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Abstract

We recently introduced a series of stimuli-responsive, mechanically-adaptive polymer
nanocomposites. Here, we report the first application of these bio-inspired materials as substrates
for intracortical microelectrodes. Our hypothesis is that the ideal electrode should be initially stiff
to facilitate minimal trauma during insertion into the cortex, yet becomes mechanically compliant
to match the stiffness of the brain tissue and minimize forces exerted on the tissue, attenuating
inflammation. Microprobes created from mechanically reinforced nanocomposites demonstrated a
significant advantage compared to model microprobes composed of neat polymer only. The
nanocomposite microprobes exhibit a higher storage modulus (E’ = ~5 GPa) than the neat polymer
microprobes (E’ = ~2 GPa) and could sustain higher loads (~17 mN), facilitating penetration
through the pia mater and insertion into the cerebral cortex of a rat. In contrast, the neat polymer
microprobes mechanically failed under lower loads (~7 mN) before they were capable of inserting
into cortical tissue. Further, we demonstrated the material’s ability to morph while in the rat cortex
to more closely match the mechanical properties of the cortical tissue. Nanocomposite
microprobes that were implanted into the rat cortex for up to 8 weeks demonstrated increased cell
density at the microelectrode-tissue interface and a lack of tissue necrosis or excessive gliosis.
This body of work introduces our nanocomposite-based microprobes as adaptive substrates for
intracortical microelectrodes and potentially other biomedical applications.
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1. Introduction

Intracortical microelectrodes for neural unit recording have led to many significant insights
into the behaviour of the brain in animal models (Nicolelis, 2003; Schwartz, 2004). There
have been several notable efforts to develop probes that can be implanted chronically in
humans to directly interface with the brain to achieve command, control, and feedback in
many clinical applications (Kennedy et al., 2004; Hochberg et al., 2006). Intracortical
interfaces that could be implanted and remain stable for many years offer many significant
opportunities to improve human health, as well as our understanding of the brain.
Unfortunately, at this time, this technology is not feasible for wide-scale clinical
applications due to the variability in the reliability of the recordings over both short and long
time periods, regardless of the type of electrode used (Ward et al., 2009).

While it has been shown that intracortical microelectrodes can record the activity of
individual or small populations of neurons early after implantation (Buzsáki, 2004;
Schwartz, 2004), challenges still remain in maintaining the ability to record neural signals
from individual or small groups of neurons for extended periods (McConnell et al., 2009;
Ward et al., 2009; Williams et al., 1999). This is largely attributed to the inflammatory
response initiated by the trauma of implantation, and the foreign body reaction spanning the
life of the chronically implanted microelectrode (Polikov et al., 2005; He and Bellamkonda,
2007; Leach et al., 2010). Support for the importance of reducing the chronic inflammatory
response to penetrating neural microelectrodes has been reported previously in both in vitro

and in vivo models (Polikov et al., 2006; Polikov et al., 2005). Both of these systems
demonstrate electrode encapsulation by neural inflammatory cells, and significant reduction
in the number of neurons at the electrode tissue interfaces (“neuronal dieback”). Though the
dominant mechanism is still being debated, it is important to point out that the ability of
cortical microelectrodes to record from individual neurons is directly related to the
proximity of viable neurons and the characteristics of non-neural, encapsulation tissue
between the electrode and neuron (Biran et al., 2005).

Traditionally, microelectrodes have been composed of metals, silicon and/or ceramics.
These materials have a high mechanical stiffness (high modulus) relative to brain tissue.
While the high modulus has enabled facile electrode implantations (Szarowski et al., 2003),
the stiffness difference between brain tissue (~6 kPa) and typical electrode material (~200
GPa) results in chronic shear and differential motion between the microelectrode and the
neurons (Subbaroyan et al., 2005). Previous research with in silico modeling and in vivo

studies has indicated that indwelling microelectrodes become mechanically coupled to the
brain tissue and exert forces on local populations of cells (Lee et al., 2005; Subbaroyan et

al., 2005; McConnell et al., 2007). The effects of the mechanical mismatch are thought to
play a significant role in the cell-mediated inflammatory response impacting the glial scar,
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neuronal health, and the microelectrode–cortical tissue interface (Williams et al., 2007;
Polikov et al., 2005; He and Bellamkonda, 2007; Leach et al., 2010).

Several research groups have attempted to investigate the effects of mechanical mismatch
between the microelectrodes and the cortical tissue, and many have developed
microelectrode substrates and substrate coatings from materials such as polyimide, SU-8,
polydimethylsiloxane (PDMS), and parylene that are more compliant than materials
traditionally used to create electrodes (Rousche et al., 2001; Subbaroyan and Kipke, 2006;
Takeuchi et al., 2005; Wester et al., 2009; Fernandez et al., 2009; Mercanzini et al., 2009;
Lu et al., 2009). However, in general, these materials have had limited success in attenuating
glial scar formation or improving neural recordings. A drawback to most of these studies is
that such materials still have Young’s moduli 6 orders of magnitude larger than that of the
brain (Takeuchi et al., 2005; Lee et al., 2004; Nikles et al., 2003; Takeuchi et al., 2004;
Wester et al., 2009). Additionally, the slight decrease in stiffness of these polymeric based
microelectrodes results in difficulties in implanting the microelectrodes (Takeuchi et al.,
2005; Kozai and Kipke, 2009; Lee et al., 2003; Kee-Keun and et al., 2004), requiring
insertion shuttles that can cause increased volumes of tissue damage during insertion and
retraction (Kozai and Kipke, 2009).

