lithium is close to the bis(sulfonyl)imide anion due to the strong 
electrostatic force. It increases the probability of transferring electrons 
from the anion to the cation. However, in the case of PBP-g-Li(PSI)2, the 
zwitterion dipole would weaken this electrostatic attraction, and reduce 
the probability of electron transfer. It is the reason why the core elec
trons of the lithium cation of PBP-g-Li(PSI)2 are harder to excite than 
that of PBP-g-LiPSI. The molecular dynamics simulations indicated that 
zwitterions weaken the association between anions and cations 
(Fig. 9E–H) [214]. The anionic and cationic groups of zwitterions act as 
sites that interact with cations and anions, respectively, benefiting the 
dissociation of oppositely charged ions [215]. Zwitterionic molecules 
also provide migration channels for ions under the applied electric field, 
in which one ion can hope to the following combining site to achieve 
migration (Fig. 9I–K) [209,215]. 

Furthermore, Stavrinidou et al. [216] suggested that the extent of 
hydration is critical for ion transport in polymer materials. Ion mobility 
usually decreases when hydration is decreased. Because zwitterionic 
polymers have compact and stable hydration layers and robust water 
retention ability, enriching zwitterions inside also benefits ionic trans
port in zwitterionic CPs [209]. 

The dipole moment of zwitterions can be adjusted by zwitterion 
structures and linker length; zwitterions with more prominent dipole 
moments are likely to improve the ion dissociation and ionic conduc
tivity of polymer materials [217]. Thus, further studies are needed to 
determine how the structure of zwitterionic CPs affects the whole ionic 
conductivity. 

3.4.2. Interface of metal with zwitterionic CPs 
Several review papers by Emrick and Russell et al. [218–220] have 

discussed the interaction between zwitterionic CPs and metals in 

Fig. 9. (A and B) Poly(biphenylpiperidinium) (PBP)-grafted poly(biphenylpiperidinium)s, including (A) PBP-g-LiPSI and (B) PBP-g-Li(PSI)2. (C) Dielectric spectra of 
PBP-g-LiPSI and PBP-g-Li(PSI)2. (D) Li 1s XPS spectra of PBP-g-LiPSI and PBP-g-Li(PSI)2. Reproduced with permission [213]. Copyright 2022, Elsevier Ltd. 
(E) Diffusion coefficients of Li+ in LiTFSI/EOx/ZW and LiTFSI/EOx in cases A (same Li+ feeding concentration as the LiTFSI/EOx/ZW group) and case B (higher Li+

feeding concentration than case A). (F and G) Association number of Li+-O(EOx), Li+-O([TFSI]-) and Li+-O(ZW) and their sum. (F) Case A without ZW, (G) elec
trolytes with ZW. (H) Percentage of “single” and “double” status of Li+-ZW associations. (LiTFSI = lithium bis (trifluoromethanesulfonyl); EO = oligo(ethylene 
oxide); ZW = zwitterionic molecules). Reproduced with permission [214]. Copyright 2020, Elsevier Ltd. 
(I) Density functional theory (DFT) calculation of the interaction between different components in zwitterionic polymer hydrogel (polySH) electrolyte. (J) Schematic 
diagram of electrostatic interaction between anionic and cationic groups in polySH hydrogel without salt and K) Proposed Li+ migration mechanism in polySH 
electrolyte, where hydrated Li + hopping through SO3

− sites. Reproduced with permission [215]. Copyright 2021, John Wiley & Sons, Inc. 
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electronic devices. These reviews shed light on the function of zwitter
ionic CPs in field-effect transistors, light-emitting diodes, and photo
voltaics. However, to the best of our knowledge, there are no reviews 
evaluating the impact of zwitterionic CPs on the performance of bio
electronic devices. Similar to the above electronic devices, the zwitter
ionic CP-coated electrodes also consist of multilayer structures, where 
zwitterionic polymers directly contact the metal and work as an inter
facial layer between the metal and the aqueous buffer. Zwitterions are 
non-migrating and exhibit strong dipoles near the metals [212,214, 
215]. When coating a thin layer of zwitterionic conjugated polymers on 
a metal surface, the zwitterionic pendant groups should significantly 
alter the work function of metal electrodes due to the presence of an 
interfacial dipole [221–223]. Liu et al. [222] proposed a model in which 
dipoles electrostatically self-align at the metal surface to account for the 
interfacial dipoles observed for these electrodes (Fig. 10A–C). The 
self-induced torque of the dipole directs the negative charge to the metal 
surface by rotating the fixed interfacial dipole around its positive charge. 
This redistribution of charges by dipole orientation alters the electrode’s 
work function [220–223]. The net direction of the dipoles is determined 
by the geometrical size and migration performance of the charged 
constituents of the dipole [224–226]. When the dipoles direct the 
negative charges toward the metal surface, it decreases the work func
tion of the metals; otherwise, an increase in the work function of the 
metals occurs (Fig. 10D and E) [221,226]. 

