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D
etection of biomolecules at low
concentrations is critically impor-
tant to the early diagnosis and suc-

cessful treatment of diseases.1,2 Electro-
chemical biosensors developed with
nanomaterials offer highly sensitive, real-
time detection of clinically important ana-
lytes with low power requirements for de-
centralized testing in remote locations.3�6

For example, single-walled carbon nano-
tubes (SWCNTs) have enabled improve-
ments such as (1) increased sensitivity in en-
zymatic electrochemical biosensors
because of their inherent electrocatalytic
activity toward the oxidation of hydrogen
peroxide (H2O2) and NADH7 and (2) amplifi-
cation of the electrochemical signal in nu-
cleic acid biosensors8 and cancer biomarker
immunosensors.9 Recently, nanomaterials,
from SWCNT arrays to graphite nanoplate-
lets, have been decorated with metallic
nanoparticles such as Pd and Pt to further
increase electrocatalytic activity.10�13 Re-
sults from such biosensors have been very
promising, showing some of the best per-
formances reported thus far, but a scalable
fabrication technique is still lacking. Pro-
cesses from exfoliation to random disper-
sion that limit control over the nanoma-
terial placement, as well as the
nanoparticles’ size and density, are cur-
rently used. Furthermore, these
nanoparticle-decorated biosensors have
limited biocompatibility and often require
complex biofunctionalization schemes that
increase fabrication time and cost.

Several techniques are available for
decorating SWCNTs with metallic nanopar-
ticles of various compositions. The most
controllable and robust technique involves
the electrodeposition of metal ions to de-
fect sites on the nanotubes.14,15 This

bottom-up approach forms concentric me-
tallic nanoparticles on the
SWCNTsOnanoparticle size and density
can be controlled by the electrodeposition
potential, time, and metal salt concentra-
tion. A clear advantage of this electrochemi-
cal decoration is that the SWCNTs serve as
both a template for nanoparticle growth
and an inherent electrical contact to the
nanoparticles for direct integration into de-
vices. Recently, the ability to control the
morphology, size, and density of electrode-
posited Pd on SWCNTs was demonstrated,
allowing for the formation of SWCNT net-
works decorated with uniform Pd
nanocubes.16 Additionally, alteration of the
Pd nanocube surface by selective elec-
trodeposition of a thin layer of Au has been
demonstrated.17

Herein, we present a SWCNT-based elec-
trochemical biosensor that utilizes Au-
coated Pd (Au/Pd) nanocubes to enhance
electrocatalytic activity, provide selective
biofunctionalization docking points, and
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ABSTRACT Networks of single-walled carbon nanotubes (SWCNTs) decorated with Au-coated Pd (Au/Pd)

nanocubes are employed as electrochemical biosensors that exhibit excellent sensitivity (2.6 mA mM�1 cm�2)

and a low estimated detection limit (2.3 nM) at a signal-to-noise ratio of 3 (S/N � 3) in the amperometric sensing

of hydrogen peroxide. Biofunctionalization of the Au/Pd nanocube-SWCNT biosensor is demonstrated with the

selective immobilization of fluorescently labeled streptavidin on the nanocube surfaces via thiol linking. Similarly,

glucose oxidase (GOx) is linked to the surface of the nanocubes for amperometric glucose sensing. The exhibited

glucose detection limit of 1.3 �M (S/N � 3) and linear range spanning from 10 �M to 50 mM substantially surpass

similar CNT-based biosensors. These results, combined with the structure’s compatibility with a wide range of

biofunctionalization procedures, would make the nanocube-SWCNT biosensor exceptionally useful for glucose

detection in diabetic patients and well suited for a wide range of amperometric detection schemes for clinically

important biomarkers.

