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Abstract 

Bioelectronic devices enable efficient and effective communication between medical devices 

and human tissue in order to directly treat patients with various neurological disorders. Due 

to the mechanical similarity to human tissue, hydrogel-based electronic devices are 

considered to be promising for biological signal recording and stimulation of living tissues. 

Here, we report the first three-dimensionally (3D) printable conductive hydrogel that can be 

photocrosslinked while retaining high electrical conductivity. In addition, we prepared dorsal 

root ganglion (DRG) cell-encapsulated gelatin methacryloyl (GelMA) hydrogels which were 

integrated with the 3D printed conductive structure and evaluated for efficiency neural 

differentiation under electrical stimulation (ES). For enhanced electrical conductivity, a 

poly(3,4-ethylenedioxythiophene) (PEDOT): polystyrene sulfonate (PSS) aqueous solution 

was freeze-dried and mixed with polyethylene glycol diacrylate (PEGDA) as the 

photocurable polymer base. Next, the conductive hydrogel was patterned on the substrate by 

using a table-top stereolithography (SLA) 3D printer. The fabricated hydrogel was 

characterized for electrochemical conductivity. After printing with the PEDOT:PSS 

conductive solution, the patterned hydrogel exhibited decreased printing diameters with 

increasing of PEDOT:PSS concentration. Also, the resultant conductive hydrogel had 

significantly increased electrochemical properties with increasing PEDOT:PSS concentration. 

The 3D printed conductive hydrogel provides excellent structural support to systematically 

transfer the ES towards encapsulated DRG cells for enhanced neuronal differentiation. The 

results from this study indicate that the conductive hydrogel can be useful as a 3D printing 

material for electrical applications. 

Keywords: 3D printing, electrical stimulation, neurogenic differentiation, photocurable 

hydrogel, conductive polymer
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1. Introduction 

Electrical stimulation (ES) has been employed as a means to understand and modulate 

fundamental biological processes including cell division, orientation, migration, 

differentiation, extracellular matrix deposition and cytokine release [1, 2]. Additionally, ES 

can be used to enhance the neural differentiation from incorporated stem cell and provide the 

neural signal connection with cell-cell interaction [3-5]. For this reason, many studies have 

dedicated significant effort to develop biocompatible materials capable of conducting ES [6-

9]. 

Conductive polymeric materials provide an invaluable tool for the fabrication of an 

electrically conductive substrate to directly interface between scaffolds and electro-active 

tissues [10-12]. In addition, electrically conductive polymers can enhance the composite 

biomaterial-tissue interface and modulate desired cell responses such as proliferation and 

differentiation [13-17]. Therefore, the use of electrically active conductive polymers extends 

the functionality of biomaterials through the incorporation of ES rendering them more 

effective for various biomedical applications including bimodal neural probes, tissue 

engineering, spinal cord repair, artificial muscles, sensing devices, and drug delivery system 

[18, 19]. 

 Although conductive polymeric materials have intriguing properties suitable for various 

electronic applications which interface with living tissue, they have a few drawbacks that 

must be mitigated. Since all conductive polymeric materials have poor solubility and are 

mechanically brittle due to the rigid pi-bonding, they have a limitation on the practical 

implementation and structure formation in clinically useful devices or engineered tissues [20-

22]. Therefore, we focused on the design, development, and evaluation of a patternable 

conductive hydrogel by 3D printing. Amongst the various investigated conductive polymeric 

materials, poly(3,4-ethylenedioxythiophene) (PEDOT): polystyrene sulfonate (PSS) has been 
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shown to be the most useful polymeric material for biomedical applications because of its 

excellent chemical stability, electrical properties, and biocompatibility [23-25]. Therefore, we 

expect PEDOT:PSS to be a suitable choice of base biomaterial for 3D printable conductive 

hydrogel. 3D printing conductive hydrogels are useful for the development of a new 

generation of biomedical devices requiring ES. 