The length of zwitterionic side chains was also crucial for the per
formance of the devices. Zwitterionic conjugated polymers with longer 
side chains resulted in larger interfacial dipoles [221,222]. This is likely 
due to improved flexibility of the side chains, benefiting the molecular 
reorientation along the surface normal of the metal electrode. 

As discussed in 2.2.3, the highly doped p-type CPs significantly 
decrease the interfacial barrier to a considerable degree and facilitate 
efficient charge transfer across the interface. Thus, the synergy of the 
CPs and zwitterionic side chains further promotes tuning the metal and 
CP work function, reducing the interfacial barrier height and facilitating 
efficient charge injection and collection in organic electronic devices. 

3.4.3. Zwitterion structure and spacer length 
For zwitterionic CPs, the zwitterionic structures and the spacer be

tween the backbone and zwitterions play critical roles in the electro
chemical performance of zwitterionic CPs. Zhang et al. [28] 
demonstrated that the CSC of PEDOT-PC (0.28 mC/cm2) electrodes was 
higher than that of PEDOT-SB (0.26 mC/cm2). A similar tendency was 
observed in CIC, with a value of 15.92 μC/cm2 for PEDOT-PC, which was 
also higher than for PEDOT-SB (13.38 μC/cm2). PEDOT-PC electrodes 
had a lower voltage excursion, meaning that they were safer for chronic 
stimulation. Moreover, PEDOT-PC electrodes displayed good resistance 
to proteins and HAPI microglia cells (inflammatory cell model) after 
electrical stimulation. Goda et al. [132] also found that 
PC-functionalized PEDOT exhibited the lowest impedance and highest 
capacitance among three different zwitterionic CPs. 

Lee et al. [174] synthesized PEDOT-SB, PEDOT-C4-SB, and 
PEDOT-C5-SB (Fig. 7B–iii), which had different lengths of alkyl spacers, 
and explored how the zwitterionic sulfobetaine side chain affected the 
electrochemical properties of the polymer and polymerization of the 
monomer. PEDOT-SB, PEDOT-C4-SB, and PEDOT-C5-SB exhibited com
parable resistance to fibrinogen adhesion, indicating that the spacer 
would not affect the antifouling performance. However, the interfacial 
impedance of the CPs significantly decreased with the introduction of 
the alkoxyl spacer. In addition, these derivatives of PEDOT-SB were 
more stable in electropolymerization, leading to an increase in the mean 
conjugate length and cyclic stability and better packing. 

It should be mentioned here that it is not appropriate to directly 
compare the impedance values of zwitterionic conducting polymer 
electrodes, as the impedance value is also coherently related to, besides 
the inherent property of conducting polymer, the surface area and 
morphology of conducting polymer electrodes and the mass of the 

conducting polymer deposited. 

3.5. Bioelectronic application of zwitterionic CPs 

The immune response is one of the most critical issues for bio
electronic implants. Immune activation usually results in scar tissue 
formation, which either dramatically increases the signal noise in 
recording or significantly depresses the neuron excitation in stimulation. 
Over the past 10 years, extensive efforts have been made to optimize 
electronic materials and devices to minimize inflammation, improve 
device-host tissue interactions, and extend implant life. 

