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We describe two hybrid nanomaterial biosensor platforms, based on networks of single-walled carbon

nanotubes (SWCNTs) enhanced with Pd nanocubes and Pt nanospheres and grown in situ from

a porous anodic alumina (PAA) template. These nanocube and nanosphere SWCNT networks are

converted into glutamate biosensors by immobilizing the enzyme glutamate oxidase (cross-linked with

gluteraldehyde) onto the electrode surface. The Pt nanosphere/SWCNT biosensor outperformed the Pd

nanocube/SWCNT biosensor and previously reported similar nanomaterial-based biosensors by

amperometrically monitoring glutamate concentrations with a wide linear sensing range (50 nM to

1.6 mM) and a small detection limit (4.6 nM, 3s). These results combined with the biosensor

fabrication scheme (in situ growth of SWCNTs, electrodeposition of metal nanoparticles, and facile

enzyme immobilization protocol) create a biosensor that can potentially be scaled for integration into

a wide range of applications including the treatment of neurological disorders.

Introduction

The desire to detect and sense important physiological analytes

with high sensitivity has fueled the recent marriage between

nanotechnology and electrochemical biosensors. Indeed,

advanced nanomaterials such as silicon nanowires, carbon

nanotubes (CNTs), and metallic nanocrystals have significantly

enhanced the electrical transduction of biomarkers associated

with cancer, diabetes, and other genetic and infectious

diseases.1–8 Electrochemical biosensor kinetics including hetero-

geneous charge transport at the electrode/liquid interface are

substantially influenced by the biosensor surface characteristics

including material, shape, and geometry.9–12 To this end, we

herein present two distinct nanostructured biosensors that utilize

networks of Pd nanocubes and Pt nanospheres electrically con-

nected through single-walled carbon nanotubes (SWCNTs) to

amperometrically sense varying concentrations of glutamate—

a primary excitatory neurotransmitter that plays a fundamental

role in learning, locomotion, and synaptic plasticity and is

related to neurological diseases such as Parkinson’s disease,

Alzheimer’s disease, schizophrenia, and epilepsy.13,14 Thus real-

time sensing of glutamate is crucial to advance basic neurological

research and provides a potential pathway for diagnosing/treat-

ing neurological disorders.

Analytical techniques to determine the concentration of

glutamate include capillary electrophoresis, mass spectrometry,

and chromatographic and potentiometric titration.15–17 These

techniques can be tedious, time consuming, limited in their

temporal/spatial resolution, and not amenable to real-time

monitoring. In contrast, electrochemical biosensors offer real-

time sensing of clinically important biomolecules at low-cost and

minimal power requirements, which is ideal for decentralized

point-of-care facilities and implantable or hand-held devices.18

Research in the immobilization of enzymes such as GluOx

provides critical knowledge for the development of biosensors,

and techniques such as covalent linking,19 adsorption,20,21 and

polymer entrapment22 are commonly used. Research over the last

decade has demonstrated that incorporation of nanomaterials

can significantly improve enzyme-based biosensor performance.

Thus, a comprehensive understanding of the effect(s) of both

enzyme immobilization and nanomaterial deposition is required

to enhance the design of enzymatic biosensors.

Nanomaterials such as carbon nanotubes and metal nano-

particles can improve the sensitivity and response time of elec-

trochemical biosensors towards the sensing of glucose,23,24

DNA,25 and proteins.26 In particular, single-walled carbon

nanotubes (SWCNTs) facilitate enhanced electrochemical

transduction with enzymes and demonstrate inherent electro-

catalytic properties for the redox reactions of hydrogen peroxide
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(H2O2) and the reduced cofactor nicotinamide adenine dinucle-

