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INTRODUCTION 
 

The goal of this research has focused on understanding how a key material property, 
stiffness, influences the robustness of implantable neuroprosthetic technologies. By 
bypassing damaged regions of the nervous system, brain machine interfaces (BMIs) offer 
the promise of reducing the burden of injury, a burden disproportionately borne by veterans, 
and enabling these injured individuals to live more full and interactive lives. Unfortunately, 
these devices, which take the form of implantable microelectrode arrays or intracortical 
probes, do not demonstrate long-term robustness. A major aspect of this issue has been 
hypothesized to be due to the differential stiffness between the implantable device and 
surrounding brain tissue. We are leveraging state-of-the-art shape memory polymer (SMP) 
material science where the degree of material softening can be precisely controlled in order 
to systematically address the importance of implantable device softening in the brain for 
robust intracortical probe performance. In addition, the fabrication approaches used to 
create these test structures take advantage of industrial level manufacturing processes such 
that promising technology arising from this proposal has the capacity for translation by 
leveraging standard semiconductor processing techniques. 

 
KEYWORDS 

 
cyclic voltammetry, cytotoxicity, dynamic mechanical analysis, electrochemical impedance 
spectroscopy, immunohistochemistry, micromotion, modulus, shape memory polymer, 
sterilization, insulation 

 
ACOMPLISHMENTS 

 
The table below lists the specific aims as proposed and the status of the subtasks as 
identified in the SOW. This report covers the performance relative to Lead Investigators Dr. 
Pancrazio and Dr. Voit of the University of Texas at Dallas (Site 1) (for review of progress 
from Site 2, please refer to the companion report from Dr. Capadona from Cleveland VA 
which is Site 2 below). Based on the timeline, the subtasks that are relevant to this 1st year 
report from Dr. Pancrazio and Voit are highlighted below.  
 

Specific Aim (as specified in proposal) Timeline Site 1 Site 2 Status 

Specific Aim 1: Quantitatively compare the 

tissue response evoked by short term and 

chronic implantation of non-softening, 

moderately softening, and softening shape 

memory polymer (SMP)-based intracortical 

probes. 

Months 
Lead 

Investigator(s) 

Lead 

Investigator 
% complete 

Subtask 1: Fabricate non-functional SMP probes 

and verify physical and thermo-mechanical 

properties 

1-6 Dr. Voit  100% 

Subtask 2: Implant all variants of non-functional 

SMP probes into motor cortex of rats (165 total) 
6-18  Dr. Capadona  

Subtask 3: Harvest tissue from non-functional SMP 

probes implanted rat motor cortex 
12-24  Dr. Capadona  

Subtask 4: Comprehensive immunohistochemical 

analysis of tissue response for acute and chronic 

SMP-based intracortical probes 

18-30  Dr. Capadona  
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Subtask 5: Dissemination of data through 

publication and presentation 
24-36 

Drs. Pancrazio 

& Voit 
Dr. Capadona  

Milestone Achieved: Identification of distinctive 

tissue profiles due to differential modulus of non-

functional SMP probes 

 
Drs. Pancrazio 

& Voit 
Dr. Capadona  

Milestone Achieved: Local IRB/IACUC approval 3  Dr. Capadona  

Milestone Achieved: HRPO/ACURO approval  6  Dr. Capadona  

Specific Aim 2: Quantitatively compare the long 

term recording capability of softening and non-

softening SMP-based intracortical probes 

    

Subtask 1:  Fabricate functional SMP probes and 

verify physical and thermo-mechanical properties 
1-9 Dr. Voit  70% 

Subtask 2: Implant all variants of functional SMP 

probes into motor cortex of rats (80 total) 
6-30 Dr. Pancrazio  0% 

Subtask 3: Perform bi-weekly recordings of single 

unit activity and electrochemical impedance 

spectroscopy using functional SMP probes 

6-33 Dr. Pancrazio  0% 

Subtask 4: Equivalent circuit modeling from EIS 27-36 Dr. Pancrazio   

Subtask 5: Comprehensive immunohistochemical 

analysis of tissue response for chronic SMP-based 

intracortical probes at identical time to non-

functional, and at failure. 

