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ABSTRACT OF THE THESIS 

 

Low-Temperature Processing of Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) 

Hydrogels for Biomedical Applications 

 

by 

 

Yihang Chen 

Master of Science in Materials Science and Engineering 

University of California, Los Angeles, 2020 

Professor Ximin He, Chair 

 

There is an increasing need to develop conducting hydrogels for biomedical applications. In 

particular, poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) hydrogels 

have been viewed as optimal materials due to their excellent biocompatibility, stability and 

softness. However, low-temperature-processable PEDOT:PSS hydrogels, which are needed for 

biomedical applications have rarely been reported. Such low-temperature processability grant the 

hydrogels with the capability to in situ engineer the seamless, chronic and strain-free biointerface.  

This thesis explores the low-temperature processing of PEDOT:PSS hydrogels for biomedical 

applications. We first investigated the mechanism for low-temperature and room-temperature 

gelation of PEDOT:PSS. We demonstrated that by simply injecting the precursor via syringe at 
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room temperature with no additional treatment, the in situ formed PEDOT:PSS hydrogels are 

highly desirable for minimally invasive biomedical therapeutics with smaller footprints. We found 

that the room-temperature-formed PEDOT:PSS hydrogels show superior swelling properties after 

rehydrating, and therefore demonstrated their potential for self‐healing hydrogel electronics. Fiber 

has favorable structures with ultrahigh aspect ratios that are useful for minimally invasive 

therapeutics. Advanced by the injectability of PEDOT:PSS hydrogels, we developed a facile 

strategy for large-scale production of injectable PEDOT:PSS hydrogel fibers at room temperature. 

As a potential application, we exploited the possibility of using the fabricated PEDOT:PSS 

hydrogel fibers as channel materials for organic bioelectronic devices, such as organic 

electrochemical transistors (OECTs), which have been widely used for in vivo bioelectronics 

studies. 
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Chapter 1 Introduction 

1.1 Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) and 

Hydrogels for Biomedical Engineering 

The birth of organic conducting polymers has led the trend in exploring their exclusive properties 

for a wide range of applications1. Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate 

(PEDOT:PSS), with its superior biocompatibility2,3, low impedance4,5, water-stability6, solution-

processability7, and commercial availability8,9, has attracted many research groups in extensively 

investigating its materials properties and potential applications. With interest in combining 

PEDOT:PSS with contemporary electronic industry, thin film processing methods, such as spin 

coating, are heavily investigated for roll-to-roll large-scale fabrication. There have been ground-

breaking biomedical applications of PEDOT:PSS thin films, including bioactuators10, strain 

sensors11, haptic systems12, ion pumps13,14, neural probe coating15, artificial synapses16, and 

organic electrochemical transistors (OECTs)17,18. However, since PEDOT:PSS thin film devices 

requires rigid or flexible substrates whose Young’s moduli are significantly higher than those of 

brain, spinal cord, or heart tissues, such thin-film-based devices exhibit their inherit limitations 

considering the mechanical mismatch19.  

Hydrogels, crosslinked three-dimensional (3D) polymeric network infiltrated with water (water 

content > 90% by weight), have been viewed as an optimal material class in seamlessly 

interfacing biological tissues due to their excellent mechanical, physical and chemical 

resemblance20,21. The tissue-level softness minimizes the mechanical mismatch. Comparing to 

elastomers whose Young’s modulus is of MPa level and polymeric films whose Young’s moduli 

are on the scale of GPa, hydrogels have dynamic, tunable mechanical properties with extremely 

low Young’s moduli on the scale of kPa, which is comparable to biological tissue, for example, 
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brain tissue (1-4 kPa)22. The water-rich environment not only acts as a passive buffer to maintain 

physiological conduction, but also offers the opportunity to encapsulate hydrophilic drugs for 

delivery23. Moreover, the structural and compositional resemblance to natural extracellular matrix 

(ECM) also promotes hydrogels as a unique biocompatible materials for biomedical engineering24. 

Currently, hydrogels have been successfully translated for clinical and daily usage, for example, 

for manufacturing contact lenses, and hygiene products25. 

Given the aims of seamlessly integrating electronics with biological tissues, the combination of 

the two concepts above, hydrogel bioelectronics20 shows great potentials to solve the technical 

problems for offering more accurate information about how biological systems work with 

minimized external irritations. Biocompatible and soft conducting polymer hydrogels represent a 

unique class of materials which have promising applications in flexible electronics and tissue 

engineering26. Conducting polymer hydrogels not only provide a suitable microenvironment for 

cellular growth, but also an electrically-conductive network that allows for easy investigation of 

cell activity under electrical stimulation, which is particularly beneficial when studying electroactive 

cells like cardiomyocytes, myocytes, and neurons27. Conducting polymer hydrogels have already 

been successfully demonstrated for in vivo studies, for example, in a heart patch that restores 

ventricular function28. Among these, PEDOT:PSS-based hydrogels have been extensively 

investigated due to their excellent electrical properties29 and the technical challenges in 

manipulating PEDOT:PSS hydrogels for biomedical applications30. 

1.2 Motivations and Objectives of this Thesis 

Science fiction has always been fertile land for scientific and engineering developments. Just as 

Twenty Thousand Leagues Under the Sea foreshadowed modern submarines, books including 

Do Androids Dream of Electric Sheep? (the movie, Blade Runner) and Ghost in the Shell, act as 

beacons for contemporary research interests. As an advanced form of human and artificial 
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component interaction, the interpretation of biointerfacing gradually shifts from simply adding 

materials to structurally support biological organs31, for example, implanting metallic prosthesis, 

onto a more comprehensive concept, cyborg32, where organisms and non-living machines could 

also be functionally bridged. Started by Italian scientist Luigi Galvani, electric, as a promising 

modality in either modulating or interrogating biological tissues, has been profoundly researched 

for two centuries33. Currently, building on the solid pre-knowledge on electrical engineering, 

bioengineering, and neuroengineering, an emerging field, bioelectronics, is rising as the 

biological-signal-transducer that interrogates or modulate cellular behaviors34. As one of the most 

important components, conductor is the key materials for realizing such seamlessly interfacing 

bioelectronics. Considering the mechanical and physiological requirements of targeted tissues to 

be interfaced, conducting polymer hydrogels, especially PEDOT:PSS hydrogels, are considered 

as more ideal chronic interfacing alternatives to biological tissues because of their water-rich 

nature and tissue-like mechanical properties. However, the resemblances to biological tissues 

accompany with technical issues. For example, to access the electrode to targeted tissue, 

traditionally the electrodes, such as tungsten probe35, Michigan probe36, Utah array37, and 

Neuropixels38, could be directly inserted into specific brain region after removing the scalp, since 

the electrode itself is stiff enough to penetrate the biological tissue. While granted as an 

overwhelming strength for minimizing the irritation during chronic interfacing, the extreme softness 

of hydrogels also becomes a lethal limitation for delivering them into body. One approach in 

tactically circumventing this issue would be locally synthesizing PEDOT:PSS in vivo39. On the 

contrary to conventional methods where the electronic devices, such as cuff electrodes40, are pre-

formed and then transfer to the targeted region and forcing the devices to comply to local 

geometry, in situ fabrication of PEDOT:PSS-based devices could not only minimize the inner 

strains of the interfacing device, preventing material detachment during “micromotions” during 
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body movements41, but also potentially offer cell-type specificity in physically distinguishing the 

source of metabolic signals by specifically binding to targeted cells42,43.   

To gain the capability in patterning PEDOT:PSS hydrogels in vivo, the major challenges are that 

the synthesis conditions should be compatible with physiological surroundings. Among the 

aspects which could be toxic, temperature is one of the most important dimensions for forming a 

seamless biointerface. While most chemical or physical reactions require high temperature to 

decrease the Gibbs free energy and therefore thermodynamically driving the process, or 

kinetically accelerating the processes to result in the macroscopic phase change, the biological 

tissues could not tolerate high temperature, due to their temperature sensitivity. Hyperthermia 

kills the cells during exposure following the exponential trend depending on the temperature and 

length of exposure, resulting in additional trauma during therapeutics44. Meanwhile, such 

cytotoxicity of hyperthermia has also been actively utilized as a tool in cancer treatment, implying 

its significant damage to biological tissues45. Given the rapid growth of hydrogel bioelectronics, 

the administration of temperature would be a key concern to promote their integration with 

biological systems. 

The primary objective of this thesis is to design, modify, and utilize PEDOT:PSS hydrogels that 

could seamlessly interface human with minimized irritations on normal metabolisms for 

biomedical engineering. Working toward this objective, it is of paramount importance to 

investigate the process of PEDOT:PSS hydrogels to achieve room-temperature-processability, 

injectability, and healability to develop next-generation hydrogel bioelectronics. Therefore, the 

main specific objectives of this thesis are: 

(1) Processing PEDOT:PSS hydrogels at room temperature. By eliminating the need for elevating 

the temperature, approaches in realizing room-temperature-formed PEDOT:PSS hydrogels (RT-

PEDOT:PSS hydrogels) are essential for enabling next-generation bioelectronics. 
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(2) Exploring the potentials of RT-PEDOT:PSS hydrogels for biomedical engineering in various 

scenarios. Considering the delivery process, since the hydrogels are of tissue level softness, it 

would be ideal if they could be simply injected into targeted area. Moreover, especially for the 

brain study where the access for further manipulation of the implanted devices is limited, it would 

be desirable to investigate and modify the RT-PEDOT:PSS hydrogels by granting them the 

capabilities to adjust the severe conditions in vivo and to heal on their own.  

(3) Functionalizing RT-PEDOT:PSS hydrogels by fabricating hydrogel bioelectronics. Currently, 

most researches about hydrogels are merely limited to material level, however, to fully 

functionalize the biointerface, device-level applications are of significant importance.  

In Chapter 2, the conducting mechanism, the thin film properties, and typical additives of 

PEDOT:PSS were illustrated to provide an objective-oriented background knowledge for this 

thesis. We then discussed the history, the approaches, and the temperature applied of 

PEDOT:PSS hydrogel synthesis. With the intention to achieve device-level hydrogel applications, 

OECTs, which has been widely used for in vivo bioelectronics studies, were discussed according 

to its working mechanism and typical applications. 

Chapter 3 and 4 were extracted from the article:  

Shiming Zhang,* Yihang Chen, Hao Liu, Zitong Wang, Haonan Ling, Changsheng Wang, Jiahua 

Ni, Betul Celebi Saltik, Xiaochen Wang, Xiang Meng, Han-Jun Kim, Avijit Baidya, Samad Ahadian, 

Nureddin Ashammakhi, Mehmet R. Dokmeci, Jadranka Travas-Sejdic, and Ali Khademhosseini*, 

Room-Temperature-Formed PEDOT:PSS Hydrogels Enable Injectable, Soft, and Healable 

Organic Bioelectronics, Advanced Materials, 2019, 1904752 (co-first author) 46. 

In Chapter 3, the material-level researches on RT-PEDOT:PSS hydrogels were discussed. After 

evaluating the ability of room-temperature spontaneous gelation, we characterized the hydrogels 

for their mechanical robustness and biocompatibility. To further explore their potential in various 
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scenarios, we discussed RT-PEDOT:PSS hydrogels for injectable and healable biomedical 

engineering. 

In Chapter 4, the large-scale production of RT-PEDOT:PSS hydrogel fibers as well as their 

capability in fabricating hydrogel bioelectronics, hydrogel-based OECTs were represented. By 

simply syringe-injecting one segment of RT-PEDOT:PSS hydrogel fibers between two metallic 

electrodes, followed by freezing drying, the OECTs could be fabricated and functionalize with high 

transconductance.  

In Chapter 5, the conclusion of this thesis was summarized. A comprehensive outlook toward 

hydrogel bioelectronics for biomedical applications was discussed toward their promising 

developments in the future. 
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Chapter 2  Literature Review 

2.1 Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) 

Since Shirakawa et al. reported the first highly electrically conductive iodine-doped polyacetylene1, 

conducting polymers have drawn significant attentions due to their advantageous mechanical 

flexibility, cost-effectiveness and biocompatibility, which make them preferable materials for 

flexible electronics and biomedical sensors47. In the past years, we have witnessed the rapid 

development of different conducting polymers and their derivatives48, for example, polyacetylenes 

(PA) and polydiacetylens (PDA), poly(paraphenylene) (PPP), polyfluorenes (PF), 

poly(paraphenylene vinylene) (PPV), polythiophenes (PTh), conjugated polymers containing N 

and Si, and conjugated small molecules, such as pentacene. Among these branches, polypyrrole 

(PPy), PTh, polyaniline (PANi) are the iconic materials that are frequently investigated due to their 

relatively good stability in air. 

 

Figure 2-1 PEDOT:PSS. The primary (A), secondary (B), and tertiary (C) structures of PEDOT:PSS. The 
positive charges on the PEDOT are compensated by negative charges on the PSS chain. The blue bar 
indicates PEDOT chain; the black chain indicates PSS chain.  
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With the aim to further enhance the air stability as well as conductivity and to grant the materials 

with proper solution processability, Poly(3,4-ethylenedioxythiophene) (PEDOT) was synthesized 

and widely adopted as one of the most successful conducting polymers for contemporary organic 

electronics. By adding ethylenedioxy groups onto PTh main chains, PEDOT gains a moderate 

bandgap of 1.65 eV, low oxidation potential of 0.0 V comparing to SCE potential, enhanced 

chemical stability as well as optical transparency when oxidized (conducting state)49. 

 

Figure 2-2 Solution processability of polymers. 

As the initial goal, conducting polymer is designed to be “synthetic metal”48 that can be processed 

as liquid conducting ink to support large scale roll-to-roll device fabrications. However, PEDOT 

itself, despite the excellent electrical and chemical properties, is insoluble in most solvents, which 

significantly undermines its ability in expected conducting polymer applications (Figure 2-2). This 

issue had not been successfully solved until the introduction of water-soluble counterion, PSS. 

Playing as a charge-compensating dopant, the long PSS chains could accommodate the short 

oxidized PEDOT chains via electrostatic interactions as shown in the primary and secondary 
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structures of PEDOT:PSS. Considering the Gibbs free energy changes ∆𝐺𝑚𝑖𝑥 of the potential 

“dissolving” or mixing process: 

∆𝐺𝑚𝑖𝑥 = ∆𝐻𝑚𝑖𝑥 − 𝑇∆𝑆𝑚𝑖𝑥 

, where is the ∆𝐻𝑚𝑖𝑥, ∆𝑆𝑚𝑖𝑥 and 𝑇 are the enthalpy, entropy changes during the process and the 

temperature, respectively. Since the entropy changes when mixing with specific solvents, for 

example, water, could be increased, because the soft PSS chains could lower steric hindrance, 

the Gibbs free energy changes could be more negative, pushing the physical process toward 

spontaneous mixing. Given the difference in hydrophilicity of the two chains, after mixing with 

solvent, for example, water, the chains would continue to transform in order to gain a lower Gibbs 

free energy state, by encapsulating most hydrophobic PEDOT chains within the PSS hydrophilic 

sheath, forming the tertiary structures of PEDOT:PSS water suspension. With the facile 

processes and excellent properties that sufficiently match blueprints of conducting polymers, 

PEDOT:PSS has undoubtable become the iconic polymer for organic electronics and 

bioelectronics. Advances in PEDOT:PSS have enabled its intensive applications in making 

various functional devices, such as solar cells50, light-emitting diodes51,52, electrochemical 

transistors6,53,54, supercapacitors55, transparent electrodes56. 

2.1.1 Conducting mechanism 

The rapid developments of silicon industry have brought the society with numbers of priceless 

understanding toward the essence of materials. Conduction, from the perspective of silicon 

industry, could be interpreted as the microscopic Ohm’s law: 

𝜎 =
𝐽

�⃗⃗�
= 𝑛𝑒𝜇𝑒 + 𝑝𝑒𝜇ℎ 

, where 𝜎 is the overall conductivity of the material, 𝐽 is the current density, �⃗⃗�  is the applied 

electric field, 𝑒 is the Coulomb constant, converting the number of charge carriers transported into 
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the amount of charge involved, 𝑛 is the electron density in unit volume, 𝜇𝑒 is the electron mobility, 

𝑝 is the hole density, and 𝜇ℎ  is the hole mobility. Therefore, the conductivity of materials is 

proportional to the free carrier density and the free carrier mobility. Following similar logic, the 

conduction mechanism of conducting polymer could also be considered from the two dimensions. 

 

Figure 2-3 Illustrations of orbitals. The bottom one indicates the delocalized orbitals where electrons could 
transport with less hindrance.  

In solid-state physics, the free carrier mobility indicates how fast the free carrier (electron or hole) 

can transport within metals or semiconductors when the external electrical field is applied. 