 In this study, we developed a photocrosslinkable conductive hydrogel containing various 

concentrations of PEDOT:PSS, which provides a highly electrochemical environment. Next, 

we optimized 3D printing conditions for the fabrication of 3D structures with optimal 

conductivity and geometrical design. As a proof-of-concept study illustrating the 

effectiveness of the fabricated 3D conductive structure and ES, encapsulated dorsal root 

ganglion (DRG) neuronal cells were stimulated and evaluated for neuronal differentiation. 
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2. Experiment Section 

2.1 Fabrication of photocurable conductive hydrogel 

The 3D printable conductive hydrogel was prepared based on a previously reported method 

[25, 26]. To obtain the PEDOT:PSS solid, the as-received PEDOT:PSS aqueous solution 

(Clevios P, Heraeus) was placed in a deep freezer (-80 °C) for 1 day, and lyophilized for 3 

days. The fully dried PEDOT:PSS solid was dissolved in 7 ml of a mixed solution with 

distilled water (DW) and ethylene glycol (EG) (8:1) with various weights of 35, 49, 70, and 

91 mg. For photocrosslinking, 3ml of polyethylene glycol diacrylate (PEGDA) containing 0.5 

wt% photo-initiator [bis(2,4,6-trimethylbenzoyl)-phenylphosphineoxide (BAPO) (BASF, 

Florham Park, NJ)] was added to obtain a 30 wt% solution. Subsequently, the mixture was 

poured on a glass slide with a spacer of 1 mm thickness, and photocrosslinked via ultraviolet 

(UV) exposure for 60 sec. To remove the extra ions and impurities, all hydrogel samples were 

washed 3 times for 5 min in DW and placed in DW overnight before characterization. 

2.2 3D photo-patterned conducting hydrogel design and fabrication 

The 3D photo-patterned conductive hydrogels were designed and printed based on our 

previously reported method. [27] For patterning the conductive hydrogel, the computer-aided 

design (CAD) based architectural models with square pores were designed with various fiber 

spacing of 500, 600 and 800 μm. Next, the 3D structure was printed using a Solidoodle® 3D 

printer platform with X-Y-Z controlled UV laser system. The conductive printing solutions 

composed of PEGDA, PEDOT:PSS and photoinitiator were placed on the Z-controlled 

movable container and printed by UV laser exposure. The printing parameters were as 

follows: 200 μm diameter laser spot, 355 nm wavelength of UV parameter, 20 μJ intensity at 

15 kHz of energy output, and 8 mm/sec printing speed. 

2.3 Characterization of the fabricated conductive hydrogel 

After fabrication of photocrosslinked conductive hydrogels, optical images were acquired by 
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optical microscopy (Mu800, AmScope) and converted to a 3D surface plot by image analysis 

software. Acquired optical images were used to calculate the average diameter of the 3D 

printed hydrogel by ImageJ (NIH Freeware). To characterize the mechanical properties of 

each hydrogel sample, an 8 mm x 2mm (diameter x thickness) was measured by an MTS 

criterion universal testing system (MTS Corporation, USA) in single uniaxial compression 

mode (n = 6) and their strain-stress relationship. The static compression force was applied at 

a rate of 5 mm min-1, and results were plotted as a stress-strain curve. 

To investigate the electrochemical properties, the conductive hydrogels were cut into a 

cylindrical shape (10 mm in diameter and 1 mm in height) using a biopsy punch and 

characterized by cyclic voltammetry (CV) and sheet resistance measurement. CV 

measurement was performed using a multichannel potentiostat (DY2013, Digi-Ivy, Inc., TX, 

USA) with a standard three-electrode system, which consists of a working electrode, a 

platinum counter electrode, and an Ag/AgCl reference electrode. The conductive hydrogel 

constructs were attached to an electrical lead and used as working electrodes. The CV curves 

were obtained after 5 repetitive potential scans in the range of -0.8 V to 0.8 V at a scan rate of 

100 mV/s. The sheet resistance was measured using a four-point sheet resistance meter 

(RC2175, EDTM). 