24-36 Dr. Pancrazio Dr. Capadona  

Subtask 6: Dissemination of data through 

publication and presentation 
24-36 

Drs. Pancrazio 

& Voit 
Dr. Capadona  

Milestone Achieved:  Determination of differential 

device performance as a function of the modulus of 

SMP probes 

30 
Drs. Pancrazio 

& Voit 
Dr. Capadona  

Milestone Achieved: Local IRB/IACUC approval 3 Dr. Pancrazio  100% 

Milestone Achieved: HRPO/ACURO approval 6 Dr. Pancrazio  100% 

 
Milestones: Two milestones have been completed during this first reporting period. Specific 
aim 2 requires the utilization of animal models, of which we selected Long Evans rats which 
have been used for neurobiological motor research, we needed both our local IACUC and 
ACURO approval to proceed. The University of Texas at Dallas office of compliance 
awarded the approval for our protocol for the chronic implantation of the SMP and control 
Neuronexus probes into the motor cortex on 17 Dec 2016. ACURO approval of this protocol 
was obtained on 2 Feb 2016. With the approvals, both milestones are 100% and within the 
specified time limits outlined in the SOW. 
 
Specific Aim 1, Subtask 1 Progress: To complete this subtask, we worked to reproducibly 
fabricate non-functional intracortical probes consisting of multiple shape memory polymer 
formulations. The goal was to create and deliver to Site 2 for implantation studies four 
classes of SMP devices: fully softening; moderately softening; non-softening; and silicon 
shanks that were thinly coated with softening SMP as a control. Each of these classes 
consisted of a single shank approximately 30 microns thick, without electrical contacts or 
connections, but with consistent shape and dimensions (Figure 1). In brief, the entire 
subtask has been fully completed. These non-functional structures were dedicated for 
implantation in rat motor cortex (at Site 2) to test the idea that those devices that soften the 
most will demonstrate the least neuroinflammatory response based on 
immunohistochemical analysis of the tissue. Since we are aiming to ultimately create multi-
microelectrode implantable devices comparable to the commercially available Neuronexus 

(NNx) probe, the planned feature sizes would necessitate the incorporation of 1 m feature 
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photolithographic techniques, opposed to laser machining. 
 
Controlled and repeatable thicknesses control of the SMP layers was 
also another very important processing constraint. The generation of 
spin-coated polymers replaced the previous casting protocols, and we 
verified the new formulations through the characterization of the thermo-
mechanical properties of copolymer films. To create the structures, we 
adjusted ratios of the thiol-ene and thiol-ene/acrylate formulations: non-
softening SMP composed of TMTMP, TATATO, and TCMDA ratios of 
0.345, 0.345, and 0.31 (SMP 8); a 10x softening SMP composed of 
TATATO and TMICN at at 0.5-0.5 ratio (SMP 5), and the 100x softening 
SMP formulations of TMTMP and TATATO at the 0.5, 0.5 ratio (SMP 7). 
Briefly, the fabrication of the SMP polymer films involves combining the 
monomers, spin coating the combined polymer solution on a glass 
substrate, and photo-curing at a wavelength of 254 nm for 2 hours. Post-
curing is performed in an oven under vacuum at 120 °C. Figure 1 shows 
a fabricated non-functional probe, in this instance created from 
formulations that allow the structure to entirely soften after implantation.  
 
To verify that a particular SMP sample or device has the desired thermo-
mechanical properties, dynamic mechanical analysis (DMA) is 
performed to extract parameters including: the glass transition 

temperature (Tg), glassy modulus, rubbery modulus, and tangent delta. Previously our tests 
of these parameters were based on dry measurements with projection of the expected 
behavior under aqueous conditions. We have substantially improved our characterization of 
the properties by making use of a new aqueous phase, temperature controlled DMA system 
that accommodates immersed samples 
with an environmental chamber. Our DMA 
immersion system allowed us to mimic in 
vivo conditions relevant for implantable 
devices. We verified that the polymers 
were able to undergo various degrees of 
softening at physiological conditions, 
meeting the 100x softening, 10x softening 
and non-softening requirements for the 
project (Figure 2). 
 
There is a well-established literature on the 
histological profile induced by chronic 
implantation of stiff implanted intracortical 
probes. However, it has been reported that 
incomplete sterilization of these test 
devices can produce infections that 
manifest inflammation and confound the 
interpretation of the data1. For SMP based 
bioelectronic applications, the question of 

                                                           
1 Ravikumar et al. (2014) “The Effect of Residual Endotoxin Contamination on the Neuroinflammatory 
Response to Sterilized Intracortical Microelectrodes” J Mater Chem B Mater Biol Med. 2(17): 2517–2529. 
doi:  10.1039/C3TB21453B. 

