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Abstract

Chronically implanted neural multi-electrode arrays (MEA) are an essential technology for 

recording electrical signals from neurons and/or modulating neural activity through stimulation. 

However, current MEAs, regardless of the type, elicit an inflammatory response that ultimately 

leads to device failure. Traditionally, rigid materials like tungsten and silicon have been employed 

to interface with the relatively soft neural tissue. The large stiffness mismatch is thought to 

exacerbate the inflammatory response. In order to minimize the disparity between the device and 

the brain, we fabricated novel ultrasoft electrodes consisting of elastomers and conducting 

polymers with mechanical properties much more similar to those of brain tissue than previous 

neural implants. In this study, these ultrasoft microelectrodes were inserted and released using a 

stainless steel shuttle with polyethyleneglycol (PEG) glue. The implanted microwires showed 

functionality in acute neural stimulation. When implanted for 1 or 8 weeks, the novel soft implants 

demonstrated significantly reduced inflammatory tissue response at week 8 compared to tungsten 

wires of similar dimension and surface chemistry. Furthermore, a higher degree of cell body 

distortion was found next to the tungsten implants compared to the polymer implants. Our results 

support the use of these novel ultrasoft electrodes for long term neural implants.
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1. Introduction

Implantable neural electrodes or multielectrode arrays (MEAs) can record neuronal activity 

from individual or small populations of neurons [1]. Neural signals recorded by implantable 

MEAs provide valuable information for systems neuroscience research, enabling researchers 

to gain insight into functional neural networks used in sensory processing [2], motor control 

[3] and cognitive functions [4]. Neural signals recorded can also be utilized clinically to 

control brain-computer interfaces (BCI) for the restoration of lost neural functions [5–12] or 

to understand the basis of neurological dysfunction [13,14]. Alternatively, electrical signals 

can be delivered by MEAs to modulate neural network activity, in order to substitute lost 

sensory input [15] or to treat the symptoms of a neural disease. In recent years, such neural 

stimulation treatments have expanded to include not only motor dysfunction in Parkinson’s 

disease [16] and neural network hyperactivity in epilepsy [17] but mental disorders such as 

depression [18] and obsessive compulsive disorder (OCD) [19].

One of the major challenges limiting the widespread use of neural implants in clinical 

applications is that these chronic devices fail over time. In the monkey cortex, previous 

reports indicated a 40% drop in the number of functional electrodes within 30 days [20]. The 

recorded action potential amplitude was also reported to decrease at the rate of 2.4% per 

month [21], which detrimentally impacts the outputs of decoding algorithms used in BCI 

[1]. Similar device performance degradation is observed in rodent studies [22–27]. Likewise, 

current clinical deep brain stimulation (DBS) implants could benefit tremendously from 

improved electrode technology. The DBS electrode surface impedance increases rapidly 

following implantation due to scar tissue encapsulation [28–30]. This decreases the effective 

range of the DBS electrode, increases battery drainage and causes variation in therapeutic 

effects [31]. Conventional DBS electrodes display large trial-to-trial variation which cannot 

be explained by known mechanisms [32]. Despite the decrease of impedance following 

neural stimulation [30,33], possibly caused by the disruption of tissue encapsulation, the 

heightened and varying electrode impedance could be the cause of these unpredictable and 

variable neural stimulation effects.

One proposed primary mechanism of such device failure is the foreign body response of the 

brain [34,35]. MEA implantation damages the blood brain barrier (BBB) and exposes a 

portion of the brain to substances that are typically outside this barrier [36,37]. This triggers 

an acute immune response from both microglia and astrocytes [38–40], which is then 

followed by chronic inflammation and neural degeneration around the implant [35,41,42]. 

These reactions can cause neuronal death and neurite degeneration and result in the 

formation of a tight glial sheath that blocks the electrical current flow for recording and 

stimulation [43]. Persistent leakage of the BBB can occur and may contribute to the 

accumulation of neurotoxic factors that negatively impact neuronal health and device 

performance [44]. It is also important to note that a significant amount of implantation 

Du et al. Page 2

Acta Biomater. Author manuscript; available in PMC 2017 July 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



variability is observed [26,37,45,46]. As a result, the complex causal mechanisms behind 

device failure remain poorly understood.

The magnitude of the tissue response following device insertion could be influenced by a 

wide range of physical characteristics [35,47] including the surface and bulk properties of 

the device. Surface factors include hydrophilicity [9–11,48], texture [49,50] and presence or 

absence of bioactive molecules [51–53]. Bulk properties include size and geometry of the 

device [47,48,54–56] as well as the stiffness of the implanted materials [57]. Current neural 

probes are fabricated with very rigid materials with a high Young’s modulus (E) such as 

tungsten (E = 400 GPa), silicon (E = 200 GPa), polyimide (E = 3 GPa) or parylene C (E = 

2–5 GPa), while the brain tissue is very soft (E = 0.4–15 kPa) [58–61]. The enormous elastic 

modulus mismatch could contribute to “frustrated phagocytosis” [62–64] and exacerbate 

friction-induced stress under micromotion [38,57,65–67]. Furthermore, pro-inflammatory 

interleukin-1β (IL-1β) is shown to be upregulated by increased mechanical strain [68], 

which impairs the chronic performance of in vivo MEAs [34,64]. The glial scar, neuronal 

health and overall cellular response at the electrode-tissue interface are all negatively 

impacted by the mechanical mismatch between the implant and the brain tissue 

[34,43,63,69,70]. Moreover, stiff implants with delicate designs cannot adapt to normal 

tissue deformations as occurs with any implant, another factor that may lead to device failure 

from material fatigue and degradation [23].

Finite element modeling predicts that softer materials for neural implants can reduce the 

mechanical damage at the device-tissue interface and the micromotion-induced strain 

[57,66]. For this reason, compliant materials [71,72] and mechanically-adaptive materials 

[73,74] have been evaluated in both MEA shanks [45,75] and electrode coating materials 

[76]. Despite efforts to increase the softness and flexibility of in vivo MEAs, the Young’s 

modulus of previously studied implants was only reduced to 5 MPa [77], 12 MPa [78], or 15 

MPa [79]. To develop a softer implant that more closely mimics the mechanical properties of 

brain tissue, we fabricated ultra-soft microwires. The electrically conducting core of the 

microwire is made with a poly(3,4-ethylenedioxythio phene)-poly(ethyleneglycol) 

copolymer [PEDOT-PEG] with poly (dimethylsiloxane)[PDMS] elastomer; the electrically 

insulated outer coating is made of fluorosilicone [80]. The complete microwire electrode had 

a Young’s modulus of 974 kPa and the ratio of PEDOT/PDMS was optimized for sufficient 

conductivity while maintaining the flexibility of the material [80].