Mathematically written the expression of average drift mobility 𝜇 , the physical interpretation 

toward free carrier mobility is more obvious: 

𝜇 =
𝑞

𝑚∗
�̅� 

, where 𝑞 is the elementary charge, 𝑚∗ is the free carrier effective mass, and �̅� is the average 

scattering time of the free carrier moving within the matrix materials. Therefore, to enhance the 

free carrier mobility is analogy to the idea in constructing roads between cities to avoid traffic jam 
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or in decreasing the size of vehicles to fit more vehicles into the same road. When the effective 

mass (vehicles size) of the free carriers is settled, the expression could also be understood as 

the connection (roads between cities) between the potential sites that could hold free carriers. If 

the connection is strong, the free carriers could bounce between potentials more easily and 

quickly. Following such understanding, in order to enable free carriers moving within polymers, 

the crucial task is to build roads within or across the polymeric chains. From the electron orbital 

perspectives, delocalized orbitals are needed to support the general transportation at least within 

the delocalized electron clouds. Taking trans-polyacetylene as an example given its structural 

simplicity, the backbone Carbon (C) has the electronic configuration of (1s2)2s12px
12py

12pz
1 with 

three sp2 hybrid orbitals and one 2pz
1 orbital57. Geometrically, the one remaining 2pz

1 orbital of 

the C atom overlaps sideway with the 2pz
1 orbitals of adjacent Cs forming one π bond, providing 

the chance for electron delocalization. PThs and PEDOT share the similar mechanism with trans-

polyacetylene. Although PThs do not have degenerative states for free carriers as PA chains, the 

benzoid and quinoid states have similar energy level58. The benzoid and quinoid structures of 

PThs support the delocalized electron cloud for free carrier transportation. Moreover, the 

introduction of ethylenedioxy groups onto PTh main chains in PEDOT also increase the steric 

hindrances for the π-π conjugated planes from twisting, enhancing the coplanarity of the overall 

chain. However, in most cases, the single polymer chains aren’t long enough to conduct a 

macroscopic current. Therefore, the thermally aided free carrier hopping between domains 

controls the overall conductivity. Predicted by the variable-range hopping (VRH) mechanism, the 

overall conductivity could be concluded as: 

𝜎(𝑇) = 𝜎0𝑒−(
𝑇0
𝑇

)
1

𝑑+1
 

, where 𝑑 is the dimension, for 3-dimensional hopping, 𝑑 = 3. 
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Figure 2-4 Evolution of PEDOT and PEDOT band structure upon doping. A. A demonstration of free carrier 
states change when doping PEDOT. A- in red indicates the counterions of dopant. B. The PEDOT band 
structure evolution upon doping. (a) neutral PEDOT; (b) low doping level. Polaron formation; (c) moderate 
doping level, bipolaron formation; (d) high doping level, formation of bipolaron bands. 
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With proper roads (free carrier mobility), another aspect for connecting cities is to create or load 

vehicles (free carriers). Because of the charge neutrality of polymers, most conducting polymers 

have limited free charge carriers when untreated. Analog to the methods adopted in silicon 

industry, introducing dopants is a feasible way in creating defects and therefore the free carriers. 

However, on the contrary to inorganic cases where substitutional or interstitial impurity atoms 

(donors or acceptors) are introduced, doping process in conducting polymers normally refers to 

the phenomena where oxidizers strip electrons from polymeric chains. After the oxidation process, 

positively charged holes are left on the polymer backbones as free carriers. It’s also worth noting 

that in PEDOT, the existence of ethylenedioxy groups alongside the benzoid and quinoid 

structures could further stabilize the free carriers within the chains. When an external electrical 

field is applied, the positively charged free carrier could transport within or across the delocalized 

π-π bonds, forming a persistent current as “synthetic metals”. 

2.1.2 Commercial poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) suspension 

As discussed, the pristine PEDOT itself is not conductive and extremely hard to be processed 

given its poor solubility in most solvents. Therefore, the introduction of dopants (counterions) to 

form PEDOT:counterion polyelectrolyte complexes would be ideal for realizing pragmatic 

conducting polymers59. Poly(styrenesulfonate) (PSS) is the first counterion used to dissolve and 

dope PEDOT. And most importantly, PEDOT:PSS has been commercialized and remained the 

industrial standard ever since60. Besides PSS, there are also many other counterions that could 

form polyelectrolytes with PEDOT, such as, heparin61, and BF4
62. Those counterions have their 

own benefits comparing to PSS, for example, enhanced biocompatibility. However, to acquire the 

PEDOT:heparin or PEDOT:BF4 complex, extra polymerization processes are required. 

Considering the repeatability and the potentials in translating PEDOT biomedical devices, 

commercially available PEDOT:PSS is the exclusive candidate for organic bioelectronics. 
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Table 2-1 Database of commercial PEDOT:PSS in Clevios™ 

Name PH1000 AI 4083 HTL Solar HTL Solar 3 

Resistivity (Ω*cm) <0.0012 500-5000 1-10 5-500 

Solvent water Water Water Toluene  

Addition 5 v/v% DMSO No addition No addition <0.5 v/v% water 

Solid content (wt.%) 1.0-1.3 1.3-1.7 1.0-1.3 1.5-2.5 

Viscosity (mPa*s) <50 5-12 8-30 <10 

PEDOT:PSS ratio 1:2.5 1:6 1:2.5 N/A 

D50 (µm) 0.030 0.100 N/A N/A 

Work function (eV) 4.8-5.0 5-5.2 4.8-5.0 4.4-4.8 

Note: D50 is a parameter characterizing the particle size distribution. D50 indicates that a 50% of the particles 

have size smaller that the value. (Data from Heraeus Clevios™) 

Invented by Bayer AG and sold by two companies: Haraeus (formerly Baytron, Germany) and 

Agva Gevaert (Belgium), there are many standardized products of PEDOT:PSS with slight 

difference in composition, particle size distribution, working function, resistivity and viscosity, as 

shown in the Table 2-1. The significant difference among various products mainly originates from 

the composition difference. For example, since PEDOT:PSS forms polyelectrolyte complexes, the 

ratio of polycations and polyanions could affect the molecular arrangements of PEDOT:PSS 

complexes. Moreover, as shown in the tertiary structure of PEDOT:PSS complex, the interaction 

among hydrophobic PEDOT chains, hydrophilic PSS chains and water molecules spontaneously 

assembles PEDOT:PSS as microgels within water. Therefore, although certain publications 

named the complex as PEDOT:PSS solution, such expression is conceptually misleading, and 

the solution processable PEDOT:PSS complex should be always indicated as PEDOT:PSS 

dispersion or PEDOT:PSS suspension. Characterized by dynamic light scattering (DSL), the size 

distribution of PEDOT:PSS microgels is proved to be non-Gaussian, with D50 of 0.010 to 1 µm59.  



15 
 

Considering the targeted applications for biomedical engineering, where PEDOT:PSS is normally 

used as conductors or active layers of OECTs, PEDOT:PSS (Clevios™ PH1000) purchased from 

Haraeus Electronic Materials is commonly adopted. Therefore, all PEDOT:PSS suspensions  

mentioned in this thesis are Clevios™ PH1000, if no specific explanation included. 

2.1.3 Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) thin film properties 

PEDOT:PSS suspension is the mixture of PEDOT:PSS microgels and solvents. With the original 

intentions to replace silicon for semiconductor industry, PEDOT:PSS was first designed to be 

compatible with thin film applications following the two-dimensional logic of nanofabrication and 

microelectromechanical systems (MEMS). Guided by such layer-by-layer philosophy, 

PEDOT:PSS is normally deposited to form a thin film state via spin coating17, screen printing63, 

electrospinning64, drop casting65, slit coating66, and bar coating67. Among these methods, spin 

coating, given its facile process and reliability, is most frequently adopted in PEDOT:PSS thin film 

deposition. By considering the viscosity of pre-mixed PEDOT:PSS mixture, and by controlling the 

spinning parameters (such as spinning steps, spinning speed, acceleration, and spinning time), 

PEDOT:PSS thin films could be uniformly and repeatedly produced. Heating is a crucial step to 

stabilize the structures. Besides the basic function in removing water, the heating steps could also 

removing certain conductivity enhancement agents whose boiling points are low68. Moreover, free 

PSSH chains may undergo temperature-induced fragmentation and be decomposed while 

leaving sodium salt (PSS-Na+) unaffected69. Although electropolymerization of 3,4-

ethylenedioxythiophene (EDOT) is a feasible way in depositing PEDOT:PSS thin films on 

conducting substrates, for example, Si-based neural probe70,71, in this thesis, we mainly discuss 

PEDOT:PSS thin films based on PEDOT:PSS suspension (Clevios™ PH1000). 
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2.1.3.1 Chemical properties 

Stability is one of the major reasons that PEDOT:PSS is widely adopted in conducting polymer 

researches. Characterized by thermogravimetrical analysis (TGA), the thermal stability of 

PEDOT:PSS has been systematically investigated. Before 200 °C, the main weight loss is from 

water evaporation. Starting from 250 °C, the curve m/z=64 (Figure 2-5), initiates a spike which 

represents the SO2 formation and releasing. Considering the PEDOT:PSS thin film systems, it 

indicates that from 250 °C, sulfur comes to become unstable in PEDOT:PSS, which might be 

caused by PSS chain fragmentation. According to the overall weight loss and ion current as 

functions of temperature, PEDOT:PSS thin films are thermally stable up to 200 °C49. PEDOT:PSS, 

similar to all organic materials, does suffer from degradation over time. The existence of oxygen 

might oxidize the thiophene group, therefore, stabilizers are needed for PEDOT:PSS thin films in 

long term usage (on the scale of days). PEDOT:PSS thin films are hygroscopic. A prebaked 

PEDOT:PSS thin films could spontaneously absorb water in ambient due to the existence of 

hydrophilic PSS chains. 

 

Figure 2-5 Thermal stability of PEDOT:PSS films characterized by TGA. A. The weight loss as function of 
heating temperature at constant heating rate (5 K/min) in helium; B. The ion currents of relevant masses 
recorded simultaneously as function of heating temperature (Data from Bayer Technology Services, 
Leverkusen, Germany). 
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2.1.3.2 Electrical properties 

As discussed in the conducting mechanism section, PEDOT:PSS acts as synthetic metals with 

conductivity with free carriers. For PEDOT:PSS thin films, the conductivity is normally quantitively 

characterized by the sheet resistance 𝑅𝑠𝑞: 

𝑅𝑠𝑞 =
𝜌

𝑑
=

1

𝜎 ∙ 𝑑
 

, where 𝜌 is the resistivity, 𝜎 is the conductivity, and 𝑑 is the PEDOT:PSS thin film thickness. In 

order to rule out the artefact introduced by contact resistance, four-point probes are normally used 

to measure the sheet resistance of PEDOT:PSS thin films. The conductivity of PEDOT:PSS thin 

films could be influence by many factors, including the PEDOT and PSS ratio, additions, pH and 

temperature. The PEDOT and PSS ratio directly reflects the density and morphology of PEDOT 

domains in the films, and therefore affects the overall conductivity. The addition of chemicals, 

such as high boiling point solvents, could increase the conductivity, supported by various 

theories68,72,73 (details will be discussed in the typical additions section). Acidic (pH in the range 

between 0-3) and warm environments (better hopping conditions according to VRH model) are 

also favorable for PEDOT:PSS for conducting free carriers74. Since the gradual oxidative 

degradation might exist on sulfur at thiophene and α-carbon especially when exposed to light, the 

conductivity of PEDOT:PSS thin films would undergo continuous decrease over time in ambient 

atmosphere, which could be avoided by maintaining the thin film within inert atmosphere. It’s also 

worth noting that PEDOT:PSS does exhibit no electron conductivity but hole conductivity since 

the injected electrons will immediately recombine with the holes at the oxidized PEDOT chains, 

hence electron transportation does not contribute to the overall current. 

2.1.3.3 Mechanical properties 

The Young’s modulus of freestanding PEDOT:PSS thin films are systematically characterized by 

Lang et al.75. On the scale of GPa, the Young’s moduli of PEDOT:PSS films are highly dependent 
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on the ambient humidity levels. The Young’s modulus could shift from 0.9 GPa to 2.8 GPa by 

changing relative humidity (rH) level from 55% to 23%. 

 

Figure 2-6 Mechanical properties of PEDOT:PSS thin films. A. Stress-strain curves for PEDOT:PSS thin 
films at different rH75. Reprinted with permission. B. Models illustrating the potential hierarchical morphology 
of PEDOT:PSS thin films76,77. Reprinted with permission. C. Normalized resistance of Zonyl-treated 
PEDOT:PSS thin film stretched from 0 to 200% and atomic force microscope (AFM) image of partially 
aligned grains after stretching78. Reprinted with permission. 

Phase segregation is a crucial phenomenon in modifying the properties of spin coated 

PEDOT:PSS thin films. Proposed by Greczynski et al.69, the spin coated PEDOT:PSS thin films 

are nonuniform but with PEDOT and PSS domains within multiple grains. The PSS chains 

(including both the PSSH and the PSS-Na+ components) would aggregate on the very surface of 

PEDOT:PSS thin films (about 3-4 nm of thickness), and the PSS-to-PEDOT ratio could reach 2.6-

3.5, while the overall PSS-to-PEDOT ratio is about 1.2, characterized by X-Ray photoelectron 

spectroscopy (XPS) of S (2p) and O (1s). Based on the small angle neutron spectroscopy, the 

length of PSS-enriched domain is about 5-15 nm depending the baking and annealing conditions. 

Confirmed by high angle annular dark field (HAADF) scanning transmission electron microscopy 
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(STEM), the granular structure of PEDOT:PSS gel particles maintained during film formation 79. 

Based on the observation, there are multiple models illustrating the grain-like morphology of 

PEDOT:PSS thin films, including the molecular terraced structure proposed by Ionescu-Zanetti et 

al.76 and the stacked pancake model proposed by Nardes et al.77. 

Unlike silicon whose atoms are tightly fixed via valence bonds, PEDOT:PSS has relative soft 

chains with large entropy change when mixing with others. Therefore, the flexibility and 

stretchability of PEDOT:PSS thin films have been viewed as one of the key benefits over 

conventional silicon materials. Although the stretchability of intrinsic PEDOT:PSS is limited 

(~5%)80, by introducing plasticizer Zonyl (currently change names into Capstone), the 

PEDOT:PSS thin film on polydimethylsiloxane (PDMS) substrates could be stretched to 30% 

without introducing significant cracks78.  

2.1.3.4 Optical properties 

High optical transparency of PEDOT:PSS have promoted it as an ideal alternative to indium tin 

oxide (ITO) for flexible display80-82. The absorption spectrum of PEDOT:PSS thin films is strongly 

dependent on the oxidation states of PEDOT. When oxidized, the intermedia polaron or bipolaron 

states could forms and therefore shifting the absorption peak locations from 2.2 eV into 0.5, 1.4 

eV, changing the color of thin films. Such transparency and electrochromic properties might also 

aid conducting polymer for biomedical applications with its potential to be orthogonally applied 

with optical modalities.  

2.1.4 Typical additives and their effects 

Beyond modifying the electrical properties, the additive introduction in PEDOT:PSS could also 

significantly change the global properties of PEDOT:PSS, including its optical and mechanical 

properties. Especially for PEDOT:PSS thin film researches, the strategies of introducing additives 

are frequently adopted given its facile process and high efficacy. The additive introduction 
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processes could be simply achieved either by adding the liquid or solid organic compounds via 

directly mixing with PEDOT:PSS suspension before film forming step (for example, spin 

coating)68,83-86 or by exposing pre-formed PEDOT:PSS films to the solvent vapor87. Chemicals 

includes water miscible high boiling point solvents, such as, ethylene glycol (EG)88, and dimethyl 

sulfoxide (DMSO)89,90 are commonly utilized. According to the electrical screening theory, it 

hypothesizes that the introduction of solvent of high dielectric constant might induce screening 

effect among positively charged PEDOT chains and negatively charged PSS chains68. Therefore, 

the more crystalized PEDOT nanofibrillar structures could be formed as conducting islands and 

enhance the overall conductance of the thin films80. According to the theory mainly considering 

the conformational change of PEDOT:PSS chains, the conductivity increasement in the final 

PEDOT:PSS thin film needs two or more polar groups on each additive molecule (DMSO is an 

exception). Such hypothesis was evaluated by testing a family of materials with different number 

of polar groups including EG, DMSO, N-methyl-2-pyrrolidone (NMP), acetonitrile, nitromethane, 

methyl alcohol, pyridine for their independent effects on the conductivity of PEDOT:PSS thin films. 

The mechanism could be interpreted as the conformational change of PEDOT chains and the 

interaction between the dipole of one polar group of the additives and the dipoles or the positive 

charges on the PEDOT chains72. As mentioned in previous section, according to polymer physics, 

PEDOT chains in PEDOT:PSS complex would have various conformations which have 

macroscopic controls over the overlapping of π-π delocalized electron clouds, therefore, 

hindering the in-chain and inter-chain free carrier transportation. While the benzoid structures of 

PEDOT are preferable to form a coil conformation, the quinoid structures tend to form a linear or 

expanded-coil conformation, which is more favorable for high conductance. After introducing the 

water miscible high boiling point solvents, for example, EG, one of the polar groups is interacting 

with PEDOT chains, forming a dipole with the positive charge of doped PEDOT chains, while the 

other polar group is reaching out for the PSS chains with a potential hydrogel bond. Therefore, 
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the PEDOT chains are dragged to be adjacent to the rigid PSS chains to enable an expanded-

coil or linear conformation. In DMSO case, although there is only one polar group, the potential 

mechanism may be: the strong dipole moment to PEDOT chains could remain after forming 

hydrogen bond with PSS chains. Except for such generalized theories for enhancing the electrical, 

structural or optical properties of PEDOT:PSS thin films, there are also star additives that are 

more frequently used in PEDOT:PSS researches comparing to others. Here, this thesis would 

enumerate three chemicals of distinctive functions for PEDOT:PSS engineering. 

 

Figure 2-7 Typical additives and their effects on PEDOT:PSS thin films. A. H2SO4 treatments on the 
PEDOT:PSS thin films91. Reprinted with permission. The conductivity of PEDOT:PSS thin films as a 
function of H2SO4 concentration (i) and treating temperature (ii). B. DBSA treatments on PEDOT:PSS thin 
films and their effects on electrical conductivity92. C. DBSA treatments on PEDOT:PSS thin films and their 
effects on the water stability of the films92. Reprinted with permission. 
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Sulfuric acid (H2SO4) is adopted to significantly increase the conductivity of PEDOT:PSS thin film. 

