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SUMMARY

Chronic microstimulation is faced with challenges that require an additional
understanding of stability and safety. We implanted silicon arrays coated with
poly(3,4-ethylenedioxythiophene) (PEDOT)/Carbon Nanotubes (CNT), or PCand
IrOx into the cortex of GCaMP6s mice and electrically stimulated them for up
to 12 weeks. We quantified neuronal responses to stimulation using two-photon
imaging and mesoscale fluorescence microscopy and characterized electrode
performance over time. We observed dynamic changes in stimulation stability
over time and a significant advantage in energy efficiency using PC coated elec-
trodes over IrOx coated electrodes. In a subset of mice, we observed abnormal
ictal cortical responses or cortical spreading depression using stimulation param-
eters commonly used in intracortical stimulation applications, suggesting the
need to investigate the potential neuronal damage and redefine the stimulation
safety limit. This study not only revealed the dynamic changes in stimulation effi-
ciency after implantation but also reiterates the potential for PC as a high-effi-
ciency material in chronic neuromodulation.

INTRODUCTION

Electrical microstimulation is a technique in which electrical currents are delivered through microelec-

trodes to excite the neuronal tissue. It not only serves as a valuable tool for researchers in the neuroscience

community for dissecting neural circuits, relating brain regions, studying behaviors (Yeomans and

Frankland, 1995; Tehovnik et al., 2004; Strick and Preston, 1978), but also an essential method for neuromo-

dulation. Neuromodulation via electrical stimulation has partially restored vision (Schmidt et al., 1996), so-

matosensation (Flesher et al., 2016), hearing (McCreery et al., 2000), and has become a potential alternative

or complement to conventional pharmaceuticals for the treatment of many chronic conditions such as

asthma (Staats et al., 2018), diabetes (Daniels et al., 2010), and gastrointestinal disorders (Guo et al.,

2019). The global market size for neural modulation is estimated to be USD 8.1 billion in 2019 and is esti-

mated to grow by 13.1% by 2027(Global Neuromodulation Market Size study, 2020).

Safe and efficacious chronic electrical stimulation is faced with several challenges. First, to effectively

stimulate a functional output, the delivered charge needs to be above the threshold charge density of

the excitable tissue, yet below the charge injection limit to avoid irreversible redox reactions that could

lead to tissue and electrode damage. In human neural prostheses applications, the threshold charge den-

sity ranges between 5 and 306 mC/cm2 (1000-2000ms pulse width) for epi-retinal stimulation (Mahadevappa

et al., 2005; Rizzo et al., 2003), and 190-2300 mC/cm2 (200 ms pulse width) for intracortical visual stimulation

(Hambrecht, 1995). Traditional stimulating electrode materials such as platinum with a charge injection

limit of 50-150 mC/cm2 (Rose and Robblee, 1990) cannot meet the full range of charge injection require-

ments for these applications, which drives the need for the development of high charge injection electrode

materials. Second, the integrity of the implanted electrode faces unique challenges in vivowhere the oxida-

tive, corrosive, and dynamic environment accelerates material degradation (Kozai et al., 2015a; Prasad

et al., 2012; Bullard et al., 2020; Caldwell et al., 2020). Material-related failure modes include fracture

and delamination of the electrode insulation, corrosion, cracking, and delamination of electrode sites

over the implantation duration. For stimulation applications, the failures in insulation will invite additional

interstitial fluid under the existing insulation which can shunt the stimulating current, redistribute the cur-

rent by effectively a larger surface, reducing the efficiency for precise neural activation. While inert metals
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such as platinum are considered resistant to corrosion, and iridium oxide has demonstrated a much higher

charge injection limit (White and Gross, 1974; Cogan et al., 2004), both can degrade or detach from the

substrate upon high charge injection or prolonged stimulation load (Cui and Zhou, 2007; Caldwell et al.,

2020). Third, the implantation of the electrode devices inevitably triggers a foreign body response within

the host tissue marked by the activation of microglia, breaching of the blood-brain barrier, and axonal

degeneration. The existing host tissue inflammation due to electrode insertion can be exacerbated by

electrical stimulation. There have been reports of electrical stimulation-induced vasoconstriction, throm-

bosis in venules and arterioles and blood-brain barrier breakdownwithin 30s of stimulation at a charge den-

sity threshold necessary for a sensorimotor response or for monophasic pulses at power densities greater

than 0.5 mW/cm2 (Pudenz et al., 1975a, 1975b; Mortimer et al., 1970). Moreover, electrochemical products

as a result of faradaic charge injection have been reported to increase the presence of reactive oxygen spe-

cies which severely damagesmyelin, impacting signal transduction in the neural network. (Chan et al., 1982)

(Buettner, 1993; Chia et al., 1983; Griot et al., 1990; Konat andWiggins, 1985; Sevanian, 1988). Furthermore,

depending on the stimulation frequency, there may be persistent depression of neuronal excitability

following stimulation of the cortex that lasts for several days following the cessation of the stimula-

tion(McCreery et al., 1997).

The demand for stable and efficient neural interfaces drives the development of novel materials such as the

conducting polymer coating PEDOT/CNT. Its nano-fibrous surface topography drastically increases the

electrochemical surface area of its underlying substrate which results in muchmore efficient charge transfer

compared to traditional metals. Our laboratory has previously demonstrated that PEDOT/CNTs electro-

chemically polymerized on platinum substrates resulted in a high charge injection limit of (2.5 mC/cm2 us-

ing �0.6V as cathodic water window), high charge storage capacity (�61.4 mC/cm2), and low impedances

at 1 kHz (3-7 kOhm). The PEDOT/CNT coating remained stable after three months of soaking in PBS with

continuous electrical stimulation using biphasic pulses between weeks 5-7 at 0.35 mC/cm2 at 50 Hz (Luo

et al., 2011). In vivo, PEDOT/CNT coated electrodes showed significantly lower impedances while inducing

significantly less neuronal death and inflammation compared to non-coated electrodes (Kolarcik et al.,

2014).

Traditionally, the characterization of efficacious electrical stimulation has been based on in vitro testing

(Kuramochi et al., 2006; Allahyari et al., 2016), histology (McCreery et al., 1988; Kolarcik et al., 2014), elec-

trophysiology (Bent et al., 2019; Obien et al., 2015; Takahashi et al., 2019), and behavioral assays (King et al.,

2019; Flesher et al., 2016). While these methods, respectively, provide unique information about the elec-

trical stimulation, they do not allow for direct visualizations of the electrode-tissue interface. Modern

imaging techniques and the rapidly developing genetic tools enable real-time observations of the elec-

trode-tissue interface. Two-photon imaging and mesoscale fluorescent microscopy afford us single-cell

and mesoscale interrogations of the brain, respectively. The ability to observe the interaction of the brain

with the implanted devices has shed new light on understanding how different cellular players and anatom-

ical features respond to electrical stimulation and the trauma induced by an implanted electrode device

(Stieger et al., 2020; Eles and Kozai, 2020; Eles et al., 2018; Chen et al., 2021; Eles et al., 2017; Wellman

and Kozai, 2018). (Kozai et al., 2012, 2016a; Welle et al., 2020; Xin et al., 2021).

The goal of this work is to investigate the longitudinal stimulation stability and efficiency of PEDOT/CNT

compared to IrOx using multiple modalities of characterization including in vivo imaging, electrophysi-

ology, and electrochemistry. We modified NeuroNexus planar arrays with PEDOT/CNT and IrOx, im-

planted them into the somatosensory cortex of GCaMP6s mice, and imaged cortical responses to electrical

stimulation for up to 12 weeks. To assess the health of the neurons, wemeasured spontaneous electrophys-

iology before each stimulation session. To assess the stability of the implanted electrodes, we collected

electrochemistry data. Results from this work will provide additional insight into the time course of the sta-

bility and efficiency of electrical stimulation using high-performing electrode materials.