Due to the difficulty of precisely implanting flexible devices into a target tissue location with 

currently available techniques, most recent flexible electrode arrays have been studied only 

in vitro [71,81] or via surface electrical recording and stimulation [75,82,83]. Several 

methods have been developed to deliver soft and flexible microdevices into neural tissue 

[71,84]. In addition, the mechanical stiffness of implants can be controlled and adapted 

depending on the condition of the implants [78]. In this study, we used a stiff shuttle to 

support and guide the microwire to the target location. The shuttle was made of a stiff needle 

that detached from the implant in vivo after precise targeting to the designated brain region.

Here, we report on the in vivo biocompatibility of our ultrasoft wire implants in the rodent 

brain after 1 and 8 weeks with comparisons to tungsten microwires, commonly used in 
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neural electrode arrays. To accurately assess the mechanical effect of these soft wires on the 

brain tissue response over control implants, both types of implants were designed to have 

similar geometry and surface chemistry. In addition to the common quantitative immuno-

histochemical analysis on inflammation, glial scaring, BBB injury, and neuronal health and 

density [85], a novel automated cell shape and strain analysis was developed which 

demonstrates the striking difference in neuronal cell shape and tissue strain around the soft 

and stiff implants. Lastly, neural stimulation was performed in rat subthalamic nucleus 

(STN) to demonstrate the functionality of the soft electrodes for DBS applications [86,87].

2. Methods

2.1. Fabrication of electrodes

The implantable conducting elastomer microwire was reported in our previous study [80]. 

The fabrication process is briefly described as follows:

1. The soft conducting wires were made by extruding a blend of PEDOT-PEG 

conducting polymer (Aedotron™ C3, TDA Research Inc.) and 

polydimethylsiloxane (MED6607, NuSil Technology) through a 29G syringe 

needle. The wires were sputter-coated with gold along the shaft to increase the 

conductivity. Then, the wires were dip-coated up to 5 times to build an 

approximately 5-µm-thick layer of fluorosilicone (MED6655, NuSil Technology) 

along the outer surface that insulated the125-µm-diameter soft wire. The wire 

was trimmed at both ends with a razor to expose the conductive tips with active 

area of 12,270 µm2 (one exposed end shown in inset of Fig. 1).

2. Standard tip tungsten microelectrodes with 127 µm diameter (MicroProbes, 

Gaithersburg, MD) were used as controls. To match the surface chemistry, the 

tungsten wires were dip-coated with a 380 nm thick fluorosilicone layer 

(resulting in a final outer diameter of 127.76 µm). After coating, tungsten 

electrodes were cut with wire cutters to match the squared-off tip profile of the 

soft wires.

The soft polymer wire had a Young’s modulus of E = 974 kPa, cross section area A of 

12,270 µm2, and a length L of 1.5 cm, thus the axial stiffness k of the wire defined by Eq. 

(1) was 0.797 N/m. With a Young’s modulus of E = 400 GPa, a cross section and active area 

of 12,820 µm2 and a length of 1.2 cm, the Tungsten wire has a stiffness of 0.427×106 N/m, 

which is six orders of magnitude higher than the ultrasoft polymer wire. The geometrically 

soft polymer wires and geometrically stiff or rigid tungsten wires are therefore referred to as 

soft and stiff wires throughout the remainder of this manuscript, respectively.

(1)

2.2. Fabrication of shuttles for implantation

Fig. 1 illustrates the shuttle fabrication steps and features to support implantation of wire 

electrodes. 3.8-cm long 27G hypodermic dental needles (Fen Dental, Hialeah, FL) were 
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used to make the insertion shuttles. The LuerLok hub was removed and the needle glued to a 

polyester polishing block using a UV-curable adhesive (#68 Norland Optical Adhesive, 

Edmund Optics). Block-mounted needles were hand-polished on a Buehler polishing wheel 

with a 20 µm diamond lap surface. This slowly removed the top portion of the hypodermic 

needle until the center hollow was exposed and subsequently thinned down to just past the 

axial mid-point. After physically releasing the needles from the adhesive, the semi-

cylindrical opening was used to cradle the soft wires during insertion.

Microwires (both soft and stiff) and shuttles were treated with oxygen plasma [71] for 120 s 

immediately prior to implantation to increase the hydrophilicity of the surface. Wires were 

then glued into the shuttle cavity with a 45% wt. solution of PEG (average molecular weight 

= 1500 Dalton) in acetonitrile to build the implant assembly (Fig. 1). The PEG glue was 

designed to hold the soft wire and shuttle together during insertion but to quickly dissolve 

within about 30 s after implantation to enable removal of the shuttle while leaving the 

microelectrode in place (although tweezers were used to stabilize the soft wire 

microelectrode near the brain surface preventing it from being pulled out during extraction 

of the shuttle). To keep the trauma to the insertion site nearly the same, stiff wires were also 

glued to the shuttles. Tweezers were not needed to hold the stiff wire electrodes in place 

while removing the shuttle.

2.3. Surgical procedures for biocompatibility studies

10-week old male Sprague-Dawley rats (Charles River) weighing 300–350 g were utilized to 

evaluate the in vivo performance of soft wires in comparison to conventional stiff wires. 

Animals were anesthetized with 3.0% isofluorane in 0.8 L/min oxygen for 5 min prior to 

surgery and then maintained for the duration of the procedure at 2.25% isofluorane. 

Anesthesia level was monitored closely during the procedure by observing changes in 

respiratory rate, heart rate, body temperature (37.7 °C) and absence of the pedal reflex. 

Animals were placed in a stereotaxic frame and the hair removed over the incision site. In 

each animal, four wires were implanted, two soft wires were randomly implanted into the 

left or right hemisphere and two stiff wires were implanted into the contralateral hemisphere. 

Wires were at least 2 mm apart on the skull to prevent possible crosstalk between tissue 

reactions around each wire. Wires were implanted to target a depth of 8 mm from the 

cortical surface with the aid of a stainless steel half needle insertion shuttle glued to the wire 

with PEG as described above. Once implanted, the PEG dissolved allowing the shuttle to 

detach from the wire and be removed. This design was used to insert both soft and stiff 

wires. Blue light-curing dental cement was used to build a well on the craniotomies, and 

craniotomies were filled with Kwik-Sil with the wires protruding out of the dental cement 

wells. Protruding ends of the wires were tethered to the skull with dental cement. Screws 

were placed to anchor the head-cap. Acute (week-1, n = 7) and chronic (week-8, n = 7) time 

points were evaluated (the number of analyzed images per group varied due to either outlier 

removal or because multiple depths were analyzed per animal, thus the image n per group is 

listed in each figure). All surgical procedures were done in accordance with the guidelines 

outlined by the United States Department of Agriculture and approved by the Institutional 

Animal Care and Use Committee of the University of Pittsburgh. Animals were housed in 
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the facilities of the University of Pittsburgh, Department of Laboratory Animal Resources 

and given free access to food and water.