Figure 1: Non-

functional intracortical 
probe fabricated from 
shape memory 
polymer. 

Figure 2: Dynamic Mechanical Analysis of the three SMP 

compositions displaying modulus as a function of temperature 
change. Orange shows the modulus (E’) for the polymers 
when measured in a dry air environment and blue shows the 
polymers when immersed in phosphate buffered saline. 
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whether or not these unique materials can tolerate sterilization procedures has been a 
standing question. In fact, for our studies, it is imperative that sterilization either not alter the 
softening capability or at least we need to be able to design for any shift in thermo-
mechanical properties. Therefore, for all the formulations of SMP devices, we examined the 
non-functional test device robustness and mechanical properties with different sterilization 
procedures. It is also important to recognize that eventual translation from the laboratory to 
clinical use requires that medical devices can tolerate sterilization. Established methods, 
accepted by the Food and Drug Administration, include steam, ethylene oxide (EtO), and 
ultraviolet radiation. We have recently published an article (Ecker et al., 2016) detailing a 
study in which SMP materials were submitted to the aforementioned tests, and the full 
document is included in the appendix section, pages 21-30. In brief, we have established 
that devices which use any the fully and non-softening SMP formulations can be effectively 
sterilized using low temperature EtO exposure, with the materials experiencing no 
noticeable changes in the modulus profile. We also determined the following SMP deposition 
and curing via UV exposure, a small heterogeneous surface layer forms that is negligible for 
bulk samples but has the potential to affect thermo-mechanical properties for thin samples. 
We showed that with an additional etch step, this heterogeneous layer is removed and 
consistency is achieved. EtO has also been shown to be safe for electronic components, 
like electrical (Omnetics) connectors, which was important as we needed not only to create 
a device with a material that softens in the brain, but also package this device so it can be 
interfaced with neural recording amplifiers, electrochemical workstations, and associated 
data acquisition systems. 
 
Specific Aim 2, Subtask 1 Progress: As we had stated in our proposal, our SMP devices 
have a similar architecture to the NeuroNexus (NNx) commercial A1x16 implants, which also 
serve as hard material devices for comparison purposes. Additionally, we could also use the 
same electrical connector, the 18 pin Omnetics connector, with which to connect the implant 
with the various external testing systems. Over this past year, we have been refining the 
fabrication processes to ensure reproducible physical and electrical features for devices 
fabricated from any of the SMP based devices. With well-deposited and distinct 
microelectrode sites and traces, both consisting of Au, the bigger issue is having good 
insulation surrounding these bioelectrical interface sites. Nevertheless, we first attempted 
first to create a device where the SMP itself served as the insulation. We reasoned that tf 
this worked and the insulating performance of each of the SMP formulations was similar, 
then functional devices would be relatively simple in composition with only the SMP and the 
nm thick deposits of gold to create the microelectrode sites and traces (based on the 
thinness of the Au, the impact on the overall mechanics of the device after implantation 
would be expected to be entirely negligible). Figure 3 shows one of our fabricated 16 

microelectrode arrays from SMP. Briefly, the device begins as a 15 m thick film of the 
particular SMP. The gold traces and microelectrode pads are formed by sputtering, 
photolithographic techniques, and a wet etch performed in the UT Dallas Cleanroom. A final 
layer of SMP is added, the windows for the pads and trace connections are opened using 
reactive ion etching (RIE) with CF4O2 plasma, and a shank and connector tab for the device 
shape are formed using a RIE step. An 18 pin Omnetics connector is soldered directly onto 
the surface of the SMP Tab and encapsulated with surgical grade Loctite Hysol Medical 
grade device epoxy. Our first test devices were composed of SMP 7, the fully softening 
polymer. Close examination of our initial devices indicated two major issues in our fabrication 
process. Figure 3(b) shows an optical micrograph detailing the surface of the shank. The 
windows around each of the microelectrode sites had a diameter much larger than the  
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original 15 m design, and appeared large enough to even uncover traces from other 
microelectrodes. 
 
