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We have developed a new class of synthetic membranes that consist of a porous polymeric support that contains
an ensemble of gold nanotubes that span the thickness of the support membrane. The support is a
commercially-available microporous polycarbonate filter with cylindrical nanoscopic pores. The gold nanotubes
are prepared via electroless deposition of Au onto the pore walls; i.e., the pores acts as templates for the
nanotubes. We have shown that by controlling the Au deposition time, Au nanotubes that have effective inside
diameters of molecular dimensions ( < 1 nm) can be prepared. These membranes are a new class of molecular
sieves and can be used to separate both small molecules and proteins on the basis of molecular size. In addition,
the use of these membranes in new approaches to electrochemical sensing is reviewed here. In this case, a current
is forced through the nanotubes, and analyte molecules present in a contacting solution phase modulate the value
of this transmembrane current.

1. Introduction

We have been investigating a general method for preparing
nanomaterials called template synthesis.1–3 This method entails
synthesis or deposition of the desired material within the
cylindrical and monodisperse pores of a nanopore membrane or
other solid. We have used polycarbonate filters, prepared via the
track-etch method,4 and nanopore aluminas, prepared electro-
chemically from Al foil,5 as our template materials. Cylindrical
nanostructures with monodisperse diameters and lengths are
obtained, and depending on the membrane and synthetic
method used, these may be solid nanowires or hollow
nanotubes. We, and others, have used this method to prepare
nanowires and tubes composed of metals,5–15 polymers,16–19

semiconductors,20,21 carbons,22–24 and Li+ intercalation materi-

als.25–27 It is also possible to prepare composite nanostructures,
both concentric tubular composites, where an outer tube of one
material surrounds an inner tube of another,28,29 and segmented
composite nanowires.30

One of our earliest applications of the template method was
to prepare ensembles of microscopic31,32 and nanoscopic33,34

electrodes. Such electrodes are prepared by depositing noble
metals within the pores of the polycarbonate filtration mem-
branes. Initially, we deposited the metal in the pores using
electrochemical-plating methods,31 but we ultimately dis-
covered that electroless plating allowed for more uniform metal
deposition.33 In the electroless method, metal deposition begins
at the pore walls creating, at short deposition time, hollow metal
nanotubes within the pores8–12,35,36 That is, the electroless
plating method yields metal (typically gold) nanotube mem-
branes, the subject of this review.

Coincidentally, there is also a long-standing interest in our
research group in the area of membrane-based chemical
separations.37–39 This interest led us to undertake a series of
fundamental investigations of the transport properties of the
gold nanotube membranes. We discovered that by controlling
the deposition time, we could prepare Au nanotubes that had
effective inside diameters of molecular dimensions ( < 1 nm).9
This suggested that these membranes might be useful as
molecular sieves. In addition, because these membranes are
composed of an electronically conductive material, it occurred
to us that excess charge could be applied to the tubes by
electrochemical charging in an electrolyte solution. We rea-
soned that it might be possible to use this excess charge to
regulate ion-transport across these membranes.8,35 Further-
more, because the tubes are composed of gold, it seemed
possible that we could use well-known Au–thiol chemistry to
change the chemical environment within the tubes, and via this
route, introduce chemical transport selectivity into these
membranes.10–12,36 Finally, we have shown that the Au
nanotube membranes can be used in a new electrochemical
sensing system that offers extraordinary sensitivity.40,41

In this paper we review the concept of molecular sieving, as
applied to small molecules and proteins. We further discuss the
use of the Au nanotube membranes as chemical sensors. We
begin by briefly reviewing some of the experimental details
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such as membranes used, the electroless plating method, and the
gas flux method used to determine nanotube inside diameter.
We then discuss investigations of molecular-size-based trans-
port selectivity. This is followed by a discussion of an extremely
sensitive chemical sensing method utilizing the Au nanotube
membranes.

2. Membrane preparation and analysis

A. Template membranes and electroless plating

Commercially-available ‘track-etched’ polycarbonate filters are
used as the templates to prepare the Au nanotubes. The track-
etch process4 entails bombarding a solid material (in this case a
~ 10 µm-thick polycarbonate film) with a collimated beam of
high-energy nuclear fission fragments to create parallel damage
tracks in the film. The damage tracks are then etched into
monodisperse cylindrical pores by exposing the film to a
concentrated solution of aqueous base. The diameters of the
pores are determined by the etch time and the etch-solution
temperature. The density of pores is determined by exposure
time to the fission-fragment beam. Membranes with pore
diameters ranging from as small as 10 nm to as large as ~ 10 µm
are available commercially.

