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ABSTRACT: Composite electrodes made of the polysaccharide agarose and carbon nanotubes (A-CNE) have shown potential to be

applied as tissue-compatible, micro-electronic devices. In this article, A-CNEs were functionalized using neuro-relevant proteins (lam-

inin and alpha-melanocyte stimulating hormone) and implanted in brain tissue for 1 week (acute response) and 4 weeks (chronic

response). Qualitative and quantitative analysis of neuronal and immunological responses revealed significant changes in immunologi-

cal response to implanted materials depending on the type of biomolecule used. The potential to manipulate tissue response through

the use of an anti-inflammatory protein, alpha-melanocyte stimulating hormone, was shown in the reduction of astroglia presence

near the implant site during the glial scar formation. These results suggest that A-CNEs, which are soft, flexible, and easily made bio-

active, have the ability to modify brain tissue response through surface modification as a function of the biomolecule used. VC 2013
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INTRODUCTION

Bioactive and biomimetic materials have been investigated with

the goal to induce desired tissue responses. Employing the

appropriate chemical and physical cues on implantable devices

can result in improved tissue growth and reduced inflammation,

a basic requirement for biomaterials intended for tissue engi-

neering and regeneration.1–8 Suggested strategies to promote

cellular attachment, growth, and morphogenesis have included

modifying bulk and surface chemistries, applying structural

motifs ranging from the micro to the nano scale, and tailoring

of the mechanical properties of implants to match those of the

surrounding tissue.1–7,9

A similar approach can be specifically applied to the field of

cortical neural prosthetics.10,11 Neural prosthetics are implant-

able electronic devices aimed at recording electrical activity

from brain tissue.12–15 We have developed composites of carbon

nanotubes and agarose in wire-like constructs (A-CNEs) aimed

for use as penetrating probes used for recording of single neu-

ron action potentials. A-CNEs were designed with the intention

to circumvent the biological and mechanical mismatch of cur-

rent neural prosthetics, which produce a sustained immunologi-

cal response (gliosis).10,11,16–18 A-CNEs are fabricated using (i)

the natural polymer agarose, a soft, cell and protein repellant

(in vitro) polysaccharide hydrogel19–21 and (ii) carbon nano-

tubes that are dispersed within the agarose matrix to provide

the required electrical conductivity.

To mimic the protein expression on cell membranes in the

manner of a glycocalyx,8,22–24 A-CNEs are surface modified

through conjugation of biological moieties to the available free

hydroxyl groups of agarose. The result is a polymer-based car-

bon nanotube fiber-like electrode, that exhibits electrical con-

ductivity close to that of doped silicon (130–160 S cm21) with

a soft structure (Young’s modulus of 867 6 247 MPa when dry,

and 85.6 6 12.8 MPa when hydrated).16

Additional Supporting Information may be found in the online version of this article.
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In this work, we used A-CNEs to probe the in vivo effect of

functionalized neural implants using a brain tissue-response

model. A-CNEs were functionalized by conjugating the biomole-

cules laminin and alpha-melanocyte stimulating hormone

(aMSH). Laminin is an extracellular matrix protein, which has

been shown to reduce glial responses25; whereas aMSH is a

potent anti-inflammatory peptide.26 After implantation, the

effect of implanted devices on astrocyte, microglia and neuronal

responses was quantified using immunohistochemistry. Clear

evidence of the effect of molecular tethering was obtained. Once

the chronic glial response was given time to evolve, the aMSH-

conjugated A-CNEs showed a significant reduction of astrocytic

reactive response compared to the other groups, suggesting a

potential path for future development of chronically implanted

A-CNEs.

EXPERIMENTAL

A-CNE fabrication and functionalization was performed as pre-

viously described.16 Briefly, a dispersion containing 1 wt % of

single walled nanotubes (Nanoledge, France) and 2 wt % aga-

rose (Invitrogen, Grand Island, NY) in distilled water was pre-

pared using a horn sonicator (Misonix S400, Farmingdale, NY).

