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 Spinal cord neural interfaces are vital for treating neurological conditions, including 

chronic pain and spinal cord injury. Current spinal cord neural interfaces rely on bulky, low-

channel count paddle arrays to interface with the spinal cord. In recent years, there has been 

growing interest to develop flexible, high-channel count microelectrode arrays for safe and highly 



xvi 

effective neural interfaces. These arrays provide high conformality and better contact to neural 

tissue, reducing the body’s biofouling response, and offer more choice in stimulation and recording 

location due to their high channel count. However, few studies have directly evaluated the benefits 

of flexible, high-channel count microelectrode arrays for recording and stimulation of the spinal 

cord compared to existing technologies available clinically. Prior studies that have examined this 

relationship have primarily involved cortical electrodes. In this dissertation, we study the benefits 

of using flexible, high-channel count microelectrode arrays for spinal cord neural interfaces and 

provide evidence to support their further widespread adoption. 

In Chapter 1, we introduce a conformal, high-channel count microelectrode array for 

intraoperative neuromonitoring during human spinal cord surgery. We show that this array can 

map spinal cord function at unprecedented spatial resolution, improving precision and 

responsiveness to potential spinal cord damage. In Chapter 2, we introduce a conformal, high-

channel count microelectrode array for epidural electrical stimulation of the rat spinal cord for 

treatment of spinal cord injury, termed SpineWrap. We demonstrate that this electrode delivers 

ultra-focal stimulation, resulting in highly selective muscle recruitment. Thus, Chapters 1 and 2 

emphasize the importance of achieving submillimeter resolution in spinal cord mapping and 

stimulation. In Chapter 3, we address the need for durable and conductive materials for chronic 

neural interfaces through the fabrication and characterization of a novel microelectrode array 

employing a more stable electrode coating material. We translate the use of this material from bulk 

film to microelectrodes and demonstrate its improved stability in benchtop and in vivo 

experiments. Together, the novel technologies established in this dissertation are important steps 

to drive the integration of flexible, high-channel count microelectrode arrays in the clinic for spinal 

cord applications.
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Introduction 

Primary objectives for spinal cord neural interfaces 

In the broadest sense, there are two primary objectives for spinal cord neural interfaces: to 

record and to stimulate spinal cord neural activity. In a clinical setting, recording spinal cord neural 

activity can provide insight into the pathophysiology of neurological conditions, including spinal 

cord injury (SCI), tumors, and degenerative disorders (1, 2). Spinal cord recording also features 

prominently in spinal cord surgery as intraoperative neuromonitoring (IONM). IONM assists 

surgeons in planning and performing safe surgery by reducing the risk of spinal cord damage (3). 

Finally, spinal cord recording is used for monitoring neurological health in critical care, such as 

after experiencing spinal cord injury (SCI) (4, 5).  

Spinal cord stimulation (SCS) also plays a vital role in clinic. Predominantly, SCS has been 

used for decades for treatment of chronic and neuropathic pain (6–9). SCS constitutes an 

alternative treatment to the traditional pharmacological approach of using strong drugs such as 

opioids, which are highly addictive. SCS can also manage pain in patients who are not responsive 

or have become tolerant to medication (10). Finally, SCS can enable real-time adjustment of 

stimulation parameters if previous parameters become ineffective, which is more convenient and 

straightforward to implement than changing pain medication. 

Recently, there has been growing interest in using SCS for treating SCI, although spinal 

cord neural interfaces for SCI remain mostly unavailable clinically (11–17). There are compelling 

reasons to use spinal cord neural interfaces for SCI treatment. First, SCS can take advantage of 

preserved spinal cord circuitry below the point of injury, such as central pattern generators for 

walking, which can be activated with stimulation (18–22). Second, the tracts for sensory and motor 

information are spatially organized in the spinal cord into distinct areas, which facilitates 
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stimulating and recording targeted sites. Finally, undergoing surgery below or at the site of injury 

in patients with SCI carries less risk than alternative surgical approaches on non-damaged tissue, 

such as intracranial surgery to implant cortical grids to modulate the sensorimotor cortex. 

In summary, spinal cord neural interfaces have already improved the quality of life for 

many patients due to the use of this technology in clinical settings. These technologies will only 

continue to impact patients more as the recording and stimulation capabilities continue to improve. 

A case for high-channel, conformal count spinal cord microelectrode arrays 

In recent years, there has been increasing interest to develop high-channel count, conformal 

microelectrode arrays for spinal cord neural interfaces (23–26). One reason for this is that such 

microelectrode arrays can bend along the curvature of the spinal cord and thus allow for a larger 

interface area for recording and stimulation. This results in greater spatial proximity between the 

individual electrode contacts and neurons, resulting in higher signal-to-noise ratio (SNR) over a 

larger volume of neural tissue. Another benefit of flexible microelectrode arrays is that they reduce 

foreign body response to the implant, which is a reaction that occurs when the immune response 

detects the presence of foreign material (27, 28). Flexible microelectrode arrays are based on 

substrate materials that are extremely thin, have a low Young’s modulus, and can be designed to 

have new shapes and form factors, reducing this response. As a result of the weaker foreign body 

response, flexible microelectrode arrays are more stable chronically, improving long-term device 

performance by maintaining stimulation and recording capabilities (29). This reduces the need for 

implant replacement or adjustment, resulting in better patient outcomes. 

While there have been many advancements in the field of flexible spinal cord 

microelectrode arrays, there have been few reports on flexible arrays with high-channel counts. 

The few studies that have explored the effect of channel count on the performance of neural 
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interfaces focused on cortical implants (30, 31). This dissertation addresses this knowledge gap. 

Chapter 1 reports on a novel, high-density microelectrode array with hundreds of channels to 

record neural activity from the exposed spinal cord during surgery. We reconstruct high-resolution, 

two-dimensional maps of neural activity with submillimeter precision. We show that flexible, 

high-channel count electrodes enhance the capabilities of IONM by detecting neural responses at 

lower thresholds and with fewer trials than existing clinical systems can. Chapter 2 evaluates how 

flexible, high-channel count arrays improve spinal cord stimulation. In this chapter, we develop a 

flexible, high-channel count microelectrode array for ultra-focal stimulation, termed SpineWrap. 

We compare the stimulation focality and muscle recruitment selectivity of both SpineWrap and a 

low-channel count array in rats and show that SpineWrap produces more selective muscle 

recruitment. 

The need for low-impedance, stable electrode coating materials 

Electrode material coating plays a crucial role in the development of flexible, high-channel 

count microelectronics. To create high-density microelectrode arrays, small contact sizes are 

necessary. However, standard electrode materials for neural interfaces, such as gold and platinum, 

cannot be reduced to such small contact sizes without experiencing a high impedance due to the 

reduced electrochemical interface area (32). Additionally, these materials have low charge 

injection capacity (CIC) (33). High impedance results in low SNR during recording and low CIC 

limits the stimulation current levels that can be safely delivered, reducing stimulation 

effectiveness. 

A common strategy for increasing the electrochemical surface area is to coat the electrode 

contacts with a conductive polymer (34, 35). Conductive polymers must withstand damage caused 

by electrochemical reactions at the electrode-tissue interface during recording and stimulation, 
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tolerate the shear forces from tissue as the implant moves, and endure host biofouling responses 

(36). Thus, stability of the conductive polymer is critical to maintain the fidelity of the recorded 

signals and the delivery of effective stimulation. Most existing conductive polymers are not very 

stable so there continues to be a need for better stable materials for long-term neural interfaces 

(37). We address this need for highly stable neural interfaces in Chapter 3. Chapter 3 introduces a 

novel, stable PEDOT-based coating for neural interfaces developed in Prof. Darren Lipomi’s 

laboratory, for which we evaluate the adhesion, mechanical, and electrical properties of this 

material in benchtop and in vivo experiments. 
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Chapter 1  
Constructing 2D maps of human spinal cord activity and 

isolating the functional midline with high-density 
microelectrode arrays 

 

Introduction 

Spinal surgeries most often work around the spinal cord, nerve roots, and associated blood 

vessels, with some cases requiring entry into the neural elements. In either case, surgery has an 

inherent risk for debilitating or devastating postoperative neurological deficits (1–4). For surgery 

involving the spinal cord and nerves, this risk is particularly profound when a safe entry or 

dissection pathway cannot be readily identified, such as when resecting intradural spinal cord 

tumors (5). For surgeries with risk of neurological injury, the surgeons will often use intraoperative 

neurophysiological monitoring (IONM) of the spinal cord to indirectly assess the functional 

integrity of motor and sensory pathways when operating in or around spinal neural structures.  

IONM has previously been shown to improve surgical outcomes (1–4, 6–10), but in its 

current form, it only provides an indirect evaluation of the structural and functional spinal 

pathways. During IONM, somatosensory evoked potentials (SSEPs) are recorded from the scalp 

in response to electrical current stimulation of a peripheral nerve, and motor evoked potentials 

(MEPs) (11–15) are recorded from the upper and lower limb muscles in response to transcranial 

electrical stimulation (TES) (16–19). In recording SSEPs from the brain, the scalp, cranium, and 

dura all act as insulators resulting in low amplitude responses. As a result, high-amplitude 

stimulation currents must be applied with high-count stimulation trains to improve signal-to-noise 

ratio of the averaged recordings and extract electrophysiological signals from the recording 

system’s baseline noise (19–21). These stimulation trains also prevent real-time monitoring, where 
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neurological injuries may not be noticeable for many minutes after the triggering event (22). 

Finally, the physical separation of the recording contacts on the scalp from the surgical site on the 

spinal cord prevents recording of spatiotemporal, anatomical, and physiological features of 

responses.  

IONM is also not without controversies. The sensitivity and specificity of SSEP and MEP 

are not perfect, where false positives may lead to cessation of surgery and incomplete resection, 

false negative may lead to undetected injury (23–25). Additionally, there is still the practice of 

wake-up testing in certain spine surgeries such as scoliosis. Additionally, SSEPs may not change 

if the injury is purely motor or vascular. 

We hypothesized that direct recording of SSEPs by microelectrodes on the surface of the 

spinal cord could increase the fidelity of these recordings and reduce the number of required trials, 

allowing real-time spatiotemporal mapping. We also predicted that recordings with a high channel 

count microelectrode array would offer two dimensional (2D) SSEP responses, which would allow 

for more precise identification of the spinal cord functional midline at the point of resection. The 

functional midline is the only safe corridor to the inner structure of the spinal cord; therefore, its 

identification is of critical relevance. Unfortunately, there is no consistent or accurate anatomic 

landmark to the midline on the surface and moreover, it is often distorted with tumors/masses or 

rotated due to adhesions. Precise functional midline identification would be advantageous given 

that the position of the anatomical and functional midline has been found to be mismatched by up 

to 2 mm in 40% of patients (26, 27). Dorsal column (DC) mapping in spinal cord surgery was 

shown to decrease the occurrence of new postoperative sensorimotor dysfunction by 42% (28). 

There are limited studies that reported DC mapping by recording SSEPs directly from the surface 

of the spinal cord using linear 8-contact arrays (29, 30). In these studies, sparse mapping of the 
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midline was performed by direct electrical stimulation of the dorsal column using a linear array of 

8 contacts made of Teflon-coated stainless-steel wires that were 76 μm in diameter and 1 mm 

apart. The midline was identified by phase reversal in the recorded SSEPs. In two other studies, 

SSEPs were stimulated from the spinal cord surface and recorded from the brain, again identifying 

a rudimentary functional midline (31, 32).  

We fabricated high-channel number microelectrode arrays by leveraging low-impedance 

contact materials we have used before in cortical recordings such as poly(3,4-

ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) (33–36) and platinum nanorod 

(PtNR) (37) contacts. Our electrodes were fabricated on thin (~6.6 μm) parylene C substrates (38, 

39), which allowed for high conformability to the pial surface of the spinal cord during IONM. 

We observed dynamic patterns of ipsilateral and contralateral SSEPs with high-resolution that 

allowed us to identify a microscale midline boundary. This high-resolution boundary was 

identified at clinical stimulation currents and persisted even when scalp SSEPs could not be 

identified. Our microelectrode array also outperformed clinical equipment given that our 

recordings were directly on the spinal cord surface and thus did not require substantial trial 

averaging. In the future, this technology could provide a practically instantaneous IONM method 

once data analysis and plotting are incorporated in real-time. Taken together, our microelectrode 

grid can improve IONM and could have other applications, such as for evaluation or even treatment 

of spinal cord injury (SCI). 

Results 

Experiment design and surgical implantation 

To assess the viability of recording spatiotemporal SSEP patterns with high quality and 

resolution from the surface of the spinal cord, we recorded SSEPs with a high-density 
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microelectrode array in subjects (N=6) undergoing intramedullary tumor or biopsy procedures in 

the cervical spinal cord (Fig. 1.1 A). The microelectrode array recordings were adjunct to the 

surgery, completed with minimal disruption to the surgical flow of the procedure time and 

performed with institutional review board (IRB) authorization at the University of California San 

Diego and at Oregon Health & Sciences University. The microelectrode array recordings were 

performed during three timepoints in the surgery: epidurally and subdurally before tumor resection 

or biopsy and subdurally post-resection or biopsy. The electrode was placed on the exposed surface 

spinal cord for tumor resection, covered the DCs and was centered over the anatomical midline of 

the spinal cord. That surface placement spanned an apparently normal areas of the spinal cord 

rostral and caudal to the lesion. The placement was documented with intraoperative photos from 

the surgical microscope. Suction and sponges were used to remove excess blood and cerebrospinal 

fluid (CSF) from the spinal cord surface to ensure good electrode-tissue contact during the 

recordings (Fig. 1.1 B). Suction and sponges near the electrode did not negatively impact recording 

quality or introduce substantiative noise into the data.  

Electrode design 

Multiple electrode designs were used in the recordings from the six subjects (Table 1.2), 

with results presented in this work from subjects 4-6. Recordings from these subjects used a single 

electrode design and leveraged a long, high-density connector that was not available for the earlier 

subjects (Fig. 1.1 C). Additionally, the overall width of the electrode was reduced from 1.6 cm to 

6.4 mm in the final design to maintain stable contact with the dorsal column and account for 

variable width of the surgical area. These subjects were temporarily implanted with a 

microelectrode array with 372 PtNR contacts (diameter=30 µm) arranged in a rectangular array of 

12×31 with 350 µm horizontal (circumferential) pitch and 400 µm vertical (axial) pitch providing 
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a coverage area of 3.85 × 12 mm2. At the tip of the array, an additional 54 contacts of variable 

diameter in the range of 30 µm – 480 µm were arranged in clusters of three contacts per diameter 

on the left and right sides of the array. The goal of the multidiameter array was to validate the 

effectiveness of small contact sizes in recording high quality SSEPs.  

The electrodes were designed to have a sterile/non-sterile interface junction along a long 

connector board (Fig. 1.1 C) to facilitate the use of these devices in the operating room (OR). 

Whereas the whole thin film device and extender board of Fig. 1.1 C were sterilized at the hospital 

before use, the extender board separated the recording electronics board from the sterile area, 

allowing it to be encased in a sterile bag, thus maintaining an overall sterile field in the OR. 

Additional details on packaging, sterilization, and OR use have been previously reported (40). 

Our 6.6 µm parylene-C microelectrode arrays were much thinner than current clinical 

spinal cord grids (Fig. 1.1 D, 2 mm thick silicone), therefore more conformal to the spinal surface 

and compliant to movement during recording. Additionally, the microelectrode arrays were 

transparent, which gave the surgeon an unobstructed view of the surface spinal anatomical features 

when the grid was in place. The 1kHz electrochemical impedance of the microelectrode array used 

in subject 5 measured in phosphate buffered saline post-fabrication was 22.77 ± 15.11 kΩ. The 

impedance values did not change significantly (p=0.5926) after Sterrad sterilization, a hydrogen 

peroxide gas plasma technology which is compatible with the PtNRGrids (40), and were 23.24 ± 

5.42 kΩ post-sterilization (Fig. 1.1 E).  On the pial surface, the contacts exhibited slightly higher 

impedance values, with a mean of 35.82 ± 14.21 kΩ, an increase that is expected when measuring 

on tissue (41). These impedance values are representative of those measured across subjects 4-6 

(Fig. 1.6). Our recording analysis focused on microelectrode contacts that exhibited a 1kHz 

impedance lower than 120 kΩ as recordings with contacts with higher impedances are susceptible 
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to noise. After fabrication, sterilization and throughout multiple surgical placements and 

recordings, our microelectrode arrays maintained a yield above 87% (Fig. 1.1 E, Fig. 1.6). These 

measurements show the stability of the microelectrode array throughout sterilization and all 

experimental procedures. 

Stimulation paradigm 

The IONM team delivered electrical stimulation to both upper limb (typically median) and 

lower limb (typically tibial) nerves in trains of 40 at 2.78 Hz. Stimulation current amplitudes were 

initially set to clinical amplitudes used by the IONM team between 30 mA – 50 mA depending on 

the subject. The stimulation amplitudes were then decreased to ½, ¼, and 1/8 of these clinical 

amplitudes. For subject 5, the current amplitudes used were therefore 30, 15, 7.5 and 4 mA, which 

was the lowest current amplitude used for stimulation across all patients.  
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Figure 1.1 Experiment overview and electrode design. (A) schematic diagram of the placement of 
the research grid on the subject’s spinal cord. (B) Photograph of the research grid placed on the 
subdural surface of spinal cord during recording. (C) Research microelectrode bonded to extender 
PCB with the sterile/non-sterile junction point highlighted. (D) Comparison of size and thickness 
of the research microelectrode versus a clinical grid (CoverEdge X 32, Boston Scientific). (E) 1-
kHz impedance magnitude histograms measured as fabricated in saline, post-sterilization in saline, 
and on spinal cord tissue. (F) Example single-channel responses to different left and right median 
nerve stimulation current amplitudes recorded epidurally and subdurally pre-resection. The 
channel with the highest peak-to-peak amplitude response was chosen as the example channel for 
each condition. 
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Response amplitudes and thresholds 

For both epidural and subdural placements, SSEPs had an onset latency of 10 ms and peak 

latency of ~12 ms (Fig. 1.1 F, Fig. 1.2 A-D). This is consistent with previous recordings with low-

channel count microgrids from the surface of the spine (11, 42, 43). Averaged maximal peak-to-

peak SSEP amplitudes ranged from 8-10 µV for 30 mA stimulation to ~1 µV for 4 mA stimulation 

for 30-40 trials. Representative channels with high response amplitudes are shown in Figure 1F. 

Statistical analysis was used to evaluate whether the peak-to-peak amplitudes were statistically 

significant compared to pre-stimulus baseline. This was in particular a question for low stimulation 

currents where the signal to noise ratio was low, which we classified as below SNR = 6 (Table 

1.1). A Mann Whitney U test showed significance at almost all current amplitudes at p < 0.001 

(Table 1.1). However, for 4 mA current amplitudes in both epidural and subdural placements, the 

effect size was equal to or less than 1, indicating that any differences may not be observable or 

clinically relevant. A similar low effect size of -1.15 was observed for 15 mA left subdural 

recording, which we suspect was caused by a fluid build-up on the spinal cord leading to poor 

electrode-tissue contact for this stimulation amplitude. Generally, for high current amplitudes, 

response amplitudes were significant (p-values can be found in Table 1.1) for both epidural and 

subdural placements. Overall, these results indicate that both placements are appropriate for 

detection of neural signals. 

During each case, we also performed a control recording on skin to confirm that the 

changes in voltage we observed were due to neural activity and not the stimulation artifact. In this 

subject, the peak-to-peak amplitudes of skin recordings at the clinical stimulation amplitude were 

below 1 µV (mean=0.56 ± 0.18 µV), which was lower compared to the baseline (mean=0.75 ± 0.24 

µV) (Fig. 1.7). Similar patterns were observed among all subjects. 
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Table 1.1 Statistical analysis and significance of results from subject 5. 