otide (NADH), the respective enzymatic products of glutamate

oxidase (GluOx) and glutamate dehydrogenase (GluDH).27

Recently, electrochemical glutamate biosensors based on

SWCNTs have reported some of the best glutamate sensing

capabilities in terms of linear sensing range and detection

limit,28,29 and the combination of SWCNTs with metal nano-

particles have further extended performance.30

The reported SWCNT and SWCNT/metal nanoparticle

glutamate biosensors previously mentioned show great promise

towards sensitive glutamate sensing required for the medical and

biological science fields. However, a scalable biosensor fabrica-

tion technique suitable for implantable and in vitro neuronal

devices is still lacking. Immobilizing SWCNTs on electrodes

often requires exhaustive chemical treating, washing, sorting,

and filtering that increase fabrication time and cost while

reducing repeatability. Moreover, SWCNTs cast or immobilized

on electrode surfaces do not ensure electrical conductivity nor

are they electrically connected in parallel as individual nano-

electrodes. Various chemical linking strategies are available to

decorate CNTs with Pt and Pd nanoparticles.31,32 However, these

techniques involve laborious chemical steps that are not only

time consuming, they also can introduce impurities into the

nanoparticles or onto the CNT sidewalls that can potentially

reduce the catalytic properties of the biosensor.33 Additionally,

electrochemical CNT-based glutamate biosensors that utilize

artificial electron mediators such as ferrocene can be cytotoxic

thus creating complications for in vivo or in vitro neuronal

glutamate sensing devices.

Herein we present two glutamate SWCNT/metal nanoparticle

biosensors that are developed from the bottom-up with

SWCNTs grown in situ from a semi-ordered template fabricated

on the sensing platform itself. We create Pd nanocubes and Pt

nanospheres at SWCNT defect sites through a straightforward

electrodeposition process. These electrodes are subsequently

transformed into glutamate biosensors via a GluOx drop coat

biofunctionalization procedure that requires no artificial electron

mediators. The rate of electron transfer, effective surface area,

and biosensing performance (i.e., sensitivity, detection limit, and

linear sensing range) of each glutamate biosensor is monitored

through cyclic voltammetric and amperometric measurements.

Experimental methods

SWCNT template fabrication

A porous anodic alumina (PAA) substrate is developed for

subsequent SWCNT synthesis as outlined in our previous

work.23,24,34–36 First, a thin film metal stack [Ti (100 nm), Al

(100 nm), Fe (1 nm), and Al (400 nm)] is e-beam evaporated on

an oxidized silicon wafer [P < 100 > Si (5 mm), SiO2 (500 nm)] at

a base pressure of 5.0 � 10�7 Torr. The metalized substrate is

subsequently anodized by immersion in 0.3 M oxalic acid

(1.5 �C) with a bias of 40 V versus a Pt gauze auxiliary electrode.

The anodization process creates semi-ordered pores (20 nm dia.)

that extend through the Al/Fe/Al layers to the Ti layer (the

bottom electrical contact for the electrode) and converts the Al

layers into the dielectric Al2O3. An electrically conductive

contact pad comprised of the evaporated metals is created for

subsequent electrochemical testing by leaving a portion of the

sample un-anodized.

Definition of sensor area

In order to create equally-sized (0.25 cm2) electrodes for subse-

quent electrochemical biosensing, the substrates are diced with

a diamond-blade dicing saw (Disco DAD-2H/6). Next, the diced

substrates are solvent cleaned with acetone and methanol and

gently dried under a N2 stream before SWCNT synthesis.

SWCNT synthesis

SWCNTs are grown from the Fe catalyst embedded within the

pores of the PAA by microwave plasma chemical vapor depo-

sition (MPCVD) with a SEKI AX5200S MPCVD reactor. The

anodized substrate is placed in the reactor on a 5.1 cm diameter

molybdenum puck and heated in a hydrogen ambient by

a 3.5 kW radio-frequency power supply to 900 �C. A hydrogen

plasma is generated over the sample via a 5 kW ASTeX AX2100

microwave generator, and methane (CH4) gas, the acting

precursor for carbon nanotube (CNT) growth, is introduced into

the chamber for 10 min. The hydrogen plasma decomposes the

methane gas to permit CNT growth and penetrates the oxide

layer at the base of the pores of the PAA. The 10 min plasma/

methane reaction creates SWCNTs, 10–50 mm in length, that

extend vertically from the pores of the PAA and eventually come

to rest horizontally on the PAA surface.

