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ABSTRACT
Templating approaches are being developed for the synthesis of
inorganic nanotubes, a novel platform for nanofluidics. Single
crystalline semiconductor GaN nanotubes have been synthesized
using an epitaxial casting method. The partial thermal oxidation
of silicon nanowires leads to the synthesis of silica nanotubes. The
dimension of these nanotubes can be precisely controlled during
the templating process. These inorganic nanotubes can be integrated into metal-oxide solution field effect transistors (MOSolFETs), which exhibit rapid field effect modulation of ionic
conductance. These nanofluidic devices have been further demonstrated to be useful for single-molecule sensing, as single DNA
molecules can be readily detected either by charge effect or by
geometry effect. These inorganic nanotubes will have great implications in subfemtoliter analytical technology and large-scale
nanofluidic integration.

Rational Synthesis of Inorganic Nanotubes

Introduction
Carbon nanotubes were one of the first reported onedimensional (1D) nanoscale materials, synthesized through
bottom-up processes.1 This single discovery has blossomed into an entire field of research devoted to the
synthesis, properties, assembly, and application of carbon
nanotubes, as well as other 1D materials, including
semiconductor nanowires.2 The usefulness of these materials lies not just in the direct miniaturization of
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spread interest in understanding the influence of the
nanometer size scale, the surface, and the dimensionality
on the materials’ physical properties (electronic, optical,
mechanical, thermal etc.).
In this Account, we would like to introduce the concept
of inorganic nanotubes as a new class of 1D nanostructures distinct from pure inorganic nanowires and carbon
nanotubes in two ways. First, the resultant physical
properties and electronic structure combine characteristics of both two-dimensional (2D) and 1D materials. A
semiconductor nanotube can be thought of as a thin film
rolled into a tube. Therefore, one degree of dimensionality
is determined by the overall diameter, and another degree
is determined by the shell thickness. One should be able
to tune the properties of these nanotubes by accurately
controlling these dimensions. Second, these hollow nanotubes can serve as nanoscale containers or pipes to deliver
fluids and molecular species and are excellent building
blocks for the construction of large-scale nanofluidic
systems. We will show that these nanofluidic systems are
fundamentally different from their microscale counterparts due to influence of their small sizes and the surface
chemistry of these structures, therefore allowing the
creation of solution-based transistors.
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Since the discovery of carbon nanotubes in 1991 by Iijima,
there have been significant research efforts devoted to
nanoscale tubular forms of various solids,3-8 including
boron nitride, vanadium oxide, chalcogenides, bismuth,
and NiCl2. The rule of thumb for the formation of tubular
nanostructure is that the desired nanotubular material
must have a layered or anisotropic crystal structure. There
are reports of nanotube formation of solids lacking layered
crystal structures, such as silica, alumina, silicon, and
metals, through templating of carbon nanotubes or porous
membranes.9,10 These nanotubes, however, are either
porous, amorphous, or polycrystalline or exist only in
ultrahigh vacuum.11 Many of these early techniques rely
on wet chemistry at low temperatures, which therefore
makes it difficult to synthesize high-quality, single-crystalline nanotubes with desired functionalities. The growth
of robust nonporous nanotubes with uniform inner
diameters would be advantageous in potential nanoscale
electronics, optoelectronics, and biochemical sensing
applications.
Our synthetic approach for nanotubular materials
requires the use of nanowires as templates for the creation
of core-sheath heterostuctures, followed by the selective
etching of the inner nanowire core. This core-sheath
heterostructure can be formed in two ways. The first
process requires the deposition of the desired nanotubular
sheath materials using conventional thin-film deposition
techniques. Alternatively, the existing nanowire templates
can be partially converted using the proper chemistry to
produce a core-sheath structure. In both processes, the
* E-mail: p_yang@berkeley.edu.
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FIGURE 2. SEM and TEM images of various nanotube materials
that have been produced using nanowires as templates: (a) TEM
micrograph of single-crystalline Mn-doped GaN nanotubes; (b) TEM
image of branched silica nanotubes templated from ZnO tetrapods;
(c) TEM image of amorphous TiO2 nanotubes; (d) SEM micrograph
of a multilayered Si/SiO2 nanotube.