RESULTS

Stability of stimulation efficiency and GCaMP response over 12 weeks

GCaMP mice were implanted with electrodes modified with PC and IrOx (Figure 1) Electrically evoked

neuronal activity from the implanted electrodes was measured via GCaMP fluorescence changes through

the cranial window over twelve weeks (Figure 2). To quantify the distance effect from the electrical stimu-

lation, GCaMP responses of neural elements within 100 mm were divided into 0-50 mm and 50-100 mm bins.
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The mesoscale GCaMP responses in terms of maximum GCaMP intensity (Figure 3A) and integrated

GCaMP intensities at distance bins 0-50 mm and 50-100 mm (Figure 3B and 3C) showed an overall corre-

sponding increase to increasing stimulation amplitudes over time. The overall GCaMP response intensity

(Figure 3a—C) was higher at early implantation periods (weeks 0, 1) relative to the sub-chronic implantation

period (weeks 4, 5), and then showed a trend of recovery up to 12 weeks. Likewise, the mesoscale GCaMP

response radius also increased with increasing stimulation amplitude. Different from trends observed with

GCaMP response intensity, there was an overall lower GCaMP response radius at early implantation pe-

riods (weeks 0,1) but recovered by the sub-chronic implantation period (weeks 4,5) and remained relatively

stable until week 12.

The longitudinal GCaMP responses were further analyzed to identify potential changes in the stability

of the stimulation. GCaMP responses as a function of stimulation amplitude for each time point were fitted

with linear regressions and we defined the stimulation efficiency to be the slopes of the fitting that showed

p values less than 0.05. Neural activation efficiency represents the discrete recruitment of the neural pop-

ulation for incremental changes in stimulation amplitude. For neural elements within 50 mm of the implant,

both electrodematerials exhibited a significant decline in neuronal activation intensity efficiency beginning

week 1 through week 6 for both materials accompanied by fluctuations and hints of recovery in weeks 7

through 12 for PC and IrOx-coated electrodes (Figure 4A). Neural elements within 50-100 mm of the center

of the electrode exhibited overall lower neural activation efficiency compared to neural elements within 0-

50 mm of the electrode. Additionally, there were significant declines in neuronal activation efficiency for

both materials, beginning as early as week 1 for IrOx coated electrodes and week 2 for PC coated elec-

trodes. However, unlike the 0-50 mm bin, PC coated electrode had a recovery in stimulation efficiency as

early as week 6, whereas IrOx coated electrodes saw a continued decline in neuronal activation efficiency

up to week 8 (Figure 4B). For both distance bins, there was no significant difference between material

coating types for neuronal activation efficiency. Radius efficiency represents the discrete change in the

extent of activation caused by incremental changes in stimulation amplitude. There was an overall signif-

icant change in radius efficiency over the study duration for both electrode materials. Both materials

showed a trend of increase in efficiency over the study duration (Figure 4C). There was no significant dif-

ference between the two materials in recruiting additional neurons.

To compare the absolute GCaMP responses activated by both materials in vivo, we obtained the ratio of

GCaMP responses activated by PC and IrOx coated electrodes. Ratios that are significantly higher

than one indicate a significant advantage of PC-coated electrodes over IrOx electrodes in activating

GCaMP responses. PC coated electrodes activated significantly higher GCaMP intensity within 0-50 mm

of the center of the electrode at weeks 0, 1, 4, 7, 10, 12 compared to IrOx coated electrodes.

Meanwhile, PC-coated electrodes activated significantly higher GCaMP intensity within 50-100 mm of

the center of the electrode for weeks 0, 1, 4, 6, 7, 10, 12 (Figure 4D). Furthermore, PC coated electrodes

stimulated larger radius of GCaMP responses compared to IrOx coated electrodes for weeks 0, 3, 4, 5, 6,

7, 10, 12 (Figure 4E).

Figure 1. Experimental setup

(A) Illustration of a GCaMP6 mouse implanted with a Neuronexus (NNX) electrode, connected to a stimulator with a

microscope objective above the head.

(B) Illustrated bird’s eye view and (C) side view of the craniotomy. The electrode is implanted at a 30-degree- angle into

the cortex, and the cranial window is sealed with a medical-grade elastomer and a clear cover glass. The electrode is

cemented in place using dental acrylic. The reference and ground wires are shorted to a stainless-steel screw implanted in

the contralateral hemisphere.
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Decrease in neuronal excitability over time

We performed electrical stimulations and imaged using two-photon microscopy (TPM) to gauge potential

changes in neuronal excitability. Threshold maps of GCaMP responses showed a trend of increase over

7 weeks (Figures 5A–5F). We fitted the strength-duration curves of electrode sites that were observable

with TPM for five mice and observed a qualitative increase in rheobase (Figure 5G) and a decrease in chron-

axie (Figure 5H) from week one to week 7.

Longitudinal electrophysiology and changes in electrode functions

We measured spontaneous spike signals before electrical stimulation to gauge the activity of the neurons

nearby the electrode sites (Figures 6A and B). There was an overall significant change in single unit count

per electrode for both materials. Additionally, there were significant decreases in single unit counts for

both materials. Specifically, this was observed at weeks 4, 5, 6, 7, 8, 10 for PC coated electrodes and weeks

6, 8, 10, 11for IrOx coated electrodes (Figure 6C). Furthermore, there was an overall significant change in

the amplitude of the largest unit recorded per array over the implant duration for both materials at week 5,

and week 11 for IrOx (Figure 6D). No significant differences were observed between the two materials

regarding single units and the amplitude of the largest units.

We observed dynamic changes in electrode functions over time (Figure 7). Fromweeks 0–8, the percentage

of electrode sites that were capable of stimulation and recording showed �20% fluctuation. A very small

fraction of electrodes showed no recording or stimulation capabilities. After week 8, most electrode sites

were capable of both stimulation and recording. The total number of electrode sites and distribution of

electrode functionality over participating mice are provided in Figure S2.

Figure 2. GCaMP responses over time

(A) Representative GCaMP responses to 30 mA stimulations from the same PC coated electrode site over 12 weeks.

(B) Representative GCaMP responses to 30 mA stimulations from the same IROX coated electrode site over 12 weeks. Color bars represent the Z score for

each pixel. Scale bar represents 600 mm.
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Longitudinal electrochemical measurements and equivalent circuit modeling

We used electrochemical methods to assess the in vivo stability of the electrode materials. Specifically, we

measured the electrical impedances of PC and IrOx coated electrodes and quantified the 1 kHz impedance

over time (Figure 8A). Among GCaMP response eliciting electrode sites (defined as stimulating elec-

trodes), both materials showed a significant increase in impedance starting at week 3 through week 12,

barring fluctuations. While there was no overall significant difference between PC and IrOx impedances,

PC coated electrode sites had significantly lower impedance at week 1, and qualitatively lower impedance

over the implantation period than IrOx coated electrodes (Figure 8B). For non-stimulating (stimulation that

did not elicit a reliable GCaMP response), there was no significant difference betweenmaterials (Figure 8C).

For stimulating sites, there were significant decreases in cathodic charge storage capacity (CSCc) for both

materials as early as week 3 and 5 for PC and IrOx coating, respectively (Figure 8E). For non-stimulating

electrodes, there was a reduction in CSCc as early as week 3 for IrOx coated sites (compared to week 1),

which showed fluctuations throughout the implantation period. Reduction in non-stimulating PC coated

electrode sites occurred as early as week 2 (compared to week 1). Non-stimulating PC-coated electrodes

showed significantly lowered CSCc compared to IrOx throughout the implantation period (Figure 8F).

Voltage excursions of both electrode material types saw increases in amplitude between day 1 and

week 12 (Figure 8G). For stimulating electrodes, PC coated sites showed overall significantly lower energy

consumption compared to IrOx coated electrode sites. For both materials, there were significant fluctua-

tions in energy consumption within the first 3 weeks of electrode implant followed by a stable significant

increase in energy consumption with minor fluctuation through week 12 (Figure 8H). For non-stimulating

electrodes, while there were no significant changes for IrOx, there was a significant increase in energy

for PC coated sites at weeks 8 and 10 compared to week 1 (Figure 8I).

Figure 3. Quantification of GCaMP response over time

(A) Maximum GCaMP response Z score as a function of stimulation amplitude for PC and IrOx coated electrodes.