The membranes used for these studies had nominal pore
diameters of 30 nm and contained 6 3 108 pores per cm2 of
membrane surface area. The nominal pore diameter (supplied
by the manufacturer) is obtained from scanning electron
microscopic images of the film surface. Microscopic investiga-
tions of template-synthesized nanostructures prepared within
the pores of such membranes have shown that the diameter of
the pore in the center of the membrane is larger than the
diameter at the membrane surface; i.e., that cigar-shaped pores
are obtained.14,17 It has been suggested that this pore geometry
arises because the fission fragment that creates the damage track
also generates secondary electrons, which contribute to the
damage along the track.14 The number of secondary electrons
generated at the faces of the membrane is less than in the central
region of the membrane, and this is why ‘bottleneck’ pores are
obtained.

The electroless plating method used to deposit the Au
nanotubes within the pores of these membranes has been
described previously.11,33 Briefly, the template membrane is
first ‘sensitized’ by immersion into a SnCl2 solution which
results in deposition of Sn(II) onto all of the membrane’s
surfaces (pore walls and membrane faces). The sensitized
membrane is then immersed into a AgNO3 solution, and a
surface redox reaction occurs (eqn. (1)) which yields nano-
scopic metallic Ag particles on the membrane surfaces.

Sn(II)surf + 2Ag(I)aq? Sn(IV)surf + 2Ag(0)surf (1)

(The subscripts surf and aq denote species adsorbed to the
membrane surfaces and species dissolved in solution, re-
spectively.) The membrane is then immersed into a commercial
gold plating solution and a second surface redox reaction
occurs, to yield Au nanoparticles on the surfaces (eqn. (2)).

Au(I)aq + Ag(0)surf? Au(0)surf + Ag(I)aq (2)

These surface-bound Au nanoparticles are good autocatalysts
for the reduction of Au(I) to Au(0) using formaldehyde as the
reducing agent. As a result, Au deposition begins at the pore
walls, and Au tubes are obtained within the pores.8–12,35,36 In
addition, the faces of the membrane become coated with thin Au
films. These surface films do not, however, block the mouths of
the nanotubes, and there are open nanoscopic channels running
from one face of the membrane to the other. By controlling the
electroless plating time, the inside diameter of these nanotubes
can be controlled at will, down to molecular dimensions.

B. Estimation of the nanotube inside diameter

We use a gas-transport method to obtain an estimate of the
inside diameter (id) of the template-synthesized Au nano-
tubes.11 Briefly, the tube-containing membrane is placed in a
gas-permeation cell, and the upper and lower half-cells are
evacuated. The upper half-cell is then pressurized, typically to
20 psi with H2, and the pressure–time transient associated with
leakage of H2 through the nanotubes is measured using a
pressure transducer in the lower half-cell. The pressure–time
transient is converted to gas flux (Q, mol s21) which is related
to the radius of the nanotubes (r, cm) via11,42

Q = 4/3(2p/MRT)1/2(nr3DP/l) (3)

where DP is the pressure difference across the membrane
(dynes cm22), M is the molecular weight of the gas, R is the gas
constant (erg K21 mol21), n is the number of nanotubes in the
membrane sample, l is the membrane thickness (cm) and T is the
temperature (K).

In using eqn. (3) we assume: (i) that we know the number of
nanotubes (n) in the membrane sample; (ii) that the nanotubes
have a constant inside diameter down their entire length; and
(iii) that the mechanism of gas transport through the membrane
is Knudsen diffusion in the nanotubes. We have discussed the
validity of each of these assumptions in detail in a recent
review.43

3. Molecular sieving and filtration in the Au
nanotube membranes

Molecular sieving experiments were conducted using a simple
U-tube permeation cell, where the membrane to be studied
separates the ‘feed’ and ‘permeate’ half-cells. The feed half-cell
is an aqueous solution containing the molecule or molecules
whose transport properties are to be evaluated. The permeate
half-cell initially contains only water or a salt solution. Passive
diffusion drives the permeate molecule from the feed half-cell
through the membrane and into the permeate half-cell. The time
course of the transport process is followed by periodically
assaying the permeate half-cell for the permeate molecule(s).
The transport data are graphed as plots of moles of permeate
molecule transported vs. permeation time.9–12 Straight-line
plots are typically obtained, and the flux of the permeate
molecule can be calculated from the slope. We will call such
plots ‘flux plots’ in this review.