KEYWORDS: carbon nanotubes · glucose biosensor ·
nanoparticles · nanocubes · fluorescence
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improve biocompatibility. The biosensor exhibits spe-
cific and sensitive detection of a clinically important
biomarker, glucose, with superior performance in com-
parison to other nanoscale biosensors that incorporate
Au nanoparticles (AuNPs) and CNTs. Au/Pd nanocubes
of homogeneous size and shape are integrated within
an electrically contacted network of SWCNTs. The Pd
provides a low-resistance contact between the SWCNT
and Au interfaces,18 while the Au provides the biocom-
patibility necessary for biofunctionalization, potentially
with a myriad of ligands and other important biomark-
ers. Amperometric detection of hydrogen peroxide is
used for preliminary characterization of the biosensor.
To demonstrate an important medical application, the
Au/Pd nanocubes are selectively immobilized with glu-
cose oxidase (GOx) via thiol linking for amperometric
glucose detection. Results reveal a high sensitivity, wide
linear range, and low detection limit toward glucose.
These results not only illustrate the effectiveness of the
nanocube-SWCNT biosensor for glucose sensing, but
they also prove the utility of the biosensor’s microenvi-
ronment for immobilization with vast quantities of en-
zyme and excellent electron transfer between the en-

zyme and biosensing chip. An added advantage of

these biosensors is that their fabrication is straightfor-

ward and easily scalable for integration into commer-

cial biosensors with customized biofunctionalization for

the detection of a desired molecular environment.

RESULTS AND DISCUSSION
Fabrication of Biosensors. The first step in the fabrica-

tion of the nanocube-SWCNT biosensors involves the

fabrication of a porous anodic alumina (PAA) support-

ing template for SWCNT growth.19 The PAA templates

consist of pores with an average diameter and pitch of

20 and 100 nm, respectively. SWCNTs nucleate within

the pores and grow vertically until they protrude from

their pore and extend laterally along the PAA surface,

creating a low density, interlacing network (Figure 1a).

Previous reports have shown that low density SWCNT

arrays, where individual tubes act as distinct nanoelec-

trodes, exhibit higher sensitivities and lower detection

limits than macroscale carbon paste or SWCNT thin film

electrodes.20,21 The low density, horizontal portions of

the SWCNTs on the PAA surface allow biomolecules to

reach the SWCNT sidewalls unabated for detection and

also permit controlled electrodeposition of metallic

nanocubes on the SWCNT surfacesOa process that is

not possible using dense forest-like SWCNTs in our ex-

perience. Furthermore, this facile in situ fabrication pro-

cess allows for the attainment of controlled-density

SWCNT networks,22 whereas SWCNT thin film

electrodes10,23,24 and SWCNT paste electrodes25�27 offer

little density control and often include complex SWCNT

processing steps.

To provide docking ports for enzymatic functional-

ization, Au/Pd nanocubes are electrodeposited onto

the SWCNTs.16,17 The nanocubes are produced by first

electrodepositing Pd into the PAA, which forms Pd

nanowires within the pores28 that provide electrical

contact to the SWCNTs, thus adding the SWCNTs to

the electrochemical electrode and causing well-defined

Pd nanocubes to form at the SWCNT defect sites (Fig-

ure 1b).16,19 A low resistance contact is created at the

SWCNT�Pd interface because of the high work func-

tion and wetting capabilities of Pd with SWCNTs.18,29

Following the fabrication of the Pd nanocube-

decorated SWCNTs, Au is electrodeposited to provide

a thin layer that coats the existing nanocubes (Figure

1c). This capping layer of Au, with its inherent resistance

to oxidization and chemical fouling, creates an inter-

face that is amenable to biofunctionalization with a

wide range of biomarkers and chemical ligands. Fur-

thermore, Au nanoparticles are advantageous for glu-

cose sensing because they act as an electrocatalyst in

the oxidation/reduction of H2O2,30 are excellent electri-

cal conductors,31 and are hypothesized to promote di-

rect electron transfer between the enzyme and elec-

trode surface.32,33

Figure 1. Tilted cross-sectional schematics with corresponding top-
view field emission scanning electron microscopy (FESEM) micro-
graphs portraying sequential fabrication process steps: (a) SWCNTs
grown from the pores of the PAA via MPCVD (FESEM shows a SWCNT
protruding from a pore and extending along the PAA surface), (b) elec-
trodeposition of Pd to form Pd nanowires in pores and Pd nanocubes
on SWCNTs (two such nanocubes are shown in corresponding FESEM),
and (c) electrodeposition to coat the existing Pd nanocubes with a
thin layer of Au.
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The final step for fabricating the nanocube-