Current Mean SNR T-test Effect size 
Epidural Left 

30 mA 26.79 ± 0.93 2.45E-119 -1.73 
15 mA 19.49 ± 1.29 2.45E-119 -1.73 
7.5 mA 8.53 ± 2.05 1.24E-112 -1.67 
4 mA 1.19 ± 0.12 4.32E-17 0.73 

Epidural Right 
30 mA 14.25 ± 0.46 2.45E-119 -1.73 
15 mA 18.94 ± 1.66 6.89E-119 -1.73 
7.5 mA 5.11 ± 0.76 8.27E-78 -1.39 
4 mA 3.00 ± 0.69 4.60E-5 0.29 

Subdural Left 
30 mA 28.86 ± 2.27 7.50E-25 -1.72 
15 mA 5.62 ± 1.02 7.45E-12 -1.15 
7.5 mA 8.24 ± 1.71 2.53E-20 -1.54 
4 mA 3.67 ± 0.82 0.0145 -1.00 

Subdural Right 
30 mA  9.08 ± 0.45 7.50E-25 -1.72 
15 mA 17.62 ± 3.15 5.29E-23 -1.79 
7.5 mA 4.47 ± 1.05 0.275 -0.14 
4 mA 4.69 ± 1.42 4.19E-4 -0.64 

 

Spatiotemporal response patterns 

Our microelectrode array was placed on the spinal cord allowing it to capture 

spatiotemporal features of the SSEPs, which current IONM clinical equipment cannot resolve 

because the recording electrodes are placed on the surface of the scalp. Whereas amplitudes of the 

responses were similar between the epidural and subdural placements, subdural recordings were 

more localized, especially for higher current amplitudes where response amplitude varied 

substantially across the array (Fig. 1.2 A-D). Epidural recordings showed more uniform responses 

across channels compared to subdural recordings, which manifested in a wider spread of responses 

across the array. Spatiotemporal profiles of subdural recordings showed similar patterns in 

response propagation for different stimulation currents. A plot of peak-to-peak responses for all 

current amplitudes calculated from these time evolution plots is shown in Figure 1.8. These 
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response patterns and dependencies on stimulation currents are consistent with recordings from 

other subjects (Figs. 2.9, 2.10). Higher response amplitudes were registered on the side of the body 

where the stimulation was delivered; left channels were more responsive for left median nerve 

stimulation and right channels for right median nerve stimulation. This is consistent with spinal 

cord anatomy as the DCs are largely ipsilateral to the peripheral nerves entering the spine. 

The conduction velocity of the SSEPs was calculated from the approximate distance of the 

median nerve stimulating electrode to the recording microelectrode and the peak latency. This was 

found to be 50 ± 4.5 m/s assuming an arm length of 0.6 m. Previous reports provide conduction 

velocities in the range of 91.3 ± 7.2 m/s for Aα nerve fibers (44) and 63.4 ± 4.5 m/s (45) and 69.3 

± 6.6 m/s for Aβ nerve fibers, which carry sensory information (46). Our lower estimated 

conduction velocity might be explained by errors in estimation of arm length and the synapsing of 

the nerve fibers onto interneurons in the spinal cord. Our calculated SSEP and the onset time of 

the response could be used to assess neurological damage since changes over 10% in onset latency 

in clinically recorded scalp SSEPs are considered a sign of spinal cord dysfunction (47).  

Mapping of the functional midline 

 The anatomical spinal cord midline in normal tissue can be identified anatomically by the 

dorsal median sulcal vein as it enters the midline raphe or at the middle point between the root 

entry zones on either side of the cord (29). This anatomical midline can be distorted by tumors, 

edema, neovascularization, or scar formation, prohibiting its identification using anatomical 

landmarks. To prevent inadvertent dissection of the DCs, which can result in postoperative 

morbidity that can be disabling, functional mapping is used to locate the midline to inform the 

spinal incisions (myelotomy). Using the spatiotemporal features of the recorded SSEPs, we 

performed analysis to map the functional midline for epidural and subdural recordings pre-
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resection and subdural recordings post-resection. The midline was identified with better precision 

in the subdural recording, which is consistent with the more localized response profiles for this 

placement. By tuning the thresholding method for positive responses and their amplitudes as 

described in the Methods section, we were able to isolate ipsilateral responses to stimulation and 

outline a midline spanning 2-5 channels equivalent to a distance of 700 µm to 1.75 mm (Fig. 1.2 

F). This mapping is of higher resolution than reported previously with the use of 8-channel 

microgrids (29, 30), where their contact spacing were equal to or larger than 1 mm. Additionally, 

with our microelectrode, the midline can be traced in the rostrocaudal direction, which cannot be 

done with the linear microgrid. The epidural functional midline was difficult to define given the 

large spread of the responses (Fig. 1.2 E). These results were consistent in subject 4 (Fig. 1.11). 

We were not able to identify the midline in patient 6 given the positioning of the electrode and 

tumor effects (Fig. 1.12). Subdural post-resection placement also allowed for identification of the 

functional midline, which is described in a later section. These results show that subdural 

placement allows mapping of the functional midline. 
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Figure 1.2 Time evolution plots of recorded SSEPs and functional midline mapping. (A) – (D) 
Spatial distribution of peak-to-peak amplitudes of responses to both left and right median nerve 
stimulation recorded epidurally and subdurally pre-resection. (E) Functional midline estimation 
from epidural recording of responses to 30 mA left and right median nerve stimulation. (F) 
Functional midline estimation from subdural recording of responses to 30 mA left and right median 
nerve stimulation. Peak-to-peak response amplitudes over the entire recording segment can be 
found in Fig. 1.8. 
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Spatial phase gradient analysis of response propagation 

 We performed an analysis of the spatial phase gradient of the response to better understand 

response propagation. We calculated the phase gradients and overlaid streamlines for better 

visualization of wave propagation dynamics. We hypothesized that the neural responses originate 

from a bundle of axons deep within the spinal cord, and therefore we would expect to see the 

electric field lines aligned parallel to the axons generating action potentials, dropping off in 

strength radially from the center of these axons (48). The microelectrode array captures the 2D 

projection of these electric field lines along the surface of the spinal cord. Furthermore, since the 

neural response is propagating vertically in a rostral direction, the electric field strength will also 

vary as a function of time. Thus, the spatial phase gradient should primarily point in the direction 

of the traveling action potentials, though due to the complex nature of the 2D projected electric 

field lines, will also spread outward from the center of the response in the direction of decreasing 

electric field strength.  We observed these phase gradient features in the subdural pre-resection 

and to a lesser extent in the post-resection recordings (Fig. 1.3). Post-resection recordings will be 

discussed below. We did not see a strong directionality of the phase gradient in the epidural 

recordings, which can be explained by the wide spread of potential across the array resulting in 

small changes in phase. Phase gradient plots provide another means for SSEP monitoring and may 

inform of changes in SSEP propagation during surgical resection. 
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Figure 1.3 Spatial phase gradients and streamlines of SSEP responses. SSEP spatial phase 
gradients and streamlines in response to 30 mA left (top panels) and right (bottom panels) median 
nerve stimulation.   
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and right-side clusters showed stronger variation in the subdural versus epidural placement (Fig. 

1.4 C), with contacts positioned ipsilaterally to the stimulation side showing a stronger response 

compared to contacts positioned contralaterally. For example, epidurally, 30 mA left median nerve 

stimulation resulted in the left 140 µm cluster recording 4.85 ± 0.09 µV amplitude versus the right 

cluster recording 5.07 ± 0.06 µV. Subdurally, those left and right clusters recorded amplitudes of 

7.26 ± 0.06 µV and 4.09 ± 0.15 µV, respectively (Fig. 1.4 D). Given that there was strong spatial 

variability across the array and the variable diameter electrodes were inherently in different 

locations, we could not directly compare the peak-to-peak amplitude responses. Therefore, we also 

evaluated the pre-stimulus baseline standard deviation for the contacts, with the assumption that 

this parameter should not be affected by the contact position. We found that the baseline standard 

deviation did not show a conclusive diameter dependency in either the epidural or subdural 

placement (Fig. 1.4 E,F). Epidural baseline standard deviation was consistently ~ 0.38 µV whereas 

subdural baseline standard deviation was ~ 0.18 µV. Finally, we computed the power spectral 

density (PSD) for both the epidural and subdural recordings over a 300 ms time segment after 

stimulus (Fig. 1.4 G,H). We did not see a diameter effect on the PSD, with all channels exhibiting 

a 1/f noise relationship followed by white noise. These data suggest that recording with 30 µm 

diameter PtNR contacts is as effective as recording with larger diameters, which further 

substantiates their use for high-definition mapping from the surface of the spinal cord. 
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Figure 1.4 Multidiameter array response analysis. (A) Image of multidiameter array at tip of 
research microelectrode. (B) Image of electrode placed subdurally on spinal cord during recording. 
(C) – (D) Averaged peak-to-peak amplitude responses recorded epidurally and subdurally to 30 
mA left median nerve stimulation. (E) – (F) Averaged baseline standard deviation recorded 
epidurally and subdurally. (G) – (H) Power spectrum density analysis on baseline recordings from 
(E) – (F). 
 

Comparison to clinical IONM recordings 

 In subjects 5 and 6, we sought to understand how the research microelectrode recordings 

compared to clinical IONM recordings. Recordings from the microelectrode array could not be 

directly compared to those from the IONM equipment given the difference in trial numbers used 

to obtain the averaged traces for both. Only 30-40 trials were used in the averaging for the research 

grid at each current amplitude. The clinical IONM recordings needed longer stimulation trains 

given the lower amplitudes of responses at the scalp. As a result, the length of recording data 

segment that was averaged to achieve the mean traces differed between the research grid and 

clinical IONM data. However, a comparison could be made based on the general timeline of the 

surgery since any substantial changes in SSEPs were noted in the log sheet and typically lasted 

throughout the entire experiment recording session.  

Epidural and subdural pre-resection and subdural post-resection recordings at 30 mA were 

compared to IONM recordings from similar timepoints in the surgery (Fig. 1.5). Research grid 
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recordings showed a higher response amplitude compared to IONM recordings. For high current 

amplitudes, the range of response amplitudes measured with the research grid was much higher 

than for clinical IONM recordings, where 30 mA right median nerve stimulation resulted in a 

maximal 3 µV peak-to-peak amplitude response for the clinically recorded C3-C4 trace compared 

to microelectrode recordings of > 8 µV and > 6µV responses for left and right 30 mA stimulation, 

respectively (Fig. 1.5 A,B). The remaining clinical traces were only ∼ 1 µV. 

Although there was a loss of response to median nerve stimulation post-resection in subject 

5, affecting the right side more strongly, our microelectrodes still resolved responses; however, 

these responses were smaller than the pre-resection amplitudes. The maximum response amplitude 

decreased from 10 µV to 2.5 µV, whereas the clinical IONM equipment could not register a 

response (Fig.1.5 C,D). Furthermore, the spatial variation in the responses was preserved in the 

microelectrode recordings. Stimulation with 30 mA resulted in clear left and right activation 

patterns, similar to those seen pre-resection (Fig. 1.5 E,F). The ability to map the functional midline 

was also preserved (Fig. 1.5 G). Similarly, in subject 6, the research microelectrode recordings 

were of higher amplitude compared to the clinical recordings throughout the surgery (Fig. 1.13). 

These results highlight the potential of our microelectrode grids for IONM. 
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Figure 1.5 Comparison to clinical IONM recordings. (A) – (D) Subdural pre-resection and post-
resection recordings to left and right 30 mA median nerve stimulation. (E) – (F) Time evolution 
of post-resection recorded responses to 30 mA left and right median nerve stimulation. (G) 
Functional midline estimation from post-resection recorded responses to 30 mA left and right 
median nerve stimulation. 

 

Discussion 

 Currently deployed clinical spinal cord arrays are limited in usability by size. The thickness 
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resolution functional mapping of the spinal cord. Because our grids are fabricated on parylene, 

they can be much thinner (here, 6.6 µm thick) than platinum electrodes. Electrode contacts are 

composed of PtNRs and have much lower impedances compared to standard planar platinum 

contacts. The lower impedance of PtNRs enables scaling of the contact diameter while preserving 

excellent impedance values (~ 36 kΩ at 30 μm diameter) and recording capabilities, which offers 

the possibility of having higher density coverage. 

In this study we transitioned from PEDOT:PSS to PtNR contacts, which have been shown 

to be more suitable for stimulation than other low-impedance microelectrode materials (38, 39). 

Although we do not perform stimulation in this study, having spinal cord electrodes that can both 

record and stimulate would be the goal for many applications outside of neuromonitoring. The 

current iteration was a recording electrode only, but a hybrid version of record and stimulate 

electrode is currently under development, where one or a subset of channels deliver the stimulation 

and the remaining channels record. This, combined with a more robust fabrication process (see 

Materials and Methods), suggests that PtNR microelectrodes can be a good choice for human 

neural devices. Our grid was 6 mm wide, as recommended by the surgical team that performed the 

research in the clinical setting on the first 3 subjects. For 2 out of the last 3 subjects, we were able 

to identify the midline and in the third, we could not. Increasing the width of the array and its axial 

coverage may aid isolation of the midline across diverse subjects. 

 The advantageous design of our research microelectrode allowed us to discriminate 

stimulation currents at and above 7.5 mA. This is important since 30 mA stimulation, as was used 

in subject 5, is considered high and may cause a pain response. In general, currents over 10 mA 

are considered potentially painful (51). Therefore, reducing IONM current below this amplitude 

may benefit the patient by reducing anesthesia interventions during a procedure. However, 
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systematic studies for correlating current amplitudes necessary for capturing when and where 

neural deficits occur in dorsal fibers can be formed are yet to be conducted. 

 Epidural and subdural recordings showed different spatiotemporal features, which means 

these placements could offer distinct applications. These differences are important given that 

epidural placement is easier to achieve and is less invasive. Epidural placement showed peak-to-

peak response amplitudes generally on par with subdural placement. However, there was less 

localization of responses across the array, resulting in an incoherent phase gradient. Surgery that 

requires identification of the functional midline inherently involves exposure of the dorsal spinal 

cord and subdural clinical procedures. Therefore, the subdural microelectrode array placement can 

be a valuable asset for making clinical decisions in such applications because of the high-resolution 

identification of the functional midline and phase gradients in 2D. On the other hand, although 

epidural placements cannot resolve spatial variations in the response, they could be informative 

for evaluating the quality of the response (whether it is present and to what extent), even when 

IONM responses cannot be detected. This is particularly important for decompression and other 

surgeries that do not involve opening of the dura mater. 

 Our research grid was superior compared to the clinical equipment in terms of the 

sensitivity of the system. We averaged 30-40 trials to achieve the mean peak-to-peak amplitude 

responses at a stimulation rate of 2.78 Hz, therefore requiring 10-14 seconds of recorded data. The 

clinical equipment stimulates at 1.41 Hz, requires over 300 trials, and often throws out trials, 

resulting in a necessary data segment of 4 minutes or more. This is a large improvement in 

responsiveness of the system and could allow for quicker detection of neurological damage. In 

addition, at high current amplitudes, even fewer trials would be necessary with our microelectrode, 

resulting in practically real-time responsiveness to surgical intervention. In subject 5, we were also 
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able to capture SSEPs with our research microelectrode when the clinical IONM system could not. 

This subject showed temporary neurological deficit after surgery that quickly improved, which 

validates that the persistent responses seen by our microelectrode carry clinical value.  

 There were a few limitations to this study. First, the electrode location varied between 

subjects since surgery was performed at different heights of the cervical spinal cord. This made it 

impossible to directly compare recordings between subjects. The electrode was also placed in the 

vicinity of abnormal tumor tissue, which further increased the variability in recordings among 

patients. Additionally, there was slight variation in electrode impedances and the distribution of 

working channels between electrodes, which introduced more variability in the datasets. 

Nonetheless, the overall features of the responses were consistent, including response amplitudes, 

propagation velocity, midline mapping capability and epidural and subdural recording of 

spatiotemporal differences. Another limitation of this study was the inability to directly compare 

the clinical grid recordings and the microelectrode recordings due to different trial numbers used 

to produce the mean responses. Future studies will need to investigate and quantify these 

differences more thoroughly. Finally, this study included only six patients, with just one patient 

showing a decrease in SSEP amplitude during surgery. More patients need to be included in future 

studies to investigate the consistency in the research microelectrode performance and its ability to 

better detect neurological damage compared to existing IONM equipment.  

This study was approved to be performed during operative pauses, and another limitation 

of this study was the inability to record during the surgical resection, which is a requirement for 

any IONM system. To address this limitation, we are developing microelectrodes that can surround 

but still leave access to the resection zone, creating a ‘window in a grid’ that will allow surgical 

procedures to proceed while providing real-time monitoring of spatiotemporal SSEP patterns from 
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the dorsal surface of the spinal cord. The ‘window in a grid’ electrode would provide coverage to 

the rostral and caudal segments of the spinal cord to the surgical plane, thus allowing direct 

comparison of SSEPs below and above the surgical site. With these improvements in place, our 

microelectrode system could become a complete and highly detailed IONM system. Furthermore, 

the PtNR microelectrode grid could be used for more traditional DC mapping given its stimulation 

capabilities (37).  

In addition to IONM, we believe our PtNR microelectrodes have implications for the 

treatment of SCI by providing a high-resolution, high-coverage spinal cord grid. We speculate that 

our research grid could potentially be used to capture sensory information from the peripheral 

nerves below the point of injury to be relayed to the brain, which has been pursued recently (52–

54), and provide the means for targeted sensory nerve stimulation. For this, further developments 

will need to be made to capture native sensory pathway neural activity as opposed to recording 

stimulated SSEPs and to perform stimulation with PtNR electrodes. Finally, we also believe our 

microelectrode array could mediate SCI treatment by identifying and stimulating the root entry 

zones in SCI patients, which has been shown recently to restore motor function (55). 

 In summary, we introduce a conformal, high-density microelectrode grid and demonstrate 

its ability to outperform standard clinical IONM during spinal cord surgery. For both subdural and 

epidural placements, we evaluated stimulation responses that were present even when IONM did 

not resolve any responses. Our microelectrode was able to capture detailed spatiotemporal patterns 

of responses that can define with high precision the 2D maps of the functional midline during 

surgery. Our use of this grid in high-resolution mapping from the surface of the spinal cord shows 

that this microelectrode holds the promise for applications that may help neurosurgical procedures 

and neuromodulation therapies in the spinal cord and beyond. 



29 

Materials and Methods 

Study design 

The research objectives of this study were to (1) evaluate whether direct recordings from 

the human spinal cord could reduce the stimulation thresholds required to detect neurological 

activity and quantify this difference, (2) quantify the spatial selectivity of our high-channel count 

grids and their ability to localize the spinal cord functional midline, (3) evaluate the differences in 

epidural versus subdural recordings to determine optimal grid placement and (4) assess whether 

the research grid can identify neurological signal when it is classified as absent by the standard 

intraoperative neuromonitoring (IONM) equipment. Randomization was not performed and did 

not apply to our study since this is a proof-of-concept technology study. 

Research grid fabrication, characterization, and sterilization 

Both PEDOT:PSS and PtNR research grids were fabricated on 7” × 7” × 0.06” photomask-

grade soda lime glass plate (Nanofilm), which were cleaned via O2 plasma at 200 W for 5 minutes. 

Diluted Micro 90 (0.1%) was spincoated onto the glass plate to act as a release layer, after which 

the plate was coated with 3.7-μm-thick-parylene C using a parylene deposition system (Specialty 

Coating Systems 2010 Labcoater). Next, two layers of gold traces (10 nm Cr, 250 nm Au) were 

deposited onto the plate using standard lithography techniques and AZ5214E-IR photoresist 

(MicroChemicals). This double layer of leads was found to improve device yield by reducing 

chance of disconnects due to particles during the photolithography process. 

PEDOT:PSS grid fabrication 

For PEDOT:PSS grids, the metal traces were then encapsulated in 2nd and 3rd parylene 

layers, each 3.1 µm thick. Concentrated Micro-90 (100µL in 50 mL DI) was spincoated before the 

3rd parylene coating to allow for peel-off of this layer at a later step. Via (hole) through the parylene  
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was performed via oxygen etching at 200 W for 39 minutes. PEDOT:PSS solution was spincoated 

onto the exposed contacts, cured at 150 °C for 60 min, and the 3rd parylene layer was then peeled 

off. The electrodes were laser cut and lifted off with DI water. Preparation of the PEDOT:PSS 

solution and more fabrication details can be found in previous publications, including (39). 