Therefore, we hypothesize that the ideal microelectrode should be composed of a material
that is initially stiff to facilitate insertion into the cortex, yet becomes mechanically
compliant to match the stiffness of the brain tissue, to minimize forces exerted on the tissue,
and to attenuate inflammation around the implant. To this end, we have recently developed a
new class of bio-inspired, chemo-responsive, mechanically-adaptive polymer
nanocomposite that can controllably and selectively be switched between stiff and compliant
states (Capadona et al., 2009; Capadona et al., 2008; Capadona et al., 2007;
Shanmuganathan et al., 2010b, a, 2009; van den Berg et al., 2007). The bio-inspired
adaptive nanocomposite material design was based on the dermis of the echinoderm
holothuroidea (sea cucumber). These invertebrates feature soft connective tissues with
mutable mechanical properties; the animal can switch between low and high stiffness states
on a sub-second time scale. Our materials exhibit this behaviour by mimicking the
architecture and proposed switching mechanism at play in the sea cucumber dermis by
utilizing a polymer nanocomposite consisting of a controllable structural scaffold of rigid
cellulose nanofibres embedded within a soft polymeric matrix. When the nanofibres
percolate they interact with each other through hydrogen bonding and form a nanofibre
network that becomes the load-bearing element, leading to a high overall stiffness of the
nanocomposite. When combined with a polymer system which additionally undergoes a
phase transition at physiologically relevant temperatures, a contrast of over 2 orders of
magnitude for the tensile elastic modulus is exhibited. Initial material characterization has
demonstrated that the polymer nanocomposite reduces its tensile storage modulus from ~5
GPa to 12 MPa within 15 minutes upon exposure to simulated physiological conditions in
artificial cerebral spinal fluid (ACSF) at 37°C (Shanmuganathan, 2010; Capadona et al.,
2009; Capadona et al., 2008). Additionally, advanced bioMEMS fabrication processes have
been developed to create cortical microprobes from this novel material (Hess et al., 2009;
Hess et al., 2011).
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Here, we report on the first demonstration of the application of our mechanically-dynamic
material towards intracortical microelectrodes. This study shows that the stiffness of the
nanocomposite facilitates insertion into the cortex of a living rodent, that the nanocomposite
mechanically morphs within the animal to achieve a compliant state more similar to the
mechanical properties of the brain, and that the nanocomposite can integrate within the
cortical tissue over many weeks.

2. Materials and Methods

2.1. Device Fabrication

Nanocomposite (NC) implants consisted of poly (vinyl acetate) and cellulose nanocrystals
derived from tunicates (tunicate whiskers or whiskers) that were created by casting films
from a dimethylformamide (DMF) solution of the polymer and whiskers (Capadona et al.,
2008). Poly (vinyl acetate) (PVAc, weight-average molecular weight, MW = 113,000 g/mol,
density, d = 1.19 g/cm3) was purchased from Sigma-Aldrich. The isolation of cellulose
whiskers largely followed our published protocols with minor modifications (van den Berg
et al., 2007). NC films consisted of 15% w/w tunicate whiskers, and the films were used to
create sheets via compression-molding in a hot press (Carver, Wabash, IN) to yield 53–110
mm thin films, depending on the experiment. Consequently, two types of devices were
created, one for mechanical testing and buckling tests, and another for insertion force
measurements and histology.

Starting with compression-molded sheets, for both types of devices, the NC sheets were cut
into the appropriate shapes. For insertion force and histology, 100 µm thick sheets were cut
into 3 mm long probes that were 200 µm wide with an approximately 45° angle tip. Probes
for mechanical testing and buckling tests were created from a solution-cast poly (vinyl
acetate)-tunicate whisker film compressed to a specified thickness (53 µm for buckling tests,
110 µm for mechanical measurements) and weakly adhered to a bare Si wafer by applying
gentle pressure and heating on a hotplate set to 70°C for 3 minutes. Using a direct-write CO2

laser at a laser power of 0.5 W, speed of 56 mm/s, and a resolution of 1000 pulses per inch
(Hess et al., 2009; Hess et al., 2011), microprobes for mechanical testing were fabricated as
beams 6 mm in length and 180–210 µm in width. For buckling testing, beams with a tip
opening of 30° were cut using the same settings for the laser (3mm in shank length, 125 µm
in width, 53 µm thick). Neat polymer probes for buckle testing were fabricated to a similar
size (3mm in shank length, 125 µm wide, and 55 µm thick) from spin-cast films. Neat PVAc
films were fabricated by first dissolving 30 g PVAc in 50 mL dimethylformamide (DMF).
Approximately 5 mL solution was statically dispensed onto a bare Si wafer, and then spin-
cast onto the wafer at a spin speed of 2000 rpm for 30 seconds. The film was then dried in a
vacuum oven for 4 hours at 65°C. Films were then immersed in DI water to aid in peeling
them from the wafer. After drying overnight in ambient conditions, neat PVAc microprobes
were laser-patterned using the same parameters as were developed for patterning the NC
microprobes.