FIGURE 1. (a) Epitaxial casting approach to synthesize singlecrystalline GaN nanotube arrays from ZnO nanowire templates, (b)
SEM micrograph of the ZnO nanowire array, and (c) TEM micrograph
of the resultant GaN nanotubes.
nanowire and nanotube material must have different
chemical reactivities so that the inner core can be
selectively removed. Additionally, the core and sheath
materials must exist in epitaxial registry to obtain singlecrystalline nanotubular materials.
We employed the first “epitaxial casting” process to
synthesize single-crystalline GaN nanotubes.12 As depicted
in Figure 1a, ZnO nanowires are used as templates for the
deposition of GaN thin films using metal-organic chemical vapor deposition (MOCVD). The ZnO nanowires can
be easily etched away either in acidic solutions or via a
high-temperature reduction step. Because ZnO and GaN
both have a wurtzite crystal structure with similar lattice
constants (<2% difference in the a,b parameters and
<0.5% difference in the c parameter), this approach allows
us to produce single-crystalline GaN nanotubes by exploiting this epitaxial relationship. Figure 1b,c shows
scanning electron microscope (SEM) and transmission
electron microscope (TEM) images of the ZnO nanowires
and GaN nanotubes after etching away the ZnO nanowires, respectively. These nanotubes have inner diameters
that are equal to the diameter of the starting ZnO
nanowire template (30-200 nm), and thicknesses that can
be controlled by adjusting the deposition time. This was
the first single-crystalline nanotube created from a material that does not have a bulk layered crystal structure.
The successful preparation of single crystalline GaN
nanocapillaries using this “epitaxial casting” approach
suggests that it is possible to prepare single-crystalline
nanocapillaries of inorganic solids that have nonlayered
crystal structures. This new class of semiconductor nano240 ACCOUNTS OF CHEMICAL RESEARCH / VOL. 39, NO. 4, 2006

tubes/nanocapillaries could offer great opportunities for
further fundamental research as well as technological
applications in nanoscale electronics and optoelectronics.
Particularly of importance is (1) robustness of these
semiconductor nanotubes, (2) uniform inner diameter,
and (3) that the inner wall can be readily functionalized
and both ends of the tubes can be made accessible to a
fluid reservoir for quantitative nanofluidic measurement.
This nanotube synthesis generally requires three essential elements: a nanowire template, a conformal
coating technique, and a selective etching step. Over the
past decade, the field of nanowire research has advanced
to the stage that materials of essentially any composition
can be made into nanowires with desired sizes and aspect
ratio. Consequently, there are now a host of nanowire
materials that can be used as stable templates. The
conformal coating of a high aspect ratio nanostructure is
made possible by exploring several state-of-the-art vapor
phase deposition techniques, including MOCVD, atomic
layer deposition (ALD), pulsed laser deposition, or sputtering. The availability of these advanced deposition
techniques allows the conformal coating of the sheath
materials of almost any compositions, such as nitrides,
oxides, metals, carbon, and even polymers, although
lattice match is required for the making of single-crystalline nanotubes. Figure 2 shows a collection of TEM and
SEM images of a variety of inorganic nanotubes prepared
with this approach. This nanotube fabrication technique
largely resembles the lost-wax process, a sculpture technique invented thousands of years ago. In the lost-wax
technique, still used by many bronze sculptors today, a
wax template is created and then coated with wet clay.
After the clay hardens, the wax template is melted away,
leaving behind a shell into which the molten bronze is
poured.
We have applied this nanowire-templating approach
toward the rational synthesis of many other nanotubular
materials. For example, by using ZnO nanowires as
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FIGURE 3. Schematic drawings (cross-sectional and perspective
view) of several possible complex nanotube structures: (a) multilayered nanotubes; (b) longitudinal junctioned nanotubes.
templates, we have made single-crystalline InxGa1-xN,
GaN/Mn nanotubes (Figure 2a) via MOCVD deposition,
branched silica nanotubes from ZnO tetrapods (Figure 2b),
and polycrystalline or amorphous TiO2 nanotubes via
atomic-layer deposition of TiO2 (Figure 2c). In all of these
cases, the inner ZnO nanowire is preferentially etched
using acidic solutions. Additionally, we have chemically
bound polymer initiators to both ZnO nanowires and
partially oxidized Si nanowires to produce conformal
coatings of numerous polymers, including poly(methyl
methacrylate) polymer, which result in multishelled nanotubular materials upon subsequent etching of the inner
nanowire. Finally, there have been numerous reports on
the creation of other nanotubular materials using similar
processes. The compositions of the inorganic nanotubes
now include metal, oxide, and group IV, II-VI, and III-V
semiconductors.13-18 This nanowire-templating process is
apparently a fairly universal process and can be used to
produce a wide array of nanotubular materials.
With some simple extension, this process can be readily
adapted for the making of nanotubes with much higher
complexity. Multilayered nanotubes (Figure 3a) can be
made through sequential multistep conformal coating. For
example, through multiple steps of sputtering, we were
able to make multilayered Si/SiO2 nanotubes (Figure 2d)
using ZnO as templates. These multilayered nanotubes
could have unique optical waveguiding properties. Similarly, nanotubes with longitudinal heterojunctions (Figure
3b) can be envisioned through properly designed conformal coating procedures.
Alternatively, the sheath materials can be directly
produced on the surface of the nanowire templates
through surface reactions such as oxidations. In our lab,