2.4. DBS with soft wires evokes electroencephalography (EEG) local field potential(LFP)

Animals were anesthetized with 3.0% isofluorane in 0.8 L/min oxygen and maintained at 

2.25% isofluorane. Soft wires (n = 2) were implanted into the STN of rats (3.8 mm posterior 

to bregma, 2.5 mm lateral to midline, 8 mm deep from brain surface) through a craniotomy 

to perform DBS and evoke reliable EEG LFP signals as outlined in previous studies [86]. 

The dura mater was cut to prevent possible separation of the soft wire from the shuttle due to 

the high friction at the dura surface. The soft wire was delivered using the shuttle in order to 

evoke specific neural activity in the STN neural network. An EEG recording screw was 

placed on the motor cortex (+2.5 mm anterior to bregma, +2.5 mm lateral to midline) and 

the EEG ground screw was positioned above the cerebellum (0.8 mm posterior to lambda 

and 2.0 mm lateral to midline). First, an impedance spectrum of the soft wire was measured 

after the electrode was implanted in the STN using the stainless steel half needle as the 

counter electrode (Fig. 7A). The stainless steel half needle shuttle was retained in the tissue 

as the counter electrode to perform bi-polar stimulation. Cathodic leading bi-polar square-

wave stimulation with 90 µA amplitude and 200 µs duration per phase was delivered at 130 

Hz to evoke LFP in motor cortex. A total of 650 waveforms were averaged to obtain the 

mean evoked LFP from the stimulation. After one DBS experiment, the rat was immediately 

euthanized with intracardial potassium chloride injection and further stimulations were 

performed to validate that the evoked LFP response was not an artifact.

2.5. Histology

At the designated time points, animals were deeply anesthetized with a ketamine/xylazine 

cocktail (100/20 mg/kg) via the intraperitoneal (IP) cavity. Animals were then transcardially 

perfused with cold (4 °C) PBS followed by 4% (w/v) paraformaldehyde (PFA) in PBS. For 

soft wires, rongeurs were used to carefully remove the bone and dental cement and expose 

the craniotomy. Then the soft wires were cut with scissors above the brain surface. All stiff 

wires were extracted together with the headcaps. The majority of the soft wires were left in 

the brain during tissue processing and sectioning with the exception of 2 soft wires extracted 

for imaging of the wire surface. The brain was removed, post-fixed for up to 3 days and then 

equilibrated in 30% sucrose (used as a cryoprotectant) prior to freezing. Serial sections were 

cut at a 15 mm thickness. The preserved soft and stiff wires were glued on metal studs and 

sputtered with 3.5 nm Pd using a Cressington Sputter Coater. Wire surfaces were imaged 

under JSM 6330F SEM (Joel, Japan) for characterization of cell adhesion onto the electrode.

For immunofluorescence staining, tissue sections were stained at the same time for each 

antibody combination to minimize variability. Markers to visualize mature axons (1:500 

rabbit anti-NF-200, Abcam, Cambridge, UK), microglia (1:500 rabbit anti-Iba1, Wako 

Chemicals USA, Richmond, VA), astrocytes/fibroblasts/endo thelial cells (1:500 anti-

Vimentin, Clone V-9, Millipore, Billerica MA), astrocytes (1:500 rabbit anti-GFAP, Dako, 

Glostrup, Denmark), neuronal nuclei (1:500 mouse anti-NeuN, Millipore, Billerica MA), 

apoptotic cell death (cleaved caspase-3, 1:50 Asp175; Cell Signaling Technology, Boston, 

MA), L1(a kind gift from Dr. Carl Lagenaur) and blood-brain barrier injury (1:500 goat anti-
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rabbit IgG Alexa 633 conjugated, Invitrogen, Carlsbad CA) (antibodies outlined in Table 1) 

were used.

Tissue sections were hydrated in PBS and non-specific binding blocked with 0.5% bovine 

serum albumin (BSA). Primary antibodies were then diluted in BSA and added for 

approximately 1 h. After washing with BSA, fluorophore-conjugated secondary antibodies 

(conjugated to Alexa Fluor 488, Alexa Fluor 568 or Alexa Fluor 633) diluted in BSA were 

added for approximately 1 h and Hoechst used as the nuclear stain. Fluoromount-G 

(Southern Biotechnology Associates, Birmingham, AL) was used for mounting and to 

preserve fluorescence. Negative controls lacking primary antibody or including the 

appropriate blocking peptide were included for each secondary antibody or primary 

antibody, respectively.

2.6. Quantitative tissue analysis

Confocal fluorescent microscopy was used to evaluate the cellular reactions associated with 

the implanted electrodes. Images were acquired using an Olympus Fluoview 1000 II 

Confocal Microscope (Olympus America, Center Valley, PA) at the Center for Biologic 

Imaging at the University of Pittsburgh. For each antibody, images were acquired using the 

same laser power, exposure time, and detector settings to reduce variability during data 

analysis. Images were centered on the implant site and multi-channel images were acquired 

simultaneously. Fluorescent images of the explanted wires were reconstructed from 11 z-

stack images with a step size of 4.1 µm in order to compensate for the curved surface of the 

wire. Pixel-based image intensity analytics were performed using previously published 

custom MATLAB script I.N.T.E.N.S.I.T.Y. v2.0 [85].

Briefly, to prevent holes in the tissue (major blood vessels and/ or shuttle tracks) from 

artificially reducing the average activity-dependent fluorescence, background noise intensity 

thresholds were calculated from corresponding control images. To calculate the background 

noise intensity threshold, pixels with intensity greater than one standard deviation dimmer 

than mean pixel intensity were removed from the calculation. The threshold was then 

determined by calculating the pixel intensity of one standard deviation below the mean of 

the remaining pixel intensities. Bins with intensity values dimmer than average intensities of 

the control images were considered tissue “holes.” Using MATLAB, the center of the shuttle 

track was identified on each image, after which the script generated masks of concentric 

rings. The average intensity for all pixels above the background noise intensity threshold in 

each bin was calculated and normalized against the background to calculate the Signal-to-

Noise Intensity Ratio (SNIR) in each bin as outlined in Eq. (2);

(2)

where AvgI>T is the mean Intensity of all pixels above the noise threshold (>T) in each bin, 

and AvgN is the mean noise floor intensity. This means an SNIR of 1 represents the noise 

floor. Therefore, it is expected that the SNIR does not asymptote to 1 unless there is no 
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staining signal in the corresponding bin. Data were averaged for each implant type and time 

point, and then reported as mean ± standard error.