augmented SWCNT biosensors involves definition of

the electrode area. Surface area definition is accom-

plished by lithographically patterning the nanocube-

SWCNT electrode to protect the active region while

Al2O3 is electron-beam evaporated to inactivate the re-

mainder of the template as illustrated in Figure 2. Defin-

ing the surface area of the electrode enables variation

of the sensitivity for optimization of the signal-to-noise

ratio.34

Biofunctionalization of Nanocubes. To verify the biofunc-

tionalization capability of the Au/Pd nanocubes, thi-

olated biotin ligands are coupled to the biosensor. The

complementary protein of biotin, streptavidin, is subse-

quently fluorescently labeled and captured by the

biotin-coupled Au/Pd nanocubes. Fluorescence micros-

copy is used to characterize the selective binding of flu-

orescently labeled streptavidin to the biotin-coupled

Au/Pd nanocubes (Figure 3).

Hydrogen Peroxide Detection. To demonstrate the effi-

cacy of the nanocube-SWCNT biosensor, hydrogen per-

oxide (H2O2) is used as a control system to perform sev-

eral amperometric experiments via a three-electrode

setup in 20 mL of phosphate buffer
solution (PBS) at pH 7.4. The biosen-
sor serves as the working electrode,
a platinum wire as the auxiliary elec-
trode, and a Ag/AgCl wire as the ref-
erence electrode. All tests involve
detection of the redox current asso-
ciated with the oxidation of peroxide
at a working potential of 0.5 V and
successive increases in concentra-
tion of 10 �M H2O2. A control experi-
ment is run for comparison; a sample
with bare SWCNTs in PAA with no
decoration with Pd or Pd/Au
nanocubes. As shown in Figure 4a,
the bare SWCNT electrode experi-

ences virtually no increase in current with each succes-

sive addition of H2O2.

In comparison to the bare SWCNT electrode, both

of the nanocube-augmented electrodes exhibit signifi-

cant increases in current associated with each succes-

sive addition of H2O2 and demonstrate linear regres-

Figure 2. Tilted cross-sectional schematic and corresponding FESEM micrographs
portraying deposited Al2O3 to define controlled electrode surface area. The
FESEM micrograph shows lithographically patterned Al2O3 on the top surface of
the nanocube-SWCNT electrode, with an inset showing a magnified view of
Au/Pd nanocubes and SWCNTs on the PAA surface.

Figure 3. (a) High-magnification FESEM micrograph portray-
ing a cluster of Au/Pd nanocubes connected by SWCNTs on
the Au/Pd nanocube-SWCNT biosensor surface. (b) Optical mi-
crograph portraying a large region of Au/Pd nanocube clus-
ters and (c) fluorescence micrograph of the same region dem-
onstrating the specific capture of Alexa-488 labeled
streptavidin on the biotin functionalized Au/Pd nanocube
clusters.