The dispersion was injected into a 1 mm diameter tube, allowed

to gel, flushed out with water, and then dried, resulting in a

semi-cylindrical device of approximately 200 lm width and

4 mm length. A cross-sectional view of the formed device is

shown in the Supporting Information Figure S1. Laminin (Sigma,

St. Louis, MO) and aMSH (Bachem, Torrance, CA) at 50 mg/mL

were attached using cyanylating agent (CDAP). In the control

A-CNEs no proteins were added. Verification of protein attach-

ment was performed via immunohistochemical techniques16 using

1 : 100 dilutions of polyclonal antibodies [rabbit anti aMSH

(Pierce Scientific, Rockford, IL), rabbit anti Laminin (Millipore,

Billerica, MA)]. Conjugated secondary antibodies were used to

visualize the attachment of proteins (goat anti-rabbit Alexa 488

(Invitrogen, Grand Island, NY)). A-CNEs were incubated with

antibodies and then imaged using an inverted fluorescent micro-

scope (Axio Observer-D1, Carl Zeiss MicroImaging) with a 103

objective. Fluorescent imaging permitted observation of whether

or not functionalization had occurred.

In vivo characterization was prepared as previously reported.16,27

Animal procedures were performed under the approval of the

Wadsworth Center Institutional Animal Care and Use Commit-

tee (IACUC). Briefly, 4-mm long A-CNEs were first inserted

into a 24G 3 3/4” clipped catheter (Terumo, Somerset, NJ).

The use of catheter tubes allowed for controlled and precise

insertion of the implants. Catheters were placed in self-sealing

sterilizable pouches, and sterilized with ethylene oxide gas

(Anderson Products, Haw River, NC). It is important to note

Figure 1. Projected confocal images of GFAP positive cells (astrocytes) response to implanted A-CNEs (control, laminin, and a-SMH). (a) One week

after insertion. (b) Four weeks after insertion. A dotted white line illustrates the A-CNE (in black)-tissue interface. A significant reduction in astrocyte

activity near the implant surface is observed for a-SMH A-CNE at 4 weeks. Small circular features surrounded by astrocytes (laminin and a-SMH at 4

weeks) are blood vessels. Scale bar 50 lm. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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that we evaluated the effect of sterilization on physical proper-

ties of the A-CNE with no observed changes. Male Sprague–

Dawley rats weighing 150–200 g were anesthetized using isoflur-

ane maintained at 2% (in oxygen) for the duration of the pro-

cedure (approximately 60 min), and placed in a stereotaxic

holder. Four craniotomy sites were drilled (two on each side of

midline, one posterior to bregma and one anterior to lambda).

The dura was transected at the area of interest. Catheter tubes

with A-CNEs were placed above the insertion site, and lowered

to the tissue surface using controlled arm of the stereotaxic

holder. The complete insertion of the device itself was per-

formed manually through the push of the needle section of the

catheter (see supplementary information in reference 16). Cellu-

lose dialysis film (Fisher Scientific, Waltham, MA) adhered to

the skull was used to cover the insertion site and the skin was

closed using staples. At 7 or 28 d after implantation, animals

were perfused with 4% paraformaldehyde and the brain was

removed and placed in 4% paraformaldehyde at 20oC for 24

hrs. After 24 hrs the brains were stored at 20oC in Hepes Hank’s

buffer containing sodium azide. Horizontal tissue slices of 80

lm thick were cut using a vibratory microtome. The sliced sec-

tions where inclusive of the implanted devices. Once sectioning

was completed, A-CNEs remaining in the intact tissue were

gently removed and processed similarly to the brain slices.

Immunohistochemistry was performed on two sections 900–

1100 lm down from the dorsal surface of the brain and results

were compared for each experimental modification and at both

time points. Three animals were studied for each time point.