Separately, acrylic mounts designed to serve as the sample clamp during tensile testing were
also fabricated and marked with an identification number and two lines indicating where the
sample would be attached to the mount. A 1.5 mm-long portion at one end of the NC
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samples was adhered to the acrylic mount using a cyanoacrylate-based adhesive, leaving a
4.5 mm-long cantilever structure hanging from the mount (Figure 1, digital image). After
curing the adhesive overnight, the width and thickness of each sample were measured under
a microscope and recorded along with the identifying number.

2.2. Surgical Procedures

The same surgeon performed all procedures to minimize variability. The Case Western
Reserve University Institutional Animal Care and Use Committee (CWRU IACUC)
approved all procedures and all efforts to minimize the pain and discomfort of the animal
were employed.

Sprague-Dawley rats weighing between 200–340g were used for all experiments. Ketamine
(80 mg/kg) and Xylazine (10 mg/kg) provided anesthesia induction via intraperitoneal
injection (IP). When the animal was unresponsive to a toe pinch, the animal was prepared
for surgery via head shaving and eye protection with ocular lubricant. Upon transfer of the
animal to the stereotaxic frame fitted with a gas mask, the animal was ventilated with
oxygen. Vitals were measured by a pulse oximeter attached to the hind limb paw. The
animal was kept warm via a circulating water mat. When the animal began to whisk, react to
toe pinch, or exhibit a raised heartbeat, introduction of Isoflurane (1–3%) into the oxygen
flow maintained a surgical level of anesthesia.

Access to the brain was gained by first creating a midline incision via a scalpel. Cotton
swabs were used to move periosteum from the skull, and either a 3 mm biopsy punch or
dental drill with stainless steel burr bit was used to remove the bone of the skull. Both types
of openings were approximately centered at 3 mm lateral from the midline and 4.5 mm
caudal to the bregma. After opening the skull, the dura was removed using a fine 45° angle
microprobe and fine forceps using a surgical microscope. Implants were attached to ceramic
forceps tips, and implants were manually lowered to near the surface of the brain. A
computer-controlled mechanical inserter controlled by a custom LabView 7.1 program
inserted implants 2–3 mm into the brain at 2 mm/s. For microtensile testing, implants were
inserted into the brain with a micromanipulator instead of the computer.

In the case of animals used for histology (chronic survival animals), probes were left
implanted in the animal. The skull was sealed with Kwik-Sil (WPI, Inc. Sarasota, FL)
followed by dental cement adhered to three stainless steel screws implanted into the brain.
The skin of the scalp was sutured closed over the dental cement and closely monitored for
recovery.

2.3. Mechanical Test Procedures

2.3.1. Microtensile Testing Setup—Samples were implanted in the rat cortex for 1 to
30 minutes, then removed and immediately inserted into the microtensile tester (MT) that
had previously been validated (Hess et al., 2009; Hess et al., 2011). A computer-controlled,
custom-built microtensile tester (figure 1) was utilized to measure the stress-strain
relationship of NC samples that were used for in vivo experiments. The samples were
gripped over a length of 1.5 mm length on each end between acrylic blocks clamped by
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metal bolts, leaving a gauge length of 3 mm. One grip was anchored to an immobile
structural component of the microtensile tester, and the other grip was attached to the drive
rod of a linear piezomotor that applied a strain to the sample. The displacement distance was
measured with an indicator with a resolution of 0.5 mm, and the force required to pull the
sample was measured with a load cell with a resolution of 49 mN. The setup was computer-
controlled via data acquisition software.

Each sample was tensile tested by straining at a rate of 8.9 mm/s until failure. The time from
sample removal from the brain until completion of tensile test was recorded, typically
between 3 to 4.5 minutes. After testing was completed, the stress and strain were calculated
and the Young’s modulus was determined from the slope of the curve in the initial linear
portion of the stress-strain curve.

2.3.2. Moisture and Temperature Maintenance—In order to keep the environmental
conditions of the test setup similar to those of the biological environment of the implant,
considerations were made for temperature and humidity. Temperature was controlled with
the radiant heat from a focused light source using a thermocouple placed near the sample to
set the local temperature to 37°C. A fluid mist, via a commercial airbrush, maintained the
humidity of the environment to prevent sample drying (Humidifier, figure 1). This is
important, as moisture is the primary stimulus of changing mechanical properties of the NC.
Effects of using or not using the humidifier were examined using dry and wet samples to
examine the effect of the humidifier on mechanical testing results.

2.3.3. Dimensional changes due to swelling—To determine the cross-sectional
dimensions of implanted samples for stress calculations, sample thickness and width were
measured before and after soaking samples similar to the implanted samples in artificial
cerebrospinal fluid (ACSF) for 30 minutes at 37°C. The width or thickness of dehydrated
samples was measured under a light microscope before the samples were immersed in ACSF
at a temperature of 37°C. After 30 minutes, the width and thickness of the samples were
measured again. The percentage change for each dimension was calculated and used to
calculate the cross-sectional dimensions of implanted samples.