The SMP7 devices were tested electrochemically with a Model 604E Electrochemical 
Analyzer/Workstation (CH Instruments, Austin, TX) in phosphate buffered solution (PBS) at 
7.4 pH. The results for the electrochemical impedance spectroscopy (EIS) from 100 KHz to 
1 Hz, 5 mVpp, 12 points/ decade for one of the 16 microelectrode devices are shown in 
Figure 3(c). The first impression of these devices is that the impedance is incredibly low for 

a gold microelectrode with a geometric surface area of 176 m2, exhibiting a 10 – 20 KΩ 
resistance at 1 KHz. The same size microelectrode sites on the NNx devices, which are 
composed of iridium, have an impedance range of 700 – 900 KΩ at 1 KHz. Although the 
resistivity of iridium is twice that of gold, and the electrochemical interface creates a more 
complex impedance model, the large impedance discrepancy most likely indicates that the 
gold microelectrodes on the initial SMP devices were damaged. Furthermore, extreme 
surface damage within the etched windows along with additional SMP material under-cutting 
beneath the electrode edges was observed, as displayed in the SEM micrographs in Figure 
3(d) and (e). Examination of the fabrication process stages revealed the over etch was due 
to our etching process in conjunction with our RIE etching parameters. 
 
We first worked to refine the feature sizes of the single microelectrode sites. Conventional 
polymeric masking does not provide enough mask removal options, so used silicon nitride 
(Si3N4) as the SMP etch mask. After deposition of Si3N4 on the SMP, we masked it with 
Shipley’ 1813 photoresist, developed the photoresist, and then etched the Si3N4 using CF4O2 

 
(a) 

 
(c) 

 

 
(d) 

 
(b)  

(e) 
Figure 3:  (a) one of our initial NNx style SMP 7 (fully-softening) chronic microelectrode probes with gold 
microelectrodes and traces. (b) An optical micrograph of the surface of the shank for one of the SMP7 NNx style 

devices. The red circles indicate areas locations where the windows for the microelectrode sites display over 
etching, possibly allowing electrochemical cross-talk between multiple microelectrodes. Also noticed in the image 
is that the traces show indications of variable width, and gold particles in between traces, both of which can 
contribute to electrical performance issues. (c) Electrochemical impedance spectroscopy (EIS) of all 16 

microelectrodes from a representative SMP NNx style probe. The legend displays the impedance for each 
microelectrode site measured at 1 KHz. (d) and (e) scanning electron microscope (SEM) micrographs of 

microelectrode 1 at the tip of the device. The SEM shows the extent of the over etching is not only lateral, but the 
SMP surface is extremely damaged and there may also be some undercutting of the SMP beneath the metal 
microelectrode. 
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RIE. The RIE plasma was switched to an O2 source, which appears to be more effective at 
etching the SMP polymer formulations. Figure 4 (a) – (d) displays the progression of the 
etch window through the multiple lithography and etch processes, with the radius of the etch 
window nearly doubling in size after the final etch. Figure 4(e) and (f) shows electrodes on 
the SMP implant which were fabricated with our new improved etching process. Each of the 

windows consistently measure approximately 15 m in diameter and no longer exposed any 
adjacent wire traces. In summary, the etching issues wereresolved through a decrease in 
pressure from 120 mTorr to 100 mTorr and a switch from CF4O2 to SF6 etching plasma. 

 

 
(a) 

 

 
(b) 

 

 
(c) 

 

 
(d) 

 

 
(e) 

 

 
(f) 

Figure 4:  (a) through (d) are optical micrographs of a single electrode as observed through each stage of etching. (a) 

The Shipley’s 1813 photoresist has a 15.6 m hole after UV exposure and developing. (b) The size of the window in the 

Si3N4 mask increased to 16.3 m diameter after CF4O2 RIE, which is an indication of etch mask undercutting. (c) After 

the O2 plasma etch of the SMP, the window increases to 26.8 m diameter, and finally 27.7 m diameter after the Si3N4 
mask has been removed (d). (e) and (f) indicate that the newly developed etching process consistently generated 

electrode windows that are within 10% of the designed size.  
 