The conductivity of H2SO4-treated PEDOT:PSS thin films could reach extremely high-level of 

3065 S/cm91 and 4380 S/cm5. The potential mechanism for the enhancement could be explained 

by the introduction of H+ and HSO4
-  replacement of negatively charged PSS chains according to 

the reaction. 

𝑃𝑆𝑆− + 𝐻+ = 𝑃𝑆𝑆𝐻 

Since the PSS chains which mostly exhibit coil conformation are expelled from PEDOT domains 

via electrostatic interaction, the charges on PEDOT are more delocalized, leading to highly 

crystallized PEDOT nanofibril with extremely high conductivity. However, although only limited 

amount is needed, normally the H2SO4 addition used for such treatment is required to be of high 

concentration, which is corrosive and dangerous to process especially for biomedical applications. 

Comparing to other additives that could pre-mix with PEDOT:PSS suspension before spin coating 

or other film forming process, H2SO4 treatment is only limited to soak PEDOT:PSS thin films in 

high temperature. Given that the hydrophilic PSS chains are expelled from the hydrophobic 

PEDOT chains, H2SO4-treated PEDOT:PSS thin films have limited adhesion to hydrophilic 

substrates, causing the detachment issues. 

Dodecylbenzenesulfonic acid (DBSA) is a viscous, colorless liquid stored avoiding light. 

Traditionally used as surfactants to facilitate the PEDOT:PSS film processing, DBSA has been 

widely used in OECT research pioneered by Prof. George G. Malliaras18,93. Recently, its effects 

on electrical conductivity enhancement and stretchability enhancement for PEDOT:PSS thin films 

are also systematically characterized92. For example, film conductivity over 500 S/cm could be 

reached with 2 v/v% DBSA. 

(3-glycidyloxypropyl)trimethoxysilane (GOPS) is reported to be a crosslinker for PEDOT:PSS thin 

film processing. It can enhance the adhesion between PEDOT:PSS thin film and substrates, 
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preventing partial dissolution and delamination of PEDOT:PSS thin films92,94,95. Therefore, GOPS 

is frequently adopted to improve the water stability of PEDOT:PSS thin films. But the introduction 

of GOPS would inevitably degrade the conductivity of PEDOT:PSS thin films, hence in most 

studies, the addition concentration of GOPS would usually be restricted below 1 v/v%92. 

It’s worth noting that the additive effects on PEDOT:PSS discussed in this section mainly limit in 

those for PEDOT:PSS thin films. When considering different scenario, for example, PEDOT:PSS 

hydrogels, the additive effects could not be simply generalized, since certain properties enhancing 

mechanisms are based on the modification of the very interface between PEDOT:PSS thin film 

and substrates. But such understanding on what the additives would cause might be valuable as 

a reference to predict the potential modification of the morphological, structural, or chemical 

properties of PEDOT:PSS chains. For instance, according to its effects on enhancing the 

morphology and conductivity of PEDOT:PSS thin films, DMSO is also used in PEDOT:PSS 

hydrogel researches in order to transit into the highly conductive gel state29. 

2.2 Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) Hydrogels 

2.2.1 Hydrogels for minimizing mismatch  

In order to functionally bridge the endogenous tissues and artificial components with reduced 

irritations on the normal metabolism and of high reliability, since the birth of bioelectronics by Luigi 

Galvani's landmark experiment, there are rising needs for a conformal electrode-tissue interfaces. 

The emerging flexible electronics offers an preliminary solution to the challenges by minimizing 

the mechanical difference34. Flexible electronics, which is soft, bendable and stretchable, 

impressed both academia and industry with not only its own potentials of seamless biointerfacing, 

but also a generalized idea about the importance of the mechanical resemblances to biological 

tissues means to biomedical engineering. Hence, the correlation between minimized mechanical 
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mismatch and enhanced biointerface has been researched in theory and evaluated in multiple 

cases. From systematic perspectives, the effect of mismatched biointerface could be categorized 

as following: (1). The difference in Young’s modulus and bending stiffness of biological tissues 

and devices could result in relative dislocations, which would affect the quality of recorded signals, 

since the recorded amplitude of single neuron unit is inversely proportion to the distance between 

the source neuron and electrode96. By decreasing the feature size and therefore decreasing the 

bending stiffness in matching biological tissues, microwire-based array also achieved chronic unit 

recording in cerebral cortex of primates, which could last over weeks97. (2) Since they behave 

differently under micromotion, the rigid devices would constantly scratch biological tissues and 

cause nearby cell death. (3) Fibrosis and gliosis tend to concentrate around the rigid devices as 

the main behavior of chronic immune response. For example, in neuroengineering, the response 

of glial cells, which as a marker for foreign object effect, is profoundly suppressed with interfacing, 

rationalizing the logic in minimizing mechanical mismatch in achieving chronically implanted 

neuroprostheses98. (4) The constant dislocation increases the chance for device failure. (5) The 

rigid device could not be compatible with the dynamic deformation of biological tissues, such as 

growth, therefore, the inner strain would build up on interfaced tissue. (6) Especially on 

neuroengineering, the blood-brain barrier (BBB) is more vulnerable when inserting rigid neural 

probes, accelerating the neurodegeneration and immune response.  
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Figure 2-8 Hydrogels and their mechanical resemblances to biological tissues 20. Polymeric thin films exhibit 
Young’s moduli on the range of MPa to GPa, which are significantly larger than that of biological tissues. 
The electrodes mechanically mismatching endogenous tissues will severely damage biological tissues and 
degrade the recording/stimulating quality. Reprinted with permission. 

Despite the impressive achievements on flexible-electronics-based biointerface, the intrinsic gap 

between biological tissues and thin film electronics plays as the main hinderance for further 

developing materials, structural and topological shapes as seamlessly functional biointerface. The 

Young’s modulus of flexible thin film substrates, such as Parylene C, polyimide (PI) is nearly 106 

times higher than the interfaced tissues. Even the elastomers which have been frequently used 

in wearable biosensors, such as PDMS, polyurethane (PU) and epoxy exist huge different in the 

rigidity. The obvious disparity heralds that there should be another branch of materials adopted 

to minimize the mechanical mismatch between the artificial components and biological tissues.  

Advances in chemistry and bioengineering significantly push the engineering toward materials 

with more controllable physicochemical and mechanical properties. Hydrogels are the crosslinked 
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three-dimensional (3D) polymeric network infiltrated with water (water content > 90% by weight). 

Since they do not dissolve but swell in water, hydrogels play as an ideal carrier for drug delivery99 

and tissue engineering100. Recently, given numbers of achievement confirming the exclusive 

benefits of hydrogels in biomedical engineering, we have witnessed the rise of hydrogel 

engineering. In light of their resemblances to biological tissues from the mechanical, physical and 

chemical perspectives20,21, hydrogels tend to “trick” the endogenous tissues for chronic and 

seamless interfacing. The tissue-level softness supports the suppressed immune effects and 

irritation on endogenous tissues, offering an unprecedent opportunities for soft, conformal, and 

chronic biointerface. Additionally, with their potential biocompatibility as well as the water-rich 

environment, hydrogels represent an ideal platform for next-generation biointerface. 

2.2.2 Poly(3,4-ethylenedioxythiophene) hydrogels 

Comparing to the conventional hydrogels engineering for biomedical engineering, where the 

geometrical structures and pharmacological efficacies are the priority, one of the primary 

requirements for realizing hydrogel bioelectronics for seamless and chronic interface is 

developing conducting hydrogels. There are two branches in achieving such conducting 

hydrogels. The first branch tends to use conducting hydrogel as the interface layer buffering the 

biological tissues and rigid electrodes. The second branch aims to replace traditional electrodes 

by directly using bulky conducting hydrogels as electrodes. Considering the conducting 

mechanism and the free carriers (ions or electrons) adopted to conduct the current, the bulky 

conducting hydrogels could be further divided into ionically conductive hydrogels and electrically 

conductive hydrogels. Similar to the electrolytic tissue, ionically conductive hydrogels rely on the 

ionic transportation in conducting a macroscopic current. The most common methods in 

synthesizing ionically conductive hydrogels are to dissolve and confine ionic salts, such as NaCl 

or LiCl, into the hydrogel matrices101. However, the extreme high concentration of ionic salts (>1 

M) results in high osmotic pressure when interacting with common physiological environments 
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s(<300 mM for corresponding ion concentration). Therefore, such ionically conductive hydrogels 

are limited in wearable and epidermal electrodes where the skin itself could be the barrier for ionic 

invasion, preventing the irritations on normal metabolisms. In order to achieve electrical 

conductivity in hydrogel materials, the key is to introduce electrically conductive networks in 

competing with the watery environment which facilitate the ionic conductivity. Incorporating 

conducting filaments, such as metal nanoparticles, carbon nanotubes (CNT), graphene and 

conducting polymers when preserving the main matrix structure intact, provide a facile method in 

granting electrical conductivity to hydrogels. For example, The introduction of the highly 

conductive CNT into the nonconductive poly(glycerol sebacate): gelatin nanofibrous scaffolds 

enables the conductive hydrogel for cardiac tissue engineering102. PEDOT is also actively adopted 

as conducting filaments to enhance the electrical conductivity given its solution processability and 

biocompatibility61,103. The forms PEDOT incorporated into the hydrogel matrix could be mainly 

categorized into EDOT synthesis and PEDOT:PSS suspension addition, which would be 

discussed in the following section. By mechanically mixing the hot acyl gellan gum (GG) solution 

and PEDOT:PSS dispersions, PEDOT:PSS is supposed to be evenly distributed in GG matrix 

solution104. After the crosslinking of GG solution triggered by Ca2+, the highly conductive 

PEDOT:PSS domain tends to be locked in the macroscopic holes within the GG matrix. 

Processed by this method, such PEDOT:PSS-mixed hydrogels exhibit tissue-level softness 

(Young’s modulus of 1~8 kPa) and decent electrical conductivity (conductivity of ~0.1 S/cm). The 

main drawbacks of this approach are the limited electrical conductivity, since the main component 

of such hydrogel is till the nonconductive matrices. Meanwhile, the addition of rigid components 

would also hinder the intrinsic biocompatibility and mechanical softness of the hydrogel matrix, 

undermining its strength in reaching seamless and chronic biointerface.  

Considering the pros and cons of the methods discussed above in order to achieve the optimal 

materials for conducting hydrogel, the concept of pure conducting polymer hydrogels has been 
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explored. In contrast to taking conducting filaments to aid the electrical properties of hydrogels, 

pure conducting polymer hydrogels manipulate the conducting polymers and crosslink the 

polymer chains to form an intrinsically conductive three-dimensional network which could store 

water within the conducting scaffold. However, as one of main aspect of hydrogels or gels, the 

ability hold large amount of water or solvent is hard to be achieved given the poor solution 

processability of most conducting polymer. As discussed in previous section, the requirement to 

maintain the coplanarity of π-π conjugation for the macroscopic electronic transportation ability 

and the rigidity (steric hinderance) of benzoid or quinoid rings, the entropy change when 

interacting with most solvent is very small, therefore could not thermodynamically activate the 

reaction. PEDOT:PSS, with the exceptional solution processability assisted by the hydrophilic and 

soft PSS counterions, has been viewed as the essential materials to realize the conducting 

hydrogels. By mixing aqueous PEDOT:PSS suspensions with the volatile additive, DMSO, which 

has been frequently adopted in PEDOT:PSS thin films researches to enhance the morphology 

and conductivity, followed by controllable dry-annealing and rehydration process, pure 

PEDOT:PSS hydrogels show interconnected PEDOT:PSS nanofibrils as well as the ability to hold 

certain amount of water within29. With high electrical conductivity of ~20 S/cm in phosphate-

buffered saline (PBS) and ~40 S/cm in deionized water and decent softness (Young’s modulus 

of ~2 MPa), the DMSO-assisted pure PEDOT:PSS hydrogels herald the rise of hydrogel 

bioelectronics. In order to further strength the mechanical properties of the brittle PEDOT:PSS 

hydrogels, the idea of interpenetrating a secondary network is developed to further stabilize and 

support the loosely crosslinked PEDOT:PSS gel105. 
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Figure 2-9 Landmarks of PEDOT hydrogels. The development of PEDOT hydrogels are shown on the 
timeline. The yellow block indicates that the methods are based on EDOT while the grey block indicate the 
methods are based on commercial PEDOT:PSS suspension. 

By categorizing the landmark PEDOT hydrogel synthesis methods (not include the scenario 

where PEDOT is used as a low concentration dopant), the logic for realizing PEDOT hydrogels 

for bioelectronics originates from two separate starting points: from the monomer, 3,4-

ethylenedioxythiophene (EDOT), and from the commercial PEDOT:PSS suspension. In the 

following sections, we discuss the benefits as well as the limitations of those approaches by 

enumerating the selected works of PEDOT hydrogels.  

2.2.2.1 Ethylenedioxythiophene-based poly(3,4-ethylenedioxythiophene) hydrogel synthesis 

EDOT is the monomer of PEDOT. Unlike PEDOT:PSS, EDOT has a poor solution processability 

(at 20 ° C, EDOT solubility at water is merely 0.21 g/100 mL water). In order to become conductive, 

EDOT need to be polymerized into PEDOT. The polymerization could be achieved by loading 

oxidants (such as FeCl3) into the EDOT aqueous suspension (PSS has to be added into the 

system to enhance the likelihood for the activation of the reaction), by vapor phase depositing 

EDOT on oxidant layer (forming thin film), or by electropolymerization106. Therefore, the main 
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drawback of these methods are the complex process and limited repeatability since the overall 

process have not been standardized. 

Based on solution process, the idea of immersion and in situ polymerization for double and triple 

networks started in the late 2000s107. Besides forming double network hydrogels to provide basic 

mechanical robustness, EDOT and PSS are incorporated into the existed hydrogel networks by 

diffusion under the concentration gradient during the immersion. When the concentration 

distribution of EDOT within the macroscopic scaffold reaches the steady state after long time 

immersion, the sequent exposure to oxidant solution gradually oxidizes the incorporated EDOT 

is situ along with the nonconducting but structurally supportive hydrogel matrix. Assisted by the 

well-dispersed EDOT, such networks could avoid phase segregation within the matrix, conducting 

from a macroscopic perspective. Except for adding chemicals to trigger the oxidation of EDOT to 

form PEDOT in situ, electropolymerization provide another dimension in achieving PEDOT 

hydrogels108. However, due to the limited electrical field distribution within electrode and 

electrolyte interface (similar to the phenomena of electrical double layer), by injecting current, the 

selective in-growth of PEDOT could locally form thin conductive PEDOT films within hydrogel 

templates109. Comparing the conventional process methods which use PEDOT:PSS suspensions 

(the PEDOT:PSS microgels) as conducting islands, polymerization within hydrogel scaffold 

supported a highly crosslinked secondary network of newly formed PEDOT, therefore, 

significantly enhancing the macroscopic conductivity. 

By confining EDOT in limited space, a freestanding PEDOT hydrogels could be formed via 

electropolymerization without the existence of pre-formed hydrogel networks39. In vivo 

polymerized PEDOT “cloud” electrode could integrated with tissue surrounding implanted 

electrode by first injecting EDOT then locally electropolymerizing the EDOT in situ in rodent 

cerebral cortex. This method acts as a significant foundation for injectable electrodes and in vivo 

synthesized electrodes43. 
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2.2.2.2 Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) hydrogels synthesized by 

commercial PEDOT:PSS suspension 

Since its birth and commercialization in late 20th century, PEDOT:PSS is expected to be a branch 

of basic materials as silicon to conventional semiconductor industry. The versatile of commercial 

PEDOT:PSS suspension rather than the possibility to synthesize new conducting polymer would 

be of priority for the translation of the biomedical devices for biointerfacing. Therefore, there are 

increasing number of initiating projects targeting to use the commercial PEDOT:PSS suspension 

as the source materials to further investigate its potential in synthesizing new materials of better 

mechanical, electrical and biochemical properties and fabricating novel devices for seamless and 

chronic biointerface.  

As the most traditional approach, directly mixing the hydrogel precursors and PEDOT:PSS 

suspension before crosslinking the host hydrogel matrix supports intuitive ways in achieving 

PEDOT:PSS-entangled hydrogels with decent electrical conductivity110. Borrowing the idea of 

supramolecular engineering, the PEDOT:PSS-doped hydrogels obtain the enhanced mechanical 

robustness, thermoplasticity, and self-healability, which are favorable for chronic biointerfaces111. 