Pd nanocube and Pt nanosphere formation

Electrodeposition of Pd and Pt onto the electrode surface is

carried out by a 3-electrode set-up (BASi Epsilon Cell Stand)

where Pt gauze acts as the auxiliary electrode, Ag/AgCl as the

reference electrode, and initially Ti located at the bottom of the

pores as the working electrode. Pulsed electrical currents of 6 mA

cm�2 (Pd electrodeposition) and 2 mA cm�2 (Pt electrodeposi-

tion) at 500 ms are applied between the working electrode

(SWCNTs/PAA) and auxiliary electrode (Pt gauze) within baths

of 2 mM PdCl2 (Sigma Aldrich 323373) in 0.1 MHCl (J.T. Baker

9539–03) and 4 mM H2PtCl6$6H2O (Sigma Aldrich 206083) in

0.5 M Na2SO4 (Fluka 71960) respectively. After 250 cycles of the

aforementioned pulsed electrical currents the respective Pd and

Pt electrodepositions partially fill the pores of the PAA, creating

an electrical back contact to the SWCNTs by connecting the Ti

bottom layer and Fe layer, and form distinctly shaped Pd

nanocubes (150 nm width) and Pt nanospheres (150 nm dia.) at

SWCNT defect sites (Fig. 1.). In our experience, Pt and Pd

current pulse electrodepositions consistently form nanospheres

and nanocubes respectively on the individual SWCNT strands.

Glutamate oxidase (GluOx) immobilization

Glutamate oxidase (GluOx) (Seikagaku 100645–1) is first mixed

with a 1% (w/v) bovine serum albumin (BSA) solution and

subsequently cross-linked with gluteraldehyde by adding

0.125% (w/v) gluteraldehyde. This GluOx/BSA/gluteraldehyde

solution is then drop coated onto the surface of the

electrode (2 mL aliquots per electrode) and allowed to dry several

hours at room temperature before electrochemical sensing.

This journal is ª The Royal Society of Chemistry 2011 J. Mater. Chem., 2011, 21, 11224–11231 | 11225
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The biofunctionalized electrodes (i.e., the GluOx/Pd-SWCNT/

PAA and GluOx/Pt-SWCNT/PAA biosensors) are stored at 4 �C
when electrochemical experimentation is not being performed.

Electrochemical measurements and set-up

A BASi Epsilon Three-Electrode Cell Stand was utilized to

amperometrically sense H2O2 and L-glutamate. The respective

GluOx/Pd-SWCNT/PAA and GluOx/Pt-SWCNT/PAA biosen-

sors acted as the working electrodes, Ag/AgCl as the reference

electrode, and a Pt wire as the auxiliary electrode. Amperometric

measurements were performed in phosphate buffered saline

(PBS, 0.1 M pH 7.4) at an overvoltage of 350 mV. The un-

anodized portion of the biosensor (i.e., the electrical contact pad)

are electrically wired to the cell stand while the underlying Ti

layer electrically connects the contact pad and the metal deco-

rated SWCNTs within the pores of the PAA. The Ti bottom layer

runs throughout the base of the electrode and is electrically

connected to the amperometric cell—thus when the embedded Fe

within the pores of the PAA is not electrically connected to the Ti

layer, via Pd or Pt, the SWCNT network is not in electrical

contact with the amperometric cell and accordingly shows

a negligible response during electrochemical sensing. The

amperometric glutamate detection limit of each biosensor was

determined by evaluating the response current three standard

deviations from the arithmetic mean of the baseline signal ach-

ieved in PBS (3s).

Sensor imaging

All field emission scanning electron microscopy (FESEM)

micrographs were obtained by an S-4800 Hitachi microscope at

a power setting of 5.0 kV. Images were obtained before the

immobilization of GluOx and no additional sample processing

steps were taken.

Results and discussion

Biosensor design

In an effort to increase the electroactive surface area and elec-

trocatalytic nature of the SWCNT-based biosensors, Pd nano-

cubes and Pt nanospheres (150 nm in width and diameter

respectively) were electrodeposited on the SWCNT networks.

