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ABSTRACT: Nascent nanofabrication approaches are being
applied to reduce electrode feature dimensions from the
microscale to the nanoscale, creating biosensors that are
capable of working more efficiently at the biomolecular level.
The development of nanoscale biosensors has been driven
largely by experimental empiricism to date. Consequently, the
precise positioning of nanoscale electrode elements is typi-
cally neglected, and its impact on biosensor performance is
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subsequently overlooked. Herein, we present a bottom-up nanoelectrode array fabrication approach that utilizes low-density
and horizontally oriented single-walled carbon nanotubes (SWCNTSs) as a template for the growth and precise positioning of Pt
nanospheres. We further develop a computational model to optimize the nanosphere spatial arrangement and elucidate the
trade-offs among kinetics, mass transport, and charge transport in an enzymatic biosensing scenario. Optimized model variables
and experimental results confirm that tightly packed Pt nanosphere/SWCNT nanobands outperform low-density Pt nano-
sphere/SWCNT arrays in enzymatic glucose sensing. These computational and experimental results demonstrate the profound
impact of nanoparticle placement on biosensor performance. This integration of bottom-up nanoelectrode array templating
with analysis-informed design produces a foundation for controlling and optimizing nanotechnology-based electrochemical

biosensor performance.

1. INTRODUCTION

The application of nanotechnology to nanoscale electrode
design has been widely practiced across numerous biological and
chemical disciplines}*5 Characteristics of nanoelectrodes, in-
cluding favorable Faradic-to-capacitive current ratios, fast re-
sponse times, and high current densities, have significantly
enhanced the detection limit and resolution of electrochemical
biosensors.’® In general, these findings can be attributed to
improved catalytic and mass transport properties associated with
the electrode material, surface structure, and geometry.gf11
Noble metals commonly used in nanoelectrode fabrication
(e.g, Pt, Pd, and Au) act as excellent heterogeneous catalysts
and are resistant to corrosion and oxidation.'” The catalytic
nature of these bulk materials is enhanced at the nanoscale, as
decreasing size increases the reactive surface area and qualitatively
changes the electronic structure by quantum confinement."
Nanoelectrodes also experience enhanced mass transport of
target species by radial diffusion, further contributing to their
favorable electrochemical response.'* However, nanoscale elec-
trodes for sensing have been developed primarily through experi-
mental empiricism, and a pressing need exists to improve both the
controllability of nanoscale morphologies and the associated
analysis-driven design procedures to optimize performance.
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A major drawback to nanoelectrodes is the reduction in
current due to overall low electroactive surface area. Large,
high-density arrays of conducting nanoelectrodes separated by
nonconducting oxide are often employed to overcome this
drawback, substantially increasing the total generated electrode
current.">'® Consequently, biosensor performance is inti-
mately affected by the packing density of these nanoelectrode
arrays. Overlapping diffusion fields from tightly packed neigh-
boring nanoelectrodes can impede the incident transport of
electroactive species, while low electroactive surface area in
loosely packed arrays can reduce heterogeneous charge
transport.'” Hence, a balance between electrode spacing and
electroactive surface area must be achieved for optimal nano-
electrode array design.

The precise positioning of metal nanoparticles on electrode
surfaces to produce nanoelectrode arrays is challenging. Many
techniques have been employed to create various types of
ordered and random arrays of nanoelectrodes. Ordered nano-
electrode arrays often utilize e-beam lithography or ion-beam
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milling to expose nanosized metallic disks embedded under
nonconducting oxide."® > However, these techniques typically
are expensive, usually restricted to specific material systems, and
limited to serial processing.”" Likewise, securing random arrays
of metal nanoparticles to electrodes involves several formidable
challenges. Current strategies, such as physiochemical adsorp-
tion and covalent bonding, have been developed to randomly
cast premade nanoparticles onto electrode surfaces for biosensor
applications.””** However, these top-down nanoparticle/elec-
trode fabrication strategies generally offer little control over
nanoparticle placement while requiring extensive chemical
processing steps.

Perhaps the most promising methods of securing metal
nanoparticles to electrode surfaces is through deposition on
carbon nanomaterial substrates. Recently carbon nanomaterial-
based electrodes from carbon nanotubes (CNTs)** 2 to ex-
foliated graphite nanoplatelets” and graphene composites™®
have been used as highly conductive templates for metallic
nanoparticle immobilization and subsequent biosensing applica-
tions. In this report, we build upon this work by developing
glucose biosensors from networks of single-walled carbon nano-
tubes (SWCNTs) and platinum nanospheres with the assistance
of computational modeling. We seek to understand the relation-
ship between nanoparticle density and biosensor sensitivity.

