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Experimental Setup 

90% Metallic-Type CNTs + FITC 95% Metallic-Type CNTs + FITC 99% Metallic-Type CNTs + FITC 

FTIR-ATR Characterization 

Quasi-static relationships 

Poissonôs Equation 

FIGURE 1. (A) depicts a raw metallic-type CNT which is also depicted with an axial view (B). CNTs cross-linked to 

fluorescein isothiocyanate (FITC) are shown via a zero-length amide bridge during the functionalization process in our 

laboratory (C).  We characterized various purities of CNTs via fourier transform infrared (FTIR) spectroscopy using 

attenuated total reflectance (ATR) as depicted above. 
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FIGURE 2. To confirm that CNTs could be safely used in the brain, Human Astrocytes (HA) isolated from the 

cerebral cortex were obtained from ScienCell and cultured per ATCC protocols. The HAôs were treated with both raw and 

chemically-functionalized metallic-type CNTs (CNT-M) of 90, 95, and 99% purity. Cell viability was measured after 72 

hours via an alamar blue assay. Upon performing a two-tailed studentôs t-test (Ŭ=0.05), the HA viability testing 

determined that 90% pure raw metallic-type CNTs reduced HA viability relative to 99% pure metallic-type CNTs at 25 ng/

mL. No statistically significant difference in HA viabilities was observed once the CNTs were functionalized.  

In Vitro Cytotoxicity Testing 
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FIGURE 5. The experimental set up of a depth lead (A) was used as the basis for a Finite Element Method 

(FEM) mesh (B). The arrow depicts the area of the mesh which was modified to match the approximated conductivity 

value of a diffused sample of CNT-Môs which follow a Gaussian distribution of conductivity originating at the injection 

point. This 4767ïelement triangular mesh was subsequently used to solve the Poissonôs Equation computationally for the 

electric potential using COMSOL Multiphysics. 

FIGURE 4. A 100Hz, asymmetric, charge-balanced +10V, -2.5V signal waveform (A) was delivered via an AM-

Systems 3800 stimulator through the 1.1mm diameter AD-Tech depth lead. The lead was cast in 0.6% Type VII agarose 

gel brain phantom (B). A schematic of the five 1 ÕL injections of 0.25ng/mL of 95% pure FITC-functionalized metallic-

type carbon nanotubes is depicted in (C). The recording electrode was composed of 0.005ò 316L stainless steel (D). 

In Vivo Pilot Study 

FIGURE 3. Immunofluorescent staining was performed to observe the influence of  99% pure FITC-

functionalized CNTs injected stereotactically into the LEFT hippocampal formation of a freely moving Rowett rat 4 weeks 

prior to sacrifice. Per standard protocols, astrocytes were labeled in fresh frozen 20 micron thick sections via GFAP using 

secondary antibody with Cy5 (649nm Ȉ). The RIGHT hippocampal formation (A) was injected with distilled PBS 

(magnification 2x.) The LEFT hippocampal formation at the dentate gyrus (B) was injected with 1ÕL of 25ng/mL 99% 

pure FITC-functionalized CNTs (magnification 2x). Panels C and D depict a 100x magnification of the arrow in (B). At 

100x magnification, numerous CNTs were observed in vivo after a four week duration. This suggests that the nanotubes 

are both biocompatible in accordance with the cytotoxicity testing and that they will remain near the injection site for 

future modulation of neuronal circuits.  

Computational Setup 

HA viability testing determined that 90% pure raw metallic-type CNTs reduced HA viability 

relative to 99% pure metallic-type CNTs at 25 ng/mL. No statistically significant difference in 

HA viabilities was observed once the CNTs were functionalized.  

 

Functionalized metallic-type carbon nanotubes are biocompatible within the brain and can 

modify the biophysical properties of neural cells. CNT-Môs change the local conductivity of 

brain phantoms and enable can enhance the theoretical extent of cortical activation by a depth 

lead for direct neurostimulation therapy. Such enhancement will allow clinicians to both 

activate and interface with a greater volume of brain tissue and larger number of neural 

circuits.  