2.7. Quantification of mechanical strain-induced cell deformation

To quantitatively assess the cell body shape deformation caused by the presence of a nearby 

foreign body (i.e., microelectrode), NeuN images were pre-processed and the cell shape was 

extracted using custom MATLAB scripts. To enhance cell shape recognition and reduce 

artifact-related false positives, images were flattened using a custom MATLAB script. First, 

image noise thresholds were established as with the I.N.T.E.N.S.I.T.Y. Analyzer v2.0 to 

create a mask to remove holes in the tissue. Next, a two-dimensional discrete Fourier 

Transform was applied over the remaining region and the zero-frequency component shifted 

to the center of the image. Once the image was flattened, the longer and shorter axes of the 

cell were determined by the program; the angle between the longer axis of the cell and the 

radial line from implant center to cell center was utilized to determine the direction of cell 

shape deformation. This angle was termed the cell elongation angle (CEA) and indicated the 

direction in which the cell body undergoes the most strain. That is, an angle near 90° 

indicates that the cell is most affected by mechanical strain from the radial direction outward 

from the implant. Conversely, a CEA near 0° indicates that the strain occurs predominantly 

from the tangential direction of the center-out line. The extent of cell body shape 

deformation was defined as the cell shape strain index (CSSI) as described in Eq. (3):

(3)

where b is the length of the longer axis of the cell as defined in an elliptical shape, and a is 

the length of the shorter axis. ΔL represents the mechanical strain that a neuronal nuclei 

experiences, while L0 estimates the mean diameter of the neuronal nuclei in the absence of 

strain. The mechanical strain associated with probe volume as well as the relationship 

between distance from the implant and CEA were determined.

2.8. Statistics

In all analyses the error bars represent the standard error of the sample. For cell number 

analysis, a two-sample T-test was performed to compare the differences between soft and 

stiff wires. For the cell shape deformation analysis with CEA and CSSI comparisons, 

Wilcoxon rank sum tests were performed to compare the two groups. For all tests, a p value 

< 0.05 indicated a statistically significant difference.

3. Results

3.1. Sub-chronic and chronic inflammatory tissue response

In order to evaluate the inflammatory tissue response and axonal damage associated with the 

implanted microelectrodes, the amount and distribution of microglia (Iba-1), astrocytes 

(GFAP) and axons (NF-200) were visualized. The soft wire tissue interface was well-

preserved (Fig. 2) as soft wires were not explanted prior to sectioning of the fixed brain. On 
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the other hand, even though the stiff wires are circular in cross section and the diameter 

closely mimics the soft wire, the holes in the tissue sections are often irregular in shape (Fig. 

2). Since stiff wires had to be extracted before tissue processing and fixation, tissue friction 

during explantation and the slight stretching of the brain slices during mounting could cause 

the distortion. The fixation process and the sucrose dehydration process could also each 

contribute to the distortion. At the week-1 time point, less glial activation was observed 

around soft wires as compared to stiff wires (Fig. 2, Compare E vs. F and I vs. J) although 

no statistical significance was noted (Fig. 2, S and U). The NF200 images demonstrate the 

same feature (Fig. 2, Compare A vs B) but yielded statistically significant differences in two 

quantified bins (Fig. 2, Q). This difference diminished at week-8 for NF200 intensity (Fig. 2, 

R). The inflammatory response around both types of implants was distributed over a 

relatively large region around each implant, indicating that the soft wire implants do not 

significantly reduce the acute tissue response. This is to be expected as both experimental 

and control tissues were damaged by the shuttle and at 7 days the stab wound may not be 

fully recovered. However, at week-8, a binned Iba-1 staining intensity reduction as much as 

18.9% was observed around soft wires compared to the stiff ones (Fig. 2, G vs. H) and the 

area associated with the glial sheath was decreased when compared to that around the stiff 

implants (Fig. 2, K vs. L). If a GFAP relative intensity of 2 is used as the threshold for 

defined inflammation, at week-8 soft wires had 17 bins over this threshold while stiff wires 

had 26 bins over this threshold, yielding a striking 49.9% reduction in glial sheath area. 

These differences were statistically significant at distances within 100 µm of the interface 

(Fig. 2, T and V) and a much greater difference was observed in GFAP intensity. In addition, 

the intensity of GFAP and Iba-1 staining immediately around the soft wire implants is 

similar to the intensity observed in healthy tissue (i.e., at locations far from the implant site) 

(Fig. 2, G and K) which suggests an interface that does not continue to elicit an 

inflammatory response at this longer time point. In comparison, significant glial scarring 

consisting of both microglia and astrocytes formed around stiff implants as previously 

reported [41,52] (Fig. 2, H and L).

3.2. Neuronal density and health around the implant

To characterize the extent of neuronal loss near the implant, NeuN staining was combined 

with staining for activated caspase-3 to identify neurons undergoing programmed cell death 

via apoptosis [6]. Only a small number of apoptotic neurons indicated by colocalization of 

NeuN and caspase-3 were observed in all groups examined (Table 1), while a much larger 

number of non-neuronal cells were positive for caspase-3 (Fig. 3 A–D). Neuron numbers 

were quantified with automated MATLAB script. At week-1, the cell density around the soft 

implants was the same as for the stiff implants (Fig. 3, M). At week-8, however, the number 

of neurons around soft implants was significantly higher than those around the stiff implants 

at distances of 60–90 and 120– 210 µm. The neuron density around the soft implants 

between 90 and 120 µm still demonstrated a clear trend of increase compared to the stiff 

implants, although not statistically significant. The density of neurons can be highly variable 

according to many factors, including the heterogeneous neuron density in the brain region 

before implantation, the kill zone associated with the host tissue response, the slice 

thickness, the mechanical distortion of the implant-tissue interface as well as the bin size for 

post hoc analysis. Higher sample size may likely result in statistical significance in this 30 
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µm zone. Nevertheless, the NeuN positive cell numbers in all other quantified bins were 

higher around the soft implant than the stiff implant. This phenomenon combined with the 

sparse caspase-3 labeling suggests that the soft implants maintain a favorable environment 

for the survival of neurons compared to the stiff implants.