FIGURE 4. Oxidation-etching approach to synthesize vertical silica
nanotube arrays from silicon nanowire templates. The bottom panels
show the scanning electron micrographs of the as-grown silicon
nanowire array and the transmission electron image of a representative silica nanotube.
amorphous SiO2 nanotubes were produced by the hightemperature thermal oxidation of silicon nanowires.19 As
schematically shown in Figure 4a, silicon nanowires were
thermally oxidized to form Si/SiO2 core/shell wires. Then
XeF2 was used to selectively etch out the remaining silicon
cores to yield hollow tubular structures. In Figure 4, the
SEM and TEM images show the silicon nanowire templates and the silica nanotube after the oxidation-etching
processes, respectively. The resultant nanotubes formed
have inner diameters that can be controlled by adjusting
the thermal oxidation temperature and time. These nanotubes generally have inner diameter of 5-20 nm. With
further optimization and control of the oxidation and
etching process, we should be able to form nanotubes with
inner diameters of less than 5 nm. One major advantage
of these nanotubes is that our silica walls are much more
condensed than those prepared using anodic alumina
templates, because silica grown via low-temperature
solution-based techniques tend to have higher porosities.
In addition, the inner surfaces of our silica nanotubes are
very smooth, and their sizes can be tuned from 1 to 100
nm, which is ideally suited for our nanofluidic studies. In
addition, the silica surface chemistry is readily available
for covalent attachment of desired receptors on the inner
wall of the nanocapillary.
In principle, a similar approach can be used to produce
nanotubes of other compositions, such as sulfide, selenide,
nitride, and carbide. A one-dimensional Kirkendall effect20
can be used here to produce hollow nanotubes of various
compositions by exploring the different diffusion characteristics of the individual elements. For example, one can
start with silver wires coated with a thin sheath of
selenium; a thermal treatment may create Ag2Se nanotubes.
VOL. 39, NO. 4, 2006 / ACCOUNTS OF CHEMICAL RESEARCH 241
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FIGURE 6. Electrical properties of a single-crystalline GaN nanotube.
The dependence on resistance (R) for a typical GaN nanotube twoprobe device shows semiconducting behavior. The typical roomtemperature resistivity is about 100 Ω cm. The inset shows an SEM
image of a two-probe device (scale bar ) 10 µm).
FIGURE 5. Temperature-dependent photoluminescence spectra of
an individual GaN nanotube. The spectra collected from top to
bottom correspond to measurements collected at different temperatures between 5 and 300 K. The inset is the fit of the band gap
emission vs temperature to R ) 0.95 meV/K and β ) 830 K.