The average spacing of the nanocubes and nanospheres on each

SWCNT strand matches the spacing of SWCNT defect sites

previously reported37 at 366 nm with a high standard deviation

(s ¼ 362 nm) and overall spacing range between 50 nm and

1.2 mm (Fig. 2a and 2b). The average spacing between each metal

decorated SWCNT strand is 8.0 mm (s ¼ 6.1mm) with the inter-

SWCNT spacing falling within an overall range of 1 mm to 30 mm

(Fig. 2c).

Cyclic voltammetry characterization

The Pt-SWCNT/PAA and Pd-SWCNT/PAA electrodes are

characterized via cyclic voltammetry in 4 mM Fe(CN)6
3� and

Fig. 1 Tilted cross-sectional schematics with accompanying top-view field emission electron microscopy (FESEM) micrographs and side-view high

magnification micrographs as insets portraying the (a) Pd-SWCNT/PAA and (b) Pt-SWCNT/PAA electrodes. Top-view FESEMmicrographs scale bars

correspond to 800 nm while side-view (insets) scale bars correspond to 200 nm.

11226 | J. Mater. Chem., 2011, 21, 11224–11231 This journal is ª The Royal Society of Chemistry 2011
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1 M KNO3 at a potential scan that is cycled between �0.2 V and

+0.6 V versus a Ag/AgCl reference electrode at a 10 mV s�1 scan

rate (Fig. 3). The cyclic voltammograms of both the Pt-SWCNT/

PAA and Pd-SWCNT/PAA electrode show defined oxidation

and reduction peaks with cyclic voltammetric peak-to-peak

separation (DEp) of 0.90 mV and 0.92 mV respectively. These

DEp values for ferricyanide electrochemistry demonstrate much

faster electron transfer rates when compared to the basal planes

of highly oriented pyrolytic graphite (DEp ¼ 630 mV)38 and

compare favorably with similar CNT-based electrodes where

aligned MWCNTs and horizontally oriented SWCNT paper

electrodes have reported DEp values of 230 mV and 96 mV

respectively.39

The electroactive surface area of the Pt-SWCNT/PAA and

Pd-SWCNT/PAA biosensors can be calculated by using the

Randles-Sevcik equation.40

ip ¼ 2:69� 105AD
1
2 n

3
2 v

1
2 C (1)

where n is the number of participating electrons in the redox

reaction (n ¼ 1), A is the effective electroactive electrode surface

area (cm2), D is the diffusion coefficient of the molecule in

solution (6.70� 10�6 cm2 s�1),C is the concentration of the target

molecule in the bulk solution (4 mM), n is the scan rate (V s�1),

and ip is the current (A) at the reduction peak. The calculated

effective electroactive surface area for the Pt-SWCNT/PAA and

Pd-SWCNT/PAA electrodes is nearly identical, (2.06 � 0.5) �
10�4 cm2 and (2.25 � 0.5) � 10�4 cm2 respectively, allowing for

a more accurate comparison during subsequent electrochemical

sensing.

Amperometric measurement of hydrogen peroxide (H2O2)

Electrochemical glutamate biosensors biofunctionalized with the

enzyme GluOx typically measure L-glutamate concentrations via

Fig. 2 Top-view and side-view FESEM micrographs of (a) Pt nanospheres and (b) Pd nanocubes electrodeposited on SWCNT arrays (white lines) on

PAA illustrates the typical distance between metallic nanoparticles on individual SWCNT strands. (c) The distance between SWCNTs strands is

portrayed in the top-view FESEM micrograph of SWCNTs resting on PAA (note: SWCNTs were coated with electrodeposited Pd in order to visually

observe the SWCNTs with FESEM). Side-view and top-view Pt nanosphere and Pd nanocube FESEM micrograph scale bars (a–b) correspond to

250 nm and 800 nm respectively while the top-view SWCNTs FESEM micrograph scale bar (c) corresponds to 20 mm.

