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A
possible approach to building a hy-

brid bionanodevice that is pow-
ered or regulated by a microorgan-

ism is to electronically couple it to a
nanodevice sensitive to the production of
a few electron charges from the cell due to
its biochemical activity, and the nanodevice
is chemically nontoxic to the cell. A single
nanoparticle behaves as a robust stand-
alone switch such that the current through
it can be modulated by a single electron al-
tering the charge (or discharge) state of
the particle.1 Transistors and logic devices
which use a single nanoparticle have been
demonstrated to modulate current using
that single nanoparticle.2,3 The key param-
eter of the device is the Coulomb blockade
voltage, VT, above which the current
switches on, that is, suddenly begins to in-
crease.1 The current is turned ON when the
Coulomb blockade is overcome due to a
single electron charge of barrier energy, eVT,
where e is the charge of an electron.

The nanoparticle�microorganism sys-
tem seems ideal for building hybrid
bionano-electronic devices where the (few)
redox electrons from a cell or microorgan-
ism can, in principle, modulate the current
through the particle by altering the charge
state of the nanoparticle. However, cryo-
genic temperatures are required for these
single-particle, single-electron devices since
the barrier energy for switching, eVT, is
small, �100 meV, for a typical 10 nm Au
particle.1 Coulomb blockades at room tem-
perature can be obtained by a single par-
ticle �1 nm;4 however, quantum noise and
charge fluctuation make the devices very
noisy.5,6

The switching voltage, VT, and the corre-
sponding switching barrier energy, eVT, can
be enhanced by over an order of magnitude
using a two-dimensional (2D) array of nano-
particles. In recent years, on the basis of
theoretical predictions,7 2D arrays of nano-
particles that are easy to interconnect with
electrical circuits have been demonstrated
to exhibit similar switching behavior8�10

and robust VT above 1 V. Using some as-
pects of self-assembly, several top-down
approaches, such as utilization of thiol-
ligated Au nanoparticles,11�14 assembly at
the solvent-air interface,15,16 and a live bac-
terium surface,17 have been developed to
fabricate 2D arrays interconnected to cir-
cuitry. Unfortunately, the over 10-fold en-
hancement compared to a single nanopar-
ticle caused by several Coulomb blockades
over the percolation path in the array van-
ishes at room temperature because VT de-
creases (linearly) as temperature, T,
increases.8,18

*Address correspondence to
rsaraf@unlnotes.unl.edu.

Received for review June 3, 2009
and accepted November 05, 2009.

Published online December 28, 2009.
10.1021/nn901161w

© 2010 American Chemical Society

ABSTRACT A network of one-dimensional (1D) Au nanoparticle necklaces is synthesized and shown to exhibit

electronic switching, that is, gating, by the metabolic activity of yeast cells deposited on the structure. Without

the cells, the network exhibits the Coulomb blockade effect at room temperature with a sharp threshold voltage,

VT of �0.45 V, which corresponds to a switching energy of �20 kT. Although the enhancement in VT from �70 mV

for a single (10 nm) Au particle to >1 V is well-known for a 2D array, the uniqueness of the network topology is

the relatively weak dependence of VT on temperature that leads to room temperature switching behavior, in

contrast to an array where the blockade effect vanishes at ambient temperatures. The coupling between the

biochemical process of the cell and the electronics of the network has potential applications for making electrodes

for biofuel cells and highly sensitive biosensors using the cell as the specific sensing moiety.

KEYWORDS: nanodevices · Coulomb blockade · single electron devices · critical
phenomena · granular system · nanoparticle array
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Although not studied for its Coulomb blockade
properties (and subject of this report), an alternative ar-
chitecture is a monolayer of 1D array of particles. A 1D
array can be made using three possible approaches.
Clusters of 1D arrays are synthesized by mineralization
of (usually noble) metal from salt precursors or seed on
a variety of 1D templates, such as DNA,19 peptides,20

nanotubes,21 and polyelectrolytes,22 to form a broad
size distribution of particles, either discrete or continu-
ous nanowires. In the second method, (monodispersed)
nanoparticles are self-assembled on templates, such as
CNT,23 DNA,24,25 polysaccharide,26 and peptide micro-
fibrils,27 to form a discrete (i.e., insulating) 1D array. In
the third method, an intrinsic magnetic28 or electric29 di-
pole, or induced electric dipole, of the particle is used
to self-assemble 1D necklaces of nanoparticles. The
electric dipole can be induced by either replacing the
immobilized ionic moiety with a neutral species30 or
partially neutralizing the charge with mobile ions.31,32

