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Abstract 

This study investigates the electrochemical behaviour of GelMA-based hydrogels and their 

interactions with PC12 neural cells under electrical stimulation in the presence of conducting 

substrates. Focusing on indium tin oxide (ITO), platinum, and gold mylar substrates supporting 

conductive scaffolds comprised of hydrogel, graphene oxide, and gold nanorods, we explored 

how the substrate materials affect scaffold conductivity and cell viability. We examined the 

impact of an optimized electrical stimulation protocol on PC12 cell viability. According to our 

findings, substrate selection significantly influences conductive hydrogel behaviour, affecting 

cell viability and proliferation as a result. In particular, the ITO substrates were found to provide 

the best support for cell viability with an average of at least three times higher metabolic 

activity compared to platinum and gold mylar substrates over a 7-day stimulation period. The 

study offers new insights into substrate selection as a platform for neural cell stimulation and 

underscores the critical role of substrate material in optimizing the efficacy of neural interfaces 

for biomedical applications. In addition to extending existing work, this study provides a robust 

platform for future explorations aimed at tailoring the full potential of tissue-engineered neural 

interfaces. 

 

Key words: Conductive substrates, electroactive hydrogels, electrochemical dynamics, 
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Introduction 

Neural cell behaviour under electrical stimulation is a key area of study in biomedical 

engineering, given that it directly contributes to advancements in tissue engineering, neuro-

stimulation and biomedical sensing technology. In this context, the choice of a conductive 

substrate for electrical stimulation becomes crucial, as its conductive properties have a direct 

impact on cellular responses such as cell proliferation, differentiation and gene expression [1]. 

Another common practice in the field is to combine the conductive substrate with a scaffold 

such as hydrogels containing additional conductive materials. The addition of conductive 

hydrogels onto different substrates adds an additional layer of complexity and potential to this 

research field by enabling precise control over electrical conductivity and cell response. The 

interaction between the unique properties of the different substrates and the conductivity of the 

hydrogels opens new research pathways for applications in neural tissue engineering, 

bioelectronics, and neuroprosthetics [2]. 

 

While numerous studies have explored the effects of various substrates and hydrogel materials 

on neural cell behaviour, many have focused on a limited range of substrates or lacked 

comprehensive characterization. For instance, some studies have investigated neural cell 

responses to common substrates like silicon or glass, but often overlook the unique 

electrochemical properties of materials like ITO, platinum, and gold mylar [3]. Moreover, while 

the integration of conductive polymers containing polypyrrole (PPy) and poly(3,4-

ethylenedioxythiophene) (PEDOT) into hydrogels has been explored, the specific interactions 

and synergistic effects of conductive hydrogels with different substrates remain underexplored 

[4, 5]. While valuable, these studies often provide a limited view of the complex interplay 

between neural cells, hydrogels, and substrates, particularly in terms of long-term viability and 

proliferation under electrical stimulation. Additionally, previous research has predominantly 

focused on a singular aspect of the substrate-hydrogel-cell interface, such as biocompatibility 

or conductivity, without considering the overall impact on neural cell behaviour [6, 7]. This 

results in a fragmented understanding of how these variables collectively influence neural 

tissue engineering applications. The purpose of this study is to address these deficiencies by 

examining GelMA-based hydrogels in combination with conductive substrates, referred to as 

"substrates" hereafter. Through detailed electrochemical and cellular response analyses, we 

provide a more complete understanding of the substrate-hydrogel interactions, setting our work 

apart from previous studies in terms of depth and scope. This approach not only reinforces the 



rationale behind our substrate selection but also positions our study to significantly contribute 

to the field, offering insights that can guide the design of more effective neural interfaces. 

 

In our previous studies, we investigated the properties of conductive hydrogels, highlighting 

their potential in mimicking the extracellular matrix and enhancing cellular activities alongside 

exploring the impact of electrical stimulation protocols on neuronal cell survival and 

proliferation [8]. These studies have expanded the understanding of conductive hydrogels and 

their prospective applications in neural tissue engineering. Previously, we have focused on 

tailoring hydrogels biocompatibility and matrix structure for neural cell support, as well as 

improving its electrical properties for neural interfacing. We have also demonstrated enhanced 

neuromodulation and potential for advanced neural regeneration techniques [9]. There is, 

however, a critical gap in understanding how conductive hydrogels interact with underlaying 

conductive substrates. These substrates, chosen for their distinct surface properties, 

conductivity and chemical composition can introduce diverse electrical and chemical cues that 

intricately modulate the interaction of neuronal cells with hydrogels. To optimize their 

performance and translate them into biomedical applications, it is essential to explore the 

intricate relationships between these substrates and conductive hydrogels [10, 11]. 

 

This study aims to fill this gap by investigating the electrochemical properties of gelatin 

methacryloyl (GelMA) based hydrogels when interfaced with different substrates such as 

indium tin oxide (ITO), platinum (Pt), and gold (Au) mylar. Due to their importance in the field 

and the lack of previous comparative studies, we aim to directly compare these materials in 

terms of their impact on neural cell viability and functionality. By assessing these materials for 

neural applications, this approach seeks to standardize research and improve comparability. 

Our methodology includes electrochemical investigation and an examination of substrate-

hydrogel interactions under electrical stimulation protocol previously optimized to enhance the 

survival and proliferation of neuronal cells [8]. The impact of the optimized electrical 

stimulation protocol will determine how the substrates impact cell viability of PC12 cells. This 

step is crucial for the further applications of our findings in the design of neural interfaces. 

 

Our study defines the most effective hydrogel-substrate combinations, essential for developing 

neural interfaces with specific functionalities. Modeling platforms and cellular stimulation are 

investigated in this study in an effort to advance the existing knowledge base. This is crucial 

for guiding the evolution of innovative biomaterials in biomedical engineering, offering 

strategic insights to shape the future of neural interface technologies, and contributing 



significantly to the field with new perspectives and methodologies in neural tissue engineering 

and biomaterial design. 

 

Experiment section  

Materials 

GelMA (type 1) with a methacrylation degree of 82 % ± 4 was obtained from Translational 

Research Initiative for Cell Engineering and Printing (TRICEP - University of Wollongong, 

Wollongong, AUS) and synthesized as previously described [12]. Graphene oxide (GO) was 

supplied by the Australian National Fabrication Facility (ANFF) Materials Node at the 

University of Wollongong (NSW, AUS). AuNRs was provided by Nanopartz (Loveland CO, 

USA). Lithium-acylphosphonate (LAP) photocrosslinker was provided by Tokyo Chemical 

Industry Co., Ltd. (South Australia, AUS). Reagents used in covalent conjugation were 

provided by Sigma-Aldrich Pty Ltd (New South Wales, AUS), being EDC (N-(3-

dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride), sulfo-NHS (salt sodium N-

hydroxysulfosuccinimide) and 14 k molecular weight cut off. The electrolyte solution used for 

the electrochemical experiment was phosphate-buffered saline (PBS – pH 7.4), also provided 

by Sigma-Aldrich Pty Ltd. For cell culture, the reagents used were Dulbecco's modified Eagle's 

medium high glucose (DMEM) 1×, qualified fetal bovine serum (FBS), horse serum (HS), 

trypsin-EDTA and penicillin- streptomycin (P/S); all provided by Gibco Thermo Fisher 

Scientific (Victoria, AUS). For live and dead assays, the reagents used were calcein AM and 

ethidium homodimer-1, also obtained from Thermo Fisher.  CellTiter-Blue obtained from 

Promega (Victoria, AUS) was used for metabolic activity assay. For the DNA extraction assay, 

the reagent used was papain extraction buffer prepared with NaH2PO4 monohydrate, Na2HPO4 

dodecahydrate, PBS, cysteine, EDTA and papain, all from Sigma-Aldrich Pty Ltd (New South 

Wales, AUS). Triton X-100 was obtained from BDH (Victoria, AUS) and the Quant-iT 

PicoGreen dsDNA test kit from Thermo Fisher (Victoria, AUS). All reagents used were 

analytical grade chemicals. The substrates used in this study were indium tin oxide (ITO) (Part 

No CB-90IN-S111, Delta Technologies – Limited, Loveland, CO), platinum coated microscope 

slides (here after referred to as platinum) and gold mylar provided by University of Wollongong 

(Wollongong – AUS). 

 

Hydrogel synthesis 

Scaffold fabrication and cell encapsulation have been previously described [9], in summary GO-

AuNRs composite was been synthesised via covalent conjugation at a final stock concentration 

of (GO 1.25; AuNRs 0.25 mg.mL−1), and the concentration used for the analysis was 0.30;0.06 

mg.mL−1 with the first number representing the GO concentration and the second number the 



AuNRs. Controls of GO were also prepared in an aqueous solution at the same concentration. 

GelMA stock at 12 % w/v was prepared by dissolving freeze-dried GelMA in PBS, which was 

diluted to 5 % w/v for the analysis.  

 

Electrochemical characterization 

Electrochemical measurements were recorded in PBS (pH 7.4) using CHI430A 

Electrochemical Analyzer (CH Instruments, Inc.) with a three-electrode cell configuration. The 

working electrode was either indium tin oxide (ITO), platinum or gold mylar, Ag|AgCl (KCl 3 

M) was the reference electrode, and a platinum wire was the counter electrode. Cyclic 

voltammetry (CV) readings were taken within the potential range of 0.1 to 0.8 V at a scan rate 

of 100 mV.s⁻¹ over thirty cycles, and the electrochemical impedance spectroscopy (EIS) was 

performed at open circuit potential using a ± 10 mV alternating voltage over the frequency 

range of 10-1 to 104 Hz.  

 

The electrochemical recordings focused on GelMA–GO–AuNRs hydrogel crosslinked onto the 

three different substrates: ITO, platinum, and gold mylar. Samples were prepared by depositing 

100 μL of each hydrogel solution onto the substrates inside the electrochemical chamber and 

subsequently photo-crosslinked in situ using a 405 nm light source (BioLambda LEDBox, São 

Paulo, Brazil) at 20 mW.cm⁻² for 210 seconds (see Figures S1 and S2 for electrochemical 

chamber and hydrogel forming process). Following the crosslinking process, 1 mL of PBS (pH 

7.4) was added to the electrochemical chamber for recordings. 

 

PC12 cell culture  

PC12 cell line, derived from rat pheochromocytoma, was provided by ATCC (Catalog No CRL-

1721). Cells were maintained in a controlled environment at 37 °C with 5% CO2. The growth 

medium used was DMEM, enriched with 10 % horse serum, 5% fetal bovine serum, 2 mM L-

glutamine, and 1% penicillin/streptomycin. Once the cells reached confluency, they were 

detached using trypsin-EDTA (1×) for passaging and further used in the study. The use of rat 

pheochromocytoma (PC12) cells offers several advantages aligned with our aims to explore 

neuronal proliferation and functionality under electrical stimulation. The ease of culturing and 

genetic stability of PC12 cells enhances the reproducibility of results. Moreover, their known 

response to electrical stimuli further underscores their suitability for evaluating the 

biocompatibility and effectiveness of neural substrates, enabling direct comparisons with 

established literature. 