PtNR grid fabrication 

Platinum nanorod (PtNR) contact formation on parylene C were prepared using a technique 

previously developed and described in our lab (40). Briefly, the metal traces and PtAg alloyed 

contacts were encapsulated in a second 3.1 μm parylene layer. After deposition of a Ti hard mask, 

the PtAg contacts and connector pads were exposed using a dry etch  of the Ti layer with SF6/Ar 

gas followed by oxygen dry etching of the paylene C. The samples were lifted off with 6:1 buffered 

oxide etchant (BOE) and the PtAg was dealloyed in 60°C nitric acid for 2 min, thereby forming 

the PtNRs with Pt/Ag composition of approximately 95%/5%. The microelectrodes were bonded 

to custom-made extender PCBs as described in a previous publication (40). 

The quality of the fabricated devices and their PEDOT:PSS or PtNR contacts were first 

evaluated using optical microscopy. Impedance magnitude and phase at 1kHz was then measured 

to ensure device functionality. If the devices had high yield, they were sent for sterilization to 

UCSD’s or OHSU’s sterilization facility. The sterilization processes used were steam with gravity 

mode at 121°C for 30 min for PEDOT:PSS electrodes and Sterrad with the default sterilization 

mode for PtNR electrodes. 

Subjects and research grid placement 

The research subjects were patients undergoing an intramedullary spinal cord tumor 

resection or biopsy procedure at the cervical segment with IONM with both epidural and subdural 

spinal cord exposure. Subjects were recruited by the neurosurgery team involved in this study. All 
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patients voluntarily participated after informed consent in accordance with the University of 

California Institutional Review Board (IRB). Subjects were informed that participating in the study 

would not affect the treatment they received. Participants could withdraw at any time. Recordings 

were acquired from 6 participants. 

Surgery proceeded as normal until epidural spinal cord exposure. During the surgical 

exposure, the recording equipment was set up on the non-sterile side of the operating room. The 

research grid was removed from the sterile tray by a scrubbed-in member of the neurosurgery 

team. A Situate Sterile Drape (Medtronic 01-0020) was used to interface between the sterile and 

non-sterile recording elements. The extender board of the research grid was inserted through an 

opening in the drape and touch-proof connectors of a sterile twisted pair of subdermal needle 

electrodes were inserted through another hole. Two Tegaderm films (3M) were taped together to 

seal the openings. A member of the research team then connected the extender board and the 

recording equipment. The research grid was then placed in sterile saline solution in a kidney dish 

until the recording started. Impedance was measured to ensure proper equipment connection and 

grid viability after sterilization. Further details are described in (40). 

Data collection 

Recordings were taken at three timepoints in the surgery: (1) epidurally after spinal cord 

exposure, (2) subdurally, on the pial surface, before tumor resection or biopsy, and (3) subdurally 

after tumor resection or biopsy. Impedances were measured and plotted before each recording in 

both sterile saline and on the spinal cord itself to check for electrode damage and equipment 

connectivity issues. The total recording time for all three timepoints did not exceed 30 minutes 

during downtime of the surgery, so as not to cause adverse effects to the patient and surgical 

outcome. Recordings were collected using Intan’s RHD Recording Controller at 20 kHz sampling 
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rate. A member of the research team dictated stimulation amplitude and location to the 

neuromonitoring team member. Notes were taken during stimulation to note approximate 

stimulation time and amplitude in the recording. Reference and ground needles for the research 

microelectrode were placed in nearby tissue. The clinical IONM system used to capture data from 

subjects 5 and 6 was Cascade’s IOMAX. 

Data processing 

 Research grid data was processed in MATLAB. Data was filtered to remove 60 Hz noise 

and harmonics using a notch filter. Data was then bandpass filtered 30-300 Hz. The low frequency 

was chosen to be 30 Hz to remove changes in voltage due to DC voltage shifts and ECG artifact, 

which was below 30 Hz, while preserving the response frequency bandwidth (a spectrogram 

showed responses in the frequency range of 70-150 Hz). Stimulus artifacts from the non-filtered 

data were used to determine stimulation timepoints and these timepoints were compared to a 

custom-made stimulation artifact capture system for initial experiments, but this was found to be 

redundant for later experiments. Notes taken during surgery were used to classify each stimulus 

train based on the stimulation amplitude and location. Responses were computed by averaging a 

20 ms time window after each stimulus artifact. Baseline data was computed by averaging a 20 ms 

time window within 20-80 ms before stimulus artifact. The onset of the time window varied 

between stimulations and was chosen to ensure no aberrant signals were present in the baseline 

recording. Baseline values were then subtracted from the averaged responses. Peak-to-peak 

amplitude was calculated by taking the difference between the highest and lowest data points in 

the time window 5-20 ms after stimulus and within the 20 ms time window for baseline. The 

clinical data was downloaded from the IONM software IOMAX (Cascade) in the form of a .json 
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file after the case. The data was bandpass filtered 30-750 Hz. The data was imported and plotted 

in Python along with corresponding timestamps and event notes from the IONM team. 

Midline mapping 

 A signal-to-noise (SNR) thresholding technique was used to evaluate the functional 

midline. The mean and standard deviation of the baseline peak-to-peak amplitude was calculated. 

For both left- and right-side stimulation, peak-to-peak amplitudes of the response with root mean 

squared (RMS) numbers less than a certain value were zeroed (Equation 1), thus creating 

individual threshold maps for each side. For subject 5, the value of 13 was arbitrarily chosen for 

the subdural recording based on the number of channels that did not meet this criterium. The value 

of 18 was chosen for the epidural recording. The left- and right-side threshold maps were combined 

by taking the square root of the sum of squared thresholds (Equation 2). 

𝑓𝑖𝑛𝑑 &!"#$"%!#!$%&'
%#(

' < 𝑣𝑎𝑙 = 0 Equation 1 

.𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑖𝑒𝑠)!*+#, + 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑖𝑒𝑠-$.#, = 𝑐𝑜𝑚𝑏𝑖𝑛𝑒𝑑	𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑖𝑒𝑠 Equation 2 

Phase gradient analysis 

 The spatial phase gradient of the responses was calculated in MATLAB based on previous 

methods described in literature (40, 56, 57). The streamlines were generated with the streamline 

MATLAB function to illustrate the general directional trends of the local spatial phase gradient.  

Statistical analysis 

 We used the Welch’s test to determine whether there was a significant change in impedance 

after Sterrad sterilization since we assumed unequal variance between samples.  

We used the Mann Whitney U test to evaluate statistical significance of the peak-to-peak 

amplitude responses. This nonparametric test was chosen since the amplitude distributions for each 

current amplitude deviated slightly from a normal distribution, making a nonparametric test more 
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appropriate. Response peak-to-peak amplitudes were compared against baseline peak-to-peak 

amplitudes. In each statistical test, the channels in the top 20% based on SNR were used to ensure 

that the significance was not affected by non-responsive channels. The Z-score was used to 

evaluate effect size, which is appropriate for nonparametric data, and multiple test correction was 

applied to the p-values since multiple tests were performed to evaluate various current amplitudes 

and stimulation points. Effect size was calculated by dividing the Z-score by the square root of the 

number of pairs (Equation 3). The Z-score was calculated in Python from the U statistic (Equation 

4). P-values were corrected using the Holm method. 

𝑒𝑓𝑓𝑒𝑐𝑡	𝑠𝑖𝑧𝑒 = 𝑍
√𝑛;  where 𝑛 = 𝑛𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑝𝑎𝑖𝑟𝑠 Equation 3 

𝑍 = 	 /&"
!
,0 12.4

5"!∗(819) 9,0
 Equation 4 
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Supplementary Materials 

Case details 

Subject 1 was implanted with a 128-channel PEDOT:PSS microelectrode with 300 µm horizontal 

and 4 mm vertical pitch and with 30 µm diameter contacts. Subject 2 was implanted with a 

PEDOT:PSS microelectrode grid with 32x16 channels, 1 mm horizontal and 1 mm vertical pitch 

and 30 µm contact diameter. Subject 3 was implanted with a PEDOT:PSS microelectrode grid 

with 5x200 channels, 200 µm horizontal and vertical pitch and 90 µm contact diameter. A 

summary of participants and experimental details are shown in Table S1.  
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Figure 1.6 Microelectrode array impedance histograms. 1-kHz impedance magnitude histograms 
measured as fabricated in saline, post-sterilization in saline, and on spinal cord tissue for (A) 
subject 4 and (B) subject 6. 
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Figure 1.7 Skin control recordings during 30 mA left and right median nerve stimulation for subject 
5. 
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Figure 1.8 Peak-to-peak amplitude responses from subject 5. (A) – (D) Spatial distribution of peak-
to-peak amplitudes of responses to both left and right median nerve stimulation recorded epidurally 
and subdurally pre-resection. Left panels show the response peak-to-peak amplitudes. Right panels 
show the baseline peak-to-peak amplitudes. Peak-to-peak amplitudes were calculated from the 
time evolution plots of Fig. 1.2 as described in Materials and Methods. 
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Figure 1.9 Single channel response and time evolution plots from subject 4. (A) – (D) Maximal 
single channel responses to left and right median nerve stimulation in both epidural and subdural 
placements. (E) Epidurally and (F) subdurally recorded time evolution of responses to left median 
nerve stimulation. 
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Figure 1.10 Single channel response and time evolution plots from subject 6. (A) – (D) Maximal 
single channel responses to left and right ulnar nerve stimulation in both epidural and subdural 
placements. In this subject, the spinal cord was heavily displaced to the right due to the tumor (see 
Table 1.2) and the localization of SSEPs on the electrode array was likely impacted by this 
displacement. (E) Epidurally and (F) subdurally recorded time evolution of responses to left ulnar 
nerve stimulation. 
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Figure 1.11 Peak-to-peak amplitude responses from subject 4. (A) – (D) Spatial distribution of 
peak-to-peak amplitudes of responses to both left and right median nerve stimulation recorded 
epidurally and subdurally pre-resection. Left panels show the response peak-to-peak amplitudes. 
Right panels show the baseline peak-to-peak amplitudes. (E) Functional midline estimation from 
epidural recording of responses to 30 mA left and right median nerve stimulation. (F) Functional 
midline estimation from subdural recording of responses to 30 mA left and right median nerve 
stimulation. 
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Figure 1.12 Peak-to-peak amplitude heatmaps from subject 6. (A) – (D) Spatial distribution of 
peak-to-peak amplitudes of responses to both left and right ulnar nerve stimulation recorded 
epidurally and subdurally post-resection. Left panels show the response peak-to-peak amplitudes. 
Right panels show the baseline peak-to-peak amplitudes. In this subject, the tumor displaced the 
spinal cord severely to the right and the electrode array was placed over the left dorsal column. 
Responses to left ulnar nerve stimulation were 2x greater in amplitude compared to right ulnar 
nerve stimulation. 
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Figure 1.13 Comparison to clinical IONM recordings in subject 6. (A) – (D) Epidural pre-resection 
and subdural post-resection recordings to left and right 30 mA median nerve stimulation. 

 
Table 1.2 Summary of performed cases. 

Participant # Spinal segment Pre-op deficits  SSEP 
stimulation Electrode 

1 L1 No deficits Median 
nerve 

PEDOT:PSS, 
4x32, d = 30 µm 

2 C2-C5 
Weakness in both arms 
and legs, worse on right 

side 

Median 
nerve 

PEDOT:PSS, 
16x32, d=30 µm 

3 C2-C5 No deficits Median 
nerve 

PEDOT:PSS, 
5x200, d=30 µm 

4 C5-C6 Weakness in left arm 
and leg 

Median 
nerve 

PtNR, 12x31, 
d=30 µm + 

multidiam array 

5 C4-C5 

Mild weakness on both 
sides of the body, upper 

SSEPs absent during 
resection 

Median 
nerve 

PtNR, 12x31, 
d=30 µm + 

multidiam array 

6 C3-C6 
Mild weakness in both 

hands, spinal cord 
pushed to right 

Ulnar nerve 
PtNR, 12x31, 
d=30 µm + 

multidiam array 
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Chapter 2  
The conformal, high-density SpineWrap microelectrode array 

delivers focal stimulation for selective muscle recruitment 
 

Introduction 

 Spinal cord injury (SCI) can have a dramatic, lifechanging impact due to the debilitating 

loss of motor and sensory functions. Over recent decades, spinal cord stimulation (SCS) below the 

point of injury has been investigated as a mechanism for functional restoration (1). In particular, 

epidural electrical stimulation (EES) has emerged as a promising treatment strategy and has been 

applied to restore motor function in animals and humans with SCI (2–8). Computational and 

experimental studies have shown that EES targets the dorsal roots (DRs) and specifically the dorsal 

root entry zones (DREZs), which have a low threshold for EES activation (9–12). The DRs and 

DREZs carry type I and type II sensory afferents, which form direct and indirect connections to 

alpha motoneurons, which innervate the muscle fibers in the target muscles. Studies have shown 

that targeting these sensory afferents, as opposed to directly stimulating the motoneurons, is 

desirable since this results in less fatigue and allows EES to tap into inherent neural synaptic 

pathways in the spinal cord, resulting in naturalistic neural recruitment patterns (13–18).  

When applied in humans for treatment of SCI, EES is currently delivered with clinical 

paddle arrays, which were originally developed to target the dorsal columns for management of 

chronic pain (19, 20), rather than specifically targeting the DREZs for muscle recruitment. As a 

result, these arrays do not deliver stimulation to the optimal location. Additionally, whereas the 

afferents innervating individual muscles are arranged segmentally and terminate in specific lamina 

in the dorsal horn based on their diameter, afferent organization is not so ordered as to allow for 

precise targeting of only those that activate single muscle (21). Given this lack of consistency in 

afferent organization, a unique challenge in applying EES for SCI is the significant overlap in 
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stimulation targets between muscles. Paddle arrays are therefore not optimized for this due to their 

low focality in stimulation. 

There are several factors that limit the focality of stimulation that can be delivered by 

paddle arrays. First, paddle arrays in clinical use are made of ~ 2 mm thick silicone, making these 

devices non-conformal to the spinal cord. This lack of conformality leads to charge spreading in 

the space between the paddle array and the epidural surface, reducing stimulation focality (22, 23). 

Second, paddle arrays have low channel counts, making it difficult to deliver stimulation at 

dimensions that will target small populations of sensory afferents. The electrode contacts 

themselves are currently made of materials with relatively high impedance and low charge 

injection capacity (CIC), such as platinum (24–26). CIC is the charge per unit area that can be 

delivered from a given contact before the onset of irreversible electrochemical reactions at the 

electrode-tissue interface that can damage the contacts and surrounding tissue (27). Therefore, 

scaling these electrode contacts to smaller contact areas would significantly limit their CIC and 

introduce additional challenges due to the voltage compliance limits of the back-end electronics 

used for stimulation. Finally, the resulting low contact density of paddle arrays necessitates patient-

specific designs to accommodate the varied neuroanatomy across subjects (28, 29), limiting the 

effectiveness and the suitability of this technology for broader populations.  

Previous studies have focused largely on reducing the rigidity and thickness of EES arrays 

to minimize foreign body response and spinal cord compression that occurs during implantation 

of thick and rigid arrays (30, 31). Other studies have also developed new microelectrode arrays 

that are fabricated on either thin polymer substrates, such as polyimide or parylene-C (32–35), or 

elastomer substrates, such as polydimethylsiloxane (PDMS) (36–39). Although reducing substrate 

thickness and rigidity coincides with increased conformality, these arrays mostly possess channel 
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counts on par with clinical grids and the advantages of such arrays for delivering stimulation are 

not clearly illustrated.  

The question remains whether the efficacy of EES in selectively recruiting target muscles 

can be further improved with more focal stimulation. The proximity of neurons to the current 

source makes them more susceptible to activation at lower stimulation current intensities. 

Therefore, we hypothesized that bipolar stimulation using a high-density, conformal 

microelectrode array would more selectively target afferents in a small volume directly under the 

stimulating electrode contact pair and identify submillimeter hotspots for optimal stimulation. 

Thus, such an array would allow for more precise and more complex stimulation patterns.  

 Here we introduce SpineWrap, a 6.6 µm thin film, 156-channel high-density 

microelectrode array for targeted EES. The thinness and unique design features of the parylene-C 

substrate allow SpineWrap to “wrap” around the spinal cord curvature, resulting in high 

conformality over a large area while ensuring each electrode contact is uniformly touching the 

dural surface (Fig. 2.1 A, B). The high density and small size of SpineWrap contacts is possible 

because of the material properties of the platinum nanorod (PtNR) contacts (Fig. 2.1 C). We 

demonstrate that SpineWrap can deliver focal EES to the rat lumbar spinal cord resulting in highly 

selective recruitment of six lower limb muscles and locate stimulation hotspots for highest 

selectivity. We quantify the focality of SpineWrap stimulation using a computational model of the 

lumbar spinal cord recreated from MRI scans and show that stimulation with SpineWrap can 

activate tissue at depth without compromising the focality of stimulation. Finally, we evaluate the 

impact of channel count on muscle recruitment selectivity with post hoc channel subsampling 

analysis and in vivo validation studies. We show that, in rats, high-density arrays require 

submillimeter pitches (median = 570 µm, IQR 461 – 799 µm) so as not to reduce maximum 
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achievable selectivity during bipolar stimulation across all muscles measured in this study. Our 

results suggest that SpineWrap can improve the efficacy of EES stimulation for treatment of SCI 

by delivering more focal stimulation compared to clinical paddle arrays and previously developed 

EES microelectrode arrays. 

Results 

SpineWrap design 

 The high contact density and small diameter of SpineWrap are enabled by the PtNR 

contact material. PtNRs have a very low impedance (40); at 1kHz the impedance of a 100 µm 

PtNR contact is 17 times lower than that of a planar platinum contact (Fig. 2.1 C). PtNRs also have 

high CIC; in saline, a 100 µm PtNR contact can inject up to 6 mA of current at 100 µs pulse width, 

which is 32 times greater than the 190 μA that can be safely injected by a planar platinum contact 

without causing water electrolysis (Fig. 2.1 C). In vivo, our 100 µm PtNR contacts permit the 

delivery of current levels up to ~ 300 µA, which is enough to elicit strong muscle activation. The 

difference between the saline and in vivo maximum currents is a result of the different 

conductivities and current spreading effects between the two media (41). PtNRs have been used 

previously for neural stimulation and recording in animals and patients in acute and chronic 

settings (40, 42–44). SpineWrap PtNR contacts were stable throughout the acute stimulation 

experiments performed in this study. The median impedance of the SpineWrap contacts was 5.12 

kΩ when measured in saline. When measured on the spinal cord before stimulation, the median 

impedance increased to 16.3 kΩ and did not change significantly when measured again after the 

conclusion of the experiment, with a median impedance of 15.6 kΩ (p=0.29, two-sided Mann 
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Whitney U test, Fig. S1). Scanning electron microscopy (SEM) imaging of contacts before and 

after stimulation showed no morphological changes to the PtNRs (Fig. 2.6). 

 SpineWrap contact distribution can be customized and is designed here to target the 

dorsolateral L3-L5 spinal segments of the rat spinal cord. To design SpineWrap, we dissected the 

lumbar rat spinal cord to determine the average lengths of the lumbar DREZs (n=5, Fig. 2.1 D, 

Table 2.1). Based on these measurements, we determined the optimal electrode array dimensions 

to be 9 mm x 3 mm to provide adequate longitudinal and lateral coverage to the L3-L5 DREZs 

and account for small deviations in segmental length and electrode placement (Fig. 2.7). When 

determining the channel number and density of the array, we used COMSOL Multiphysics 

computational modeling based on an MRI reconstruction of the rat lumbar spinal cord (Fig. 2.1 D) 

to identify pitch ranges that resulted in focal and deep stimulation. We also considered the practical 

time constraint of acute studies, with each contact and current level requiring > 10 s of stimulation 

time. We optimized the contact layout with respect to these constraints and designed an electrode 

of 26 rows x 3 columns (78 contacts) on each side of the midline to arrive at a total of 156 contacts 

for the entire array. The horizontal (circumferential) pitch between the stimulating contacts was 

500 µm and the vertical (axial) pitch was 360 µm. This array configuration allowed for complete 

longitudinal coverage of the L3-L5 DREZs while also extending laterally enough to cover the 

center points of the mediolaterally located DREZs along the circumference of the cord (Fig. 2.7), 

without so much lateral coverage as to compromise the conformality and uniform contact of the 

electrode on the entire surface of the cord. Assuming perfect placement, the L3 DREZ was covered 

by 66 contacts, the L4 DREZ was covered by 48 contacts and the L5 DREZ was covered by 42 

contacts (Fig. 2.7). The lateral coverage of SpineWrap spanned 1250 µm from the midline, which 
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was sufficient to provide optimal stimulation to each DREZ based on our own modeling results 

presented below and previous literature (2). 