(B and C) Integrated GCaMP response as a function of stimulation amplitude by PC coated electrodes for bins 0-50 mm

and 50-100 mm, respectively.

(D and E) Integrated GCaMP response as a function of stimulation amplitude by IrOx coated electrodes for bins 0-50 mm

and 50-100 mm, respectively.

(F) GCaMP response radius as a function of stimulation amplitude for PC and IrOx coated electrodes. For all images,

shaded regions represent the SEM. n = 31–86 electrode sites across 4-11 mice over twelve weeks, for each electrode

material. Different colors represent different weeks after implantation and are denoted in (e).
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To understand the dynamic changes in the electrode-tissue interface over time, we performed curve fitting

of the full spectrum electrochemical impedance spectroscopy to an equivalent circuit model developed by

Bisquert et al. (2000) (Figures 9A and 9B) and used by Alba et al. to model electrodes coated with PEDOT/

CNT/Dex (Alba et al., 2015). The model consists of a resistive bulk tissue component (Rser), an encapsula-

tion and electrode coating component (Zd), and the solid portion of the electrode (parallel circuit made of

Rct and CPE). Specifically, the Zd circuit consists of a double-channel transmission line distributed element

which represents a superposition between a solid and a liquid continuum, or in other words, the tissue

encapsulation, and the porous region of the electrode coating, extending from the electrode surface

with thickness L. The equation representing Zd is expressed as follows:

Zd =
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where r0 is the resistance per unit length (ohm cm�1) of the electrolyte fluid, r1 is the charge transfer resis-

tance length (ohm cm) of the electrolyte/solid interface, and q1 is the coefficient of the interface CPE per

unit length (F sa�1 cm�1). 6 is the angular frequency (rad s�1) and i =
ffiffiffiffiffiffiffiffi� 1

p
. For fitting purposes, L is

equated to 1, which results in R0 being the total resistance of the electrolyte phase and represents the re-

striction to ionic motion within the pores of the coating, and R1 and Q1 represent the total charge transfer

resistance and CPE capacitance of the electrolyte/conducting polymer boundary with a representing the

Figure 4. Quantification of stimulation stability

(A) Neuronal activation efficiency determined by the integrated GCaMP response per mA for PC and IrOx coated elec-

trodes over time for neuronal elements within 0-50 mm and (B) 50- 100 mm away from the center of the electrode.

(C) Efficiency for the radius of activation determined by mm/mA for PC and IrOx coated electrodes. For (a-c), error bars

represent the SEM. Asterisks denote comparisons for each time point to week 0. *p < 0.05, **p < 0.01, ***p < 0.001,

****p < 0.0001.

(D) The ratio of integrated GCaMP intensity (PC sites normalized to its adjacent IrOx sites) over time for neural elements

between 0 and 50 mm (black) and 50-100 mm (red). The dashed line represents a reference to equality between the two

materials.

(E) The ratio of GCaMP radius (PC sites/IrOx sites) over time. The dashed line represents a reference to equality between

the two materials. For (d,e), error bars represent the SEM of the ratios between stimulating PC and IrOx for nine stimu-

lation amplitudes (20- 60 mA). Red and black asterisks denote where ratios are significantly above 1 (equal). *p < 0.05,

**p < 0.01, ***p < 0.001, ****p < 0.0001.

(F) The number of mice and the total number of electrode sites analyzed for figures (a–e).
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CPE exponential parameter. This equivalent model is a good representation of the electrode-tissue

interface for both PC and IrOx as indicated in the representative fitting for day 1 and week 8 after electrode

implantation (Figures 9C–9F). This model can accurately depict the resistive behavior at high frequencies of

the PC coating and the influence of double-layer capacitance for both materials at lower frequencies over

time. Electrolyte resistance (r0) for PC exhibited dynamic changes from week to week within the first two

weeks. The increase in electrolyte resistance at week 2 is likely contributed by the accumulation of cells

and proteins that could fill the pores of the PC coating. After week 2, electrical stimulation from week to

week may result in a variable amount of tissue within the PC film, resulting in variable electrolyte resistance.

Meanwhile, the electrolyte resistance for IrOx exhibited no statistically significant change over time. This

can be largely attributed to the dramatically smoother surface topography and smaller pore size within

the IrOx film compared to the PC coating such that most of the electrolyte resistance is influenced by

the tissues encapsulating the electrodes. However, there was an overall significantly lower electrolyte resis-

tance within the PC Zd component compared to IrOx (Figure 9G) due to the higher electrochemical

surface area from the nano-fibrous surface topography of PC compared to IrOx sites. This provided ions

ample room to diffuse across. PC coated electrodes exhibited overall significantly lower electrolyte resis-

tance compared to IrOx coated electrodes. The capacity coefficient (Q1) of the Zd component for PC

coated electrodes showed a significant increase on day 1 compared to the day of surgery. While there

was no significant difference between material types, day 1 Q1 of PC coated electrodes was significantly

higher than that of IrOx coated electrodes (Figure 9H). The CPE coefficient remained stable with no signif-

icant changes over time and between electrode materials (Figure 9J).

Figure 5. Two-photon microscopies of neuronal excitability over time

(A–C) Representativemaps of threshold current (100ms pulse width) for neural activation fromweeks 1-3 for mouse 1. Black

and white dashed circles represent electrode positions.

(D–F) Maps of threshold current for neural activation from weeks 5–7 for mouse 2, from the same electrodeposition as

mouse 1. Black and white dashed circles indicate electrode positions. Scale bar represents 100 mm.

(G) Example strength-duration curve from mouse 1. Black trace represents experimental data and red trace represents

model fit. Arrows point to rheobase and chronaxie, respectively.

(H) Trends of rheobase and (I) chronaxie of neural elements within 50 mm of the center of the electrodes over time.

Symbols represent individual data points from 5 mice where the colors represent different mice. Solid squares represent

IrOx sites and solid triangles represent PC sites.
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Stimulation induced changes in electrophysiology and impedance

In this study, we observed incidences of the ictal phenomenon, many of which were followed by cortical

spreading depression (CSD) during microstimulation. These events manifested in the abnormally high

GCaMP response magnitude and response rate to stimulation compared to normal GCaMP response.

The current amplitude for the occurrences of ictal phenomena ranged between 40 mA and 60 mA while

the current for the occurrences of CSDs ranged between 45 mA and 60 mA. (Figures 10A and 10B). Of these

mice that exhibited abnormal neurological events during microstimulation, there was a significant decline

in neural recording performances in terms of the number of units per channel (Figure 10C) and amplitude of

the largest unit per channel (Figure 10D) for both materials in the 2 min immediately following a stimulation

session. Accompanying this was a drastic reduction in the number of electrode sites that were recording

neural signals (Figure 10E). The significant reduction in recording performance post-stimulation was likely

due to the increased overall metabolic demand from the acute injury in the environment resulting in

reduced neuronal activity after electrical stimulation. For both electrode materials, there were significant

decreases post-stimulation in the 1 kHz impedance (Figures 10F and 10G). Particularly for PC coated

electrodes, there was a significant decrease in the electrolyte resistance across the Zd component after

electrical stimulation, but no significant change was detected for IrOx coated electrodes (Figures 10H

and 10I).

Explant investigation

To examine the effects of chronic implantation and electrical stimulation on the electrode arrays. We ex-

planted functional arrays of two mice after 12 weeks of implantation. Both the 4x4 type and the linear array

exhibited various levels of material degradation. Using bright field microscopy, we could observe the black

appearance characteristic of the PC coatings. However, for the linear array, the black appearance of PC

coatings was not apparent for superficial electrode sites (Figures 11A and 11B). The 12-week implantation

Figure 6. Electrophysiology over time

(A) Representative traces of isolated single units from an electrode site with corresponding histograms of inter-spike

intervals and (b) the first two principal components for each unit in the PCA space (screen captures from Offline Sorter).

252 mV indicates the amplitude range for the waveform view. (C) Quantification of the number of single units over time.

(D) The amplitude of the largest unit for all recording electrode sites. Error bars represent the SEM of electrode sites from

a total of 10 mice over time for each electrode material. Electrode sample sizes over time are reported in Figure S1.