For each A-CNE type, two sections from each animal resulted

in a total of six sections analyzed. Immunohistochemistry was

performed using primary antibodies: (1) Astrocytes, rat anti-

GFAP (Invitrogen, Grand Island, NY), (2) Microglia and macro-

phages, rabbit anti-Iba1 (Wako, Richmond, VA), (3) Neurons,

mouse anti-neuron-specific protein (NeuN, Millipore, Billerica,

MA). Secondary antibodies were: (1) Goat anti-rabbit (Alexa

Flour 488, Invitrogen, Grand Island, NY), (2) Goat anti-rat

(Alexa Flour 594, Invitrogen, Grand Island, NY), (3) Goat anti-

mouse (Alexa Fluor 546, Invitrogen, Grand Island, NY). Sec-

tions were mounted on glass slides with anti-fade reagent (Pro-

long Gold, Invitrogen, Grand Island, NY) for confocal imaging.

Histological images were collected in the form of 3D data sets

using a Leica SP2 confocal laser scanning inverted microscope

with a 10x (NA 0.4) dry objective at a 2 lm step size (40 scans

per area). Images were stacked into X, Y projections of the

entire Z dimension from each sample, which allowed for the

evaluation of the cellular population surrounding the insertion

sites. Magnified images were taken using a 403 (NA 0.8) dry

objective. Changes in immunohistochemistry immediately

around the insertion sites and in 25 mm increments up to 150

lm away (the distance at which normal morphology was exhib-

ited) were quantified using ImageJ (NIH) as described else-

where.27 Briefly, individual channels were converted to 8 bit,

and the background and intensity were corrected. For GFAP

and Iba1, radial profile plots of normalized integrated intensities

from the implant site as a function of distance from the fiber

center were calculated. The averaged intensity gradients were

plotted along with the standard deviation. For the NeuN chan-

nel, additional processing was performed. Images were proc-

essed with thresholding and watershedding methods, and the

analyzed particles plugin was used to count the number of

NeuN positive cells at fixed distance increments (100 lm bands)

measured from the implant surface. Cell numbers from bands

at 0–100 lm (the critical distance for recording28) and 300–400

lm (control distance) are shown. Collected data were normal-

ized to the control region of the control implant. The identity

of the samples was concealed until after all analyses were

performed.

Statistical analysis was performed using Addinsoft statistical

software. For comparisons involving multiple conditions, stand-

ard analysis of variance (ANOVA) was used to evaluate inde-

pendent quantitative effects of conjugated protein, implantation

period (1 and 4 weeks), and distance from implant. When a sig-

nificant difference was found between groups, Tukey’s Honesty

Significant Difference (HSD) post-hoc test was utilized to iden-

tify pair-wise differences. A P-value of less than 0.01 was consid-

ered significant.

RESULTS

Figures 1(a,b) show representative micrographs of the astrocyte

(GFAP) response after 1 and 4 weeks of A-CNEs implantation.

The A-CNEs surface is at the bottom of each image. The corre-

sponding quantified response is illustrated in Figure 2(a,b).

Although it is difficult to visually distinguish between groups

Figure 2. Astrocyte quantitative profile analysis expressed by the fluores-

cence intensity as a function of distance from A-CNEs surface (mean-

1 s.e.m). (a) After 1 week, and (b) after 4 weeks. Significant difference

between treatments within each distance is marked with "*".
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after 1 week [Figure 1(a)], quantitative analyses reveal that the

astroglial reactive response seen adjacent to the insertion site

(up to 50 mm) was least intense for the laminin conjugate [Fig-

ure 2(a)]. At 75 mm and farther out, the measured GFAP

response for all samples was equivalent to the controls. These

data agree with previous findings where laminin exhibited

reduction in astrocyte response during the acute phase.16

The acute response evolves into a chronic response over the

course of 4 weeks. At the 4-week time point, differences

between the treatment groups can be observed both qualitatively

and quantitatively. Figure 1(b) illustrates the differences among

the treatment groups. A reduction is evident in reactive astro-

cyte response at the area immediately adjacent to the A-CNE

that is functionalized with aMSH compared to the other sam-

ples. Quantitative analysis [Figure 2(b)] reveals that at the

implant vicinity a significant increase in the GFAP intensity is

observed after 4 weeks as compared to 1 week for all but the A-

CNEs conjugated with aMSH. The aMSH treated sample

exhibit a temporal reduction in astrocyte response. When com-

paring intensity values between time points [Figure 2(a) com-

pared to Figure 2(b)], aMSH treated A-CNEs display sustained

(25 lm) and even reduced (50 and 75 lm) intensity during the

chronic phase, while the control and laminin samples exhibit an

increased temporal intensity.