We next worked on the problem of gold particulates which we considered to be due to the 
gold wet etch. The standard approach for etching gold on semiconductor (e.g., silicon) 
substrates is the TFA gold etch, an iodine (KI-I2) based process. While the SMPs are not 
explicitly damaged by this etch method, it appears that the anisotropic nature of wet etching, 
produces variable etching rates across the surface of the gold. Moreover, Figure 5(a) and 
(b) show that this etching method leaves gold particulates located in-between the traces of 
the microelectrodes. These particulates could be removed with additional etching time, but 
that would inevitably lead to etching beneath the mask layer, producing irregularities in the 
sidewalls of the traces and pads (Figure 5(c)). To address this issue, we exploited another 
a fabrication process used in semiconductor processing. The liftoff process usually uses a 
polymer based mask on which a metal is evaporated or sputtered. The polymer is then 
removed with a solvent like acetone, leaving metal only on the surfaces which the polymer 
did not cover. As solvents could damage the SMP, we developed a new liftoff process. The 
liftoff process starts with the initial SMP base layer receiving 500 nm of plasma enhanced 
chemical vapor deposition (PECVD) parylene-C. Si3N4 is deposited next and patterned 
nLOF 2026 photoresist. In this case, we use the RIE with SF6 plasma to intentionally slightly 
undercut the photoresist mask. Ti/ Au/ Ti metal is deposited using electron-beam 
evaporation with thickness of 25 nm/ 400nm/ 25nm. Hydrofluoric acid in deionized water 
(1:10 ratio) etches the Si3N4 mask, taking the excess metal with it and leaving only metal in 
the desired locations. Figure 5(d) shows that the discrepancy seen with the microelectrode 
and trace widths and sidewalls have been eliminated with the lift-off process. Figure 5(e) 
shows that the gold particulates lodged between the traces have also been eliminated. 
 
With gold deposition and etching established, we focused on ensuring consistent insulating 
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behavior surrounding the gold microstructures. Without consistent insulation, interpreting 
changes in the ability of different SMP devices to record units in vivo would not be possible.  
Stable recording microelectrodes should have a consistent impedance over time and 
degradation of insulation quality would emerge as a reduction in impedance. 

 

 
(a) 

 

 
(b) 

 

 
(c) 

 

 
(d) 

 

 
(e) 

Figure 5:  (a) An optical micrograph of the shank from a SMP NNx style electrode. Flakes of gold and other particulates 
are clearly visible within the SMP insulation throughout the device. (b) Another optical micrograph showing against a 
darker background that accentuates the gold particles inside the SMP device. (c) An optical micrograph taken after the 

wet etch of gold showing that additional etching time produced over and irregular etching of the edges of the pads and 
traces, most likely due to anisotropic etching under the mask. (d) and (e) Optical micrographs of the gold pads and traces 

on SMP after the Si3N4 liftoff process. The pads and traces are well within tolerances, have well defined edge profiles, 
and the gold particles embedded in the SMP have been eliminated. 
 

To utilize the full potential of the SMP mechanical properties, the ideal device would not only 
use SMP as the main structure, but also capitalize on it as polymer insulator; however, the 
resistivity of the different SMP formulations was unknown. To evaluate the electrical 
performance of the SMP, we relied on a previously developed testing methodology involving 
interdigitated electrodes (IDEs)2, where these test structures were readily fabricated of the 
main materials of planned for the SMP-based devices.  The IDEs are encapsulated within 
the insulating layers then immersed within 7.4 pH PBS at 37°C and monitored for stability. 
Three electrochemical tests are then systematically performed on the devices. The first, EIS, 
is evaluated from 100 KHz to 0.1 Hz at 12 points a decade using a 50 mVrms sinusoidal 
signal centered at the open circuit potential. The second test is cyclic voltammetry (CV) run 
from -0.6 V to 0.6 V at a rate of 50 mV/ s and sampled at 0.01 s. The final test uses 
chronoamperometry (CA) with a 5 VDC square pulse at 50% duty cycle over 300 s. If the 
insulation fails, the gold microelectrodes will be exposed to the PBS and the impedance will 
change dramatically. Failure of the device occurs if the real impedance falls below 0.1 GΩ 

below 1 Hz, if the phase goes more positive than -80  above 1 Hz (which signifies a 
transition from more capacitive to resistive character consistent with leakage paths), or if the 