A. Molecular sieving in single-molecule permeation
experiments

In these experiments, the flux plot for a particular molecule is
determined with only that molecule present in the feed solution.
The feed solution is then replaced with a solution of a second
molecule and the flux plot for this molecule is obtained for the
same membrane. A membrane-transport selectivity coefficient
(a) can then be obtained by ratioing the fluxes for the two
permeate molecules. Since molecular-sized based selectivity is
of interest here, one of the permeate molecules used was large,
the tris-bipyridal complex of Ru(II), Ru(bpy)3

2+, and the other
was smaller, methyl viologen, MV2+ (Fig. 1).

The ratio of the diffusion coefficients for MV2+ and
Ru(bpy)3

2+ in free aqueous solution is 1.5.40,43 For this reason,
if a simple solution-like diffusion process were operative in the
nanotubes, a selectivity coefficient of a = 1.5 would be
anticipated. In contrast, even for the largest id nanotubes
investigated (5.5 nm), the selectivity coefficient was sub-
stantially greater, a = 50 (Fig. 2A).9 These data show that size-
based molecular sieving occurs in these large-id ( > molecular
dimensions) nanotubes.
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Molecular-sieving is a result of hindered diffusion of the
molecules in the Au nanotubes.44 The simplest way to
understand hindered diffusion is to consider first the Stokes–
Einstein equation that relates the diffusion coefficient (Ds) to
the molecular radius (rmol) for diffusion in free solution (eqn.
(4))

Ds = kT/6phrrm (4)

where k is the Boltzmann constant, T is the Kelvin temperature,
and h is the viscosity. The denominator 6phrrm can be thought
of as a molecular-friction coefficient that determines the
resistance to diffusion in the solution. As would be expected,
this molecular-friction term increases with increasing size of the
molecule and increasing viscosity of the solution.

In the Au nanotube membranes, this molecular-friction
coefficient is larger than in free solution because collisions with
the nanotube wall increase the frictional drag on the molecule.45

In addition, the rate of diffusive mass transport in the nanotube
is decreased, relative to a contacting solution phase, because of
steric reasons.44 Consider a molecule of radius rmol diffusing
within a nanotube of comparable radius rtube. The extent to
which the diffusion coefficient for a molecule in the nanotube
(Dtube) is decreased relative to its value in free solution (Dsol) is
related to the parameter l which is the ratio of the radius of the
diffusing molecule to the radius of the nanotube44

l = rmol/rtube (5 )

A large number of theoretical expressions have been derived
that predict how the ratio Dtube/Dsol varies with l.44–46 The
extremes are easy to define; when l = 0 (rmol < < rtube) Dtube/
Dsol = 1, and when l approaches unity (tube and molecule are
the same size) Dtube/Dsol must approach zero. The Renkin
equation (eqn. (6))

Dtube/Dsol = 1 2 2.104l + 2.09l3 2 0.95l5 (6)

is an often-used example of the relationship between Dtube/Dsol

and l.46 Plots of this equation and various other expressions for
the relationship between Dtube/Dsol and l can be found in the
literature.44–46

Eqns. 5 and 6 show that for any nanotube id, diffusivity in the
nanotube membrane will be lower for the larger Ru(bpy)3

2+

than for the smaller MV2+. This is reflected in the transport data
(Fig. 2A) where the flux of the larger Ru(bpy)3

2+ is decreased
more than the flux for the smaller MV2+. As a result a = 50 is
obtained.9 Eqns. 5 and 6 predict that as the nanotube id is made
smaller, the a value should become even larger, which is also
reflected in the transport data. Values for the 5.5 nm, 3.2 nm and
2.0 nm id nanotube membranes are a = 50, 88, and 172,
respectively.9

B. Molecular filtration in two-molecule permeation
experiments

The smallest id nanotube membrane investigated (id ~ 0.6 nm)
provides a measurable flux for MV2+, but the larger Ru(bpy)3

2+

could not be detected in the permeate solution, even after a two
week permeation experiment (Fig. 2B). These data suggest that
clean separation (molecular filtration) of these two species
should be possible with this nanotube membrane. This was
proven by doing two-molecule permeation experiments, where
both the larger and smaller molecules (Fig. 1) were present in
the feed half-cell together. A simple U-tube cell was used, and
the permeate solution was periodically assayed, using UV–vis
absorption or fluorescence, for both molecules. For all three of
the large-molecule/small-molecule pairs shown in Fig. 1, the
small molecule could be easily detected in the permeate solution
but the large molecule was undetectable9

These data show that within the limits of the measurement,
the Au nanotube membrane can cleanly separate large mole-

Fig. 1 Chemical structures and approximate relative sizes of the three ‘big
molecule/small molecule’ pairs used in the molecular filtration experi-
ments. Quinine, MV2+, and Ru(bpy)3

2+ were also used as analytes in the
sensor work.