Photoluminescence and Electron Transport in
GaN Nanotubes
Gallium nitride is a wide band gap semiconductor (Eg )
3.47 eV), which has recently garnered much attention for
numerous applications including high-intensity, efficient
LEDs.21,22 Deep level defects are known to plague GaN thin
film materials and are generally responsible for the
presence of broad yellow to red band emission in photoluminescence measurements of GaN thin films.23 The
actual chemical nature of these defects is still hotly
disputed and has been attributed to both misfit dislocations and point source impurities such as oxygen and
carbon. Nevertheless, the presence of these deep level
defects in our nanotubes would be detrimental for applying these nanotubes in optical sensing applications.
Through optimization of the MOCVD synthesis conditions,
we have been able to create GaN nanotubes that lack any
broad band emission and have an optical photoluminescence that is comparable to the highest quality GaN thin
films.
Figure 5 is a temperature-dependent series of photoluminescence (PL) spectra of an individual nanotube with
∼15 nm shell thicknesses. These spectra were collected
from 6.2 to 300 K. The band gap peak at 356 nm at low
temperatures corresponds to the band gap emission of
GaN and is comparable to the bulk value. The variation
of the band gap emission energy with respect to temperature is plotted in the inset. By empirically fitting this plot
to the Varshni expression,24 we obtain R and β parameters
of R ) 0.95 meV/K and β ) 830 K, which are comparable
to the values reported for high-quality low-defect thin
films.25,26 These PL studies indicate that we have an ideal
stress-free semiconductor system. In addition, electron
transport measurements (Figure 6) indicate that the
resistances of these nanotubes are on the order of 10 MΩ
at room temperature and increase with decreasing temperature. The conductive semiconductor nature of these
GaN nanotubes opens up the possibility of their use for
simultaneous resistive, optical, and ionic sensing.27,28
242 ACCOUNTS OF CHEMICAL RESEARCH / VOL. 39, NO. 4, 2006

Emergence of Unipolar Ionic Environment:
Nanofluidics vs Microfluidics
At first glimpse of these inorganic nanotubes, one might
consider them as nanoscale test tubes or pipes for liquid/
solution processing. Indeed, early synthetic efforts in
making silica nanotubular membranes using porous
alumina templates had already inspired people to investigate their liquid transport characteristics.29 Voltagecontrolled ionic flux selection and molecular separation
have been demonstrated using the nanotubule membranes.30-32 Silica nanotube suspensions have also been
employed as nanocontainers for “smart” extraction and
gene delivery.33,34
The nanotubular materials that can be used in nanofluidic experiments must satisfy several criteria. These
nanotubes must (1) have a well-controlled inner diameter
that can range from 1 to 100 nm, (2) be structurally robust
and, ideally, continuous and seamless, (3) be easily
functionalized on inner and outer surfaces, (4) be chemically stable, and (5) have a variable length. Carbon
nanotubes and other tubular structures (BN, sulfides) may
not be suitable for such a purpose because of not
satisfying one or more of these criteria. Recently, the
Martin group has been successful in employing tubular
structures prepared via a solution templating process
(porous alumina as templates) for biological separation
purposes.35 However, the robustness and integrity of the
nanotubes prepared this way are less than ideal, and their
inner diameters are generally 50 nm or above.
Now let us consider the nanotube-electrolyte interface.
When an electrolyte solution is confined within a silica
nanotube with negative surface charges, counterions
accumulate near a charged surface and co-ions are
electrostatically repelled.36 Due to this counterion shield,
the electric potential decays to its bulk value over a
characteristic length known as the Debye length. The
Debye length, lD, decreases as the ion concentration, n,
increases, lD ∝ n-1/2, and is typically 1-100 nm for aqueous
solutions. In micrometer-sized channels, the Debye length
is usually much smaller than the channel dimensions, and
the bulk of the solution is shielded from the surface
charge. Therefore, although interfacial effects such as
electroosmotic flow can be controlled using field-effect
and surface modification in microchannels,37 direct elec-
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FIGURE 7. Single nanotube based metal-oxide solution field effect
transistors (MOSolFETs): (a) schematic structure of a MOSolFET;
(b) a fully packaged nanotube nanofluidic transistor; (c) a light
microscopy image showing the device structuressource (S) and
drain (D) microfluidic channels, the metallic gate (G), and the single
silica nanotube.
trostatic manipulation of ions across the microchannel is
not possible. However, nanometer-sized channels, which
have one dimension comparable to or smaller than the
Debye length, possess an electrostatic potential that
remains nonzero even in the center of the nanotube. Thus,
the solution becomes unipolar since the cations are more
concentrated than the anions.
We found that the ionic conductance through a nanotube filled with low-concentration KCl solution significantly deviates from bulk behavior once the KCl concentration is lower than 10 mM.38 This is a clear indication
of the emergence of a unipolar transport that is not
dependent on bulk KCl concentration but rather is
controlled by surface charges. Unipolar transport is unique
only in nanofluidic channels and is absent in microfluidic
systems due to strong Debye screening in aqueous solution. Furthermore, in nanochannels, electrostatic fields
can penetrate throughout the channel, enabling direct
control of ionic/molecular transport by adjusting surface
potential or charges in such nanochannels. An early work
over a decade ago investigated this phenomenon in
glycerol-filled nanochannels.39 This gate control represents
one of the major advantages over much of the work on
nanopores.40,41