*p < 0.05 **p < 0.01, ****p < 0.0001.
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and stimulation in vivo resulted in a trend of increased electrical impedance for both materials. But due

to the variability between electrode sites for each material in the explanted scenario, the increase in

impedance was not statistically significant. Additionally, the impedances of PC-coated electrodes were

significantly lower than IrOx coatings in both the pre-implant and explanted measurements (Figure 11C).

Furthermore, the CSCc for both materials showed a significant decrease in explant compared to pre-

implant (Figure 11D). Moreover, there was a significant reduction in charge injection limit for PC coated

electrode sites explant compared to pre-implant (Figure 11E). We examined the surface features of the ex-

planted arrays using SEM and observed varying levels of material degradation and tissue adherence for

both materials. While some PC sites remained intact over the implant duration, others exhibited features

of partial or complete delamination accompanied by tissue encapsulation on the coating material

(Figure 11F). Similarly, IrOx sites have exhibited complete or partial delamination or cracking while others

remained intact. IrOx degradations were also accompanied by encapsulation that was resistant to our enzy-

matic treatment (Figure 11G).

DISCUSSION

The development of modern imaging techniques and transgenic tools enables observations of neural dy-

namics to electrical stimulations in real-time. In this work, we conducted a longitudinal study on the stability

of electrical stimulation performance of two high-charge-injection materials, PC and IrOx. Using

NeuroNexus arrays modified with PC and IrOx on alternating sites, we stimulated the somatosensory cor-

tex of GCaMP6s mice for up to twelve weeks using both mesoscale fluorescence imaging and up to seven

weeks using two-photon imaging. Meanwhile, we measured electrophysiological and obtained electro-

chemical signatures of PC and IrOx coated electrodes over time.

Fluctuations in stimulation efficiency revealed through in vivo imaging

We quantified the stability of electrical stimulation using activated GCaMP responses in terms of (1)

stimulation efficiencies for each electrode material, i.e., the neuronal activation efficiency and the radius

efficiency (Figures 4A–4C), and (2) the ratio of the GCaMP activation magnitude between the two materials

(Figures 4D and 4E). We defined two zones for the quantification of neuronal activation efficiency, 0-50 mm

and 50-100 mm. In the acute injury phase (weeks 0–2) we observed a significant decline in neuronal activa-

tion efficiency in 0-50 mm and 50 -100 mm for both materials. The transient decrease in stimulation efficiency

after day one may stem from changes in the neuronal network excitability immediately after the implanta-

tion of an electrode which heightened the neuronal response to electrical stimulation on day 1 such that

increases in stimulation amplitude resulted in little increases in GCaMP responses. Here, the GCaMP fluo-

rescent signal is an ultrasensitive indicator of action potential events (Chen et al., 2013). Borrowing evi-

dence from mild traumatic brain injury brain slice patch-clamp studies, in acutely injured tissue, both the

intact and axotomized neurons exhibited significantly higher action potentials (AP) compared to neurons

Figure 7. Functions of electrode sites over time

Colors represent electrode functions separated by their ability to stimulate GCaMP responses and/or record neural

signals. Data combine both electrode materials. The total number of electrode sites and distribution of electrode

functionality over participating mice are provided in Figure S2.
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in the un-injured tissues. By 48 hours post-injury, axotomized neurons continued to have high action poten-

tial amplitude, whereas the APs in intact neurons recovered compared to neurons in the un-injured tissue.

The changes in AP amplitude have been thought to be attributed to various factors such as possible

changes in the densities of Na + channels or the K+ ATPase pumps after injury; however, a consensus

has not yet been reached regarding the specific mechanism (Katz et al., 2018) (Greer et al., 2012). The

severing of network connections due to the acute electrode implantation likely caused axonal injury

near the electrode, preventing the efficient recruitment of distant neural elements.

We saw significantly lower neuronal activation efficiency for both materials from week 2 to week 8 for both

electrodematerials compared to week 0 barring fluctuations for PC at week 7. We saw a gradual recovery in

Figure 8. Electrochemistry measurements over time

(A) Full-spectrum impedance modulus for electrode sites coated with PC and IrOx for (left) day 1 (right) week 12.

(B) Impedance modulus at 1 kHz for PC and IrOx coated electrodes that elicited GCaMP responses (stim).

(C) Impedance modulus at 1 kHz for PC and IrOx coated electrodes that did not elicit GCaMP responses (non-stim). For (b,c) Carets (^) denote significant

difference between material types. Error bars represent the SEM of electrode sites over a total of 11 mice. Electrode sample sizes overtime reported in

Figure S3A.

(D) Representative traces of in vivo cyclic voltammetry for electrode sites coated with PC and IrOx for day 1(left) and week 12 (right).

(E) Cathodic charge storage capacity for PC and IrOx coated electrodes that elicited GCaMP responses (stim.) (F) Cathodic charge storage capacity for PC

and IrOx coated electrodes that did not elicit GCaMP responses (non-stim.). For (E and F) Carets (^) denote significant differences between material types.

Error bars represent the SEM of electrode sites from eight mice. Electrode sample sizes over time for both materials are reported in Figure S3B.

(G) Representative traces of voltage excursion from electrodes coated with PC and IrOx on (left) day 1 and (right) week 12.

(H) The energy delivered from stimulating electrodes coated with PC and IrOx over time, Carets (^) denotes significant difference between material types.

(I) Energy delivered from non-stimulating electrodes coated with PC and IrOx over time. For (G and H) error bars represent the SEM of electrode sites from 9

mice. Electrode sample sizes over time for both materials are reported in Figure S3C. In all cases, *p < 0.05, **p < 0.01, ***p < 0.0001, ****p < 0.00001.

^ p < 0.05, ^^^p < 0.0001. Unless otherwise denotes, asterisks in (b,e,h) denote comparisons with week 0. Asterisks in (c,f, i) denote comparisons with week

1, due to the lack of sample size at week 0 for non-stimulating electrodes for statistical comparison. Blue traces represent PC and black traces represent IrOx.

ll
OPEN ACCESS

10 iScience 25, 104539, July 15, 2022

iScience
Article



radius efficiency for both materials over the implant duration, and this may be caused by the initial axonal

injury followed by its subsequent regeneration(Figure 4C)

In our previous study (Zheng et al., 2021b), we concluded that PC coated electrodes activate significantly

more intense and broader GCaMP responses compared to IrOx coated electrodes acutely. Herein we con-

ducted a longitudinal experiment to investigate if the advantage of the PC coated electrodes in efficient

neural stimulation sustains chronically. Same as comparisons made in our previous work, to account for

the heterogeneous GCaMP expression and neuronal densities across the cortical depth, we obtained

the ratio of the GCaMP response between PC and their IrOx counterparts. We observed significantly higher

integrated GCaMP intensity activated by PC coated electrodes compared to IrOx coated electrodes within

50 mm of the at many time points over the implantation period (Figure 4D). However, at weeks 2 - 3, there

Figure 9. Equivalent circuit modeling

(A) Diagram of an equivalent circuit model representing the electrode-tissue interface. Rser represents the resistivity of the bulk tissue. Zd is a diffusion

impedance element representing the porous continuum between the tissue encapsulation through the electrode coating. Rct represents the faradaic

charge transfer resistance of the solid portion of the electrode, and CPE represents the double-layer capacitance of the solid portion of the electrode.

(B) Details of the Zd circuit, where r0 is the electrolyte resistance (ohm cm�1) through the pores of the electrode coating and the encapsulation, and r1 is the

charge transfer resistance length (ohm cm). q1 is a CPE representing the electrolyte/conducting polymer boundary. (c,d) Representative fitting for a PC and

an IrOx electrode on day 1.

(E and F) Representative fitting for a PC and an IrOx electrode at week 8.

(G) Electrolyte resistance (r0) over time. PC coated electrodes had overall significantly lower electrolyte resistance compared to IrOx coated electrodes.

*p < 0.05.

(H) Capacity coefficient Q1 for the q1 CPE element in (B). There was a significant reduction in the capacity coefficient for PC coated electrodes in weeks 1–5

compared to week 0.