FIGURE 6. The baseline voltage drop within a 0.6% agarose gel phantom was measured immediately prior to administering five 1ÕL injections of 25 ng/mL 95% FITC

-functionalized CNT-Ms (A). After allowing the CNT-Ms to diffuse for 60 minutes, the voltage drop was re-measured to determine the influence of the CNT-Ms within a brain phantom (A). 

A paired two-tailed studentôs t-test (Ŭ=0.05) was performed and demonstrated that the CNT-Ms had a statistically significant (p=0.02) difference on the voltage drop within the brain 

phantom. This finding was computationally consistent with the FEM simulation of the voltage drop within an agarose gel phantom (B). This computational model demonstrated that as 

local conductivities are increased, the voltage change decreases.  

Previous work (Rossi et al, 2010) simulated that a stimulation therapy depth electrode can only activate neurons within 

4mm from the surface of a depth electrode. Extending the electrodeôs volume of cortical influence by just 1mm will 

increase this volume by over 95%. One method for increasing the extent of cortical activation is to enhance the inherent 

conductivity of the brain adjacent to the electrode. Our study demonstrates both the safety and potential influence of 

functionalized carbon nanotubes (f-CNTs) to change the biophysical properties of neural cells. Simulations and 

experimental validation of such a change were shown to augment the volume of cortical activation adjacent to depth lead 

contacts.  

Rationale 

Baseline With CNT-Ms 

FIGURE 7.  After allowing the CNT-Ms to diffuse for 60 minutes, the 

agarose gel phantom was imaged with a transilluminator to determine the 

spread of the FITC-functionalized 95% CNT-Ms (A). FEM simulation comparing 

a baseline profile to a CNT-M modified conductivity model (B & C). These 

computational models demonstrate that within the area of CNT-M modified 

conductivity, the Electric Potential remains almost constant (B). While the 

electric field is almost zero within the conductive area, there is a sharp falloff 

at the boundary which may indicate activation at that location (C). 

FIGURE 9. Analysis of the Electric Potential in a transept line 

through the volume of modified conductivity compared to a baseline profile 

(A). Parametric analysis of the Electric Field in a transept line 

through the volume of modified conductivity compared to a baseline 

profile. The current input was varied to determine the requisite current to 

produce cortical activation at the boundary of the diffused CNT-Ms (B). A 

linear relationship was observed between the applied current and electric 

field. A current of 32mA was required to  activate the volume of increased 

conductivity. Although 32mA is commonly considered in excess of 

damaging current thresholds, the expanded surface area provided by the 

volume of conductive CNT-Ms diminished the charge density to 1.63 ÕC/

phase*cm-2  when applying 5.12 ÕC/phase which is below the damaging 

threshold (C).  

5 

/ ! 

w [ 

. 

w [ 

5 

/ 

. 
! 

9 

/ 

Conclusions 

! . 

! . 

EQUATIONS.  

Where J is the Current Density, Ji is the Applied Current Density, 

E is  the Electric Field, ů is the medium Conductivity,  is the Del 

operator for vector operations, and V  is the Voltage. 
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E-Field Electric Potential (CNT-Ms) E-Field (CNT-Ms) Electric Potential (Baseline) 

FIGURE 8. A 3D computational brain model was constructed from structural MR-Images. Virtual electrodes were positioned within white matter 

that is adjacent to the hippocampal formation. A spherical geometry, centered at contact three, was added which modeled the increased conductivity due to 

CNT-Ms (A). This spherical volume of modified conductivity followed a Gaussian profile (B). A FEM simulation comparing the baseline profile to the CNT-M 

modified conductivity profile was numerically solved for the Electric Potential (C). This comparison showed that the CNT-M modified model maintains a 

uniform electric potential within the area of increased conductivity. This equipotential behavior produces an Electric Field approaching zero within the area 

of higher conductivity; however, at the boundary a sharp increase in Electric Field is observed (D). Using the results of the previous simulations, an  

activation function was calculated. This function served as the seed for tractography mapping of the axons which could potentially be activated via a depth 

lead (E). The volume of cortical activation with CNT-M modified conductivity is substantially larger assuming sufficient current is supplied. 

Electrical Conductivity in Diffusion 

Area  Baseline without CNTs 

Activation Function with CNT-Ms 
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Activation Function Baseline without 

CNTs 

With CNTs 

Experimental vs Computational Results 

3D Computational Brain Modeling 
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