Herein, we present an entirely bottom-up approach for
nanoelectrode array fabrication in which single-walled carbon
nanotubes (SWCNTs) grown from the surface of the electrode
act as support structures for subsequent Pt nanosphere growth
through electrodeposition, obviating the need for expensive
lithographic techniques and laborious chemical processing
steps. The Pt nanospheres act both as sites for heterogeneous
charge transport and as docking points for biorecognition
agents, while the SWCNTSs act as highly conductive electrical
wires that connect in parallel the network of Pt nanospheres.
The nanoelectrodes are transformed into glucose biosensors by
forming alkanethiol self-assembled monolayers (SAMs) on the
nanospheres for subsequent conjugation with the enzyme
glucose oxidase (GOx). Importantly, and representing the
major focus of the present work, the electrochemical perfor-
mance of the Pt nanosphere/SWCNT biosensor can be con-
trolled by manipulating the packing density of the metal
constituents, in this case, the Pt nanospheres. These Pt nano-
sphere/SWCNT biosensors build upon previous electrode
designs involvin; electrodeposited Pd nanocubes,”” Au-coated
Pd nanocubes,®* and Pt nanospheres30’3’1 on SWCNTSs; how-
ever, in this study, we demonstrate the ability to both alter the
packing density of Pt nanospheres along each SWCNT and
correlate the effects of nanosphere density on amperometric
biosensing through computational and experimental results.

Though nanoelectrodes have found application in a variety of
fields, the quantitative understanding of enzyme kinetics and
spatial effects of nanoelectrode placement remains incomplete.
Previous work has explored analytical solutions to mass trans-
port equations for arrays of mircro- or nanoelectrodes.'***
Others have built numerical models of oxidation and mass
transport with enzymatic conversion of analytes to an electri-
cally active form for electrodes of various sizes.*>® We build
upon this body of work to develop a multiscale numerical
reaction—diffusion model that utilizes enzymatic and transport
principles to predict the biosensor current response based upon
the spatial arrangement of the nanoparticles immobilized on the
biosensor surface.

Several key features distinguish our model from those
previously mentioned in the literature, notably, a probabilistic
spatial distribution of random nanoelectrode arrays and the
coupling of enzyme kinetics with mass transport. The prob-
abilistic spatial distribution of nanospheres along SWCNTSs
creates unique diffusional microenvironments defined by glu-
cose competition with neighboring nanospheres. Thus, nano-
sphere current is dependent on microenvironment; we simulate
total biosensor current by integrating nanosphere current over
this spatial distribution to acquire biosensor scale properties
from the cumulative contributions of nanoscale phenomena.
This reaction—diffusion model is subsequently used to opti-
mize the Pt nanosphere packing density along individual
SWCNT strands by analyzing the mass transport of analyte,
enzymatic reaction kinetics, and electrochemistry within the
nanosphere domain. The simulated biosensor current displayed
by the model is fit to experimental glucose-sensing data and
utilized to predict a more favorable nanosphere packing density
for glucose sensing. This prompted the development of arrays
with closely packed Pt nanospheres: a device with regularly
spaced SWCNTs coated with spherical Pt segments that
promotes optimal signaling capability in terms of both sensi-
tivity and linear sensing range.

2. EXPERIMENTAL SECTION

2.1. Reagents. Glucose oxidase (GOx, Aspergillus niger
lyophilized powder, 100 000—250 000 units/g without added
oxygen, stored at 4 °C, SOKU, G7141), 11-mercaptoundecanoic
acid (MUA, 95%, 450561), 2-(N-morpholino)ethanesulfonic
acid (MES, =99% titration, SOG, M3671), N-hydroxysuccini-
mide (NHS, 98%, 25G, 130672), 1-[3-(dimethylamino)propyl]-
3-ethylcarbodiimide methiodide (EDC, 10G, 165344), hydro-
gen peroxide (H,0,, 30% (w/w) in H,O, stored at 4 °C),
chloroplatinic acid hexahydrate (H,PtCly: 6H,0, =37.50% Pt
basis, 1G), and sodium sulfate (Na,SO,, =99.99% trace metal
basis, 10G, 204447) were obtained from Sigma Aldrich. Phos-
phate buffered saline (PBS, 0.1 M, pH 7.4, 10010072) was
obtained from Invitrogen Corporation. Oxalic acid dihydrate
(ACS, 99.5—102.5%, 250 g, 33262) and sulfuric acid (H,SO,,
93—98%, S00 mL, 38751) were obtained from Alfa Aesar.

2.2.SWCNT Template Fabrication. By following our previous
fabrication protocols, a porous anodic alumina (PAA) substrate is
developed for subsequent SWCNT synthesis.”****7*® To create
the PAA template, 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 um), SiO, (500 nm)] ata
base pressure of 5.0 x 10~ Torr. The metalized substrate is
subsequently anodized by immersion in 0.3 M oxalic acid (1.5 °C)
while being biased with 40 V versus a Pt gauze auxiliary electrode.
The anodization process creates semiordered pores (20 nm diam)
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 Al,O3. Additionally, an electrically
conductive contact pad composed of the evaporated metals is
created for subsequent electrochemical processing and biosensing
by leaving a portion of the sample unanodized.