(I) CPE exponential, a, of the Zd circuit. (n = 6–32 PC and n = 13–30 IrOx electrode sites from 5 to 9 mice chronically surviving mice).
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was no significant difference between electrode materials in the magnitude of the integrated GCaMP re-

sponses. This is likely due to (1) the significantly reduced neural elements within 50 mm coupled with (2) the

infiltrating inflammatory macrophages and initiation of astrocyte activity in weeks 2 and 3 potentially filling

in the pores of the PC coating, which increased the electrolyte resistance of the PC coated electrodes at

week 2 (Figure 9G), overriding the benefit the PC coating provides. As the interface recovers with re-estab-

lished axonal connections along with refreshed PC coating pores after electrical stimulation, the benefit of

the PC coating re-emerged. Another potential explanation of PC coatings regaining its higher stimulation

efficiency may be supported by evidence in the literature, wherein carbon nanotubes have been demon-

strated to support neurite outgrowth (Matsumoto et al., 2010), neuronal health, and reducing

inflammation (Kolarcik et al., 2014). We observed non-significant but qualitatively higher integrated

GCaMP intensity stimulated by PC coated electrodes in 50-100 mm throughout the implantation period

(Figure 4D) compared to the 0-50 mm bin, likely due to (1) higher neural element survival farther away

from the implant location (Campbell and Wu, 2018; Azemi et al., 2011), and (2) PC coated electrodes stim-

ulating larger activation radius compared to IrOx coated electrodes. Meanwhile, PC coated electrodes

activated a significantly larger radius of neural elements compared to IrOx over the implantation period

except for weeks one and two where there were degenerating axons from the insertion of the electrode.

As new connections formed, additional neurons were recruited, and the benefit of the PC coating re-

emerged (Figures 4C and 4E). Using TPM, we examined the excitability of five mice with the same prepa-

ration. We quantified excitability in terms of the rheobase of neural elements within 50 mmof the electrode.

Figure 10. Observation of abnormal cortical events during microstimulation

(A) Current for the onset of ictal phenomenon for four mice over 12 weeks.

(B) Current for the onset of cortical spreading depression for four mice over 12 weeks.

(C) The number of single units before and after electrical stimulation for PC and IrOx coated arrays for mice that showed cortical spreading depression (D)

Amplitude of largest unit on the array before and after stimulation for mice that showed cortical spreading depression.

(E) The number of electrode sites that were recording neural spikes before and after stimulation over time (N = 5 chronically surviving mice).

(F and G) The impedance at 1 kHz before and after electrical stimulation. n = 8 sites for each electrode material. ****p < 0.0001. N = 1 mouse (no CSD).

(H and I) electrolyte resistance across the Zd diffusion layer (r0) for PC and IrOx coated electrodes, respectively. n = 3–7 electrodes that showed adequate

model fit over time for PC and n = 4–8 for IrOx. N = 1 mouse (no CSD). Error bars represent the SEM. *p < 0.05. See also Video S1.
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There was a qualitative increase in rheobase and a decrease in chronaxie from week one to week 7, sug-

gesting a decrease in excitability for neural elements in this region. Supporting this observation, the Purcell

group has performed ex vivo studies on quantifying the expressions of ion channels involved in neuronal

signal transduction, they have found a progressive increase in potassium channel expression and a reduc-

tion in sodium channel expression that accompanied a 6-week signal loss in terms of local field potentials

and the number of single units, changes in these ion channel expressions have been shown to reduce the

excitability of neurons (Salatino et al., 2019). Accordingly, we have also observed a decline in neuronal

signals within this period (Figure 6).

Longitudinal changes in electrophysiological measurements

Recordings of spontaneous spike activity showed an overall significant decline in single-unit counts and the

amplitude of the largest unit for both materials. However, there was no significant decline in neural

recording performance for either material within 2 weeks after implantation as observed in the stimulation

efficiency investigation. This observationmay be explained by the differingmechanisms in neural recording

and stimulation. In neural recording, the signals were more likely to be coming from the cell soma, whereas

stimulation is initiated at the axons. As previously characterized in our laboratory, the implantation of an

electrode into the neural tissue asserts mechanical strains on the neuronal somas, which increases the intra-

cellular calcium levels, but more aggressively severs the axons and neurites perpendicular to the path of the

electrode insertion. This results in acute neurite ‘‘blebbing,’’ which are swollen, hypertrophic spherical

bodies that develop along neurites following trauma (Eles et al., 2018). Sustained high levels of intracellular

calcium and axonal blebbing have been reported to promote neural degeneration and the loss of synaptic

connectivity. The loss of synaptic connectivity prevents the additional recruitment of distant neurons with

electrical stimulation but may not change the spontaneous activity of intact neurons nearby the electrode.

We observed a more gradual decline in neural recording performance in both electrode materials, and we

Figure 11. Explant analysis

(A and B) optical micrographs of four-shank and single shank arrays coated with PC and IrOx.

(C) The impedance at 1 kHz of electrodes coated with PC and IrOx as pre implants and explants. *p < 0.05.

(D) Cathodic charge storage capacity of electrodes coated with PC and IrOx as pre-implants and explants. **p < 0.01, ***p < 0.001.

(E) Charge injection limit of electrodes coated with PC and IrOx as pre-implants and explants. ****p < 0.00001. Error bars are SEM of n = 16 PC coated and n =

13 IrOx coated functional sites over two electrode arrays.

(F) SEM of an explanted PC electrode. Inset shows a magnified view of the explanted surface. Note evidence of coating delamination and tissue adherence

on the surface of the electrode site.

(G) SEM of an explanted IrOx electrode. Inset shows a magnified view of the explanted surface. Note evidence of cracking in the IrOx thin film and tissue

coverage on the surface of the electrode.
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attribute this observation to (1) the gradual buildup of the glial scar around the electrode sites, and (2) the

continuous neural degeneration near the electrode due to persistent blood barrier disruption triggering

additional inflammations that lead to neuronal death because of micro-motion, respiration, and animal

movements. It is worth noting the potential differences between a passive interface (recording only) and

an active interface (stimulating and recording). It is acknowledged that electrophysiological data from

passively recording electrodes decline over the first three months (Kozai et al., 2015b). Where scarring

may have the potential to build over time reducing recording quality in terms of the number of units as

well as unit amplitudes. On the other hand, a stimulating electrode-tissue interface may become less pre-

dictable due to potential changes in the interface induced by passing electrical currents which have the

potential to create openings in the glial scar, resulting in decreased electrical impedance and electrolyte

resistance (Figures 10F–10H).

We surveyed electrode functions in their abilities to stimulate and record neural activity and found

fluctuations in electrode functions over time. While a large fraction of electrode sites was capable of

both stimulation and recording, a small fraction of electrodes could only stimulate or record neural ac-

tivity. Electrodes that were only stimulating may be distant from a neuronal soma but close enough to an

axon hillock for initiation of action potential. Electrodes that are only recorded may have undergone ma-

terial degradation that prohibits the injection of sufficient charge to reach the threshold of neural acti-

vation. Electrode sites that failed to stimulate and record neural activities are likely sites that were super-

ficial or sites whose traces disconnected due to failure under mechanical strain in vivo (Kozai et al.,

2015a).

PC is a more energy-efficient material for chronic stimulation

We performed comprehensive in vivo electrochemical measurements of both electrode materials chron-

ically and observed distinct differences in the electrochemical features of electrodes that activated

GCaMP responses versus electrodes that did not. Specifically, stimulating PC electrodes showed signif-

icantly lower impedance at 1 kHz in the acute phase and significantly lower delivered energy throughout

the implantation period compared to IrOx electrodes. On the other hand, there were no significant dif-

ferences in impedance and delivered energy between the two electrode materials for non-stimulating

electrode sites. For both stimulating and non-stimulating electrodes, the CSCc, in general, is slightly

higher in IrOx than PC, which is consistent with their starting values measured in vitro. Specifically,

when normalized by the geometric surface area the CSCc for PC and IrOx sites were 21.12 G 0.3 and

25.1 G 1.9, respectively (Zheng et al., 2021b). For the same stimulating material, we observed that

non-stimulating PC electrodes tend to exhibit lowered CSCc and relatively higher delivered energy

compared to stimulating PC electrodes. The lowered CSCc and increased delivered energy were likely

due to potential changes in the PC coating, especially in some superficial sites. The superficial electrode

sites not only need to endure the mechanical stress imposed by brain micro-motion and drastic animal

movements but there are also additional shear forces on the electrode material as the electrode fluctu-

ates in and out of the brain parenchyma, likely overcoming the adhesion force of the PC coating with the

iridium substrate, resulting in a faster electrode material degradation. Explant investigations showed that

many PC coating delaminations, indeed, occurred on superficial sites in the linear array. No location-spe-

cific material degradation was observed in multi-shank arrays as all sites are well below the brain bound-

ary. The degree of material degradation is less in IrOx coated superficial sites possibility due to its

smoother surface topography which reduces its friction with the brain tissue, preventing catastrophic

delamination.