Endowing implants with antifouling properties is an effective 
method to reduce implant-induced inflammation. Many studies have 
confirmed that zwitterionic polymer coatings significantly improve 
implant anti-inflammatory, anti-infection, and anti-hyperplasia prop
erties [11,167,227–231]. Jiang et al. [11] observed that the poly(car
boxybetaine methacrylate) hydrogel has not induced foreign body 
reaction after implantation. After 3 months of implantation in a mouse, 
no collagenous capsule could be observed on the surface of the zwit
terionic materials, and the microvessel formation in the tissue sur
rounding the implanted materials was much enhanced. In contrast, the 
poly(2-hydroxyethyl methacrylate) control samples were encapsulated 
by dense and avascular collagen. Recently, Anderson et al. [228] also 
demonstrated that poly(2-methacryloyloxyethyl phosphorylcholine) 
modified alginate microspheres improved the biocompatibility of these 
implanted materials by reducing the surface mediated in vivo fibrotic 
reaction. The most recent studies further revealed that the zwitterionic 
polymer coating protected in vivo electrodes from foreign body re
actions. Xie et al. [229] demonstrated that the zwitterionic polymer 
coating could significantly suppress the foreign body reaction of 
implanted electrodes, eliminate signal noise in detection, and freed the 
sensor from recalibration within at least two weeks of implantation. In 
contrast, the control sensors presented a significant noise even on the 
first day after implantation. Cui et al. [167,230] demonstrated that the 
poly(sulfobetaine methacrylate) coating could greatly reduce the acute 
microglial encapsulation of neural electrodes. They further proved that 
this zwitterionic coating could effectively prevent the protein adsorption 
and the attachment of fibroblasts and microglia cells for at least 4 weeks. 
Zhang et al. [231] recently utilized sulfobetaine-functionalized poly
dopamine to modify neural electrodes. These coatings were found to 
largely reduce the acute neuroinflammatory responses, and thus 
retained the 92% sensitivity of the device, much higher than that of the 
control electrode (only 39%). In recent research by Chen et al. [232], the 
zwitterion polymer coating was also found to significantly inhibit 
macrophage activation and inflammatory factor release in cochlear 
implantation. It is the reason why the rats implanted by the zwitterion 
polymer coated cochlear electrodes could preserve much better the 
hearing capability than those with uncoated electrodes after 4-week 
implantation. Interestingly, the poly(sulfobetaine methacrylate) 
coating was found to significantly reduce the frictional coefficients of 
surfaces and thus reduce the insertional forces and invasiveness for 
implanting a cochlear electrode array [233]. These results encourage the 
potential of zwitterionic electrodes to extend the life of neural implants. 

Despite these promising findings, the zwitterionic polymer coating 
might also increase the electrode impedance due to poor electrical 
conductivity. In contrast, the zwitterionic CP-modified electrodes supply 
an alternative solution to meet the synergetic requirement for low 
impedance and antifouling. As mentioned in section 3.4, the zwitter
ionic CP coating did not increase but reduced electrode impedance. The 
low impedance of zwitterionic CP electrodes was attributed to the 
zwitterion-enhanced ion conductivity, and the interface dipole orien
tation dominated electron transfer. 