Figure 4. Amperometric sensing of H2O2 oxidation (0.5 V) in
20 mL of PBS (pH 7.4) using a three electrode potentiostat.
The biosensor was tested by increasing the concentration of
H2O2 by 10 mM (a) for the bare SWCNTs on PAA, Pd
nanocube-SWCNT on PAA, and Au/Pd nanocube-SWCNT on
PAA electrodes. The resulting data was processed and plot-
ted as a scatter plot (current vs concentration) with linear re-
gression analysis (b) for the Pd nanocube-SWCNT on PAA
and the Au/Pd nanocube-SWCNT on PAA electrodes.
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sions for H2O2 oxidation (Figure 4). The sensitivity of

the Au/Pd nanocube-SWCNT electrode (370 �A mM�1

cm�2) is slightly lower than the sensitivity of the Pd

nanocube-SWCNT electrode (448 �A mM�1 cm�2). This

decrease in sensitivity confirms the enlargement of

nanocube size by Au electrodeposition, which de-

creases the ratio of surface atoms with free valences to

the cluster of total atoms, thus reducing sensitivity.35,36

The SWCNTs of the bare SWCNT electrode are not elec-

trically contacted to the underlying Ti conduction layer

(Figure 1a) and therefore show little amperometric re-

sponse to H2O2.

Electrochemical Pretreatment. To further increase sensi-
tivity, the Au/Pd nanocube-SWCNT biosensor was elec-
trochemically treated with 0.1 M H2SO4 at a potential
scan that is cycled between 0 and 1.5 V with a scan rate
of 100 mV/s for 25 cycles. The process is subsequently
repeated with 0.1 M NaOH.37 After these electrochemi-
cal pretreatments, the Au/Pd nanocube-SWCNT elec-
trode consistently detects H2O2 concentrations as low
as 10 nM with a sensitivity of 2.6 mA mM�1 cm�2 and a
calculated detection limit of 2.3 nM (S/N � 3) (Figure
5). This H2O2 detection limit is 1�3 orders of magnitude
lower than comparable SWCNT and colloidal Au
nanoparticle-based amperometric biosensors.38�40 We
hypothesize that this increased electrocatalytic activity
toward the oxidation of H2O2 is caused by the increase
of defect sites and oxygenated species at the SWCNT
sidewalls due to the 0.1 M H2SO4 and 0.1 M NaOH treat-
ments, respectively. It has been reported that increased
defect sites41,42 and surface oxide species43,44 greatly en-
hance the electron transport through the otherwise
relatively inert SWCNT sidewalls.

Glucose Detection. Enzymatic glucose biosensors
have been analyzed more than any other enzyme-
based biosensor because of their vital role in blood
glucose monitoring in diabetic patients. Typically,
these GOx-based amperometric biosensors measure
the glucose concentration by the electrocatalytic de-
tection of hydrogen peroxide produced during the
GOx/glucose reaction. The chemical reactions for
this enzymatic breakdown of glucose via GOx along
with the subsequent oxidation of hydrogen peroxide
are as follows:

D-glucose + O2 + H2O98
GOx

D-gluconicacid + H2O2 (1)

H2O2f 2H++ O2 + 2e- (2)

To prepare samples for glucose sensing, GOx mol-
ecules are coupled to the Au/Pd nanocubes by a simple
two-step biofunctionalization procedure illustrated in
Figure 6. First, the Au/Pd nanocube-SWCNT electrode
is incubated for 10 h in a thiol linker solution [dithiobis
(succinimidyl undecanoate)] dissolved in tetrahyrdofu-
ran (THF) (1 mg/mL), followed by rinsing with ultrapure

water. During this incubation, the
thiol linker molecules selectively at-
tach to the Au surface on the
nanocubes.45 The thiol linker-bound
chip is subsequently incubated with
GOx [1 mg/ml in PBS (pH 7.4)] for 5
hours. This incubation causes the
GOx enzymes to attach to the thiol
linkers on the nanocubes. The GOx
functionalized chip is triple-rinsed

Figure 6. Tilted cross-sectional schematics illustrating electrode bioconjugation process steps:
(a) a lithographically defined Au/Pd nanocube-SWCNT biosensor, (b) thiol covalent linking of
dithiobis (succinimidyl undecanoate) to Au/Pd nanocubes, (c) covalent linking of GOx enzyme
to thiol linker, and (d) attachment of D-glucose molecules to selective GOx sites.