In the third method, the particles are in close proxim-
ity for electron tunneling which is manifested as red
shift in surface Plasmon absorption spectrum30 and
non-ohmic conductivity of the 3D network (i.e., several
monolayers) deposited between electrodes.31 Although
the optical application of “Plasmon wave guide” as-
pect of the necklace is well reported,33 the (interesting)
electrical properties of monolayer of 1D necklaces are
not as recognized.

This report describes a novel architecture com-
posed of a 2D network (i.e., monolayer) of 1D nanopar-
ticle necklaces of 10 nm Au particles where, for the first
time, robust single-electron switching, that is, VT, is ob-
served at room temperature. Necklaces of nanoparticles
were self-assembled in solution by an induced electric
dipole mediated by ions and deposited on solid sub-
strate to form a well over 1 mm large 2D network (i.e.,
monolayer) of 1D Au nanoparticle necklaces. Unlike the
previous study31 that used a 3D network mediated by
Cd2�, a toxin to living cells, the reported study is a 2D
network mediated by H� ions. The room temperature
switching occurs because, unlike the 2D (ordered or dis-
ordered) array, VT becomes nominally independent of
T above 50 K for this necklace architecture. The robust
VT at room temperature and nontoxic nature of the
necklace allows the possibility of developing a hybrid
bionanodevice with living cells. Biogating the necklace
network by depositing live yeast cells is demonstrated.
As the cells are fed a nutrient (methanol vapor), the
metabolic activity modulates the current through the
network.

RESULTS AND DISCUSSION
Assembly of the necklace network begins with a

wine red suspension of citrate-functionalized 60 and
10 nm Au particles (Figure 1a). Upon the slow addition
of HCl to the particle suspension, the H� ions compen-
sate the immobilized negative charges on the particle

(Figure 1b). The pH of the Au suspension on addition

of HCl reduces from �6 to 2.7. The details of the proce-

dure are described in the Supporting Information. Be-

low a pH of 2.5, the solution becomes unstable; and

above a pH of 3, only small clusters of 2�5 particles are

deposited. Analogous to previous reports,31 electric di-

pole is induced by an asymmetric accumulation of H�

ions. The high surface mobility of the H� ions on the

particle surface induces an electric dipole when the par-

ticles come close together during thermal collision (Fig-

ure 1c). When the attractive force between the in-

duced dipole is larger than �kT, the particles bond

such that the dipoles align and “polymerize” the par-

ticles into a long 1D necklace that is manifested as a

change in color of the suspension to violet blue (Fig-

ure 1d). Owing to the slow collision rate, the formation

takes �18 h. The change in color is due to red-shift in

the surface plasmon resonance in the nanostructure

(see Supporting Information, Figure S1).30 Although not

understood, the inclusion of 60 nm Au nanoparticles

in the solution significantly increases the necklace for-

mation kinetics and results in a solution that is stable for

well over 1 week.