3.3. Cell deformation reflects different device-dependent strain

To better characterize the effects of implant softness on neuronal cells, cellular morphology 

was further characterized using both CEA and CSSI calculations. Three control images 

(from non implanted brain regions of three animals at a similar depth as the experimental 

groups) were analyzed. The mean CEA of control tissue was calculated to be 44.2 ± 0.6. For 

cells in an unaltered mechanical environment, CEA values ranging from 0–90° with a mean 

of 45° would be expected. The CSSI was determined to be 0.383 ± 0.006, reflecting the fact 

that the shape of the sectioned neuronal bodies are mostly non-circular. The CEA and CSSI 

from the control images gave the benchmark for non mechanically strained cell shape. Then 

experimental images were analyzed and quantified cells were binned every 30 µm beginning 

30 µm from the tissue-electrode interface. The bins were determined such that the first bin 

had enough cells for quantification and statistical evaluation. At week 1, the CEA of cells 

closer to the soft wire implants showed higher CEA than the non implanted control and this 

difference disappears beyond 120 µm. (Fig. 4C). On the other hand, the cells around both 

soft and stiff implants showed significantly greater CSSI than the non implanted control of 

0.383 ± 0.006 in most bins (Fig. 4D). Cells in the first quantifiable bin showed higher CEA 

in the presence of soft wire implants (Fig. 4C–D), possibly due to mechanical perturbations 

by the shuttle during soft wire implantation. Because soft wires were retained in the brain 

tissue by friction when shuttles were removed, tweezers were often used to stabilize the wire 

near the brain surface to retrieve the shuttle. During this process, additional strain was 

inevitably applied to cells surrounding the implant. This differs from what was done with the 

stiff wires as these wires could be held with greater stability during shuttle extraction. 

Interestingly, this effect was reversed at the week-8 time point (Fig. 4E–F) when both the 

CEA and CSSI are as much as 20.2% and 31.6% higher in the presence of stiff wires than in 

the presence of soft wires, respectively. This suggests that cells near soft wires eventually 

recover from the initial implant strain while cells near stiff wires are persistently deformed 

over the course of these experiments. The CSSI difference between the two groups was 

roughly consistent at week-1 and week-8, however, the difference was much great at week-8 

with a statistical p-value as small as 4.79 * 10−13.

3.4. BBB injury related inflammation

We also examined the distribution of vimentin-positive cells (fibroblasts and glia cells), 

neural adhesion molecule L1 and the extent of blood-brain barrier (BBB) injury using IgG 

staining. Interestingly, the extent of BBB disruption was similar at week-1 for both implants 

but greater at week-8 with the stiff implants (Fig. 5, K vs L, and V). Furthermore, BBB 

leakage caused by the stiff implant is higher at week-8 than week-1, suggesting that the 

sustained mechanical disruption of the neural tissue by the tethered stiff implant results in 

persistent and aggravated BBB leakage. At the week-1 time point, the intensity of both 

Vimentin and L1 are higher around the stiff implant both nearby and far from the electrode-

tissue interface (Fig. 5, Q and S). At week-8, Vimentin and L1 again showed a much higher 
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intensity near the stiff wires but the response zone is more confined to implants (Fig. 5R, T 

and V). Vimentin has been extensively used as a marker for inflammatory foreign body 

response while L1 has been shown to upregulate following implantation injury [6]. Taken 

together, all results indicate the superior performance of soft wires in facilitating the healing 

of tissue near the implants.

3.5. Explanted wire and tissue integration

Neurons (β-tubulin III), microglia (Iba-1), and astrocytes (GFAP) were labeled to 

qualitatively evaluate the types of tissue attached to the soft wires and tungsten controls. 

Note only 1 (week-1) and 3 (week-8) soft wires were removed due to loose headcaps which 

separated from the skull during brain dissection; the remaining soft implants were 

intentionally left in the brain. Therefore, quantification is not possible. At both week-1 and 

week-8 time points, a uniformly distributed layer of cells, majority of which are neurons, 

were found on soft wires (Fig. 6, E and G). In comparison, sparsely-distributed cells were 

located along the surface of stiff wires (Fig. 6, B, D, F, H, J, L, N and P). This result clearly 

indicates that soft wires greatly improve neural tissue integration compared to the control 

stiff wires. Scanning electron microscopy (SEM) examination of the wires following 

immunohistochemistry evaluation confirmed this same trend (Fig. 6, Q-T). The stripe 

pattern of insulation material on the stiff wires was exposed on the majority of the surfaces 

examined (Fig. 6, S and T) while the surface of the soft wires was covered by cells (Fig. 6, Q 

and R). The extent of cellular coverage was most prominent when wires were explanted at 

chronic time points (Fig. 6, R) in part because of the progressive condensation of the glial 

sheath around the implant. These results suggest that neural tissue integration is greatly 

improved with soft wire implants as compared to control wires.

3.6. Neural stimulation with soft microwires

To validate the in vivo electrical connectivity of the soft electrode, the electrochemical 

impedance spectrum was characterized in the rodent brain. Electrochemical impedance 

spectroscopy measures the resistance of current flow between the implanted electrode 

through the targeted neural tissue to the ground [24,43]. The impedance modulus of the 

implanted soft wire was maintained at a functional range around 41 kOhm at the 

physiologically relevant frequency of 1000 Hz; Fig. 7A shows that the soft wire has the 

proper range of impedance and a smooth phase angle curve which indicates that it is a 

satisfactory condition. In fact, both insulation cracking and excessive fluid infiltration would 

lead to low electrode impedance, while a damaged electrical connection or a small de-

insulated surface would cause high electrode impedance and noisy impedance phase angle.

To further functionally validate the soft electrode for electrical stimulation and 

neuromodulation, a standard DBS stimulation experiment in rat STN was conducted. The 

stimulation paradigm was applied through the soft wire electrode and the evoked activity 

was recorded by an EEG skull screw over the motor cortex [86]. The latency of the evoked 

neural LFP response (Fig. 7B; blue asterisk) following the electrical stimulation artifact (Fig. 

7B; red asterisks) was in accordance with those previously reported [86]. DBS in the STN 

using the soft wire microelectrodes was able to evoke high amplitude EEG LFP signals in 

the ipsilateral motor cortex indicating functional viability in vivo (Fig. 7B).
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4. Discussion

In this study, we characterized the acute and chronic tissue response to novel ultrasoft 

elastomeric microwire electrodes. Qualitatively, there is no adverse effect observed from the 

soft wire which contains several novel materials that have not been tested in the brain before. 

In general, the soft implants perform the same as or better than the commonly used tungsten 

wires. Based on these results, we conclude that the novel implant material is biocompatible 

when implanted in the brain tissue for at least 8 weeks.