Fig. 3 Cyclic voltammograms of the (a) Pd-SWCNT/PAA and (b) Pt-

SWCNT/PAA electrodes in 4 mM Fe(CN)6
3� and 1 M KNO3 at

a potential scan that is cycled between�0.2 V and 0.6 V versus a Ag/AgCl

reference electrode at a scan rate of 10 mV/s.
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the electrochemical detection of H2O2 produced during the

GluOx/glutamate reaction. The chemical reactions associated

with the enzymatic breakdown of glutamate and the subsequent

oxidation of the H2O2 produced from this reaction are as follows:

L� glutamateþO2 þH2O �����!GluOx
a� ketoglutarare

þNH3 þH2O2 (2)

H2O2 / 2H+ + O2 + 2e� (3)

In order to demonstrate the effectiveness of the Pt-SWCNT/

PAA and Pd-SWCNT/PAA electrodes towards electrochemical

glutamate biosensing, both sensors are first biofunctionalized

with GluOx cross-linked with glutaraldehyde and bovine serum

albumin (BSA) and subsequently utilized in amperometric H2O2

sensing (Fig. 4). All electrochemical measurements are per-

formed in 20 mL of phosphate buffered saline (PBS, pH ¼ 7.4)

via a 3 electrode set-up (BASi Epsilon Cell Stand). Successive 20

mL aliquots of H2O2 are added to the PBS to increase the H2O2

concentration by 10 mM increments while the redox current

associated with the oxidation of H2O2 is measured at a working

potential of 350 mV. The GluOx/Pt-SWCNT/PAA biosensor

exhibited a sensitivity of 72.4 mA mM�1 cm�2 towards the

oxidation of H2O2, which is over four times the sensitivity of the

GluOx/Pd-SWCNT/PAA biosensor (16.8 mA mM�1 cm�2). The

GluOx/SWCNT/PAA biosensor displayed a negligible response

towards H2O2 because the SWCNTs are not electrically con-

tacted to the Ti bottom layer by Pd or Pt (see Experimental

Section).

Amperometric measurement of glutamate

Amperometric glutamate sensing for both the GluOx/Pd-

SWCNT/PAA and GluOx/Pt-SWCNT/PAA biosensors is con-

ducted under the same 3-electrode set-up and working potential

(350 mV) established during the amperometric H2O2 testing.

Amperometric glutamate calibration plots are created by adding

successive aliquots of increasing glutamate concentrations and

measuring the corresponding steady-state signal current

response, typically achieved within 5 s, of the biosensor (Fig. 5.).

The amperometric glutamate calibration plots (Fig. 5a and 5d)

and experimental detection limit plots (Fig. 5c and 5f) are illus-

trated. As a control experiment, PBS (0.1M, pH 7.4) is injected at

equivalent volumes to glutamate injections to demonstrate

current response originates from glutamate and not the buffered

media itself even at the lowest detectable glutamate concentra-

tion steps (Fig. 5c and 5f).

The GluOx/Pt-SWCNT/PAA biosensor exhibited a wide

linear sensing region extending from 50 nM to 1.6 mM with

a detection limit of 4.6 nM (3s) while the GluOx/Pd-SWCNT/

PAA biosensor portrayed a linear sensing region from 1 to

250 mM with a detection limit of 180 nM (3s). Furthermore the

GluOx/Pt-SWCNT/PAA biosensor demonstrates a glutamate

sensitivity (27.4 mA mM�1 cm�2) that is nearly five times

the sensitivity of the GluOx/Pd-SWCNT/PAA biosensor

(5.5 mAmM�1 cm�2). These experimental results demonstrate the

effectiveness of these SWCNT/metal nanoparticles biosensors in

amperometric glutamate biosensing and their sensing capabilities

proved exemplary when compared to similar electrochemical

glutamate biosensors including those based on CNTs, metal

nanoparticles, and conventional electrode materials such as

glassy carbon (Table 1.).