Metal-Oxide Solution Field Effect Transistors
(MOSolFETs)
A comparison with typical unipolar electronic devices, for
example, metal-oxide semiconductor (MOS) systems,
leads to the concept that a gate voltage may be employed
to modulate the ionic concentration in nanotubes. Figure
7a is the schematic design of single nanotube metal-oxide
solution field effect transistors (MOSolFETs).36

FIGURE 8. Field effect modulation of ionic conductance: (a)
schematic mechanism of field effect modulationsred lines showing
the potential diagram across nanotubes at various gate voltages
and dots qualitatively representing the ionic density and distribution;
(b) the transfer characteristics (differential conductance vs gate
voltage) of a nanotube nanofluidic transistor (adapted from
ref 42).
Here, we have integrated our silica nanotubes, which
have high aspect ratio, excellent uniformity, and surface
smoothness, into nanofluidic transistors by interfacing
with two microfluidic channels. Figure 7b shows a fully
packaged silica nanotube nanofluidic device with a polydimethylsiloxane (PDMS) cover in which access holes are
drilled prior to bonding. The MOSolFET device (Figure 7c)
includes source (S)/drain (D) microfluidic channels and
the metallic gate electrodes (G).
Figure 8b shows the ionic conductance through a silica
nanotube with potassium chloride solution (e1 mM)
under different gate voltages (Vg). This device clearly
exhibits p-type transistor behavior indicating that cations
(K+) are the major electronic carriers through the silica
nanotubes. Negative Vg enhances carrier concentration,
while positive Vg depletes carriers. The conductance values
were derived from the slopes of steady-state I/V curves
to avoid zero shift and nonequilibrium effects.42
These results demonstrate that, analogous to the field
effect modulation of the band diagram in metal-oxide
semiconductor (MOS) systems, the gate voltage can tune
the electrostatic potential of the solution inside the
nanotubes. Figure 8a is an illustration of the electrostatic
potential diagram for our MOSolFET device. At the SiO2/
liquid interface, an electrical double layer (EDL) forms to
screen the surface potential. The EDL consists of two
layers, the inner compact layer (Stern layer) and the outer
diffuse layer. In a fluid medium sufficiently larger than
the thickness of the diffuse layer, the electrostatic potential
decays from the effective surface potential (ζ potential)
to zero. When the solution is in a confined geometry, for
example, when the nanotube radius is comparable to or
smaller than the diffuse layer, the electrical potential in
VOL. 39, NO. 4, 2006 / ACCOUNTS OF CHEMICAL RESEARCH 243
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Table 1. Comparison between a Metal-Oxide Semiconductor Field Effect Transistor (MOSFET) and a MOSolFET
MOSFET