Nevertheless, comprehensive electrochemical measurements of both electrode materials suggest that PC

is a better candidate for higher energy-efficient stimulation compared to IrOx. This is supported by (1) the

significantly lower electrical impedances at 1 kHz for stimulating electrodes over the acute phase of the

implant compared to IrOx (Figure 8B) and (2) significantly lowered electrode potential (energy) from PC

coated stimulating electrodes over the 12 weeks (Figure 8J). These features will reduce the power con-

sumption in chronically implanted pulse generators, reducing the frequency of battery replacement

surgeries.

Abnormal cortical events to electrical microstimulation

In this study, we observed numerous ictal phenomena during microstimulation. These events manifested

in the abnormally high GCaMP response magnitude and response rate to stimulation compared to
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normal GCaMP responses. Some cases of the ictal phenomenon were followed by cortical spreading de-

pressions marked by sweeping calcium events across the cortical surface and silencing of the cortex, last-

ing up to a minute, with the gradual but eventual recovery of spontaneous calcium activity (Video S1, Ictal

phenomenon, related to Figure 10). While we have no definitive answer to the exact mechanism for which

these incidences occurred, there are several potential explanations. In seizure research, electrical

kindling is used as a tool to reliably initiate seizure activity in animal models which was first proposed

by Goddard et al. (Goddard, 1967). The kindling is induced by repeated stimulation that evokes afterdi-

scharges (AD), which are high amplitude, rhythmic activities observed in the electrocorticogram (EEG),

outlasting the stimulus train (Grabenstatter and Sutula, 2009), these EEG activities can be inferred with

GCaMP signals in our study. The parameters for electric kindling typically consist of trains of pulses

1-2 s in duration, 1 ms in pulse width, and 25–150 Hz in frequency (Yoo et al., 2017). The current threshold

for kindling is determined by increasing stimulation amplitude in small increments until AD occurs, which

can vary between animals and animal models (Jalilifar et al., 2017). While the mechanical trauma intro-

duced by the insertion of an electrode could contribute to the onset of CSDs, as revealed in our previous

investigation (Eles et al., 2018). It is unlikely that the chronic presence of the electrode promoted the

occurrence of CSDs in our study because they were only linked to electrical stimulations above 40 mA

(or 4 nC/ph Figures 10A and 10B). Also supporting this claim, Cela et al. reliably triggered epilepsy in

layers II/III using optogenetics (Cela et al., 2019). The occurrence of CSDs could be due to repeated

neuronal depolarizations which could increase the extracellular glutamate and potassium concentrations

to cytotoxic levels, increasing the likelihood of epilepsy (Cho, 2013). In our study, the neuronal suppres-

sion after CSDs were reversible; while the number of units and the amplitude of the units significantly

declined after electrical stimulation, these metrics showed improvement before electrical stimulation

the following week (Figure 10C and 10D). While these kindling events only occurred in a subset of our

subjects, the delivered charge per phase, duty cycle, and stimulation frequency is in the range of values

used in other animal models and human studies, calling for further studies to investigate if they cause any

permanent neural damage and ways to avoid them (Flesher et al., 2016; Kim et al., 2017; Deprez et al.,

2018; Huang et al., 2019; Yadav et al., 2020).

In summary, modern imaging techniques and transgenic tools enable observations of neural dynamics to

electrical stimulations in real-time. Herein, we chronically stimulated the cortex of GCaMP6smice using two

high-charge-injection materials, PC and IrOx, for up to 12 weeks. We observed dynamic changes in stim-

ulation efficiency in terms of integrated GCaMP intensity and radius per unit stimulation amplitude. Using

TPM, we evaluated the excitability of neural elements within 50 mm of the electrode and observed a qual-

itative increase in the rheobase over 7 weeks, indicating qualitative decreased excitability within the first

50 mm of the electrode center. Spontaneous electrophysiology showed a significant decline in neural spike

unit count and amplitude over time for both materials. Electrochemical measurements suggest that PC

coated electrodes are more energy-efficient at stimulating GCaMP responses compared to IrOx coated

electrodes, chronically. Furthermore, we observed abnormal cortical responses to stimulations within

the charge injection limit of both electrode materials in a subset of chronically surviving mice, providing

new evidence for the potential adverse effects of widely used intracortical stimulation paradigms. Results

from this study not only revealed the dynamic changes in stimulation efficiency after implantation but also

reiterates the tremendous potential for PC to be used for high-efficiency chronic stimulations in

neuromodulation.

Limitations of the study

Due to complications associated with chronic cranial window prep in mice, it is challenging to image

consistently from the same electrode sites using TPM. Therefore, the data presented in Figure 5 are a

qualitative analysis of a cumulative view of mice from which we were able to observe the electrode-tissue

interface. The cranial window clarity could be better improved using special sealants (Kozai et al., 2016b)

and micro prisms (Yang et al., 2021). As observed in Figures 4F and Table S1 stimulation was skipped in

some cases due to a few mice needing additional recovery after the surgery or instrumentation-related

issues. However, our stimulation paradigm is mild compared to what is conducted clinically and should

not have significant effects that last until the next week. In our study, we used GCaMP activation area via

PC and IrOx to demonstrate the different efficiencies between the materials. An alternative explanation

to the observed efficiency differences could be due to the formation of new connections in cortical neu-

ral circuits due to different levels of neuroplasticity in the presence of different electrode coatings. A po-

tential approach to investigate the potential strengthening in neuronal connections upon repeated
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stimulation may employ the use of in vitro cell culture. Wherein, primary neurons may be cultured on the

surface of electrodes of different coatings where electrical stimulation is delivered periodically. To assess

the strengthening or weakening of synaptic connections, one might compare the postsynaptic potential

to the same presynaptic input over time with and without electrical stimulation. Moreover, as revealed by

explant analyses, there were cases of electrode material failure such as cracking and delamination.

Before implantation, in vitro characterizations of the charge injection limit of both electrode materials

indicated that our maximum current amplitude 6 nC/ph was below the �0.6V hydrolysis window for

both electrode materials. Material degradation will inherently reduce the effective surface area for stim-

ulation and reduce the charge injection limit. However, using our stimulation paradigm, we did not

observe overt signs of gas evolution as observed in using electrode rejuvenation protocols (monopolar

4s + 1.5V (Eles et al., 2018)). Improvement in the adhesion of the coating material with its underlying sub-

strate will likely result in a more stable stimulation efficiency for both materials (Zheng et al., 2021a).

Additionally, the stimulation intensity, frequency, and duty cycle in this study were applied weekly, which

is mild compared to some clinical application conditions where electrical stimulations may be required

24 h a day. To determine if PC shows continuous stimulation benefit compared to IrOx coated elec-

trodes, more aggressive in vivo stimulation experiments should be performed. While we have demon-

strated PC to be more efficient the results of this study do not provide a clear answer for if and how

the increased efficiency translates to changes in neural functions and rehabilitation. Additional investiga-

tions of electrical stimulation efficiency should pair in vivo imaging with behavior for a comprehensive

evaluation. Furthermore, the authors acknowledge potential limitations to the semi-manual spike sorting

used here. However, the sorting method here (k-means clustering followed by the inspection of sorting

result) was used consistently across all analyses from the same researcher without prior knowledge of

electrode mapping and hence coating type. In future studies, we will employ a fully automated sorting

method that utilizes a battery of spike quality metrics including L-ratio (Buccino et al., 2020). Finally, our

study was limited to observing the activities of neural elements only with no additional histological anal-

ysis (due to complications with extracting the probes). To further understand the stimulating interface,

additional cellular and molecular analysis may be used to understand the behavior of non-neuronal cells

such as microglia, astrocytes, oligodendrocytes, and pericytes, in conjunction with neural element labels.
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RESOURCE AVAILABILITY

Lead contact

Further information should be directed to the lead contact, Tracy Cui (xic11@pitt.edu).