Figure 3 provides data for microglia (Iba1). Figures 3(a,b) show

the response after 1 and 4 weeks of A-CNEs implantation,

respectively. Amoeboid microglia (reactive state) morphology is

found at the tissue–A-CNE interface, compared to the resting

microglia state seen farther away. Figures 4(a,b) provide a quan-

titative analysis of the images shown in Figures 3(a.b). For all

conjugates, a decrease in Iba1 expression is observed from the

early to the later time point.

Micrographs showing neuronal somas are shown in Figures

5(a,b). The average number of neurons counted in bands that

are at distances of 0–100 or 300–400 lm away from the A-CNE

surface are shown in Figure 6. The band closer to the A-CNE

surface (0–100 lm) is slightly affected by the implant, while we

assume that the distant region (300–400 lm) neuron number

appears to be unaffected by the insertion of the A-CNE. A

reduced number of neurons are observed for all the 0–100 lm

bands when compared to the 300–400 lm bands, regardless of

the treatment.

Once sectioning was completed, the remaining implanted A-

CNEs were removed from the tissue, then stained and imaged

as described above. This allowed a qualitative evaluation of the

cellular population on the surface of individual A-CNEs (Figure

7). After 1 week, all samples exhibited cellular attachment. The

most prevalent cells were microglia. Astrocytes were less preva-

lent, and neurons were least prevalent. After 4 weeks, the total

number of cells attached to the implants was significantly

reduced compared to the 1 week time point; laminin-treated

A-CNE samples exhibited virtually no cellular attachment. The

Figure 3. Projected confocal images of Iba-1 positive cells (microglia) response to implanted A-CNEs (control, laminin, and a-SMH). (a) One week after

insertion. (b) Four weeks after insertion. A dotted white line illustrates the A-CNE (in black)-tissue interface (laminin and a-SMH at 4 weeks) are blood

vessels Scale bar 50 lm. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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aMSH-treated A-CNEs displayed mostly microglia attachment,

with little expression of astrocytes and neurons.

DISCUSSION

The formation of a continuous electrically conductive carbon

nanotube structure using agarose, a naturally available polysac-

charide, as the polymeric constituent, results in a new type of

electrode. This material may be useful for various applications

in tissue engineering and regenerative therapies.16 In this article

we investigated whether surface functionalization of A-CNEs

enhances their potential to perform as implantable devices.