                                                           
2 Minnikanti et al. (2013) Lifetime assessment of atomic-layer-deposited Al2O3-Parylene C bilayer coating 
for neural interfaces using accelerated age testing and electrochemical characterization. Acta Biomater. 
10(2):960-7. doi: 10.1016/j.actbio.2013.10.031 
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leakage current goes above 1 nA for the CA and CV tests. Three IDE structures were 
fabricated using the different SMP formulations as insulators. Each of the structures 
consisted of two working electrodes, located on the outside edges, and a single common 
common/ reference electrode down the center of the device. The electrodes were 

encapsulated in 15 m of SMP on each side. An optical micrograph of a fabricated SMP IDE 
structure is shown in Figure 6(a). Representative graphs impedance obtained from the long 
term in vitro test is shown in Figure 6(b) for the non- (SMP 8) and fully-softening (SMP 7) 
IDE electrodes. What was discovered in the test is that the SMP 7 and SMP 5 (semi-
softening) devices fell below acceptable levels at day 7 and 12 days, respectively. SMP 8 
was able to maintain the high impedance necessary for an appropriate insulator for at least 
28 days. With the failure of IDEs from 2 of the 3 SMP materials, the electrical consistency 
would not be provided by SMP alone, and the functional devices would require another 
method of creating suitable insulation. 

 

 
(a) 

 

 
(b) 

Figure 6:  (a) An optical micrograph of a SMP interdigitated electrode which contains two working electrodes. The counter 
and reference electrodes are common for both working electrodes. (b) shows representative EIS impedance spanning 

multiple days for the fully- and non-softening SMP IDE devices immersed in PBS at 37 C. The SMP 7 (fully-softening) 
IDEs (n = 6) lasted a maximum of 7 days before the impedance fell below 1 GΩ, whereas SMP 8 (non-softening) IDEs (n 
= 4) maintained high impedance characteristics up until the end of the testing period at 27 days. 
 

Our strategy is to use a multi-layer deposition process achieving an insulated pseudo-
microwire within the SMP probe architecture. To this end, we have tested two materials for 
the interior insulation: atomic layer deposited alumina (Al203) and parylene C. After 
fabricating IDEs with alumina over gold traces, we observed significant structural and 
electrical failure upon IDE immersion in PBS.  ALD deposited alumina has an inherent tensile 

stress3 when deposited at temperatures lower than 300 C, and this effect is apparent in 

Figure 7(a) and (b). However, temperatures above 250 C can damage the SMP polymers, 
so ALD alumina was deposited at this lower temperature. Although we did not measure the 
actual stress within our films, the physical deformation was obvious. Our brief explanation 

to the failure is that the devices, once immersed in 37 C, softened and inherent tensile 
stress in the ALD film proved to be a greater force that that exerted by the SMP film, thereby 
twisting the SMP into a tightly coiled tube for SMP 7 and a loose coil for SMP8 (Figure 7(a) 
and (b)). The extreme twisting of the device would lead to cracking and delamination of the 
ALD film from both the gold microelectrodes and the SMP, opening electrical pathways and 
leading to IDE failure. 
 

                                                           
3  Miller et al. (2010) Thermo-mechanical properties of alumina films created using the atomic layer 
deposition technique. Sens. Actuat. A 164: 58-67. 

Working 

Electrode 

Working 

Electrode 

Counter/ Reference Electrode 
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With the failure of the ALD alumina, we looked to parylene C to provide the interior insulation. 
The parylene C, deposited by PECVD, does not display as much inherent tensile stress, 
especially compared to the alumina. The parylene C does provide a slight curvature to the 
device, with the bowing indicating some tensile stress, but it does not become more 

pronounced after immersion in PBS at 37 C as shown in the device displayed in Figure 
7(c). Additionally, the parylene C also seems to provide the electrical isolation which is 
required of the device. Figure 7(d) shows impedance graphed across 20 days for an SMP 
7 device with coaxial parylene C. The results from the study (n = 2) indicate that the IDE 
device maintained all factors above failure level. This effect was also seen with the SMP 8 
formulation. Currently, a large scale SMP IDE test (n = 20) is being performed to statistically 
confirm that parylene C/ SMP bilayers provide, but also a reliable, homogenous 
electrochemical impedance. 