The device is made by simply adsorbing the neck-

lace onto a Si chip passivated with 500 nm thick ther-

mal oxide and 300 nm thick Au electrodes at 10 and 20

�m spacing. On each of the 20 chips studied, there are

five devices each. All of the chips exhibit conduction for

�5 mm channel width. However, after removing part

of the necklace by scratching with an STM tip to make

a 1�0.1 mm wide channel, the nonlinearity improves

significantly; but 20% of the devices become an open

circuit due to nonuniformity in deposition and possible

defects during scratching. The remaining 80% exhibit

non-ohmic behavior (discussed below in Figure 3). The

deposition is reasonably uniform with the necklaces

forming a highly branched network made up of 1D in-

Figure 1. Polymerization of nanoparticles to form a 1D
necklace. (a) The negatively charged Au nanoparticles, stabi-
lized in water at pH �7, have a nonuniform charge distribu-
tion due to faceted crystal planes that have different affini-
ties for citrate ions. (b) On addition of H�, some of the
negative charges are compensated. (c) When these par-
ticles come close during thermal motion, they induce a di-
pole moment and cause an attractive interaction. (d) When
the induced dipole is strong enough, the particles bond to
form a 1D necklace with the dipoles aligned. The cuvettes
show the color of the Au nanoparticle suspension before and
after necklace formation.
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dividual strands (Figure 2a). The 60 nm particles do

not appear to have any particular correlation with the

necklace structure. In contrast to the 48-h deposition of

charge-stabilized (as-received) 10 nm particles (Figure

2b), which are sparse (and nonpercolating) because of

electrostatic repulsion, the network of necklaces forms

long-range percolating channels traversing over tens of

micrometers with good contact to electrodes (Figure

2c) after a deposition time of �24 h. Electrostatic repul-

sion between the necklace segments makes the perco-

lating network highly exfoliated.

I�V behavior of a network deposited between elec-

trodes spaced at 20 �m exhibits no hysteresis over sev-

eral cycles and is highly symmetric (Figure 3a). After 30

cycles, there is some decrease in VT; however, the sym-

metry in forward and reverse bias is maintained with no

hysteresis (Figure S2 in Supporting Information). Con-

sistent with other studies on 2D nanoparticle arrays,8,18

the I reduces as the T decreases; and the nonlinear I�V

characteristics exhibit a conspicuous VT at subambient

temperatures. The I�V behavior of a nanoparticle ar-

ray is analogous to a second order phase transition

given by I � [(V � VT)/VT]�, where the critical exponent

� for 2D arrays is analytically determined to be 5/3.7

There is excellent agreement with the scaling law with

a universal � of 5/3 for the full temperature range of

study, 5�295 K (Figure 3b). To ensure the robustness

of the data, one to three I�V cycles are measured at

each temperature. The VT is estimated from the raw

data using a nonlinear curve fitting method (see Fig-

ure S3 in Supporting Information). The data for 15, 35,

and 150 K is taken during cooling while the rest are

measured during heating from 5 to 295 K.

The central difference (and the novelty of the re-

ported structure) compared to 2D nanoparticle arrays

is in the behavior of VT as a function of T. At low temper-

atures, the linear decrease in VT with increasing temper-

ature is similar to other 2D array studies;8,18 however, a

sharp change in slope occurs around 50 K (Figure 4a).

Above 50 K, similar to a single nanoparticle, the VT be-

comes a weak function of T. As a result, for a 10 �m gap,

high VT of �0.45 V at room temperature is obtained

(Figure 4b). The corresponding switching energy, eVT,

at room temperature is �20 kT. This is an approximately

10-fold enhancement compared to a single particle

blockade. The raw data explicitly exhibiting VT at room

temperature is shown in Figure S3 of the Supporting

Information.

The sharp transition at 50 K for both gaps is attrib-

uted to the topology of the percolation path in the

necklace network array. Field emission scanning elec-

tron microscope (FESEM) images (Figure 2a) indicate ex-

foliated necklace network morphology that is locally a

1D conductor with branching points several nanoparti-

cles apart. Therefore, the coordination number for the

necklace network is about 2, in contrast to a dense, ran-

domly close-packed 2D array of 4�6. Simulation stud-

ies on dense 2D arrays show that as the bias rises from

0 to VT, the array increasingly charges with single-

electron charges trapped in some of the individual

nanoparticles that are randomly distributed over the

Figure 2. Field emission scanning electron microscope
(FESEM) image of the network deposited on a SiO2/Si chip.
(a) The necklace deposition after exposing the chip to the so-
lution for �24 h. (b) Deposition of pure 10 nm particles
from the pH 7 solution. (c) The deposition of the necklace
on the Au pad is good leading to a naturally robust intercon-
nection with the array. (Inset a) Higher magnification image
of the nanoparticle necklace. The scale bar in inset a and
panel b is 100 nm.