Conclusions

In this work, we performed a side-by-side comparison between

SWCNT-based glutamate biosensors augmented with Pd nano-

cubes and Pt nanospheres. By utilizing a bottom-up in situ

approach to biosensor fabrication, we were able to grow low-

density arrays of SWCNTs directly on the biosensor surface and

electrodeposit Pd nanocubes and Pt nanospheres along the

Fig. 4 Electrode biofunctionalization scheme and H2O2 calibration

plots. (a) A side-view schematic diagram illustrating GluOx cross-linked

with glutaraldehyde and BSA immobilized on networks of Pt nano-

spheres connected by SWCNTs (black lines). Inset: Magnified view of

a single GluOx enzyme. Glutamate binds within the enzymatic pocket of

GluOx while O2 is consumed, producing the electrochemical transducer

H2O2. (b) Amperometric sensing of H2O2 oxidation in 20 mL of PBS (pH

7.4) using a three electrode potentiostat with an applied working

potential of 350 mV. The current response for incremental H2O2

concentration increases of 10 mM are recorded for the GluOx/Pt-

SWCNT/PAA (blue), GluOx/Pd-SWCNT/PAA (red), and GluOx/

SWCNTs/PAA (black) biosensors.
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individual SWCNTs with an average spacing of 366 nm (s ¼
362 nm). In order to make a more accurate comparison between

the two distinct biosensors, we equalized the effective surface

area and immobilized enzyme by creating similarly sized Pd

nanocubes (width ¼ 150 nm) and Pt nanospheres (diameter ¼
150 nm) through a controlled electrodeposition process and by

subsequently drop coating equal aliquots of GluOx enzyme

cross-linked with gluteraldehyde on each biosensor surface. The

Pt nanosphere/SWCNT glutamate biosensor outperformed the

Pd nanocube/SWCNT biosensor and similar CNT, metal

nanoparticle/CNT, and conventional material based glutamate

biosensors in terms of linear sensing range and detection limit.

We believe these results are due to the unique hybrid nature

(i.e., CNTs combined with metallic nanoparticles) of the

biosensor and to the shape and composition of the metal

constituents. The SWCNTs rest above the surface of the PAA

and subsequently permit metallic nanoparticles to grow

concentrically around the SWCNTs defect sites23,24,37—allowing

for the formation of uniquely shaped nanostructures (e.g.,

spheres and cubes) above the surface of the PAA. Thus the

Fig. 5 Amperometric glutamate calibration plots for the GluOx/Pt-SWCNT/PAA (a–c) and GluOx/Pd-SWCNT/PAA (d–f) biosensors with insets that

portray current vs. concentration profiles. (a) Current response for successive glutamate concentration increases of 100–500 nM by 100 nM, 1–5 mM by

1 mM, 10–50 mMby 10 mM, 100–500 mMby 100 mM, and finally 1–5 mMby 1mM. (d) Current response for successive glutamate concentration increases

of 2–5 mM by 1 mM, 10–50 mM by 10 mM, and 100–500 mM by 100 mM. Corresponding magnified views, (b) and (e) represent the lower end of the

respective calibration plots portraying a portion of the linear sensing region with insets showing linear regression analysis of the current vs. concentration

profiles. Current response for 10 successive 20 mL glutamate injections resulting in incremental concentration increases of (c) 50 nM and (f) 1 mM

followed by two 20 mL injections of PBS (0.1M, pH 7.4), while insets show linear regression analysis of the current vs. concentration profiles.

Table 1 Electrochemical performance comparison of CNT, metal nanoparticle/CNT, and conventional material based glutamate biosensorsa,b,c

Biosensor Description
Detection
Limit (nM)

Linear
Range (mM) Ref.

GluOx/Pt-SWCNT/PAA 4.6 0.05–1600 *
GluOx/Pd-SWCNT/PAA 180 1–250 *
Ferrocene-SWCNT/Pt — 1–7 28
GluDH-Thionine-SWCNT/GC 100 0.5–400 29
(GluDH/Pt-PAMAM)n/CNTs/GC 10 0.2–250 30
GluOx-poly-m-PD/MWCNT/W — 100–500 41
GluOx-Nafion/GC 100 0.1–100 42
GluOx-Chitosan/Pt 100 0.5–200 43
GluOx-HRP-PEGDGE/Au 500 up to 60 44
GluOx-Nafion-MV/GC 20,000 up to 750 45