 

Figure 2-10 Ionic crosslinking PEDOT:PSS suspension112. A. Partial phase diagram of PEDOT:PSS toward 
the gel transition. B. The schematics of morphology of PEDOT:PSS in suspension and in gel. The red bar 
indicates PEDOT oligomers and the blue bar indicates PSS chains. Reprinted with permission. 
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The phenomena that PEDOT:PSS suspensions would undergo spontaneous gelation when 

exposed to high ionic strength was first revealed in 1999 by Prof. Olle Inganäs113. In the very first 

experiment, 0.25 M Mg2+ additions are used to ionically crosslink the PEDOT:PSS microgels into 

the macroscopic hydrogel for supercapacitor applications. The mechanism of the ion triggered 

gelation behaviors have been systematically researched based on the phase diagram of 

PEDOT:PSS later published on Macromolecules in 2016 by Michael A. Leaf and Murugappan 

Muthukumar112. Given the background knowledge discussed above in PEDOT:PSS section, in 

PEDOT:PSS suspension, the existence of PEDOT:PSS is relay on the microgels that float within 

the aqueous environment. Intrinsically, the microgels are well dispersed and separated by the 

electrostatic interactions. The size of microgels tends to increase along with the surrounding ionic 

strength increase, which might be caused by the aggregation of microgels. Therefore, the gel-like 

behaviors become dominant when the ionic strength increases. To certain extent, the morphology 

change of PEDOT:PSS thin film when introducing additives, such as DMSO, might also be 

interpreted by this theory. Guided by the idea in morphologically straightening the polymer chains 

to enhance the entanglement between different microgels, DMSO and H2SO4 can be introduced 

to crosslink PEDOT:PSS suspension as PEDOT:PSS hydrogel. After H2SO4 treatment, 

PEDOT:PSS hydrogels of high conductivity (~8.8 S/cm) could be achieved114. With the aim to 

strengthen the nanofibrils within the DMSO treated PEDOT:PSS for hydrogel formation, dry-

anneal and reswell cycles are adopted to enhance the phase separation for stable and highly 

conductive PEDOT:PSS hydrogels29.  

Given the fact that most ionically crosslinked PEDOT:PSS hydrogels suffer from brittleness, the 

concept of interpenetrating network is purposed to enhance the mechanical robustness of as-

prepared PEDOT:PSS hydrogels105. On the contrary to previous cases where PEDOT:PSS acts 

as dopant, in interpenetrating network model, PEDOT:PSS hydrogels are pre-formed and then 

strengthen by incorporating the mechanically robust secondary network to support the inner 
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PEDOT:PSS framework. Due to the preservation of the ionically crosslinked PEDOT:PSS network, 

this method supports stretchable PEDOT:PSS hydrogels with high conductivity of 23 S/cm. 

2.2.3 Temperature and poly(3,4-ethylenedioxythiophene) hydrogel processing 

 

Figure 2-11 Elevating temperature is required in most PEDOT hydrogel synthesis processes. The 
temperature needed for hydrogel formation is indicated by the color according to the color bar.  

Looking back to the goals in realizing seamless and chronic functional interface between 

biological tissues and electronics, PEDOT:PSS and PEDOT:PSS hydrogels are extensively 

investigated, given their potential in minimizing the mechanical, electrical, physiological 

mismatches. However, during this long-term voyage, certain key aspects are missing in 

researches  due to the over-focus on the conductivity and mechanical softness. For example, the 

tissue-level softness of PEDOT:PSS hydrogels would cause serious problems for manipulation, 

especially for implanted devices, where the device itself should have decent mechanical strength 

to penetrate the dura mater and the neural tissues. Therefore, solely decreasing the Young’s 

modulus of PEDOT:PSS hydrogels would result technical issues. Moreover, in wearable 

application, conformability is one of the key aspects for the stability and reliability of the devices. 

But simply stretching and conforming the interface for temporary adhesion would inevitably build 
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inner strain, which would degrade the interface over time. Considering these limitations in 

pragmatic applications, we argue that a more comprehensive view should be applied to solve the 

real questions. Since hydrogel itself exhibit the ability for three-dimensional patterning via drop 

casting or 3D printing as well as the injectability21, we foresee the importance to realize in situ 

shaping of PEDOT:PSS hydrogels in targeted areas via injection. 

However, in most cases, in order to realize expected mechanical softness, robustness and 

electrical conductivity, available PEDOT:PSS hydrogels are synthesized in elevated temperature, 

for example, 60 °C for the interpenetration method105, 90 °C for H2SO4 treatment method114, 

130 °C for DMSO treatment method29. Due to the temperature sensitivity of all tissues, heating to 

high temperature would burn them, resulting in additional trauma during interfacing. Therefore, in 

vivo applications of such high-temperature-processed PEDOT:PSS hydrogels are only limited to 

specific realms, precluding the chances to achieve in situ formation of strain-free biointerface. 

Hence, in order to regain the in situ patternability of hydrogels in PEDOT:PSS researches and 

therefore realizing the seamless and chronic functional interface, it’s of great importance in 

developing low-temperature-processable PEDOT:PSS hydrogels which are compatible with in 

vivo manipulation.  

2.3 Organic Electrochemical Transistors 

The first OECT was invented by Mark S. Wrighton in 1984115. The PPy based device enabled the 

basic functionality in signal amplification supported by channel oxidation (on) and reduction (off) 

states. In 2007, the ion-to-electron conversion ability of organic conducting polymer has been 

revealed and modeled, making organic electronics, especially OECTs116,117, a more pragmatic 

interface for human–computer interaction. Comparing to traditional inorganic bioelectronics, most 

of OECTs uses conducting polymer rather than silicon or other inorganic semiconductor as 

channel and replaced dielectric layer with electrolytes. Therefore, by replacing inorganic rigid 
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materials with intrinsic soft organic materials and polymers, OECTs have the mechanical strength 

in realizing flexibility118, and stretchability119. Meanwhile, the adaptation for organic materials, 

especially conducting polymer thin films, also supports the outstanding biocompatibility and low 

cytotoxicity of OECTs93, which it’s one of the key problem silicon-based inorganic bioelectronics 

is facing for implanted devices98. In contrast to traditional field-effect transistors (FETs) that use 

dielectric properties of interlayer materials in forming capacitor for controlling the ultrathin channel 

layer for conductivity of the device, and electrolyte-gate FETs that use electrical double layers 

(EDLs) for increasing the capacitance by decreasing the effective thickness of dielectric layer, 

OECTs takes the advantage of ion transportation and ion injection into the bulk channel layer 

given the porosity of conducting polymer films. Therefore, the overall conductivity change of 

OECT devices is controlled by 3-dimensional bulky channel layer rather than the very thin 

semiconducting channel for FETs, resulting in higher sensitivity for sensing ions and molecules.  

The channel of OECTs, as the very active layer that senses and responses according to the 

external stimulus, is one of the most critical layers for device properties. The materials for OECT 

channel mainly consist of PEDOT:PSS, PPy, PANi120. Although as the first materials adopted in 

fabricating OECTs, PPy has the major drawbacks in the poor electrochemical properties and 

stability115. PANi is a conducting polymer whose conductivity could be tuned by redox reaction. 

While in its reduced state (in leucoemeraldine phase), PANi has no or few free carriers in 

transporting; in its oxidation states (in emeraldine states), holes have been created since the main 

chain of PANi was ionized, and the π-π stacking structure in PANi could easily conduct holes. 

PEDOT:PSS is widely utilized in OECTs given its ability and stability in electrochemical and 

chemical modification in ambient atmosphere121. Accompanying with its advantages in water-

solubility as well as stability, PEDOT:PSS has become the most popular conducting polymers in 

organic electronics and has been commercialized as discussed in previous section.  
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The following section narrowed down to the PEDOT:PSS-based OECTs, in spite that there are 

numbers of OECTs based on other organic conducting material. Firstly, the mechanism of OECTs 

as well as its difference with organic field-effect transistors (OFETs) would be discussed. 

Secondly, current PEDOT:PSS OECTs and their targeted applications are highlighted.  

2.3.1 Organic electrochemical transistors device physics 

OECTs, as a new branch of organic transistors, consists of organic semiconducting layer 

(PEDOT:PSS in this section) which is in contact with the electrolyte and bridges the source and 

drain source. Their architectures are similar to those of FETs. Therefore, the modelling and 

analysis of OECTs share numbers of theories with FETs, especially OFETs. Hence, in this part, 

a brief description about basic physics for OFETs would be introduced first before introducing the 

mechanism for OECTs. 

2.3.1.1 From metal–oxide–semiconductor field-effect transistors to organic electrochemical 

transistors 

OFET is the field effect transistor that uses organic semiconductor as its channel. In spite that 

organic semiconductors had been viewed to be of low and insufficient mobility, which is always 

lower than 10-4 cm2/Vs, to drive transistors, recently there are many improvements due to the 

viability for more eligible conducting polymers with less defects, the more controlled processing. 

And with its strength in intrinsic flexibility and processability in low-cost roll-to-roll fabrication, 

OFETs have significant potential in active matrix electronic paper displays122, and soft, flexible, 

stretchable, wearable electronics123. 
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Figure 2-12 OFET. Schematic of p- and n-channel OFET 124. Reprinted with permission. 

The structures of OFETs are same as conventional metal–oxide–semiconductor field-effect 

transistors (MOSFETs). Organic semiconductors gated by metallic gate electrode, bridge the 

metallic source and drain electrodes. According to the organic semiconductor applied, the OFETs 

could be further divided into thin-film transistors (TFTs) where the orientation of organic molecules 

is in disordered state and single-crystal OFETs where the organic molecules are ideally organized 

without defects125. The discussion in this part would limit in TFTs given their similarity with OECTs.  

Principally, OFETs are analogous to the accumulation mode inorganic transistors. When voltage 

applied on gate electrode, the charge accumulation layers would be induced in the channel region, 

therefore dramatically increase the conductivity of the channel. Similar to MOSFETs, the physics 

of OFETs could also be viewed as the integration of source-drain diode and gate-dielectric-

channel capacitor. For the diode part, the current is also made up of drift and diffusion current in 

steady state. For the capacitor part, the model setting is same with MOSFETs, where the gate’s 
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effects on channel layer are achieved by capacity control. By adopting the Poisson Equation and 

the charge neutrality equation, the spatial relationship between charge density and potential. In 

order to get the direct relationship between total charge density and surface potential, the 

assumption that all electrical field are perpendicular to the plane of channel. However, in contrast 

to MOSFETs whose working mode is in inversion region, OFETs normally work in accumulation 

region. Assuming the channel of OFET is long enough to preclude short channel effects, the 

charge density deduced by capacitor effects could be introduced into the diode equation. However, 

due to complexity of the equation and low carrier concentration in bulky and intrinsic organic 

semiconductor layer, it’s reasonable to follow the charge-sheet approximation, where the number 

of induced free carriers on the surface of organic semiconductor is in the order of magnitude over 

that in bulk organic semiconductor. Therefore, when 𝑉𝑑𝑠 < 𝑉𝑔 − 𝑉𝑡 , as the linear region in output 

curve of MOSFETs, the current, source-drain voltage and gate voltage relationship in steady state 

could be simplified and expressed as following:  

𝐼𝑑𝑠 = µ𝑒𝑓𝑓𝐶𝑑

𝑊

𝐿
(𝑉𝑔 − 𝑉𝑡)𝑉𝑑𝑠 

, where 𝐼𝑑𝑠 is the source-drain current, µ𝑒𝑓𝑓 is the field effective mobility of organic channel, 𝐶𝑑is 

the capacitance of dielectric layer, 
𝑊

𝐿
 is the width-to-length ratio of organic channel, 𝑉𝑔, 𝑉𝑡, 𝑉𝑑𝑠 are 

the gate voltage, threshold voltage, and source-drain voltage, respectively. When 𝑉𝑑𝑠 > 𝑉𝑔 − 𝑉𝑡 , 

as the saturation region in output curve of MOSFETs, the current, source-drain voltage and gate 

voltage relationship in steady state could be expressed as following: 

𝐼𝑑𝑠 = µ𝑒𝑓𝑓𝐶𝑑

𝑊

2𝐿
(𝑉𝑔 − 𝑉𝑡)

2
 

In order to quantitively evaluate the quality and performance, there are mainly 7 parameters that 

are referred to: mobility, threshold voltage, contact resistance, on/off ratio, subthreshold swing, 

hysteresis, stability. 
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2.3.1.2 From organic field-effect transistors to organic electrochemical transistors 

OECTs are a branch of transistors whose source-drain current are modulated by ion injection. 

Structurally, the configuration of OECTs is similar to that of OFETs, especially to electrolyte-gate 

FETs. The main difference between the two transistor is the mechanism that gate effects the 

corresponding transconductance of device.  

 

Figure 2-13 OECTs. A. The typical structure of an OECT, where G is gate, S is source, D is drain. B. Ionic 
and electronic circuits used to model OECTs. C. difference between OFET (i), electrolyte-gate FET (ii), and 
OECT (iii). D. Transfer curve of an PEDOT-based OECT126. Reprinted with permission. 

For typical OFETs, the entire gate controlling process is based on the equivalent capacitance that 

gaps the direct electrical contact between gate and channel. When gate voltage applied, the 

existence of effective capacitance would result in the charge carrier density change on the 

interface sheet of organic semiconductor. As surface charges work in MOSFETs, the source-

drain current is tuned according to the level of charge filled in, separating into accumulation, 

depletion, weak inversion, and strong inversion region. Electrolyte-gate FETs are OFETs that 

utilizes electrolyte rather than dielectric layer as the very gap for gate to amplify its control on 
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channel. Like typical OFETs, their controllability of gate is still based on the capacitance effects. 

However, comparing to typical OFETs, electrolyte-gate FETs utilize the spontaneous formation 

of the nanoscale electrical double layers (EDLs) on the interface of organic semiconductor layer 

and electrolyte. When gate voltage applied, the ions within the electrolyte would be driven and 

spontaneously move according to the electrostatic force. Cations would transport towards the 

surface where electrical potential is relatively lower, while anions would transport towards the 

surface where electrical potential is relatively high. The mass transfer process would sustain and 

drive ions towards the very thin region near electrodes, in the case, gate electrode and channel 

layer, until the equilibrium state reaches. Therefore, in steady state, most ionic charges would 

stick to the surface of channel layer and forming an effective plane-parallel capacitor whose net 

charge is the total ionic charge stick on the surface and whose inter-distance is merely the radius 

of attracted ions. Hence, the effective gate-channel capacitance in electrolyte-gate FETs is much 

larger than that in typical OFETs, according to the capacitance function of plane-parallel capacitor:  

𝐶 =
𝜀𝑆

4𝜋𝑘𝑑
 

, where 𝜀 is the dielectric constant of the gap, 𝑆 is the effective area of channel surface, 𝑘 is the 

Coulomb constant that is fixed to be 9 × 109 𝑁𝑚2𝐶−2  in the case. Given the approximation 

function for the current, source-drain voltage and gate voltage relationship deduced in previous 

part, where 𝐼𝑑𝑠 ∝ 𝐶𝑑, it’s clear that the controllability of gate on source-drain current has been 

amplified in electrolyte-gate FETs. However, it’s undoubtable that the basic mechanism for the 

gate controllability still rely on induced charges in channel region under external potential in both 

typical OFETs and electrolyte-gate FETs. 

For OECTs, the gate controllability over channel conductivity originates from direct ion injection 

into bulky channel layer. In the case of PEDOT:PSS-based OECTs, the devices work in the 

depletion region. In other words, when no voltage applied, PEDOT:PSS is conductive since it 
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could generate electron-hole pairs in the main chain and the charge carriers could transport along 

single chain or hop between multiple chains. Therefore, the device is originally in ON state. After 

applying gate voltage (positive), the high potential in the region near gate would push cations 

towards channel. Different from electrolyte-gate FETs, where the ions could merely concentrate 

on the surface, OECTs enable the ion to directly penetrate the bulky channel layer. The cation 

would bond with PSS- due to the electrostatic attraction, electrochemically dedoping PEDOT:PSS, 

which could be written as:  

𝑃𝐸𝐷𝑂𝑇+𝑃𝑆𝑆− + 𝑀+ + 𝑒− = 𝑃𝐸𝐷𝑂𝑇0 + 𝑀+𝑃𝑆𝑆− 

, where 𝑃𝐸𝐷𝑂𝑇+ is PEDOT in oxidation and conductive state, 𝑀+  is the cation injected from 

electrolyte, 𝑃𝐸𝐷𝑂𝑇0 is PEDOT in reduced and nonconductive state. The process leads to switch 

OFF the device.  

The parameters to evaluate OECTs normally includes the transfer and output curve, on/off ratio, 

transconductance, response time, and mobility. Similar to MOSFET and OFET researches, 

transfer and output curve include the information about on/off ratio, transconductance, mobility, 

and they are undoubtedly one of the most important properties of OECTs.  

On/off ratio is the ratio of current in on state when gate voltage is zero over that in off state when 

gate voltage is positive. The ratio could be simply calculated based on the transfer curve of 

OECTs. In PEDOT-based OECTs, the typical methods in improving on/off ratio, therefore the 

switching ability of OECTs are by increasing the gate voltage to more aggressively 

electrochemically dedoping PEDOT: PSS channel. However, in actual device, the voltage applied 

on gate electrode could not be too large since it would inevitably increase the energy consumption 

of OECTs, and hence precluding its potential in pragmatic bioelectronics. Currently, OECTs could 

obtain high on/off ratio up to 105 127.  
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Transconductance is the efficiency of transduction, which is calculated as the ratio of source-drain 

current deviation and gate voltage deviation extracted from the transfer curve. It can be written 

as18:  

𝑔𝑚 =
∆𝐼𝑑𝑠

∆𝑉𝑔
 

Since OECTs permit ion injection from electrolyte directly into organic channel layer and affects 

not only interface layer but also the bulky organic channel, the transconductance of OECT is 

thickness-related and is much higher than that of either OFET or electrolyte-gate FET. The OECT 

transconductance in saturation region could be written as:  

𝑔𝑚 =
𝑊 × 𝑑

𝐿
µ𝐶∗(𝑉𝑡 − 𝑉𝑔) 

, where 𝑑 is the thickness of organic channel (PEDOT: PSS in this case), µ is charge-carrier 

mobility (hole mobility in this case), 𝐶∗  is the capacitance per unit volume of the channel128. 