Figure 5. Amperometric hydrogen peroxide detection from
a Au/Pd nanocube-SWCNT biosensor that has been pre-
treated in H2SO4 and NaOH. (a) Response in 20 mL of PBS
(pH 7.4) with the biosensor polarized at a working potential
of 0.5 V using a three electrode potentiostat. Successive ad-
ditions of H2O2 aliquots increased the peroxide concentra-
tion by 10 nM. The resulting data was processed and plot-
ted (b) as a scatter plot (current vs concentration) with linear
regression analysis.
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with ultrapure water before amperometric glucose
sensing.

Glucose sensing was accomplished with the same
electroanalytical procedures used in the control experi-
ments with hydrogen peroxide. The H2O2 generated
from the enzymatic reaction of GOx and D-glucose is
oxidized at the conductive SWCNTs and Au/Pd
nanocube surfaces, producing a redox current that is
proportional to the glucose concentration. The Au/Pd
nanocube-SWCNT biosensor with a lithographically de-
fined area of 0.04 cm2 exhibits a highly linear glucose
sensing range extending from 10 �M to 50 mM with a
response time �6 s (Figure 7a,b). After the electro-
chemical treatment mentioned heretofore, 10 �M glu-
cose concentration increments were successively de-
tected at a sensitivity of 5.2 �A mM�1 cm�2 and an
estimated glucose detection limit of 1.3 �M (S/N � 3)
(Figure 7c). This wide linear range and low detection
limit indicates that the Au/Pd nanocube surface has a
high capacity to immobilize active GOx.

Comparison to Similar Glucose Biosensors. As summarized
in 1, the Au/Pd nanocube-SWCNT electrode outper-
forms comparable amperometric glucose biosensors
based on AuNPs,46,47 aligned SWCNT arrays,20,24 Au-
MWCNT arrays,48 and Au nanowires49 (AuNWs) in terms
of detection limit, linear range, and response time. In
particular, the detection limit of the Au/Pd nanocube-
SWCNT biosensor is significantly lower and the linear
range is higher than similar CNT and AuNP-based glu-
cose biosensors (1). This performance enhancement
can be attributed to a number of factors, including the
controlled highly sensitive surface area, the low electri-
cal resistance pathway at the nanocube-SWCNT inter-
face, and the selective enzyme adhesion, activity, and
electron transfer that occurs between the enzyme/
Au/Pd nanocube interfaces. Whereas the compared
SWCNT, AuNP, and Au nanowire-based glucose biosen-
sors, utilize adsorption techniques24,47�49 and covalent
linking to SWCNTs20 and AuNPs46 to immobilize en-
zymes onto the electrode interface.

An additional advantage of the Au/Pd
nanocube�SWCNT biosensor is the ability to control
the size and density of the nanocubes that decorate the
SWCNTs.16 Optimizing the nanocube size and density
for enzyme loading can produce a maximized ampero-
metric output signal. Other reported SWCNT�Au nano-
particle electrodes rely on nanoparticle adsorption or
chemical linking techniques in which nanoparticle size,
density, and SWCNT/nanoparticle adhesion vary
widely.38,39,50,51 Another benefit is the small size and
high surface area of the Au/Pd nanocubes, which en-
hances the performance of the biosensor in the perox-
ide oxidation process. The extremely low detection limit
and linear range extending over 4 orders of magni-
tude implies that the immobilized GOx is highly active,
indicating that the electrode provides a microenviron-
ment suitable for the tertiary structure of the enzyme

while providing a low resistance pathway for glucose

diffusion and subsequent oxidation of peroxide close

to the electrochemical gold surface.