2.3. SWCNT Synthesis. Arrays of SWCNTs are grown from
the Fe catalyst embedded within the pores of the PAA by a
microwave plasma chemical vapor deposition (MPCVD) tech-
nique that utilizes a SEKI AX5200S MPCVD reactor. The
anodized substrate is placed in the reactor on a 5.1 cm diameter
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Figure 1. (a) Tilted cross-sectional schematic illustrating the Pt nanosphere-augmented SWCNT electrode with the (c) corresponding top-view field
emission scanning electron microscopy (FESEM) micrograph. (b) Biofunctionalization schematic demonstrating the covalent linking of the enzyme
glucose oxidase to the Pt nanospheres for subsequent glucose biosensing. Glucose binds within the GOx enzymatic pocket, producing H,O, while
consuming O,. The FESEM micrograph inset (c) portrays a magnified view of Pt nanospheres electrochemically grown on a single SWCNT with the

yellow arrow pointing to an undecorated portion of the SWCNT.

molybdenum puck and heated by a 3.5 kW radio frequency
power supply to 900 °C in a hydrogen ambient. Subsequently, a
hydrogen plasma is generated over the sample via a S kW ASTeX
AX2100 microwave generator, and methane (CH,) gas, the
acting precursor for carbon nanotube (CNT) growth, is intro-
duced 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
um in length, that extend vertically from the pores of the PAA
and eventually come to rest horizontally on the PAA surface.

2.4. Pt Nanosphere Formation. A three-electrode setup
(BASi Epsilon Cell Stand) is utilized to electrodeposit Pt nano-
spheres at the defects sites of SWCNTs. The SWCNT electrodes
act as the working electrode, Ag/AgCl as the reference electrode,
and Pt gauze as the auxiliary electrode. The three electrodes are
submersed within a 20 mL metal salt bath consisting of 4 mM
H,PtCls- 6H,O in 0.5 M Na,SO,. To create the low-density Pt
nanosphere/SWCNT electrodes, pulsed electrical currents of
2 mA/cm” (Pt electrodeposition) with a frequency of 500 ms
were applied between the working and the auxiliary electrodes
for 250 cycles.®® The high-density Pt nanosphere/SWCNT
electrodes were created in exactly the same manner with one
exception; the pulsed electrical current was changed to 8 mA/
cm’. These Pt electrodepositions create an electrical back contact
to the SWCNTs by partially filling the pores of the PAA and
electrically connecting the Ti bottom layer and the SWCNTSs,
while Pt nanospheres (150 nm diam) grow concentrically around
the exposed SWCNTs (Figure 1).

2.5. Enzyme Immobilization. The formation of SAM alka-
nethiols on the electrodeposited Pt nanospheres was carried out
by following similar grotocols established for SAM formation on
Au and Pt surfaces.””** The electrodes were electrochemically
cleaned by cycling the potential from —0.5 to 1.0 Vin 0.3 M
H,SO, and subsequent washing in ethanol and nanopure water
and finally drying under a gentle stream of N, gas. The electrodes
were exposed to H,SO,4 for no longer than 10 min to avoid
oxidative cutting of the SWCNTs.*' The SAM layer was formed
by immersing the electrodes in an ethanol solution containing
10 mM 11-mercaptoundecanoic acid (MUA) for 24 h. The
electrodes were subsequently rinsed thrice in ethanol to remove
any unbound thiol. Carbodiimide chemistry was employed to
activate carboxylic acid groups within the SAM layer for
subsequent linking with enzyme by immersing the electrodes
ina 0.1 M MES acid with 15 mM NHS and 75 mM EDC for 2 h.
Finally, the electrodes were rinsed thrice in 0.1 M PBS and

immersed in individual test tubes containing 0.1 M PBS with
2 mg/mL GOx and placed in a test tube shaker for 2 h. After the
enzyme immobilization process, the electrodes were rinsed
thrice in nanopure water to remove unbound enzyme and
subsequently stored in 0.1 M PBS at 4 °C prior to electro-
chemical experimentation.

2.6. Electrochemical Sensing. H,O, concentration levels
were monitored directly and via the enzymatic breakdown of
glucose with a BASi C3 Cell Stand (three-electrode setup). The
low- and high-density Pt nanosphere/SWCNT biosensors were
biased (600 mV) against a Ag/AgCl reference electrode in PBS
while a Pt wire acted as the auxiliary electrode. Electrical charge
generated during electrochemical sensing flows through the Pt
nanosphere/SWCNT matrix to the conducting Ti underlayer
that is electrically wired to the cell stand. The theoretical
detection limit was calculated by evaluating the experimental
electrode current response 3 standard deviations from the
arithmetic mean of the baseline signal (i.e., signal-to-noise ratio
[S/N] =3).