Fourier transform infrared (FTIR) spectra were recorded with the sample/potassium bromide 

(KBr) pressed pellets using a PerkinElmer Spectrum 100 FTIR spectrometer. X-ray 

diffraction (XRD) measurements were carried out at room temperature with an in-house x-ray 

scattering instrument. The x-ray beam is generated by a Genix3D integrated micro-focus 

fixed anode (Copper) source operated at 30 kV and 0.28 mA. Two sets of scatter-less slits are 

used to collimate the beam to a size of 8x8 mm at the sample. The x-ray exposure time was 

60 minutes, and scattering intensities were registered by a mar345 image plate detector at 

around 20 cm distance from the sample. The data were analyzed using home-written Matlab 
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codes.  

2.4 Neuronal cell proliferation and viability assay 

Immortalized dorsal root ganglion (DRG) neuronal cell lines (50B11, provided by Dr. Ahmet 

Hoke) were used for all cell studies. DRG cells were cultured in T-75 flasks with Neurobasal 

medium composed of 10% fetal bovine serum (FBS), 0.2% glucose, 0.5 mM glutamine, B-27 

supplement, and maintained in standard cell culture. 

For biological experiments, the conductive hydrogels were cut into cylindrical shape using a 

10 mm biopsy punch and placed in 12-well culture plates. DRG cells were harvested and 

seeded on the surface of conductive hydrogels at a cell density of 5 × 104 cells in 200 μl 

medium. After allowing for cell attachment (4 h), the fresh culture medium was carefully 

added in the culture plates. Cell proliferation on the hydrogel surface was quantified after 24, 

48, and 72 h by using a cell counting kit (CCK-8, Dojindo Dojindo Molecular Technologies 

Inc., Japan). At different incubation time points, fresh medium containing CCK-8 was added 

in the culture plate, incubated for 2 h, and measured their absorbance at 450 nm by using a 

Multiskan GO microplate spectrophotometer (Thermo Fisher Scientific, USA). Additionally, 

the cell viability was confirmed by using a live/dead assay kit (Invitrogen, USA) after 24 h of 

incubation. The cell-seeded hydrogel samples were rinsed with Dulbecco’s phosphate 

buffered saline (DPBS) and treated with the solutions of 2 mM calcein AM and 4 mM EthD-1. 

Then, the stained cells were observed and imaged using a Zeiss 710 confocal laser scanning 

microscopy. 

2.5 Cell encapsulation in GelMA hydrogel incorporated 3D photo-patterned conducting 

hydrogel structure 

To prepare the encapsulated DRG cells which were placed in the pores of the conductive 

hydrogel structure, gelatin methacryloyl (GelMA) was synthesized using gelatin derived from 

type A porcine skin and functionalized as previously described. [28] Synthesized GelMA was 

ACCEPTED MANUSCRIPT



A
C

C
E
P
T
E
D

 M
A
N

U
S
C

R
IP

T

utilized for cell encapsulation. Hydrogel precursor containing 7 wt% GelMA and 0.1 wt% 

photoinitiator was dissolved in DPBS, and mixed with DRG cells to create a cell density of 2 

× 106 cells mL-1. Further, 200 μl of the hydrogel-cell mixture was carefully dispensed in the 

conductive hydrogel structure and crosslinked by exposure to UV for 60 sec. After 

encapsulating the cells, the crosslinked hydrogel constructs were cultured in standard cell 

culture medium condition for evaluating the cell viability study. To evaluate the effect of the 

conductive hydrogel structure with electrical stimulation (ES) on neurogenic differentiation, 

cell-laden hydrogel structures were cultured in Neurogenic differentiation medium (C-28015, 

PromoCell, UK). After then, ES was applied with two parallel stainless steel electrodes that 

place on two ends of each custom-made well plate cover. The cell-laden hydrogel structures 

were placed at the center of the two electrodes and the ES was applied with 1000 mV/sample 

of the steady state direct current (DC) electric field for 2 days. 

2.6 Immunofluorescence staining analysis 

In order to confirm that the encapsulated DRG cells inside the conductive hydrogel structure 

induce neural differentiation via ES, immunofluorescent staining was performed with specific 

antibodies to visualize the neurogenic gene expression. The samples were fixed in 10% 

formalin for 60 min, permeabilized in 0.1% Triton X-100 for 30 min, and incubated with 2.5% 

bovine serum albumin (BAS) for 60 min to block nonspecific background staining. The 

samples were incubated with a polyclonal rabbit anti-neurofilament heavy polypeptide 

(Abcam) and a monoclonal mouse anti-Tubulin β 3 (BioLegend) overnight at 4ºC. Samples 

were washed three times with DPBS and subsequently incubated with the secondary antibody 

(Alexa Fluor 488 or 594 antibodies, Invitrogen) for 1h at room temperature. After three 

washing with DPBS, the samples were counterstained with DAPI, and taken the images using 

confocal microscopy. 