A-CNEs were functionalized by the attachment of laminin or

aMSH. For both types of modified A-CNE, we observed a time-

dependent change of the tissue response. This is in agreement

with previous literature reports.17,29

Within 4 weeks, a sufficient period for the development of a

chronic glial response,17,29 a significant difference was observed

between the aMSH conjugated A-CNEs and the rest of the

implant groups. This finding is based both on qualitative (vis-

ual) inspection of the GFAP micrographs [Figures 1(a,b)], and

on quantitative data analysis. The control and laminin A-CNEs

exhibited an increase in astrocyte intensity at the implant vicin-

ity. This is an expected outcome for brain implants.29 The

aMSH implants prompted a reduced astrocytic response [Figures

2(a,b)]. The thickness of the astrocyte sheath can be measured

in accordance to return to normal astrocyte intensity levels

(about 60 A.U). The aMSH implants returned to normal levels

within 50 mm, whereas the control and laminin samples returned

to normal levels after 100 mm. It is commonly agreed that

indwelling brain implants lead to increased GFAP intensity over

time, specifically at the implant-tissue interface, resulting in a

dense astrocyte layer at the implant surface ("glial scar").29–31

Thus, control and laminin conjugated A-CNEs conform to this

pattern, whereas aMSH seems to reduce astrocyte response, pos-

sibly because of its potential to act as an inhibitor of pro-

inflammatory cytokines.26,32,33

Initially, laminin treated A-CNEs elicited a less intense astrocyte

response than any of the other treatment groups. This initial

observation is in agreement with our previous finding that lam-

inin reduced the astrocyte response during the first 2 weeks

after implantation.16 However, this trend did not last, and by 4

weeks, the astrocyte response of laminin A-CNEs was no longer

different from that of the control A-CNEs. It is possible that the

continuous availability of laminin, when tethered to the A-CNE,

resulted in continuous astroglial stimulation.34

Brain implants are normally associated with stagnation30 or a

slight reduction35 over time in activated microglia at the

implant interface. The microglia reaction to all the A-CNEs is

in agreement with these observations (Figures 3 and 4).

Relative neuronal numbers, expressed by NeuN count, decreased

in the vicinity (0–100 lm) of the implant regardless of the A-CNE

type (Figures 5 and 6). This localized neurodegeneration is

expected when active microglia and astrocytes are present at the

implant site.30 However, in this study, the extent of activation of

microglia and astrocytes could not be directly correlated to neuro-

nal numbers. It has been suggested that neural loss, mediated by

neurotoxic and inhibitory molecules, is a progressive process that

could continue long after the activation of glial cells.36 Thus, it is

possible that within the 4 week period of the study, a difference in

neuronal numbers between groups cannot be observed. Addition-

ally, the dissociation of the neuronal count form the astroglial and

microglial responses through the use of mechanically compatible

implants has been proposed.37 When an astroglial scar surrounds

an implanted electrode, it directly increases its local electrical

impedance.38,39 As neural loss is (to various extents) expected, the

reduction of both scar formation and the impedance because of

decreasing astrocytes at the implant vicinity could result in an

electrode with longer endurance and better overall performance.

The explanted A-CNEs (Figure 7) exhibited noticeable cell attach-

ment after 1 week. Observed cells are mostly microglia, but some

evidence of neuronal and astrocytic cells is observed. Within 4

weeks, the aMSH explants seemed to exhibit more microglia

attachment than the other samples. Spataro et al.40 have found

no correlation between cell attachment to implanted devices and

the attenuation of the glial response achieved using dexametha-

sone. Evidence exists to the potential positive outcome of attach-

ment of inflammatory cells to an implanted device through

reduction in cytokine production,26 and providing an environ-

ment for cell attachment that does not promote formation of a

foreign body reaction. Yet this phenomenon needs to be further

studied specifically through the careful analysis of the microglia

phenotype.

Figure 4. Microglia quantitative profile analysis expressed by the fluores-

cence intensity as a function of distance from A-CNEs surface (mean-

1 s.e.m). (a) After 1 week, and (b) after 4 weeks.
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CONCLUSIONS

The types of biomolecules employed to functionalize the A-

CNE surface can be used to direct the tissue response in vivo.

This observation opens the door to the systematic exploration

of various surface modifications of carbon nanotubes-based

electrodes to improve the performance of implantable neural

devices. Promising results were obtained when aMSH was

Figure 5. Projected confocal images of A-CNEs (control, laminin, a-MSH). (a) One week after insertion, and (b) four weeks after insertion. Images are

overlay of all three channels (astrocytes- yellow, microglia– cyan, and neurons- magenta). A dotted white line illustrates the A-CNE (in black)-tissue

interface. Small circular features surrounded by astrocytes (laminin and a-SMH at 4 weeks) are blood vessels Scale bar 50 lm. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 6. Normalized neuronal soma count as a function of distance from A-CNEs surface after 1 and 4 weeks of implantation (mean 1 s.e.m).
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bound to the A-CNE surface. With further development, the

technological platform provided by surface-modified A-CNEs

could advance the field of invasive neural interfaces. Two

approaches could apply, either through surface-modified A-

CNEs used as microwire electrodes, or through functionalized

A-CNEs coatings for already existing neural prosthetics.
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