2.4. Insertion Force Measurements

A computer-controlled mechanical inserter controlled inserted implants 2–3 mm into the
brain at 2 mm/s (as described above). The load cell was calibrated before each use via
loading the load cell with determined weights, creating a voltage-force calibration curve.
The computerized setup controlled a stepper motor outfitted with an optical encoder to track
the position of the stepper motor while a load cell was mounted on the front of the stepper
motor to record the forces during the insertion. The data acquisition board, synchronized to a
motion control board, allowed for synchronous recording of position and load cell voltage.
Data from a single insertion was post-processed to use the calibration curve to convert
recorded voltage into force. Graphs and measurements of force versus position were used to
determine the needed force for insertion as determined by the first peak in the insertion
graph after the artefact from the initiation of movement (Jensen et al., 2006; Paralikar et al.,
2006; Najafi and Hetke, 1990).
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2.5. Buckling Load Calculations

Following analysis of insertion force data, statistical analysis was completed in the statistical
package R (R Foundation for Statistical Computing, Vienna, Austria) (R Development Core
Team, 2009). An analysis was performed to analyze the distribution of forces and the force
needed to insert into the brain. The 95% confidence level and required insertion force was
computed using a t-distribution and analysis of the mean and standard deviation of observed
data.

From the computed force to implant, the microprobe modulus was predicted by Euler’s
buckling formula (see below and Najafi et al. (Najafi and Hetke, 1990)). The parameter
space was graphically investigated using Matlab R2009b (MathWorks, Natick, MA) by
varying device length, width, and thickness, and insertion force predicted.

2.6. Buckle Testing

During buckle testing, a video camera connected to a surgical scope recorded the insertion
and retraction movements. The implants used had a 3mm long shaft and were 125µm wide
with a thickness of 53µm (NC) or 55µm (neat polymer), both with a 30° opening angle.
After three minutes, the implanted NC microprobes were removed from the brain tissue via
the computer-controlled motor and manually moved to a new insertion site. Immediately,
the computer-controlled inserter was initiated to lower the probe into the brain at 2 mm/s.
Between repeated insertions, the brain was not continually hydrated in order to minimize
sample wetting by exogenous applied saline.

2.7. Histology

As a preliminary examination into the chronic response to the NC, a pair of animals was
implanted with the NC microprobe and was euthanized after four or eight weeks to examine
histology of the brain-implant interface. Following anesthesia induction, transcardial
perfusion was performed via a mechanical pump with approximately 500 mL of Dulbecco’s
Phosphate-Buffered Saline followed by 250 mL of 10% buffered formalin fixing the tissue.
The extracted brain was placed in formalin for 24 hours, after which the brain was then
transferred to fresh formalin where it remained for up to one week, until it was
cryoprotected in 30% sucrose solution. To perform slicing of the brains, brains were frozen
in embedding molds (Electron Microscopy Products, Hatfield, PA) containing Optimal
Cutting Temperature (OCT) compound (Sakura, Tokyo, Japan) that were then mounted and
sectioned horizontally using a cryostat to create 30 µm thick slices. Following a standard
haematoxylin and eosin (H+E) protocol, slices were stained, mounted, and cover-slipped.
Briefly, sections were rinsed in distilled water, and nuclei were stained with the
haematoxylin. Following a rinse in tap water, tissue was differentiated with acid alcohol and
rinsed in tap water. Finally, samples were stained with eosin for 2 minutes, then dehydrated
and mounted (Lillie, 1965). Separate slices were counterstained with 4',6-diamidino-2-
phenylindole (DAPI) dilactate (Invitrogen, Carlsbad, CA) at room temperature. All slices
were imaged via a microscope outfitted with a grayscale CCD camera.
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3. Results

3.1. Microprobe Insertion into Rat Cortex

Implants fabricated from the PVAc/cellulose nanowhisker nanocomposite (NC) or, for the
purpose of comparison, the neat PVAc polymer, were attached to ceramic forceps tips and
manually lowered to near the surface of the brain. They were then advanced by computer
control 3 mm towards the exposed brain at 2 mm/s. The implantation path typically
exhibited a slight motion start artefact; an example can be seen in the first peak of figure 2a
and 2b. Generally, there was no increase in force before the microprobe came into contact
with the surface of the brain. As the pia mater was indented, the force exerted on the tissue
grew prior to puncture of either the pia mater tissue (microprobe insertion through the tissue,
figure 2a), or microprobe failure (material buckling, figure 2b). Video examples of an
insertion and a buckle can be seen in the supplemental material (see below for a full
explanation of the videos and still frames).

In the case of the NC microprobe, the pia was punctured, allowing the microprobe to
penetrate into the brain, facilitating implantation when the force exerted was lower than 14
mN (figure 2a). After microprobe implantation was achieved, the force was quickly relaxed.
After insertion, the microprobe continued to advance through the cortex, generating
increased resistance against the microprobe, as depicted graphically by the second gradual
rise (~1500µm – 3000µm) in force after the initial insertion.

Under identical conditions, the neat PVAc polymer microprobes created for the purpose of
comparison failed to penetrate the pia mater, but first bent and eventually buckled when the
force exceeded 4 mN (figure 2b). The bowing out and eventual buckling of the microprobe
results in a reduction in measured force where the buckling force is less than the required
penetration force. In this case, the pia continues to indent as the microprobe was unable to
penetrate the tissue, causing a second rise in force after the initial insertion or buckling
event. We defined the maximum force as the force before the microprobe starts bowing out.

3.2. Dry NC Modulus Measurements

Displacement and force data are converted to strain and stress, respectively, by dividing
displacement by the initial length, and dividing force by the initial cross-sectional area of the
sample, respectively (Equation 1a):

and (Equation 1b):
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where ε is strain, d is the displacement measured by the indicator, l0 is the initial gauge
length (3 mm), σ is the sample stress, F is the force measured by the load cell, w is the
sample width, and t is the sample thickness.