2.7 Quantitative real-time polymerase chain reaction (qPCR) 
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To evaluate the neurogenic gene expression levels of BDNF, NT-3, and erbB2, real-time PCR 

was performed after 2 days of neurogenic differentiation culture. The isolation of total RNA 

from the encapsulated DRG cells cultured with and without ES was performed using an 

RNeasy Plus Mini Kit (Qiagen, USA). qPCR reaction was performed as previously described 

[29], using the following primers: for BDNF: 5´-CAA AAG GCC AAC TGA AGC-3´ (sense); 

5´-CGC CAG CCA ATT CTC TTT-3´ (anti-sense); for NT-3: 5´-AAC GAG GTG TAA AGA 

AGC-3´ (sense); 5´-TGT CTA TTC GTA TCC AGC-3´ (anti-sense); for erbB2: 5´-TGA CAA 

GCG CTG TCT GCC G-3´ (sense); 5´-CTT GTA GTG GGC GCA GGC TG-3´ (anti-sense). 

2.8 Statistical analysis 

All values were presented as the mean ± standard deviation (SD). A one-way analysis of 

variance (ANOVA) with Dunnett’s T3 post-hoc paired comparison test was used to verify 

statistically differences among groups, and the results were presented as the mean ± 

standard deviation (SD). The differences with p-values (p<0.05) were considered statistically 

significant.  
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3. Results and Discussion 

3.1 Fabrication of 3D photo-patterned conductive hydrogel structure 

A schematic diagram of the overall fabrication process of the 3D conductive hydrogel 

structure is shown in Figure 1. In this study, we used a stereolithography (SLA) 3D printing 

system to pattern the conductive hydrogel with pre-designed architecture. First, 3D printable 

conductive hydrogels were prepared with various PEDOT/PSS concentration from 0.00% to 

0.91%, and characterized for printability. After photocrosslinking the hydrogels, optical 

transparency decreased with increasing PEDOT/PSS concentration (Figure 2A). It is due to 

the presence of PEDOT/PSS in the hydrogel structure. In contrast, the hydrogel without 

PEDOT/PSS was almost transparent. After 3D printing of PEDOT/PSS hydrogel, the 

resulting hydrogel diameters were decreased from 401.1 ± 52.8 μm to 284.7 ± 16.2 μm with 

increased PEDOT/PSS concentration, respectively (Figure 2B, C). In the case of the 

hydrogel without PEDOT/PSS, the resultant hydrogel did not exhibit the pre-designed open 

pore geometry as shown in 3D surface plot images which may be due to the low printing 

resolution caused by the diffusion of UV light [30]. Therefore, we could not measure the 

resulting hydrogel diameter for the hydrogel without PEDOT/PSS. 

3.2 Mechanical properties of the photocurable conductive hydrogel 

Prior to patterning the conductive hydrogels, their mechanical properties were measured 

using a universal compression testing machine. The compressive stress-strain curves showed 

an increase in strain with increasing PEDOT/PSS concentration (Figure 3A). The 

compressive stiffness decreased from 35.4 ± 1.4 MPa to 26.3 ± 4.2 MPa with increased 

PEDOT/PSS concentration (Figure 3B). It is because of penetrated UV light intensity into 

the PEDOT/PSS photo-curable solution. As shown in Figure 2A, penetrated UV light through 

cross-linked hydrogel was decreased with increased PEDOT:PSS concentration. Therefore, 

the crosslinking efficiency of PEDOT/PSS hydrogels decreased with increasing PEDOT/PSS 
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concentration since the addition of PEDOT/PSS in the hydrogel lead of a decrease in 

transparency [31, 32]. In terms of mechanical properties, a previous report described that 