 

 
(a) 

 

 
(d) 

 
(b) 

 
(c) 

Figure 7:  (a) Digital photograph of a SMP 7 IDE with 20 nm atomic layer deposited (ALD) alumina (AL2O3) interior 
insulation, (b) Digital photograph of a SMP 8 IDE with 20 nm atomic layer deposited (ALD) alumina coaxial insulation, 
and (c) a digital photograph of a SMP 7 IDE with 500 nm parylene C interior insulation. All three devices were placed in 

PBS at 37 C for multiple days. The ALD IDEs failed nearly instantly when immersed in PBS, whereas the parylene C 
IDEs remained electrically stable and did not appreciably curled for at least 20 days in vitro. These tests are continuing. 
 

In conclusion, we have accomplished approximately 70% of Specific Aim 2, Subtask 1. While 
the data are entirely promising, we are currently testing IDE structures to verify our findings 
that the parylene C/SMP approach will provide us with a suitable architecture going forward 
to complete the fabrication of SMP intracortical probes. We anticipate to have the first 
devices ready for implantation by November, and should have all three formulations ready 
and fabricated by the beginning of January 2017. 

 
Specific Aim 2, Subtasks 2 and 3 Progress: Subtasks 2 and 3 are largely dependent on the 
completion of the above subtask 1. Subtask 2 involves the implantation of the microelectrode 
devices fabricated in subtask 1 into the motor cortex of Long-Evans rats, while subtask 3 
utilizes the intracortical probes to record single units within the motor cortex of a freely 
moving animal as well as evaluating the implant through EIS. For these subtasks, the 
milestones of obtaining the IACUC and ACURO permissions has already been reached and 
are 100% complete. Our in vitro data suggested that metallic traces and microelectrode sites 
in SMP material only would not be stable in vivo. To test that idea and build laboratory 
experience in handling SMP based probes, we made intracortical probes with SMP 6 (non-
softening) and Pt microelectrode sites and performed pilot implantations and recordings. 
Figure 8(a) shows a successful implantation of the SMP microelectrode. The procedure in 
short involves exposing the skull and then drilling holes and putting screws into the skull 
which serve as the counter/ reference electrodes and mechanical anchors for a protective 
head-cap (Figure 8(b)). A craniotomy, or removal of the skull, is performed above the motor 

SMP/ Parylene C Bilayer IDE 



13 

 

cortex, the dura is cut away and the SMP device is lowered into the brain (Figure 8(c)). With 
this demonstration, we are fully confident that our procedure will be sufficient to implant the 
electrically functional SMP probes when they are produced within the next months. 
 
While we are behind on the surgical implantation and recording from functional intracortical 
probes, with the experience we have built in the laboratory, we can readily increase the 
number of surgeries to 3 – 4 surgeries a week, enabling us to reach the first 32 animal testing 
cohort within 2 months. Following this schedule, we can perform the next set of surgeries 
around June-July of next year and have more than 6 months for the second cohort for 
implantation time.  

 

 
(a) 

 

 
(b) 

 

 
(c) 

 
Figure 8:  (a) Digital photographs showing a prototype SMP cortical microelectrode implanted within the motor cortex of 

a Long-Evans rat. The wire connected to the gold coated pin attached to the rear screw provides an additional electrical 
contact for the counter/ reference electrode. (b) A digital photograph showing the skull screws and the location of the 
craniotomy forward of the bregma, or the crossing points of the sagittal and coronal sutures. (c) A digital photograph 

showing the SMP probe penetrating the motor cortex of the brain. 
 

Subtask 3 involves the recording of single units and EIS from the implanted rats two times 
a week. Figure 9(a) displays the EIS curves for 16 microelectrodes from a SMP/ Pt NNx 
style probe taken before implantation (Day 0) and at 4 days post implantation. The most 
noticeable issue with the probe, and one of the reasons the SMP implants were not ideal for 
single unit recordings, is there is an extreme drop in impedance, especially around the 1 
KHz frequency which is the main frequency relevant for single units. This drop was due to 
issues discussed earlier in this section. Figure 9(b) displays single units obtained from a 
commercial NeuroNexus (NNx) A1x16 probe, and also displays the major limitation of stiff 
cortical implants that comprise the current state-of-the-art.  
 