To limit current spreading through highly conductive cerebrospinal fluid (CSF) that fills 

the space between the dura and the spinal cord surface, we delivered stimulation in a bipolar 

manner along the spinal cord surface between contacts in each column of SpineWrap, with the 

cathode position superior to the anode (Fig. 2.1 B). In this configuration, current flowed between 

the adjacent electrodes, which facilitated spatially selective stimulation. Bipolar stimulation is 

commonly used in the clinic setting (45), however for clinical grids the anode is set to ground. In 

our design, setting each anode to ground constituted a technical challenge and was impractical 

given the large number of contacts. Instead, the anode delivered the reverse polarity current to the 

cathode, thus driving current flow, and an on-device ground was placed separately on the array to 

sink any residual charge that is not extracted by the bipolar contacts. 

In earlier studies the ground was not incorporated in the electrode design but placed 

separately in the paraspinal muscles (Fig. 2.8). Practical imperfection of charge balance in bipolar 

stimulation and the inability to fully extract injected charge led to current spreading resulting in 

the undesired direct activation of motoneurons, likely through the ventral nerve roots. Furthermore, 

while the bipolar stimulating contact can partially limit the spread of current along the axis of the 

spine, the lateral spread of current along the circumference of the spine is less controllable with a 

purely bipolar design. Direct motoneuron activation was identified by analysis of 

electromyography (EMG) latency (Fig. 2.9), with EMG responses appearing much sooner after 

stimulus in the case of direct motoneuron activation. In one of these earlier studies (Fig. 2.8, layout 

3), bipolar stimulation resulted in early latency EMG responses in some muscles, such as the vastus 

lateralis (median onset time 2.45 ms after stimulus, Fig. 2.9), indicating direct motoneuron 
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activation. Since the EMG activation occurred primarily at the bottom of the electrode array at the 

L5 spinal level, we hypothesized that current spread to the L3 ventral nerve root, which was in a 

lateral position at the L5 spinal level and innervates the vastus lateralis. We confirmed that current 

spread was significant in the earlier designs by shifting the position of the ground needle in tissue 

(Fig. 2.10). Depending on the location of the ground needle, we observed a change in the contacts 

eliciting muscle activation.  

We modeled the spread of current using COMSOL simulations for a reconstructed model 

of the rat spinal cord. To determine the L3-L5 nerve root organization and overlap and to preserve 

their in situ trajectory, we imaged the intrathecal lumbar and sacral nerve root organization using 

MRI (Fig. 2.1 D and Fig. 2.11). We then reconstructed a 3D anatomical model to serve as the basis 

for our finite element modeling to calculate field-distributions and imported the model into 

COMSOL. In COMSOL, we gave each tissue an electric conductivity based on previously reported 

values (10, 46) (Table 2.2). We modeled stimulation with and without charge mismatch to illustrate 

the advantage of electrode arrays with and without an on-device ground (Fig. 2.12). We found that 

charge mismatch significantly reduced stimulation focality without on-device ground. 

These results led us to redesign the electrodes to incorporate the ground adjacent to the 

stimulating electrode contacts to create an on-device ground.  An on-device ground was critical 

for the focal stimulation and selective activation of DREZs. This was included in the form of 

ground lines between columns of contacts (Fig. 2.1 B, middle). In subsequent experiments, the 

electrode with on-device ground lines did not show any current spreading, with significantly higher 

latency EMG responses recorded even at the highest current levels (median onset time 4.85 ms 

after stimulus, p < 0.05, two-sided Mann Whitney U test; Fig. 2.9).  This indicates indirect 
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motoneuron activation through sensory afferents. Thus, with its on-device ground, SpineWrap 

provides focal stimulation without current spread.  

In designing the on-device ground, we explored both a concentric ground ring around each 

contact and in-plane ground-lines in between rows of contacts. The concentric ground design was 

previously proposed as a method to deliver highly focal cortical stimulation (47). In our 

experiments, concentric ground did not result in EMG response amplitudes that were as high as 

for ground lines (Fig. 2.13). We concluded that the distance between the stimulating contact and 

surrounding ground was too small for even high stimulation currents to reach sufficient depths to 

recruit enough afferent fibers to produce large EMG responses. This resulted in a tradeoff between 

cathode-to-ground pitch and contact density. Therefore, we opted for vertical ground lines on 

SpineWrap to not compromise the high density we aimed to achieve. 

For focal stimulation, it was critical that SpineWrap wraps conformally onto the spinal 

cord surface to ensure uniform contact of all electrode contacts and ground lines on the array and 

therefore generate consistent stimulation across all contacts. Uniform conformality across all 

contacts was a challenge since the array needed to capture enough longitudinal and lateral coverage 

of the DREZs while also allowing for longitudinal bending along the axial curvature present in 

rats at the L3-L5 spinal segments. We tested many iterations of the electrode array design to 

achieve a conformal device (Fig. 2.8). We ultimately opted for a device design that had two flaps 

in the upper and lower regions (Fig. 2.1 B, middle). These flaps allowed the electrode to latch onto 

the L3-L5 spinal levels while omitting the T13-L1 vertebral bone junction, which was left intact 

to not damage to the nerve roots exiting at this location. Between the flaps, teeth were etched into 

the lateral edge of the array to relieve buckling of the flat parylene C film. Ultimately, this design 

allowed for consistently conformal placement of SpineWrap across animals (Fig. 2.1 B, right). 
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During stimulation, we additionally placed gel foam onto the electrode surface and the surrounding 

tissues.  This has kept the epidural surface moist and the electrode in place. We compared the 

placement of the electrode before and after the stimulation to confirm the electrode placement did 

not shift during stimulation (Fig. 2.14). 
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Figure 2.1 The SpineWrap microelectrode array for delivers focal spinal cord stimulation. (A) 
SpineWrap design features including the 156 channel PtNR contact array with 100 µm contact 
diameter and 6.6 µm thick PxC substrate. (B) Left: Close-up view of the microelectrode array. 
Stimulation was delivered in a bipolar configuration between neighboring contacts in each column. 
Ground lines limited current spreading. Middle: Flaps and teeth allowed for conformal placement 
over curved rat lumbar spinal cord. Right: Image of SpineWrap on spinal cord. (C) Low impedance 
and high CIC of PtNRs allowed for micro-scale contact size to deliver high stimulation amplitudes. 
(D) Dissections (n=5) and MRI (n=2) was used to identify the dimensions of the DREZs and guide 
SpineWrap design. (E) SpineWrap coverage of the rat lumbar spinal cord and corresponding 
muscle innervation levels based on previous work(2). (F) Muscles recorded during the experiment 
and example trial-averaged high-amplitude EMG responses (n=6, gray line represents ± 1 standard 
deviation). 
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Stimulation focality of SpineWrap 

We used SpineWrap to recruit lower limb muscles in anesthetized intact rats. We 

stimulated at 0.5 Hz in a semi-random order and recorded muscle activity with bipolar EMG 

needles in six muscle groups innervated by the L3-L5 spinal segments (2): biceps femoris (BIC), 

vastus lateralis (VAS), tibialis anterior (TIB), gastrocnemius medialis (GAS), semitendinosus 

(SEM) and gluteus maximus (GLU) (Fig. 2.1 E,F). We computed the peak-to-peak (PTP) EMG 

amplitudes of the recorded response waveforms. PTP amplitudes were normalized (PTPnorm) by 

dividing them by the maximum peak-to-peak amplitude (PTPmax) across current levels (see 

Materials and Methods) to perform inter-muscular and inter-animal analysis. We performed 

stimulation on both left and right sides of the spinal cord in two rats (referred to as datasets Rat 

1r/l and Rat 2r/l) and on the right side only in two rats (referred to as datasets Rat 3r and Rat 4r). 

Since in this study we investigated general trends in muscle segmental activation and selectivity 

without emphasis on precise mediolateral contact position, we grouped the left and the right 

datasets from different animals in our analysis to arrive at total of 6 datasets for this study. 
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Figure 2.2 SpineWrap delivers focal spinal cord stimulation. (A) Placement of SpineWrap on 
spinal cord for Rat 5r and approximate locations of innervations for muscles tibialis anterior 
(green) and vastus lateralis (blue). (B) Increasing current amplitude results in widespread 
activation of TIB. (C) Close-up view of the black box in (B) with plotted trial-averaged EMG 
waveforms. Black arrows indicate stimulation time. (D) The stimulation current threshold 
necessary to produce a significant EMG response (≥ 0.1 PTPmax, n = 6) for each muscle. Each 
boxplot shows the distribution of the current threshold for a given dataset and muscle. The 
horizontal center lines and boxes indicate the median and the 25th/75th percentile and the vertical 
solid lines represent the full range of the distribution. (E) Increasing current amplitude results in 
widespread activation of VAS. (F) Close-up view of the black box in (E) with plotted trial-
averaged EMG waveforms. Black arrows indicate stimulation time. (G) Modeling results from 
COMSOL quantifying the focality of stimulation delivered by a pair of electrodes on the L4 DREZ 
at increasing current levels. 
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We varied stimulation currents between 15 μA – 300 μA and measured the EMG responses. 

At low current levels, only a few pairs of bipolar contacts showed muscle activity at the 

corresponding spinal cord segmental level (Fig. 2.2 A-C & E-F). Increasing the stimulation current 

increased the number of bipolar pairs of contacts generating significant muscle response. As the 

current amplitude was increased, nearest neighboring bipolar contact pairs to those initially 

selective to specific muscles at lower amplitudes began to also elicit muscle responses, with 

highest current levels generating responses across many bipolar contact pairs and multiple 

segmental levels. We defined the current amplitude thresholds necessary to generate a significant 

muscle response as those resulting in an EMG response with ≥ 0.1 PTPmax and identified the 

median current threshold to be 35 – 50 µA across muscles (Fig. 2.2 D). 

We hypothesized that at low current levels there are few contacts eliciting muscle 

activation because the stimulation is very focal and only targets the sensory afferents directly under 

the bipolar contact pair. Increasing the stimulation current amplitude activates afferents further 

from the bipolar contact pair, thus many multiple pairs can activate the same afferents, resulting 

in widespread muscle activation. We used finite element modeling in COMSOL Multiphysics to 

illustrate this effect by increasing stimulation from a pair of contacts and the plotting resulting 

potential field (Fig. 2.2 E, G). To do this, we imported a 3D construction of the MRI imaged rat 

lumbar spinal cord into Blender, and individual spinal elements were then converted into .stl files 

and used in COMSOL Multiphysics (See Materials and Methods, Computational Modeling). Even 

at 250 µA current levels, there was no appreciable potential within the spinal cord white matter 

that would cause activation, with significant potential gradients only in the CSF. 
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Muscle recruitment selectivity 

To assess the impact of SpineWrap’s focal stimulation on selective muscle recruitment, we 

computed the selectivity index (SI) for each muscle and each contact using previously published 

equations for selectivity (9), where SI is the difference between PTPnorm for each current level, 

contact, and muscle and the mean PTPnorm of the remaining muscles (see Materials and Methods). 

Across datasets, we found that the SI distribution generally agreed with spinal innervation (Fig. 

2.3 A, Fig. 2.15). The SI distribution per muscle skewed towards zero for most muscles and most 

datasets, with few channels per electrode eliciting high selectivity (Fig. 2.3 B, Fig. 2.16). 

Additionally, in some locations on the array, SI values varied significantly between neighboring 

contacts, indicating that stimulation from neighboring contacts activated distinct sets of muscles 

(Fig. 2.3 C).  

We extracted the maximum SI (SImax) per channel for each muscle and each dataset and 

overlaid the channel locations of SImax (Fig. 2.3 D, Fig. 2.17). The locations of SImax were closely 

distributed and corresponded to the expected muscle innervation. Exceptions were Rat 2r, where 

the SEM and GLU SImax were positioned in the upper part of the array and Rat 4r, where the GAS 

SImax was positioned in the upper part of the array (Fig. 2.17). To determine the average SImax 

achievable with the SpineWrap array, we compared SImax values across the datasets. We found 

that the average SImax was ≥ 0.5 for all muscles (Fig. 2.3 E), indicating that the SpineWrap array 

could achieve moderate to high selectivity across all six muscle groups recorded in this study. 

A motivator for this study was the hypothesis that the high-channel count of SpineWrap 

would result in more options for channel selection and point to hotspots of maximal selectivity, 

thus optimizing the stimulation locations compared to conventional, low-channel count paddle 

arrays. The SI distributions in Fig. 2.3 B indicate that SpineWrap can identify hotspots with very 
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high selectivity. To further evaluate this hypothesis, we investigated how selective the SImax 

channels were compared to the remaining SIs. Across datasets and for each muscle, we identified 

contacts with comparable SI value to SImax by calculating the number of contacts per dataset that 

had an SI ≥ 90% of SImax. We found that the median number of bipolar contact pairs with a 

comparable SI value across datasets was between 1-3 per muscle (Fig. 2.3 F). Thus, we conclude 

that SpineWrap’s high-density coverage can pinpoint to a few hotspot locations for highest muscle 

recruitment selectivity. 
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Figure 2.3 SpineWrap produces selective lower limb muscle activation. (A) Example SI 
distribution across electrode arrays for all muscles for Rat 3r. (B) The distribution of selectivity 
indices for Rat 3r. (C) Selectivity can vary on the scale of individual channels, with neighboring 
channels recruiting different muscles more selectively. For example, the dominant muscle shifts 
from TIB at channels 126 and 127 to BIC and GLU at channel 128. Similarly, the dominant muscle 
shifts from VAS for channel 96 to TIB and BIC for channel 97. At channel 98, no muscle is highly 
selective. (D) Comparison of cathode locations of bipolar contact pairs that produced SImax for 
each muscle across all datasets. (E) SImax values for each muscle across all datasets. The open 
black circles are the mean SImax for each muscle, and the black line connects the mean SImax from 
the different muscles. (F) The number of bipolar contact pairs that have SI values close to SImax. 
Each boxplot shows the distribution of the number of pairs with SI values ≥ 90% of SImax for a 
given dataset and muscle. The horizontal center lines and boxes indicate the median and the 
25th/75th percentile and the vertical solid lines represent the full range of the distribution. 
 

  



64 

Effect of array channel count and resolution on recruitment selectivity  

Improving stimulation focality by increasing channel count and resolution has been a topic 

of interest in the neuromodulation community. However, to the best of our knowledge, this effect 

has never been quantified for spinal cord stimulation. Though our SI values indicate selective 

muscle recruitment, SI values are difficult to directly compare to previous studies using lower 

density arrays due to differences in experimental design and recorded muscle groups. We explored 

an alternative method for quantifying the impact of both channel count and resolution on 

stimulation selectivity. 

We subsampled the SpineWrap array using Poisson Disk sampling and computed 

subsamples of 4-36 bipolar contact pairs (n=1000). The resultant range of pitches between the 

bipolar contact pairs (termed inter-cathode pitch) was 624.5 - 1873 µm (see Materials and 

Methods). We then evaluated the SImax of these subsampled datasets (Fig. 2.4 A). Reducing the 

number of bipolar contact pairs available for stimulation reduces the median SImax of the 

subsamples (Fig. 2.4 B, Fig. 2.18). We fit a 4th degree polynomial to the median SI for each pitch 

and each muscle and extrapolated the minimum inter-cathode pitch necessary to achieve ≥ 90% 

SImax of the original array. The minimum pitch to not reduce SImax of the subsample was 570 µm, 

which is the median minimum pitch required for SEM (Fig. 4c, IQR 461 – 799 µm). Unlike 

previously developed low-density rat EES arrays (33, 35), SpineWrap possesses a pitch smaller 

than this minimum pitch. Therefore, we conclude that the electrode design does not contribute to 

reduction of SI.  

  



65 

 

Figure 2.4 Muscle recruitment is more selective with high-spatial resolution and high-channel 
count spinal cord coverage. (A) Example subsamples of the array at various cathodic pitches (n = 
1000 subsamples obtained using Poisson Disk sampling). (B) Median maximal recruitment 
selectivity, measured as the ratio of the subsample SImax to the SImax of the full array, increased 
with smaller decreasing inter-cathode pitch. The horizontal center lines and boxes indicate the 
median and the 25th/75th percentile and the vertical solid lines represent the full range of the 
distribution. Note that at the smallest pitch there is only one datapoint, which is the SImax of the 
full array. Sub-sampling results are from Rat 2r. (C) The minimum inter-cathode pitch required to 
not reduce the median SImax of subsamples across all muscles was 570 µm (minimum pitch for 
SEM). Dashed line represents the pitch of SpineWrap. 
 

Validation of high-channel count array benefits with in vivo experiments 

We validated the subsampling results with an in vivo study. We fabricated a similar array 

to the SpineWrap array, but we increased the horizontal and vertical pitch of the contacts from 500 

µm and 360 µm to 1000 µm and 800 µm, respectively. The resulting channel count of this array 

was reduced from 156 contacts to 40 contacts and the resulting density dropped from 5.6 

contacts/mm2 to 1.42 contacts/mm2. The mean pitch (see Materials and Methods) increased from 

424.3 µm to 837.9 µm, falling well outside of the 570 µm minimum pitch identified in the 
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subsampling analysis. We increased the contact diameter from 100 µm to 500 µm to match the 

contact area more closely in previously developed low-density rat EES arrays (33, 35). The array 

coverage, shape, thickness and ground lines design were the same as those of SpineWrap to limit 

variability in results due to conformality, placement, and grounding (Fig. 2.19). 

We performed additional stimulation with the low-density array in Rats 2r/l and 4r. Current 

levels up to 1 mA were used while staying within the charge injection limit of the larger diameter. 

For analysis, we aligned the electrodes based on blood vessel patterns on the spinal cord surface 

(Fig. 2.5 A). We compared the SI value range of the two arrays and found that the distribution was 

narrower for the low-density array across all muscles (Fig. 2.5 B), highlighting that SpineWrap 

can identify stimulation hotspots to maximize SI. SImax was larger for the high-density array 

compared to the low-density array, as indicated by the ratio between the low-density and high-

density values (Fig. 2.5 C, see Materials and Methods). Notably, this empirical data shows a larger 

impact of channel count on selectivity than the subsampling analysis predicted, albeit for a 

particular choice of design parameters. At an inter-cathode pitch of 838 µm, the subsampling 

analysis predicted SImax ratios ≥ 0.7 for all muscles whereas the in vivo data produced ratios less 

than that for most muscles. This may in part stem from non-linear effects of inter-cathode pitches 

on selectivity that are not captured in the post hoc subsampling analysis and in part from the larger 

contact diameter, resulting in stimulation delivered over a larger surface area. Moreover, the 

subsampling analysis did not account for changes in pitch between the cathode and anode (termed 

cathode-anode pitch) of each bipolar contact pair as the inter-cathode pitch increased; instead, the 

cathode-anode pitch remained 360 μm, whereas the cathode-anode pitch of the low-density array 

increased to 1000 μm. In conclusion, the in vivo results confirm that higher-channel count and 
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higher-density electrode arrays improve muscle recruitment and selectivity and reduce the 

necessary current amplitudes for stimulation. 

Modeling the effect of contact diameter and spacing on potential gradients 

Each design parameter for the electrode, including the contact-to-contact pitch (both 

circumferentially and axially) and the spacing between contact and ground lines, has a significant 

impact on the measured focality of stimulation. Practically, it is impossible to cycle through all 

possible design choices in vivo. Therefore, to predict the impact of the electrode design parameters 

on focality, we compared the spread of potentials and the width and the depth of afferent axon 

recruitment to various contact arrangements using computational modeling in COMSOL. First, we 

computed the potential profiles consistent with the stimulation paradigms that we employed in 

vivo (Fig. 2.5 D). We observed that with larger diameter contacts, the potential spreads more 

laterally, which effectively reduces the selectivity of stimulation, consistent with the 

experimentally observed results. Larger contacts have the capability of injecting significantly 

higher currents, but the selectivity of stimulation is greatly reduced at the same charge density 

(318.3 µC/cm2). This highlights the benefit of using smaller diameter low-impedance materials for 

focal stimulation. 