PEDOT/PSS hydrogel had a compression stiffness of 1.6 kPa [33]. In comparison with our 

results, the photocurable conductive hydrogel composed of PEDGA and PEDOT/PSS 

exhibited a much higher compression stiffness in the range of 26.3–35.4 MPa than that (1.6 

kPa) of PEDOT/PSS hydrogel. It is due to the main composition of the stiffer PEGDA 

polymer network into the conductive hydrogel matrix. Although the mechanical properties of 

PEDOT/PSS hydrogels decreased when compared to pure hydrogel control, the structural 

integrity of the resultant 3D printed construct was retained during the printing process. 

3.3 Chemical characterization of photocurable conductive hydrogel 

1H NMR spectroscopy was employed to demonstrate successful synthesis of GelMA. The 

new peaks at 5.3 and 5.6 ppm in the GelMA spectra, when compared to the gelatin powder 

spectrum, are assigned to the protons of the MA residues (Supplementary figure S1). These 

residues occur during GelMA synthesis via amide reaction by modifying methacrylate on the 

amino group of gelatins. 

Similarly, we performed FTIR to determine the chemical structure of fabricated hydrogel 

structures as well as gelatin and GelMA. In the case of pristine gelatin, the C=O stretching 

vibration appearing at 1660 cm-1 demonstrated the amide I band, while the amide band II 

indicating the N-H bending vibration was observed at 1535 cm-1 (Supplementary figure 

S2A). A typical hydroxyl group peak of GelMA was observed at around 3252 cm-1. GelMa 

showed all the characteristic peaks of gelatin such as those at 1640 cm-1 and 1545 cm-1, 

which indicated the successful reaction between gelatin and methacrylate. Additionally, the 

characteristic bands for gelatin functionalized methacrylate at 1440 cm-1 (amide III), 

corresponding to the bending of N-H bond and plane vibration of N_H were observed. The 

FTIR spectrum of PEGDA, as seen in supplementary figure S2B shows a peak at 1730 cm-1, 
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attributed to C=O symmetric stretching and at around 1640 cm-1, attributed to C=C stretching 

arising from the presence of terminal acrylate group. Additionally, -OH bond was found at 

around 3500 cm-1. The FTIR spectrum of PEDOT/PSS hydrogel shows a peak at 1145 cm-1, 

which is assigned to the stretching modes of the ethylendixoy group. Peaks at around 1200 

cm-1 are corresponding to the sulfone groups in the molecules of PSS. (Supplementary 

figure S2B).  

The XRD patterns of Gelatin and GelMa are shown in supplementary figure S3A and XRD 

patterns of PEDGA, PEDOT/PSS, and PEDOT/PSS hydrogel are shown in the figure S3B. 

The peak at Q value around 1.18 Å-1 (2  around 16o-17o) for all the samples are due to the 

Mylar window. The weak peak at Q value around 1.78 Å-1 (2  around 25o-26o) is from the 

background. The absence of pronounced XRD peaks for PEDOT/PSS, Gelatin and GelMa 

indicate that these are amorphous at room temperature. The very broad peak for PEGDA at Q 

value around 1.6 Å-1 (2  around 22o-23o) indicates that PEGDA is relatively ordered 

compared with PEDOT/PSS, Gelatin and GelMa. For PEDOT/PSS hydrogel, at Q value 

around 1.5 Å-1 (2  around 22o-23o), there exists a peak which is sharper than the peak for 

PEGDA, which suggests that PEDOT/PSS hydrogel is most ordered sample between these 5 

samples. 