Our hypothesis was that the softness and flexibility of the implant would significantly reduce 

the inflammatory tissue response and improve neuronal survival and health around the 

implant. To definitively prove this hypothesis, the diameter and surface chemistry of the 

implants were kept similar, enabling this study to specifically investigate the mechanical 

influence from other factors that could impact tissue response. Several studies have tried to 

compare the neural tissue reactions of flexible versus stiff implants, but these studies failed 

to control for the size of the implants or surface chemistry or both, making it difficult to 

draw conclusions [88,89].

The low elastic modulus of the soft wires enabled in situ histo-logical characterization of the 

intact electrode-tissue interface as the tissue could be sectioned with the microelectrode in 

the tissue. This property was extremely beneficial for direct characterization of cell 

morphology and the inflammatory tissue response immediately adjacent to the implant. The 

stiff implants, on the other hand, had to be removed before sectioning, and this inevitably 

destroyed the immediate interface. To compensate, explant analysis was done to obtain a full 

understanding of the electrode-tissue integration. 1–2 soft wires per group were intentionally 

removed during dissection and characterization of these wires provided a comprehensive 

comparison between soft and stiff wires. These analyses indicate that the soft wire implants 

greatly enhance electrode-tissue integration and enable the adherence of neurons. An 

intimate integration would eliminate the relative movement between the implant and host 

tissue thereby reducing mechanical shearing and strain induced inflammation [66].

4.1. Inflammatory tissue response is mitigated by implant softness and flexibility

At earlier time points (i.e., week-1), both soft and stiff wires have similar levels of glial 

activation with only slight improvements observed with soft microelectrodes (Fig. 2, Q and 

S). Since the implantation of both implant types included stainless steel shuttles, the 

magnitude and type of initial tissue injury caused by the surgery was similar. The 

inflammation observed around the implants at week-1 are largely influenced by this acute 

stab wound injury, making it difficult to assess the mechanical effect of the different wires 

[41]. At week-8, when the stab wound influence is minimized, the results clearly 

demonstrate that our novel soft wire implants elicit reduced microglial (Fig. 2G and T) and 

astrocyte (Fig. 2K and V) activity. This supports the hypothesis that soft wires can greatly 

ameliorate the progressive development of gliosis around the implant. Since both implants 

were tethered on the skull, the metal implants with 106 time higher device stiffness will 

generate significant micromotion relative to the brain tissue as the animal moves, while the 

more flexible polymer implants are likely to reduce mechanical strain experienced by the 

brain tissue leading to a minimized inflammatory response. Moreover, neuronal survival and 
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health are significantly higher at the vicinity of the soft implants than the stiff implants at 

week-8 (Fig. 3, N). This indicates that our novel soft wires not only reduce the inflammatory 

response but positively impact neurons as well. Another mechanical difference between the 

two implants is the bulk material softness. It was known that different cell types respond 

differently to different mechanical moduli. Glial cells and fibroblasts prefer to grow on stiff 

substrate while neurons prefer soft substrates [90–93]. Therefore, the material stiffness may 

be another factor that results in the differential cellular response around the implants.

4.2. BBB injury and tissue repair

At week-1, the intensity increase of vimentin and L1 around the stiff implant extended far 

beyond the electrode-tissue interface (Fig. 5Q and S), indicating a wide range of cellular 

responses, while the reactive zone of soft implants is much reduced. On the other hand, the 

sub-chronic BBB injury indicated by IgG reactivity was more confined to the interface of 

both implant types. Therefore, we suspect that mechanisms other than inflammatory 

molecules leaking out of the BBB contributed to the wide activation of cellular responses. 

The lateral pressure from insertion of the shuttle and the micromotion of stiff wires may be 

transmitted across a broader range and result in a larger area of cellular responses [42,94]. 

At week-8, the increase in intensity of IgG reactivity is more confined for the soft implants, 

which correlates with the Vimentin and L1 staining, suggesting recovery of the BBB and 

successful healing. On the other hand, the stiff implants show increased IgG intensity, 

Vimentin 100 µm away from the implants, indicating chronic BBB leakage and persistent 

inflammation from the stiff implants even at week-8. Possibly because stiff wire 

continuously exert strain to adjacent tissue through micro-motion and up regulation of pro-

inflammatory cytokines [35], while the soft wire adapt in its shape to dampen or even 

remove the pressure caused by micromotion.

4.3. Mechanical mismatch directly impacts the local cellular microenvironment

We postulate that when traditional stiff devices are used a significant amount of strain is 

caused by the horizontal displacement of the brain against the skull-anchored implant 

[88,89,95,96] while soft wires can dampen this effect [88]. In the representative images, the 

asymmetrical distribution in the cell shape distortion (Fig. 3F and H) could possibly be 

explained by a previous study reporting that a rigid cylindrical implant tethered to the skull 

caused oval scarring [97]. The author suggested the principle direction of brain movement 

relative to the skull of freely moving rodents may strongly influence the tissue response and 

the principle direction of brain movement caused more pressure to the cell body shape 

towards that direction [98]. Our analyses using automated algorithms confirmed that the 

neurons around the stiff implant had a much higher CSSI than those around the soft wires, 

and the CEA of cell body deformation was well aligned with predicted strain direction. 

While not all neuronal nuclei are naturally spherical, the large number of cells (N = 12,217) 

in this meta-analysis provides evidence of dramatic mechanical strain in the tissue from the 

accommodation of the probe volume in the presence of the stiff wire, confirming previous 

observations in acute studies [34,35]. This indicates that more compliant materials (i.e., 

those that more closely match the mechanical properties of the target tissue) may promote 

tissue equilibration following the probe volume-induced strain during and after the insertion 

as postulated in our previous study [80]. Fig. 6 demonstrated that tissue integration was 
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greatly improved in the presence of the soft wire as compared to the stiff wire. Better 

electrode tissue integration with soft wires could minimize the relative movement between 

the wire implant and the tissue and reduce the mechanical distortion forces exerted on 

nearby cell bodies during brain micromotion. As a result, little distortion in cell shape was 

observed around the soft implant. The reduced longitudinal cell body strain caused by the 

lower elastic modulus may improve chronic recording performance of neural implants due to 

the healthier cellular environment for neurons. This hypothesis will be directly evaluated in 

future chronic electrophysiological studies. The completeness and depth of the cell body 

deformation analysis with our novel automated cell shape analysis technique is impossible 

or hardly tractable with any conventional manual or even semi-automated image analysis 

algorithms. The further utilization of this technique in combination with novel automated 

image collection techniques could significantly accelerate the discovery of hidden 

mechanisms in complex biological systems.