First, a dry NC microprobe sample was tested at room temperature to confirm the as-
fabricated sample properties with our previous studies (Hess et al., 2009; Capadona et al.,
2008; Shanmuganathan et al., 2010b, a, 2009). The Young’s modulus (E) of the sample is
defined as the slope of the linear portion of the stress-strain curve. Using our test set-up, the
Young’s modulus was measured to be 3411 ± 98 MPa (number of samples n=5 for this
composition, figure 3), consistent with that previously reported (Hess et al., 2011).

3.3. In vivo Mechanical Switching

To confirm that the NC microprobes remained mechanically dynamic upon implantation
into the rat cortex, as previously shown in vitro for this bio-mimetic design (Capadona et al.,
2008), we explanted microprobes and reexamined their Young’s modulus using our
microtensile device (figure 3). Implantation into the rat cortex reduced the Young’s modulus
of the NC by several orders of magnitude.

The ex vivo Young’s modulus of the mechanically dynamic microelectrodes was plotted as a
function of implantation time (figure 4). There was no significant difference between
samples that had been implanted for 5, 15, or 30 minutes, which collectively had a Young’s
modulus of 32 ± 13 MPa (figure 4). There was no statistical difference between data
collected from microtensile testing (MT) and dynamic mechanic analysis (DMA) after
fifteen minutes of immersion (Shanmuganathan, 2010). The time required for set up of the
tensile test plus the time required to strain the sample to break generally required 3–4.5
minutes after removal from the brain.

3.4. Examination of Ex Vivo Modulus Testing Moisture

If allowed to dry upon explanting from physiological conditions, the reinforcing network
within the mechanically dynamic NCs will return to their original stiff state (Capadona et

al., 2008). Therefore, to ensure an accurate measurement of the explanted modulus,
materials were humidified via a fluid mister using water to prevent drying. To examine the
effect of the fluid misting on measured samples, a sample was repeatedly tested before,
during, and after the application of a misting spray. In the case of a dry NC sample, the
modulus was not statistically different between before and during humidifier application
over 6 minutes (data not shown). After the 6 minutes of continued misting, the modulus did
become significantly different than the modulus before or during humidifier application
(p=0.03, 2 Sample t-test); though the modulus only decreased by at most 10% after exposure
to the humidifier moisture. This modulus decrease could be from the applied moisture, or
the decrease could also be due to the sample being taken very slightly out of the elastic
region causing a reduction in the measured modulus. Alternatively, the difference could be
from an increase in temperature after the humidifier was turned off, as temperature was not
controlled in these tests. Further tests were performed to examine the effects of the
humidifier (data not show). After determining a setting at which the humidifier would
contribute a minimal reduction in the Young’s modulus of the NC, the effect of the mister
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on wet samples was also investigated. Samples like those used in the ex vivo mechanical
testing were soaked in DI water for 10 minutes, followed by loading into the microtensile
tester. For both the “humidifier off” and “humidifier on” conditions, the Young’s modulus
of the NC as a function of time removed from water was determined using the microtensile
tester in dynamic mode. When the humidifier was not used to prevent the sample from
drying, the Young’s modulus quickly increased to ~400 MPa by the time the microtensile
testing started, and after 5 minutes removed from the DI water, the Young’s modulus was
~1100 MPa. When the humidifier was used, the Young’s modulus remained <100 MPa for
nearly 4 minutes, and leveled out at ~600 MPa after 7 minutes. It should be noted that the
linear portion of the stress-strain curve was complete within ~30 seconds after the start of
the ex vivo mechanical testing. At this point, the sample had been removed from the brain
for no more than 3 minutes, a time at which there would be a considerable increase in
Young’s modulus from drying if the humidifier were not used.

3.5. Buckling and Insertion of Neat and NC Polymers

A summary of the recorded forces during the computer-controlled movement of both types
of microprobes was created (figure 5). Measurements were made in one animal by
alternating between microprobe types. To ensure that the microprobes were responding to
just the cortical tissue, the surface of the brain was not supplemented with moisture and
slowly dried during these experiments. As a result, the critical insertion force increased
during the experiment. However, the graph (figure 5) demonstrates that the unreinforced
(neat polymer) microprobes failed to insert into the cortical tissue at a lower critical force
than the mechanically reinforced dynamic microprobes.

Using the device dimensions and Young’s modulus of the neat or NC polymer, a critical
buckling force was predicted using Euler’s buckling formula (Equation 2a):

and (Equation 2b):

where Fcrit= the critical force required to buckle the implant, I= area moment of inertia,
w=width, t=thickness, E=Young’s Modulus of the material, Leff= effective length. The
implant was modeled as a beam with one fixed end, and one hinged end, thus making Leff =
Length/√2. For these calculations, the thickness is defined as being less than or equal to the
width.

The critical buckling force is plotted as a grey horizontal bar where the standard deviation of
sample dimensions determines the bar’s height in figure 5. Although the NC microprobes
are thinner than the neat polymer, the critical force of the NC is much higher because of the
NC’s greater Young’s Modulus. For both polymers, insertions were successful when the
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maximum force was less than the critical buckling force as predicted by Euler’s buckling
formula. When the maximum force exceeded the critical buckling force, microprobes would
buckle. The NC was able to withstand a buckling force greater than the neat polymer (figure
6, Supplemental Video S1). Importantly, the neat polymer probes would need to be
significantly bigger than NC microprobes, as a neat microprobe would need to be almost
40% thicker or three times wider than NC microprobes to allow insertion.