It has been shown that zwitterionic CPs exhibit excellent resistance 
to bacterial (e.g., Escherichia coli and Streptococcus mutans) [52,129, 
172], proteins (e.g., BSA, FBS, fibrinogen, etc.) [29,132,172,173] and 
cells (e.g., NIH 3T3, BAECs, HAPI, etc.) [131,132,172,177,185,186]. 
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Fig. 10. (A) Schematic illustration of an “image” dipole where p o = qd (q is the elementary charge, d is a vector pointing from a negative charge, –q, to a positive 
charge, + q, which is equal to the separation distance between the charges) located a distance r from a metal surface. (B) Two possible orientations of an electrostatic 
dipole fixed rigidly at the point of positive charge, where an upward orientation (left side) is a state with lower energy. (C) Alignment of dipolar side chains of a 
zwitterionic polymer on a metal surface. Reproduced with permission [222]. Copyright 2013, John Wiley & Sons, Inc. 
(D and E) Schematic representation of electronic energy levels at the polymer− metal interface characterized by UPS. (D) Overlay of UPS spectra of thio
phene− benzothiadiazoles (PTBTSB-1) on gold (top) and bare gold (bottom). (E) Diagram showing the effect of the interfacial dipole, Δ, on vacuum and other energy 
level alignments. The values of Eg (EA and LUMO) were determined using UV–vis spectroscopy. Reproduced with permission [221]. Copyright 2012, American 
Chemical Society. 
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They can be used in scaffolds/implants, especially to control cell 
alignment and cell differentiation. Zhang et al. [185] modulated the 
interaction of PEDOT copolymers with proteins/cells by adjusting the 
comonomer compositions. Electrochemical polymerization was used to 
assemble phosphorylcholine-functionalized EDOT and other function
alized EDOTs as tunable copolymers (Fig. 11A). The cell-repulsive force 
generated from PC groups can spatially guide neurite outgrowth, 
forming a neuron network at single-cell resolution and enhancing neu
rite outgrowth by 179% (Fig. 11B–G) [185]. Zwitterionic CPs have also 
been applied to in bioelectronic devices due to their combination of 
antifouling properties and low impedance, which benefits interface 
charge transfer and improves device sensitivity and response rates [176, 
182,234]. Mao et al. [182] recently coated phosphorylcholine 
-functionalized PEDOT (PEDOT-PC) onto a carbon fiber microelec
trode for in vivo monitoring of brain dopamine (Fig. 12). This PEDOT-PC 
electrode could retain its sensitivity and response rate well after being 
implanted in the rat brain. The ratio of post-calibration sensitivity to 
pre-calibration sensitivity of the PEDOT-PC electrode was 0.92 ± 0.07, 
whereas that of PEDOT and PEDOT-OH electrodes fell in the range of 
0.43 ± 0.04 to 0.52 ± 0.05, indicating a large loss of sensitivity in the 
absence of PEDOT-PC modification (Fig. 12E). Recently, Jeong et al. 
[129] grafted poly(2-methacryloyloxyethyl phosphorylcholine) (PMPC) 
onto the PPy electrodes (PPy-PC) (Fig. 13) to improve their long-term 
implantation stability. The PPy-PC electrode demonstrated excellent 
resistance to nonspecific protein adsorption, bacterial attachment, and 
cell adhesion. Importantly, it could suppress scar tissue formation by 
80% after 4 weeks of subcutaneous implantation. Yang et al. [183] 
developed a sulfobetaine polymer-modified PEDOT:PSS material and 
used it to fabricate a novel neural electrode. This device features a low 
impedance and a large charge storage capacity and a high charge in
jection capability, enabling effective electrical stimulation at a high 
current density (1 mA cm− 2) but an ultralow voltage (±25 mV). The 
presence of zwitterion largely improved the biocompatibility of the 
neural electrodes, making the device induce a stable compound action 
potential for at least 4 weeks of implantation. In contrast, the Au elec
trode could not maintain stable neural signal recording because of the 
severe inflammation that occurred around it. Furthermore, the zwit
terion functionalized CP electrode evoked a much stronger neural 
response than that of the Au electrode when the same stimulating 
voltage was applied. These results provide a bright future for the 
application of zwitterionic CPs in bioelectronic implants. The unique 
combination of anti-inflammation and low impedance makes the 

zwitterionic conducting polymer promising for long-term bioelectronic 
implants. 