However, the high transconductance of OECT leads to slow response, because thick organic 

channel layer needs to be dedoped via ion transport which is much slower than electron transport.  

2.3.2 Applications of organic electrochemical transistors 

Given the outstanding ability of OECTs in efficiently transducing ionic signals into electrical signals 

and in amplifying the sensing signals, OECTs play an important role in sensing. According to the 

fact whether faradic reaction happens on the gate electrode of OECT, the sensing could be 

divided into non-faradic sensing and faradic sensing. For gate voltage that is small and cannot 

excite electrolysis reaction of water or other electrochemical reaction, no net charge transfer 

between gate electrode and electrolyte would happen, therefore, the OECT sensing mechanism 

is in the regime of non-faradic sensing129. According to the Bernards model, the voltage drop 
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within gate and organic channel is controlled by the formation of EDL formation116. It could be 

written as:  

𝑉𝑠𝑜𝑙 =
𝑉𝑔

1 + 𝛾
 

, where 𝛾 =
𝐶𝑐

𝐶𝑔
 is defined to be the ratio of capacitance of channel over that of gate. However, 

when relatively active molecules are added into electrolyte or the gate voltage is large enough to 

drive electrochemical reaction, additional voltage drop would exist on the interface of gate 

electrode and electrolyte in order to support the electrochemical reaction processing130. Based on 

the Nernst Equation, the very voltage drops taken by electrochemical reaction could be written 

as: 

𝑉𝑔,𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 =
𝑘𝑇

𝑧𝑒
𝑙𝑛

𝑎𝑜𝑥

𝑎𝑟𝑒𝑑
 

, where 𝑘 is the Boltzmann constant, 𝑇 is temperature, 𝑧 is the electron transferred per reactant 

being oxidized, 𝑒 is the elementary charge, 𝑎𝑜𝑥, 𝑎𝑟𝑒𝑑 are the activity of  the oxidized form and the 

reduced form, respectively. Assuming the solution is ideal, where activity of components 

quantitively equals their concentration, the overall voltage drop could be written as:  

𝑉𝑠𝑜𝑙 =
𝑉𝑔

1 + 𝛾
+ (

𝑘𝑇

𝑧𝑒
ln 𝑐𝑎𝑛𝑎𝑙𝑦𝑡𝑒 + 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡) 

, where 𝑐𝑎𝑛𝑎𝑙𝑦𝑡𝑒 is the concentration of analyte. Hence, when analyte concentration changes, the 

effective voltage applied on channel, therefore the charge carrier density, must change, resulting 

in the source-drain current change. Nowadays, there are already numbers of applications based 

on the sensitivity and the amplification functions published, including glucose131,132, DNA133, 

dopamine134. 
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Figure 2-14 Applications of OECT. a) OECTs research progress in bioelectronics135. b) PEDOT-based 
OECT artificial synapses136. Reprinted with permission. 

Bioelectronics is the major field that OECTs are designed to be, since OECTs are sensitive to 

external signals and they have significant potential in producing flexible and wearable electronics. 

According to the problems bioelectronics target to solve, OECTs could be utilized for 

electrophysiological activity sensing93, impedance sensing137, and analyte detection138. Moreover, 
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OECTs could be applied to monitor cell culture condition139 especially its coverage over the 

substrate137. The basic mechanism for the process is that the thin layer of proliferating cells formed 

above the channel within culture media, which could also be viewed as electrolyte140,141. The 

changes including cells growth or inner-properties could induce corresponding change in overall 

impedance for electrolyte142. OECTs could then amplify the impedance change via charge carrier 

density in channel and record the fluctuations with current signals. Analyte detection in OECT 

bioelectronics is similar to conventional OECT for sensing. However, for bioelectronics, flexibility 

and biocompatibility shall also be considered for pragmatic clinical applications. Therefore, the 

voltage applied and materials in OECT are more cautiously selected. Currently, there are many 

successful OECT-based biosensors in saline solution including breath143, sweat144, saliva145, cell 

culture media146. 

Memory and neuromorphic devices are also field that OECT could adopt. Since the doping 

process of OECT is realized via electrochemical reaction, OECT devices have long-term memory 

for the conductivity that applied before. In one way, by providing sufficient voltage with long period, 

OECT can be used memory. Otherwise, by dynamically doping the channel region, neuromorphic 

devices with a multi-state could be achieved. In 2017, Salleo et al. has fabricated a flexible artificial 

synapse based on OECTs, which could switch at low voltage and energy and mimic long-term 

potentiation and depression in biological synapses16. 
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Chapter 3  Room-Temperature Formation of Poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) Hydrogels  

3.1 Introduction 

Poly(3,4-ethylenedioxythiophene) doped with poly(styrenesulfonate) (PEDOT:PSS) has earned 

tremendous success in the past years owing to its excellent biocompatibility, high electrical 

conductivity, and water stability147. Among the applications covering solar cells4,148, light-emitting 

diodes149, transparent electrodes150, electrochemical transistors53, neuromorphic computing16,151, 

and supercapacitors152, PEDOT:PSS has proven its potentials to be adopted as a generalized 

materials for electronics. With the rise of biomedical engineering, the electrical biointerface with 

human body has become an emerging trend to reliably monitor the health status of human body 

and to offer personized platform for precision medicine153. In recent years, owing to the superior 

flexibility comparing to silicon-based materials, PEDOT:PSS acts as a key role in developing soft 

bioelectronics for the seamless biointerface30. However, the real applications of PEDOT:PSS thin 

films, which most PEDOT:PSS bioelectronics researches relied on, reveal the huge intrinsic 

mismatches with endogenous tissues due to the mechanical rigidity (Young’s moduli on the scale 

of MPa~GPa). Besides the risks of detachment which would degrade the input and output of the 

devices, such physical and mechanical mismatches may constantly irritate the normal metabolism 

of targeted regions, inducing immune effects which kill the local cells29,105. Therefore, PEDOT:PSS 

of tissue-level softness is of profound interests toward seamless and chronic bioelectronic 

interface.  

PEDOT:PSS hydrogels are the optimal biointerfacing alternatives given its tissue-like mechanical 

properties, water-rich environment and biocompatibility. Except for acting as a extracellular matrix 

for cell growth and differentiation, PEDOT:PSS hydrogels provide a platform to investigate cellular 
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causality when exposed to electrical stimulations154,155. With the intention to synthesize and modify 

the PEDOT:PSS hydrogels for biointerface of minimized mismatches, tremendous research 

projects have focused on the fundamental properties of PEDOT:PSS hydrogels. Shi et al. used 

concentrated H2SO4 at 90 °C in processing PEDOT:PSS dispersion for synthesizing conductive 

PEDOT:PSS hydrogels which acted as electrodes in supercapacitors applications114. Bao et al. 

interpenetrated a secondary network within pre-formed PEDOT:PSS hydrogels to tune the 

mechanical properties in matching biological tissues105. Zhao et al. claimed pure PEDOT:PSS 

hydrogels by controlled dry-annealing and rehydration of PEDOT:PSS thin films29.   

However, most PEDOT:PSS hydrogels fabricated yet required elevated temperatures (> 60 °C) 

which are beyond the tolerance limit of biological tissues. While the additional needs for high 

temperature thermodynamically enable the hydrogel matrix formation or conductivity 

enhancement, the in situ processability, which are one of the key benefits of hydrogel engineering, 

is eliminated due to the inevitable damages to endogenous tissues. Therefore, in real applications, 

PEDOT:PSS hydrogels have to pre-form the geometries and then conform to the targeted shapes, 

which introduces inner strains and undermines the long-term stability of the seamless biointerface. 

With the intention to customize the PEDOT:PSS hydrogel shapes for seamless and chronic 

interface, PEDOT:PSS hydrogels that could be synthesize and processed completely at room 

temperature (RT-PEDOT:PSS hydrogels) are thus of significant importance. Besides the direct 

benefit for processing in situ, RT-PEDOT:PSS hydrogels offer a generalized platform for 

injectable applications where crosslinking and shaping can be controlled occurring at the exact 

locations where PEDOT:PSS liquid is injected. Accordingly, such hydrogels are of great medical 

demand, especially for nerve regeneration and brain stimulation or recording. Considering the 

swelling properties of hydrogels, RT-PEDOT:PSS hydrogels may also enable their application as 

water-healable electronics, an emerging field of PEDOT:PSS researches156.  
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In this chapter, we demonstrated the first injectable and water-healable PEDOT:PSS hydrogels 

enabled by RT-PEDOT:PSS hydrogels. With no need for any further treatment, the RT-

PEDOT:PSS hydrogels could gelate spontaneously after syringe-injecting 

PEDOT:PSS/surfactant mixture of liquid phase. Containing ultrahigh water content (~95 wt%), 

the RT-PEDOT:PSS hydrogels exhibit tissue-level softness (Young’s modulus of kPa scale) and 

excellent patternability in shaping self-standing and patterned structures. Due to the 

interconnected PEDOT:PSS chains as the matrix, the RT-PEDOT:PSS hydrogels have ultralow 

electrical resistance in circuits. Moreover, owing to the high swelling ratios, the RT-PEDOT:PSS 

hydrogels obtain water-healability which could further strengthen its potential in real applications.  

3.2 Room-temperature gelation of poly(3,4-ethylenedioxythiophene): 

poly(styrenesulfonate) 

By mixing PEDOT:PSS suspension with the widely used surfactant DBSA, spontaneous gelation 

could occur at room temperature without the need for any other treatment when the concentration 

of DBSA is above the threshold (2 v/v.%). The formation of hydrogel is confirmed with the vial 

inversion test, which has been widely used as the criterion in judging the macroscopic phase 

transition in hydrogel engineering157. The mechanism of gelation would be discussed later in the 

following section.  

The obtained RT-PEDOT:PSS hydrogels have ultrahigh water content (95 wt%). Since the entire 

synthesis process is in liquid states, the RT-PEDOT:PSS hydrogels could be customized and 

patterned into various of three-dimensional shapes by molding. It’s worth noting that the gelation 

is not an instant transition from liquid to hydrogel, but an evolving process where the storage 

modulus and loss modulus are both increasing overtime. After transited into hydrogel states (the 

transition is confirmed by inversion test or rheological characterization), the synthesized RT-
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PEDOT:PSS hydrogels would slightly shrink after leaving overnight, which significantly benefit for 

the demolding process by minimizing the chance in damage the hydrogels. 

 

Figure 3-1 A. Schematic illustration of gelation processes of RT-PEDOT:PSS hydrogels; B. Chemical 
structures of PEDOT:PSS and DBSA; C. RT-PEDOT:PSS hydrogel formed within 10 min: the gel adhered 
at the bottom when flipping the vial; D. Demonstrations of self-standing RT-PEDOT:PSS hydrogels of 
different shapes; E-F. Various patterns of the RT-PEDOT:PSS hydrogel after removing PMMA molds. Scale 
bar: 5 mm. 

3.2.1 Gelation mechanism 

The spontaneous gelation process of the RT-PEDOT:PSS hydrogels at room temperature is 

tentatively attributed to the physical crosslinking between PEDOT+ polymer chains112,114, enabled 

by the addition of DBSA. As discussed in the PEDOT:PSS section, commercial PEDOT:PSS 

product is the suspension of PEDOT:PSS microgels in water environment supported by the 

hydrophilicity of PSS chains and dispersed by the electrostatic repulsion between charged 

microgels112. Within the microgels, coiled hydrophobic PEDOT+ chains entangle with each other 

and act as the main component of the core of the domain, while the hydrophilic PSS- chains 

forming the sheath to stabilize the existence of microgels within water158. For pristine PEDOT:PSS 

PH 1000, the medium number of the microgel size is 0.03 µm according to the information from 

Clevios™, the manufacturer. And in order to rule out the effects from intrinsic large PEDOT:PSS 

microgels, PEDOT:PSS suspension are filtered with 0.45-µm PVDF filter right after mixing with 
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surfactant, the initial size of PEDOT:PSS microgels is significantly smaller than that of 

macroscopic hydrogels.  

 

Figure 3-2 Crosslinking mechanism of our RT-PEDOT:PSS hydrogel: A. Schematic of core-shell structure 
of the PEDOT:PSS grains (PEDOT+ core and PSS- shell); B. Schematic of the hydrophilic head (pink) and 
hydrophobic tail (blue) of a DBSA molecule; C. The addition of the DBSA micelle into the suspension, which 
weakens electrostatic attraction between PEDOT+ and PSS-, exposing the PEDOT+ chains to water; D. The 
exposed PEDOT+ chains undergo a conformational change from a confined coiled to an expanded-linear 
structure and subsequently physically crosslinked due to π–π stacking and hydrophobic attractions. E. 
Gelation time of PEDOT:PSS hydrogels with different DBSA concentration. Error bars represent standard 
deviation (N=4). 

DBSA is an acidic surfactant. When its concentration in water solvent is larger than the critical 

micelle concentration (0.04 v/v%), DBSA tends to be electrolyzed and form well-defined micellar 

structures in water, where the negatively charged sulfuric acid groups (SO3
-) are facing out. The 

presence of sufficient DBSA molecules in the final RT-PEDOT:PSS hydrogels has been 

confirmed by Fourier-transform infrared spectroscopy (FTIR) (Figure 3-3). And by changing the 

adding amount of DBSA, the gelation time of RT-PEDOT:PSS hydrogels could be controlled, 

indicating the active roles of DBSA in the hydrogel formation process. With strong negative 

charges, electrolyzed DBSA molecules are likely to protonate PSS- chains, screening the 

electrostatic attractions between PEDOT+ chains and PSS- counterions. Therefore, the soft and 

hydrophilic PSS long chains are released from PEDOT:PSS complexes and dissolved in water. 

The PEDOT+ chains which originally coiled as the core of PEDOT:PSS microgels are coupling 

with DBSA anions, undergoing the conformational change towards a more expanded and linear 
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structure72. Such spreading structure of PEDOT+ chains promotes the interchain interactions in 

forming three-dimensionally crosslinked PEDOT+ networks facilitated by the physical interaction 

induced by π-π stacking and hydrophobic interactions. This mechanism based on physical 

crosslinking could be further evaluated by the complex viscosity of as-prepared RT-PEDOT:PSS 

hydrogels. The trend of complex viscosity decreasing when increasing the shear frequency from 

0.1 to 10 rad/s indicates a typical behavior of physically crosslinked elastic hydrogels159,160.  

 

Figure 3-3 A. FTIR of pure DBSA, pure PEDOT:PSS and RT-PEDOT:PSS hydrogel. In RT-PEDOT:PSS 
hydrogel, the strong peaks from 2800 to 2950 cm-1 is attributed to (C-H) stretching vibration in benzene ring 
and aliphatic chain from DBSA. The peaks around 1000–1200 cm-1 are assignable to the vibration of sulfone 
groups in both PSS and DBSA. Peaks in range from 600 to 1000 cm-1 are contributed from vibration modes 
of C–S bond in the thiophene ring in PEDOT:PSS and C-H bending in disubstituted benzene ring in DBSA. 
B. Complex viscosity of RT-PEDOT:PSS hydrogel as a function of shear rate. 

3.2.2 Mechanical properties 

The as-prepared RT-PEDOT:PSS hydrogels exhibited tissue-level softness. In order to preserve 

the integrity and mechanical properties intact, the RT-PEDOT:PSS hydrogels were manipulated 

with special care. The RT-PEDOT:PSS hydrogels were molded in standardized PMMA wells with 

two designed holding pads and one effective stretching region. Because of the extreme softness 

and water-rich nature, the as-prepared RT-PEDOT:PSS hydrogels were slippery and vulnerable 

when directly clamped by INSTRON tensile tester. Customized polymethyl methacrylate (PMMA) 
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clamps were designed and patterned by CO2 laser cutter. The molded RT-PEDOT:PSS hydrogel 

samples were left in wet atmosphere (by putting some water in a small petri dish within the sealed 

container with as-prepared RT-PEDOT:PSS hydrogels) overnight to stabilize the mechanical and 

physical properties of the hydrogels (the evolving mechanical properties could be proved by the 

real-time modulus change during the very first 30 min of gelation). The RT-PEDOT:PSS hydrogel 

testing sample was carefully transferred to the PMMA clamps by the gravity and the momentum 

introduced by water drops. After restricting the RT-PEDOT:PSS hydrogel samples within the 

PMMA clamps by screwing, the two PMMA clamps confining the two holding pads of the tested 

hydrogels were tapped in order to preserve the original length of the RT-PEDOT:PSS hydrogel 

sample and to prevent the damage to the effective testing region of the sample. The tapes were 

cut right before initiating the tensile test. From the stress-strain curve, the Young’s modulus of the 

RT-PEDOT:PSS hydrogels was ~1 kPa, which reached the tissue-level softness. As the targeted 

interfacing tissues, the brain (although the dura mat is very rigid, for implanted device, dura mater 

would be removed during the scalp removal, therefore is not considered here.) shows the Young’s 

modulus of 1-4 kPa22, where the RT-PEDOT:PSS hydrogels have the potential in behaving 

identically with the endogenous brain tissues without introducing any stress on surrounding cells 

when undergoing constant motions driven by the respiration and acceleration (for example, head 

shaking). 