2.7.Imaging. An S-4800 Hitachi microscope was utilized at a
power setting of 5.0 kV to obtain the field emission scanning
electron microscopy (FESEM) micrographs. Samples were im-
aged before the immobilization of the SAM/GOx enzyme layer
and without any additional processing steps.

3. RESULTS AND DISCUSSION

3.1. Biosensor Fabrication. The SWCNT networks are
fabricated in situ from a porous anodic alumina (PAA) template
embedded with a catalytic Fe layer and developed from an
oxidized silicon wafer (Figure 1). The SWCNTs grow from an
Fe catalyst layer embedded within the pores of the PAA through a
microwave plasma chemical vapor deposition (MPCVD) pro-
cess and subsequently come to rest horizontally on the surface of
the PAA. Pt nanospheres are subsequently electrodeposited onto
the SWCNTs to enhance the electrocatalytic properties of the
sensor™>* and to serve as docking points for enzyme immobi-
lization through thiol linking.** The average internanosphere
spacing on each single SWCNT strand was 366 nm (0 = 362 nm)
while an average spacing between each SWCNT strand was 8.0
um (0 = 6.1 um). Details of the biosensor fabrication are
included in the Experimental Section.

3.2. Model Development. To improve biosensor perfor-
mance, reaction—diffusion models of the biosensor were devel-
oped to optimize the design and to understand the trade-offs
between transport-limited processes and reactions on the
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Figure 2. The model domain represents a volumetric “slice” of space
(red hemicylindrical surface) along the Pt nanosphere-augmented
SWCNT electrodes on the biosensor surface. The volume of the domain
is proportional to the nanosphere footprint (i.e., the sum of the nano-
sphere diameter and the average distance to the adjacent nanospheres).

Pt nanospheres. First, a single Pt nanosphere electrode model
simulated glucose flux to and oxidation at Pt nanospheres.
Individual nanospheres were simulated under conditions mimick-
ing different microenvironments on the biosensor surface while
the total biosensor current was simulated by computing a
weighted sum of these individual nanosphere currents.

Before simulating the total biosensor current, we confirmed
that the single-nanosphere model recapitulated theoretical pre-
dictions regarding diffusion-enhanced signals. A domain repre-
senting the volume around one nanosphere as it lies along an
SWCNT on the biosensor surface simulated the biosensor
environment (Figure 2). We assumed that the SWCNTSs were
sufficiently separated so that a single nanosphere would experi-
ence bulk glucose solutions in all directions perpendicular to the
SWCNT except at the alumina biosensor surface. The curved
surface of the cylinder represents the interface with the bulk
glucose solution; this geometry allows the analyte to diffuse
radially to the electrode from the region around the SWCNT,
ensuring accurate model output while reducing computational
cost of a larger domain. The governing equations and boundary
equations associated with each model domain are presented as
follows.

3.2.1. Glucose Oxidase (GOx) Enzyme Function. Glucose
biosensing depends on two chemical processes: enzymatic
oxidation of glucose to gluconic acid and H,O, and subsequent
electrochemical oxidation of H,O, at the electrode surface
(producing a measurable current). These two reactions (eqgs 1
and 2) couple with diffusive transport to describe the ampero-
metric sensing capabilities of the biosensor.

Gox
D-glucose + O, + H,O — D-gluconic acid + H,0,

(1)

H,0, — 2H" + O, + 2e” (2)

Though oxygen and oxidation byproducts play a role in these
chemical reactions,**** we assume that oxygen is in excess because
the duration of glucose-sensing experiments performed in this
study is short (<35 min) and the solution volume in the testing vial
(20 mL) is large compared to the size of the working electrode.
Furthermore, the rate of diffusion of oxygen is high (2000 «m*
s compared with that of glucose (600 um® s ') in aqueous

solutions,* and thus, O, is not rate-limiting in these glucose-
sensing experiments. Additionally, the GOx enzymatic reaction is
considered irreversible. We further assume that H,O,, generated
near the nanosphere surface, undergoes near-instantaneous oxida-
tion. With these simplifying assumptions, we explicitly model the
diftusion and enzymatic oxidation of glucose alone.

3.2.2. Glucose Diffusion and Enzymatic Oxidation. Mass
transport of glucose throughout the domain is diffusive. Diffu-
sion of glucose is represented by

d[Glucose]
dt

where Dgjycose is the diffusion constant for glucose. The domain
represents a transverse “slice” of the analyte solution around a
single Pt nanosphere electrode (Figure 2). We assume that the
domain is a unit cell repeated along the length of the SWCNT
where each nanosphere is equidistant from both adjacent neigh-
bors on an SWCNT, permitting the use of periodic boundary
conditions for the two semicircular faces of the domain. Zero-flux
boundary conditions are imposed on these semicircular faces and
on the insulating anodized alumina surface (i.e., the surface on
which the nanosphere rests). The glucose concentration is fixed
at [Glucose], i at the outer edge of the domain (ie., the
interface with the bulk glucose analyte).