However, zwitterionic CPs alone cannot supply the neural implants 
with an intimate electrocoupling with nerve cells/tissues, as they also 
resist the approaching neurons. One of the most critical challenges for 
this purpose is constructing an electrode surface with conjugation sites 
for grafting biomolecules or other biological cues of a solid interaction 
with nerve cells/tissue while retaining antifouling properties for zwit
terionic electrodes. Zhu and Yu et al. [131] copolymerized zwitterionic 
EDOT with maleimide-functionalized EDOT (EDOT-MI) and deposited 
zwitterionic EDOT copolymers onto electrodes to conjugate 
neuron-specific peptides (Fig. 14A-L). The conjugation of IKVAV with 
CPs was achieved through the highly selective reaction of maleimide 
groups with cysteine terminal moieties of CSSSSIKVAV peptides, sup
plying active cues for neuron adhesion. The IKVAV-conjugated copol
ymer demonstrated a strong selective interaction with neurons, 
combined with solid resistance to NIH3T3 cells (Fig. 14D). Its unique 
performance stems from two molecular design principles: enriching 
phosphorylcholine moieties on the surface to prevent nonspecific in
teractions and decorating ligands to define specific cell interactions of 
surfaces on the antifouling background. Cao et al. [177] also used a 
similar approach to prepare the CRGDS-grafted zwitterionic thiophene 
copolymer. After being grafted with CRGDS peptides, the bioinert 
carboxybetain-functionalized thiophene copolymer strongly interacted 
with bovine aorta endothelial cells (Fig. 14M-Q). In a recent study by 
Zou et al., a neural probe modified by antifouling zwitterionic peptides 
was used for the long-term neural activity recording test (Fig. 15) [166]. 
The antifouling zwitterionic peptide consists of an EKEKEK head 
(negatively charged glutamic acids alternates with positively charged 
lysines) and a tail IKVAV. The IKVAV tail was utilized to endow the 
microelectrodes with adhesion to neuronal cells. It was demonstrated 
that EKEKEK-IKVAV-modified microelectrodes could present a stable 
neuronal activity recording for at least 16 weeks and significantly 
reduced neuronal cell loss. Particularly, the recording SNR was found to 
increase after 7 weeks of implantation instead, indicating IKVAV might 
attract neural cells closer to electrodes. This study highlights a prom
ising future for zwitterionic CPs combined with neural-specific peptides 
to realize stable and intimate interactions with neurons. 

To create an ideal neural interface for implanted bioelectronics, one 
issue that cannot be overcome for clinical trials is device reimplantation 
or removal after the implants stop functioning or the therapy is 
completed. For example, of 487 cochlear implantations, 3.8% of adults 

Fig. 11. (A) Zwitterionic biointerfaces form different chemical structures of functionalized EDOT monomers to PEDOT copolymers. (B) Difference in cell 
arrangement between patterned and adjacent nonpatterned substrates. (C) Cell arrangement and differentiation between patterned and adjacent nonpatterned 
substrates. (D) Formation of a neuron network of PC12 cells on the PEDOT platform with cell-binding stripes of width 2 μm after differentiation for 120 h. (E) Polar 
plots of the lengths and orientation angles of the neurites of PC12 cells differentiated for 24 h on PEDOT copolymer films with cell-binding stripes of width 20 μm and 
cell-resistance stripes of width 50 μm. Control platform (F) with cell adhesive stripes of width 20/50 μm and (G) with smooth poly(EDOT-OH). Reproduced with 
permission [185]. Copyright 2020, American Chemical Society. 
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and 4.5% of children underwent revisionary surgery [235]. However, 
the reimplantation of an active device is more complicated than its 
initial implantation because the second procedure might cause tissue 

damage and weaken physical function after reimplantation [236]. 
Therefore, it is desirable to develop a neural interface that specifically 
couples and decouples with neural cells/tissues with negligible 

Fig. 12. (A) The structure of PEDOT-PC and the schematic of the interface between PEDOT-PC/carbon fiber microelectrode (CFE) and solution. (B) Amperometric 
current response toward 20 μM dopamine (DA) recorded with using CFE (black) and PEDOT-PC/CFE (red) at +0.20 V I0 and I are the current values at the starting 
time and given time, respectively. (C) Amperometric current response toward 20 μM DA recorded with CFE (black), PEDOT/CFE (blue), PEDOT-OH/CFE (green), and 
PEDOT-PC/CFE (red) at +0.20 V upon the addition of 10 mg mL− 1 BSA, as indicated in the figure. I0 and I are the current values at the starting and measurement 
times, respectively. (D) Pre- and post-calibration curves obtained using PEDOT-PC/CFE upon successive additions of DA (each addition, 5 μM) in aCSF before (black 
curve) and after (red curve) in vivo implantation of the electrode in the striatum of the rat brain for 2 h. (E) The ratios of sensitivities by postcalibration of PEDOT/ 
CFE (red column), PEDOT-OH/CFE (green column) and PEDOT-PC/CFE (blue column) to that by pre-calibration after in vivo electrode implantation for 2 h. (F) 
Amperometric response recorded with PEDOT-PC/CFE in the striatum by locally injecting KCl to evoke DA release. (G) In vivo fast-scan cyclic voltammetry (FSCV) 
recorded using PEDOT-PC/CFE by stimulating a medial forebrain bundle (MFB) (white shadow, 3 s at 60 Hz, ±250 μA, 2 ms per phase). The current versus time trace 
(black line) was extracted from the color plot at the peak oxidation potential (ca. +0.50 V) for DA. Reproduced with permission [182]. Copyright 2017, Wiley 
Periodicals, Inc. 