Our target time for implantation is 120 days, and at 116 days, the peak-to-peak voltage of 
the single unit has fallen to 30% of baseline, and by 188 days to only 6%. The issue with the 
NNx implant reliability is further shown in Figure 9(c). This figure shows periods of bursting 
against the duration of the burst. 7 days after the implantation, the neuron was bursting very 
regularly, but the ability to either record the bursting, or the activity of the neuron itself, is 
greatly reduced at day 116. 
 
Although we currently do not have any recordings of our SMP implant devices, we have 
shown that we can record both single units and the impedance of implanted intracortical 
probes. This subtask progress is currently at 0%, but will follow the implantation and 
recording schedule with the onset of the new implant devices. 
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(a) 

 

 
(b) 

 

 
(c) 

Figure 9:  (a) Comparison of EIS from graph of the 16 microelectrodes from a SMP/ Pt NNx architecture probe implanted 

into the cortex of a Long-Evans rat. Day 0 details the impedance profiles of the microelectrode sites before implantation, 
while the lower set of curves is from an in vivo EIS recording. (b) Single unit recordings from a NeuroNexus A1x16 

probe. Although there is no noticeable difference in the peak-to-peak voltage within the same week of recording, the Vpp 
falls to 30% of the original after 116 days, and 6% after 188 days. (c) Bursting activity of a neuron are displayed at day 

7 and days 116, demonstrating the dramatic drop in recorded activity after the long term implantation period. 
 

 
IMPACT 

 
Brain electrodes are typically fabricated from conductive and insulating materials such as 
metals and plastics that are inherently stiff, much stiffer than the surrounding brain tissue. 
The neuroscience community has known that the ability of these devices to record electrical 
activity is lost after 6 months to 1 year after implantation. The mismatch between the stiff 
devices and soft brain tissue is believed to be responsible for inflammatory tissue response 
that plays a major role as a mechanism of failure. Our work tests the idea that if we can 
make a probe that softens in the brain, then the performance of the device would improve. 
We are capitalizing on a novel material strategy: shape memory polymers. To date, we have 
refined the fabrication process and have a path towards create softening devices made from 
SMP that leverage standard manufacturing processes that ensure reproducible. Our first 
publication definitively shows that the mechanical properties (i.e., degree of stiffness) of 
devices fabricated from a variety of SMPs tolerate ethylene oxide sterilization. The 
implications of this work are important in that prior studies with implantable brain electrodes 
have shown that incomplete sterilization causes confounds in tissue response studies and 
ethylene oxide is the best option. Given the broad interest in SMPs for implantable 
biomedical devices beyond brain electrodes, our findings have implications for more 
widespread biomedical use of these novel materials. 
 
Going forward, we anticipate that we will be able to test our study’s central hypothesis that 
softening probes induce less inflammation through tissue response and exhibit more robust 
neural recording. Since we are using fabrication methods that are entirely scalable for 
manufacturing, our efforts lay the groundwork for eventual translation towards a clinically 
viable device. The impact of our work on clinically deployable devices has implications for 
individuals living with severe neurological deficits where neurotechnology offers a path for 
restoration. In addition, there is widespread need in the neuroscience community interested 
in basic science questions for devices capable of long-term chronic recording. Implantable 
probes are an essential tool for the elucidation of the functional circuitry of the brain allowing 
simultaneously recording from neurons to elucidate modular and hierarchical processing, as 
well as neural circuitry involved in adaptation and learning. So, when successful, our team 
will provide an entirely new classes of brain electrodes that have the potential to impact the 
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neuroscience community to enable the pursuit of scientific questions related to brain 
circuitry, behavior, and learning. 

 
CHANGES/ PROBLEMS 
 
As highlighted in the progress report, in spite of the initial issues, we have made tremendous 
strides in the fabrication of functional intracortical probes comprised of SMP. We believe that 
we are in a great position now to ensure that data that will emerge from the study will be 
solid and well-founded. The delays in Specific Aim 2 subtasks are relatively minor and we 
will be back on schedule within the next few months.  
 
The PI Dr. Pancrazio moved from George Mason University to the UT Dallas where Dr. 
Voit’s group is located. This move ultimately brings the research groups together and will 
ensure the success of the project long term, however there was a time penalty in the short 
term. Transitions require re-establishing the research team and infrastructure. Moreover, Dr. 
Pancrazio’s laboratory in the new Bioengineering and Science Building was not ready until 
February 2016, creating a five month delay. Progress since that time has been very brisk 
and so success is highly likely.  
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