 



Substrates surface and cell-laden hydrogels for electrical stimulation  

PC12 cells were encapsulated within the scaffold at a cell density of 5 × 104 cells.mL−1, then 

samples were photocrosslinked onto the substrate inside the custom-made electrochemical 

chamber previously described [8], at a cylindrical shape 9 mm diameter and 1.5 mm height (≈ 

100 μl per sample), using a 405 nm source of light exposure (BioLambda LEDBox, São Paulo, 

Brazil) at 20 mW.cm−2 for 210 seconds and Lithium phenyl-2,4,6-trimethylbenzoyl 

phosphinate (LAP) at 0.1% v/v as a photoinitiator. Once crosslinked, 600 µL of growth media 

was added into the same chamber and samples were incubated for the periods of 1, 3 and 7 

days. For the 2D experiments (cells onto substrates), PC12 cells were resuspended in 600 µL 

in proliferation media and applied directly to the substrate surfaces within the electrochemical 

chambers, at a final concentration of ≈ 1.6 × 104 cells.cm−2. The cells were given an overnight 

period for adhesion prior to initiating the experiments. Substrates used in this study were ITO, 

platinum and gold mylar. 

 

Electrical stimulation protocol 

The selected electrical stimulation (ES) protocol used to electrically stimulate neural cell lines 

has previously reported [13-16]. Briefly, the ES protocol features a charged-balanced biphasic 

current pulse of 100 ms, with a 20 ms interphase at 250 Hz (3.78 ms short circuit - the time 

between pulses). This protocol was implemented using a Digital Stimulator DS8000 and A365 

Isolator units from World Precision Instruments, Australia, and was interfaced with an e-corder 

system (eDAQ, AUS). The analysis of capacitance density and impedance values were 

conducted at stimulation current of ± 2.5 mA, with a selected stimulation duration of 8 hours 

per day over three days. The capacitance density values were determined through the 

application of Equation (1); 

 

Capacitance density =  Qinj / ((VT – VP) x A) (1) 

Qinj = I x tpulse 

 

Where Qinj represents the injected charge, VT is the voltage peak, VP is the voltage drop 

extracted from voltage transient measurements (VTM) (Figure S3), A is the electrode area, I is 

the current amplitude, and tpulse is the period (Figure 2A). 

 

Impedance values were computed using Ohm's law, as outlined in Equation (2) below: 

 

Z = VT/I (2) 

 



where Z represents impedance, VT refers to voltage (extracted from VTM), and I is the applied 

current. 

 

Electrical stimulation setup 

The electrical stimulation (ES) of cells cultured onto the substrates or within cell-laden 

hydrogels was conducted using the custom-made chamber (Figure S1) and stimulation protocol 

detailed above for electrochemical characterizations. In summary, cells underwent stimulation 

for 8 hours a day (i.e., each stimulation round involved 8 hours of electrical stimulation 

followed by 16 hours of incubation without stimulation) over three days, with four consecutive 

days of incubation (non-stimulated) following the stimulation rounds. Proliferation analyses 

during electrical stimulation were performed at three distinct time points: 24 hours, three days 

(following the last stimulation round), and seven days (after the final incubation period. 

Throughout the analyses, electrochemical chambers were kept incubated at 37°C, 5% CO2, 

containing growth media. The stimulation system consists of a WPI digital stimulator, isolator 

unit, e-corder, and electrochemical chambers. Our experimental design, involving an 8-hour 

electrical stimulation period followed by a 16-hour rest period, is based on optimizing 

conditions for neuronal stimulation. This regime aims to mimic physiological conditions, 

ensuring cellular recovery and viability while minimizing thermal and electrical stress. As 

continuous stimulation can cause cellular stress or desensitization, it balances the benefits of 

electrical stimulation with the need to maintain cell health [17]. Our other published studies [8] 

validated this approach, demonstrating its effectiveness in promoting neurite outgrowth and 

enhancing neuronal marker expression, thereby optimizing the functional response of PC12 

cells to electrical cues. 

 

Cell viability and cytotoxicity 

Live and dead  

To evaluate the viability of cell-laden hydrogels (3D study) after electrical stimulation, a 

fluorescent live/dead assay (Calcein-AM/ethidium homodimer-1, Thermo Fisher 0053cientific, 

AUS) was employed. Briefly, the scaffolds were extracted from the chamber, placed into fresh 

24-well plates, and immersed in a solution containing 1 mM Calcein-AM and 2 mM Ethidium 

homodimer-1 for 30 minutes at 37°C. Next, samples underwent two rinses with fresh PBS, and 

images were taken using an EVOS FLoid Cell Imaging Station (wavelengths 524/24 nm and 

593/40 nm from Thermo Fisher Scientific, AUS). For the cells seeded onto the substrate (2D 

study), first the media was removed from the electrochemical chamber then the substrate was 

transferred to a glass bottom dish for cell imaging (Thermo Fisher Scientific, AUS). 

Subsequent image processing with ImageJ software was used to eliminate background noise.  



 

Metabolic activity 

CellTiter-Blue Reagent manufactured by Promega (Madison, Wisconsin, USA) was used 

according to the guidelines provided by the manufacturer. In brief, growth media was removed 

from the electrochemical chambers and 600 µL of cell culture medium supplemented with 

CellTiter-Blue reagent in a 1 : 5 ratio was added directly to the wells. Then scaffolds (n = 3) 

were incubated for 2 hours at 37 °C and 5 % CO2. Subsequently, the solution was collected in 

triplicate in an Opti Plate 96F and measured using a CLARIOStar plate reader at an excitation 

wavelength of 550–15 nm and an emission wavelength of 600–20 nm, with a consistent gain 

applied for all readings. A control without cells was included to correct for background 

fluorescence originating from the media. The blank-corrected values were then employed to 

generate graphs using GraphPad Prism 10 software. Once supernatant was collected for 

analysis scaffolds were transferred to 1.5 mL centrifuge tubes and stored at -80 °C for further 

analysis. Fold change was determined by taking the logarithm of the ratio between the values 

observed on day 7 and those from day 1 for each sample. 

 

DNA extraction and Pico green assay  

The DNA extraction technique employed in this study is adapted from O'Connell et al. [18] and 

further refined by Mendes et al. [8]. The samples for DNA extraction analysis were the same 

scaffolds used for the metabolic as mentioned before. Therefore, samples were retrieved from 

the -80 °C freezer, thawed at room temperature, and weighed to standardize the DNA amount 

per scaffold for each tested condition. The papain extraction buffer, previously prepared in 

accordance with the method outlined by Mendes et al. [8], was supplemented with 1% v/v Triton 

X-100, functioning as a detergent to disrupt the cell membrane and release DNA from the GO 

flakes. A 0.5 mL volume of the mixture was added to each sample and left to incubate overnight 

at 60 °C. Samples were occasionally vortexed during incubation period. Following incubation, 

samples underwent centrifugation at 10,000 g for 10 minutes, and the supernatant was collected 

for DNA quantification. 

 

Quantification of DNA content was carried out using the Quant-iT PicoGreen dsDNA assay 

kit. Initially, a standard curve was prepared using Lambda DNA from the kit. Subsequently, 

100 μL of papain extraction was combined with 100 μL of PicoGreen, and 100 μL of this 

mixture was added to an Ultravision 96-well plate (Cellstar – Sigma Aldrich). After a 5-minute 

incubation at room temperature, fluorescence was measured using a plate reader (Clariostar – 

BMG Labtech) configured for PicoGreen with excitation at 483–15 nm and emission at 530–

30 nm, maintaining a focal plate height of 4.6 and a gain of 1500. Fold change was determined 



by taking the logarithm of the ratio between the values observed on day 7 and those from day 

1 for each sample.  

 

Contact angle  

Contact angle was measured using a Dataphysics OCA 25 tensiometer coupled with a 5 mm 

diameter syringe. Water droplets (7 µl) were dispensed onto clean substrates. Bidirectional (left 

and right) angle measurements were taken after 5 second post droplet dispensing and images 

were processed using Dataphysics software. The results were plotted as average and standard 

deviation using GraphPad Prism 9. Sample substrates, sized approximately 15 mm x 25 mm, 

included ITO, platinum, and gold mylar with five replicates each (n = 5). 

 

Four point probe 

Sheet resistance measurements were conducted using a Jandel RM3000 four-point probe 

station. A constant current of 10 mA was applied, and the voltage difference was measured to 

calculate the sheet resistance in ohms per square (Ω/sq). Sample substrates, sized 

approximately 15 mm x 25 mm, included ITO, platinum, and gold mylar with five replicates 

each (n = 5). 

 

Statistical analyses  

Statistical analyses were performed using the academic software version of GraphPad Prism 9. 

Data are represented as mean and standard deviation. The values of n represent the number of 

replicates for each analysis. The comparison between samples and controls was analysed using 

a one-way ANOVA, where statistical significance was established as * at p < 0.05, ** at p < 

0.01, and *** at p < 0.001. 

 

  



Results and discussion 

Electrochemical characterization  

Cyclic voltammetry (CV) was undertaken to investigate the electrochemical behaviour of the 

conductive hydrogels formed onto different substrates. Samples were crosslinked in-situ onto 

the substrates inside the electrochemical chambers and CVs recorded in PBS electrolyte 

solution following our published approach [8, 9]. Samples consisted of gelatin methacryloyl 

(GelMA) based hydrogels, GelMA with graphene oxide (GO), and GelMA with the composite 

previously designed containing graphene oxide and gold nanorods (GO-AuNRs) and the 

substrates were Indium Tin Oxide (ITO), platinum, and gold mylar. Figure 1 presents the CV 

profiles recorded in PBS (pH 7.4) of conductive hydrogels on various substrates. 

 

 

Figure 1 – CV profiles recorded in PBS of conductive hydrogels on various substrates within 

the potential range of 0.1 to 0.8 V at a scan rate of 100 mV.s⁻¹. A) CVs for hydrogels crosslinked 

on B) ITO; C) platinum; and C) gold mylar substrates. 

 

In Figure 1A, ITO substrate (blue line) presents a capacitive behaviour. GelMA formed on the 

ITO (black line) increased capacitive current and displayed no redox peaks, consistent with its 

non-electroactive nature [19]. Conversely, the conductive GelMA samples containing GO (pink 

line) and GO-AuNRs (green line) presented notable redox activity, with oxidation and 

reduction peaks occurring at ≈ 0.6 V and ≈ 0.5 V respectively. Oxygen functional groups, 

particularly carboxylic groups, within the GO structure account for the presence of redox peaks 

in the conductive hydrogels [20]. The overall increase in capacitive current observed upon 

adding AuNRs to the scaffold could be attributed to enhanced surface area, improved electrical 

conductivity, electrochemical activity, catalytic effects, decreased charge transfer resistance, 

and modified interface properties [21]. This  redox activity suggests potential applications for 



controlled electrical stimulation or sensing, since these properties could be tailored to interact 

with biological systems in a predictable and beneficial manner [22]. These results corroborate 

with findings in our previous study [23]. 