To better examine the functional consequences of the change in modulus of the dynamic
nanocomposite, NC microprobes were implanted for several minutes. A NC microprobe was
removed from the brain and attempted to be reinserted through intact pia. The computer-
controlled reinsertion resulted in a typical buckling behaviour as the probe started to bow
out, then buckle, and collapse upon itself (figure 7, Supplemental Video S2).

3.6. Implanted NC Microprobe Histology

To examine the chronic inflammatory-mediated tissue response to the NC microprobes, we
performed standard histological methods on animals that had been implanted with
microelectrodes and allowed to survive for four or eight weeks. Classic haematoxylin and
eosin (H+E) staining was performed on horizontal tissue sections from animals that had
been implanted for eight weeks (figure 8a). Cell nuclei were stained by haematoxylin and
are pictured as black dots and light black dots. The surrounding cortical tissue stained by
eosin is pictured as grey, and blood vessels are throughout the section and appear as white
holes. The image with NC still embedded in the section shows intimate contact of the tissue
with the microprobe. The NC appears striated as a result of the ethanol dehydration during
tissue processing. The dark ring around the NC shows increased density of cells at the
tissue20 microprobe interface. The response suggests the lack of significant necrosis or
gliosis around the implant. Histological staining for total cell nuclei with DAPI (figure 8b)
supports our finding from H+E staining. In this case, the NC was removed before DAPI
imaging.

4. Discussion

In this study, we have for the first time been able to validate the feasibility of our
mechanically adaptive NC as a microprobe that could form the basis of an intracortical
microelectrode. We have shown the applicability of standard mechanics formulas in the
insertion of microprobes. Euler’s formula suggests that with our unique NC, we can
decrease the size of the implant to minimize surgical trauma. Though this enables us to
implant the material and understand its mechanical performance, we also demonstrated in
preliminary histology studies that the implant does not create a significant glial scar.
Collectively, this work lays the foundation for continued cortical electrode development to
improve cortical neural recordings.

While our initial interests were in exploiting our dynamic mechanical materials in
biomedical applications, specifically as adaptive substrates for intracortical microelectrodes,
exposure to brain tissue had previously only been simulated by immersing the samples into
artificial cerebral spinal fluid (ACSF) and heating to a physiological temperature of 37 °C
(Capadona et al., 2008; Shanmuganathan et al., 2009, 2010a, b). Therefore, to examine the
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performance in the rodent brain, we used a microtensile tester that was developed
specifically to test the small microprobes that have been developed towards intracortical
microelectrodes. Previous results have validated that the microtensile tester provides similar
results to DMA testing, a standard in the mechanical testing field (Hess et al., 2009; Hess et

al., 2011). Since the microprobes quickly change in response to temperature and water
uptake (Capadona et al., 2008), we were concerned that small samples would dry out once
explanted from the rat brain. Therefore, the microtensile tester was paired with an airbrush
and heat lamp to minimize drying and cooling when implants were removed from the brain
(figure 1).

Our ex vivo microtensile testing confirmed that the NC rapidly decreases its modulus when
implanted into the rodent brain (figure 4). Though the fabrication method provides some
variability between samples, results consistently showed that the modulus switch occurred
within the span of five minutes. Both DMA and MT testing showed similar modulus
decreases, though DMA testing showed a more gradual change. The rate at which the
dynamic material decreased its modulus was measured on the MT after extraction from the
cortical tissue (figure 4), and compared to the bulk samples measured in solution on a DMA.
Differences are presumably due to the much larger surface area-to-volume ratio of the
micromachined samples used with the MT (Hess et al., 2009; Hess et al., 2011; Capadona et

al., 2008). Additionally, for DMA measurements, dry samples were placed into a
submersion clamp system to measure the dynamic change in modulus as the material both
heated and swelled to decouple the reinforcing network and lower the modulus. In the DMA
studies, the change in the dimensions of the material was not taken into account during
swelling. This may account for slight difference in modulus between the two methods of
testing.

Though we have confirmed that the material reduces its modulus once implanted, it is
important to optimize the design of the electrode to minimize surgical trauma. Some
research has suggested that microelectrode size does not affect the inflammatory tissue
response (Szarowski et al., 2003), yet other research has shown that very small electrodes do
reduce the glial scar response (Seymour and Kipke, 2007). Collectively, recent literature
suggests that size differences on the same order of magnitude are negligible while orders of
magnitude size differences are significant factors in the glial scar response. Therefore, if the
microelectrode size can be significantly minimized, through the use of proper design or new
materials, one would be able to reduce the surgical trauma, presumably contributing to a
decreased chronic inflammatory reaction.

Using design principles and methods, we sought to minimize the size of the implant needed
for insertion by first measuring the required insertion force. We implanted microprobes into
the cortex of many animals. Through the use of our custom computer-controlled inserter and
force measurements, our experiments have shown that our hand-cut NC microprobe (100µm
thick, 200µm wide) provides a range of insertion forces from 1.26 mN to 3.35 mN (95%
confidence interval). Alternatively, the mean force for insertion is 2.30 mN ± 0.38 mN
(standard error). The range of animal sizes varied from 206g to 335g, but there was no
correlation between animal size and required insertion force. A lack of correlation between
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size and force also occurred in prior pilot tests of the NC microprobe where the animal range
was 227g to 353g (data not shown).