Fig. 2 Single-molecule permeation experiments showing moles of MV2+

and Ru(bpy)3
2+ transported versus time. Membranes contained nanotubes

with ids of (A) 5.5 nm. (B) < 0.6 nm. Only MV2+ was transported through
this membrane.
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cules from small molecules. However, one could argue that the
large molecule is, indeed, present in the permeate solution but at
a concentration just below the detection limit of the analytical
method employed. This argument allows us to define a minimal
transport selectivity coefficient (amin) for each small-molecule/
large-molecule pair investigated, where amin is defined as the
measured concentration of the small molecule in the permeate
solution divided by the detection limit for the large molecule.
The amin values obtained are extraordinary (Table 1). It is
important to stress again that, in all three cases, the larger
molecule was undetectable in the permeate solution.

4. Size-based separations of proteins

We have recently started investigating protein transport in the
Au nanotube membranes.47 In this case, the ability to tailor the
chemistry of the Au nanotubes provides a route for suppressing
protein adsorption and thus fouling, a vexing problem for
ultrafiltration separations of proteins.48–53 In particular, there
have been a number of investigations of protein transport in the
track-etched polycarbonate membranes54–59 used as the tem-
plates to prepare the Au nanotubes, and protein adsorption has
proven to be a problem in such studies.56–59 Protein adsorption
to the Au nanotube membranes was suppressed by chemisorb-
ing a thiol-terminated poly(ethylene glycol). It is well known
that PEG-modified surfaces show decreased protein adsorption
relative to the unmodified surface.60–65 The ability to precisely
control the inside diameter (id) of the nanotubes (and to produce
nanotubes with very monodisperse ids) is also advantageous in
that this should allow for size-based separation of proteins of
similar molecular weights. We describe results of preliminary
investigations of protein separations in the Au nanotube
membranes here. The effect of nanotube id on rate and
selectivity of protein transport was investigated for three
proteins: lysozyme (Lys), bovine serum albumin (BSA) and b-
lactoglobulin (LGA).

The Au nanotube membranes were mounted between the two
halves of a U-tube permeation cell as described above. Both
single-protein and two-protein permeation experiments were
done. Unless otherwise noted, this solution was forced through
the membrane by applying 20 psi pressure to the feed half-cell.
The permeate half-cell was initially empty. As solution was
forced through the membrane, the permeate half-cell was
periodically sampled and the concentration of the protein was
determined via the UV absorbance at 280 nm. The two-protein
permeation experiments were done in an analogous fashion
except the feed solution was 0.025 mM in each protein. The
concentration of each protein in the permeate half-cell was
determined by sampling the permeate solution after ~ 1 mL was
transported and doing HPLC analysis. In addition to these
pressure-driven transport experiments, preliminary single-
molecule permeation experiments were done in the absence of
applied pressure. In this case, transport occurred by diffusion of
the protein across the membrane into 5 mL of the buffer
solution.

A. Single-protein permeation experiments

Fig. 3 shows results of single-protein (Lys) permeation
experiments in the absence of applied pressure for id = 23 nm

Au nanotube membranes, with and without chemisorbed PEG-
thiol. Without the PEG-thiol, transport stops after ~ 8 h,
indicating rapid blockage of the nanotubes by adsorbed protein.
In contrast, when the PEG-thiol is present, linear moles-
transported vs. time data are obtained for up to 5 days. These
data clearly show that protein adsorption is strongly suppressed
by the chemisorbed PEG. This suppression of protein adsorp-
tion is also observed in the pressure-driven transport experi-
ment, where protein flux is ~ 2-orders of magnitude higher.
Indeed, we have conducted such experiments for as long as 6
days with no evidence of protein adsorption. All of the
remaining data presented in this section of the review are from
membranes with chemisorbed PEG-thiol and where 20 psi
pressure was used to drive the feed solution through the
membrane.