Fig. 13. (A) A schematic illustration of in situ polymerization and grafting of 2-methacryloyloxyethyl phosphorylcholine (MPC) polymer on the PPy electrode by 
gamma irradiation to form the PPy-g-MPC electrode. (B) Anti-biofouling properties of the PPy-g-MPC electrode. (C) A plot of water contact angles of PPy, PPy 
modified with 0.1 M MPC (PPy-g-MPC 0.1), and PPy modified with 0.2 M MPC (PPy-g-MPC 0.2) films. (D) The charge transfer resistance (Rct) values of the PPy and 
PPy-g-MPC electrodes before and after incubation in BSA solution. (E) Number of NIH 3T3 cells on the PPy and PPy-g-MPC electrodes after 3 days in culture (N.D. =
Not Detected). (F) Scar tissue thickness around the implants. Reproduced with permission [129]. Copyright 2020, The Royal Society of Chemistry. 
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Fig. 14. (A) In situ monitoring of CSSSSIKVAV (red), CSSSSGKVAV (blue) and SSSSIKVAV (black) conjugation on poly(EDOT-MI-co-EDOT-PC) films polymerized 
from a monomer solution containing 5 mM EDOT-MI and 5 mM EDOT-PC. (B) Conjugation of CSSSSIKVAV (red) and CSSSSGKVAV (blue) on poly(EDOT-MI-co- 
EDOT-PC) films. (C) Density of PC12 cells attached to poly(EDOT-MI-co-EDOT-PC) films after conjugation with the ligands CSSSSIKVAV (red) and CSSSSGKVAV 
(blue). (D) Selective adhesion of PC12 and NIH3T3 cells on a polystyrene culture dish (black), poly(EDOT-OH) (red) and a biomimetic PEDOT (blue). (E) Schematic 
representation of the device used for cell growth with applied electrical stimulation and illustration of the electrical pulse used. (F–H) Microscopy images of 
differentiated PC12 cells cultured in NGF-supplemented medium on (F) a PEDOT film, (G) a biomimetic PEDOT film, and (H) the biomimetic PEDOT film with 
applied pulsed electrical stimulation at an amplitude of 60 mV. Scale bars: 200 mm. (I–K) Corresponding neurite length distributions of (F–H). (L) Median neurite 
length of PC12 cells on PEDOT and biomimetic PEDOT. The biomimetic PEDOT used in (D–L) was prepared from 3 mM EDOT-MI and 7 mM EDOT-PC conjugated 
with IKVAV. Reproduced with permission [131]. Copyright 2014, Macmillan Publishers Limited. (M) Schematic illustration of the PTh-CB-co-ThMAA hydrogel that 
consists of a conducting backbone and multifunctional zwitterionic side chains. (N) Adsorption of BSA (bottom curve) and FNG (top curve) in PBS buffer on 
PThCB-co-ThSH-modified SPR substrates. (O and P) Representative fluorescence microscopy images of attached bovine aortic endothelial cells (BAECs) on the (O) 
PThCB-co-ThMAA hydrogel and (P) PThCB-co-ThRGD hydrogel. (H) Quantitative cell density on different surfaces. (PThCB-co-ThAA = carboxybetaine thio
phene-co-thiophene-3-acetic acid, PTh-CB-co-ThMAA = PThCB-co-ThAA was further modified with 2-aminoethyl methacrylamide, PCBMA = carboxybetaine 
methacrylate, and PThAA = poly(thiophene-3-acetic acid, PThCB-co-ThSH = cysteamine conjugated PCBTh-co-ThAA, TCPS = tissue culture polystyrene). Repro
duced with permission [177]. Copyright 2015, The Royal Society of Chemistry. 
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disruption of the viability and functions of cells in a controlled manner. 
Lin et al. [186] developed a dynamic zwitterionic EDOT copolymer for 
the controlled adhesion and release of cells (Fig. 16). Simulating the 
dynamic integrin-extracellular matrix interactions of nature, they elec
tropolymerized hydroquinone-functionalized EDOT (EDOT-HQ) with 
phosphorylcholine-functionalized EDOT (EDOT-PC) to fabricate a poly 
(EDOT-HQ-co-EDOT-PC) electrode with dynamic interaction with neu
rons. After converting the hydroquinone moieties into benzoquinone 
moieties (BQ) by applying oxidation potential, the amino-oxy termi
nated RGD peptides were grafted onto the zwitterionic EDOT copol
ymer, providing a solid specific interaction toward targeted cells. They 
subsequently demonstrated that neuron model cells could be released on 
demand by applying reduction potential to cut off the redox linkage to 
RGD peptides. The demonstration of electrically differentiating neurons 
and the subsequent release of differentiated cells with high viability was 
also successfully achieved [186]. 