Materials availability

No new reagents were developed in this study.

Data and code availability

d Original data reported in this paper will be provided upon request by the lead contact.

d This paper reports no original code.

d Any additional information required to reanalyze the data reported in the paper is available from the lead

contact upon request.

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Phosphate Buffered Saline Fisher BioReagents BP3994

3,4-Ethylenedioxythiophene Sigma 483028-10G

Multi-Walled Carbon nanotubes Cheap Tubes 030106

Biological samples

Hemizygous for Tg(Thy1-GCaMP6s)

GP4.3Dkim

Jackson Laboratories 24275

Software and algorithms

MetaMorph Molecular Devices RRID: SCR_002368

MATLAB MathWorks RRID: SCR_001622

PRISM GraphPad 8 GraphPad RRID: SCR_002798

Offline Sorter v3. Plexon RRID: SCR_000012

NOVA 2.0 Metrohm N/A

Other

Ripple Grapevine System Ripple Neuro Nano2+Stim

Widefield fluorescence macroscope Olympus MVX-10

Scanning Electron Microscopy JOEL JSM 6335F

Two-photon system Bruker Ultima IV

Ultra-fast laser Newport Spectra-Physics Insight X3

Water immersion Lense Nikon 16x0.8 NA

Autolab Potentiostat Metrohm PGSTAT128N

DAQ board National Instruments PCI-6601

Microelectrodes NeuroNexus A1x16- 5mm-703um2- 50um -CM16LP; A4x4-

3mm-100-125-703-CM16LP
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Electrode modification

Two styles of microelectrode arrays were used in this study. Four-shank probes have 4x4 iridium electrode-

s(A4x4-3mm-100-125-703), 3 mm long with a 125 mm shank pitch, 100 mm site spacing, and 703 mm2site

sizes. Single-shank (A1x16-3mm-100-703) probes have 16 electrodes of the same material and size with a

site spacing of 50 mm. Before electrode surface modification each electrode site was cleaned with isopro-

panol and rinsed with deionized water. Activation of iridium was done by delivering voltage-controlled

biphasic pulses from �0.8 V to 0.9 V at a 50% duty cycle for 3200s for each site to maximize charge storage

capacity. PEDOT/CNT was prepared in 0.02M EDOT and 2mg/mL of acid functionalized carbon nanotubes

(CNTs) using chronocoulometry using our published protocols (Luo et al., 2011). To enable comparison be-

tween the two materials, the authors made every effort to ensure that the in vitro charge storage capacity

between the two coating types showed similar values by tuning the IrOx activation parameter. These

in vitro characterizations were reported in (Zheng et al., 2021b), where we reported the stimulation perfor-

mance between the two materials in acute experiments. Specifically, when normalized by the geometric

area, the charge storage capacity for PC sites 21.12 G 0.3 and CSC for IrOx sites were 25.1 G 1.9 (Zheng

et al., 2021b). To enable within-subject comparison in vivo, the PC and IrOx coatings were placed on

alternating sites for both electrode styles, photos of setup and electrode configurations are detailed in

our previous report (Zheng et al., 2021b).

Animal surgery

All animal work was carried out under the guidelines of the University of Pittsburgh, Institutional Animal

Care and Use Committee (IACUC, protocol number 21028691, PHS Assurance Number: D16-00118).

Male GCaMP6s mice (age 7-12 weeks), C57BL/6J-Tg (Thy1-GCaMP6s) GP4.5Dkim/J (also known as

GP4.3) mice were purchased from the Jackson Laboratory (Bar Harbor, ME). Animals were anesthetized

with 75 mg/kg ketamine and 7.5 mg/kg xylazine cocktail for cranial window surgery and electrode implan-

tation following aseptic procedures. The electrode arrays were sterilized by ethylene oxide gas 48 hours

before surgery. A reference screw was placed in the contralateral hemisphere and secured using UV-

curable dental cement (# 062066 Henry Shein). A high-speed dental drill was used to remove the parietal

bone over the somatosensory cortex. Electrodes were implanted at a 30� angle and inserted at a speed of

100-200 mm/s for 600 mm. Upon electrode implantation, a transparent silicone elastomer was used to seal

the cranial window, covered by a 3 3 3 mm2 glass coverslip. The electrode was dental cemented in place

and the animal was allowed recovery and followed up with three days of analgesic and antibiotics. Due to

the complexity and invasiveness of the experimental preparation, there was a sharp decline in the number

of participating mice within the first two weeks of stimulation. Mice that showed poor recovery were

euthanized or allowed additional recovery before stimulation. Mice that showed deterioration of cranial

window clarity or whose electrodes were unfunctional were removed from the study. (Figure 4F and

Table S1).

In vivo imaging and electrical stimulation

This work employs the same in vivo imaging and electrical stimulation paradigm described previously

(Zheng et al., 2021b). Briefly, images sensitive to GCaMP fluorescence over the exposed brain including

the implanted electrode were acquired by widefield fluorescence imaging using a macroscope (MVX-10,

Olympus, Inc.) and a high-sensitivity camera (CoolSnap HQ2, Photometrics, Inc) controlled by

MetaMorph software. Time-series images were acquired at 10 Hz. In addition, images of neurons express-

ing GCaMP6s around the implanted electrode were acquired by two-photon microscopy (Ultima IV, Bruker

Nano, Inc) coupled to an ultra-fast laser (Insight X3, Newport Spectra-Physics, Inc.) using a 1630.8NA

objective lens (Nikon, Inc.). The laser was tuned to 920 nm and time series were acquired with

1.27 3 1.27 mm/pixel resolution at 3 fps to capture GCaMP temporal responses. Imaging planes were

defined as 25 mm above visible electrode contacts.

Electrical stimulation was delivered using the Ripple GrapeVine system (Nano2+stim Ripple LLC, Salt Lake

City, Utah) via a 32 channel to 16 channel Omnetics adapter. The stimulation waveform was a charge-

balanced cathodic leading waveform (cathodic width: 100 ms; interphase delay: 100 ms; anodic phase:

200 ms). Stimulation was delivered at 50 Hz varying the amplitude of the cathodic phase from 5mA to

60mA in the same stimulation session (the weekly timepoint). Within each session, each stimulation trial con-

sisted of a 1-second ON period, and 3-second OFF period, repeated six times (6 trials) per electrode site,
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per stimulation amplitude (5mA to 60mA), for both material types. The electrical stimulus was synced to the

beginning of both imaging methods using a National Instruments board (PCI-6601, Austin, TX) to monitor

the start-of-frame trigger from each system to deliver TTL pulses for each stimulation trial. The imaging and

electrical stimulation were performed within 24 hours of the surgery (ascribed to the time point, day 1 or

week 0) and weekly for 12 weeks. Stimulation yield is defined as the percentage of electrode sites that

elicited a GCaMP response that meets the inclusion criteria for more than three stimulation intensities

between 20 mA and 60 mA.

Neuronal excitability was defined as using the rheobase and chronaxie of neural elements. Strength-dura-

tion curves were generated by stimulating the brain from 1nC/ph—4nC/ph with varying pulse widths and

amplitudes. The stimulation duty cycle and stimulation trials here are consistent with that performed in the

mesoscale stimulation, i.e., 30s baseline followed by 1s ON and 3s OFF stimulation at each stimulation

charge density, repeated 6 times. Rheobase and chronaxie were quantified by fitting the strength-duration

curve of neural elements within 50 mm of the electrode center. Where rheobase represents the current at

infinite pulse width and chronaxie presents the pulse width at twice the rheobase current.