CONCLUSIONS
In conclusion, Au/Pd nanocubes were grown at the

defect sites of templated SWCNT networks through a

simple electrodeposition process. By altering the elec-

Figure 7. Electrochemically coupled glucose biosensor cali-
bration experiment in 20 mL of PBS (pH 7.4). The biosensor
is polarized to a working potential of 0.5 V and additions of
glucose were added sequentially. Different concentration in-
creases are used in the three representative calibrations in-
cluding labeled concentration increases from (a) 25�200 uM
increments and (b) 10�50 mM increments. (c) A biosensor
that has been pretreated with H2SO4 and NaOH is calibrated
by adding glucose concentrations in increments of 10 uM.
The insets show the linear regression analysis of the current
vs concentration profiles for each of the experiments.
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trodeposition current, time, and metal salt concentra-
tion the size and morphology of the Au/Pd nanocubes
could be controlled. The in situ fabrication of Au/Pd
nanocubes on as-grown SWCNTs eliminates the need
for complicated sorting, washing, and postprocessing
required for most SWCNT-electrode immobilization
schemes. Fluorescently labeled streptavidin was suc-
cessfully bound to thiolated biotin ligands that were se-
lectively immobilized on the Au/Pd nanocube surfaces,
demonstrating the nanocubes ability to be biofunction-
alized with covalent thiol linking schemes. The
nanocube-augmented SWCNT biosensor effectively
sensed successive increases of 10 nM H2O2 with a calcu-
lated current density of 2.6 mA mM�1 cm�2. This high
sensitivity toward H2O2 makes the biosensor an excel-

lent platform for oxidase-based biosensing. The elec-
trode was demonstrated as a glucose biosensor by im-
mobilizing GOx on the surface of the nanocubes via
thiol linking. Amperometric glucose sensing revealed
that the nanocube-augmented SWCNTs outperformed
similar SWCNT and metallic nanoparticle-based biosen-
sors in terms of glucose detection limit, linear range,
and response time. These promising results, combined
with the biocompatibility of Au/Pd nanocubes, make
this biosensor an exceptional choice for a wide range
of biofunctionalization schemes and biomarker detec-
tion strategies. We also believe that the performance of

this approach is sufficient for adaptation to a microbio-

sensor format52 that could be used as a tool for bio-

medical research in single-cell biosensing applications.

METHODS
Reagents. PBS (0.1 M pH 7.4) was obtained from Invitrogen

Corporation. Invitrogen. Dithiobis (succinimidyl undecanoate)
(10 mg, stored at 4 °C) was obtained from Dojindo Molecular
Technologies, Inc. GOx (Aspergillus niger lyophilized powder,
100000�250000 units/g, stored at 20 °C), H2O2 (30% (w/w) in
H2O, stored at 4 °C), tetrahydorfuran (THF) (anhydrous �99.9%
inhibitor free), palladium chloride (99.999% purity, 500 mg), and
gold(III) chloride hydrate (99.999% purity, 500 mg) were ob-
tained from Sigma Aldrich. Biotinylated PEG alkanethiol (25 mg,
stored at 4 °C) was obtained from Senso Path Technologies. Flu-
orescently labeled streptavidin (21832 Streptavidin Dylight Al-
exa 488) and biotin linker (21341 EZ-Link Biotin HPDP) were ob-
tained from Pierce Chemical Co. Oxalic acid dihydrate (ACS, 250
mg) was obtained from Alfa Aesar. Hydrochloric acid (HCL, 6 lb)
which was added to the 2 mM PdCl2 bath was obtained from J.T.
Baker.