 

Platinum substrate (Figure 1B – grey line) is a highly conductive material and results in high 

current presented in its CV when compared to the ITO. GelMA (black line) and GelMA-GO 

(pink line) also present high currents like platinum substrate (grey line), where no increase in 

the capacitive current in relation to the platinum only was observed. A high capacitive current 

of platinum may have masked the presence of redox peaks for the functional groups of GO. 

This indicated that both platinum and hydrogels primarily exhibit charging and discharging of 

their electrical double layers during the CV [24]. Conductive hydrogels GelMA-GO-AuNRs 

(green line) present a higher capacitive current also with a lack of distinct redox peaks for the 

GO functional groups. The electron transfer process might be too vigorous for sensitive redox-

based applications but could be beneficial for high conductivity applications [25]. The subtle 

variation in current observed between the conductive hydrogels GelMA-GO and GelMA-GO-

AuNRs could be attributed to the difference in electrochemical properties presented by the GO 

and the GO-AuNRs, these properties include enhanced electrical conductivity, improved 

electrocatalytic activity, and alterations in electron transfer dynamics. Consequently, the 

presence of AuNRs increased the electrode surface area and electrical conductivity, 

contributing to the observed capacitive current increase [26, 27]. 

 

Figure 1C shows the electrochemical behaviour of the hydrogels on gold mylar. Similar to 

platinum substrate, a high conductivity of gold mylar substrate (orange line) is suggested by 

the high current response observed in the CV. The properties of the substrate suggest it could 

provide a highly conductive environment, potentially enhancing cellular processes that benefit 

from strong electrical cues [28]. The hydrogels GelMA (black line), GelMA-GO (pink line) and 

GelMA-GO-AuNRs (green line) on gold mylar substrate (orange line) present the highest 

current response among the tested substrates, indicating superior conductivity but similar 

uptake of redox peaks as observed with platinum (Figure 1B – grey line). While there are no 

major differences among the current response of the hydrogels, a notable increase is observed 

when these hydrogels are interfaced with the gold mylar substrate (orange line). This pattern 

could suggest an enhanced capacitive interaction between the hydrogels and the gold mylar, 

indicating the substrate potential to enhance charge storage capabilities within the hydrogel 

matrices [29]. A significant influence of substrate conductivity on electrochemical behavior of 

conductive hydrogels was found in the data, having implications for their use in electrically 



stimulated environments such as tissue regeneration, biosensor development, or wound 

healing. [30]. 

 

Overall, the substrates platinum and gold mylar presented high conductivity, as indicated by 

the substantial capacitive current observed in their CV profiles. Moreover, there is a potential 

risk that their elevated conductivity might cause overstimulation when there are cells 

introduced in the system, potentially impacting cell viability or functionality negatively [31]. 

Finally, ITO substrate presented the lowest overall capacitive currents, but clear redox peaks 

from the GO functional groups could be observed, offering a balanced electroactive 

environment. As a result, electrochemical processes are stable and efficient, potentially 

supporting cell viability and function without causing overstimulation [32-36]. 

 

Capacitance density in the context of electrodes is an important parameter that provides insights 

into the performance and stability of the electrode in certain applications, particularly in 

bioelectronic devices such as cardiac pacemakers or in electrochemical systems [37]. Here, the 

capacitance density of the electrodes under stimulation, in this case substrates, was calculated 

over the stimulation period using equation (1 under electrical stimulation protocol (Experiment 

section). Each substrate/hydrogel combination was stimulated for 8 hrs a day over three days 

and remaining incubated reaching a 7-day period. Square wave stimulation, a standard in 

bioelectronic applications, plays a crucial role in assessing electrode performance. This 

stimulation mimics standard square wave charge balance current stimulation used in many 

devices such as cochlear implant [38, 39] and deep brain stimulators [40].  Here voltage transient 

measurements (VTM) were employed to analyse the capacitance density of electrodes, 

essential for understanding their efficiency and stability. Therefore, VTM was collected daily 

before each stimulation cycle or recess period after the three cycles of electrical stimulation. 

Figure 2 shows the capacitance density of the hydrogels onto the various substrates over the 

stimulation period.  

  



 

Figure 2 - Capacitance density of the substrates and hydrogels onto ITO, platinum and gold 

mylar under electrical stimulation. A) Example of voltage response waveform when a charge 

biphasic current pulse is applied to the system. Capacitance density measurements on B) ITO; 

C) platinum; and D) gold mylar substrates. ANOVA was used for all statistical analysis, and 

the error bars represent the standard deviations of the average measurements of three samples 

(n = 3). 

 

Figure 2A shows a VTM example, illustrating the changes in voltage over time when a charge 

biphasic current pulse is applied to the system. Figure 2B shows the capacitance density of 

hydrogels onto ITO substrate (blue) starting at ≈ 2 µF.cm−2 and slightly increasing with the 

addition of the hydrogels GelMA (black), GelMA-GO (pink) and GelMA-GO-AuNRs (green) 

onto the substrate. This observation suggests that the hydrogel may be minimally enhancing 

the electrochemical properties of the ITO electrode (blue), potentially by increasing its surface 

area or improving the ion mobility within the electrode material [41]. Hydrogels are highly 

porous materials with a large surface area, therefore, once added onto the ITO substrate (blue) 



it could increase the overall surface area by providing more sites for charge storage, which can 

lead to an increase in capacitance [42]. Hydrogels are also known for their high-water content, 

which can improve the mobility of ions within the substrate. This improved ion mobility may 

facilitate faster charging and discharging of the substrate, which can also lead to an increase in 

capacitance. Although the addition of the hydrogels onto the substrate could increase its 

capacitance density, even slightly, there is no significant difference among the samples over 

the stimulation period. In the context of bioelectronic devices such as neural interfaces or 

cardiac pacemakers, a capacitance density of 2 µF.cm−2 would be considered low due to 

applications typically requiring much higher capacitance densities to efficiently store and 

deliver energy [43]. The focus is often on stability and biocompatibility rather than high energy 

storage in biomedical sensors and devices, such as those used to monitor physiological signals 

or for drug delivery systems [44]. Moreover, for electrochemical sensors a capacitance density 

of 2 µF.cm−2 could be sufficient, especially if the sensor is designed for detecting small changes 

in chemical concentrations as the key factor here is the sensitivity of the sensor rather than its 

energy storage capacity [45]. Therefore, when evaluating capacitance density specific 

applications requirements must be considered [46]. 

 

Figure 2C presents the capacitance density of hydrogels on platinum. As expected, the 

capacitance density of platinum substrate (grey) is higher than ITO (Figure 2A - blue). Platinum 

has a higher work function than ITO, meaning that due to its electron configuration it has more 

electrons in its outermost shell, which makes it more attractive to electrons and gives it a 

stronger binding force [47]. As a result, platinum requires more energy to lose an electron 

compared to ITO, resulting in a higher work function meaning the energy required to liberate 

an electron from the solid surface into the surrounding space [48]. Moreover, having a higher 

work force allows platinum to form a stronger electrical double layer at the substrate surface 

resulting in a higher capacitance density [49]. A stronger electrical double layer allows efficient 

charge storage, making platinum a better choice for applications such as electrochemical drug 

delivery systems, where high capacitance is essential for achieving high energy and power 

density [50, 51]. The addition of the hydrogels GelMA (black), GelMA-GO (pink) and GelMA-

GO-AuNRs (green) onto the substrate enhances its capacitance density due to reasons 

previously discussed. During the stimulation period, there was no significant difference 

between samples in terms of capacitance density when hydrogels were added to the surface of 

platinum substrate. In fact, electrode stability is often evaluated by examining how capacitance 

density changes over multiple charge and discharge cycles. Therefore, a stable capacitance 

density presenting no significant changes indicates that the electrode material can endure 



repeated cycling without significant degradation. Stability and electrode integrity are crucial 

for the long-term performance of energy storage devices [52]. 

 

Figure 2D shows the capacitance density measurements of hydrogels on gold mylar substrate. 

Initially, the gold mylar (orange) demonstrates a capacitance density similar to platinum, which 

could be attributed to the high work function characteristic of its surface [53]. Over the 

stimulation period, the capacitance density remains relatively stable with minor fluctuations 

that are not statistically significant. According to the stability in capacitance density, gold mylar 

provides a consistent electrochemical environment for the hydrogels. The minor variations 

observed do not affect the overall trend, reinforcing its suitability for applications where stable 

electrical properties are desirable [54]. Adding hydrogels to the substrate causes a slight increase 

in capacitance density, which was previously discussed. 

 

Overall, capacitance density plays a crucial role in defining the efficacy of electrodes, 

especially for neural recording and stimulation applications [55]. A higher capacitance density 

suggests a more extensive surface area for charge storage, which enhances the signal-to-noise 

ratio (SNR) and reduces impedance in neural recording [56]. It also facilitates the delivery of a 

higher charge per pulse during neural stimulation, crucial for effectively activating neural 

tissues [57]. Ongoing research continues to explore strategies to further optimize the capacitance 

density and performance of electrodes through careful material selection, design refinements, 

or by integrating nanostructures, aiming to boost both the performance and stability of 

electrodes in various energy storage roles paving the way for even more efficient and powerful 

electrochemical devices [58]. For further discussion on how adding hydrogel to substrates 

enhances their capacitance density see SI (Increased capacitance density from hydrogel-

substrate integration section). The capacity density the different substrates has also been 

investigated with PC12 cells loaded within the hydrogels. In theory, cells could introduce 

additional interfaces and boundaries within the hydrogel, which could potentially increase the 

capacitance density by providing more sites for charge storage [59]. In this context, the 

capacitance density exhibited a slightly increase when cells were loaded within the hydrogels, 

yet this change was not statistically significant. 

 

Cell viability and proliferation assays under electrical stimulation protocol 

Cellular behaviour has been investigated under electrical stimulation to provide a deeper 

understanding of PC12 cells encapsulated within the hydrogels crosslinked onto various 

substrates. In the 2D experiments, cells were seeded directly on substrates ITO, platinum, and 

gold mylar. For the 3D experiments, PC12 cells were encapsulated within hydrogels GelMA, 



GelMA-GO, and GelMA-GO-AuNRs that were formed on the ITO, platinum and gold 

substrates. This approach aims for a comprehensive comparison of cell behaviour on different 

substrates and within various 3D hydrogel environments. The proliferation assays under 

electrical stimulation were conducted at three distinct intervals: 24 hours, 72 hours (after last 

stimulation round), and seven days (concluding the final incubation period). Every stimulation 

round consisted of 8 hours of electrical stimulation phase followed by 16 hours of resting period 

without stimulation. During the analysis, electrochemical chambers were kept under incubation 

at 37 °C, 5 % CO2, using proliferation media. Following these initial experiments, the next 

phase of the study investigated cellular responses to electrical stimulation. 

 

Electrical stimulation can mimic the natural electrical environment of neural cells, allowing a 

direct investigation into how cells react and adapt to electrical signals [60]. We can therefore use 

this study to develop more accurate and relevant applications for tissue engineering and 

regenerative medicine based on a realistic assessment of cell behavior in natural environments 

[61].  