4. Conclusions and future scope 

Future electronic implants should induce little inflammation, a high 
signal-to-noise ratio, and close electrocoupling with neurons. CPs are 
attractive alternatives to traditional materials for bioelectrodes and are 
being extensively explored for high-performance bioelectronic implants. 
Their tissue-mimicking softness, mixed ionic-electronic conductivity, 
low electrochemical impedance, and facile chemistry and processing 
render CP electrodes and implants significantly improve neural 
recording and stimulation performance. However, similar to other im
plants, their long-term implantation is being fiercely challenged by the 
implant-induced inflammatory response and formation of insulated scar 
tissues. This review primarily outlined the most recent progress on 
biofunctionalized and zwitterionic CPs for long-term bioelectronic im
plants, with concerns about their biocompatibility and electrochemical 

performance. 
Biofunctionalized CPs have been extensively used to revise the 

neuron-electrode interaction or modulate the surface immune response. 
Functionalizing CPs using neurotrophic factors, cell-adhesive bio
molecules, and anti-inflammatory drugs promotes neuron adhesion, 
proliferation, and differentiation in vitro and increases the signal-to- 
noise ratio or reduces acute inflammation in vivo. Unfortunately, most 
previous results have indicated that functionalizing CPs with bio
molecules, especially giant molecules such as proteins and biopolymers, 
exposes CPs to the risk of damage in electrochemical performance 
[157–159]. Moreover, although this side effect might be partially sup
pressed by the incorporated biomolecules, the nonspecific interaction of 
CP surfaces remains one of the most critical concerns for the long-term 
implantation of CP electrodes since it is one significant factor triggering 
the implant inflammatory response. 

Zwitterionic CPs have recently emerged as intriguing electrode ma
terials to resist immune responses combined with excellent electro
chemical performance. Zwitterionic CPs demonstrate excellent 
resistance to nonspecific protein/cell interactions due to their substan
tial ionic hydration and neutral charge. Moreover, they retain low 
impedance and large CSC/CIC, which, in some cases, are even superior 
to those of the unfunctionalized CPs [28,131,177]. Their surface and 
electrochemical properties are coherently related to the molecular 
structures of zwitterionic moieties and spacer length of oppositely 
charged groups. Studies attribute their superior electrochemical prop
erties to the high ionic conductivity and close CP-metal electrocoupling 
that is enhanced by zwitterions. The zwitterionic polymer-grafted 
electrodes have been demonstrated to maintain stable neural activity 
recording for over 16 weeks, with significantly suppressed scar tissue 
formation [166]. The pioneering work on zwitterionic CPs by Mao et al. 
demonstrated that the phosphorylcholine-functionalized PEDOT neural 
probe, due to its strong resistance to the in vivo nonspecific protein 