Synthesis of PAA Template for SWCNT Growth. A metal film stack con-
sisting of consecutive metal layers of Ti (100nm), Al (100nm), Fe
(1nm), and Al (400 nm) were thermally evaporated on an oxi-
dized silicon wafer [P �100� Si (375nm), SiO2 (100nm)] via a
thermal evaporator (Veeco 7760). The underlying Ti metal layer
serves two roles: (1) supplies the bottom electrode electrical con-
tact and (2) acts as an adhesion layer for subsequent metal depo-
sition. The Fe layer embedded within the Al metal layers sup-
plies the catalytic nucleation point for SWCNTs. The metalized
substrate was immersed in 0.3 M oxalic acid bath held at 5 °C and
biased with 40 V versus a Pt gauze auxiliary electrode. This anod-
ization process transforms the Al metal layers into the dielectric
Al2O2, forming semiordered pores (20�30 nm in diameter)
through the Al/Fe/Al metal layers known as porous anodic alu-
mina (PAA) or anodic aluminum oxide (AAO). A portion of the
substrate was not anodized, leaving an electrically conductive
contact pad composed of the evaporated metals for subsequent
electrodeposition and amperometric sensing.

Growth of SWCNTs on Electrode Surface. Electrically addressable in-
dividual SWCNTs are grown from an Fe layer embedded in the
pores of the PAA through a microwave plasma enhanced chemi-
cal vapor deposition (MPCVD) reactor (SEKI AX5200S).22 The an-
odized substrate was placed on a 5.1 cm diameter molybdenum
puck and heated in a hydrogen ambient to 900 °C by a 3.5 kW ra-
dio frequency power supply. Once the sample reached 900 °C,
a 5 kW ASTeX AX2100 microwave generator was powered to cre-
ate an unbiased 300 W hydrogen plasma over the substrate.
This hydrogen plasma serves a dual purpose, (1) it penetrates
the oxide barrier at the base of the PAA pores and (2) it decom-
poses methane, which acts as a precursor for SWCNT growth. Af-
ter hydrogen plasma formation, methane was introduced into
the MPCVD for 10 min to achieve SWCNT growth. The SWCNTs
extend vertically from the pores of the PAA eventually resting
horizontally on the surface of the PAA itself and vary in length
from 3�10 �m (Figure 1a).

Formation of Pd Nanocube-SWCNT Networks. Decoration of the
SWCNTs with Pd was performed by a BASi Epsilon three-
electrode cell stand. Pt gauze acted as the auxiliary electrode, a
Ag/AgCl wire as the reference electrode, and the SWNCT/PAA
substrate as the working electrode. Pd was galvanostatically
electrodeposited on the SWCNT-PAA structure by applying 500
ms pulses of 2 mA/cm2 current between the auxiliary and work-
ing electrode for 250 cycles in a 2 mM PdCl2 bath. Pulse currents
allow for the double layer to dissipate between cycles allowing
for consistent and controlled Pd deposition in the pores and de-
fect sites of the SWCNT-PAA templated structure. After Pd elec-
trodeposition, the samples were rinsed in DI water and allowed
to air-dry. The Pd electrodeposition serves two roles, (a) supplies
the back contact to the SWCNTs by partially filling the pores of
the PAA connecting the Ti bottom layer and Fe layer and (b)
forms well-defined Pd nanocubes at SWCNT defect sites (Figure
1b).

Formation of Au/Pd Nanocube-SWCNT Networks. The SWCNTs were
further decorated with Au through the use of the same BASi Ep-

TABLE 1. Performance Comparison of CNT, Au Metallic Nanoparticle, And Au Nanowire Electrochemical Glucose
Biosensorsa

electrode description detection limit [�M] sensitivity [�A mM�1 cm�2] linear range [mM] response time [s] reference

Gox/Pd�Au/ASWCNTs/Si 1.3 5.2 0.01�50 6 this work
Au/cystamine/GOx 8.2 8.8 0.02�5.7 8 46
Nafion/GOx-GNPs/GCE 34 6.5 up to 6 15 47
Gox/ASCWNTs/Si 80 � up to 30 20�30 20
SWCNTs/GCE 50 62 0.1�5.5 � 24
Au/MWCNT-Gox 10 � 0.05�0.13 16 48
Gox/AuNWs-Chitosan 5.0 � 0.01�10 8 49

aThe dashes in the columns represent values that were not reported in the respective references.
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silon cell stand and three-electrode setup.17 The electrode was
placed in a 15 mM HAuCl4 bath and biased with 0.65 V versus a
Pt gauze auxiliary electrode for 10 s. Constant voltage elec-
trodeposition creates a diffusion limited Au deposition so Au
deposition occurs only onto existing Pd and not on bare SWCNTs
(Figure 1c). The Au thickness on the Pd was varied by adjusting
the electrodeposition time, bias, and metal salt concentration.