 

Figure 3 illustrates the various substrate configurations for PC12 cell culture alongside the 

detailed timeline of the electrical stimulation protocols chosen for this study. 



 

Figure 3 – A) Comparative schematic of PC12 cell culture setups on various substrates for 

electrical stimulation. B) Timeline of electrical stimulation protocols. 

 

PC12 2D Culture 

Figure 4  shows our investigation into the metabolic activity, DNA extraction and live/dead 

staining of PC12 cells at a cell density of 1.6 × 104 cells.cm−2 cultured on ITO, platinum, and 

gold mylar substrates, providing valuable insights into cell behaviour and viability in 2D. 



 

Figure 4 - Cell viability and proliferation in 2D on various substrates under electrical 

stimulation. A) The bar graph shows the metabolic activity measured with Cell Titer blue assay 

and reported as absolute fluorescence units for all the conditions listed at the bottom of the 

graph along the 7 day time course analysis. B) The bar graph shows the DNA amount extracted 

and quantified with PicoGreen and reported as ng of DNA from the same samples of A. C) 

Representative images of the Live and Dead staining performed on the samples reported along 

a 7 day time course analysis. The images have been taken with an epifluorescence microscope 

using 20× objective and the merged signals of Calcein staining (Live-green channel) and of the 

ethidium homodimer staining (Dead-red channel) are presented. The scale bar denotes 400 μm. 

All statistical analyses have been performed with ANOVA where the errors bars show the 

standard deviations of the average measurements of three samples (n = 3), * indicates a 

significant difference (p < 0.05), and ** (p < 0.01). 

 

Figure 4A displays the relative metabolic activity of PC12 cells, serving as an indicator of their 

viability and proliferation [62]. The metabolic activity is a measure of the cells ability to process 



energy sources that directly correlates with their health and growth potential [63]. In this context, 

changes in metabolic activity in PC12 cells, a commonly used neuronal model, provide insights 

into their response to the selected experimental conditions [64, 65]. For each substrate ITO (blue), 

platinum (grey) and gold mylar (orange) the data is shown for cells with electrical stimulation 

(striped bars) and passive without electrical stimulation (solid bars). 

 

At Day 1, there are no significant differences in metabolic activity between the different 

substrates and conditions, indicating a steady response of the cells under both passive and 

stimulated conditions [66, 67]. It is important to note that these initial metabolic activity levels 

under passive conditions establish a control for understanding the impact of electrical 

stimulation on these substrates over the course of the study [68]. By Day 3, the metabolic activity 

increases on ITO (striped blue) under stimulation suggests a enhancing effect on cell viability. 

Meanwhile, platinum and gold mylar show no significant metabolic changes, indicating a lack 

of response to electrical stimulation [69]. By Day 7, there is a divergence in metabolic activity 

among the substrates; while ITO demonstrates enhanced activity, platinum (grey) and gold 

mylar (orange) show a decrease under stimulation conditions, indicating varied cellular 

responses and adaptations to the stimulation [70]. Moreover, the decreased metabolic activity 

could indicate cell death, reduced cell metabolism due to stress or adaptation, or inhibition of 

key signalling pathways by electrical stimulation [71, 72]. 

 

Figure 4B highlights the significant impact of substrate material on PC12 response to electrical 

stimulation regarding its DNA content. ITO (blue) emerges as a favourable substrate, 

enhancing metabolic activity under stimulation, while platinum (grey) and gold mylar (orange) 

substrates appear less supportive, as evidenced by decreased DNA count. Those results are 

consistent with metabolic activity observations and emphasize the importance of substrate 

selection for optimizing cell-material interactions in bioelectrical applications [73]. 

 

Figure 4C presents the comparison between live and dead PC12 cells cultured on ITO, 

platinum, and gold mylar substrates over the course of 1, 3, and 7 days, both under passive and 

stimulated conditions. This data provides valuable insights into the cellular response to 

different substrates and time points, enhancing our understanding of their viability and 

behaviour [74]. More live cells are observed on platinum compared to ITO under passive 

conditions, however, under stimulated conditions, ITO shows an increased number of cells but 

also exhibits a higher cell death. Platinum shows cell clumping under stimulation, indicating 

altered cell adhesion or response to stimulation [75]. Gold mylar cell count decreases over 7 



days, with no major changes between passive and stimulated conditions in the end. Live and 

dead staining findings corroborates with the metabolic data, reinforcing our overall findings. 

 

The data provided above outlines a multifaceted relationship between the substrate and cells. 

Other physicochemical properties of the substrates were obtained to provide some insight into 

these interactions (Table 1). As a result of these data, we can gain insights into the disparity 

between the behaviour of mylar substrates made of gold, platinum, and ITO in the context of 

substrate-cell interactions.  

 

Table 1 – Physicochemical properties of the conductive substrates. 

Substrate 
Contact angle 

(⁰) 

Sheet resistance 

(Ω/sq) 

Coating 

thickness (nm) 

Fold change 

Met. 

Activity 

DNA 

ext. 

ITO 82.7 ± 1.5 79.29 ± 0.42 15 – 30 3.7 1.5 

Platinum 55.9 ± 1.0 7.65 ± 1.22 10 – 50 4.4 2.3 

Gold mylar 22.6 ± 3.0 2.13 ± 0.02 10 – 50 4.4 2.3 

 

Contact angle measurements serve as a key indicator of substrate hydrophilicity, a property that 

significantly influences cellular adhesion and subsequent proliferation [76]. Figure 5 shows the 

contact angle investigation performed on the substrates.  

 

 

Figure 5 - Contact angle comparison across ITO, gold mylar (GM) and platinum (Pt) substrates. 

 



Our study demonstrates that ITO exhibits a higher contact angle of 82.7 ± 1.5 degrees, 

suggestive of a moderately hydrophilic surface. It is known that this level of hydrophilicity is 

conducive to protein adsorption, which is essential for successful cell adhesion and spreading. 

In contrast, gold mylar presents lower contact angle of 55.9 ± 1 degrees indicates a more 

hydrophilic surface, which can sometimes lead to excessive protein adsorption, potentially 

resulting in an environment less favourable for cell adhesion. The significantly lower contact 

angle of platinum, at 22.6 ± 3 degrees, suggests a highly hydrophilic surface, which can be 

detrimental to cell attachment due to the formation of a protein layer that may impede cell-

surface interactions [77]. 

 

Sheet resistance is an important parameter in determining the electrical properties of substrates, 

which is known to affect cell-material interactions, particularly in the context of electroactive 

tissues and devices [78]. The sheet resistance of our substrates was measured using a four-point 

probe method, showing significant differences. ITO showed a sheet resistance of 79.29 ± 0.42, 

platinum recorded 7.65 ± 1.22, and gold mylar presented the lowest resistance at 2.13 ± 0.02 

all in Ω.sq₋1. These variations in sheet resistance can influence the electrical signalling 

environment of cells, which is crucial for applications such as neural interfaces and cardiac 

patches, where electrical cues guide cell behaviour. A moderate sheet resistance, as seen with 

ITO, may support the optimal electrical stimulation required for cellular processes without 

causing detrimental effects like Joule heating or altered signal transduction, which can occur 

at both high and low extremes of resistance. Given the sensitivity of cells to their electrical 

environment, as evidenced by their response to the electric field (Figure 4) and material EIS 

data presented in Figure S4 (Supporting Information), the distinct sheet resistance values of 

our substrates likely contribute to the observed differences in cell adhesion, proliferation, and 

function. This is particularly relevant in the context of tissue engineering, where precise control 

over electrical properties is essential for the desired tissue function and integration with host 

tissues [79]. 

 

Coating thickness is another determinant of the interfacial properties between the substrates 

and the GelMA base hydrogels, which could present implications for cell behaviour. According 

to the measurements provided by the manufactures, it indicates a coating thickness range of 

15-30 nm for ITO, 10-50 nm for platinum, and 10-50 nm for gold mylar. In general, thinner 

coatings tend to be more flexible, which could potentially affect the mechanotransduction 

pathways of cells. For instance, cell fate decisions, such as differentiation, can be guided by 

substrate stiffness, which a cell is known to be sensitive to. For example, a thicker coating can 

provide a stiffer substrate that may promote osteogenic differentiation, while a thinner, more 



flexible surface could support softer tissue integration, such as neuronal growth or skin tissue 

engineering. Furthermore, the uniformity of the coating affects not only the mechanical 

integrity but also the homogeneity of cell distribution and growth. Thicker coatings within the 

range we observed for platinum and gold mylar may provide a more robust platform for cell 

attachment and growth, given a uniform distribution of thickness. Therefore, the observed 

coating thicknesses on our substrates could significantly influence the physical 

microenvironment of cells, thereby affecting their adhesion, morphology, and function. The 

moderate coating thickness of ITO, coupled with its other favourable properties, may 

contribute to its superior performance as a substrate for biomedical applications, as seen in the 

higher metabolic activity and DNA extraction efficiency demonstrated in our findings. 

 

The fold change calculated based on the seven-day period investigation of the PC12 cells 

coated onto the substrates under passive regime (previously showed in Figure 4), this data 

provides valuable insights into the temporal dynamics of cell viability and activity across 

different substrates. While ITO showed a lower fold change in metabolic activity (3.7) 

compared to platinum and gold mylar (both at 4.4), it ultimately supported cell viability more 

effectively. This suggests that while platinum and gold mylar may initially induce a higher 

metabolic response, the cellular viability is better sustained on ITO over time. Similarly, for 

DNA extraction, ITO showed a fold change of 1.5, and platinum and gold mylar both showed 

a higher fold change of 2.3. The fold change data for metabolic activity and DNA extraction 

indicate that while platinum and gold mylar substrates induce an initial increase in cell 

proliferation, ITO provides a stable environment that supports sustained cell viability over a 

seven-day period.  

 

These observations highlight the importance of considering not just the immediate cellular 

responses to substrate materials but also the longer-term viability and stability of the cell-

substrate interaction. The initial detrimental effects observed with platinum and gold mylar 

suggest a dynamic cellular response that adjusts over time, pointing to a possible period of 

cellular adaptation to the conductive properties of these materials. 

 

PC12 3D Culture 

Following from the characterisation of the GelMA hydrogels formed on the substrates and 

evaluating the cell-substrate interaction, a detailed evaluation of PC12 cultured within these 

GelMA structures, formed on the substrates, was undertaken (Figure 6, Figure 7, and Figure 

8). The data reports the metabolic activity, DNA content and live/dead staining of PC12 cells 



encapsulated within the hydrogels and provides valuable insights into cell behaviour and 

viability in 3D. 