Finally, flux at the nanosphere surface contains several com-
ponents. Glucose is consumed at this surface according to
Michaelis—Menten enzyme kinetics***”

[Glucose]
7n.NG = *Vmax—
Kyv + [Glucose]

= Dglucose Vv? [Glucose] (3)

(4)

where n is a normal vector perpendicular to the surface of
interest, Ng = —DV/[Glucose] (i.e., the diffusive flux of glucose
at that point on the surface), Vi, is the maximum glucose flux,
and Ky is the glucose concentration at half-maximum glucose
flux (Michaelis—Menten constant) for the reaction. Similarly,
the H,O, flux at the nanosphere surface contains a Michaelis—
Menten production flux and an oxidative consumption flux (J,,)

[Glucose| [Glucose|
Ny = Vi N Ve
Ky + [Glucose] Ky + [Glucose]

(5)

where Ny = —DV[H,0,]. On the assumption that J,, dom-
inates over diffusion of H,0, away from the nanosphere, we
simplify the model by making H,O, consumption and produc-
tion equal (i.e., all H,O, generated at the surface is effectively
oxidized). Using this rate-limiting assumption, we are able to
neglect an explicit representation of H,O, within the model.

3.2.3. Simulated Biosensor Current Output to a Single Nano-
sphere Electrode. To quantify the current output of a single
nanosphere electrode, we computed the following surface inte-
gral over the nanosphere surface (denoted S)

I B 2N, x 1073 / Vinax|Glucose]
nanosphere = 6942 x 105(e/C)J Ky + [Glucose]

(6)

where the integrand is oxidative H,O, flux at the nanosphere
surface (mM s~ '). The integral is multiplied by a constant that
converts to units of amperes. The factor 2 in the numerator
represents the 2 mol of electrons that are groduced per oxidation
of 1 mol of H,0, (eq 2) while N, x 107 is Avogadro’s number
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Figure 3. (a) The model domain represents a volumetric “slice” of space along the low-density Pt nanosphere-augmented SWCNT electrodes on the
biosensor surface. The volume of the domain is proportional to the nanosphere footprint (i.e., the sum of the nanosphere diameter and the average
distance to the adjacent nanospheres). (b) The generated current for each nanosphere reaches a plateau during increasing internanosphere distance
while the current increases for increasing concentrations of glucose. (c) The experimentally observed distribution of the low-density Pt nanosphere
spacing along each SWCNT strand is displayed as the histogram. An exponential distribution (red line) with a mean # = 366 nm and an exponential
parameter 1/u is fitted to the histogram. The inset FESEM micrograph displays spacing between nanospheres on a single SWCNT with the yellow arrow
pointing to an undecorated portion of the SWCNT. (d) Steady-state glucose concentration gradients (generated in COMSOL Multiphysics) around a
single nanosphere and perpendicular to the SWCNT strand with an initial bulk glucose concentration of 100 #M. Diffusion regimes change from planar
to radial as the distance between nanospheres on an SWCNT increases (see line of sight from cartoon eyeball).

adjusted to the millimolar concentration units implemented in
the model. Equation 6 quantitatively predicts the electron flux at
a single nanosphere electrode surface (optimization metrics and
parameter values are provided in the Supporting Information).

To model the range of nanosphere behaviors in different
microenvironments, 50 model domains of varying lengths were
constructed along the SWCNT axis (e.g., Figure 3a,d). These
variable lengths represent different internanosphere spacing and,
by extension, different diffusion regimes. To generate a model
output for comparison to experimental data, the steady-state
current response of all 50 domains was simulated at three
experimentally measured glucose concentrations (10 uM,
1 mM, 15 mM) (Figure 3b). These single-nanoelectrode cur-
rents were computed for each glucose concentration according
to eq 6. The result—that current increases with radial diffusion—
agrees with previous work,*® ' suggesting that radial analyte
diffusion improves biosensor sensitivity.

3.2.4. Simulated Total Biosensor Current Output. The total
simulated biosensor current was found by integrating the individual
single-nanoelectrode currents (eq 6). The contribution of each
domain to the total biosensor current is proportional to the number
of electrodes experiencing that domain’s local environment

Tioal o< Z wil; (7)
i=1

where Iy is the total biosensor current, n is equal to SO (the
number of domains), the weights (w;) are the proportional

contribution of electrodes in each microenvironment to the total
biosensor current (i.e,, the fraction of nanospheres experiencing the
environment), and I; are currents from the model domains. The
weight w; is the area under the exponential curve for the ith domain
normalized to the area under the entire curve and is proportional to
the distribution of distances between nanospheres on each
SWCNT. The experimental inter-Pt nanosphere distance data
were best fit by an exponential function with a nearly equivalent
mean (¢ = 366 nm) and standard deviation (0 = 360 nm) and
decay constant (1/u) (Figure 3c). The distribution of defect sites
along a finite length of SWCNT's (thought to be nucleation sites for
nanoparticle formation®*) are Poisson-distributed where the length
of intervals between Poisson-distributed nanospheres follows an
exponential distribution.*®