MOSolFET

device structure

carrier
polarity
mobility
carrier concentration
conduction channel
applications

electron/hole
unipolar
high
doping level
2D electron/hole conduction layer
control of electrical conductance

the center of nanotube remains nonzero. Because SiO2
surfaces are typically negatively charged due to the
presence of hydroxyl and Si-O- groups, cations act as the
majority carriers and the resulting transistors are p-FETs.
Negative Vg shifts down the overall potential and leads to
accumulation of cations, thus increasing the electrical
conductance. Positive Vg depletes cations and decreases
electrical conductance. This simple scheme qualitatively
explains how field effect control works in nanofluidic
systems. This first realization of a MOSolFET device
establishes the ability to use electric fields to control the
transport of charged species on the nanoscale and suggests the possibility of utilizing this ability in various fluidic
applications, such as in chemical logic devices or for the
controlled step-by-step delivery of chemical reactants into
one-pot microreactors.

anion/cation
unipolar/bipolar
low
surface charge density
Debye layer (1-100 nm thick)
control of ionic/molecular environment or transport.

conductance and a more pronounced gating effect as
shown in Figure 9b. The ionic conductance exhibits a
much more profound field effect modulation.
The polarity of the nanotube ionic transistors can be
completely reversed after a prolonged surface modification. Four days of APTES treatment converted as-made
p-FETs into n-FETs (Figure 9c). In this case, the ionic
conductance increased with increasing Vg for the entire
experimental range of Vg.

Doping Control in Nanotube Nanofluidic
Transistors
Analogous to MOS transistors, it is desirable to tune the
“doping level” and thereby change the inherent carrier
concentrations or type. We have shown that the inherent
carrier concentration in our nanofluidic transistors can
be controlled by adjusting the inner surface potential and
charge density via the application of a gate voltage. In this
regard, changing the native surface charge density via
chemical modification is expected to have similar consequences in nanofluidic transistors as changing the dopant
concentration of the semiconductors in MOSFETs (Table
1). A reduced doping level is generally associated with a
more pronounced field effect modulation in semiconductors.43 We now turn to the impact of surface modification
on the field effect for our metal-oxide solution field effect
transistors (MOSolFETs).
Aminosilane chemistry has been used to modify inner
surfaces of silica nanotubes to change the surface potential
and charge density or even switch channel polarity. Right
before PDMS cover bonding, the nanotube was treated
with 3-amino-propyl triethoxyl silane (APTES) (Figure 9a),
while the transistor characteristics were monitored over
the surface functionalization duration. It was found that
1 day of APTES functionalization did not change polarity
(still p-type behavior) but led to a greatly reduced ionic
244 ACCOUNTS OF CHEMICAL RESEARCH / VOL. 39, NO. 4, 2006