 

  

Figure 6 - Cell viability and proliferation of PC12 cells in hydrogels on ITO substrates under 

electrical stimulation. A) The bar graph shows the metabolic activity measured with Cell Titer 

blue assay and reported as absolute fluorescence units for or all the conditions listed at the 

bottom of the graph along the 7 day time course analysis. B) The bar graph shows the DNA 

amount extracted and quantified with PicoGreen and reported as ng of DNA from the same 

samples of A. C) Representative images of the Live and Dead staining performed on the 

samples reported along a 7 day time course analysis. The images have been taken with an 

epifluorescence microscope using 20× objective and the merged signals of Calcein staining 

(Live-green channel) and of the ethidium homodimer staining (Dead-red channel) are 

presented. The scale bar denotes 400 μm. All statistical analyses have been performed with 

ANOVA where the errors bars show the standard deviations of the average measurements of 



three samples (n = 3), * indicates a significant difference (p < 0.05), ** (p < 0.01), and *** (p 

< 0.001). 

 

Figure 6A shows the metabolic activity of PC12 cells encapsulated at a cell density of ≈ 5 x 

105 cells.mL−1 within hydrogels onto ITO substrate under passive and stimulation conditions 

over a period of 7 days.  Initially, Day 1 shows steady metabolic activity between passive and 

stimulated conditions across all hydrogel types. However, the addition of GO to GelMA 

enhances this response, with GelMA-GO (striped pink) showing the most significant increase 

under both passive and stimulation regimes indicating a consistent enhancement independent 

of stimulation [80]. By Day 3, cells across all hydrogels show enhanced metabolic activity under 

stimulation, suggesting either enhanced cell proliferation or increased metabolic functioning 

[81]. On Day 7, the overall increase in metabolic activity under stimulation remains consistent, 

indicating a potential stimulation effectiveness over prolonged periods [82]. Overall, it has been 

observed that incorporating GO and GO-AuNRs into GelMA hydrogels increases their 

metabolic activity on ITO substrate [83].  

 

Figure 6B presents the critical influence of hydrogel composition on PC12 cell response to 

electrical stimulation. The GO and GO-AuNRs hydrogels present an increase in DNA content 

under stimulated conditions, maintaining this increase consistently over the 7-day period. 

 

Figure 6C shows the live and dead staining of the PC12 cells encapsulated within the hydrogels 

onto ITO substrate, under both passive and stimulation conditions, taken at intervals over 7 

days. On Day 1, GelMA samples stimulated present moderate cell number compared to the 

passive ones, a trend also seen in GelMA-GO and GelMA-GO-AuNRs with increased 

fluorescence under stimulation. By Day 3, while the fluorescence in passive samples decreases, 

indicating lower viability or activity, the stimulated samples across all hydrogels maintain 

higher fluorescence, suggesting continued activity due to stimulation [84]. By Day 7, overall, 

stimulated hydrogels consistently exhibit greater fluorescence, implying enhanced metabolic 

activity or cell viability, particularly for GelMA-GO and GelMA-GO-AuNRs. The live and 

dead staining, alongside DNA and metabolic assays, provides a comprehensive view of cell 

behaviour, although the observations should be interpreted cautiously as fluorescence intensity 

alone does not offer quantitative data [85, 86]. 

 

Overall, literature corroborates that ITO substrates significantly influence cellular behaviour in 

terms of adhesion, proliferation, and differentiation particularly in response to electrical 

stimulation. For instance, a study involving cardiomyocyte cultures have highlighted the role 



of ITO in improvement of cell function and growth under electrical stimulation [87]. 

Furthermore, research involving mesenchymal stem cells and human dermal fibroblasts has 

used ITO for detailed cell surface charge mapping, demonstrating its use in advanced cellular 

function analyses [88]. These findings demonstrate the capability of ITO to modulate cell 

behaviour across various cell types, reinforcing the significance of our findings within the 

broader context of tissue engineering and regenerative medicine [89]. 

 

Figure 7 shows the ratio of metabolic activity, DNA content and live/dead staining of PC12 

cells encapsulated within hydrogels onto platinum substrate under passive and stimulation 

conditions over a period of 7 days. Platinum is a noble metal with excellent conductivity and 

biocompatibility, which could influence cell behaviour differently compared to ITO. 

 

 

Figure 7 - Cell viability and proliferation of PC12 cells in hydrogels on platinum substrates 

under electrical stimulation. A) The bar graph shows the metabolic activity measured with Cell 

Titer blue assay and reported as absolute fluorescence units for or all the conditions listed at 



the bottom of the graph along the 7 day time course analysis. B) The bar graph shows the DNA 

amount extracted and quantified with PicoGreen and reported as ng of DNA from the same 

samples of A. C) Representative images of the Live and Dead staining performed on the 

samples reported along a 7 day time course analysis. A 20x epifluorescence microscope has 

been used to capture these images, which show merged signals of Calcein staining (live-green 

channel) and Ethidium homodimer staining (dead-red channel). The scale bar denotes 400 μm. 

All statistical analyses have been performed with ANOVA where the errors bars show the 

standard deviations of the average measurements of three samples (n = 3), * indicates a 

significant difference (p < 0.05), ** (p < 0.01), and *** (p < 0.001). 

 

Initially, in Figure 7A on Day 1 most of the hydrogels shows no response to electrical 

stimulation, with metabolic activity similar to its passive state, indicating no enhancement 

under stimulation [90]. GelMA-GO (pink) exhibit decreased metabolic activity when stimulated, 

suggesting that platinum’s conductivity does not effectively improve cellular response to 

electrical stimuli [91]. Under electrical stimulation, all hydrogels maintain this pattern by Day 

3, indicating a complex and potentially unbeneficial interaction with platinum [92]. The overall 

decline in metabolic activity across all hydrogel compositions on Day 7 indicates that this 

stimulation protocol was ineffective for these hydrogel compositions. 

 

Aligning with the metabolic activity findings, the DNA extraction results from the hydrogels, 

displayed in Figure 7B, reveal a decrease in DNA content under stimulated conditions. The 

negative impact of electrical stimulation could be attributed to specific underlying mechanisms 

likely dependent on various conditions such as the nature of the electrical stimulation, cell type, 

and hydrogel properties, indicating a level of cellular resilience or adaptation in the genetic 

material to the stimulation protocol [93]. 

 

Figure 7C shows the live and dead staining of the PC12 cells encapsulated within the hydrogels 

onto platinum substrate, under both passive and stimulation conditions, taken at intervals over 

7 days. On Day 1, both passive and stimulated GelMA samples show a moderate number of 

live cells, with stimulated samples indicating potentially lower activity or cell count. GelMA-

GO and GelMA-GO-AuNRs exhibit lower fluorescence under stimulation, aligning with 

metabolic activity and DNA extraction data. By Day 3, GelMA shows reduced fluorescence 

intensity under stimulation, suggesting decreased viability or metabolic activity, while 

unstimulated samples maintain intensity. GelMA-GO and GelMA-GO-AuNRs passive 

samples show high fluorescence, but the stimulated samples dim, indicating reduced activity 

under stimulation over time. On Day 7, GelMA's brightness decreases under stimulation, 



pointing to possible cell death or reduced metabolic activity [94]. Both GelMA-GO and GelMA-

GO-AuNRs exhibit similar intensities for passive and stimulation conditions. 

 

The observed decline in cellular activity on the platinum substrate is likely due to multiple 

interacting factors. Its high surface area and reactivity can trigger oxidative stress in cells, 

disrupting vital functions and metabolic processes [95]. Additionally, the inherent positive 

charge of platinum surfaces might hide optimal cell adhesion and signalling [96]. Furthermore, 

metal ion leaching from platinum under specific conditions could disrupt cellular viability and 

function through protein and enzyme interactions [97]. These combined effects could explain 

the observed decline in metabolic activity. To ensure safe and effective neural interface 

applications, future research should explore alternative conductive materials with minimal 

detrimental effects on cellular behaviour, focusing on strategies to mitigate oxidative stress, 

control surface charge, and prevent metal ion leaching [98]. 

 

Figure 8 illustrates the metabolic activity, DNA content and live/dead staining of PC12 cells 

encapsulated within hydrogels on a gold mylar substrate under passive and stimulation 

conditions over a 7-day period. Gold mylar unique surface properties include conductivity and 

surface energy, hold potential for influencing cell behaviour under electrical stimulation [99]. 

 



 

Figure 8 - Cell viability and proliferation of PC12 cells in hydrogels on gold mylar substrates 

under electrical stimulation. A) The bar graph shows the metabolic activity measured with Cell 

Titer blue assay and reported as absolute fluorescence units for or all the conditions listed at 

the bottom of the graph along the 7 day time course analysis. B) The bar graph shows the DNA 

amount extracted and quantified with PicoGreen and reported as ng of DNA from the same 

samples of A. C) Representative images of the Live and Dead staining performed on the 

samples reported along a 7 day time course analysis. The images have been taken with an 

epifluorescence microscope using 20× objective and the merged signals of Calcein staining 

(Live-green channel) and of the ethidium homodimer staining (Dead-red channel) are 

presented. The scale bar denotes 400 μm. All statistical analyses have been performed with 

ANOVA where the errors bars show the standard deviations of the average measurements of 

three samples (n = 3), * indicates a significant difference (p < 0.05), ** (p < 0.01), and *** (p 

< 0.001). 

 



Figure 8A shows the metabolic activity PC12 cells encapsulated within hydrogels onto gold 

mylar substrate under passive and stimulation conditions over a period of 7 days. Under both 

conditions, hydrogels on gold mylar show similar metabolic activity on Day 1, but GelMA-GO 

(striped pink) presenting a decrease in metabolic activity under stimulation suggesting a 

unsuitable environment for cell growth [100]. Compared to passive conditions, all hydrogels 

display a significant metabolic decline by Day 3, suggesting an unsuitable growth environment 

for cells [101]. On Day 7, the same trend is observed, indicating that electrical stimulation fails 

to enhance cellular activity over the long term. This trend suggests a non-beneficial, or even 

inhibitory [102], effect of stimulation of GelMA based hydrogels on gold mylar. Contrasting with 

metabolic activity, DNA content (Figure 8B) remains steady across conditions, suggesting that 

while stimulation affects metabolic processes, it does not significantly impact cellular DNA 

content. 

 

Figure 8C shows the live and dead staining of the PC12 cells encapsulated within the hydrogels 

onto gold mylar substrate, under both passive and stimulation conditions, taken at intervals 

over 7 days. Initially, on Day 1, all hydrogels show similar live cell counts under both passive 

and stimulation conditions, consistent with the metabolic activity data. However, by Day 3, 

GelMA exhibit decreased cell number under stimulation, indicating reduced metabolic activity. 

In contrast, GelMA-GO maintains stable fluorescence, suggesting unchanged cell viability. On 

Day 7, GelMA and GelMA-GO continuing to show reduced fluorescence under stimulation, 

while GelMA-GO-AuNRs remains consistent. These findings from the live and dead assay 

confirm that electrical stimulation does not improve, and may reduce, metabolic activity and 

cell viability in GelMA-based hydrogels on gold mylar over 7 days, highlighting that gold 

mylar's properties do not enhance cell survival in this context. 