Total biosensor current is calculated by multiplying the right-
hand side of the proportionality in eq 7 to the total number of Pt
nanosphere electrodes on the biosensor surface. The total
number of Pt nanospheres is acquired by dividing the total
SWCNT length, approximated through image-analysis techni-
ques (see the Supporting Information), by the average nano-
sphere footprint (i.e., the length of nanotube occupied by each
electrode, Figure 2)

L
N = < 8
total 5 ( )
where L is the total length of SWCNTs and 0 is the length of the
average nanosphere footprint.

20900 dx.doi.org/10.1021/jp205569z |J. Phys. Chem. C 2011, 115, 20896-20904
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Figure 4. Simulated amperometric glucose response of the entire
biosensor as a function of average internanosphere spacing measured
sphere edge to adjacent sphere edge. Total biosensor current mono-
tonically increases as internanosphere spacing decreases from 1 to 0 zm.

With this approximation of the total number of Pt nano-
spheres, the proportionality in eq 8 can be modified as follows:

Itotal = Ntotal Z WiIi (9)

i=1

Though eq 9 approximates the total biosensor current, we noted
that the relationship between internanosphere spacing and
current increased in a smooth and monotonic manner, making
current amenable to continuous interpolation. Similarly, the
weights (w;) are evaluations of the exponential distribution of
internanosphere spacing. Thus, to minimize numerical error,
eq 9 can be cast as an integral

(9]

Itota] - Ntotal / exp (xspac571 )Iinterp (xspace)dx (10)

Xspace =0

where exp( ) is the exponential probability distribution, Xspace 18
the internanosphere spacing, X,.c. is the average internano-
sphere spacing, and Iy (*) is the linear interpolant of simu-
lated current performed in Matlab and shown in Figure 3b. Using
eq 10 in conjunction with simulated current, we approximated
the steady-state current of the biosensor in response to each
glucose concentration.

3.3. Model-Based Biosensor Design. To evaluate the relative
contributions of increased electroactive surface area and in-
creased diffusive flux of the analyte, the model was implemented
over a range of glucose concentrations (100 um to 86 mM) to
obtain unweighted values of domain currents. Storing these
unweighted current values, the shape parameter (Espacefl) of
the internanosphere distance exponential distribution was varied.
The integral in eq 6 was then updated with an exponential
parameter and the total nanospheres (Ni) for each distribu-
tion and subsequently the total biosensor output was evaluated
according to eqs 7—9. Finally, the simulated biosensor current
outputs for the average nanosphere spacing ranging from 0 to
1 um were plotted (Figure 4).

From these simulated results, we observed that the total
biosensor current is maximized when the Pt nanospheres are

packed end-to-end along the SWCNT axis. These in silico
findings suggest that the diminished electroactive surface area
in the low-density Pt nanosphere/SWCNT biosensors reduces
the overall biosensor current relative to the high-density Pt
nanosphere/SWCNT biosensors. The signal reduction in the
low-density Pt nanosphere/SWCNT biosensors occurs despite
enhanced mass transport by radial diffusion between individual
nanospheres along the axis of the SWCNTs (Figure 3b,d).
However, the high-density SWCNT biosensors experience an
enhanced signal due to both convergent diffusion and increased
surface area. The SWCNT networks of these high-density Pt
nanosphere/SWCNT electrodes are nearly completely coated
with Pt, acting as nanoband electrode arrays where nanoscale
widths are still maintained between SWCNTs. The inter-
SWCNT distance of 8.0 um (o = 6.1 um) falls above several
popular nanoelectrode array spacing parameters (e.g, 1 um
spacing between nanoelectrodes or 6>* or 10°° times the
radius/width of the nanoparticle/nanoband), ensuring the en-
hanced mass transport of glucose by convergent diffusion
between each SWCNT strand. Therefore, the high-density Pt
nanosphere/SWCNT nanoband biosensors still experience en-
hanced mass transport from directions perpendicular to the
SWCNTs despite the apparent lack of enhanced mass transport
between adjacent nanospheres along the axis of the SWCNTs.
Thus, in the simulation, the current signal is dominated by
incremental changes in surface area while the signal penalty
incurred by interparticle interactions is minimized, producing a
biosensor current that increases monotonically with decreasing
internanosphere spacing (Figure 4).