FIGURE 9. “Doping” control and polarity switching: (a) scheme of
surface modification with APTES; (b) selected I/V curves for the
nanotube nanofluidic transistor after 1 day of APTES functionalization,
showing enhanced p-type field effect behavior at a lower surface
charge density; (c) differential conductance vs gate voltages (Vg)
for the nanofluidic transistors after 4 days of APTES treatment,
showing a polarity change to an n-type FET (adapted from ref 42).
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Single Molecule Sensing using Nanotube
Nanofluidics: Interplay of Charge Effect and
Geometry Effect
Sensors utilizing novel nanostructured materials and new
mechanisms will have a significant impact on a broad
range of applications relating to national security, health
care, the environment, energy, food safety, and manufacturing. Emerging micro- and nanotechnologies can decrease the size, weight, and cost of sensors and sensor
arrays by orders of magnitude while simultaneously
increasing their spatial and temporal resolution and
accuracy. Over the years, various molecular detection
techniques have been developed and validated for their
chemical/biological sensing, diagnostic, and prognostic
utility. For most, efficiency is a result of a tradeoff between
sensitivity, specificity, ease of operation, cost, speed, and
frequency of false alarms. Novel functional materials such
as quantum dots, photonic crystals, nanowires, carbon
nanotubes, porous membranes, porous silicon, and solgel matrixes incorporating biomolecules have been used
as sensing elements with various possible detection
mechanisms.
Because of their similar dimensions, inorganic nanotube nanofluidic transistors can be employed for single
biomolecule sensing using a detection scheme based on
monitoring ionic current through a single nanotube. Once
a biomolecule, such as λ-phage DNA, drifts into the
nanotube, their interaction will change the ionic current
and give rise to a transient signal for the DNA translocation event. Based on this electrical detection scheme,
channel protein nanopores have been utilized as singlemolecule sensors based on ionic current blockage40 and
have exhibited promise for ultrafast DNA sequencing.41,44
Artificial nanopores have also been used for singlemolecule sensing and configurational studies.45-49 Our
inorganic nanotubes have quite unique dimensions with
nanometer scale inner diameter and ultrahigh aspect ratio
(which enables field effect control).
In our experiments,50 the translocation of single λ-DNA
molecules through the nanotubes was studied at two
different ionic concentrations, 2 and 0.5 M KCl. When the
microfluidic channels were first filled with 2 M KCl
solution and the current through the nanotube was
measured with the application of electrical bias, the ionic
conductance exhibited a stable baseline with ∼15-20 pA
fluctuations prior to loading DNA molecules. When λ-DNA
in 2 M KCl buffer solution was introduced to the negatively
biased microchannel (with the other microchannel filled
with 2 M KCl buffer only), the ionic current exhibited
many current drops corresponding to passage of individual λ-DNA molecules (Figure 10a). These current drop
events may be attributed to the volume exclusion of
conducting ions, which leads to a transient ionic current
blockage. The typical current change is 10-40 pA. The
typical duration of the translocation events is 4-10 ms
with a small number of events lasting up to 20 ms. The
overall distribution is quite narrow with mean current
change and translocation time of 23 pA and 7.5 ms

respectively (Figure 10b), suggesting that a majority of the
events are identical and correspond to single molecule
translocation events. Interestingly, when the same experiment was conducted in a lower concentration of KCl
solution (0.5 M), a distinctly different phenomenon was
observed. Instead of decrease in current, the ionic current
increased during the translocation of λ-DNA molecules
(Figure 10c,d). Statistics of current change and duration
time shows a much broader distribution.
The observed results can be explained by a simplified
model that considers the charge and volume of the DNA
molecule (i.e., charge effect vs geometry effect). For a
biomolecule with charge q and volume V present in a
solution with ionic concentration c in the nanotube, the
number of charges on the biomolecule is q/e, where e is
the charge of an electron. When this molecule is introduced into the nanotube, it will attract counterions that
neutralize its surface charge. Therefore, the excess number
of mobile carrier ions introduced into the nanotube due
to the biomolecule is given approximately by

ncharge ) fq/e

(1)

where f is the ratio of the effective number of excess
mobile ions to the number of charges on the biomolecule.
On the other hand, the number of ions excluded by the
biomolecule is simply given by

nvolume ) cV

(2)

Biomolecule charge and volume have opposite effects on
nanotube conductance: excess charge increases the number of conducting ions in the nanotube, whereas volume
exclusion of ions decreases the number of conducting
ions. These relations suggest a critical ionic concentration,
ccritical, at which the two competing effects balance, that
is, ncharge ) nvolume. The critical concentration is given by

ccritical ) fq/(eV)

(3)