Given the expected maximum insertion force, we can use the classical mechanical formula,
Euler’s buckling formula (Equation 2a), to compute the required modulus to ensure a
buckle-free implantation into the cortex. Figure 9 shows the calculated modulus based on
different device sizes (length, width, and thickness). It is apparent that thickness is the main
factor in buckling (figure 9). Theoretical microprobes above a given plane would insert
while microprobes below would buckle. It is also notable that the needed material modulus
rapidly increases at smaller dimensions; this important factor has dictated that current
standard cortical microelectrodes be made out of stiff metal or silicon (Schwartz, 2004).

At the dimensions investigated in this study, both implants easily inserted into the cortex at
low insertion force less than ~4 mN (figure 5). This is consistent with the findings of Najafi
et al. Their study reported a penetration stress through the rat pia of 1.2 × 107 dynes/cm2 for
a Si probe that was 40 µm in thickness and 80 µm in width, corresponding to a penetration
force of 3.84 mN (Najafi and Hetke, 1990). Figure 5 also clearly denotes an increased
insertion force for subsequent microprobe implantations. Unreinforced polymer microprobes
were unable to penetrate the pia tissue when the insertion force reached ~7 mN, while the
mechanically reinforced dynamic NC microprobes were capable of penetrating the pia tissue
with above 12 mN of force applied; both are consistent with predictions from Euler’s
buckling formula. The difference compared to the Najafi study was likely a result of our
experimental conditions. Specifically, due to the rate at which the novel materials uptake
moisture and decouples the reinforcing network resulting in significant decreases in modulus
(see above and (Capadona et al., 2008; Shanmuganathan et al., 2010b, a, 2009)), it was
important to ensure that the microprobes were responding to the cortical tissue, and not the
increased moisture on the surface of the brain. Thus, the brain was not supplemented with
moisture between trials. Unfortunately, over the time course of repeated implantations, the
surface of the brain slowly dried and collected dried blood, and most likely increased in the
elastic modulus of the pia. As a result, the critical insertion force increased during the
experiment. While the absolute values for the force recorded during the critical insertion are
not reflective of a single insertion model, figure 5 clearly demonstrates that the unreinforced
(neat polymer) microprobes failed to insert into the cortical tissue before the mechanically
reinforced dynamic microprobes.

The polymer NC consists of a controllable structural scaffold of rigid nanofibres embedded
within a soft polymeric matrix. The network becomes the load-bearing element and leads to
a high overall stiffness of the NC, as compared to the neat polymer materials. Therefore, the
microprobes created from the dynamic materials are capable of sustaining an increased force
during insertion. The improved mechanical properties of the NC over the neat polymer
would therefore allow for a smaller device. As discussed above, to enable the insertion of a
neat microprobe, the device would need to be almost 40% thicker or three times wider than
NC microprobes to allow insertion.

In conjunction with the Boolean-type inserted/buckled results, we captured video of
movements to show the complete functional impact of the properties of our NC. As shown

Harris et al. Page 13

J Neural Eng. Author manuscript; available in PMC 2014 August 15.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



above, the NC withstands greater insertion forces; demonstrated by videos showing the neat
polymer buckle, directly followed by the insertion of the NC in the same area of brain
(figure 6 and Supplementary Video S1). Additionally, the decrease in the modulus of the
dynamic microprobe can be readily viewed by the naked eye within only a few minutes after
the NC was implanted into the rat cortex. When the NC is then extracted and moved to
another spot on the brain, due to the rapid decrease in modulus, the microprobe buckles and
fails to penetrate into the pia tissue and reinsert into the cortical tissue (figure 7,
Supplemental Video S2). The time between the two insertions attempts were on the order of
tens of seconds. The drying of pia was minimal since the dry NC implanted with a force of
2.8mN followed by the NC (after remaining in the brain for a few minutes) buckled upon
reinsertion at about 3mN. These numbers agree well with what is predicted from the
formulas.

Though we have shown how the properties of the brain influence the microprobe and its
design, it is also important to examine the response of the brain tissue to the microprobe. In
preliminary studies, we have used standard histological stains to investigate the material-
tissue interface, with special interest in examining potential tissue necrosis. Histological
staining of rats that had been implanted with dynamic NC microprobes and allowed to
survive for four or eight weeks post-implantation suggest no tissue necrosis as a result of the
implanted materials (figure 8). Further, both H+E and DAPI staining clearly show cell
bodies at the implant interface, without excessive overgrowth, suggesting the lack of
excessive glial scar tissue formation. Obviously, the extent of the histological examination
presented on this tissue is not robust enough to fully understand the cortical tissue response
to our novel bio-inspired mechanically dynamic microprobes. It is also important to point
out that while this current generation of our dynamic nanocomposites is capable of reducing
its storage modulus to 12 MPa, the cortical brain tissue has been reported on the kPa range.
However, in silico research has shown that a soft substrate on the order of 6 MPa
significantly decreases the strain on surrounding tissue by up to two orders of magnitude in
comparison to silicon (E=200 GPa) or polyimide electrodes (E~3GPa)(Subbaroyan et al.,
2005). Therefore, further studies are underway to examine the more detailed response to
these materials, including a complete time course to examine the various stages of
inflammation, as well as specific cellular (neuronal cell nuclei, astrocytes, and microglia)
and extracellular markers.