Fig. 15. Fabrication of the EK-IKVAV functionalized neural probe and chronic stable neural activity recording by EK-IKVAV functionalized probe. (A) Free-standing 
segment of the microelectrode on the aluminum sacrificial layer. Scale bar: 500 μm. (B) Zoomed-in view of the microelectrode filaments. Scale bar: 35 μm. Inset: SEM 
image of a 12-μm-wide microelectrode filament with a 10-μm-diameter recording site. Scale bar: 7 μm. (C) Schematic of the EK-IKVAV-modified recording sites. The 
EK-IKVAV was anchored on the surface by cystine with a functional segment IKVAV, antifouling segment EKEKEK and linker segment PPPP. (D) The EK-IKVAV 
modification process characterized by QCM-D. (E) Recorded unit yield of each week. (F–H) Average impedance, SNR, and spike amplitude of all sortable neu
rons recorded by EK-IKVAV functionalized microelectrode from 1 to 16 weeks after implantation. Reproduced with permission [166]. Copyright 2021, Elsevier Ltd. 
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interaction, did not compromise its sensitivity or response rate but 
dramatically improved its electrochemical performance [182]. One 
recent study by Jeong et al. further revealed that the PMPC-grafted PPy 
electrode reduced scar tissue formation by 80% after four weeks of 
implantation [129]. 

However, to develop a long-term bioelectronic implant for real- 
world application, several critical issues remain to be addressed. First, 
the long-term implantation of zwitterionic CP electrodes in the brain 
needs further exploration. Their molecular structures, especially those of 
zwitterionic moieties, are critical for resistance to in vivo nonspecific 
protein/cell interactions and immune responses. A molecular-level 
investigation of this concern is necessary to select and design zwitter
ionic CPs that are reliable for actual applications. In addition, a thorough 
evaluation of their long-term implantation concerning the acute and 
chronic brain immune response is crucial for their applications in the 
real world. Second, understanding how zwitterions tune mixed ionic- 
electronic transport and charge transport at CP-metal and CP-water in
terfaces is crucial for electrocoupling implants with tissues, requiring 
detailed experimental and theoretical investigations. Previous studies 
have extensively investigated these two issues in organic electronic 
devices, but few have addressed with their function in water. Third, 

most zwitterionic CP electrodes were prepared using the electrodepo
sition approach, which is straightforward but conducting-substrate- 
dependent and unsuitable for large-scale production. Developing 
chemical approaches to prepare soluble zwitterionic CPs would make it 
cost-efficient to fabricate electrode implants and open the door to inte
grating zwitterionic CPs into other electronic devices, such as organic 
thin-film transistors, organic ion pumps, and organic electrochemical 
transistors [237–240], leading to novel implantable bioelectronic im
plants. In addition, combining biofunctionalized CPs with zwitterionic 
CPs is promising for shaping a close selective electrocoupling with tar
geted nerve cells/tissues for implants, as evidenced by the in vitro data 
[131,177,186]. Further verifying and optimizing this approach in vivo 
will allow the bioelectronic implant to stably function in the brain for a 
long time. We envision the progress of zwitterionic CPs combined with 
biomolecules will endow bioelectronic implants with properties to 
suppress inflammation and to facilitate close electrocoupling to nerve 
cells/tissues at low impedance, significantly advancing the long-term 
monitoring, stimulation, and recording of nerve cells/tissues. 

Fig. 16. (A) Schematic illustration of poly(EDOT-HQ)/poly(EDOT-BQ) switching and the formation/cleavage of oxime linkages on poly(EDOT-HQ) films. (B) Bright- 
field image of a poly(EDOT-HQ) film coated on two sets of interdigitated Au working microelectrodes (WE1, WE2) (top left); fluorescence images by two-photon 
excitation microscopy showing the selective immobilization and release of aminooxy-functionalized Alexa-488 dyes on poly(EDOT-HQ)-coated interdigitated Au 
microelectrodes. When the oxidative potential was only applied to WE1 to convert poly(EDOT-HQ) to poly(EDOT-BQ), the Alexa dyes were selectively immobilized 
on WE1 through oxime conjugation (top-right); when the oxidative potential was applied to both WE1 and WE2, Alexa dyes were immobilized on both electrodes 
(bottom-left). Alexa dyes were selectively released from WE2 by applying a reductive potential to cleave the oxime conjugate (bottom right). (C) The controlled 
attachment and release of NIH3T3 cells on RGD peptide-conjugated poly(EDOT-HQ-co-EDOT-PC) film compared to those nonspecifically attached to poly(EDOT-OH) 
controls paired on patterned ITO glass; bright-field images of PC12 cells on RGD-conjugated poly(EDOT-HQ-co-EDOT-PC) films. Reproduced with permission [186]. 
Copyright 2018, John Wiley & Sons, Inc. 
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