4.4. Neural stimulation capability of the ultrasoft electrodes

Neural implant tissue compatibility and functionality are not always highly correlated 

[34,99,100]. Therefore, validating the functional performance of novel neural electrode 

designs is critical for future applications. In Fig. 7A, the in vivo impedance phase was 

maintained very near 0°, indicating that the resistivity of the electrode dominates the 

impedance at the electrode-tissue interface, a characteristic of the conducting polymer 

electrodes. This and the impedance modulus profile were clear indications that the soft wire 

was electrically functional in vivo and did not undergo any breakage or de-insulation. In Fig. 

7B, the implanted soft wire successfully evoked strong LFP in the ipsilateral motor cortex, 

but the LFP peak number and shape is more complex compared to previous bipolar biphasic 

stimulation studies [86]. This is probably because the stimulation not only evoked a primary 

EEG LFP response by stimulating STN, but also evoked neural activity along the shank of 

the insertion shuttle used as the counter electrode. Future experiments with a bi-polar 

stimulation electrode design will improve the spatial specificity of neural stimulation. High 

frequency STN neural stimulation near 130 Hz is used clinically for the treatment of 

Parkinson’s Disease (PD) as well as other episodic neural disorders like epilepsy. The 

degradation of DBS effectiveness over time may occur, at least in part, because of the 

chronic tissue response and replacement of conventional metal lead electrodes with soft wire 

implants could enhance the longevity of these devices. Utilizing soft wire materials in other 

implantable medical devices like cochlear implants and cardiac pacemakers may benefit 

from this improved tissue response as well.

4.5. Possible future development

Although improving chronic recording and stimulation is the ultimate goal, the focus of this 

manuscript is on the histological response to test the hypothesis that implant stiffness plays a 

critical role in inflammatory brain tissue response. The reduced foreign body response 

towards these soft implants demonstrates great promise for chronic neural interface 

applications. Despite the promising results obtained in this study, these novel soft 

microelectrodes require further improvement and testing before being used broadly in 

chronic neural recording and stimulation applications. First, longer term functional studies 

evaluating stability of the device composed of the novel materials in vivo will be necessary. 
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Secondly, the current dimensions of the wire are small enough for DBS, but further 

miniaturization will be necessary for microstimulation and single unit recording. 

Furthermore, methods need to be developed to fabricate multi-channel devices. In addition, 

conducting polymer and nanomaterial modifications of the electrode sites to improve neural 

recording specificity and long-term quality can greatly expand the versatility of this device 

[25,49,101]. Additional modifications to include bioactive coatings that promote neuronal 

health and reduce acute inflammation may further improve electrode tissue integration 

[51,53,102–105].

5. Conclusions

The chronic brain tissue response to ultrasoft conducting elastomer-based microwire neural 

electrodes was examined and compared to conventional stiff implants with the same surface 

chemistry and nearly identical dimensions. The soft wire was successfully inserted into the 

brain with the facilitation of a stiff shuttle and water dissolvable PEG glue. Our results 

indicate the following: 1) neurons at the interface of the soft electrodes showed normal 

morphology and much less mechanical strain-induced deformation; 2) less inflammatory 

gliosis was observed near the soft electrodes compared to the stiff ones; 3) significantly less 

chronic BBB injury and associated inflammatory response was caused by soft implants; 4) 

soft wires better integrated with host tissue compared to stiff wires as demonstrated by 

tightly bonded neurons and other cells on the explanted surface; and 5) the soft wires are 

effective in stimulating STN to evoke LFP in motor cortex for potential treatment of 

Parkinson’s Disease.
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Statement of Significance

One critical challenge to the translation of neural recording/stimulation electrode 

technology to clinically viable devices for brain computer interface (BCI) or deep brain 

stimulation (DBS) applications is the chronic degradation of device performance due to 

the inflammatory tissue reaction. While many hypothesize that soft and flexible devices 

elicit reduced inflammatory tissue responses, there has yet to be a rigorous comparison 

between soft and stiff implants. We have developed an ultra-soft microelectrode with 

Young’s modulus lower than 1 MPa, closely mimicking the brain tissue modulus. Here, 

we present a rigorous histological comparison of this novel ultrasoft electrode and 

conventional stiff electrode with the same size, shape and surface chemistry, implanted in 

rat brains for 1-week and 8-weeks. Significant improvement was observed for ultrasoft 

electrodes, including inflammatory tissue reaction, electrode-tissue integration as well as 

mechanical disturbance to nearby neurons. A full spectrum of new techniques were 

developed in this study, from insertion shuttle to in situ sectioning of the microelectrode 

to automated cell shape analysis, all of which should contribute new methods to the field. 

Finally, we showed the electrical functionality of the ultrasoft electrode, demonstrating 

the potential of flexible neural implant devices for future research and clinical use.
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Fig. 1. 
Illustration of fabricated parts, implant assembly, insertion and wire electrode release. From 

top: 1) Original needle; 2) Fabricated half-needle shuttle; 3) Mount soft/ stiff wire; 4) PEG 

facilitated assembly; 5) Wire detachment in vivo. Inset on top right corner: SEM image of 

fabricated soft wire tip. Scale bar = 100 µm.
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Fig. 2. 
NF200, Iba-1 and GFAP expression around soft and stiff implants. NF200, Iba-1 and GFAP 

stain for axons, microglia and astrocytes, respectively. M-P are the overlay images including 

Hoechst. Groups of histology from left-most are soft wire at week-1, stiff wire at week-1, 

soft wire at week-8 and stiff wire at week-8. These groups are consistent through all 

immunohistochemistry figures. Scale bar = 100 µm. Q and R are the normalized intensity 

values for NF-200 expression at week-1 (animal n = 7, multiple samples from one animal, 

outliers removed according to 2*standard deviation, N = 42 histological samples quantified 

for soft wire, for stiff N = 42. All subsequent are denoted similarly.) and week-8(soft N = 34, 

stiff N = 38), respectively; S and T are normalized intensity values for Iba-1 expression at 

week-1(soft N = 45, stiff N = 46) and week-8(soft N = 34, stiff N = 35), respectively; U and 

V are normalized intensity values for GFAP expression at week-1(soft N = 45, stiff N = 43) 

and week-8(soft N = 33, stiff N = 37), respectively. Intensities are calculated 0 µm from the 

electrode-tissue interface until 300 µm away, with 5 µm bin size.
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Fig. 3. 
Apoptotic cell death around soft and stiff implant. Cleaved Caspase 3 (Casp3) indicates 

apoptotic cell death and NeuN indicates neurons. Very little co-localization of Casp3 and 

NeuN was observed in any group. I-L are the overlay of these images with Hoechst. Scale 

bar = 100 µm. M and N are cell density counts per mm2 at week-1(soft N = 14, stiff N = 13) 

and week-8(soft N = 10, stiff N = 11), respectively; cell counts were calculated by 

automated analysis of NeuN staining and the result was binned 30 µm from the electrode-

tissue interface until 210 µm away, with 30 µm bin size. Bins start 30 µm from the interface 

because cell count within 30 µm of the interface were too low, yielding inaccurate results.
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Fig. 4. 
Neuronal cell deformation around soft and stiff implants. A. Example image of NeuN 

staining for week-8 around a stiff implant. Neurons on the left side of the image show 

significant distortion possibly caused by the micro-motion related strain from the implant. 