We evaluated the relationship between stimulation depth versus width. We used a 

previously published approximation of axon activation to unipolar stimulation to identify a 

threshold potential for afferent activation. This method relies only on the extracellular potentials 

of the node under the stimulating cathode and the neighboring nodes (48). The threshold potential 

was found to be 28 mV for a 10 µm diameter axon with internodal distance of 900 µm (Fig. 2.20, 

see Materials and Methods). This axon diameter and internodal distance correspond to the size of 

the group I fibers in the rat spinal cord, which travel through the DRs and DREZs (10). This 
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threshold potential was used to evaluate stimulation depth versus width of 100 µm and 200 µm 

bipolar contact pair arrangements (Table 2.3). Although changing the dimensions of the contacts 

and the contact spacing will the affect potential gradient, which in turn affects the threshold 

potential, we chose 28 mV as the threshold across all bipolar contact pairs and currents tested as a 

reference for measuring stimulation depth and width consistently between different contact sizes 

without introducing additional dependent variables. Our results show that smaller diameter 

contacts with on-device ground lines stimulate deeper with lower lateral spread than larger 

diameter contacts (Fig. 2.5 E).  
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Figure 2.5 In vivo validation of high-channel count effect on muscle recruitment selectivity. (A) 
Placement of SpineWrap and the low-channel count array for Rat 2. Arrays were aligned in post-
processing based on vasculature on the spinal cord surface highlighted with black arrows. (B) SI 
range for both arrays for Rat 2r. (C) Comparison of SImax ratio between SpineWrap and the low-
channel count array. Low-channel count array SI values are divided by SpineWrap SI values. The 
open black circles are the mean SImax ratio for each muscle, and the black line connects the mean 
values from the different muscles. (D) Computational modeling of equal current and equal charge 
density delivered from 100 µm and 500 µm diameter bipolar contact pairs. (E) Stimulation depth 
versus stimulation width for 100 µm and 200 µm diameter bipolar contact pairs. 
 

Discussion 

SpineWrap is, to the best of our knowledge, the highest channel-count and highest density 

spinal cord microelectrode array for EES to date. SpineWrap was able to deliver focal stimulation 

to selectively activate muscles due to its unique design features, including its thin substrate, 

conformability, channel count, on-device ground, and the material properties of its PtNR contacts. 

We quantified the focality of the delivered stimulation through computational modeling. In vivo 
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recordings in rat spinal cord stimulations further supported these results. We showed that 

SpineWrap selectively recruited all six lower limb muscles recorded in this study, with median SIs 

≥ 0.5. We showed that SpineWrap can elucidate hotspots for optimal stimulation at submillimeter 

resolution, on the scale of individual 100 µm contacts. Finally, we performed post hoc analysis 

and additional in vivo studies to determine that high-channel count improves selectivity. 

In our subsampling analysis, the minimum inter-cathode pitch before significant loss in 

selectivity (SI ≤ 90% SImax) was observed was 570 µm. Given that the L3-L5 DREZ lengths range 

from 3.28 ± 0.67 mm for L3 to 2.40 ± 0.40 mm for L5, this indicates that at minimum 5-7 contacts 

must cover each DREZ longitudinally to achieve the same SI results. One limitation in this analysis 

is that the inter-cathode pitch did not reflect the cathode-anode pitch as these were determined 

physically by the electrode design. As a result, the delivered stimulation was more focal than would 

be the case with a lower channel count array and larger cathode-anode pitch than the subsampling 

analysis predicted. We accounted for this limitation in the in vivo validation studies. We confirmed 

selectivity is reduced in lower channel count arrays with in vivo studies, where we compared 

SpineWrap stimulation capabilities to a lower density array with only ~3 contacts in the 

longitudinal direction per DREZ. We showed that the high-density SpineWrap indeed 

outperformed the low-density array in stimulation focality and selective muscle recruitment. 

The results we report here on contact density and selectivity are proof-of-concept and 

should not be generalized. In particular, the low-density array we used to compare to the high-

density SpineWrap was thin film, thus it likely delivered stimulation in a different manner than 

thicker paddle arrays. Further studies investigating the impact of contact density on selectivity will 

be performed to fully explore this relationship. Additionally, since the low- and high-density arrays 

could not be placed simultaneously on the spinal cord, the stimulation delivered from the low-
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density and high-density arrays could not be randomized. Therefore, there could be unaccounted 

for effects of time on the results we report here. However, across studies, we did not observe an 

effect of time on EMG amplitude, therefore we expect this effect to be minimal. Additionally, for 

the width versus depth analysis, we used a threshold of 28 mV. The threshold for activation is 

dependent on the spatial distribution of the potential field, therefore this value is not the de facto 

threshold and is used only to standardize the potential gradient analysis. 

One limitation in the development of high-channel count electrode arrays for SCS is the 

lack of implantable pulse generators (IPGs) that can control a large number of channels and the 

resulting increase in energy consumption. In our study, we used the benchtop RHS 

Stim/Controller, which can stimulate up to 128 channels. Since our electrode contained more than 

128 channels, we only stimulated one half of the array at a time. Commercially available 

implantable IPGs can only stimulate up to 16 channels. Therefore, further development of more 

advanced IPGs will be necessary to fully leverage the benefits of SpineWrap’s high-channel count 

in a clinical setting. 

This was a mechanistic study of stimulation focality and contact density effects on muscle 

recruitment selectivity, and thus, the experiments were performed in anesthetized animals. Future 

work will use SpineWrap in awake rats with SCI. Literature has shown that the co-activation of 

muscles can differ between anesthetized and awake animals and this co-activation can also be 

affected by SCI(18, 49). Thus, some results in our study, such as the specific SI values, may not 

directly translate to awake animals and human subjects with SCI. Although in this study we did 

not validate the functionality of SpineWrap chronically, previous studies have successfully 

deployed thin film parylene-C electrode arrays in the spinal cord with minimal spinal compression 

and foreign body response, and the arrays remained functional after many weeks (33, 34). 
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Therefore, we believe SpineWrap will be stable long-term and lead to minimal damage to the 

spinal cord. 

Another future direction is to tailor SpineWrap’s form factor to larger animal models and 

humans. Modifications to shape and contact arrangement will be necessary to ensure enough 

coverage while maintaining high conformality and muscle selectivity. However, PtNR arrays with 

hundreds and thousands of contacts have been previously used for brain and spinal cord recordings 

(42, 43). Therefore, creating a larger coverage array with similar density for human use should be 

possible. The implications of high-channel count microelectrodes for EES in humans need to be 

additionally explored in future studies since the contact density in humans can be even greater than 

in rats given that the human spinal cord is much larger in cross-sectional area and the DREZs are 

larger as well (50). The axon diameters of human afferents are also larger (51), and the human 

dura is thicker (52, 53), which may affect the minimum contact pitch required to maximize muscle 

recruitment selectivity in humans. 

In this study, we did not investigate the effect of stimulating multiple channels in spatial 

or temporal configurations. Prior work has shown that spatial and temporal summation of neural 

recruitment due to stimulation is nonlinear (54–58), thus there could be beneficial, compounding 

effects of highly focal EES. Spatiotemporal stimulation with paddle arrays mimicking natural 

spinal cord activation patterns during locomotion has resulted in functional restoration of 

movement in animals and patients with SCI (2, 17, 59). The use of a high-channel count 

microelectrode array such as SpineWrap could provide a more sophisticated recording of intact 

spatiotemporal spinal cord activity. Higher density grids could also reproduce these sophisticated 

patterns with fine-tuned stimulation to produce more refined movements. In this study, the time to 

perform stimulation and data analysis was limited due to the acute nature of the experimental setup. 
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This prevented the exploration of multichannel stimulation effects. Additionally, the benefits of 

spatiotemporal stimulation paradigms are most pronounced in awake subjects who can volitionally 

produce movements (18, 60), therefore its benefits would not have been clear in our studies in 

anesthetized rats. Future studies will investigate the potential compounding effects of 

multichannel, spatiotemporal stimulation in awake rats with SCI. However, even with single 

channel stimulation, the improvement in stimulation focality and muscle recruitment selectivity 

with high-channel count and high-density microelectrode arrays was still apparent in our results. 

In summary, our findings indicate that SpineWrap greatly improves stimulation focality 

and muscle recruitment selectivity compared to the conventional clinical paddle arrays currently 

employed to deliver EES for treatment of SCI. Consequently, the adoption of SpineWrap in EES 

treatment has the potential to push the boundaries of current EES technology and offer more 

efficient therapies. 

Materials and Methods 

Vertebrate animal subjects 

 Adult (> 5 months old, weight range 500-650g) male Sprague-Dawley rats (Charles River 

Laboratories) were used as vertebrate animal subjects in this study. All animal experiments were 

approved by the UC San Diego Institution Animal Care & Use Committee (protocol S16020). 

Fabrication of SpineWrap 

SpineWraps were fabricated in small batches on a 7” × 7” × 0.06” photomask-grade soda 

lime glass plate (Nanofilm), which were cleaned via O2 plasma at 200 W for 5 minutes. The plate 

was coated with 3.7-μm-thick-parylene C using a parylene deposition system (Specialty Coating 

Systems 2010 Labcoater). Next, two layers of gold traces (10 nm Cr, 150 nm Au) were deposited 

onto the plate using standard lithography techniques and AZ5214E-IR photoresist 
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(MicroChemicals). This double layer of leads was found to improve device yield by reducing 

chance of disconnects due to particles during the photolithography process. 

PtNR contact formation on parylene-C was done using a technique previously developed 

and described in our previous publications (42, 43). Briefly, the metal traces and PtAg alloyed 

contacts were encapsulated in a second 3.1 μm parylene layer. After deposition of a Ti hard mask, 

the PtAg contacts and connector pads were exposed by dry etching the Ti layer in the exposed 

regions with SF6/Ar gas, followed by oxygen dry etching of the parylene C. The entirety of the Ti 

layer etching as well as the sample release from the substrate was achieved with dip in 6:1 buffered 

oxide etchant (BOE) and the PtAg was dealloyed in 60°C heated nitric acid for 2 min, thereby 

forming the PtNRs with Pt/Ag composition of approximately 95%/5%. 

Evaluation of electrochemical properties of SpineWrap 

Impedance magnitude and phase at 1kHz was measured in saline and in tissue before and 

after stimulation using the RHS Stim/Recording System (Intan Technologies). The EIS spectrum 

and CIC of the PtNR contacts was measured in 3-point configuration with a Pt counter and 

Ag/AgCl reference using the Reference 620 potentiostat (Gamry Instruments). 

Scanning electron microscopy imaging 

 The Apreo HiVac SEM was used to image the PtNRs on the electrode surface before and 

after stimulation in vivo. Samples were sputtered coated with iridium before imaging. Images were 

taken at x10,000 magnification, a working distance of 10.5 mm, and an accelerating voltage of 

3kV. 

Spinal cord dissections 

Male Sprague-Dawley rat spinal cords (n = 5), including the T11-L6 vertebral segments, 

were extracted after euthanasia and placed in 4% phosphate buffered paraformaldehyde (PFA). 
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After one week of fixation, spinal cords were dissected to identify spinal segments and DREZ 

locations. The vertebral bone was removed to reveal the entire dorsal aspect of the spinal cord and 

access nerve roots at their exit point from the vertebral column. The dura mater was cut along the 

rostrocaudal axis to access the nerve roots. Nerve roots were identified by their exit point from the 

vertebral canal and traced rostrally to the entrance into their spinal segment. DREZs and vertebral 

segments were labeled by color, measured along their rostrocaudal length, and optically imaged.  

MRI reconstruction 

A male Sprague-Dawley rat weighing 650 grams was perfused transcardially with 

phosphate buffered saline (PBS) followed by 4% phosphate buffered paraformaldehyde (PFA) to 

achieve tissue fixation. The spinal cord, from the T12 to S1 vertebral segment, was extracted and 

placed in 4% PFA for one week and subsequently transferred to PBS. The MRI scan was 

performed using a Bruker 3 Tesla scanner with a 40mm volume coil and an axial resolution of at 

least 0.08 x 0.08 x 0.3mm. Nerve roots were identified in 3D Slicer at their exit point from the 

vertebral canal and traced rostrally to their entry point into the spinal cord. 3D reconstructions of 

intrathecal nerve root trajectories were built using MRI segmentation tools in 3D Slicer. 

Computational modeling 

The 3-D reconstruction of the rat lumbar spinal cord was imported into Blender and 

individual spinal elements were converted into .stl files to be imported into COMSOL 

Multiphysics. To manage the complexity of simulations, only the T13-L1 section of the spinal 

cord was simulated. The electrode contact material was assigned to be platinum, and the electrode-

tissue interface was not modeled. For consistency, the stimulating electrode injecting the cathodic-

first current was always in the same longitudinal and lateral location on the spine. The stimulating 

contacts and the ground lines were assumed to be in direct contact with the dura mater. Time 
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domain current analyses were performed using the Electric Currents (ec) physics module. The 

simulation results were exported into MATLAB for post-processing and visualization.  

Determining activation threshold for potential gradient analysis 

 The width and depth of the stimulation area was calculated by thresholding the resulting 

potential gradients by 28 mV. Axon activation was estimated using the second spatial difference 

∆,𝑉$(𝑛) approximation at node n from Peterson et al. (48) as follows: 

∆,𝑉$(𝑛) = 𝑉$(𝑛 − 1) − 2𝑉$(𝑛) + 𝑉$(𝑛 + 1)  Equation 1 

Where 𝑉$(𝑛 − 1), 𝑉$(𝑛), and 𝑉$(𝑛 + 1) are the extracellular potentials at three neighboring nodes 

n-1, n, and n+1. 

An exponential decay curve was fitted to the 10 µm diameter data from Peterson et al. to 

identify the threshold relationship between the extracellular potential and the second spatial 

difference (Fig. 2.20 B). Next, the potential gradients from 100 µA unipolar, cathodic stimulation 

were computed at three node locations: in the x,y plane of the electrode contact (the center node 

was located below the electrode), and 900 µm in either z-direction, where the closest neighboring 

nodes were located. The internode distance for a group I sensory rat afferent has previously been 

estimated to be 900 µm (10). In this analysis, we assumed the center node was directly below the 

electrode contact, which should have limited effect on the activation threshold since previous 

analysis showed that significant errors in threshold occurred only at large alignment offsets. The 

resulting distribution of extracellular potentials and corresponding second spatial differences were 

plotted and 2nd degree polynomial was fit to the data. The intersection point between the threshold 

curve and the 2nd degree polynomial was regarded as the threshold potential (Fig. 2.20 F). 
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Surgical procedures 

Rats were sedated with 4% isoflurane and fixed in a stereotaxic frame (Kopf Instruments). 

Once stable, anesthesia was reduced to 1.5-2.5% during the surgery. A laminectomy was 

performed on the T12-L2 vertebral segments, exposing the dorsolateral surface of the spinal cord 

without breaching the dura. The SpineWrap array was implanted over the T13-L1 vertebral 

segments, corresponding to the L3-L5 spinal segments. Gel foam was used to cover the 

microelectrode array and the surrounding tissues to secure it in place and maintain moisture on the 

cord. Bipolar needle EMGs were placed in both left and right muscle groups of the lower limbs. 

Once the surgery was completed, rats were transitioned from isoflurane to 

ketamine/xylazine (90 and 10 mg/kg-1, respectively; MWI) and re-dosed 20-30 minutes for the 

duration of the experiment. Heart rate, body temperature, and blood oxygenation were 

continuously monitored throughout the experiment. A heating pad maintained body temperature 

between 34-36°C throughout the experiment. At the end of the study, animals were deeply 

euthanized with 120 mg/kg-1 sodium pentobarbital (MWI). Spinal cords were extracted from the 

T12 through L6 vertebral segments and placed in 4% PFA at 4°C overnight. Spinal cords were 

then stored in saline at 4°C.  

Data collection 

 Stimulation with the microelectrode array was performed using the RHS Stim/Recording 

controller (Intan Technologies). EMG recording was performed with the RHD Recording 

controller (Intan Technologies). For each experiment, stimulation was delivered to pairs of 

contacts in a semi-random order at a single current level. Each stimulation consisted of five pulses 

delivered at 0.5Hz. The order of current levels was randomized. Data was captured on the RHS 
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and RHD controllers at a sampling rate of 30 kHz/s and 20 kHz/s, respectively. During recording, 

data was bandpass filtered 0.09 Hz to 7.6 kHz. 

Data processing 

 EMG recordings were first notch filtered at 60 Hz, then bandpass filtered 10-1000 Hz using 

a 2nd order Butterworth filter. After filtering, data was segmented into trials (30 ms window of 

data) and trial averaged. Peak-to-peak amplitudes were calculated from the maximum and 

minimum potentials within 1.5-15 ms after stimulus as follows: 

𝑃𝑇𝑃";)'< (𝑎𝑚𝑝) = 𝑃𝑇𝑃(𝑎𝑚𝑝)
𝑃𝑇𝑃'=>< (𝑎𝑚𝑝 ∈ 𝐴𝑚𝑝𝑠)J   Equation 2 

where 𝑃𝑇𝑃";)' is the normalized peak-to-peak amplitude of the EMG response for a given muscle 

M, a given electrode contact, and a given current level amp, 𝑃𝑇𝑃 is the peak-to-peak amplitude of 

the EMG response for a given muscle M, a given electrode contact, and a given current level amp, 

and 𝑃𝑇𝑃'=><  is the maximum peak-to-peak amplitude for muscle M across all stimulation contacts 

and all current levels Amps. 

Selectivity index calculation 

 Selectivity indices were calculated based on previously published literature (9). For a given 

muscle M and a given set of current amplitudes amps in range Amps, the selectivity index for a 

given electrode contact was calculated as follows: 

𝑆𝐼< = 𝑚𝑎𝑥='?	∈B'?% N𝑃𝑇𝑃";)'< (𝑎𝑚𝑝) −	 9
8"&9

∑ 𝑃𝑇𝑃";)'<# (𝑎𝑚𝑝)<#C< P  Equation 3 

Where 𝑆𝐼< is the selectivity of a given muscle and a given electrode contact, 𝑃𝑇𝑃";)'< (𝑎𝑚𝑝) is 

the normalized peak-to-peak amplitude of the EMG response for muscle M and current amplitude 

amp, and 𝑁< 	is the number of muscles recorded. 
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Statistical analysis 

MATLAB was used for all statistical analyses. For each p-value, the statistical test used is 

specified in the text. 

Inter-cathode pitch calculation from Poisson Disk sampling 

 The resultant inter-cathode pitch from each subsample in the Poisson Disk sampling was 

calculated as follows: 

𝑝𝑖𝑡𝑐ℎ = .>	×E
"

  Equation 4 

where x and y are the length and width of the SpineWrap array and n is the number of bipolar 

contact pairs in the subsample. Note that the pitch between the cathode and anode in each pair 

remained constant at 360 µm. 
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Supplementary Materials 
 

 
 
 
Figure 2.6 PtNRs were stable during the acute stimulation study. Left: SpineWrap average 
impedances measured at three timepoints during experiment: in saline before implantation, in vivo 
before stimulation, and in vivo after experiment completion. Right: SEM images before and after 
stimulation showed no morphological changes to PtNR structure. 
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Figure 2.7 SpineWrap dimensions are tailored to the L3-L5 DREZs. Longitudinal coverage: 
Dissection of L1 through L6 DRs and their DREZs allowed for determination of optimal 
longitudinal contact pitch and electrode length. The mean T13-L1 vertebral and L3-L5 spinal 
segment lengths are shown (n = 5). Gray vertical bars indicate +/- 1 standard deviation. Lateral 
coverage: Cross-sectional MRI scans identified the lateral spread of the DREZs and allowed for 
determination of optimal lateral contact pitch and electrode width. 