The rheological measurements were applied to further evaluate the hydrogel nature of RT-

PEDOT:PSS (25-mm sandblasted steel plate geometry and 1-mm gap distance). Real-time 

gelation rheological measurements were performed by using time sweeps of 1% strain and 1 Hz 

at 25 °C, after loading 500 µL precursor solution (4 v/v% DBSA) which has been stirred for 2 min 

and filtered through 0.45 µm PVDF filters to preclude the effect from intrinsically large microgels 

in commercial PEDOT:PSS suspension. The gelation time (~10 min) defined by the crossing point 

of G’ and G’’ agreed with the vial inversion test105. After stabilizing the as-prepared PEDOT:PSS 
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hydrogels overnight, oscillatory time sweeps of PEDOT:PSS hydrogel were performed at 1% 

strain, 1 Hz, 25 °C, after loading PEDOT:PSS hydrogels, indicating the RT-PEDOT:PSS reached 

steady state overnight.  

 

Figure 3-4 Rheological properties of RT-PEDOT:PSS hydrogels. A. Real time gelation in rheometer. 
Constant 1% strain, 1 Hz, at 25 °C; B. Oscillatory time sweep. Constant 1% strain, 1 Hz, at 25 °C; C. 
Oscillatory strain sweep. Constant 1 Hz, at 25 °C; (strain 0.01-100%); D. Oscillatory frequency sweep. 
Constant strain 1 Hz, 25 °C. (frequency 0.01-100 Hz); The rheological measurements were performed using 
an MCR 302 Rheometer (Anton Paar, Graz, Austria) with 25 mm steel plate geometry at 1 mm gap distance. 
G’ (solid line) and G’’ (dashed line) mean storage and loss modulus, respectively. 

3.2.3 Electrical properties 

The RT-PEDOT:PSS hydrogels exhibit decent conductivity of ~0.1 S/cm. Although the 

conductivity is lower than that of PEDOT:PSS thin film (>1 S/cm) since the π-π stacking in three-

dimensionally crosslinked PEDOT networks is not so dense as in two-dimensional plane, 

considering the scenario where RT-PEDOT:PSS hydrogels would be applied, such conductivity 

has already orders of larger than those of biological tissues161. For instance, the cerebrospinal 

fluid (CSF) holds the highest conductivity among human tissues, but the conductivity (15.38 × 
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10−3 S/cm) is still much lower than that of RT-PEDOT:PSS hydrogels. Therefore, RT-PEDOT:PSS 

hydrogels are electrically applicable for seamless electrical biointerface in vivo. Moreover, since 

in real application, as a three-dimensional material, RT-PEDOT:PSS hydrogels would have the 

dimension of thickness. According the Pouillet's law： 

𝑅 = 𝜌 ∙
𝑙

𝐴
=

𝑙

𝜎 ∙ 𝑊 ∙ 𝐻
 

, where 𝑅 is the overall resistance, 𝑙, 𝐴, 𝑊, 𝐻are the length, cross section area, width and height 

of the resistor, respectively. The resistance would significantly decrease when the bulky hydrogels 

are of large cross section or height, which are common for the targeted biointerface application. 

An as-prepared bulky RT-PEDOT:PSS hydrogel (length × width × thickness: 15 mm × 5 mm × 5 

mm) have resistance of ~100 Ω. Long-term resistance of PEDOT:PSS hydrogels were tested by 

directly putting the bulky RT-PEDOT:PSS hydrogels between the two adjacent gold electrodes 

(There would be significant contact resistance given the watery and microporous structure of 

hydrogels) and then biasing at a constant direct current (DC) voltage of 0.1 V. When exposed to 

air and naturally dehydrating the RT-PEDOT:PSS hydrogels, the dramatic conductance increase 

would occur since the π-π stacking degree is enhanced. Moreover, the bulky RT-PEDOT:PSS 

hydrogels can also play as conductive interconnects to drive a light-emitting diode (LED) circuit 

as a demonstration for its potential for bioelectronic applications. Interestingly, attributable to their 

favorable viscoelastic property, the brightness of the LED was insensitive to external cuts in the 

hydrogel interconnects, indicating that the RT-PEDOT:PSS hydrogels can remain the high 

conductivity level even after single cutting. The current flow through RT-PEDOT:PSS hydrogel 

interconnects could only be interrupted by removing a bulky segment of the original hydrogel to 

result in the macroscopic loss of conductor. Simply by reuniting the removed RT-PEDOT:PSS 

hydrogel segment, the current could successfully recover to its original state, demonstrated by 

the brightness of the LED.  
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Figure 3-5 A-B. Long-term resistance of RT-PEDOT:PSS hydrogels and PEDOT:PSS films was tested by 
biasing at a constant direct current (DC) voltage of 0.1 V. RT-PEDOT:PSS hydrogels (length × width × 
thickness: 15 mm × 5 mm × 5 mm) were directly placed between Au electrodes whose inter-distance was 
12 mm.  PEDOT:PSS films were fabricated by heating RT-PEDOT:PSS mentioned above in 140 °C for 4 
hours. C. Conductivity of RT-PEDOT:PSS hydrogels under hydration and dehydration states (100 °C, 4 
hours). D. RT-PEDOT:PSS hydrogels acting as conductive interconnects to drive a LED via a “cut and stick” 
approach. Scale bar: 5 mm. 

3.2.4 Biocompatibility 

Given the RT-PEDOT:PSS hydrogels’ potential applications in electromyography (EMG) interface, 

the biocompatibility of RT-PEDOT:PSS hydrogels were evaluated on the myoblast of Mus 

musculus from mouse (C2C12). Since the RT-PEDOT:PSS hydrogels have the PSSH and DBSA 

residues which are of high acidity. The intrinsic biocompatibility of RT-PEDOT:PSS hydrogels 

might be undermined. In order to remove the acidity of RT-PEDOT:PSS hydrogels, the hydrogel-

coated polyethylene teraphthalate (PET) was rinsed thoroughly with Dulbecco's phosphate-

buffered saline (DPBS). The viability of C2C12 exhibited no significant different from the control 

groups (no hydrogel coated PET films). Therefore, the RT-PEDOT:PSS hydrogels allow the 

cellular growth, supporting the chronic biointerface. 
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Figure 3-6 A. A representative image of live/dead assay of mouse muscle cells (C2C12) cultured on control 
(without RT-PEDOT:PSS hydrogels) and RT-PEDOT:PSS hydrogel substrates for 24 and 72 hours; B. 
quantitative analysis of cell proliferation: absorbance (at 570 nm) of cells after Presto Blue staining. Error 
bars represent standard deviation (N=3). 

3.3 Injectable room-temperature-formed PEDOT:PSS hydrogels 

Injection is a well-recognized approach in biomedical engineering and clinical usage due to its 

easy and minimally invasive access to the targeted region supported by the background 

knowledge of anatomy. Lieber et al. proposed the one of the first idea to combine the concepts of 

injectable and bioelectronics by directly syringe-injecting the nanofabricated mesh electronics into 

the targeted brain tissues for chronic biointerface162,163. However, the extremely flexible 

electronics is vulnerable to crumple when injecting into the tissue because of the excess water 

injection needed to push mesh electronics into the body164. Moreover, the pre-patterned 

input/output (I/O) pads of µm-scale mesh electronics also accompany with serious challenges in 

align the single electrodes with the flexible flat cable (FFC) or amplifier164. On the contrary to the 

method which requires superior dexterity, injectable hydrogels can be simply applied for 

biomedical applications  in drug delivery, 3D printing and tissue engineering, due to the excellent 

patternability in vivo165. Additionally, the hydrophilicity and biocompatibility of hydrogel materials 

could not only passively allow their existence within endogenous minimizing the foreign body 

effects, but also actively acts as the scaffold for cell regeneration. Inspired by the benefits of 
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injectable electronics and hydrogels, we argue that the RT-PEDOT:PSS hydrogels could be 

manipulated as injectable conductive hydrogels. 

3.3.1 Room-temperature-formed PEDOT:PSS hydrogels as injectable fillers 

To evaluate its injectability, we demonstrated the RT-PEDOT:PSS hydrogels can be used as 

injectable fillers in a void and be patterned into different three-dimensional shapes. The injectable 

molding process only required a minimized puncture with the size of needles. During the 10-min 

window before gelation, the pre-mixed PEDOT:PSS/DBSA liquid could be conveniently prepared 

even in the surgery room and be injected into the targeted region in situ adjusting the designed 

three-dimensional geometries without introducing any stress on the endogenous tissues.  

 

Figure 3-7 A-C. Schematic of injectable RT-PEDOT:PSS hydrogels: A. Puncturing the soft tissue with 
syringe; B. Syringe-injecting PEDOT:PSS suspension (w/DBSA) into the cavity; C. RT-PEDOT:PSS 
hydrogel formed spontaneously after 10 min; The optical images show the RT-PEDOT:PSS hydrogel 
attached to the wall of the cavity even we flipped the mold; D. Freestanding complex three-dimensional 
shaped RT-PEDOT:PSS hydrogels (PEDOT:PSS hydrogel dog) could be obtained by injecting 
PEDOT:PSS/DBSA mixture into PDMS void. The eyes of the PEDOT:PSS hydrogel dog was drawn on 
paper and manually stuck to the location.  

PDMS molds with void are used as the phantoms for the in-body lumens where the biointerface 

would be applied, such as thoracic cavity or peritoneal cavity. By partially filling the void with 

filtered PEDOT:PSS/DBSA liquid, the RT-PEDOT:PSS hydrogels could spontaneously form after 

10 min gelation window, which could be confirmed by the vial inversion test (The injected 

components could remain its integrity even after flipping the PDMS molds). Considering the real 

scenarios where the targeted regions are normally of more complex two-dimensional and three-

dimensional structures, we fabricated a monolithic PDMS mold by casting a dog toy to mimic the 
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complexity for in situ shaping. As expected, the injectable RT-PEDOT:PSS hydrogels replicated 

the geometric features of the original shape with high fidelity. The results indicate the possibility 

to reliably molded by the endogenous tissues and forming the customized, stress-free contact for 

chronic biointerface. 

 

Figure 3-8 A. Schematic of inject-patterning RT-PEDOT:PSS hydrogel on temperature-sensitive gelatin 
substrate with pre-defined serpentine structures. B-D. Optical images of the injected RT-PEDOT:PSS 
hydrogel inside gelatin substrates (B), under bending (C) and twisting (D). 

Another requirement for injectable hydrogels in biomedical engineering is the capability to be 

synthesized and processed with no need to significantly increase the temperature which would 

burn the endogenous tissues. Comparing  to available methods of PEDOT:PSS hydrogels where 

elevated temperature is required to enable the formation or enhancement of the hydrogels, the 

RT-PEDOT:PSS hydrogels could be directly fabricated and functionalize on temperature-

sensitive substrates in situ. Gelatin is a branch of skin-derived biocompatible hydrogels. Similar 

to the physical properties of skin, gelatin could not tolerate high temperature, since its melting 

point is around body temperature (~37 °C). Therefore, we demonstrated that the RT-PEDOT:PSS 

hydrogels forming in situ could act as conductive interconnects within temperature-sensitive 

gelatin channels. Gelatin with serpentine hollow channels were first created by casting. After 

sealing gelatin channels by attaching gelatin sheets, PEDOT:PSS/DBSA liquid was syringe-

injected into these channels (note that another puncture site for venting is needed.). The RT-
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PEDOT:PSS hydrogels could gelate spontaneously after 10 min with the identical shape of the 

serpentine channels. Interestingly, the RT-PEDOT:PSS hydrogel interconnects could tolerate 

multiple mechanical deformation such as bending and twisting without any breakings, indicating 

its robustness when interfacing endogenous biological tissues. The current flow through the RT-

PEDOT:PSS hydrogel maintained 80% of its initial value even after strained up to 50% (gelatin 

rupture), demonstrating its potential for chronic and stable biointerface. 

3.3.2 Stiffening room-temperature-formed PEDOT:PSS hydrogels 

The pristine RT-PEDOT:PSS hydrogels (~1 kPa) perfectly fit in the young’s modulus range 

covering brain, bone marrow, making it an ideal material for seamless and chronic biointerface. 

However, there are still electroactive tissues whose young’s modulus is larger, for example, heart 

and kidney. With the intention to open up the interface window to a broader spectrum, we 

designed our formulation in stiffening our injectable RT-PEDOT:PSS hydrogels merely in a room 

temperature treatment. 

 

Figure 3-9 Schematics of room-temperature interpenetrating 2nd network within RT-PEDOT:PSS hydrogels. 

We use the interpenetration method to stiffen our gel, because it would not significantly affect the 

conductivity of our PEDOT:PSS hydrogel, since the crosslinked PEDOT networks would not be 

significantly affected by the add-on secondary networks105. As an example, polyacrylamide 

(PAAm) system was adopted due to its excellent mechanical properties166,167. More importantly, 
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we chose ammonium persulfate (APS) as our initiator, since its best activation temperature is just 

room temperature (~25 °C), which is proven by many other works168,169. The overall process could 

be divided into two main steps. In the first step, the pristine RT-PEDOT:PSS hydrogels are 

immersed in the solution of aqueous PAAm precursor solution (or injecting aqueous PAAm 

precursor solution into the void where the RT-PEDOT:PSS was interfacing). The exchange of 

water content with surround atmosphere would help the RT-PEDOT:PSS infiltrate with monomers, 

crosslinkers, and accelerators. After removing the remainder molecular on the surface of RT-

PEDOT:PSS hydrogels (or ejecting the remaining solution within the void), the AAm-infiltrated 

hydrogels were then immersed in APS solution to initiate the crosslinking of PAAm in situ within 

the crosslinked PEDOT networks (or injecting APS solution). Comparing to pristine RT-

PEDOT:PSS hydrogels, the PAAm-treated hydrogels exhibit similar level of conductivity, since 

the conducting networks are intact. However, it’s worth noting that the immersion in PAAm 

precursor solution would induce slight shrinking of RT-PEDOT:PSS hydrogels.  

 

Figure 3-10 A. Schematic of introducing PAAm hydrogel network to injectable RT-PEDOT:PSS hydrogel 
for mechanical strength improvement. B. deformation after PAAm interpenetration (N=3). C. Resistance of 
pristine and PAAm-infiltrated PEDOT:PSS hydrogels. 

Assisted by the secondary networks, the mechanical rigidity of RT-PEDOT:PSS hydrogels gained 

significant increase. The Young’s modulus of PAAm-infiltrated RT-PEDOT:PSS hydrogels 

reached ~10 kPa, which is similar to the mechanical rigidity of pristine PAAm hydrogels of 

synthesized with same concentration (without PEDOT network)170. Therefore, except for the direct 

conclusion that the PAAm-infiltrated RT-PEDOT:PSS hydrogels could follow the logic of fully 
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injection-processable RT-PEDOT:PSS hydrogels and in situ modify its mechanical properties, 

which are comparable to that of heart tissues22, we argue that the approach of interpenetrating 

mechanically robust networks in concreting the physically crosslinked PEDOT networks could be 

applied as a general method in maintaining the conductivity but adjusting mechanical properties 

for a broader spectrum of biointerface. 

 

Figure 3-11 A. Stress-strain curves of PEDOT:PSS hydrogels with and without infiltrated PAAm network. 
B. Digital photos of PAAm-infiltrated PEDOT:PSS hydrogels under different strain levels (0 and 50%). C. 
Oscillatory strain sweeps of pristine and PAAm-treated PEDOT:PSS hydrogel. Sweeps were performed at 
1 Hz. G’ (solid line) and G’’ (dashed line) mean storage and loss modulus, respectively. D. Young’s moduli 
of PEDOT:PSS hydrogels with and without infiltrated PAAm and HEMA network. Error bars represent 
standard deviation (N=3). 

In order to evaluate the idea could be adopted as a general rule, we tested the HEMA-treated RT-

PEDOT:PSS hydrogels. As expected, HEMA-treated PEDOT:PSS hydrogels shared the electrical 

properties with pristine RT-PEDOT:PSS hydrogels, while the mechanical properties moved 
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toward to those of pristine poly(HEMA) hydrogels. According to the rheological measurement, the 

mechanically stiffened RT-PEDOT:PSS remained the nature of hydrogels with G’>G’’. 

 

Figure 3-12 HEMA-infiltrated RT-PEDOT:PSS hydrogels. A. Resistance of pristine and HEMA-infiltrated 
PEDOT:PSS hydrogels. B. Oscillatory time sweep of HEMA-infiltrated PEDOT:PSS hydrogels. Constant 1% 
strain, 1 Hz, at 25 °C; C. Oscillatory strain sweep of HEMA-infiltrated PEDOT:PSS hydrogels. Constant 1 
Hz, at 25 °C; (strain 0.01-100%); D. Oscillatory frequency sweep of HEMA-infiltrated PEDOT:PSS 
hydrogels. Constant strain 1 Hz, 25 °C. (frequency 0.01-100 Hz); The rheological measurements were 
performed using an MCR 302 Rheometer (Anton Paar, Graz, Austria) with 25 mm steel plate geometry at 
1 mm gap distance. G’ (solid line) and G’’ (dashed line) mean storage and loss modulus, respectively. 

3.4 Self-healing room-temperature-formed PEDOT:PSS hydrogels 

Human body is a precise machine. Especially for implanted biomedical devices, after the initial 

insertion process, no further alternation could be applied to the very implanted device unless 

holding another surgeon to grant new access to the regions of interest. Therefore, it is of great 

importance to grant self-healability to the materials and devices implanted to minimize the trauma 

during therapeutics171. Recently, it was reported that PEDOT:PSS thin films (thickness of ~1 µm) 

exhibited mechanical and electrical healability when exposing to water due to the swelling of 
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PEDOT:PSS. Accordingly, we investigated the swelling properties and the self-healability of our 

RT-PEDOT:PSS hydrogels in order to achieve chronically stable biointerfaces. 