 

Similar to platinum, gold ion leaching might disrupt cellular homeostasis by interfering with 

vital enzymatic processes and membrane integrity, potentially contributing to the observed 

metabolic decline and cell death [103]. Additionally, the combination of electrical stimulation 

and gold mylar properties might create a synergistic detrimental effect. Electrical fields 

themselves can induce stress on cells [104]. The specific interactions of gold mylar surface 

charge and potential ion leaching could lead to the observed decline in cellular health [105]. 

 

 

 



Conclusion 

Under electrical stimulation, GelMA-based hydrogels show complex interactions between 

substrate characteristics and the electrochemical properties, offering new insights into substrate 

selection as a platform for neural cell stimulation. The findings underscore the significant 

impact of substrate selection on the behaviour of conductive hydrogels and, consequently, on 

cell viability and proliferation. Different substrates, including ITO, platinum, and gold mylar, 

influenced the electrochemical behaviour of the hydrogels and the metabolic activity of PC12 

cells in distinct ways. Our findings suggest that the substrate material plays a pivotal role in 

optimizing the efficacy of neural interfaces for specific biomedical applications such as tissue 

engineering and neural interface devices. 

 

The different responses of PC12 cells cultured on these substrates, as well as within various 

hydrogel environments, under electrical stimulation protocols, provide valuable data for 

advancing tissue engineering and regenerative medicine. Notably, comparing the conductive 

hydrogels to 2D groups across all substrates revealed a protective effect against cell death, 

underscoring their potential to improve 3D cell viability. Our findings on cell viability, 

proliferation assays, and metabolic activity indicate that the choice of substrate can either 

enhance or inhibit cellular responses to electrical stimuli. During the 7-day stimulation period, 

ITO showed better cell viability than platinum or gold mylar in the 3D culture system. While 

platinum and gold mylar initially exhibited a detrimental effect on cells, they stabilized by Day 

7, indicating a dynamic response of cells to these conductive metals. Moreover, the conductive 

hydrogels provide a protective effect against cell death to cells encapsulated within the 

conductive hydrogels. This is crucial for the practical application design of neural interfaces. 

 

Furthermore, a crucial gap has been identified and bridged in understanding the interaction 

between substrates and conductive hydrogels, and how this affects cellular behaviour as a 

result. In the future, future research could focus on optimizing substrate-hydrogel combinations 

and underlying mechanisms for the observed effects. The implications of these findings are 

significant for the advancement of tissue engineering, biosensor technology, and the broader 

field of biomedical engineering. This study not only extends the existing body of work but also 

provides a robust platform for future explorations aimed at tailoring the full potential of tissue-

engineered neural interfaces. 

 

Author contributions 

A.T.N, S.M.S and S.E.M conceived and designed the experiments. A.T.N, analysed the data, 

and wrote the manuscript. L.C.A performed the contact angle. A.X.M., S.D, D.D, A.F.Q, 



R.M.I.K, D.R.N, P.R.S, S.M.S and S.E.M supervised the project, suggested experiments, and 

revised the manuscript. 

 

Conflicts of interest 

There are no conflicts to declare. 

 

Supplementary information  

Provides additional experimental details, materials, methods, and further electrochemical 

characterization of the substrates. 

 

Acknowledgements 

This work was supported by the Australian Research Council through the Centre of Excellence 

for Electromaterials Science (Project Number 140100012 CE) and the Aikenhead Centre for 

Medical Discovery – St Vincent's Hospital Melbourne. Four point probe analysis was 

performed at the Melbourne Centre for Nanofabrication (MCN) in the Victorian Node of the 

Australian National Fabrication Facility (ANFF) with the help of Abu Sadek. Illustrations in 

this manuscript were created using BioRender.com. DRN acknowledges the Australian 

Research Council Future Fellowship project FT230100220. 

 

  



References 

1. Hatsopoulos, N.G. and J.P. Donoghue, The science of neural interface systems. Annu. 

Rev. Neurosci., 2009. 32: 249-66. 

2. Kiyotake, E.A., E.E. Thomas, H.B. Homburg, C.K. Milton, A.D. Smitherman, N.D. 

Donahue, K.M. Fung, S. Wilhelm, M.D. Martin, and M.S. Detamore, Conductive and 

injectable hyaluronic acid/gelatin/gold nanorod hydrogels for enhanced surgical 

translation and bioprinting. J. Biomed. Mater. Res. A, 2022. 110(2): 365-382. 

3. Vafaiee, M., M. Vossoughi, R. Mohammadpour, and P. Sasanpour, Gold-Plated 

Electrode with High Scratch Strength for Electrophysiological Recordings. Scientific 

Reports, 2019. 9: 2985. 

4. Zhu, T., Y. Ni, G.M. Biesold, Y. Cheng, M. Ge, H. Li, J. Huang, Z. Lin, and Y. Lai, 

Recent advances in conductive hydrogels: classifications, properties, and applications. 

Chemical Society Reviews, 2023. 52(2): 473-509. 

5. Xue, H., D. Wang, M. Jin, H. Gao, X. Wang, L. Xia, D.a. Li, K. Sun, H. Wang, X. Dong, 

C. Zhang, F. Cong, and J. Lin, Hydrogel electrodes with conductive and substrate-

adhesive layers for noninvasive long-term EEG acquisition. Microsystems & 

Nanoengineering, 2023. 9(1): 79. 

6. Yuk, H., J. Wu, and X. Zhao, Hydrogel interfaces for merging humans and machines. 

Nature Reviews Materials, 2022. 7(12): 935-952. 

7. Chong, J., C. Sung, K.S. Nam, T. Kang, H. Kim, H. Lee, H. Park, S. Park, and J. Kang, 

Highly conductive tissue-like hydrogel interface through template-directed assembly. 

Nature Communications, 2023. 14(1): 2206. 

8. Mendes, A.X., A.T. do Nascimento, S. Duchi, A.F. Quigley, L.M. Caballero Aguilar, C. 

Dekiwadia, R.M.I. Kapsa, S.M. Silva, and S.E. Moulton, The impact of electrical 

stimulation protocols on neuronal cell survival and proliferation using cell-laden 

GelMA/graphene oxide hydrogels. J Mater Chem B, 2023. 11(3): 581-593. 

9. Nascimento, A.T.d., A.X. Mendes, J.M. Begeng, S. Duchi, P.R. Stoddart, A.F. Quigley, 

R.M.I. Kapsa, M.R. Ibbotson, S.M. Silva, and S.E. Moulton, A tissue-engineered neural 

interface with photothermal functionality. Biomaterials Science, 2023: 5146-5162. 

10. Mantz, A. and A.K. Pannier, Biomaterial substrate modifications that influence cell-

material interactions to prime cellular responses to nonviral gene delivery. Exp Biol 

Med (Maywood), 2019. 244(2): 100-113. 

11. Hu, W.W., T.C. Chen, C.W. Tsao, and Y.C. Cheng, The effects of substrate-mediated 

electrical stimulation on the promotion of osteogenic differentiation and its 

optimization. J. Biomed. Mater. Res. B Appl. Biomater., 2019. 107(5): 1607-1619. 

12. O'Connell, C.D., B. Zhang, C. Onofrillo, S. Duchi, R. Blanchard, A. Quigley, J. Bourke, 

S. Gambhir, R. Kapsa, C. Di Bella, P. Choong, and G.G. Wallace, Tailoring the 



mechanical properties of gelatin methacryloyl hydrogels through manipulation of the 

photocrosslinking conditions. Soft Matter, 2018. 14(11): 2142-2151. 

13. Javadi, M., Q. Gu, S. Naficy, S. Farajikhah, J.M. Crook, G.G. Wallace, S. Beirne, and 

S.E. Moulton, Conductive Tough Hydrogel for Bioapplications. Macromol. Biosci., 

2018. 18(2): 1700270. 

14. Tomaskovic-Crook, E., P. Zhang, A. Ahtiainen, H. Kaisvuo, C.-Y. Lee, S. Beirne, Z. 

Aqrawe, D. Svirskis, J. Hyttinen, G.G. Wallace, J. Travas-Sejdic, and J.M. Crook, 

Human Neural Tissues from Neural Stem Cells Using Conductive Biogel and Printed 

Polymer Microelectrode Arrays for 3D Electrical Stimulation. Advanced Healthcare 

Materials, 2019. 8(15): 1900425. 

15. Richardson, R.T., B. Thompson, S. Moulton, C. Newbold, M.G. Lum, A. Cameron, G. 

Wallace, R. Kapsa, G. Clark, and S. O’Leary, The effect of polypyrrole with 

incorporated neurotrophin-3 on the promotion of neurite outgrowth from auditory 

neurons. Biomaterials, 2007. 28(3): 513-523. 

16. Stewart, E., N.R. Kobayashi, M.J. Higgins, A.F. Quigley, S. Jamali, S.E. Moulton, 

R.M.I. Kapsa, G.G. Wallace, and J.M. Crook, Electrical Stimulation Using Conductive 

Polymer Polypyrrole Promotes Differentiation of Human Neural Stem Cells: A 

Biocompatible Platform for Translational Neural Tissue Engineering. Tissue 

Engineering Part C: Methods, 2014. 21(4): 385-393. 

17. Silva, S.M., A.F. Quigley, R.M.I. Kapsa, G.W. Greene, and S.E. Moulton, Lubricin on 

Platinum Electrodes: A Low-Impedance Protein-Resistant Surface Towards Biomedical 

Implantation. ChemElectroChem, 2019. 6(6): 1939-1943. 

18. O’Connell, C.D., C. Onofrillo, S. Duchi, X. Li, Y. Zhang, P. Tian, L. Lu, A. Trengove, 

A. Quigley, S. Gambhir, A. Khansari, T. Mladenovska, A. O’Connor, C. Di Bella, P.F. 

Choong, and G.G. Wallace, Evaluation of sterilisation methods for bio-ink components: 

gelatin, gelatin methacryloyl, hyaluronic acid and hyaluronic acid methacryloyl. 

Biofabrication, 2019. 11(3): 035003. 

19. Gupta, K., R. Patel, M. Dias, H. Ishaque, K. White, and R. Olabisi, Development of an 

Electroactive Hydrogel as a Scaffold for Excitable Tissues. Int J Biomater, 2021: 

6669504. 

20. Dale A. C. Brownson, G.C.S.a.C.E.B., Graphene oxide electrochemistry: the 

electrochemistry of graphene oxide modified electrodes reveals coverage dependent 

beneficial electrocatalysis. R Soc Open Sci, 2017. 11: 171128. 

21. Stozhko, N.Y., M.A. Bukharinova, E.I. Khamzina, and A.V. Tarasov, Electrochemical 

Properties of Phytosynthesized Gold Nanoparticles for Electrosensing. Sensors (Basel), 

2021. 22(1): 311. 

22. Someya, T., Z. Bao, and G.G. Malliaras, The rise of plastic bioelectronics. Nature, 2016. 

540(7633): 379-385. 



23. Lv, B., L. Lu, L. Hu, P. Cheng, Y. Hu, X. Xie, G. Dai, B. Mi, X. Liu, and G. Liu, Recent 

advances in GelMA hydrogel transplantation for musculoskeletal disorders and related 

disease treatment. Theranostics, 2023. 13(6): 2015-2039. 