From these simulated results, we observed that the total
biosensor current is maximized when the Pt nanospheres are
packed at maximal density. These in silico findings suggest that
the lack of electroactive surface area in a low-density Pt nano-
sphere/SWCNT sensor, as compared to that of a high-density Pt
nanosphere/SWCNT sensor, is sufficiently large to reduce the
overall biosensor current despite enhanced mass transport by
radial diffusion along the axial direction of the SWCNTs.
Furthermore, the SWCNT networks of the high-density Pt
nanosphere/SWCNT electrodes are nearly completely coated
with Pt, thus acting as nanoband electrode arrays where nano-
scale widths are still maintained. The inter-SWCNT distance of
8.0 um (0 = 6.1 um) falls above several popular nanoelectrode
array spacing parameters (e.g,, 1 #m spacing between nanoelec-
trodes or 6> or 10°° times the radius/width of the nanoparticle/
nanoband), ensuring the enhanced mass transport of glucose by
convergent diffusion between each SWCNT strand.

3.4. Experimental Glucose Sensing with Low-Density Pt
Nanosphere Decorated SWCNTs. Glucose sensing was per-
formed by using a three-electrode arrangement (BASi Epsilon
Cell Stand) in a test vial containing 20 mL of PBS while a
potential of 600 mV was placed between the working and auxiliary
electrodes. Details of the biosensor fabrication and testing pro-
tocols are provided in the Experimental Section. Generated
current from the electrochemical oxidation of H,O, (i.e., the
electroactive product of GOx/glucose; see eqs 1 and 2) was
monitored while successive glucose aliquots were added to the
test vial to increase overall glucose concentration. Amperometric
calibration and experimental detection limit graphs for the low-
density Pt nanosphere/SWCNT biosensor are illustrated in
Figure S. Two aliquots of PBS (0.1 M, pH 7.4) of equal volume
to glucose aliquots were added to the test vial after glucose
sensing in the detection limit plots, demonstrating that current
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Figure S. (a) FESEM micrograph illustrating a Pt nanosphere-augmented
SWCNT electrode with high-density Pt nanosphere packing. FESEM
micrograph insets portray a magnified view of a single Pt nanosphere
decorated SWCNT with the yellow arrow pointing to an undecorated
portion of the SWCNT. (b) Experimental amperometric glucose calibra-
tion plots for the high-density (blue) and low-density (red) Pt nanosphere/
SWCNT biosensors. (blue-middle) Current response for successive glu-
cose concentration increases of 50 M, 100—500 4M by 100 M, 1—5 mM
by 1 mM, and finally seven consecutive concentration increases of 10 mM
while the insets show current versus concentration profiles. (red-middle)
Current response for successive glucose concentration increases of
100—500 4M by 100 uM, 1—S mM by 1 mM, and finally six consecutive
concentration increases of 10 mM while the insets show current versus
concentration profiles. (insets) Current response for 10 successive 20 uL
glutamate injections resulting in incremental concentration increases of 100
uM (blue) and 300 uM (red), followed by two 20 uL injections of PBS
(0.1IM, pH 74). (c) Glucose-sensing ranges of the low-density (red) and
high-density (blue) Pt nanosphere/SWCNT biosensors as compared to
glucose levels in three physiological fluids (blood,”" tears,* and saliva®).

response originates from the glucose and not the saline
buffer media itself (Figure Sb, insets). The low-density Pt
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Figure 6. (a) Experimental and simulated amperometric glucose cali-
bration plots for the high- and low-density Pt nanosphere/SWCNT
biosensors. Low-density biosensor data (red squares) were used to
optimize model output (solid black line). The optimized model param-
eters were capable of recapitulating high-density biosensor data (blue
triangles) shown by the high-density model output (dashed black line).

nanosphere/SWCNT biosensor experienced a linear glucose-
sensing range from 300 #M to 15 mM and a theoretical glucose
detection limit of 74 4M (S/N = 3). The glucose sensitivity of the
entire biosensor was calculated to be 0.32 A mM ' cm™.

3.5. Experimental Glucose Sensing with High-Density Pt
Nanosphere Decorated SWCNTs. Finally, we verified the
simulated current response of a high-density Pt nanosphere/
SWCNT biosensor (i.e.,, where the Pt nanospheres are electro-
deposited end-to-end along each SWCNT) through experimen-
tal testing (Figure Sb). The high-density Pt-coated SWCNT
nanoband arrays monitored glucose with a sensitivity of 0.69
UAmM ' cm?, alinear sensing range of 100 M to 20 mM, and a
detection limit of 5.8 M (S/N = 3). This concomitance of a low
detection limit and wide linear range of the Pt/SWCNT nano-
band arrays is an improvement upon similar CNT/Pt nanopar-
ticle hybrid biosensors,*®~ % permitting the sensing of glucose in
physiological fluids of saliva, tears, and blood (Figure Sc).

3.6. Model Verification. To test our hypothesis regarding
biosensor current output and Pt nanosphere packing density, we
first optimized our computational model to fit the low-density Pt
nanosphere/SWCNT nanoelectrode arrays (Table S1 in the
Supporting Information). The subsequent optimized model
was used to predict the generated current output of a high-
density Pt nanosphere/SWCNT nanoband array. To compare
the model output against the low-density biosensor, we used
image-analysis software in MATLAB to identify the density and
distribution of distances of individual Pt nanospheres (Figure S1
in the Supporting Information). Using the best-fit parameter
values obtained from the low-density model, the high-density Pt
nanosphere/SWCNT sensor was simulated using the single
domain schema detailed previously, recapturing the behavior of
the biosensor current output (Figure 6).