82 

 
 

Figure 2.8 Electrode design iterations. Each of the five electrode iterations are shown. Top: 
Electrode layout in AutoCAD. Metal leads are in yellow and vias for PtNR contacts and for 
perfusion (only left most) are in green. Bottom: Images of the corresponding electrodes on the 
spinal cord. 
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Figure 2.9 On-device ground limits current spread during stimulation. (A) Left: Electrode design 
without on-device ground and example peak-to-peak amplitude response heatmap for 150 µA 
stimulation current. Right: An example response and the median response latency. The boxplot 
shows the distribution of the current threshold for a given dataset and muscle. The horizontal center 
lines and boxes indicate the median and the 25th/75th percentile and the vertical solid lines represent 
the full range of the distribution. (B) Left: Electrode design with on-device ground and example 
peak-to-peak amplitude response heatmap for 150 µA stimulation current. Right: An example 
response and the median response latency. The boxplot shows the distribution of the current 
threshold for a given dataset and muscle. The horizontal center lines and boxes indicate the median 
and the 25th/75th percentile and the vertical solid lines represent the full range of the distribution. 
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Figure 2.10 Shift in stimulation hotspots with ground placement in electrode without on-device 
ground in a single electrode placement on one rat’s spinal cord. When ground needle was moved 
from position 1 to position 2, the locations where stimulation resulted in muscle activity shifted 
towards position 2. 
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Figure 2.11 3D reconstruction of nerve roots in the lumbosacral rat spinal cord. The spinal cord 
and nerve roots were reconstructed between the T13 - L4 vertebral segments using coronal views 
of the lumbar enlargement. The resulting reconstruction was used for electrode layout 
considerations and computational modeling. 
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Figure 2.12 Modeling stimulation focality during charge mismatch. The resulting potential 
gradients during 250 µA bipolar stimulation were evaluated for electrode arrays with (top) and 
without (bottom) on-device ground. Potential gradients were computed for a bipolar stimulation 
that is perfectly matched (left) and with 20% charge mismatch (right). 
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Figure 2.13 Comparison of on-device ground lines versus concentric ground. (A) Left: An example 
electrode with on-device ground lines. Middle: Microscope image of contacts and ground lines. 
Right: Heatmap of PTP amplitudes of the VAS muscle at 250 µA stimulation. (B) Left: An 
example electrode with on-device concentric ground. Middle: Microscope image of contacts and 
ground rings. Right: Heatmap of PTP amplitudes of the VAS muscle at 250 µA stimulation. (C) 
Comparison of PTP amplitudes to 250 µA stimulation for both ground configurations. The 
electrode with ground lines produced consistently higher muscle responses across all muscles 
measured. 
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Figure 2.14 Electrode placement remained consistent during stimulation. Black arrows highlight 
vasculature used to determine relative placement before and after stimulation. 
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Figure 2.15 Selectivity index distribution across all datasets. The segmental locations of highly 
selective channels were consistent across animals with a few exceptions, such as the BIC in Rat 2l 
and the SEM and GLU in rat 2r, which were selective in the upper part of the array. 
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Figure 2.16 Selectivity index distribution per dataset. The SI distribution per muscle skewed 
towards low SI values. 
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Figure 2.17 Locations of most selective channels by muscle for each dataset. 
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Figure 2.18 Maximum selectivity for subsamples across datasets. The maximum selectivity 
increases with decreasing pitch (increasing density) of the array. The horizontal center lines and 
boxes indicate the median and the 25th/75th percentile and the vertical solid lines represent the full 
range of the distribution. Note that at 100% there is only one datapoint, which is the SImax of the 
full array. 
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Figure 2.19 Comparison of design of high-density SpineWrap array and the low-density array. The 
horizontal and vertical pitch of the contacts increased from 500 µm and 360 µm to 1000 µm and 
800 µm, respectively. The resulting channel count of the low-density array was reduced from 156 
contacts to 40 contacts and the resulting density dropped from 5.6 contacts/mm2 to 1.42 
contacts/mm2. 
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Figure 2.20 Determination of activation threshold. (A) The axon model used by Peterson et al. for 
evaluating the effect of the extracellular potential field on neural activation. (B) The single node 
approximation evaluated by Peterson et al. The green points are taken from Petersen et al. and 
represent the threshold data. The black line is an exponential fit to the data. Ve is the extracellular 
potential at the node below the electrode and ∆2Ve is the second spatial difference of the 
extracellular potential. (C) The potential gradient during 100 µA unipolar, cathodic epidural 
stimulation with a 100 µm diameter contact. (D) The central node was assumed to be in the x,y 
plane of the stimulation electrode. The neighboring nodes were located -900 µm and +900 µm 
from the central node in the z-direction. (E) The extracellular potential and the second spatial 
difference of the extracellular potential due to the stimulation. Node n is the node below the 
electrode. (F) Determination of the threshold potential Vemin. The blue points are all the 
extracellular potentials in the x,y plane and the resulting ∆2Ve. The red line is the 2nd degree 
polynomial fit. The threshold was calculated as the intersection point between the threshold curve 
and the polynomial fit. 
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Table 2.1 Vertebral and spinal segment lengths determined through dissection. 

 Segment Name Mean (X̄) Standard Deviation (s) 

Vertebral Segment 
Length 

T13 6.60mm 0.57mm 

L1 7.30mm 0.14mm 

Spinal Segment 
Length 

L3 3.28mm 0.67mm 

L4 2.73mm 0.44mm 

L5 2.40mm 0.40mm 

 
 
 
Table 2.2 Volume conductor model parameters. Conductivity values were taken from Capogrosso 
et al. 

Tissue Conductivity (S/m) 
White matter 0.6 longitudinal, 0.083 axial 
Gray matter 0.23 
Epidural fat 0.04 

CSF 1.7 
Saline 2 
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Table 2.3 Vertebral and spinal segment lengths determined through dissection. 

Radius (µm) Cathode-anode pitch 
(µm) 

10 x Radius 

Cathode-ground pitch 
(µm) 

5 x Radius 

Current amplitude 
(µA) 

50 500 250 50 
50 500 250 60 
50 500 250 70 
50 500 250 80 
50 500 250 90 
50 500 250 100 
50 500 250 125 
50 500 250 150 
100 1000 500 30 
100 1000 500 50 
100 1000 500 60 
100 1000 500 70 
100 1000 500 80 
100 1000 500 90 
100 1000 500 100 
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Chapter 3  
Surface-grafted biocompatible polymer conductors for stable 

and compliant electrodes for brain interfaces 
 

Introduction  

Understanding and treating neurological disorders—originating from injury, aging, and 

genetics—depends on the ability to record neural activity with high resolution and over the long 

term (1, 2). Among different technologies that either physically penetrate the brain tissue or 

interrogate brain activity without penetration, electrocorticography (ECoG) is a technique that 

measures brain activity from the cortical surface or dura mater without penetration and allows both 

recording and stimulation with high-resolution (3, 4). The basis of this interaction is the detection 

and manipulation of ionic currents resulting from the neuronal activity at the interface between the 

electrode and the tissue electrolytes (5). To achieve high-resolution recording of the neural activity 

there is a need for microscale electrodes. However, electrodes with small areas of contact have 

decreased charge injection capacity for stimulation, and less efficient charge exchange at the 

interfacial contact between the tissue and the electrode which results in increased impedance and 

compromised recordings (6).  

Currently, electrodes for neural interfaces are made of inert metals such as gold and 

platinum, or metal oxides (e.g., iridium oxide). However, films of these inorganic materials are 

two-dimensional and thus have reduced area for electrochemical interfacing. A common strategy 

to increase the electrochemical surface area is to coat the metal with a conductive polymer (7). In 

particular, polymers with mixed ionic and electronic charge transport and a large, three-

dimensional electrochemically active volume as opposed to surface area (Fig. 3.1 A). These 

characteristics lead to significantly reduced electrochemical impedance, and thus a higher signal-
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to-noise ratio (SNR) and charge injection capacity (CIC), and reduced irreversible reactions and 

heating of the metal during its operation (8). The biocompatible and commercially available 

poly(3,4 ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) is a prominent 

electronic-ionic mixed-conductive material for coating neural interface electrodes (9). PEDOT 

groups carry a partial positive charge, enabling them to adsorb negatively charged ions. In contrast, 

the negatively charged PSS can adsorb positive ions, resulting in the formation of an electric 

double layer (EDL). The EDL and capacitance increase as the coating becomes thicker or rougher. 

Increased surface area correlates with the increased charge storage capacity (CSC) of the electrode 

(10) and may facilitate greater CIC than conventional metallic films (11). 

In addition to maximizing the capacitance and charge injection, it is also critical to reduce 

the mechanical mismatch between the polymer and soft biological tissue. This mismatch between 

conventional metal-based rigid bioelectronic devices and soft brain tissue can reach several orders 

of magnitude (hundreds of GPa versus several kPa, respectively) (12). This asymmetry introduces 

a mechanical barrier at the interface with the tissue which limits the current injection and may also 

induce neural damage and glial scar formation (8). PEDOT:PSS coating can narrow this 

mechanical mismatch, yet, conventional formulations of PEDOT:PSS have moduli of several 

hundred Mpa to a few Gpa (13–15). Hence, numerous attempts are aiming to further decrease 

Young’s modulus of the PEDOT-based conductive coatings, using polymer blends (16), hydrogels 

(17), and PSS chain engineering (18). 

The durability of conventional formulations of this polymeric coating and strategies to 

attach these coatings to the metal electrodes (i.e., by van der Waals forces alone) are, however, 

critical concerns for implants intended for long-term use. Damage caused by electrochemical 

reactions at the interface may change the composition and the integrity of the coating over time. 
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In addition, the polymer interface must withstand the corrosive environment of the brain, shear 

forces with the tissue, and immune responses of the host (19). Moreover, the interactions between 

the polymer coating and the underlying noble metal electrodes are often weak (20). Therefore, 

there is a significant incentive to improve the adhesion between the film and the metal, to avoid 

possible swelling, delamination, and even detachment from the metal surface (21).  

Robust interfaces require either strong bonds between the polymer and the metal, high 

interfacial areas, or both (22). Enhancing adhesion can be achieved by increasing the surface area 

via etching to create pores (23) or incorporating a nano-structured rod layer (21) to assist in 

mechanical locking of PEDOT on the electrode surface. Alternatively, an adhesion layer can be 

spun-coated on a surface that is pre-functionalized with amines (24) or grown electrochemically 

directly on the metal (25). Another strategy to enhance the thin film stability is cross-linking the 

PEDOT:PSS with (3-glycidyloxypropyl)trimethoxysilane (GOPS). For example, Dijk et al. 

demonstrated that PEDOT:PSS cross-linked with GOPS, spin-coated on gold electrodes, remained 

stable during 4 months of incubation in culture media conditions at 37 ºC (26). Despite exhibiting 

prolonged stability in vitro, the cross-linking of the PEDOT:PSS film with GOPS reduces its 

electrical conductivity (27). Therefore, additives such as ethylene glycol (EG) and 

dodecylbenzenesulfonic acid (DBSA) have been used to improve electrical and mechanical 

properties (28, 29). Other attempts to increase the adhesion include chemical approaches, such as 

covalent tethering the polymer to the surface. These approaches include either grafting the 

styrenesulfonate monomers from the surface (30) or growing the PEDOT from the surface in a 

ladder-like polymer brush (31). These attempts showed a potential for improved stability against 

sonication and irradiation, respectively. However, the conductivity of the PEDOT-based brushes 

was inferior to that of the commercially available material, and the mechanical properties were not 
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evaluated(30, 31). Our laboratory recently demonstrated surface-initiated atom transfer radical 

polymerization (SI-ATRP) of PSS, emphasizing the importance of grafting density to create film-

like polymer brushes. Importantly, the PEDOT:PSS polymer brushes showed enhanced stability 

in comparison with a spin-coated film (32).  

Here, we aimed to address three aspects of polymer brush coatings which may limit their 

widespread adoption in neural recordings: (1) the molecular structure has been limited to 

homopolymers such as PSS; (2) as such, mechanical mismatch and conformability at the molecular 

scale may lead to delamination; and (3) the surface hydrophilicity can be tuned by the choice of 

the second block copolymer for more efficient ion transport.  

Results 

Synthesis of conformal PEDOT-based polymer brush on gold surfaces 

Current strategies for surface grafting employ non-living free radical polymerization 

(LRP), which leads to a random assembly of monomers (33). SI-ATRP is a living free radical 

polymerization (LRP) which allows creating of a well-defined block copolymer brush with high 

grafting density (Fig. 3.1 B). Thus, we can add functionalities to the polymer using suitable 

monomers in a bottom-up approach, avoiding blending with additives that leach out over time. 

Additives leaching might result in toxic molecules released around the tissue and loss of 

functionality. Moreover, to allow better conformability with the brain (18) we designed and 

synthesized a second, soft, block copolymer composed of poly(poly(ethylene glycol) methyl ether 

methacrylate (PPEGMEMA)  i.e., PSS-b-PPEGMEMA (Fig. 3.1 C). Moreover, to improve the 

polymer brush stability against hydrolysis, here we created an amide bond between the gold bound 

thiol SAM and the ATRP initiator.  
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Figure 3.1 PSS-b-PPEGMEMA brushes tethered to gold surface as a backbone for PEDOT 
polymerization enable stable, conductive, conformal, and uniform coverage of the surface. (A) 
Schematic Illustration showing the ECoG microelectrode placed on the brain tissue. Right: the 
flexible electrode with zoom-in of the Block-Brush tethered to the gold contact’s surface. (B) The 
desired properties for the interface between the metal electrode and the brain tissue for long-term 
and efficient charge transport during recording or stimulating brain activity, which is facilitated by 
strong adhesion, electronic and ionic transport, and high density of the brushes. (C) Schematic 
representation and the molecular structure of the PEDOT complexed with PSS-b-PPEGMEMA 
brushes, composed of the polyelectrolyte PSS and the ionic conducting elastomer PPEGMEMA. 
The adhesion to the surface is enabled by the Au-S bond. (D) SEM images of the cross-section of 
the gold surfaces. The cross-section verifies dense, film-like brushes on the gold surface. The scale 
bar is 200 nm. 
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Using SI-ATRP (“grafting-from”), we demonstrate high grafting densities with a 

mechanically stable film of PEDOT:PSS-b-PPEGMEMA. PEDOT was dispersed in this block 

copolymer brush via oxidative polymerization in an aqueous phase, resulting in an adhesive and 

conductive PEDOT:(PSS-b-PPEGMEMA brushes) polyelectrolyte complex, i.e. Block-Brush 

film (Fig. 3.6). Moreover, SEM imaging verified that the polymer brushes created a dense coating 

due to their extended conformation (Fig. 3.1 D). Importantly, the presence of the hydrophilic 

PPEGMEMA block led to a decrease in the water contact angle from 80º to 63º. (Fig. 3.2 A and 

Fig. 3.7). Increased hydrophilicity of the conductive polymeric film might increase capillary 

adhesion to biological tissue and facilitate ion injection into the film (10). To our knowledge, this 

is the first report of PEDOT:(PSS-b-PPEGMEMA) polymer brushes grown from a gold surface of 

a flexible electrode for long-term ECoG recording of brain activity, with improved charge storage 

capacity and lower mismatch with the brain (Fig. 3.1). 

Electrochemical characterization 

To elucidate the role of the brush morphology on the conductivity and charge storage 

capacity of the film, we evaluated its electronic and electrochemical properties. As a control, we 

selected a formulation composed of the commercial PEDOT:PSS cross-linked with GOPS and 

mixed with EG and DBSA additives, which is widely used for neural recording (26), and also 

contains polyethylene glycol units (though in the control film, they are not bound covalently to the 

polymer). The brush-based PEDOT films had a very similar electrical conductivity to pristine 

PEDOT:PSS, but were about three times higher than the spin-coated formulations, spin-coated 

PEDOT:PSS with 1% GOPS (SpinG), spin-coated PEDOT:PSS with additives (SpinGA, 1% 

GOPS, 5% EG, 0.002% DBSA) (Fig. 3.2 A and Fig. 3.7). Next, we characterized the impedance 

and capacitive properties of high- and low-density brushes (Fig. 3.8). These quantities are 
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important predictors of the quality of electrophysiological recordings achievable (Figure 3.2 B,C). 

The high-density brushes that were grafted from the surface, resulted in the lowest impedance 

below 1 kHz (Fig. 3.2 B-D and Fig. 3.8). This might be attributed to a larger interfacial capacitance 

that is also responsible for a higher CSC (Fig. 3.2 E), and a lower voltage build-up (Fig. 3.9) at the 

electrode-PBS interface. The capacitance per unit area calculated by the standard equivalent circuit 

was found to be 2200 µF cm−2. The thickness of the film directly influences the volumetric 

capacitance, which is correlated with the EDL, and the amount of charge that can be injected from 

the electrode to the tissue (5, 10). The Block-Brush film had a thickness of about 180 nm which is 

much thinner than other reported PEDOT-based films such as 3 − 180 µm (34) or 700 nm (35). 

The latter had a comparable capacitance for a film that is 3.8 thicker (700 vs. 180 nm). Normalizing 

the areal capacitance with the thickness resulted in a volumetric capacitance of 122 F cm−3. The 

volumetric EDLC for the Block-Brush had a similar value of 107 F cm−3 which was 6 times higher 

than that of the control SpinGA formulation (Fig. 3.10) (36). We further evaluated the 

electrochemical stability of the Block-Brush PEDOT coating during multiple CV cycles and an 

accelerated aging test. Importantly, potential sweeps can also harm the film electrochemically, by 

the charge build-up and potential damage?/modification to the covalent bonding and electronic 

structure of PEDOT induced by excessive charging?. The Block-Brush films showed higher 

electrochemical stability for up to 3500 cycles, compared to the cross-linked film that started to 

delaminate after 2500 cycles (Fig. 3.11). This is higher than other reported covalently bound 

dopants with up to 50% loss of the original CSC over 800 CV cycles only (37). The impedance 

spectra and the CV AUC of the Block-Brush presented negligible changes over the repeating 

cycles of CV, demonstrating a very high retention of its original CSC (Fig. 3.11).  
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Figure 3.2 Electrical properties and stability tests of the adhesive films. (A) The conductivity of 
the films including, pristine, SpinG, SpingGA, PEDOT:PSS (Brush), and Block-Brush (n=3). The 
insets indicate the water contact angle measurements of the different PEDOT-based films on gold 
substrates. The Block-Brush PEDOT demonstrated the lowest water contact angle among the 
stable films. (B) Schematic illustration of EIS/CV three-electrode setup. The inset shows EDL in 
the Block-Brush polymer film. EIS (C) and CV (D) curves of bare gold, and PEDOT-based films 
on gold before and during multiple CV cycling. The Block-Brush films are stable during 3500 
cycles of CV stressing (0.4 to −0.4 V) (E) Characterization of the CSC of the Block-Brush film 
versus the SpinGA film before incubation in PBS (n = 3, 0.8 to −0.4 V). (F) The Block-Brush films 
show a slower decrease in CSC over 31 days of incubation in PBS at 50º. The SpinGA films show 
a faster decrease to 80% of the initial CSC (CSC0) only 12 days after incubation and to 55% after 
31 days of incubation. 
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The optical microscopy inspection revealed that the Block-Brush films did not show any 

damage during 3500 CV cycles, nor for the whole incubation time of 31 days at 50 ºC (Fig. 3.2 C-

F and Fig. 3.12 B,F) while the SpinGA films showed damage starting from day 12 of incubation 

at 50 ºC (Fig. 3.12 C,G). This correlates to 75 days and 35 days for Block-Brush versus SpinGA 

films, respectively at a body temperature of 37 ºC. Importantly, the CSC of the brushes was more 

stable with a slower decrease in comparison with the control SpinGAformulation (Fig. 3.2 E,F and 

Figs. 3.12, 3.13).  

Mechanical stability of the bulk films 

To test the adhesion between the gold surface and the brushes, we challenged the films 

with ultrasonication (100W at 40 kHz) (Fig. 3.3 A,B). The Block-Brush films remained stable 

against ultrasonication for up to 4 h, with no detectable damage by optical microscopy (Fig. 3.3 

B) or Raman spectroscopy (Fig. 3.3 C). The low-density Block-Brush film remained on the gold 

surface; however, they developed cracks within 30 min of ultrasonication, emphasizing the 

importance of the high density of grafting for a stable film. The pristine PEDOT:PSS spin-coated 

film was fully delaminated after only 2 min of ultrasonication, showing the weakest adhesion to 

the gold surface. To the best of our knowledge, a stability duration of 4 h represents the longest 

period ever reported for PEDOT film on metal subjected to ultrasonication. It indicates that the 

covalent bond of the brushes with the gold surface provides strong adhesion and stability. The 

stronger adhesion of the brush-based versus spin-coated films to the gold surface was also 

demonstrated by the higher force needed for a 90º peel-off test (Fig. 3.3 D). Furthermore, we 

postulated that the rougher surface of the brush-based films would translate to a higher adhesion 

against soft surfaces compared to the spin-coated films. Indeed, the lap-joint shear strength against 
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soft PDMS (with a ratio of 1:50) (38) for the brush-based films was higher compared to the spin-

coated PEDOT films (Fig. 3.3 E).  