Fig. 4 shows results of single-protein permeation experi-
ments for Lys (upper line) and BSA (lower line) through a
membrane with id = 40 nm gold nanotubes. The flux of Lys is
4-times higher than the flux of BSA. The Stokes radii for BSA
and Lys are 3.6 nm and 2 nm, respectively;66 hence, the Stokes–
Einstein equation would predict that in free solution the
diffusion coefficient for Lys would be only 1.8 times higher
than that for BSA. That the ratio of the fluxes in the nanotube
membrane (Fig. 4) is higher than this Stokes ratio is again
indicative of hindered transport43,44 (see eqns. (5) and (6)) of the
protein molecules in these nanoscopic tubes. Two-protein
permeation experiments were used to explore this issue
further.

B. Molecular filtration in two-protein permeation
experiments

Fig. 5A shows HPLC data for the feed solution from a BSA/Lys
two-protein permeation experiment. Fig. 5B shows HPLC data
for an aliquot of the permeate solution after permeation through
an id = 45 nm gold nanotube membrane. In analogy to the
single-protein transport case (Fig. 4), the attenuation of the BSA
peak, relative to the Lys peak, clearly shows the enhanced
discrimination against the larger protein molecule. Fig. 5C
shows analogous data after transport through an id = 30 nm
nanotube membrane; now the BSA peak is barely discernable.
BSA could not be detected in the permeate from an id = 20 nm
nanotube membrane (Fig. 5D). This, of course, does not mean

Table 1 Minimal membrane-transport selectivity coefficients

Permeate pair amin

Pyridine/quinine 15000
Anilinium/Rhodamine B 130000
MV2+/Ru(bpy)3

2+ 1500

Fig. 3 Plots of moles transported vs. time for Lys diffusion (no applied
pressure) across id = 23 nm Au nanotube membranes. Upper line, with
chemisorbed PEG-thiol. Lower curve, no PEG thiol.
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that there is no BSA present; it simply means that the
concentration is below the detection limit of our analytical
method, which for BSA is ~ 0.2 µM. In an attempt to obtain a
discernable BSA signal in the permeate from the id = 20 nm
nanotube membrane, we increased the permeation volume from

1 to 2 mL, but there was still no detectable BSA in the
permeate.

The transport data in Fig. 5 can be quantified by defining a
Lys vs. BSA selectivity coefficient, aLys/BSA, which is the ratio
of the concentration of Lys to the concentration of BSA in the
permeate solution. Table 2 shows that aLys/BSA increases with
decreasing nanotube diameter. These results are analogous to
the small-molecule permeation in smaller-id Au nanotube
membranes reviewed above. In the case of the id = 20 nm
membrane, where BSA could not be detected, we report a
minimal transport selectivity coefficient, defined as before9 as
the detected concentration of the smaller protein (Lys) divided
by the detection limit for the larger protein (BSA). As indicated
in Table 2, the selectivity coefficient for the id = 20 nm
nanotube membrane is at least 20 That this difference in
selectivity is based primarily on the difference in size and not
charge of the proteins is reinforced by the fact that at this pH
value, BSA is negatively charged and Lys is positively
charged.48,66 Furthermore, the PEG is electrically neutral so
there should be no excess charge on the nanotubes.

Table 2 also shows that the increased selectivity for the
membranes containing the smaller id nanotubes comes at a
price, the flux of both proteins across the membrane decreases
with decreasing nanotube diameter. Hence, as is typically
observed in membrane-based separations processes, mem-
branes that show higher selectivity also show decreased
permeate throughput or productivity.67 Fig. 6 shows analogous
data for the separation of BSA from LGA and the corresponding
selectivity coefficients are also tabulated in Table 2. Again, we
see higher selectivity and lower productivity for the membranes
containing the smaller id nanotubes.

These studies have shown that by controlling the ids of the
nanotubes, Au nanotube membranes can show good selectivity

Fig. 4 Plots of moles transported vs. time for Lys (upper) and BSA (lower)
across an id = 40 nm Au nanotube membrane. Single-protein permeation
experiments.

Fig. 5 HPLC data for two-protein (Lys/BSA) permeation experiments. (A) Feed solution. Permeate solutions after transport through id = 45 nm (B), 30
nm (C), and 20 nm (D) nanotube membranes.