4. CONCLUSIONS

Networks of Pt nanospheres electrically interconnected by
individual SWCNTs were created from a PAA template for
electrochemical sensing applications. By altering the fabrication
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protocol according to computational modeling results, we in-
creased the packing density of the Pt nanospheres along each
SWCNT strand to improve the sensitivity, detection limit, and
linear sensing range of the biosensor. The model was successfully
used as a computational tool to improve biosensor performance,
while reducing the excessive expenditures that are oftentimes
required in ad hoc experimental design and fabrication.

This work builds upon the foundational research presented
within the past decade that describes the mass transport proper-
ties of nanoelectrodes of various geometries and spatial
arrangements.””'"** We add to this foundational work by
incorporating enzyme kinetics and charge transport in addition
to mass transport to create a model capable of describing
transport and oxidation on a random array of Pt nanospheres.
Computational efficiency is achieved by simulating a limited
number of nanospheres and integrating over the spatial distribu-
tions found on the biosensor array. This approach provides
insight into the behavior of the system: where simulations
indicate that a balance between electroactive surface area and
interelectrode spacing needs to be reached for maximal biosensor
performance. The resulting model-inspired biosensor, with a
tightly packed nanosphere arrangement, converts the biosensor
from an NEA to a nanoband array, where generated electroche-
mical current signals are higher due to the increased electroactive
surface area of the tightly packed Pt nanospheres and the fast
radial transport to each nanoband due to the nanoscale widths.
Future modeling work will focus on a generalization of our spatial
integration scheme (eq 10) to include inter-SWCNT distance
distributions in addition to interelectrode distances. Such mod-
ifications to the model will be also useful in the design and
development of patterned PAA through e-beam lithography.*

The hybrid nature of the SWCNT/Pt nanosphere arrays
creates a unique platform that is advantageous for electrochemi-
cal biosensing due to the geometry and morphology of the
SWCNTs and the Pt nanoparticle constituents. The embedded
iron layer within the PAA matrix creates a template for the
growth of low-density SWCNT's that extend horizontally on the
surface of the PAA as opposed to high-density growth of multi-
walled carbon nanotubes.** These low-density horizontal lying
SWCNTs rise above the surface of the PAA, due to their tethered
nature, and, accordingly, allow for the concentric growth of
nanoparticles at SWCNT defect sites, including the near sphe-
rical Pt nanostructures presented in this work. Near-spherical Pt
nanostructures enhance charge transport during electrochemical
sensing because they contain numerous facets with more inter-
facial surface atoms to catalyze reactions than those of other
shapes (e.g,, cubical shapes).® Futhermore, the inter-SWCNT
spacing (8.0 #m, 0 = 6.1 um) within a nonconducting template
allows for the creation of nanoelectrode and nanoband arrays,
electrode geometries that experience enhanced signal-to-noise
ratios that are well suited for electrochemical biosensing. Thus,
the hybrid SWCNT/Pt nanosphere structures create a highly
conductive network that is conducive toward 3D nanoparticle
formation and nanoelectrode/nanoband array fabrication, char-
acteristics not found in other novel carbon nanomaterials, such as
edge plane pyrolytic graphite or planar graphene.®*®’

In conclusion, this work demonstrates how nanoparticle
placement on electrode surfaces can significantly alter the sens-
ing capabilities of enzymatic biosensors. The model-inspired Pt
nanosphere/ SWCNT nanoband biosensors could potentially be
used to monitor blood glucose levels where the physiological
range for blood glucose is typically between 3.6 and 7.5 mM

(65—135 mg/dL) for healthy patients and between 1.1 and
16.7 mM (20—300 mg/dL) for diabetic patients. Additionally,
the high-density Pt nanosphere/SWCNT biosensors are capable
of submicromolar glucose sensing and thus could be incorpo-
rated into devices that monitor glucose concentrations within
saliva and tears.”* 7 These Pt nanosphere/SWCNT hybrid
biosensors could also be potentially utilized in a self-referencing
modality to monitor glucose transport processes in pancreatic
P-cells, where highly sensitive glucose sensing is needed to
improve the spatial and temporal resolution of the biosensor.”"”*
Furthermore, this completely bottom-up approach toward sensor
fabrication and biofunctionalization creates a biosensor that can
be potentially scaled and incorporated into devices for numerous
commercial applications. Thus, this fusion of bottom-up nano-
electrode array design combined with computational analysis
serves as a foundation for controlling nanotechnology-based
electrochemical biosensor performance and functions as a design
guideline for enzyme-based amperometric biosensors.
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