Figure 3. I�V characteristics for the 20 �m gap. (a) Raw data at three temperatures for the same sample. The voltage ramp
is 0 to positive to 0 to negative to 0 V. The width of the necklace network is 100 �m. The inset shows a magnified view to il-
lustrate the blockade characteristics. (b) The raw data is replotted as [(V � VT)/VT] versus I. The lines with slopes of 2 and 5/3

are shown for comparison.
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array.7,34 As the I�V current exhibits no hysteresis (Fig-

ure 3a), this random charge distribution is fixed, that is,

quenched, as also observed for nanoparticle arrays.10,18

In well-developed theory on 2D arrays of nanoparticles,

random quenched charge distribution7,34 presents bar-

ricades to the percolation path that are overcome as the

bias gradually increases. Owing to a large coordination

number in the dense 2D array, the percolation path is

optimized to reduce the number of barricades (of en-

ergy height �e/2C) in their trajectory.7 As the tempera-

ture increases, some of these barricades are washed

out because of the higher energy of the conduction

electrons. This leads to a linear decrease in VT such that

at some T � T*, there is at least one percolation path

with no barricade connecting the two electrodes, re-

sulting in no Coulomb blockade (i.e., VT � 0).18 Consis-

tent with experimental observations, this model pre-

dicts a linear decay of VT as T increases.18 T* for a dense

2D array is below room temperature. In contrast, the

1D necklace network geometry constricts the percola-

tion path due to a lower coordination number. Thus,

the (fewer) barricades that still survive at high tempera-

ture in the percolation path cannot be circumvented

due to the low coordination number of the array, hence

a higher VT is expected.

The barrier height of the barricade is the energy

used to charge the isolated single particle (or cluster)

with a single electron.7,18 For a 10 nm particle sur-

rounded by dielectric media of � � 4, the capacitance

is 2.22 	 10�18 F. The potential rise due to single-

electron charging is e/C � 72 mV that presents an en-

ergy barrier of 72 meV. A doublet, that is, two particles

in physical contact with a tunneling barrier well below

kT, has a C � 3.1 	 10�18 F and an energy barrier of 51

meV. For a reasonable Coulomb blockade, or barricade,

the barrier should be �10kT,1 thus a doublet with a bar-

rier energy of �12kT at 50 K presents a barricade to

electron transport. Therefore, for T � 50 K, doublets and

clusters larger than a doublet can also store charge to

present a barricade. Because the barricade cannot be

circumvented in the necklace network, due to a low-

coordination number, as T decreases beyond 50 K, the

contribution from larger (individual) clusters increases,

contributing to the rapid increase in VT. However, for T


 50 K, the barricades will only be limited to single

nanoparticles imbedded in the necklace segments. In

other words, above 50 K, the 1D necklace segments in

the percolation path are punctuated with nanoparticles

with trapped single-electron charge that present a bar-

ricade to the electron flow (Figure 5). The transition at

50 K is sharp because the barricade size abruptly rises

from a single particle (the majority of barricades) to the

contribution from the cluster of two particles.

The model is identical to the classical models for

2D arrays.7,34,35 The only difference is that the conduc-

tion is through well-defined percolation paths made up

of 1D necklace segments. As the bias ramps up, the cur-

rent rises rapidly as barricades are overcome, leading

to more possible network pathways for electron perco-

lation. For example, in Figure 5 at low bias, only the

“blue” pathway is “open” as it has the least amount of

barricade; as the bias increases, the “red” pathways also

become “open” leading to a rapid rise in current.

Figure 4. Effect of temperature on VT. (a) For the 20 �m gap, VT as a function of T shows an abrupt change in slope at �50
K and has a VT(0) � 3.83 V. VT becomes �0 above �200 K indicating no switching behavior at room temperature. (b) For the
10 �m gap, VT as a function of T also shows an abrupt change in slope at �50 K. The significantly smaller slope at T 
 50 K
leads to a VT of �0.45 V at room temperature. The inset shows raw data at 295 K to explicitly indicate the Coulomb block-
ade effect at room temperature.