24. Shin, S.-J., D.H. Kim, G. Bae, S. Ringe, H. Choi, H.-K. Lim, C.H. Choi, and H. Kim, 

On the importance of the electric double layer structure in aqueous electrocatalysis. 

Nature Communications, 2022. 13(1): 174. 

25. Daubinger, P., J. Kieninger, T. Unmüssig, and G.A. Urban, Electrochemical 

characteristics of nanostructured platinum electrodes – a cyclic voltammetry study. 

Physical Chemistry Chemical Physics, 2014. 16(18): 8392-8399. 

26. Novo, C., A.M. Funston, A.K. Gooding, and P. Mulvaney, Electrochemical Charging of 

Single Gold Nanorods. J. Am. Chem. Soc., 2009. 131(41): 14664-14666. 

27. Alagiri, M., P. Rameshkumar, and A. Pandikumar, Gold nanorod-based electrochemical 

sensing of small biomolecules: A review. Microchimica Acta, 2017. 184(9): 3069-3092. 

28. Bukasov, R., A. Sultangaziyev, Z. Kunushpayeva, A. Rapikov, and D. Dossym, 

Aluminum Foil vs. Gold Film: Cost-Effective Substrate in Sandwich SERS 

Immunoassays of Biomarkers Reveals Potential for Selectivity Improvement. Int J Mol 

Sci, 2023. 24(6): 5578. 

29. Cao, H., L. Duan, Y. Zhang, J. Cao, and K. Zhang, Current hydrogel advances in 

physicochemical and biological response-driven biomedical application diversity. 

Signal Transduction and Targeted Therapy, 2021. 6(1): 426. 

30. Rocha, I., G. Cerqueira, F. Varella Penteado, and S.I. Córdoba de Torresi, Electrical 

Stimulation and Conductive Polymers as a Powerful Toolbox for Tailoring Cell 

Behaviour in vitro. Front Med Technol, 2021. 3: 670274. 

31. Yan, P., X. Yang, X. Yang, W. Zheng, and Y. Tan, Prolonged electrical stimulation 

causes no damage to sacral nerve roots in rabbits. Neural Regen Res, 2014. 9(12): 

1217–1221. 

32. Lei, K.F., I.C. Lee, Y.C. Liu, and Y.C. Wu, Successful differentiation of neural 

stem/progenitor cells cultured on electrically adjustable indium tin oxide (ITO) surface. 

Langmuir, 2014. 30(47): 14241-9. 

33. Tanamoto, R., Y. Shindo, N. Miki, Y. Matsumoto, K. Hotta, and K. Oka, Electrical 

stimulation of cultured neurons using a simply patterned indium-tin-oxide (ITO) glass 

electrode. J. Neurosci. Methods, 2015. 253: 272-8. 

34. Mendes, A.X., A.T. do Nascimento, S. Duchi, A.F. Quigley, L.M. Caballero Aguilar, C. 

Dekiwadia, R.M.I. Kapsa, S.M. Silva, and S.E. Moulton, The impact of electrical 

stimulation protocols on neuronal cell survival and proliferation using cell-laden 

GelMA/graphene oxide hydrogels. Journal of Materials Chemistry B, 2023. 11(3): 581-

593. 



35. Moon, S.-H., Y.-W. Cho, H.-E. Shim, J.-H. Choi, C.-H. Jung, I.-T. Hwang, and S.-W. 

Kang, Electrically stimulable indium tin oxide plate for long-term in vitro 

cardiomyocyte culture. Biomaterials Research, 2020. 24(1): 10. 

36. Tanamoto, R., Y. Shindo, N. Miki, Y. Matsumoto, K. Hotta, and K. Oka, Electrical 

stimulation of cultured neurons using a simply patterned indium-tin-oxide (ITO) glass 

electrode. J. Neurosci. Methods, 2015. 253: 272-8. 

37. Asencio, K., W. Bramer-Escamilla, G. Gutiérrez, and I. Sánchez, Electrical capacitance 

sensor array to measure density profiles of a vibrated granular bed. Powder Technology, 

2015. 270: 10-19. 

38. Herrmann, D.P., R.K. Kalkman, J.H.M. Frijns, and A. Bahmer, Intra-cochlear 

differences in the spread of excitation between biphasic and triphasic pulse stimulation 

in cochlear implants: A modeling and experimental study. Hear Res, 2023. 432: 108752. 

39. Macherey, O., A. van Wieringen, R.P. Carlyon, J.M. Deeks, and J. Wouters, Asymmetric 

pulses in cochlear implants: effects of pulse shape, polarity, and rate. J Assoc Res 

Otolaryngol, 2006. 7(3): 253-66. 

40. Li, X., S. Zhong, and J. Morizio, 16-Channel biphasic current-mode programmable 

charge balanced neural stimulation. BioMedical Engineering OnLine, 2017. 16(1): 104. 

41. Zhou, S., X. Wang, L. Jiang, H. Sun, D. Huo, and C. Hou, A three-dimensional 

hydrogel-modified indium tin oxide electrode with enhanced performance for in situ 

electrochemical detection of extracellular H2O2. Analyst, 2021. 146(17): 5403-5412. 

42. Pacheco, M., B. Lefort, J. Pacheco, A. Santana, and R. Valdivia, Hydrogel and carbon 

nanostructures based supercapacitor: Initial steps toward green supercapatteries. 

Journal of Energy Storage, 2023. 72: 108539. 

43. Andres, B., S. Forsberg, A. Vilches, R. Zhang, H. Andersson, M. Hummelgård, J. 

Bäckström, and H. Olin, Supercapacitors with graphene coated paper electrodes. 

Nordic Pulp and Paper Research Journal, 2012. 27: 481-485. 

44. Guo, X., J. Li, F. Wang, J.-H. Zhang, J. Zhang, Y. Shi, and L. Pan, Application of 

conductive polymer hydrogels in flexible electronics. Journal of Polymer Science, 

2022. 60(18): 2635-2662. 

45. Cuniberto, E., A. Alharbi, T. Wu, Z. Huang, K. Sardashti, K.-D. You, K. Kisslinger, T. 

Taniguchi, K. Watanabe, R. Kiani, and D. Shahrjerdi, Nano-engineering the material 

structure of preferentially oriented nano-graphitic carbon for making high-performance 

electrochemical micro-sensors. Scientific Reports, 2020. 10(1). 

46. Li, J. and P.J. Burke, Measurement of the combined quantum and electrochemical 

capacitance of a carbon nanotube. Nature Communications, 2019. 10(1): 3598. 



47. Schaeffer, J.K., L.R.C. Fonseca, S.B. Samavedam, Y. Liang, P.J. Tobin, and B.E. White, 

Contributions to the effective work function of platinum on hafnium dioxide. Applied 

Physics Letters, 2004. 85(10): 1826-1828. 

48. Kumsa, D.W., N. Bhadra, E.M. Hudak, S.C. Kelley, D.F. Untereker, and J.T. Mortimer, 

Electron transfer processes occurring on platinum neural stimulating electrodes: a 

tutorial on the i(Ve) profile. Journal of Neural Engineering, 2016. 13(5): 052001. 

49. Schalenbach, M., Y.E. Durmus, H. Tempel, H. Kungl, and R.-A. Eichel, The role of the 

double layer for the pseudocapacitance of the hydrogen adsorption on platinum. 

Scientific Reports, 2022. 12(1): 3375. 

50. Sharifi, S., A. Yazdani, and K. Rahimi, Incremental substitution of Ni with Mn in 

NiFe2O4 to largely enhance its supercapacitance properties. Scientific Reports, 2020. 

10(1): 10916. 

51. Ghalkhani, M., S.I. Kaya, N.K. Bakirhan, Y. Ozkan, and S.A. Ozkan, Application of 

Nanomaterials in Development of Electrochemical Sensors and Drug Delivery Systems 

for Anticancer Drugs and Cancer Biomarkers. Crit. Rev. Anal. Chem., 2022. 52(3): 481-

503. 

52. Numao, S., K. Judai, J. Nishijo, K. Mizuuchi, and N. Nishi, Synthesis and 

characterization of mesoporous carbon nano-dendrites with graphitic ultra-thin walls 

and their application to supercapacitor electrodes. Carbon, 2009. 47(1): 306-312. 

53. Mawad, D., A. Artzy-Schnirman, J. Tonkin, J. Ramos, S. Inal, M.M. Mahat, N. 

Darwish, L. Zwi-Dantsis, G.G. Malliaras, J.J. Gooding, A. Lauto, and M.M. Stevens, 

Electroconductive Hydrogel Based on Functional Poly(Ethylenedioxy Thiophene). 

Chemistry of Materials, 2016. 28(17): 6080-6088. 

54. Chattopadhyay, S. and J.G. Labram, The effect of substrate curvature on capacitance 

and current–voltage characteristics in thin-film transistors on flexible substrates. 

Journal of Physics: Materials, 2021. 4(2): 025002. 

55. Liu, W., M. Zhang, M. Li, B. Li, W. Zhang, G. Li, M. Xiao, J. Zhu, A. Yu, and Z. Chen, 

Advanced Electrode Materials Comprising of Structure-Engineered Quantum Dots for 

High-Performance Asymmetric Micro-Supercapacitors. Advanced Energy Materials, 

2020. 10(8): 1903724. 

56. Xu, J., A.T. Nguyen, and Z. Yang, Chapter 13 - Advances in Neural Recording and 

Stimulation Devices, in Engineering in Medicine, P.A. Iaizzo, Editor. 2019, Academic 

Press. p. 335-363. 

57. Bhardwaj, N. and S.C. Kundu, Electrospinning: a fascinating fiber fabrication 

technique. Biotechnol. Adv., 2010. 28(3): 325-47. 

58. Nie, B., X. Li, J. Shao, C. Li, P. Sun, Y. Wang, H. Tian, C. Wang, and X. Chen, Scalable 

fabrication of high-performance micro-supercapacitors by embedding thick interdigital 

microelectrodes into microcavities. Nanoscale, 2019. 11(42): 19772-19782. 



59. Caliari, S.R. and J.A. Burdick, A practical guide to hydrogels for cell culture. Nat. 

Methods, 2016. 13(5): 405-414. 

60. Xu, K., X. Liu, X. Li, J. Yin, P. Wei, J. Qian, and J. Sun, Effect of Electrical and 

Electromechanical Stimulation on PC12 Cell Proliferation and Axon Outgrowth. Front 

Bioeng Biotechnol, 2021. 9: 757906. 

61. Chen, C., X. Bai, Y. Ding, and I.S. Lee, Electrical stimulation as a novel tool for 

regulating cell behavior in tissue engineering. Biomater Res, 2019. 23: 25. 

62. Chen, W., Z. Zhang, C. Chang, Z. Yang, P. Wang, H. Fu, X. Wei, E. Chen, S. Tan, W. 

Huang, L. Sun, T. Ni, Y. Yang, and Y. Wang, A bioenergetic shift is required for 

spermatogonial differentiation. Cell Discov, 2020. 6: 56. 