Scale bar = 100 µm. B. Illustration of CEA and CSSI definitions exemplified by a post-

processed cell image. Automatical segmentation yielded the red dots as the pixel boundary 

of the cell. The dashed green line is the long axis direction, the solid green line is the length 

of the long axis b, the solid yellow line is the length of the short axis a, and the solid blue 

line is the connection between the center of the cell and the center of the implanted wire. 

The cyan arc depicts the definition of CEA as the angle between the dashed green line and 

the solid blue line. Scale bar = 5 µm. C and E are CEA comparisons between soft and stiff 

wires at week-1 and week-8, respectively. D and F are CSSI comparisons between soft and 

stiff wires at week-1 and week-8, respectively. The dashed gray line in each image 

represents the mean of the CEA or CSSI analysis result from control images in non 

implanted cortical tissue sections. All results are binned 30 µm from the electrode-tissue 

interface until 210 µm away, with 30 µm bin size.
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Fig. 5. 
Chronic BBB leakage and potential neural regeneration around implants. Vimentin (green) 

clearly aggregates around both implant types although the stiff wires cause a broad range 

increase of vimentin expression far from the implant as well. L1 (red) is associated with 

tissue response as well as possible developing oligodendrocytes for axon repair. Very strong 

L1 activity is observed around stiff implants at both time points. IgG (gray) indicates BBB 

leakage. IgG intensity around the stiff implants was very similar to that around soft wires at 

week 1 but became much stronger at week 8, indicating a significant chronic leakage of the 

BBB caused by the stiff implant. Scale bar = 100 µm. Q and R are normalized intensity 

values for Vimentin at week-1(soft N = 9, stiff N = 8) and week-8(soft N = 8, stiff N = 10), 

respectively; S and T are normalized intensity values for L1(week-1 soft N = 10, stiff N = 8, 

week-8 soft N = 9, stiff N = 10); U and V are normalized intensity values for IgG(week-1 

soft N = 10, stiff N = 9, week-8 soft N = 10, stiff N = 11). Intensities are calculated 0 µm 

from the electrode-tissue interface until 300 µm away, with 5 µm bin size. Q and S 

demonstrate a broad range increase of Vimentin and L1 around stiff implants at week-1. R, 

T and V all indicate that a significant portion of the chronic tissue response was caused by 

the mechanical properties of the stiff implant. (For interpretation of the references to colour 

in this figure legend, the reader is referred to the web version of this article.)

Du et al. Page 27

Acta Biomater. Author manuscript; available in PMC 2017 July 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 6. 
Cell adhesion and surface morphology of explanted soft and stiff implants. Hochest (blue), 

beta-III tubulin (green) and Iba-1 (red) exhibit uniform and confluent coverage on soft wires 

at week-1 and week-8 with dominant beta-III tubulin expression. In comparison, the cells on 

stiff wires are scattered with Iba-1 domanance especially at week-1, indicating the stiff wires 

have poor integration with tissue and that microglia cells are preferentially attracted to this 

surface. Each image is the reconstruction of 11 z-stack confocal microscope images. Scale 

bar = 100 µm. Q-T illustrate the wire morphology under SEM imaging. The insulation layer 

on the stiff wire is visible at both week-1 and week-8. At week-8, the soft wire not only 

attracted a layer of cells, but also exhibited a bulky tissue shell consisting mostly of neural 

cells according to beta-III tubulin intensity in G and overlay image O. SEM scale bar = 5 

µm. (For interpretation of the references to colour in this figure legend, the reader is referred 

to the web version of this article.)
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Fig. 7. 
Impedance and DBS performance of the elastomer electrode. A. Impedance spectrum of the 

elastomer electrode for neural stimulation. A thin layer of gold is sputtered on the side of the 

conductive elastomer core to provide better conductivity. Very low impedance is recorded on 

the polymer electrode to prove the neural stimulation capability. B. STN DBS with the soft 

wire evoked a strong LFP in the ipsilateral motor cortex recorded by a ground screw EEG. 

Stars denote the electrical stimulation artifacts.
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Table 1

Antibodies used for histological characterization.

Antibody Specificity

NF200 Mature axons

Iba1 Microglia/macrophages

GFAP Astrocytes

Caspase-3 Cleaved (activated) caspase-3

NeuN Neuronal nuclei

Vimentin Immature and reactive astrocytes, microglia, endothelial cells, fibroblasts

L1 Neural cell adhesion molecule

IgG IgG protein, especially from BBB leakage

Beta-III Tubulin Neuron microtubules

Acta Biomater. Author manuscript; available in PMC 2017 July 17.


	Abstract
	1. Introduction
	2. Methods
	2.1. Fabrication of electrodes
	2.2. Fabrication of shuttles for implantation
	2.3. Surgical procedures for biocompatibility studies
	2.4. DBS with soft wires evokes electroencephalography (EEG) local field potential(LFP)
	2.5. Histology
	2.6. Quantitative tissue analysis
	2.7. Quantification of mechanical strain-induced cell deformation
	2.8. Statistics

	3. Results
	3.1. Sub-chronic and chronic inflammatory tissue response
	3.2. Neuronal density and health around the implant
	3.3. Cell deformation reflects different device-dependent strain
	3.4. BBB injury related inflammation
	3.5. Explanted wire and tissue integration
	3.6. Neural stimulation with soft microwires

	4. Discussion
	4.1. Inflammatory tissue response is mitigated by implant softness and flexibility
	4.2. BBB injury and tissue repair
	4.3. Mechanical mismatch directly impacts the local cellular microenvironment
	4.4. Neural stimulation capability of the ultrasoft electrodes
	4.5. Possible future development

	5. Conclusions
	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Fig. 5
	Fig. 6
	Fig. 7
	Table 1