3.4 Electrochemical properties of the photocurable conductive hydrogel 

The electrical properties of the conductive hydrogels were evaluated by comparing CV and 

sheet resistance with different PEDOT/PSS concentration. As shown in Figure 4A, the CV 

results showed different charge delivery capacity (CDC) evident by the area within the cyclic 

graph. The CDC of the conductive hydrogel significantly increased as a function of 

PEDOT/PSS concentration which may be attributable to an enlarged electrical activation area 

caused by PEDOT/PSS. In addition, the presence of ethylene glycol (EG) in the 3D printing 

solution contributed to the CDC of conductive hydrogels. The CDC of PEDOT/PSS hydrogel 
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with EG was higher than that without EG (Figure 4B). Previous reports described that the 

addition of EG induced a significant structural rearrangement of PEDOT/PSS towards the 

formation of crystallized nanofibrils form, and improved its conductivity by the nanofibril-

based network of the PESOT/PSS phase [34, 35]. In addition, the electric sheet resistance 

was observed to significantly decrease with increasing PEDOT/PSS concentration (Figure 

4C). Interestingly, the sheet resistance of 0.91 % PEDOT/PSS hydrogel without EG 

significantly increased from 662.0 ± 100.6 Ω/sq to 968.0 ± 245.1 Ω/sq when compared to 

samples containing EG. As noted earlier, the enhanced electrical properties of CV and sheet 

resistance are due to the realignment of densely packed and highly ordered PEDOT/PSS 

structure [36]. 

3.5 Cell viability on the conductive hydrogel surface 

To evaluate the cytotoxicity of the conductive hydrogel surfaces, DRG cells were cultured 

upon hydrogels with various PEDOT/PSS concentrations and evaluated for viability by using 

the CCK-8 assay at 24, 48 and 72 h. It was found that no cytotoxic effect was observed from 

these surfaces up to 72 h (Figure 5A). Cell proliferation of all of the groups slightly 

increased throughout the cell culture period. The presence of PEDOT/PSS exhibited a slight 

positive effect on cellular behavior where cell number increased with the addition of 

PEDOT/PSS into the hydrogel. Also, we confirmed cell cytotoxicity of the conductive 

hydrogel with various concentration of PEDOT/PSS by live/dead staining and confocal laser 

scanning microscopy. Confocal images revealed considerable DRG viability (Figure 5B). In 

addition, the number of living cells significantly increased with increasing concentration of 

PEDOT/PSS. These results indicate that the addition of PEDOT/PSS into PEG hydrogels 

induces a positive influence on the cell adhesion and proliferation. It is well known and 

recognized that PEG has unique properties to inhibit non-specific protein adsorption. 

However, the combination of PEG hydrogels with crystalline polymers, nano- or 
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microparticles, and nano- or microfibers has led to further enhanced cell behavior of 

numerous cell types [27, 37]. Similarly, a recent study by Yang et al. revealed that 

incorporation of a conductive polymer such as PPY into hydrogel enhance hMSC adhesion, 

suggesting that conducive polymer doped with anions can support cell adhesion and growth 

of various cells [16]. In this study, the PEDOT/PSS into the PEG hydrogel existed in the 

aggregation of PEDOT/PSS structures. For this reason, the addition of PEDOT/PSS polymers 

could give the conductive hydrogel many advantages such as high affinity for cell attachment 

and proliferation than non-conductive PEG hydrogel. 

3.6 Design and fabrication of 3D-printed conductive hydrogel structures with a varied 

pore distribution 

3D-printed conductive hydrogels were fabricated via a SL-based 3D printer using 

PEDOT:PSS hydrogel solution. Figure 6A illustrates the computer-aided design (CAD) 

architecture with dimensions of 12 mm x 0.8 mm solid squares with square pore geometry. 

3D-printed conductive hydrogels with increasing in-fill density (a distance of patterned line: 

0.5, 0.6, and 0.8 mm) were printed for embedding of live cells. Optical images illustrate that 

the resultant hydrogel structures had parallel-aligned fibers with orthogonal orientation. In an 

effort to verify the influence of 3D-printed conductive hydrogels on cell viability and 

cytotoxicity, DRGs were encapsulated within a gelatin-based hydrogel and subsequently 

embedded in the 3D structure and evaluated via live/dead assay (Figure 6B). Confocal 

microscopic images showed that most encapsulated DRGs retained their viability after 1 day 

of culture. Also, all of 3D printed structure with varying pore size, excellent cell viability 

with horizontal and vertical orthogonal lines producing a square pore geometry. These results 

indicate that the conductive hydrogel has no significant cytotoxicity toward DRGs. 