a Adash (-) in a column represents a value that is not reported in the respective reference. b An asterisk (*) in a column refers to the work presented in this
manuscript. c Abbreviations: (GluOx) glutamate oxidase, (Pt) platinum, (Pd) pladium, (SWCNT) single-walled carbon nanotube, (PAA) porous anodic
alumina, (GluDH) glutamate dehydrogenase, (Pt-PAMAM) Poly(amidoamine dendrimer-encapsulated platinum nanoparticles, (GC) glassy carbon,
(m-PD) m-phenylenediamine, (W) tungsten, (HRP) horseradish peroxidase, (PEGDGE) Poly(ethylene glycol)(400)diglycidyl ether, (Au) gold, (MV)
methyl viologen.
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metallic nanoparticles are fully exposed to incoming species

during electrochemical sensing and are electrically connected via

highly conductive SWCNTs. Therefore these metallic nano-

particle/SWCNT networks create large arrays of electro-reactive

nanoelectrodes which typically experience larger current densi-

ties, improved signal-to-noise ratios, and higher sensitivities than

micro/macro electrodes.46,47

The unique shape and material composition of the Pt nano-

spheres and Pd nanocubes may help to explain the performance

disparity between the Pt nanosphere/SWCNT and Pd nanocube/

SWCNT glutamate biosensors. For example, recent studies have

shown that ‘‘near spherical’’ Pt nanoparticles, similar in shape to

the Pt nanospheres presented herein (Fig. 2a), are composed of

numerous facets with more surface atoms located at the inter-

faces of these facets then those with cubic shape.48 Accordingly,

these ‘‘near spherical’’ nanoparticles exhibit higher catalytic

activity than their cubical counterparts.49 Furthermore, enzy-

matic glucose and glutamate biosensors have demonstrated

higher sensitivities with Pt-based electrodes than Pd-based.50,51

These recent reports corroborate the sensing results presented

herein, where the Pt nanosphere/SWCNT biosensor displayed

a higher sensitivity to the oxidation of H2O2 and subsequently

a higher glutamate sensitivity than the Pd nanocube/SWCNT

biosensor. Thus both the shape and material composition of the

Pt nanospheres may have contributed to the enhanced perfor-

mance of the Pt nanosphere/SWCNT glutamate biosensor.

The hybrid metal nanoparticle/SWCNT glutamate biosensors

are potentially well-suited for neurological research. Both

developed metal nanoparticle/SWCNT glutamate biosensors

demonstrate the potential capability to measure extracellular

glutamate concentrations (1–2 mM) that have previously been

measured within brain tissue using microscale techniques.52

However, these microscale techniques grossly overestimate

glutamate concentrations found in the tripartite synaptic envi-

ronment (i.e. space formed by pre- and post-synaptic neurons

and neighboring astrocytes/oligodendrocytes).53 The unique

nanoenvironment interface of our metal nanoparticle/SWCNT

biosensors (SWCNTs 1–3 nM in diameter and nanospheres and

nanocubes 150 nm in diameter and width respectively) are on the

same order of magnitude of the synaptic cleft region (20–50 nm),

and thus offer a nanoscale interface that could improve the

accuracy of glutamate sensing within the tripartite synaptic

environment over current microscale monitoring techniques.

Furthermore, SWCNTs incorporated into neurological devices

can stimulate the growth of neurons and modulate their

behavior—presenting an amenable interface with neurons.54

Thus the concomitance of the low detection limit (4.6 nM), wide

linear sensing range (50 nM to 1.6 mM), and unique nano-

environment of the Pt nanosphere/SWCNT hybrid biosensor

could act synergistically to more accurately monitor neuro-

transmitter release/uptake.

In future work we will operate and test the sensor in human

serum solutions. Selectivity experiments will monitor the effects

of endogenous electroactive species (e.g., ascorbic acid, uric acid,

acetaminophen) that may cause potential electrochemical inter-

ference during sensor operation. Anion repellants (e.g., Nafion)

may be added to the sensor fabrication protocol in order to block

or minimize said interference. Future work will also entail

biosensor life-time sensing where the sensor sensitivity will be

monitored for several weeks within in vitro and/or in vivo envi-

ronments in order to test the stability and activity of the enzymes

over extended periods of time.
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