Image analysis

All image analyses were performed in MATLAB. Wide-field fluorescent time series were binned by a factor

of 2 for a final resolution of 15mM/pixel to increase the signal-to-noise ratio and reduce computational load.

Quantification of GCaMP response to electrical stimulation was performed on the mean of the six trials

from each stimulation amplitude and stimulating electrode. Amplitude and extent of activation were ex-

tracted from the stimulation evoked responses. For this analysis, the images were cropped centered on

the electrode for a final square region covering (1.2 31.2 mm2). The response amplitude (change in

GCaMP fluorescence or DF/F0) was calculated by subtracting and dividing the mean of the initial 30 s base-

line before electrical stimulation. Z-scores were calculated by dividing by the standard deviation during this

baseline period. For each stimulated trial, A 2-D exponential decay function (1) was fitted to the maximum

GCaMP response during the 1-second stimulation period. Where A is the amplitude of the background-

subtracted GCaMP response, r is a vector representing the space of the activated region, r0 represents

the position of the center of the GCaMP response and w is the radius of GCaMP response. We report

the amplitude and extent (radius) of stimulation-evoked GCaMP responses for those trials where themodel

explained at least 25% of the variance. Additionally, for instances where the GCaMP response amplitude is

small or indifferent from noise, the algorithm ascribed near-flat profiles to the data with artificially large

radii (w). Considering that the model can reliably capture radii (w) up to 1/3 of the half-width of the field

of view, we labeled trials with GCaMP radii larger than 1/6 the width of the field-of-view as noise and

excluded them from further analyses.

Y ðrÞ = Ae�ðr � r0Þ=w (Equation 2-1)

Efficiency measures of stimulation are quantified as neuronal activation efficiency, i.e., change in integrated

GCaMP intensity per mA over 0-50 mm and 50- 100 mm; and radius efficiency, i.e., change in radius per mA.

Specifically, integrated GCaMP intensity and GCaMP radius were fitted with a linear regression over the

range of stimulation intensities. Stimulation sites that resulted in p < 0.05 for the slope of the linear fit

were included in the analysis.

Neuronal expression of GCaMP across themouse cortex is not homogeneous (Dana et al., 2014). To enable

comparison between PC and IrOx in nearby but different depth locations, we normalized the GCaMP

intensity and radius from PC sites to their immediate distal IrOx sites for linear arrays. For four-shank arrays,

the normalization was performed by taking the ratio of PC sites to their parallel IrOx sites in the same

position. For example, in 4x4 (row x column) arrangement where sites (1,1) and (1,3) are coated with PC

and sites (1,2) and (1,4) are coated with IrOx, the normalizations were (1,1)/(1,3) and (1,2)/(1,4). This analysis

was applied to compare both integrated GCaMP activity over 0-50 mm and 50-100 mm as well as GCaMP

activation radius. Chronic comparisons of PC to IrOx were reported as the mean and standard error of

PC to IrOx ratio across stimulation amplitudes 20mA–60mA. For TPM time series data, the response ampli-

tude (change in GCaMP fluorescence or DF/F0) was calculated by subtracting and dividing the mean of the

initial 30 s baseline before electrical stimulation.

Current amplitude for the onset of the ictal phenomenon and cortical spreading depressions were

identified visually by reviewing the mesoscale time-series images. GCaMP responses accompanying ictal
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phenomenon are abnormally large in amplitude and faster in pace compared to an electrically activated

GCaMP response during a non-ictal state. GCaMP responses of cortical spreading depressions (CSDs)

are marked by a wave of calcium signal sweeping the cortex followed by a minute of suppressed cortical

calcium activity. Abnormal GCaMP responses to stimulations were removed from analyses for the longitu-

dinal comparison between electrode materials. This was done by first removing large GCaMP responses

more than a z score of 70 and removing evoked GCaMP responses more than G3 median absolute devi-

ations away from the mean of the GCaMP responses for each stimulation amplitude for each material.

Electrophysiology

Neural spiking activities were acquired using Ripple Grapevine via the Nano2+Stim front end and using the

Trellis software. Specifically, signal streams contain neural events that cross the threshold for a channel. The

threshold is defined as 2.5 standard deviations of the spike-band-width signal. Each spike data packet con-

sists of 52 samples captured at 30Ks/s (1.7 ms snippet) and is digitally filtered with a high pass filter of

250 Hz. Sorting of spike data was performed in Plexon offline sorter (version 3). The spike data was first

sorted using the K-means automated sorting algorithm with three to five predefined clusters. The sorting

results were then visually verified and incorrectly sorted units and units that consistently appeared on

multiple channels (likely due to motion artifact) were discarded. Sorting was performed by the same

researcher without prior knowledge of electrode mapping.

Electrochemistry and equivalent circuit modeling

All in vitro measurements were performed using a three-electrode set up in PBS using Ag/AgCl as refer-

ence and Pt foil as the counter electrode. In vitro characterizations consisted of electrical impedance spec-

troscopy (EIS), cyclic voltammetry (CV), and charge injection limit (CIL). EIS was measured by applying a

10-mV signal from 10-40,000 Hz. CV was measured to calculate the charge storage capacity and to identify

the electrochemical signatures of the coated materials (�0.7 V to 0.8 V at 1V/s scan rate). Voltage excursion

was performed by bi-polar asymmetric current-based waveforms at 30 mA. From the voltage excursion, the

energy for current-controlled stimulation was calculated by integrating the absolute value of the product of

voltage and current over a single pulse duration (300ms ON period, 200ms cathodic phase, and 100 ms

anodic phase). In vivo electrochemical characterization followed the same parameters as the in vitro setup

except that a two-electrode setup was used with the reference and counter electrodes shorted to a skull

screw in the contralateral cortex. All electrochemical data were collected using the Autolab potentiostat.

Due to occasional instrumentation and connection errors, unrealistic measurement values were obtained

and were excluded from the data analysis. Specifically, we excluded impedance measurements above 2.5

MOhm, energy measurements that were more than 40nJ, and CSC measurements outside of 3 absolute

medians from the mean for each electrode coating type.

Equivalent circuit modeling was performed in MATLAB using a built-in optimization algorithm (‘fmin-

search’). Due to the significant low-frequency noise from in vivo impedance measurement, the fitting

was performed in between 100 Hz – 40 kHz of the impedance spectrum. We chose the equivalent circuit

model developed by Bisquert et al. (2000) whichmodels the electrical characteristics of in vivo inflammatory

tissue encapsulation (Duan et al., 2004). The goodness of fit was determined by visually inspecting the

experimental data and the model data while ensuring less than 15% of absolute error between the exper-

imental data and model fitting.

Explant analysis

After the 12-week endpoint. We explanted the functional electrode arrays of two mice. Each array was first

rinsed with an enzymatic cleaner (ENZOL) and DI water followed by overnight soaking in trypsin at 37�C.
Electrochemical measurements after electrode cleaning were made using the same in vitro method

described in the preceding section Electrochemistry and Equivalent circuit modeling. Scanning electron

microscopy (JOEL JSM 6335F) was performed at the Center for Biological Imaging (University of Pitts-

burgh). The samples were cleaned with isopropyl alcohol and dried before sputter coating. To reduce

charging under the electron beam, the samples were coated with a thin layer (3.5 nm) of gold.

QUANTIFICATION AND STATISTICAL ANALYSES

All statistical analyses were performed in Graphpad PRISM 8.0. Two-way ANOVAmixed effects with Sidak’s

post-hoc were used for the following comparisons: The effect of time on neuronal activation intensity
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efficiency for PC and IrOx coated electrodes; The effect of coating type on neuronal activation intensity ef-

ficiency. The effect of time on the radius efficiency between PC and IrOx coated electrodes; The effect of

coating type on radius efficiency. The effect of distance bins away from the electrode on the ratio of inte-

grated GCaMP intensity. The effect of time on the ratio of integrated GCAMP intensity and radius

compared to 1; The effect of time on the single unit count and amplitude between PC and IrOx coated elec-

trodes; The effect of time on the impedance, charge storage capacity, and energy between PC and IrOx

coated electrodes. All sample sizes and animal numbers are denoted in their respective figure captions

and supplemental information.
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