Additionally, an image of the letters “BIO ELECTRODE” were successfully printed using 

conductive hydrogels, and its conductivity confirmed after drying by the addition of 
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electronic interconnects (Figure 6C). We demonstrated long-length light-emitting diode 

(LED) circuits by using the electrically conductive hydrogels where successful lighting of an 

LED was achieved with standard electrical wire. Based on these results, we expected that the 

bioprinting system with patternable conductive hydrogel would have several significant 

impacts on human health. Concretely, 3D printing a structure composed of conductive 

polymers can be useful in a wide variety of electrical applications, such as biological signal 

recording device, stimulation electrode, drug delivery device, neural differentiation culture 

system, and neural tissue regeneration [10, 19]. 

3.7 The influence of ES on neuronal differentiation capability of encapsulated neural 

cells 

The 3D printed conductive hydrogel structure can effectively transfer ES through the bulk 

material as well as the scaffold surface. Therefore, it can be useful in a myriad of potential 

electrical applications. To illustrate one potential application, we prepared DRG cell-

encapsulated GelMA hydrogels which were integrated with 3D printed conductive structure, 

and evaluated the efficiency of neural differentiation by ES treatment. ES treatment has been 

shown to enhance neuronal cell protein expression leading to the generation of highly 

induced neuron-like cells [38, 39]. For this purpose, square pore of conductive hydrogel 

structures was filled with DRG cell-encapsulated GelMA hydrogel and subsequently exposed 

to ES for the induction of neuronal differentiation after 24 hours of culture. Confocal images 

showed the neural differentiation of encapsulated DRG cells in four different biological 

environments (Figure 7). Within 24 hours of differentiation, all DRG cells expressed two 

different neuronal markers with TUJ1 and neurofilament. No definite differences were 

observed in both non-conductive hydrogel structures (PEDOT:PSS 0 %) after ES treatment. 

In contrast, conductive hydrogel structures (PEDOT:PSS 0.91 %) showed enhanced neuronal 

differentiation with a significant difference in neuronal gene expression with or without ES 
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treatment. However, conductive hydrogel structures appeared strongly stained fluorescence 

intensity due to non-specific binding. Therefore, the additional quantitative analysis is 

required since it is difficult to figure out which is better in a conductive hydrogel with or 

without ES treatment. For quantitative evaluation of neural differentiation, qPCR was 

performed to examine mRNA expression of each group using various neuronal gene markers 

including Brain-derived neurotrophic factor (BDNF), Neurotrophin-3 (NT-3), and erbB2 

(Figure 8). It is well known that BDNF expressed in the DRG plays a neuromodulatory role 

for supporting neuronal development and inducing hyperalgesia [40]. NT-3 is a widely 

accepted and known marker involved in spinal cord regeneration and the regulation of 

sensory neuron outgrowth [41]. Also, erbB2 is known as one of the four members of the ErbB 

family which is involved in the development of neural crease cells and their derivatives [42, 

43]. Therefore, owing to their specific role(s) in neural differentiation, these neuronal gene 

markers were quantified in the current study. All neuronal gene expression in the non-

conductive hydrogel structures (only PEG hydrogel) showed no statistical difference with or 

without ES. In contrast, a significant increase in BDNF, NT-3 and erbB2 gene expression was 

observed in conductive hydrogel structures (PEG with PEDOT:PSS) with ES than those 

without ES. These results may indicate that the conductive hydrogel structure provides a 

desirable effects on due to the systematic transfer of ES toward encapsulated DRG cells 

leading to enhanced neuronal differentiation. With these advantages, 3D conductive hydrogel 

structure is promising highly effective neural culture system for neural tissue engineering. 
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4. Conclusion 

In summary, we have successfully employed a 3D printing system leading to the fabrication 

of patternable conductive hydrogels for the systematic delivery of ES for enhanced neural 

differentiation. The conductive hydrogel was shown to significantly improve electrochemical 

properties with the driven current on their surface. This conductive hydrogel was shown to 

exhibit minimal cytotoxic effects when cultured in direct contact with DRG cells. In addition, 