3.4.1 Swelling properties 

 

Figure 3-13 A. Shrinking and swelling properties of the RT-PEDOT:PSS hydrogels under mild dehydration; 
B. Application of the swellable RT-PEDOT:PSS hydrogel as a water-controllable switch for LED. 

In order to test the possibility for swelling and rehydration, we first tested RT-PEDOT:PSS 

hydrogels undergoing severe dehydration (100 °C) process. The height of RT-PEDOT:PSS 

hydrogel were used as the indicator of the degree toward swelling and rehydrating. After 1 hr 

dehydration (mild dehydration) at 100 °C isothermal oven, the RT-PEDOT:PSS hydrogels could 

shrink to 20% of original size. Because of the contact between hydrogels and substrates and 

gravity, the RT-PEDOT:PSS hydrogels exhibited anisotropic shrinking. When exposed to water, 

the partially dried PEDOT:PSS hydrogels quickly absorbed water and swell 300% within the first 

5 min. Inspired by the swelling behavior and fast response, we demonstrated a humidity-sensitive 

switch based on the RT-PEDOT:PSS hydrogels. The partially dried RT-PEDOT:PSS hydrogels 

were placed between two conductive cooper tapes which were adhered to glass slides. 0.2 V 

voltage is applied in order to drive the LED circuit when the circuit is in ON state. Initially, the 

partially dried RT-PEDOT:PSS hydrogels were in dry atmosphere, therefore, the macroscopic 

gap (1 mm) between the copper electrodes prohibited current flow through, and LED is OFF. 
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When exposed to water, RT-hydrogels could response quickly to physically connect the circuit, 

enabling current flow indicated by the LED shining.  

 

Figure 3-14 Optical images showing the shrinking and swelling of RT-PEDOT:PSS hydrogels dehydrated 
at room temperature (overnight), with a) pyramid and b) cylinder geometries. H0 denotes the initial height 
of the hydrogel (before dehydration). The rehydration (swelling) images were taken after immersing the 
dehydrated samples in water for 5 min. In both cases, the dehydrated hydrogels show a remarkable 
increase in height after rehydration. Error bars represent standard deviation (N=3). 

Supported by the preliminary results, we evaluated the swelling and rehydration ability of RT-

PEDOT:PSS hydrogels dehydrated at room-temperature (overnight). Regardless of the initial 

shapes of RT-PEDOT:PSS hydrogels, the partially dried PEDOT:PSS hydrogels were capable of 

swelling to 70% of their initial height. The mechanism here could be interpreted as the crosslinked 

PEDOT networks remained even after solvent molecules evaporate and escape from the hydrogel 

networks29.  

However, deep dehydration would disable the RT-PEDOT:PSS hydrogels to swell. After 

dehydrating the RT-PEDOT:PSS hydrogels in severe dehydration (100 °C) process for long time 

(2 hrs), the fully dried RT-PEOT:PSS hydrogels could no longer swell even by immersing the 
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bulky dry gels within in water for over 30 hr. We argue that after fully dehydration, the physically 

crosslinked PEDOT networks completely collapse, therefore, there is no room to uptake water 

molecular and macroscopic swelling. Although in a bulky gel state, the overall process during 

complete dehydration is similar to the PEDOT:PSS thin film forming process where the microgels 

tend to aggregate and phase segregate into dense PEDOT-rich and PSS-rich domains of highly 

hierarchy. 

 

Figure 3-15 RT-PEDOT:PSS hydrogels lost the ability to rehydration after fully dehydration. The 
dehydration is achieved via 2-hr drying in oven. 

 

Figure 3-16 Schematics of RT-PEDOT:PSS hydrogels undergoing mild dehydration (A) and fully 
dehydration (B). 
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3.4.2 Water healability 

Inspired by the phenomena that PEDOT:PSS thin films (thickness of ~1 µm) could self-heal due 

to the microscopic volumetric swelling, we argue that the macroscopic volumetric swelling 

behaviors of RT-PEDOT:PSS hydrogels could also enable their applications as water-healable 

bioelectronics. 

 

Figure 3-17 A. water-healability of PEDOT:PSS thin films. PEDOT:PSS films swell when exposed to water, 
causing the expansion and reunion of cutting edges156. Reprinted with permission. B. Optical images of the 
healing processes of the damaged RT-PEDOT:PSS hydrogel, and SEM images of the healed region. C. 
Mechanical healing of the RT-PEDOT:PSS hydrogel by placing two separated RT-PEDOT:PSS hydrogels 
(mildly dehydrated) together for 5 min. 

In order to demonstrate the capability of RT-PEDOT:PSS hydrogels healing the macroscopic 

damages, partially dried RT‐PEDOT:PSS hydrogels were cut with a razor blade. By adhering the 

two segments of hydrogels onto separated glass slides, an air gap of ~1 mm was created to 

evaluate the water-healability. Interestingly, the presence of water healed the gap within merely 

40 s due to the rapid swelling of the RT‐PEDOT:PSS hydrogels. The interface between the healed 

regions of RT-hydrogels was also characterized by scanning electron microscope (SEM), after 

freeze dying the healed hydrogel samples. A clear overlapping region between the two segments 

could be clearly distinguished, indicating the good adhesions in between. Except for the healability 
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identified visually, the healed regions also have decent mechanical strength to maintain the 

healed segment as integrity. The two separated RT-PEDOT:PSS hydrogels healed together could 

be lifted with tweezers against the gravity. Overall, these results demonstrate that these RT‐

PEDOT:PSS hydrogels are promising candidates for self‐healing electronics. 

3.5 Conclusion 

In conclusion, we have demonstrated injectable RT-PEDOT:PSS hydrogels with a strategy of 

using room-temperature synthesized PEDOT:PSS hydrogels (RT-PEDOT:PSS hydrogels). In 

spite that these RT-PEDOT:PSS hydrogels contained a high-water content of 95 wt.%, they 

showed high conductivity of ~10-1 S/cm and tunable tissue-level mechanical properties. We also 

demonstrated the potentials of RT-PEDOT:PSS hydrogels to be utilized as injectable conductive 

hydrogels for the in-situ formation of seamless and chronic biointerface. Compared to other 

injectable methods, our approach allows facile injection of biocompatible PEDOT:PSS hydrogels, 

which can reduce immune response of the human body. Except for the potentials in minimally 

invasive therapeutics such as nerve regeneration and brain stimulation and recording, they also 

provide the possibility to serve as drug-carriers for developing injectable drug delivery hydrogels. 

Moreover, we showed that these RT-PEDOT:PSS hydrogels are good candidates to develop 

water-healable conductors for self-healing bioelectronic applications by taking advantage of their 

high swelling ratios.  

3.6 Experimental section 

3.6.1 Materials 

PEDOT:PSS (Clevios™ PH1000) was purchased from Haraeus Electronic Materials, Germany. 

DBSA, Gelatin from porcine skin, and Gallium–Indium eutectic (EGaIn) were purchased from 

Sigma Aldrich, USA. Dulbecco's phosphate-buffered saline (DPBS) was purchased from Gibco, 



68 
 

USA. Acrylamide (AAm), alginate, N,N′-methylenebisacrylamide (MBA or bis) as the crosslinker 

and ammonium persulphate (APS) as the thermal initiator were purchased from Sigma Aldrich. 

2-hydroxyethyl methacrylate (HEMA), the crosslinker, ethylene glycol dimethacrylate (EGDMA) , 

and the thermal initiator, benzoyl peroxide (BP) were purchased from Sigma-Aldrich. Deionized 

(DI) water was obtained by Aqua Solutions Lab Water Systems. PDMS (SYLGARD 184) was 

purchased from the Dow Chemical Company. 

3.6.2 Synthesis of RT-PEDOT:PSS hydrogels 

The PEDOT:PSS hydrogels were obtained by adding 4 v/v% of DBSA solution into the 

PEDOT:PSS suspension, followed by a 2-min agitation. Then, the mixture was poured into pre-

patterned molds and then placed in a desiccator or centrifuged to remove bubbles induced by 

vortex. PEDOT:PSS hydrogels formed spontaneously within about 10 min after mixing DBSA with 

PEDOT:PSS suspension.  

3.6.3 Patterning of RT-PEDOT:PSS hydrogels 

Patterning in PDMS: To create the mold, poly(methyl methacrylate) (PMMA) was laser ablated to 

the desired shapes (VLS 2.30, Universal Laser, USA). PDMS (SYLGARD 184) base was mixed 

with the curing agent in a 10:1 weight ratio and the mixture was poured onto a petri dish containing 

the laser cut PMMA shapes. Following degassing in a desiccator, the PDMS was cured in an 

oven at 80 °C for 1 hour.  

Patterning in temperature-sensitive substrates: In order to mimic skin and temperature-sensitive 

substrates, gelatin and DPBS were mixed in the ratio of 1:4 by weight and stirred on the hot plate 

(65 °C, 200 rpm) for 2 hours. The mixture was then left to stand on the hot plate for 10 minutes 

for natural debubbling and instantly poured into the PMMA molds. Bubbles on the surface of 

solution were manually removed by the pipette tip. Gelatin was then solidified at 4 °C in the 

refrigerator. Next, gelatin was peeled from the PMMA mold and a patterned gelatin substrate with 
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embedded channel was obtained. PEDOT:PSS solution (with 4 v/v.% DBSA) was quickly syringe-

injected into the microchannels in gelatin substrate. PEDOT:PSS hydrogels formed 

spontaneously in gelatin microchannels within 10 min after injection.  

3.6.4 Stiffening of PEDOT:PSS hydrogels 

Stiffening PEDOT:PSS hydrogel via introducing polyacrylamide (PAAm) or poly-2-hydroxyethyl 

methacrylate (poly(HEMA)) network. The as-fabricated PEDOT:PSS hydrogel was soaked in the 

PAAm precursor solution, consisting of acrylamide 20% (w/v), N,N’-methylenebisacrylamide 0.03% 

(w/v) and N,N,N’,N’-tetramethylethylenediamine 10% (v/v). After an overnight soaking, the 

PEDOT:PSS hydrogel was taken out and rinsed with DI water. Next, the hydrogel was soaked in 

an ammonium persulphate (10% (w/v)) solution bath for another hour to crosslink the PAAm 

network. To note that, the ammonium persulphate can be activated at room temperature (~25 ℃) 

to initiate the polymerization of the PAAm network, which is consistent with the room temperature 

forming property of the PEDOT:PSS hydrogel reported in this manuscript. For comparing the 

conductivity difference between PAAm-treated PEDOT:PSS hydrogels and pristine PEDOT:PSS 

hydrogels, the samples (length × width × thickness: 8 mm × 3 mm × 3 mm) were tested between 

Au electrodes whose inter-distance was 6 mm at constant DC voltage of 0.1 V. 

3.6.5 Characterization of RT-PEDOT:PSS hydrogels 

Gelation time was defined by tube inversion method. DBSA of calculated volume was added to 

10 mL PEDOT:PSS solution in 50 mL centrifuge tube. After manually stirring for 2 mins, 1 mL 

mixed precursor solution was loaded to 2 mL centrifuge tubes at room temperature for inversion 

test. Inversion test of the precursors whose DBSA concentration higher than 3% was performed 

every 1 min after loading to 2 mL tubes, while that of 3% DBSA was set to be every 15 min. The 

gelation time was determined as the time when DBSA was added to PEDOT:PSS solution. The 

experiments were quadruplicated.   
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The tensile test of the RT-PEDOT:PSS hydrogel was implemented with the INSTRON tensile 

tester (INSTRON 5943, USA) in extension mode (extension rate of 1 mm/min).  

Rheology tests were performed with the Anton-Paar rheometer (MCR 302, Austria). If not 

specifically declared, all samples had a diameter of 8 mm and height of 3 mm. The samples were 

cut by a circular blade and had a diameter of 8 mm. The storage and loss modulus as well as 

complex viscosity were measured via small amplitude shear oscillation with constant shear rates 

(0.1-10 rad/s) in the linear region.  

The conductivity of RT-PEDOT:PSS hydrogel was characterized by biasing the hydrogel at a 

constant direct current (DC) voltage of 1 V with the source measure unit Agilent B2901A (Keysight 

Technologies, USA). Conductive copper tape and EGaIn were used to connect the PEDOT:PSS 

hydrogel (length × width × thickness: 20 mm × 20 mm × 5 mm) to the source measure unit. The 

current was collected after biasing the PEDOT:PSS hydrogel for 100 seconds at 1 V, which 

allowed us to extract a stable DC conductance. Conductivity of the dehydrated PEDOT:PSS 

hydrogel was measured after oven-baking the gel at 100 °C for 1 hour. The length, width and 

thickness of RT-PEDOT:PSS hydrogels for conductivity characterization are 20 mm, 20 mm and 

5 mm, respectively.  

The electromechanical properties of patterned PEDOT:PSS hydrogel on gelatin substrates were 

tested with a tensile tester. Liquid metal (EGaIn) and conductive tape (3M 9703) were used to 

facilitate the electrical connection to the samples.   

3.6.6 Biocompatibility evaluation of RT-PEDOT:PSS hydrogels 

Cell culture was performed with C2C12 cells (mouse muscle cells). Cells were seeded on RT-

PEDOT:PSS hydrogel coated and uncoated surfaces as control. A Live/Dead calcein 

AM/ethidium homodimer assay (Thermo Scientific) was used to quantify the viability of the cells 

according to the manufacturer instruction until day 3. Cell proliferation was quantified using Presto 
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Blue (Thermo Scientific) by measuring the metabolic activity of cells until day 7. 100 µL of staining 

solution for each condition was transferred into ELISA (enzyme-linked immunosorbent assay) 

microplates (96-wells plates, Corning Life Sciences, Lowell, MA, USA) for spectrophotometric 

measurement. The absorbance of the solutions was measured spectrophotometrically at 570 nm.  
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Chapter 4 Room-Temperature-Formed Poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) Hydrogel 

Fibers  

4.1 Introduction 

Owing to the extremely large aspect ratio (length/diameter), fibers are favorable for biomedical 

engineers and clinicians with the potential to achieve minimally invasive therapeutics172. The 

minimized footprint of fiber-based biomedical tools could protect endogenous tissues from 

exposure to external environments, therefore minimizing the risk of infection. With the rise of 

optogenetics, fibers, especially optical fibers, are gaining more focus due to their exclusive benefit 

for deep brain modulation on specific regions. Because of the softness and minimized volume 

occupation, the utilization of fiber materials could also support a compact and light weight head 

stage, which is essential for neuroscience research to rule out the side effects and hence enhance 

the reliability in behavioral experiments. In recent years, there are increasing needs to incorporate 

optical and electrical modalities through fibers to simultaneously modulate (via optogenetics) and 

record (via electrode) for evaluating the causality of experiments173,174. However, most fibers 

available have poor electrical conductivity with high Young’s moduli, which would trigger immune 

responses at long-term interfaces. Considering the needs of biomedical engineering, we argue 

that conductive hydrogel fibers would offer unprecedent opportunities to realize multi-functional 

biointerface. 

However, due to micro and sub-micro scale sizes, hydrogel fibers would be hard to manipulate 

for biomedical engineering where seamless and macroscopic biointerfaces should be achieved. 

For example, the ultra-flexibility would significantly hinder fibers’ direct applications as neural 

probes. According to the equation: 

𝐾 =
𝐹

∆𝑥
=

4𝐸 ∙ 𝑤 ∙ 𝑡3

𝐿3
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where 𝐾 is the bending stiffness, 𝐹 is the force applied, ∆𝑥 is the deflection, 𝐸 is the Young’s 

modulus of the material, 𝐿, 𝑤, 𝑡  is the length, width and thickness of the beam or probe, 

respectively, Therefore, bending stiffness, which represents the resistance of a probe against 

bending deformation, is proportional to Young’s modulus 𝐸 and the cubic power of the thickness 𝑡 

of the structure. Therefore, with the Young’s modulus of tissue-level, the bending stiffness of 

hydrogel fibers would even be profoundly lower than that of brain tissues, accompanying with 

serious challenge in delivering and manipulating the devices in vivo.  

RT-PEDOT:PSS hydrogels exhibits tissue-level softness and moderate electrical conductivity for 

bioelectronics applications. Moreover, the injectability of RT-PEDOT:PSS hydrogels also grants 

the hydrogels with the ability to form arbitrary shapes in situ within the biological lumens or 

designed structures, circumventing the need to directly manipulate extremely soft hydrogel itself. 

By borrowing a tube as a transient shuttle in delivery RT-PEDOT:PSS hydrogels, we argue that 

RT-PEDOT:PSS hydrogels could be elegantly engineered as injectable conductive hydrogel 

fibers in solving the two contemporary challenges of biomedical engineering. 

In this chapter, we focus on a special form of RT-PEDOT:PSS hydrogels: injectable RT-

PEDOT:PSS hydrogel fibers. A facile method for large-scale production of extrudable 

PEDOT:PSS hydrogel fibers was presented by injecting and crosslinking the PEDOT:PSS 

suspension in situ within a confined cylinder tube. With superior mechanical and electrical 

properties, we further demonstrated that these hydrogel fibers can be used as electroactive 

materials to develop organic bioelectronic devices such as organic electrochemical transistors 

(OECTs). Foreseeing the potentials of such injectable and conductive hydrogel fibers, we also 

proposed the promising applications where RT-PEDOT:PSS hydrogel fibers could be actively 

involved in. 



74 
 

4.2 Extrudable room-temperature-formed PEDOT:PSS fibers 

4.2.1 Room-temperature-formed PEDOT:PSS hydrogel conducting fibers 

In spite that currently there are numbers of methods in creating PEDOT:PSS nanofibers via 

electrospinning the PEDOT:PSS suspension under external fields 64,175, it remains a challenge to 

fabricate large-scale, low-cost, and mechanically robust conductive hydrogel fibers needed by 

next-generation bioelectronics. 