The critical concentration is thus uniquely determined by
the effective charge density and volume of the biomolecule. Below the critical concentration, the charge effect
is dominant, resulting in an increase in ionic conductance
of the nanotube in the presence of the biomolecule. Above
the critical concentration, the volume effect is dominant,
resulting in a decrease in ionic conductance.
In the case of DNA in the nanotube, both the silica tube
walls and the DNA molecule are negatively charged. We
applied the above simple model to calculate the expected
critical concentration for the λ-DNA molecule. This calculation gives a critical concentration of 0.78 M. The
calculated critical concentration is in good agreement with
the current increase observed at 0.5 M and current
decrease observed at 2 M KCl. While the model proposed
here qualitatively explains our experimental observation,
we note that this is perhaps an oversimplified account of
the highly complex DNA transport process within nanotubes. Nonetheless, we show that when biomolecules are
present inside nanofluidic tubes, the ionic conductance
reflects a rich interplay between the competing effects of
VOL. 39, NO. 4, 2006 / ACCOUNTS OF CHEMICAL RESEARCH 245
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FIGURE 10. Single DNA molecule detection in nanotubes. Panels a and b are ionic current signals for λ-DNA translocations at [KCl] ) 2 M
and the statistics of current change and duration time. Panels c and d are data for experiments carried out at [KCl] ) 0.5 M (adapted from
ref 50). Panel e shows a schematic illustration of DNA translocation through a long nanotube, in which a complex DNA conformational
evolution is involved.
biomolecule charge and size. It is worth noting that the
charge-to-mass ratio of biomolecules is a key parameter
in mass spectrometry, which is now widely used to
characterize and identify biomolecules. In a similar manner, the charge-to-volume ratio extracted from nanofluidic
ion conductance measurements could potentially become
a method of characterizing biomolecules as well. In
contrast to mass spectrometry, nanofluidics could enable
246 ACCOUNTS OF CHEMICAL RESEARCH / VOL. 39, NO. 4, 2006

single-molecule sensitivity in subfemtoliter volumes of
aqueous environment, as demonstrated here.
The exact nature of the DNA or other biomolecule
transport within nanotubes (Figure 10e) still requires a
significant amount of additional theoretical and experimental investigation. The entropic barrier mediated translocation will lead to a different conformational evolution,
which could be reflected in the fine structure of every
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ionic current peak. Interestingly, all the signal peaks
exhibit similar shapes for either current blockade or
current increase. We conjecture that the evolution of the
ionic current may be related to the evolution of the chain
conformations during the translocation of DNA as shown
in Figure 10e. The inorganic nanotube nanofluidic device
lengthens the single molecule transport events greatly in
time scale compared to the nanopore devices.40,41 In
addition, the duration, the current change, and the current
decay characteristics measured at different ionic concentrations and biases would provide useful information on
biomolecules within a confined geometry. Therefore, these
nanotube devices represent a novel platform for studying
single-molecule behavior.

Conclusion and Outlook
The inorganic nanotubes introduced here possess several
characteristics that are beneficial for their application in
optoelectronics and nanofluidics. They feature controllable inner diameter from 1 to 100 nm, structural robustness, easy functionalization of inner and outer surfaces,
chemical stability, and tunable compositions and aspect
ratio. In particular, the ability to spatially and temporally
tune the ionic and electrostatic environment makes nanotube-based nanofluidic transistors a unique tool for
biological and chemical analyses in femtoliter volumes.
The single nanotube transistors have the ability to manipulate and sense extremely small amounts of charged
species or even single biomolecules. Similar to metaloxide semiconductor field effect transistors, the nanofluidic transistor has the potential to form the building blocks
of integrated nanofluidic circuits for manipulating biomolecules with single-molecule precision and control.
In addition, previously, semiconductor thin films have
been extensively studied for their chemical and biological
field effect transistor applications. Our semiconductor
nanotubes (GaN) have the following characteristics that
would be ideal for such applications: mechanically robust,
electrically and optically active, and extremely high internal and external surfaces. It is fairly common that
different molecular species on the surface of the nanotubes will induce different surface charge/potentials, and
in many cases, electron transfer would occur. Both factors
would readily induce the conductivity change within the
semiconductor GaN nanotubes. Both the internal and
external surface can be used as active probe areas for
sensing purposes, which would dramatically increase the
sensitivity. Obviously we could also measure the ionic
current simultaneously if needed. The simultaneous feedback of multiple electrical signals (as well as single
molecular optical signal within the confined nanotube
geometry) would allow us to perform chemical and
biological sensing with high sensitivity and specificity and
much fewer false alarms. Overall this new class of onedimensional nanostructures is posed to have a great
impact not only in the traditional sectors of nanoscience
research including photonics and electronics, but also in

opening up a new research paradigm in the area of
nanofluidics at the bio-nano interface.
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