3D printing of conductive hydrogels produced well-integrated scaffolds with pre-designed 

geometry. The current study focused on the development of a bioprinting system consisting 

of a 3D printable conductive hydrogel used in combination with ES for enhanced neural cell 

differentiation. The 3D printed conductive hydrogel structure significantly improved neuronal 

differentiation with electrochemically driven. These findings suggest that the development of 

3D conductive hydrogel structure can be useful for interfacial bioelectronics with biological 

stimulation in order to regulate and induce cell behavior. In addition, it can be useful in a 

wide variety of bioelectrical application, such as a biological signal recording device, a 

stimulation electrode, neural differentiation culture system, and neural tissue regeneration. 
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Figure 1. Schematic of the process to fabricate 3D conductive structure using SLA printing 

system and cellular behavior assays.  

Step 2. Micro-patterning by SLA 3D printer

Micro Nozzle

UV laser

PEDOT hydrogel Patterning

Highly Conductive Photo-curable 
Hydrogel with PEDOT:PSS Nanofibrils

Step 1. Development of Photo-curable 
conductive hydrogel

PEDOT PSS

Poly-ion complex

Ionic bond

Initiator

UV

Step 3. Cellular behavior assays

Cell viability on the conductive 

hydrogel surface

Cell viability of 3D-printed 

conductive hydrogel

Neuronal differentiation of 3D-printed 

conductive hydrogel with

electrical stimulation (ES)

ACCEPTED MANUSCRIPT



A
C

C
E
P
T
E
D

 M
A
N

U
S
C

R
IP

T

 
 
Figure 2. Fabrication of photocurable conductive hydrogels. (A) Optical images of 
conductive hydrogels with various concentrations of PEDOT/PSS 3D printing inks. (B) 
Optical and 3D surface plotting images, and (C) diameter of photo-patterned PEDOT/PSS 
hydrogels, scale bar = 500 µm (**p < 0.01).  
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Figure 3. Mechanical properties of photocurable PEDOT/PSS hydrogels. (A) Compressive 
stress-strain curves of conductive hydrogels with various concentration of PEDOT/PSS, and 
(B) their stiffness (*p < 0.05 and **p < 0.01, n = 5).  
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Figure 4. Electrochemical properties. (A, B) CV with scan range from -0.8 to 0.65 V at a 
scan rate of 100 mV/s. (C) Sheet resistance measured by a four-point probe ohmmeter (**p < 
0.01, n = 5).   
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Figure 5. Proliferation and viability of dorsal root ganglion (DRG) cell culture on the 
PEDOT/PSS hydrogel surface, investigated by (A) CCK and (B) live/dead assay, scale bar = 
100 µm (*p < 0.05 and **p < 0.01, n = 5).  
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Figure 6. (A) Inputting AutoCAD patterns of parallel squares with the different width (width 
= 500, 600, and 800 μm) and the resulting patterns using photocurable PEDOT/PSS 
hydrogels. (B) Encapsulated DRG cells in GelMA with 3D printed PEDOT/PSS hydrogel on 
day 1 confirmed by a live/dead assay. (c) Optical images of PEDOT/PSS hydrogel in the 
swollen and dried states. Dried hydrogel was electrically connected` to an LED lamp. 
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Figure 7. Immunofluorescence images of encapsulated DRG cells in GelMA with 3D printed 
PEDOT/PSS hydrogels, which were treated without or with ES for 2 days. Cells were stained 
with neurofilament (green), Tuj1 (red), and cell nuclei (blue).  
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Figure 8. RT-PCR measurements for neural differentiation markers of encapsulated DRG 
cells in GelMA with 3D printed PEDOT/PSS hydrogels, which were treated without or with 
ES for 2 days. Relative gene expression of each gene (mean ± SD), normalized to the 
expression of the housekeeping gene GAPDH, are compared with each group without ES (*p 
< 0.05 and **p < 0.01, n = 5). 
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Highlights 

 The presence of conductive polymer, PEDOT:PSS within printing material provides a conductive 
substrate. 

 The conductive hydrogel structure significantly improved electrical potential with electrochemically 
driven current on the surface when compared to non-conductive hydrogel-based structure. 

 3D printed structure transmitted electrical stimulation to neuronal cells effectively induces neuronal 
differentiation.  
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