 

Figure 4-1 A. Formation of the RT-PEDOT:PSS hydrogel in a plastic tube via syringe injection. Inset: 
enlarged view of the RT-PEDOT:PSS hydrogel in tube; B. Application of RT-PEDOT:PSS hydrogel fibers 
for driving an LED; C. Injectable RT-PEDOT:PSS hydrogel fibers with different diameters of 875, 480, and 
400 µm; D. Extruded fiber-like RT-PEDOT:PSS hydrogel with a syringe. 

Inspired by the injectability of RT-PEDOT:PSS hydrogels, we presented an open method to 

enable large-scale production of conductive hydrogel fibers with customized diameter. Similar to 

the process in synthesizing RT-PEDOT:PSS hydrogels, PEDOT:PSS suspension was pre-mixed 

with 4 v/v% DBSA and vigorously agitated for 2 min. Since the hydrogel fibers are of micrometer 

scale diameter, the existence of microbubbles would separate monolithic fiber into two segments 

because of the surface tension. Hence, special cares should be paid on bubbles for high-quality 

RT-PEDOT:PSS hydrogel fiber production. After the mixing process, centrifuging was needed to 

primarily remove the bubbled introduced during agitation. The PEDOT:PSS mixture was then 

carefully loaded onto syringe. If bubbles introduced, manual bubble removal was required. 

Otherwise, more PEDOT:PSS mixture must be injected into the tube to expel the bubble. The 
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diameter of the final hydrogel fibers could be controlled by the inner diameter of the plastic tube 

adopted for molding the injected RT-PEDOT:PSS hydrogels. It’s worth noting that after gelation, 

RT-PEDOT:PSS hydrogels would slightly shrink. Therefore, the actual size of RT-PEDOT:PSS 

hydrogel fibers were slight smaller than the inner diameter of plastic tubes. These RT-

PEDOT:PSS hydrogel fibers of different diameters were sufficiently to conduct the circuit in 

lighting LED. Interestingly, the injected RT-PEDOT:PSS hydrogel fibers could simply be extruded 

by pressurizing the tube with controlled speed while maintaining their structural integrity because 

of their good mechanical properties, the slight shrinking after gelation, and the lubricating effect 

of the DBSA.  

4.2.2 Room-temperature-formed PEDOT:PSS hydrogel fiber writing 

 

Figure 4-2 A. Optical images of injected RT-PEDOT:PSS hydrogel fiber into water-filled petri-dish; B. direct 
writing of “PEDOT” by manually extruding the hydrogel fibers; C. Optical microscopic images of RT-
PEDOT:PSS hydrogel fiber before (top) and after (bottom) dehydration at room temperature. The diameter 
of the hydrogel fiber shrunk from 200 µm to 30 µm. 

Owing to the mechanical robustness and their capability to be extruded while maintaining the 

integrity, we demonstrated that the hydrogel fibers could also be patterned by writing. By gently 

pressurizing the as-prepared RT-PEDOT:PSS hydrogel fiber within the plastic tube via water-

loaded syringe, the hydrogels fiber could be extruded gradually at constant speed, which was 

similar to the phenomena in wet spinning. The hydrogel fibers could be easily untangled as a 

straight fiber by pulling it above the water-air surface, even after multiple hydrogels fibers were 
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entangled with each other. Simultaneous movement in XY plane while gradually extruding RT-

PEDOT:PSS hydrogel fibers (Z direction), could also mimic the 3D printing scenario, heralding its 

potential to be facilitated by the 3D printing techniques176,177. As a demonstration, RT-

PEDOT:PSS hydrogel writing of words “PEDOT” could be simply achieved. Comparing to the 

bulky RT-PEDOT:PSS hydrogels, the RT-PEDOT:PSS hydrogel fibers have limited ability to swell 

when dehydrated. It might be explained by the extremely high aspect ratios would cause the 

hydrogels to reach the “fully dehydrated” state more easily, resulting in a complete collapse of 

crosslinked PEDOT networks. Therefore, the as-prepared RT-PEDOT:PSS hydrogel fibers 

should be carefully stored in wet environment, which could be naturally met in biological 

applications since the interfaced cells and tissues within body are also required to be exposed to 

water.  

4.3 Hydrogel OECTs 

 

Figure 4-3 A. Schematic of the fabricated OECTs with injected RT-PEDOT:PSS hydrogel fiber; the inset 
shows the real optical image of the fiber on the source-drain electrodes. B-C. Output and transfer curves 
of the OECTs with RT-PEDOT:PSS hydrogel fibers as the channel. 

As a potential application, we exploited the possibility of using RT-PEDOT:PSS hydrogel fibers 

as channel material for the fabrication of organic bioelectronic devices, such as OECTs, which 

has been widely used for in vivo bioelectronics studies. The hydrogel OECTs were fabricated by 

simply syringe-injecting a piece of RT-PEDOT:PSS hydrogel fibers between two metallic 
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electrodes, followed by a freeze-drying process (in order to effectively deplete the channel when 

positive gate voltage applied). As illustrated in the output and transfer curves of the hydrogel 

OECTs, the OECTs showed typical transistor behavior working in the depletion mode. The 

resultant hydrogel OECTs had a maximum transconductance of ~1.4 mS (Vds=0.6 V, Vgs=-0.2 V), 

which was comparable to conventional OECTs based on PEDOT:PSS thin films. These results 

demonstrate good electrochemical properties of these PEDOT:PSS hydrogel fibers, indicating 

their potential applications for organic and hydrogel bioelectronics. 

4.4 Conclusion 

In conclusion, we developed a facile method to produce extrudable RT-PEDOT:PSS hydrogel 

fibers with customized diameters. The fabricated hydrogel fibers were electrically conductive and 

were actively used as channel materials for OECTs. Owing to the mechanical robustness, multiple 

manipulation methods could be adopted to pattern the fiber, for example, writing, or potentially 

3D printing. Further investigations and optimization of the electrical and mechanical properties of 

these PEDOT:PSS hydrogel fibers will promote their uses toward biomedical applications. 

4.4.1 Outlook 

There is a tremendous need for developing advanced materials technology to seamless interface 

with brain and record neural activity, including local field potentials (LFP) and single-unit signals. 

The conform interface between electrodes and endogenous neural tissues could not only 

minimize the space occupation in vivo therefore suppressing the immune effects and neuron loss, 

but also provide a possibility for in vivo single-unit recording. Conventionally, most in vivo 

electrodes could merely record noisy extracellular signals owing to the transmembrane current of 

all adjacent neurons (~100 µm range) which are firing. However, by geometrically shrinking the 

distance between targeted neurons and electrodes, the signal-to-noise ratio (SNR) could increase, 

enabling reliable spike detection for chronic in vivo single units recording. For example, although 
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conventional electrocorticography (ECoG) electrode could merely access the LFP signals, 

NeuroGrid, an ultra-conformable, biocompatible and scalable neural interface array by using 

organic materials, could record both LFP and single-unit signals without the need to penetrate the 

brain surface 178. 

Currently, the prevailing ideas creating the conformal interface are to engineer the neural probes 

from materials or geometric perspectives, according to the definition of bending stiffness. Both 

methods share the presumption that the devices should be first fabricated and then transferred to 

the targeted regions. Therefore, the to-be-transferred conformal devices, which are mechanically 

flexible, were technically hard to be delivered locations of interests with high spatial resolution as 

silicon probes. Moreover, even though the devices are conformal, the spatial bending would 

inevitably introduce strain to both functional materials within and interfaced tissues, which could 

cause unreliable recording and detachments. Therefore, we propose a in situ forming RT-

PEDOT:PSS hydrogel probe which could locally gelate after interfacing the targeted region via a 

catheter as transient shuttle. Comparing to the “fabricate-deliver” approaches, we argue that the 

“deliver-fabricate” approaches could act as a conformal and strain-free platform in vivo neural 

interface.  

 

Figure 4-4 The concept of in situ formed RT-PEDOT:PSS hydrogel probe for seamless and strain-free 
biointerface. 
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Advanced by the facile fabrication and injectability, the concept of RT-PEDOT:PSS hydrogel 

fibers could be the optimal materials in realizing the proposal. By simply inserting a plastic tube 

or catheter with the diameter of micrometer or even nanometer scale, the access to targeted 

region could be achieved via a minimally invasive surgeon leaving minimal footprint on 

endogenous tissues. Controlling the injecting amount of PEDOT:PSS/DBSA mixture, a size-

controllable interface pad could spontaneous encapsulate the targeted neurons since the injection 

component is in liquid state. After 10 min for in situ gelation, RT-PEDOT:PSS hydrogel fibers with 

conformal and strain-free hydrogel interfacing pad could securely fixed in the region of interest for 

chronically and reliably recording the undisturbed metabolic electrophysiological signals. It’s also 

worth noting that, by genetically encoded neurons with surface proteins to specifically attract and 

gelate PEDOT:PSS, it could provide cell-type specificity for electrical recording, which is one of 

the main challenges in electrical neural interface. 

Another interesting frontier of this concept is the usage of tubes. For neuroengineering, especially 

in electrical modalities, the insulation of electrical circuits is a primary concern. Although in silicon 

probes, the problem could be solved by patterning and depositing SiO2 layer by nanofabrication 

processes, flexible electrodes have to utilize other materials in order to maintain the flexibility 

required. In this case, we argue that soft but highly dielectric hydrogels could be adopted as the 

implanted tubes to secure the signal transfer within RT-PEDOT:PSS hydrogel fibers (cables). To 

be published by our group soon, poly(HEMA) hydrogels could be engineered to have 

microchannels by 3D printing and replication. Considering the superior biocompatibility 

(poly(HEMA) is used as contact lens) and insulating properties, we believe the combination of 

poly(HEMA) microtube and RT-PEDOT:PSS hydrogel fiber could offer a technically simple but 

effective solution to the dilemma.  
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4.5 Experimental section 

4.5.1 Materials 

PEDOT:PSS (Clevios™ PH1000) was purchased from Haraeus Electronic Materials, Germany. 

DBSA was purchased from Sigma Aldrich. Acetone. IPA were purchased from Sigma Aldrich. 

Deionized (DI) water was obtained by Aqua Solutions Lab Water Systems. SU8 was purchased 

from Microchem. Parylene C was purchased from Specialty Coating Systems Inc. 

4.5.2 Fabrication of RT-PEDOT:PSS hydrogel fibers 

4 v/v.% DBSA was added to 10 mL PEDOT:PSS suspension in 50 mL centrifuge tube. After 

manually stirring for 2 mins, the mixture was carefully extracted via a 5 mL syringe. In order to 

prevent bubble introduction when loading PEDOT:PSS and DBSA mixture, the timing of the 

process was controlled to be finished in 1 min. To prevent bubbles injected into PEDOT:PSS 

fibers, the very first PEDOT:PSS and DBSA mixture was manually removed. After adjusting the 

microfluidic tubes onto the tip of syringe, gradually pressed the pistol of syringe, avoiding 

introducing visible bubbles into the lumen of microfluidic tubes. The microfluidic tubes with 

PEDOT:PSS and DBSA mixture were left in ambient pressure, and room temperature overnight 

for the hydrogel fiber crosslinking and stabilizing. 

To extrude the PEDOT:PSS hydrogel fibers, a syringe was preloaded with DI water. After 

attaching the needle of the syringe onto the microfluidic tube, pressure was gradually applied to 

gently flush PEDOT:PSS hydrogel fibers without affecting their mechanical integrity. 

4.5.3 Freeze-drying RT-PEDOT:PSS hydrogel fibers 

A freshly extruded PEDOT:PSS hydrogel fiber was collected and suspended in DI water or free 

stood on petri dish. The fibers were then transferred into -80 °C refrigerator and stored overnight 

to preserve the crosslinked polymeric network. The parameters of freeze-drier were set to be -
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60 °C and <1 Pa. The frozen PEDOT:PSS hydrogel fibers were then dried by freeze-drier for 2-3 

days. After retrieval of freeze-dried PEDOT:PSS hydrogel fibers, the samples were carefully 

stored in a desiccator avoiding light exposure.  

4.5.4 Fabrication and characterization of OECTs with RT-PEDOT:PSS hydrogel fibers 

Silicon substrates were pre-cleaned with acetone, IPA and DI water. Then photoresist (SPR 700 

1.2) was spin-coated on top of the substrates, followed by UV exposure under an optical shadow 

mask to define the desired patterns. After photoresist developing (MA-26A, 30s), Ti/Au (10 nm / 

100 nm) was deposited. Patterned source and drain electrodes were obtained after stripping the 

photoresist with acetone in a sonication bath. Next, parylene C was selectively deposited on top 

of the electrodes as insulating layer. The fiber-like RT-PEDOT:PSS hydrogel was subsequently 

syringe-injected in between the source and drain electrode as the transistor channel. The channel 

length is 10 µm, the channel width is 1000 µm, and the diameter of the RT-PEDOT:PSS hydrogel 

is about 200 µm which shrinks to 20 µm after baking (100 °C, 1 hour). Before transistor 

measurements, chitosan solution was coated on top of the RT-PEDOT:PSS hydrogel to prevent 

delamination during the experiments. Finally, a silver wire was inserted into CTAB solution as 

gate electrode. The characterization of the OECTs was performed with Agilent B2902A, controlled 

with LabVIEW software for output and transfer cures measurements.   
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Chapter 5 Conclusions 
The work presented in this thesis focuses on PEDOT:PSS hydrogels, which could be synthesized 

and processed with no need to elevate temperature to meet the needs of biomedical engineering. 

The majority of the work is targeting on the PEDOT:PSS hydrogels that can be formed 

spontaneously at room temperature (RT-PEDOT:PSS hydrogels). 

Our first step was acknowledging the designs, experiments and theories developed. Starting from 

materials, we summarized the history of PEDOT:PSS and discussed the mechanism of its 

conductivity. With the aim of minimizing the mismatch between biological tissues and electronics, 

we rationalized the strength of hydrogels and the challenges of PEDOT:PSS hydrogels. 

Considering the possibility to be adopted and modified in situ for minimally invasive therapeutics, 

we specifically discussed the biological needs for low-temperature processing in biomedical 

engineering. We also recognized the demands of device-level biomedical applications and 

summarized OECT, one of the most promising bioelectronic devices, with its mechanism and 

potential for functionalizing the PEDOT:PSS hydrogel for electrical biointerface. 

 

Figure 5-1 PEDOT: PSS hydrogels enable injectable, soft, and healable organic bioelectronics in situ with 
no need to elevate temperature. 

Chapter 3 presented the PEDOT:PSS hydrogels that can be formed spontaneously at room 

temperature. From materials perspective, we characterized the mechanical, electrical properties 
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of the hydrogels as well as the gelation mechanism that enables its room-temperature 

processability. The RT-PEDOT:PSS hydrogels exhibited tissue-level softness and moderate 

conductivity (~10-1 S/cm). Aided by interpenetrating secondary networks, the hydrogels could be 

further stiffened without sacrificing its electrical conductivity. We then highlight two main benefits 

of the RT-PEDOT:PSS hydrogels injectability and self-healability, with targeted demonstrations 

to claim their potentials form seamless and chronic biointerface. In Chapter 4, we foresaw the 

potential of fibers in biomedical engineering and specifically discussed the benefits of RT-

PEDOT:PSS hydrogel fibers with corresponding demonstrations. Based on the conductive 

hydrogel fibers, hydrogel OECTs were fabricated by simply syringe-injecting a piece of RT-

PEDOT:PSS hydrogel fibers between two metallic electrodes. With excellent transistor properties, 

the hydrogel OECTs worked in depletion mode with maximum transconductance of 1.4 mS, 

indicating the potential of RT-PEDOT:PSS hydrogels to be utilized as electroactive materials for 

biointerfaces.  

5.1 Outlook   

Hydrogels and organic electronics are hot research fields with tremendous new advances. 

Researchers are utilizing these concepts as a panacea treating every possible existing problem. 

However, when applied in real life, the solutions to single challenges do not necessarily mean the 

solution is applicable. Therefore, given the potential of PEDOT:PSS hydrogels and their room-

temperature processability, we argue that close collaboration with clinicians and neuroscientists 

would profoundly advance the applications of RT-PEDOT:PSS in solving real problems. From a 

challenge-oriented perspective, we highlight that there would two directions for the future 

development of low-temperature-processed PEDOT:PSS hydrogels. 

1. The acute and chronic interactions between hydrogels and endogenous tissue. Although 

hydrogels are claimed to be biocompatible and most importantly, could minimize mechanical 
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mismatch, the exact reaction during and after implanting hydrogel as probe in brain tissues has 

not been modelled or tested experimentally. Systematic works about the effect of hydrogels 

insertion would be of key interest to neuroscientists and clinicians for translational products that 

benefit people. 

2. Insulation. As discussed in chapter 4, insulation would be a serious issue for hydrogel materials 

given their extremely high water content. Ionic conductance would leak the current recorded in 

neural probes, and lead to low-quality signals. Although for silicon probes, nanofabrication could 

help by depositing a thin insulating layer, hydrogels are not compatible with these processes 

where vacuum is required. Therefore, a good insulating layer for hydrogel neural probes would 

be required for reliable and safe biointerfaces. 

With targeted real biomedical problems, PEFOT:PSS and PEDOT:PSS hydrogels could help to 

solve basic and practical issues of neuroscience research and clinical use. 
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