Figure 5. Schematic of an L by W, 2D array of nanoparticle
necklace showing percolation channels connecting the
source and drain electrode. The dark circles are particles
with “quenched” single electron charge (see text) that act
as barricades to the electron flow due to external bias, V. The
percolation channels are defined by the topology of the net-
work and are locally 1D. Channels containing lower linear
density of barricades (blue) will percolate at a lower bias
than the paths with a larger number of charged particles
(red).
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For the single isolated nanoparticle barricades at T


 50 K based on 2D array theory, the effective charg-

ing energy of the array is �eVT(0)/�N, where N is the

length of the conduction path in number of particles

and � is a parameter that accounts for the quenched

charge density stored in the array.7,10,34 The � param-

eter for dense 2D arrays is experimentally measured to

be �0.25,10 which agrees well with simulation calcula-

tions that predict � in the range of 0.23 to 0.36 depend-

ing on the lattice geometry of the array.7,34,35 In the

necklace network, for an electrode gap of 20 �m, N �

2000 (at least), leading to � � eVT(0)/[N(e2/2C)] � 0.002,

where VT(0) � 0.65 V (extrapolated from T 
 50 K be-

havior to 0 K in Figure 4a). The over 100-fold smaller �

for a necklace network compared to a dense lattice in-

dicates an open structure with few trapped charge cen-

ters, or barricades, leading to (most importantly) a

smaller T versus VT slope above 50 K, as observed in Fig-

ure 4. A consequence of smaller slope at T 
 50 K al-

lows for the possibility of obtaining a robust Coulomb

blockade effect at room temperature for the 10 �m gap

(Figure 4b).

Next, the “living” biotransistor is demonstrated. Ow-

ing to VT at room temperature, biogating on the 10 �m

devices is explored. The electrochemical coupling be-

tween the metabolic process of the living cell, Pichia

pastoris (yeast), and the necklace is obtained by simply

depositing, or seeding, the cells on the device by im-

mersing the device in the cell suspension followed by

washing. The �2 �m diameter yeast cell, P. pastoris, can

survive in air for approximately 14 h, as long as humid-

ity is maintained above �70%. The cells are grown in

media containing methanol as a carbon source for 24 h.

About 200 yeast cells are then deposited on an �1

mm wide nanoparticle necklace network (Figure 6a,

inset).

First, the effect on the I�V behavior in the yeast-

network coupling due to metabolism in the cell is con-

sidered. The I�V after deposition of the cells does not

change significantly. Upon exposure to methanol va-

pors, the cell utilizes the methanol to produce formal-

dehyde.36 At an appropriate potential, the formalde-

hyde undergoes oxidation on the nanoparticle network

(electrode) to form CO and H� and releases an elec-

tron per molecule of HCOH.37,38 Analogous to cyclic vol-

tametry,39 the electron production leads to a maxima

at �2 V attributed to (diffusion limited) oxidation cur-

rent (Figure 6a). During the “down” cycle, from 10 to 0

V, no reduction-current is observed at �2 V as the prod-

uct, CO, is a gas. However, the current is higher than

“no yeast” because of variation in the quenched charge

distribution due to redox electrons. In the reverse bias,

the formaldehyde reduces to methanol40 leading to a

redox peak at ca. �3 V. In contrast, the device without

the yeast cells shows an I�V behavior similar to Figure

3a as seen in Figure 6a (“no yeast”). It should be noted in

passing that since the reactions are in solid state with

no reference electrode, the redox peaks do not corre-

spond to thermodynamic electrochemical potentials

and change from sample to sample. The methanol ex-

posure is performed by simply placing the device in a

small sealed bell jar with a reservoir of methanol. The

high currents are because the width of the network is

�1 mm (in contrast to �100 �m for the device in Fig-

ure 3) to ensure deposition of yeast cells on the net-

work. As a control, Figure 6a also shows the effect of

formaldehyde vapor exposure on the I�V of a 10 �m

device without the yeast cells (solid line in Figure 6a). A

shoulder is observed close to the peak for the yeast

seeded sample in forward bias while the behavior in re-

verse bias is similar. As there are no reference elec-

trodes the physical nature of formaldehyde source

(yeast versus vapor) is different, and the two curves for

formaldehyde exposure (i.e., with and without yeast)

are on different chips, the comparison is reasonable and

indicates that the I�V behavior is due to redox

processes.