Biosensor Surface Definition. The surface area of the Au/Pd
nanocube-SWCNT electrode was controlled by photolithogra-
phy. After electrochemical pretreatment the electrode was sol-
vent cleaned with acetone and methanol and dried under a
gentle stream of N2 to clean and prepare the samples for photo-
lithography. Various areas were lithographically defined (5 mm
� 5 mm, 3 mm � 3 mm, 2.5 mm � 2.5 mm, 2 mm � 2 mm, 0.5
mm � 0.5 mm) for optimal amperometric sensitivity toward hy-
drogen peroxide and glucose sensing. A film of Al2O3 of thickness
of 400 nm was subsequently deposited on each sample via a
Leybold e-beam evaporator. A subsequent 1 h acetone soak was
used to lift off the remaining photoresist, leaving a well-defined
rectangular area of SWCNT-Pd/Au surrounded by an oxide di-
electric, Al2O3.

Biofunctionalization Procedures. Fluorescent Streptavidin/Biotin
Immobolization. The biosensor is soaked in biotinylated PEG al-
kanethiol solution (0.20 mg/mL in ultrapure water) for 2 h, fol-
lowed by rinsing with ultrapure water and drying under a stream
of nitrogen gas. Next, the biosensor is exposed to 40 �L of fluo-
rescently labeled streptavidin solution (Alexa-488 coupled
streptavidin) for 10 min. After this incubation period, the biosen-
sor is rinsed thrice with PBS and once with ultrapure water to re-
move buffer salts, followed by drying with nitrogen gas.

GOx Enzyme Immobilization. The biosensor was placed in 1 mL of
THF that includes 1 mg of disolved dithiobis (succinimidyl unde-
canoate) for approximately 10 h. The electrodes are then double
rinsed with PBS (0.1 M, pH 7.4, Sigma Aldrich) and placed in a
GOx solution containing 1 mg of GOx enzyme (lyophilized pow-
der, 100000�250000 units/g, Sigma Aldrich) for every 1 mL of
PBS for 5 hours. Electrodes were stored at 4 °C until electro-
chemical testing.

Electrochemical Measurement. Amperometric sensing of glucose
and H2O2 was performed on a BASi Epsilon three-electrode cell
stand. Pt gauze acted as the auxiliary electrode, Ag/AgCl as the
reference electrode, and the Au/Pd nanocube-SWCNT biosensor
as the working electrode. During electrochemical measure-
ments electrons travel from the Au/Pd-SWCNT/solution inter-
face and through the SWCNTs to the Pd nanowires that are elec-
trically connected to the Ti layer. The Ti layer, in turn, forms the
metal underlayer of the electrically conductive contact pad of
the Au/Pd nanocube-SWCNT biosensor and accordingly permits
electron transfer to the cell stand. All amperometric measure-
ments were acquired in PBS (0.1 M pH 7.4) at an overvoltage of
0.5 V.

Sample Imaging. Both optical and fluorescence images were ac-
quired on a E1000 upright microscope (Nikon, Tokyo, Japan), us-
ing a 40� 0.75 NA Plan Fluor lens (Nikon), with a Retiga Exi CCD
camera (QImaging, Surrey, BC, Canada). Fluorescence images
were aquired using the FITC cube and a mercury arc lamp as the
light source. Optical images (reflected light images) were aquired
using a beamsplitter cube and a halogen lamp as the light
source. All FESEM micrographs were obtained from a Hitachi
S-4800.
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