63. Ortmann, W. and E. Kolaczkowska, Age is the work of art? Impact of neutrophil and 

organism age on neutrophil extracellular trap formation. Cell Tissue Res., 2018. 371(3): 

473-488. 

64. Quent, V.M., D. Loessner, T. Friis, J.C. Reichert, and D.W. Hutmacher, Discrepancies 

between metabolic activity and DNA content as tool to assess cell proliferation in 

cancer research. J. Cell. Mol. Med., 2010. 14(4): 1003-1013. 

65. Huang, S., M. Van Arsdall, S. Tedjarati, M. McCarty, W. Wu, R. Langley, and I.J. Fidler, 

Contributions of stromal metalloproteinase-9 to angiogenesis and growth of human 

ovarian carcinoma in mice. J. Natl. Cancer Inst., 2002. 94(15): 1134-42. 

66. Onishi, A., G.H. Peng, S. Chen, and S. Blackshaw, Pias3-dependent SUMOylation 

controls mammalian cone photoreceptor differentiation. Nat. Neurosci., 2010. 13(9): 

1059-65. 

67. Cho, Y. and R.B. Borgens, The effect of an electrically conductive carbon 

nanotube/collagen composite on neurite outgrowth of PC12 cells. Journal of 

Biomedical Materials Research Part A, 2010. 95A(2): 510-517. 

68. Zhdanov, A.V., A.H.C. Waters, A.V. Golubeva, R.I. Dmitriev, and D.B. Papkovsky, 

Availability of the key metabolic substrates dictates the respiratory response of cancer 

cells to the mitochondrial uncoupling. Biochim. Biophys. Acta, 2014. 1837(1): 51-62. 

69. Zhao, S., A.S. Mehta, and M. Zhao, Biomedical applications of electrical stimulation. 

Cell. Mol. Life Sci., 2020. 77(14): 2681-2699. 

70. Mehrabian, Z., L.I. Liu, G. Fiskum, S.I. Rapoport, and K. Chandrasekaran, Regulation 

of mitochondrial gene expression by energy demand in neural cells. J. Neurochem., 

2005. 93(4): 850-60. 

71. Omer, S.A., K.H. McKnight, L.I. Young, and S. Song, Stimulation strategies for 

electrical and magnetic modulation of cells and tissues. Cell Regen, 2023. 12(1): 21. 



72. Vaiciuleviciute, R., I. Uzieliene, P. Bernotas, V. Novickij, A. Alaburda, and E. 

Bernotiene, Electrical Stimulation in Cartilage Tissue Engineering. Bioengineering 

(Basel), 2023. 10(4): 454. 

73. Wiatrak, B., A. Kubis-Kubiak, A. Piwowar, and E. Barg, PC12 Cell Line: Cell Types, 

Coating of Culture Vessels, Differentiation and Other Culture Conditions. Cells, 2020. 

9(4): 958. 

74. Oprea, D., C.G. Sanz, M.M. Barsan, and T.A. Enache, PC-12 Cell Line as a Neuronal 

Cell Model for Biosensing Applications. Biosensors (Basel), 2022. 12(7): 500. 

75. Chen, C., X. Bai, Y. Ding, and I.-S. Lee, Electrical stimulation as a novel tool for 

regulating cell behavior in tissue engineering. Biomaterials Research, 2019. 23(1): 25. 

76. Thevenot, P., W. Hu, and L. Tang, Surface chemistry influences implant 

biocompatibility. Curr. Top. Med. Chem., 2008. 8(4): 270-80. 

77. Arima, Y. and H. Iwata, Effect of wettability and surface functional groups on protein 

adsorption and cell adhesion using well-defined mixed self-assembled monolayers. 

Biomaterials, 2007. 28(20): 3074-3082. 

78. Naftaly, M., S. Das, J. Gallop, K. Pan, F. Alkhalil, D. Kariyapperuma, S. Constant, C. 

Ramsdale, and L. Hao, Sheet Resistance Measurements of Conductive Thin Films: A 

Comparison of Techniques. Electronics, 2021. 10(8): 960. 

79. Park, M., J. Kim, H. Song, S. Kim, and M. Jeon, Fast and Stable Ionic Electroactive 

Polymer Actuators with PEDOT:PSS/(Graphene⁻Ag-Nanowires) Nanocomposite 

Electrodes. Sensors (Basel), 2018. 18(9). 

80. Martinez Villegas, K., R. Rasouli, and M. Tabrizian, Enhancing metabolic activity and 

differentiation potential in adipose mesenchymal stem cells via high-resolution surface-

acoustic-wave contactless patterning. Microsyst Nanoeng, 2022. 8: 79. 

81. Doucet, B.M., A. Lam, and L. Griffin, Neuromuscular electrical stimulation for skeletal 

muscle function. Yale J Biol Med, 2012. 85(2): 201-15. 

82. Zhu, J. and C.B. Thompson, Metabolic regulation of cell growth and proliferation. 

Nature Reviews Molecular Cell Biology, 2019. 20(7): 436-450. 

83. Jin, F., T. Li, Z. Wei, R. Xiong, L. Qian, J. Ma, T. Yuan, Q. Wu, C. Lai, X. Ma, F. Wang, 

Y. Zhao, F. Sun, T. Wang, and Z.Q. Feng, Biofeedback electrostimulation for bionic and 

long-lasting neural modulation. Nat Commun, 2022. 13(1): 5302. 

84. Hu, C., S. He, Y.J. Lee, Y. He, E.M. Kong, H. Li, M.A. Anastasio, and G. Popescu, 

Live-dead assay on unlabeled cells using phase imaging with computational specificity. 

Nat Commun, 2022. 13(1): 713. 

85. Alkilany, A.M. and C.J. Murphy, Toxicity and cellular uptake of gold nanoparticles: 

what we have learned so far? J Nanopart Res, 2010. 12(7): 2313-2333. 



86. Flannagan, R.S. and D.E. Heinrichs, A Fluorescence Based-Proliferation Assay for the 

Identification of Replicating Bacteria Within Host Cells. Front Microbiol, 2018. 9: 

3084. 

87. Moon, S.H., Y.W. Cho, H.E. Shim, J.H. Choi, C.H. Jung, I.T. Hwang, and S.W. Kang, 

Electrically stimulable indium tin oxide plate for long-term in vitro cardiomyocyte 

culture. Biomater Res, 2020. 24: 10. 

88. Shah, S.S., M.C. Howland, L.J. Chen, J. Silangcruz, S.V. Verkhoturov, E.A. Schweikert, 

A.N. Parikh, and A. Revzin, Micropatterning of proteins and mammalian cells on 

indium tin oxide. ACS Appl Mater Interfaces, 2009. 1(11): 2592-601. 

89. Ouyang, L., R. Shaik, R. Xu, G. Zhang, and J. Zhe, Cell Surface Charge Mapping Using 

a Microelectrode Array on ITO Substrate. Cells, 2023. 12(4). 

90. Shepherd, R.K., P.M. Carter, A.N. Dalrymple, Y.L. Enke, A.K. Wise, T. Nguyen, J. 

Firth, A. Thompson, and J.B. Fallon, Platinum dissolution and tissue response 

following long-term electrical stimulation at high charge densities. J Neural Eng, 2021. 

18(3). 

91. Solís, S., S.M. Contreras-Ramos, F.J. Bacame-Valenzuela, Y. Reyes-Vidal, E. 

González-Jasso, and E. Bustos, Comparison of the effects of biological and electrical 

stimulation on the growth of Zea mays. Electrochimica Acta, 2023. 448: 142193. 

92. Caliari, S.R. and J.A. Burdick, A practical guide to hydrogels for cell culture. Nat. 

Methods, 2016. 13(5): 405-14. 

93. Katoh, K., Effects of Electrical Stimulation of the Cell: Wound Healing, Cell 

Proliferation, Apoptosis, and Signal Transduction. Med Sci (Basel), 2023. 11(1). 

94. Knauer, B. and M.C. Stüttgen, Assessing the Impact of Single-Cell Stimulation on 

Local Networks in Rat Barrel Cortex-A Feasibility Study. Int J Mol Sci, 2019. 20(10). 

95. Ognio, E., M. Lapide, M. Ottone, V. Mandys, M. Peterka, B. Parodi, and M. Viale, 

Embryo-lethal and teratogenic effect of the new platinum compound DPR in pregnant 

mice. Arch. Toxicol., 2003. 77(10): 584-90. 

96. Kus-Liśkiewicz, M., P. Fickers, and I. Ben Tahar, Biocompatibility and Cytotoxicity of 

Gold Nanoparticles: Recent Advances in Methodologies and Regulations. Int J Mol Sci, 

2021. 22(20). 

97. Xiong, L., T. Yang, Y. Yang, C. Xu, and F. Li, Long-term in vivo biodistribution imaging 

and toxicity of polyacrylic acid-coated upconversion nanophosphors. Biomaterials, 

2010. 31(27): 7078-85. 

98. Khafaji, M., O. Bavi, and M. Zamani, Gold-based hybrid nanostructures: more than just 

a pretty face for combinational cancer therapy. Biophysical Reviews, 2022. 14(1): 317-

326. 



99. Grandy, C., P. Kolb, F. Port, and K.-E. Gottschalk, Micropatterning of Cells on Gold 

Surfaces for Biophysical Applications. STAR Protocols, 2020. 1(3): 100106. 

100. Lozano, R., K.J. Gilmore, B.C. Thompson, E.M. Stewart, A.M. Waters, M. Romero-

Ortega, and G.G. Wallace, Electrical stimulation enhances the acetylcholine receptors 

available for neuromuscular junction formation. Acta Biomater., 2016. 45: 328-339. 

101. Huang, W., L.J. Hickson, A. Eirin, J.L. Kirkland, and L.O. Lerman, Cellular 

senescence: the good, the bad and the unknown. Nature Reviews Nephrology, 2022. 

18(10): 611-627. 

102. Dutta, S.D., K. Ganguly, A. Randhawa, T.V. Patil, D.K. Patel, and K.-T. Lim, 

Electrically stimulated 3D bioprinting of gelatin-polypyrrole hydrogel with dynamic 

semi-IPN network induces osteogenesis via collective signaling and 

immunopolarization. Biomaterials, 2023. 294: 121999. 

103. Jaishankar, M., T. Tseten, N. Anbalagan, B.B. Mathew, and K.N. Beeregowda, Toxicity, 

mechanism and health effects of some heavy metals. Interdiscip Toxicol, 2014. 7(2): 

60-72. 

104. Han, N., C.G. Xu, T.B. Wang, Y.H. Kou, X.F. Yin, P.X. Zhang, and F. Xue, Electrical 

stimulation does not enhance nerve regeneration if delayed after sciatic nerve injury: 

the role of fibrosis. Neural Regen Res, 2015. 10(1): 90-4. 

105. Fröhlich, E., The role of surface charge in cellular uptake and cytotoxicity of medical 

nanoparticles. Int J Nanomedicine, 2012. 7: 5577-91. 

 

  



 

TOC Graphic 