To demonstrate biogating, a constant bias of 4 V is

applied to the cell�network device, and the current is

monitored as the system is exposed to methanol (Fig-

ure 6b). A gain of approximately 5-fold is observed on

exposure to methanol at P and Q in Figure 6b. After a

couple of cycles, the yeast-network device is left at zero

bias for �12 h in a humid environment. On subse-

Figure 6. Biogating of the nanoparticle necklace device with the metabolism of living microorganism cells. (a) The I�V be-
havior of the necklace network on exposure to methanol. Two curves with data points correspond to the network as is (no
yeast) and with discrete yeast cell deposition on exposure to methanol. The solid line is the response of the network as is,
without yeast, on exposure to formaldehyde. The inset shows an FESEM image of yeast cells on the network between 10 �m
spaced Au electrodes. (b) The modulation of device current at 4 V as the yeast cell is exposed to methanol. At points P and
Q, the methanol is removed.
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quent methanol exposure, the gain reduces; and the

rise time further slows down from �20 to over 30 min.

The slow rise is due to the response of the cell which is

consistent with metabolic kinetics. At fixed bias of 4 V,

the current modulation of approximately 5-fold ob-

served in Figure 6b is consistent with Figure 6a, that is,

an increase from points A to B. As a control, exposing

the 10 �m device without yeast to methanol, a de-

crease (rather than increase as observed in Figure 6b)

in current is observed (Figure S4 in Supporting Informa-

tion). The observed biogating behavior in Figure 6b is

explained as follows. Upon exposure to methanol, the

electron, due to oxidation, alters the quenched charge

distribution of the network, thereby modulating the

current, similar to gating by a physical third electrode.1

It is noted that (unfortunately) because the redox cur-

rent quickly becomes inhibited by diffusion, the current

gain to C does not occur (during biogating). The gain

is due to the switching, that is, biogating, caused by the

redistribution of quenched charge distribution from A

to B.

SUMMARY
The fabrication process and device applications of a

2D network of 1D nanoparticle necklaces has been de-

scribed. Mediated by mobile ions on the nanoparticle

surface, the particles self-assemble in solution to form

long necklaces that can be directly deposited onto elec-

trical circuitry. The local 1D conductor nature of the ar-

ray leads to fundamental differences in its behavior of

VT as a function of T. In previously reported studies on

conducting 2D nanoparticle arrays, VT decreases linearly

with increasing temperature and vanishes at room tem-

perature; however, for the network described herein,

the slope abruptly flattens above �50 K. The insensitiv-

ity to T above 50 K produces single-electron switching

at room temperature in the array. The effect is attrib-

uted to barricades of single particles with single-

electron charge embedded in the 1D necklace seg-

ment above 50 K.

For the first time, biogating using the metabolism

of a living cell using a single-electron device has been

demonstrated. The response time of the device to the

chemical stimulation is consistent with the kinetics of

the cell’s metabolism. The possibility of measuring bio-

chemical processes in the cell by biogating will poten-

tially lead to applications in bioenergy, using the net-

work as electrodes, and high sensitivity biosensors,

where the subtle modulation in current, due to change

in single-electron charge distribution caused by adsorp-

tion of biomolecules, viruses, microorganisms, or cells,

can be measured in real time.
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9. Blunt, M. O.; Šuvakov, M.; Pulizzi, F.; Martin, C. P.; Pauliac-
Vaujour, E.; Stannard, A.; Rushforth, A. W.; Tadić, Bosiljka;
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