5. Conclusions

The goal in this work was to investigate the first biomedical application of our novel bio-
inspired mechanically-dynamic polymer nanocomposites. The intrinsic properties of our
materials were designed with the intended application of penetrating intracortical
microprobes and to afford us the distinctive opportunity to investigate the role of material
stiffness in the tissue response to the implant. Our previous work has clearly characterized
the materials properties of our novel class of material, in a controlled laboratory setting.
Here, we have for the first time, validated these bench-top studies, and have shown the
initial feasibility of our material towards an intracortical microelectrode. Specifically, we
have shown that the dynamic polymer nanocomposite is sufficiently stiff enough to
penetrate the cortical tissue without the need for assistive devices. Further, the initially stiff
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microprobe utilizes the in vivo environment to rapidly become compliant to more closely
match the surrounding cortical tissue; while initial histological examination suggest cellular
integration at the microprobetissue interface. Taken collectively, this work has established a
solid foundation to complete further studies to investigate the effect of substrate stiffness on
glial scar formation and brain tissue response.
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Figure 1.
Diagram of Microtensile Testing (MT) instrumentation. Sample is held between two clamps
where a load is applied to the sample, and both force and displacement are measured. The
light and humidifier maintain the conditions similar to that within the rodent. The digital
image depicts the model microprobes attached to the clamp (scale = 1mm).
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Figure 2.
The insertion force was recorded as a function of microprobe position during all microprobe
insertion trials. Representative trials of both the insertion of a 3mm long NC microprobe into
the dura-removed cortex at a rate of 2mm/s (a), and the buckling of a 3mm long neat PVAc
microprobe upon failed insertion into the dura-removed cortex at a rate of 2mm/s (b).
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Figure 3.
Stress-strain plots for both pre-inserted dynamic microprobes (dry, room temperature; E =
3411 MPa) and the identical composition of microprobe that had been implanted in living
rat cortex (30 min implantation, explanted and tested at 37°C; E = 33 MPa). The inset shows
the stress-strain plot of the explanted sample on a different scale.
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Figure 4.
The Young’s modulus of the mechanically dynamic materials were measured with a DMA
(open squares; bulk materials (Shanmuganathan, 2010)) and with MT (open circles;
explanted microprobes) to confirm mechanical switching from stiff to compliant. DMA
samples were placed into a submersion clamp with ACSF preheated to 37°C
(Shanmuganathan, 2010) while microprobes were implanted into the rat cortex and
explanted for MT testing. The x-axis indicates time of exposure to either ACSF or implanted
in the rat cortex, respectively.
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Figure 5.
The maximum force was recorded by a computer controlled load cell during each insertion
attempt. The critical insertion force increased with subsequent trials. Circles represent neat
PVAc microprobes, while squares represent dynamic microprobes. Filled shapes were
inserted successfully while open shapes buckled. The grey bars represents the critical
buckling force (Fcrit) for the microprobe, the theoretical maximum force the microprobe
could endure before buckling. The Fcrit is based on the material’s modulus and measured
dimensions with standard deviation. The height of the grey bars is determined by the
standard deviation of the microprobe width and thickness.
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Figure 6.
Snapshots of Supplemental Video S1 of insertion attempts of the neat polymer and the NC
microprobes. (a) Before initial insertion, the NC is about a millimeter above the brain’s
surface. (b) During the movement, the NC indents and then penetrates the pia and cortex. (c)
After the completion of movement, the NC is implanted in the brain and the indentation is
relaxed. (d) Before initial insertion, the neat polymer is about a millimeter above the brain’s
surface. (e) During the movement, the neat polymer indents the pia but quickly buckles. (f)
After the completion of movement, the neat polymer is completely buckled.
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Figure 7.
Snapshots of Supplemental Video S2 of insertion, retraction, and buckling of NC probe. (a)
Before initial insertion, the NC is about a millimeter above the brain’s surface. (b) During
the movement, the NC indents and then penetrates the pia and cortex. (c) After the
completion of movement, the NC rests in the brain for 3 minutes. (d) The NC is removed,
and moved to a new location above the cortex. (e) During the movement of the reinsertion,
the brain-softened NC, indents the pia and cortex. (f) The NC is not stiff enough to puncture
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the pia and cortex, and the NC buckles. Inset depicts close up of curved buckled microprobe
when removed from brain’s surface.
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Figure 8.
Histological evaluation of the microprobe-tissue interface was obtained with (a) H+E and
(b) fluorescent staining with DAPI. All images were obtained from horizontal sections of
brain tissue approximately 1mm deep into the cortex of animals implanted for four (b,
DAPI) or eight (a, H+E) weeks. (a) Nuclei are stained various shades of black, other tissue is
gray, and blood vessels are white holes. (b) Fluorescent view of DAPI. Cell nuclei are
pictured white. (Scale = 100µm).
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Figure 9.
Parameter space for microprobe insertions. Based on a given force, the length, width, and
thickness are parameters for Euler’s buckling formula to create a manifold to examine the
required Young’s modulus to prevent buckling and enable insertion into the rat cortex. The
highest plane has a length = 4mm, the next highest 3mm, and the lowest plane has a length =
2mm. The scale bar represents modulus in MPa.
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