Nanomechanical characterization 

Elevated levels of PEDOT relative to PSS are linked with enhanced conductivity. 

However, this advantage is counterbalanced by an accompanying increase in modulus, leading to 

a material with greater stiffness (39). Hence, we investigated the nanomechanical properties of 

Block-Brush film in liquid, to mimic the wet environment of the brain. Using nanoindentation of 

the nanometer-thick film, we quantified the mechanical response of the polymer to the force 

applied by the AFM tip (Fig. 3.3 F, Figure 3.6). The resulting Young’s modulus for the soft 

stretchable Block-Brush film was 4 MPa (Fig. 3.3 G). This Young’s modulus is lower than other 

reported electrodes for neural recording materials or PEDOT formulations (14, 15, 40, 41), 

approaching that of the brain (dura mater) tissue (42) (Fig. 3.3 H). 
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Figure 3.3 Mechanical stability of the bulk films. (A) Schematic illustration of the weak adhesion 
of spin-coated pristine PEDOT:PSS versus the strong adhesion of Block-Brush PEDOT. (B) 
Corresponding optical microscope images of the films before (left) and after (right) ultrasonication 
tests. The scale bars are 100 µm.  (C) Corresponding Raman spectra before (blue) and after (cyan) 
ultrasonication, show complete PEDOT removal for the pristine sample after 2 min 
ultrasonication, versus the negligible difference in PEDOT spectrum for the brushes after 4h 
sonication. (D) 90º Peel (glass/Cr/Au/PEDOT-based film/PI tape) test for the PEDOT-based films. 
(E)  Average shear strength between PDMS (1:50) and PEDOT-based films on Au/Cr/glass. Data 
is shown for pristine (92 ± 3 nm), SpinGA (167 ± 20 nm), Brush (115 ± 7 nm), and Block-Brush 
(180 ± 46 nm), (n=3). (F) Schematic Illustration of the AFM tip indenting Block-Brush film for 
nanomechanical characterization. (G) The Young’s modulus in water was calculated via the 
Dimitriadis model, using force deformation curves and a deformation map (Fig. S21). (H) 
Comparison of previously reported conductive materials-based films with our work in terms of 
Young’s modulus. Such conventional implantable electrical probes include silicon electrodes (56), 
tetrode (57), planar polyimide probes(58) and flexible Au–PET cuff electrodes (34) or PEDOT 
formulations (14, 15, 40, 41). 
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PEDOT electrodeposited on PSS-b-PPEGMEMA polymer brushes on thin-film 

microelectrode arrays 

To evaluate the Block-Brush film as an efficient and stable interface for high-resolution 

neural interfaces, we fabricated a polyimide-based thin-film electrode with micro-sized gold 

contacts of varying diameters from 100 µm to 1 mm (Fig. 3.4 A and Figs. 3.14-3.17). This range 

spans the contact sizes typically used in microelectrode arrays for neural applications (43). To 

demonstrate the versatility of our strategy, the PEDOT was electrodeposited on the PSS-b-

PPEGMEMA polymer brushes. The Block-Brush PEDOT electrodes showed a similar EIS 

spectrum and water window to the control SpinGA and electrodeposited samples (Fig. 3.4 B and 

Figs. 3.18-3.20). Importantly, CIC was highest for the brush-based coating across all pulse widths 

and all diameters (Fig. 4D and Fig. 3.21). This difference in CIC is significant and is higher than 

previously reported PEDOT-based films (44). Moreover, the CSC was highest for the Block-Brush 

film in comparison with control formulations (Fig. 3.22), which was consistent with the bulk film 

results. These results suggested that the brush-based PEDOT:PSS can deliver higher stimulation 

amplitudes and may be more stable during long-term, repeated current injection. To validate this, 

we stressed the Block-Brush film and the SpinGA formulation with biphasic current pulsing. We 

delivered 500 µA amplitude and 100 µs duration cathodic-first biphasic pulses at 50 Hz to a 400 

µm contact. These parameters are within the current amplitude and frequency range of typical 

neural stimulation (45, 46). The contact with the SpinGA control formulation delaminated after 

764,000 pulses, while the contact with the Block-Brush delaminated after 1,031,000 pulses, 

constituting a 34% improvement in stability (Fig. 3.4 E). These results highlight the improved 

long-term stability during stimulation of the brush-based PEDOT films. Next, we evaluated the 

long-term stability of the PEDOT-based coatings using CV cycle stressing. We found that the 
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Block-Brush coating was highly stable against 5,000 voltage sweeps, while the SpinGA 

formulation showed multiple regions of delamination under optical microscopy (Fig. 3.4 F). 

Moreover, all materials showed stable impedance spectra even up to 10,000 cycles (Fig. 3.23), 

which stands in line with former reports of IrOx (47), Au nanorods (21) and GOPS (48) adhesion 

promoters. 
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Figure 3.4 Electrochemical characterization of multidiameter microelectrode array and films long-
term stability. (A) Image of the 32-channel electrode array containing 100 µm, 200 µm, 400 µm 
and 1000 µm diameter contacts. (B) Impedance spectrum and (C) water window comparison 
between the three PEDOT-based thin films for the 1000 µm diameter contact. (D) CIC for the 
three PEDOT-based thin films for the 400 µm diameter contact. (E) Breakdown of the 400 µm 
electrode contacts during biphasic current pulse stressing. Pulses were delivered at 50 Hz. Top left 
inset: Example biphasic pulse delivered during current stressing. (F) Left: Focused ion beam (FIB) 
image of the Block-Brush contact before and after 5000 CV cycles, showing no change to the film 
morphology. Right: Microscope images of the 1000 µm diameter contacts before (top) and after 
(bottom) 5000 CV cycles. 
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In vivo implantation and neural recording 

To validate the neural recording capabilities of the Block-Brush coating, we recorded the 

somatosensory evoked responses activity in anesthetized rats subjected to repeated air-puff 

stimulation that caused mechanical deflection of the whiskers (Fig. 3.5 A). The rat barrel cortex 

exhibits a well-defined organization of somatosensory cortical structures that map one-to-one with 

the whiskers in the whisker somatosensory cortex (wS1)  (49). We designed a 16-channel array 

with 200 µm contact diameters coated with Block-Brush and control formulations (Fig. 3.5 C). 

We first measured baseline noise recorded by the microelectrode arrays and found the root mean 

square (RMS) noise to be similar between the three formulations (Fig. 3.5 B). The neural activity 

recorded with the Block-Brush electrode showed a similar spectral response, with activity recorded 

at a range of frequencies up to high gamma (<190Hz) (Fig. 3.5 D and Fig. 3.24). The raw 

waveforms exhibited a similar shape across materials with peak responses observed ~25 ms after 

the onset of the air puff (Fig. 3.5 E). The Block-Brush electrode exhibited a similar peak-to-peak 

amplitude response and SNR compared to the SpinGA and the electrodeposited controls (Fig. 

3.25). In summary, these results confirm that the brush-based PEDOT film can capture all relevant 

local field potentials and is an essential coating for neural interfaces. 
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Figure 3.5 Block-Brush PEDOT film on microelectrode array record somatotopic functional 
cortical columns. (A) Schematic of the rat brain implanted with a 16-channel, 4.8 mm–by–4.8 mm 
array, and the air puff stimulation of individual whiskers. (B) Baseline recording of the brain 
activity, with baseline RMS values for the three materials. (C) Magnified microscope image of the 
electrode on the rat barrel cortex. (D) Spectral analysis of the mean trial-averaged response across 
low-impedance channels to whisker air puff stimulation for the Block-Brush (left), 
electrodeposited control (middle), and SpinGA control (right) samples. Responses from the three 
materials showed similar spectral profiles, with onset time ~20 ms post-stimulus and high power 
in frequency range < 80 Hz. (E) Trial-averaged responses from six individual low-impedance 
channels from each array. The dashed line indicates the time of air puff stimulation. Responses 
from the three materials are similar in shape and amplitude, indicating the Block-Brush film can 
capture neural activity. 
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Discussion 

The generation of stable interfaces for recording and stimulation of neural activity holds 

promise for research and translational clinical applications requiring chronic implantations. Here, 

we demonstrate for the first time the SI-ATRP of Block-Brush PEDOT with a full characterization 

of nanomechanical, electrical, electrochemical, and long-term stability properties together with a 

successful recording of neural activity. This chemical pathway is compatible with a polyimide-

based thin and flexible electrode, resulting in a uniform, conductive, and stable film. Moreover, 

the SI-ATRP living polymerization nature enables us to design and synthesize block copolymers 

with combined functionalities in a film that is composed of a one-component. Other common 

strategies such as blending two different polymers are prone to phase segregation and loss of 

function over time. 

Some studies have demonstrated a lower CSC and CIC for PEDOT:PSS coatings in 

comparison with other coating materials, such as PtNR (50). This study can open new directions 

for exploring novel avenues to enhance the electrochemical properties of PEDOT:PSS coating 

through the modulation of polymer brush segments, thickness, density, or composition. Our results 

showed that the brush-based film had superior electrical properties in comparison with the 

commonly used approach in which a spin-coated PEDOT:PSS film is cross-linked and was on par 

with coating materials with high CIC, such as PtNR. The improvement in electrochemical 

properties can be attributed to the open pathways within the extended polymer brushes network, 

and the greater level of ordering at the molecular level (51). This morphology might facilitate 

greater charge movement than the crosslinked formulation (52, 53). Moreover, the enhancement 

in electrochemical properties, achieved without the need for additional dopants or treatments, hints 

at the potential for implementing the Block-Brush in various applications requiring both 
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biocompatibility and good conductivity. This potential extends to areas such as the development 

of conductive scaffolds, particularly in situations where high density of PEDOT is crucial. Other 

relevant areas necessitate avoiding stringent conditions such as acid treatment (54) or thermal 

processes (e.g. annealing) (55), which are incompatible with living cells or tissues.  

Materials and Methods 

Synthesis of PEDOT:PSS brushes on gold 

We aimed to compare two strategies of binding the polymers to the gold surface, grafting-

to, and grafting-from. We hypothesized that the grafting from approach would provide a more 

uniform coverage of the gold surface, with a stretched regime of the polymer brushes. 

Grafting from of poly(sodium 4-styrenesulfonate) (PSS) by SI-ATRP 

The polymerization of sodium styrene sulfonated was carried out as previously described 

(2). Gold-coated Si wafers (100 nm Au, 10 nm Cr adhesion layer, Si) were cleaned by sonicating 

in Alconox, acetone, and 2-propanol for 10 min each. The sample was dried with compressed air 

and then oxygen plasma treated for 10 min before soaking in 1 mM 6-Amino-1-hexanethiol 

hydrochloride in ethanol for 24 h. The resulting 6-Amino-1-hexanethiol hydrochloride-coated gold 

was rinsed with ethanol and then transferred to a new flask. The flask was purged and refilled with 

nitrogen (x3) before adding anhydrous tetrahydrofuran (THF) and triethylamine (1.1 eqv). α-

Bromoisobutyryl bromide (0.1M, 1 eqv) was added and the solution was gently stirred under 

nitrogen for 3 min before the samples were removed and rinsed with ethanol and DI water. The 

sample was dried under compressed air and used immediately for the polymerization of PSS.  

The initiator-coated gold surface was added to a clean vial. A stock solution of the 

polymerization reactants was prepared in a separate flask under nitrogen. Sodium styrene sulfonate 

(NaSS) (4.12 g, 1000 eq), copper (I) bromide (0.0029 g, 1 eq), copper (II) bromide (0.0015 g, 0.33 
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eq), 2,2’-bipyridine (0.0050 g, 1.6 eq) were added to a round bottom flask and purge and refilled 

(x3). NaCl (0.2338g, 200 eq) was added before purging. A 3:2 mixture of MilliQ water and 

methanol was sparged with nitrogen for at least 2 hours to remove all oxygen. 31 mL of sparged 

DI/methanol was added to the stock solution (0.65M NaSS). The solution was stirred vigorously 

to dissolve all reagents and turned a light tan. Once all reagents were solubilized, ethyl α-

bromoisobutyrate (eBiB) (2.9 μL, 1 eq) was added to initiate the synthesis of free polymer. 

Immediately after adding eBiB, 5-8 mL of the stock solution was transferred into the flask 

containing the gold sample under nitrogen to begin SI-ATRP. The reaction was terminated by 

opening the flask to air. The free polymer was collected for GPC by precipitation in room 

temperature acetone and filtered. The gold surfaces were rinsed with DI water.  

Grafting from of poly(sodium 4-styrenesulfonate-block-poly(poly) (PSS-b-PPEGMEMA) by SI-

ATRP 

Due to the living nature of radical polymerization, we can tailor the molecular structure by 

adding a second, soft, block copolymer to decrease the mechanical mismatch with the tissue and 

the hydrophobicity of the PEDOT film. The polymerization of the second block of PPEGMEMA 

was modified from Robinson et al. (3). The PSS-modified gold surface was added to a clean vial. 

A stock solution of the polymerization reactants was prepared in a separate flask under nitrogen. 

Poly(ethylene glycol) methyl ether methacrylate (PPEGMEMA) (9.663 g, 1000 eq), copper (I) 

bromide (0.0029 g, 1 eq), copper (II) bromide (0.0015 g, 0.33 eq), 2,2’-bipyridine (0.0050 g, 1.6 

eq) were added to a round bottom flask and purged and refilled (x3). A 3:2 mixture of MilliQ water 

and methanol was sparged with nitrogen for at least 2 hours to remove all oxygen. 31 mL of 

sparged DI/methanol was added to the stock solution (0.65M NaSS). The solution was stirred 

vigorously to dissolve all reagents and turned a light tan. Once all reagents were solubilized, ethyl 
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α-bromoisobutyrate (eBiB) (2.9 μL, 1 eqv) was added to initiate the synthesis of free polymer. 

Immediately after adding eBiB, 5-8 mL of the stock solution was transferred into the flask 

containing the gold sample under nitrogen to begin SI-ATRP. The reaction was terminated by 

opening the flask to air. The free polymer was collected for GPC by precipitation in room 

temperature acetone and filtered. The gold surfaces were rinsed with DI water. 

Oxidative polymerization of EDOT on PSS and/or PSS-b-PPEGMEMA brushes.  

PSS brushes on gold were used as a scaffold for the polymerization of EDOT following 

literature procedures (4). Briefly, the PSS or PSS-b-PPEGMEMA brushes were immersed in 0.1 

M aqueous solution of EDOT and stirred vigorously in a sealed vial for at least 15 h before adding 

FeCl3 • 6H2O (0.75M). Blue particles formed over the reaction time (12-48 h). Once the PEDOT 

polymerization was complete, the sample had a bluish tint and was rinsed with DI water and dried 

in a desiccator overnight. 

Chemical characterization  

Further analysis of chemical composition was done using a Nicolet iS50 Fourier transform 

infrared (FTIR) spectrometer. Raman spectroscopy was performed on Renishaw inVia upright 

microscope using a 532 nm source. SEM micrographs were captured on a Zeiss Sigma 500 SEM 

with an accelerating voltage of 3.00 kV and an InLens detector. Chemical composition was 

confirmed via X-ray Photoelectron Spectroscopy (XPS) performed at UC Irvine Center for 

Complex and Active Materials on a Kratos AXIS-Supra. A survey was acquired at low x-ray 

intensity (5mA) and detailed elemental spectra were acquired at 20 eV and 40 eV at 20 mA. The 

thickness of PEDOT:PSS and PSS films was measured using SEM and ellipsometry on a J.A. 

Wollam M-2000D spectroscopic ellipsometer (Fig. 3.6) with a beam size of 3 mm. Surface 

profilometry measurements were also conducted on the DektakXT Stylus Profiler to obtain the 
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film thicknesses. All the measurements were taken with a vertical range of 6.5 µm and a Stylus 

force of 3 mg. Five measurements were taken of each sample to obtain the average thickness. Film 

thickness was estimated assuming a 5 nm chromium layer and a 100 nm gold layer on silicon. 

Water contact angle images were obtained with a ramé hart Model 200 goniometer (Fig. 3.7). 

PEDOT film deposition 

The working electrodes were deposited/grafted on glass or Si substrates. The glass/Si 

substrates (2.5 cm×2.5 cm) were cleaned sequentially by 10 minutes of sonication cycles in soap 

water, DI water, acetone, and isopropanol. Before use, the cleaned glass substrates were treated by 

a UV Ozone reactor for 10 minutes at 30 W and 450 mTorr. 10 nm Cr adhesion layer and 100 nm 

Au layer were then deposited by thermal evaporation using Orion System, AJA International. 

Next, the slide was cleaned sequentially by 10 min sonication with Ethanol and DI water. The thin 

films grafted-TO or grafted-FROM the surface were created as described above. The spin-coated 

films were fabricated as follows. Before spin coating of PEDOT ink, the Au-coated slides were 

treated by a UV Ozone reactor for 10 minutes at 30 W and 450 mTorr. Spin-coated films were 

prepared as follows; PEDOT:PSS (Clevios) was mixed with 1% GOPS (SpinG). 20 mL aqueous 

dispersion of PEDOT:PSS was mixed with 5mL EG, 50 µL of DBSA, and 1% wt% GOPS 

(SpinGA). PEDOT:PSS without additional materials is referred to as Pristine PEDOT:PSS. The 

different solutions were spun-coated on top of Glass/Cr/Au or Si/Cr/Au substrates at 500 rpm (250 

rpm s─1) for 120 s, followed by 2000 rpm (1000 rpm s─1) for 10 s. Following deposition, films were 

annealed at 120 °C for 15 min on a hot plate in atmosphere before being allowed to slowly cool 

down to room temperature by removing them from the hot plate.  

Measuring electrical conductivity 
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The resistances of the films were measured using a four-point probe wired to a Keithley 

Standard Series 2400 Source Measure Unit (SMU), with a probe spacing of 2 mm and a sample 

size of 25 × 25 mm. The thickness of the films was measured using a Dektak XT profilometer or 

by ellipsometry, and the cross-sectional area was used to convert resistance to conductivity. The 

conductivity, σ, was calculated from an average of three samples using the following equations: 

𝑅% =
F

GH	(,)
𝑅					  Equation 1 

𝜎 = 9
I×	J$

					(2)	 	 Equation 2	

Where R is the resistance measured by the four-point probe, Rs is the sheet resistance, and 

t is the thin film thickness. A correction factor of 0.9497 was applied according to the geometry of 

the measurement. 

Electrochemical impedance spectroscopy and cyclic voltammetry measurements 

The EIS and CV measurements were used to evaluate the electrochemical activity of our 

different PEDOT-containing films. The Gamry Interface 1000E was used to perform EIS in 0.01 

M 1 × PBS solution (consisting of 0.022M Na2HPO4 (pH = 7.2 ± 0.2), using a three-electrode 

configuration, i.e., PEDOT electrodes as the working electrodes, Ag/AgCl electrode as a reference 

electrode, a platinum rod electrode as a counter electrode. 10 mV root-mean-square (RMS) 

sinusoidal signal with zero DC bias was applied and the frequency was swept from 0.1 Hz to 1 × 

106 Hz. The capacitance and electrical double layer testing were measured by cyclic voltammetry 

under low current density, near equilibrium conditions in (1×) PBS solution, with the tested 

electrode potential swept cyclically within the potential windows of −0.4–0.8 V or −0.4–0.4 V 

relative to the Ag/AgCl electrode at a constant scan rate of 100 mV s−1 with 5 mV potential steps. 

The current was injected in biphasic, anodic, and cathodic stimulation, from 1 mA up to 36 mA, 
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with a voltage limit of ± 10 V (Fig. 3.9). All voltametric measurements were conducted in an 

ambient atmosphere. 

The specific capacitance of the film was obtained according to Equation 3: 

 Equation 3 

Where integration is performed over the area of the voltammogram, j is the current density, V is 

the voltage, υ is the scan rate, and A is the area of the film. 

The volumetric capacitance of the film was calculated according to Equation 4: 

  Equation 4 

Where integration is performed over the area of the voltammogram, j is the current density, V is 

the voltage, υ is the scan rate, and v is the volume of the film. Calculations are summarized in Fig. 

3.10. 

Accelerated ageing tests 

PEDOT-based films, including the Block-Brush, and SpinGA were challenged by an 

accelerated aging test in PBS, pH 7.4, at 50 °C for 35 days. EIS and CV measurements and optical 

microscope inspections were taken every several days as described above. The size of the exposed 

areas was 6 mm × 8 mm (Fig. 3.11). 

Oxidative reactive accelerated aging test  

PEDOT-based films, including the Brush, SpinG (0.2% wt% GOPS), and the brushes 

grafted to the gold surface, were incubated in 20mM H2O2 in PBS at 50 °C for 56 days (Fig. 3.12). 

This procedure was modified from literature.  

Ultrasonication stability test  

𝐶 ∗=
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The PEODT-based film, including the Block-Brush, grafted from and to the gold surface, 

and Pristine PEDOT:PSS were challenged by ultrasonication (100 W at 42 kHz) for different time 

points (Fig. 3.13). 

Peel test  

To conduct a 90° peel test, a Mark-10 linear actuator equipped with the peel test accessory 

kit was operated in the upright position. Samples were taped with Kapton tape for 12 h before the 

measurements. The glass/Cr/Au/PEDOT films were fixed to the sliding plate using double-sided 

tape. The edge of the Kapton tape was attached to a grip connected to a 0.5 N force gauge. The 

takes were removed at a rate of 330 mm min–1 to obtain a plot of force relative to displacement 

(travel). The adhesion force between the surface of the films and the PDMS (1:50), is calculated 

from the max force achieved during the shear test divided by the joint area of the films. 

Adhesion force between the PEDOT films and soft PDMS surface  

Polydimethylsiloxane (PDMS, Sylgard 184 Silicone) was mixed in a 50:1 base-to-curing 

agent ratio and degassed under vacuum to remove air bubbles. PDMS was then deposited using a 

plastic cup on a glass slide and spun at 1000 rpm (500 rpm s─1) for 60 s. The substrate was cured 

at 70 °C in an oven for 3 h. lap-joint shear tests (shear properties) were performed against the soft 

50:1 PDMS.  

Elastic modulus characterization of the Block-Brush film  

The elastic deformation was obtained by analysis of AFM-tip-polymer brush interactions 

by nanoindentation, according to the dimitriadis model, using Equation 5.   
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𝛼2 = −
1.2876 − 1.4678𝜈 + 1.3442𝜈,

1 − 𝜈  

𝛽2 = −
0.6387 − 1.0277𝜈 + 1.5164𝜈,

1 − 𝜈  

 

Where δ is the deformation due to the force imposed by a spherical indenter, R is the tip radius 

(500 nm), E*  is the composite modulus, νs is Poisson’s ratio of the substrate (Au, 0.42), νf is 

Poisson’s ratio of the brushes’ “film” (PEG, 0.3). 

Microelectrode array fabrication 

The microelectrode arrays were fabricated on 75x25 mm glass slides (Corning), which 

were cleaned with ethanol and IPA and baked at 180°C for 10 minutes before use. The glass slide 

was coated with 10-μm-thick-polyimide (PI) 2611 and baked in a carbolite oven (Carbolite Gero) 

at 350°C for 1 hour. Next, the metal lead traces (10 nm Cr, 150 nm Au) were deposited onto the 

glass slide using standard lithography techniques and AZ5214E-IR photoresist (MicroChemicals). 

A 3µm PI encapsulation layer was spin-coated onto the surface and baked at 350°C for 1 hour. 

Finally, the via holes were patterned with AZ12XT-20-10 photoresist (MicroChemicals) and 

oxygen plasma etched for 30 minutes. The samples were then soaked in Remover PG at 80°C for 

1 hour to remove photoresist residues. PSS and PSS-b-PPEGMEMA brushes were then grafted 

from the exposed micro-scale Au contact surface. 

Electrodeposition of PEDOT on the microelectrode array 

Once PSS brush synthesis was completed, PEDOT was electrodeposited onto the surface 

of the micro-scale contacts. The electrodeposition solution was prepared by dissolving 50 uL of 3 
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4-ethylenedioxythiophene (EDOT) in 47 mL of DI water. The solution was vortexed until EDOT 

dissolved completely. Potentiostatic electrodeposition was performed using the Reference 6000 

(Gamry Instruments) at 1.1 V for 80s. 

Charge storage capacity (CSC) calculation 

All reported charge storage capacities were calculated from cyclic voltammograms 

between -0.6 V and 0.6 V. CSC was calculated using Equation 6.   

𝐶𝑆𝐶 = 	∑ 𝐼(𝑡) ×	∆𝑡∆#	∈	N
𝐴; 			  Equation 6 

Where ∆𝑡 is a single timestep in the total duration of one CV cycle 𝑇, 𝐼(𝑡) is the current 

measured at time 𝑡 in the CV cycle, and 𝐴 is the area of the sample. 

Charge injection capacity (CIC) calculation 

The charge injection capacity for a given contact was calculated with the Reference 6000 

(Gamry Instruments) from the water window and the maximum negative polarization potential 

(Emc) computed across a range of pulse widths between 100-1000 µs and current amplitudes 

between 3 µA – 10 mA, depending on the contact size and impedance. The CIC was identified as 

the point of intersection between Emc and the negative water window limit. 

Biphasic pulse stimulation 

Repeated current pulsing was performed by delivering a train of biphasic, cathodic-first 

current pulses with 100 µm pulse width and 500 µA current amplitude. Pulses were delivered at 

50 Hz using the RHS Stim/Recording System (Intan Technologies). The contact was considered 

delaminated when it could no longer deliver the desired current amplitude, which was identified 

by a voltage compliance flag on the RHS System. 
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Vertebrate animal subjects 

An adult (> 5 months old, weight 450 g) male Sprague-Dawley rat (Charles River 

Laboratories) was used as the vertebrate animal subject in this study. All animal experiments were 

approved by the UC San Diego Institution Animal Care & Use Committee (protocol S16020). 

Surgical procedures 

Rats were sedated with 4% isoflurane and fixed in a stereotaxic frame (Kopf Instruments). 

Once stable, anesthesia was reduced to 1.5-2.5% during the surgery. A craniotomy was performed, 

exposing the whisker barrel cortex without breaching the dura. The electrode array was placed 

onto the whisker barrel cortex. Gel foam (SURGIFOAM Absorbable Gelatin Sponge) was used to 

cover the microelectrode array to secure it in place and maintain moisture on the brain. 

Once the surgery was completed, rats were transitioned from isoflurane to 

ketamine/xylazine (90 and 10 mg/kg-1, respectively; MWI) and re-dosed 20-30 minutes for the 

duration of the experiment. Heart rate, body temperature, and blood oxygenation were 

continuously monitored throughout the experiment. A heating pad maintained body temperature 

between 34-36°C throughout the experiment. At the end of the study, animals were euthanized 

with 120 mg/kg-1 sodium pentobarbital (MWI).  

Data collection 

Once the electrode was in place, the reference needle electrode was placed near the neck 

of the rat, and ground was connected to the stereotaxic frame. An individual whisker was 

stimulated with the air puff using the Pneumatic PicoPump (WPI, PV830). Neural activity was 

recorded with the RHS Stim/Recording System (Intan Technologies). After a 1 min baseline 

recording, each whisker was stimulated for 2 minutes at 1Hz for a total of 120 trials. The air puff 
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stimulation was time locked to the recording system by sending TTL signals to both the air puff 

stimulator and the RHS. 

Data analysis 

A 1-minute fragment of baseline recording (without air puff stimulation) was high pass 

filtered >300 Hz with a 2nd order Butterworth filter. The root mean square (RMS) of the baseline 

noise was calculated in MATLAB. To perform spectral analysis of the whisker barrel cortex 

activity in response to stimulation, neural recordings were first notch filtered at 60 Hz, then 

bandpass filtered 0.1-300 Hz using a 2nd order Butterworth filter. The spectral analysis of the trial 

averaged data (120 trials) was performed in MATLAB using the spectrogram function. The peak-

to-peak amplitude of the response was calculated by subtracting the trial averaged minimum 

potential from the maximum potential over the period between 1-200 ms after stimulation. The 

signal to noise ratio was calculated by dividing the peak-to-peak amplitude by the RMS of the 

baseline noise. 
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Supplementary Materials 

 

 
Figure 3.6 Polymer brush film thickness. The films made of polymer brushes were evaluated by 
ellipsometry for each step of the synthesis, including PSS, PSS-b-PPEGMEMA, PEDOT:PSS 
(Brush)  and PEDOT:PSS-b-PPEGMEMA (block-Brush). 
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Figure 3.7 Water contact angles measurements. (A) PSS brushes, PSS-b-PPEGMEMA brushes, 
and Block-Brush. (B) Brush. The number below indicates the thickness of the films, measured by 
ellipsometry. The below 10º water contact angle of PSS indicated a highly hydrophilic surface post 
PSS SI-ATRP modification. Importantly, the water contact angle of Block-Brush was lower than 
that of the Brush films. This suggests that the modification with PPEGMEMA renders the surface 
less hydrophobic, which is beneficial for ion penetration during operation.  
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Figure 3.8 Electrochemical characterization of the PEDOT-based film. (A) Schematic illustration 
of the EDL in low-density film grafted to the gold surface. (B) SEM and (C) optical microscope 
images of Block-Brush grafted to the gold surface. The scale bars are 2 µm and 500 µm, 
respectively. (D) EIS and (E) CV curves of the Block-Brush grafted-TO the gold surface in 
comparison with the bare gold, SpinGA sample, and Block-Brush grafted from the gold surface. 
(F) The Block-Brush film that was grafted from the surface shows the lowest impedance EIS, and 
(G) highest AUC of the CV of compared to bare gold, and spin-coated films on gold. 
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Figure 3.9 Voltage transient of injected current pulses. The current was injected with a 10 ms pulse 
width, measured at anodal/cathodal limits for SpinGA and the Block-Brush. 
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Figure 3.10 Block-Brush film exhibits a higher volumetric electrical double layer (EDLC) in 
comparison with SC formulation. (A, B) Schematic illustration of the rougher surface of the Block-
Brush film (A) and SpinGA film (B). (C) Representative SEM image of the Block-Brush film, that 
demonstrates its rough surface in comparison with SpinGA (D). The scale bars are 200 µm. (E) 
Cyclic voltammetry scans at low and different scan rates, showing greater charge storage capacity 
for the Block-Brush film and in comparison with the SpinGA film (F). (G) Current density 
comparison shows a linear increase in current density for increasing scan rate. The average of the 
slopes of the forward and background scan reveal the electric double layer (EDL) capacitance of 
the Block-Brush and the SpinGA that is summarized in (H). 
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Figure 3.11 Block-Brush film shows longer durability versus spin-coated PEDOT:PSS under CV 
cycling stress. (A) Optical microscope images taken during stability tests under cycling stress show 
the Block-Brush (upper panel) and SpinGA (lower panel) before (A) and (B) after CV cycles. No 
damage was detectable up to 3500 CV cycles for the Block-Brush film versus the damages that 
can be observed for the SpinGA film after 2500 CV cycles (lower panel, white arrows). (C to E) 
Corresponding Impedance magnitude (C) phase (D) spectra and (E) CV cycles. Scale bars are 250 
µm. 
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Figure 3.12 Block-Brush films show increased stability on Au surfaces during accelerated aging 
test, in PBS, 50°C. (A) Schematic illustration of the Au surface covered with Kapton tape, 
exposing film area of 6 mm × 8 mm during an accelerated aging test (PBS, 50°C). (B) Optical 
microscope images of the edges of the coated surfaces that were covered by Kapton tape. PEDOT 
Block-Brush films are fully covering the area under the Kapton tape and the exposed rectangular 
(B), while the spin-coated film, SpinGA, was delaminated under the Kapton tape 12 days post 
incubation in PBS (50°C) (C). (D). The Block-Brush film is intact showing no damage under an 
optical microscope 30 days post incubation. The scale bars for B to D, are 1 mm. (E) The exposed 
area of the spin-coated PEDOT:PSS film had multiple delamination (white arrows) spots 19 days 
post-incubation. The scale bar is 250 µm. Accordingly, the CV cycling of the brushes (F, blue) 
showed a lower change in the CSC compared with the spin-coated films (G, pink) and (H). (I) The 
impedance stability of the Block-Brush and the SpinGA films soaked in PBS solution at 50°C for 
26 days. The geometric surface area of the surfaces is 0.48 cm2. 
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Figure 3.13 High-density Block-Brush PEDOT films show increased stability against accelerated 
aging test. Oxidative reactive accelerated aging test was done in 20mM H2O2 in PBS at 50°C for 
56 days. (A) Spin-coated samples were delaminated from the surface. (B) Low-density brushes, 
grafted-TO the gold surface developed cracks in the film. (C) High-density Block-Brush films 
show an intact film with no observed damage through an optical microscope (two upper panels) 
or SEM (lower panel). 
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Figure 3.14 Fabrication process of microelectrode array coated with Block-Brush. (1) The first 
layer of PI was spin coated onto wafer surface. (2) Metal traces consisting of 10 nm Cr and 150 
nm of Au were subsequently deposited by e-beam evaporation. (3) The second layer of PI was 
spin coated onto the surface of the sample for encapsulation. (4) The via holes were etched using 
O2 plasma etching. (5) PSS-b-PPEGMEMA brushes were grafted from the Au surface. (6) PEDOT 
was electrodeposited on the polymer brush film as described in section VI.   
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Figure 3.15 Multidiameter microelectrode array design. (a) Version 1 of the benchtop 
multidiameter array. (b) Version 2 of the benchtop multidiameter array with 8 x 1000 µm, 8 x400 
µm, 8 x 200 µm and 8 x 100 µm diameter contacts. (c) The rat microelectrode array with 16 x 200 
µm diameter contacts. 
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Figure 3.16 Polymer brushes grafting to the Au surfaces on the multi-diameter electrode. Optical 
microscope image of the Au surface after the activation with ATRP initiator (A), modification 
with PSS brushes (B), and further modification with the second block copolymer PPEGMEMA 
(C). D. The inset shows the uniformity on the 20 µm diameter electrode. 
  



142 

 
 

Figure 3.17 Example of Block-Brush coated contacts of the multidiameter array.  
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Figure 3.18 Fabrication process of spin coated PEDOT:PSS control microelectrode array. The 
process is similar to the preparation of Block-Brush coating, but requires additional steps needed 
for the spin coated sample preparation. These include the addition of a third sacrificial layer of 
parylene C and then peel it off of to create the PEDOT:PSS pattern on the gold circular contacts 
only. 
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Figure 3.19 Impedance spectra of different contacts diameters after electrodeposition. The Block-
Brush films (blue) show the lowest impedance under 100Hz for all diameters, in comparison with 
the spin coated formulation and the electrodeposited control. 
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Figure 3.20 Water window of the 1000 µm diameter array for the three PEDOT formulations. The 
water window of the Block-Brush between -1.1V and 0.8V is marked by the dashed lines. 
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Figure 3.21 CIC for the three PEDOT:PSS materials different contacts diameters. 
 
 
 
 

 
 

Figure 3.22 CV of different contacts diameters after electrodeposition. The Block-Brush films 
(blue) demonstrate the largest AUC, hence the highest CSC in comparison with the spin coated 
formulation and the electrodeposited control. 
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Figure 3.23 Stability of spin coated, electrodeposited and Block-Brush film under electrochemical 
cycling. EIS measurements show the stability of the films over 10,000 CV cycles.  
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Figure 3.24 Spectral analysis of the mean trial-averaged response across channels to whisker air 
puff stimulation. Across frequency bands, responses from the three materials showed similar 
spectral profiles. mean trial-averaged response across channels filtered by frequency band for the 
Block-Brush (top, blue), electrodeposited control (middle, red), and spin coated control (bottom, 
pink) samples. This indicates that the modified PEDOT:PSS material can capture all frequency 
components of neural activity.  
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Figure 3.25 Mean peak-to-peak (PTP) amplitude and SNR of the different PEDOT based films. 
The Block-Brush film on the gold contact of the multi array electrode showed the highest PTP 
amplitude. 
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Conclusion 

We are entering what can be considered the golden age of neural interfaces as more interest 

and effort is put into delivering neuromodulation therapies to the clinic and everyday consumers. 

SCS for treatment of chronic and neuropathic pain, the first major application of a spinal cord 

neural interface, is already available clinically, and future advances will continue to improve the 

efficacy of this technology. The treatment of SCI with SCS is anticipated to evolve rapidly in the 

coming years as more studies report some degree of functional restoration in humans and 

companies form to leverage this technology. This progress takes place against the backdrop of 

numerous emerging therapies and applications for neuromodulation and neuromonitoring. I 

believe that adopting flexible, high-channel count microelectrode arrays is necessary to maintain 

this momentum and will ultimately be the norm in clinical settings. In this dissertation, we develop 

high-channel count microelectrodes for various spinal cord applications and evaluate the 

advantages of these devices over existing clinical neural interfaces. 

 In Chapter 1, we develop a high-density, thin film microelectrode array for high-resolution 

neuromonitoring of the human spinal cord and evaluate its performance in a clinical setting. We 

demonstrate that our microelectrode captures detailed spatiotemporal patterns of responses and is 

more sensitive to neural activity compared to the clinical IONM system. Our microelectrode array 

captures SSEPs at lower stimulation currents and requires only a few seconds of recorded data to 

generate reliable, high-quality spatiotemporal maps, while current clinical equipment requires data 

segments of multiple minutes and does not offer spatiotemporal features. Our implementation is a 

large improvement in responsiveness of the clinical system that could allow for quicker detection 

of neurological damage. Overall, this study shows that microelectrodes may improve the safety 

and effectiveness of neurosurgical procedures. 
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In Chapter 2, we introduce SpineWrap, a 6.6 µm thin film, 156-channel high-density 

microelectrode array for targeted EES. We demonstrate that SpineWrap can deliver ultra-focal 

EES to the rat lumbar spinal cord resulting in highly selective recruitment of limb muscles and 

enabling the location of stimulation hotspots for highest selectivity. We evaluate the impact of 

channel count on muscle recruitment selectivity and show that, in rats, high-density arrays require 

submillimeter pitches to achieve maximum achievable selectivity. This study suggests that 

SpineWrap can improve the efficacy of EES stimulation for treatment of SCI by delivering more 

focal stimulation compared to clinical paddle arrays and previously developed EES microelectrode 

arrays. High-channel count microelectrode arrays such as SpineWrap could reproduce 

sophisticated patterns of spatiotemporal spinal cord activity with fine-tuned stimulation and 

generate highly refined muscle movements. Consequently, the adoption of SpineWrap in EES 

treatment has the potential to push the boundaries of current EES technology and offer more 

efficient therapies. 

In Chapter 3, we develop a novel PEDOT:PSS coating, termed block-brush PEDOT, 

synthesized on gold with surface-initiated atom transfer radical polymerization of PSS copolymer 

brushes. We apply this PEDOT coating to flexible, polyimide-based microelectrode arrays and 

consistently produce uniform, conductive, and stable films. Results from bulk film and 

microelectrode array characterization show that the block-brush film has superior electrical 

properties compared to the commonly used spin-coated film and is on par with coating materials 

with high CIC, such as PtNR. We perform neural recording with these microelectrode arrays and 

show the block-brush PEDOT can capture multi-frequency neural signals. The synthesis method 

of block-brush PEDOT allows for the modulation of polymer brush segments, density, or 
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composition as one chooses, thus creating possibilities for a microelectrode array coating with 

customizable chemical modifications. 

In summary, this dissertation introduces novel high-density spinal cord microelectrode 

arrays for stimulation and recording and showcases their ability to perform high-resolution 

functional mapping and targeted EES. This dissertation also presents the development and 

application of an enhanced, stable PEDOT electrode coating for microelectrode arrays. The work 

presented in this dissertation brings flexible, high-channel count microelectronics a step closer to 

becoming the standard for spinal cord neural interfaces. 