Table 2 Concentrations of proteins in the permeate and transport selectivity coefficients for two-protein permeation experiments

Mixture of Lys and BSA Mixture of LGA and BSA

Id/nm
Conc. of 
Lys/µM

Conc.
of BSA/µM aLys/BSA Id/nm

Conc. of
LGA/µM

Conc. of
BSA/µM aLGA/BSA

20 4.0 0 !20 22 3.1 0 !15
30 6.3 0.5 13 27 4.3 0.3 14
45 18.6 8.4 2.2 40 10.5 1.6 6.7
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for separation of proteins on the basis of molecule size. In
addition, by chemisorbing a PEG–thiol, the problem of
membrane fouling by protein adsorption can be eliminated.
Protein flux in these experiments was enhanced by applying a
pressure difference across the membrane. We are currently
investigating electrophoresis of proteins across such mem-
branes. This not only provides an alternative method for
enhancing flux but also adds the dimension of using protein
charge as a way of further discriminating between proteins.
Finally, while the Au nanotube membranes are good model
systems for investigating how pore size and chemistry affect
protein transport, the porosities of these membranes are too low
for practical use in protein separations. We are currently
investigating similar membranes with significantly higher
porosities.

5. Chemical sensing with the Au nanotube
membranes

In addition to the above possible applications in size-based
separations, these Au nanotube membranes have been used as
sensors for the determination of ultratrace concentrations of
ions and molecules.40,41,68 In this case, the nanotube membrane
was allowed to separate two salt solutions, a constant transmem-
brane potential was applied, and the resulting transmembrane
current was measured. When an analyte of comparable
dimensions to the inside diameter of the nanotubes was added to
one of the salt solutions, a decrease in transmembrane current
was observed. The magnitude of this drop in transmembrane
current (Di) is proportional to the analyte concentration.

A. Calibration curves and detection limits

As in the transport experiments, a U-tube cell was assembled
with the nanotube membrane separating the two halves of the
cell. The two half-cells were filled with the desired electrolyte
and an electrode was placed into each half-cell. Three different
sets of electrodes and electrolytes were used. The first set
consisted of two Pt plate electrodes, and the electrolyte used in

both half-cells was 0.1 M KF. The second set consisted of two
Ag/AgCl wires, and the electrolyte used in both half-cells was
0.1 M KCl. The third set consisted of two Ag/AgI wires
immersed in 0.1 M KI.

As noted above, the experimental protocol used with these
cells was to immerse the electrodes into the appropriate
electrolyte and apply a constant potential between the elec-
trodes. The resulting transmembrane current was measured and
recorded on an X–t recorder. After obtaining this baseline
current, the anode half-cell was spiked with a known quantity of
the desired analyte (Fig. 1). This resulted in a change in the
transmembrane current, Di (Fig. 7). A potentiostat was used to
apply the potential between the electrodes and measure the
transmembrane current. The transmembrane potential used was
of the order of 0.5 V.40,68

Plots of log Di vs. log[analyte] for the analytes Ru(bpy)3
2+,

MV2+ and quinine (Fig. 1) were obtained using Ag/AgCl
electrodes and 0.1 M KCl as the electrolyte in both half-cells
(Fig. 8). For these experiments, a membrane with 2.8 nm id Au
nanotubes was used. A log–log format is used for these
“calibration curves” because of the large dynamic range
(spanning as much as five orders of magnitude in analyte
concentration) obtained with this cell. Analogous calibration
curves were obtained for the other electrode/electrolyte systems
investigated. The detection limits40 obtained are shown in Table
3. For the divalent cationic electrolytes, the detection limits
were lowest (best) in the Ag/AgI/KI cell and worst in the Pt/KF
cell. The detection limit for quinine was the same in both the
Ag/AgI/KI and Ag/AgCl/KCl cells. In general, the detection
limit decreases as the size of the analyte molecule increases (see
Fig. 1). Finally, the detection limits obtained (down to 10211 M)
are extraordinary and compete with even the most sensitive of
modern analytical methods.

The majority of the quinine in both the KCl and KI solutions
is present as the monoprotonated (monocationic) form. Perhaps
the reason the detection limits for Ru(bpy)3

2+ and MV2+ are
lower in the Ag/AgI/KI cell while the detection limit for quinine
is the same in both this cell and the Ag/AgCl/KCl cell has to do
with the difference in charge of these analytes (predominately
monocationic vs. dicationic). To explore this point, the
detection limits for a neutral analyte, 2-naphthol, were obtained
in both the Ag/AgI/KI and Ag/AgCl/KCl cells. Like quinine,

Fig. 6 HPLC data for two-protein (LGA/BSA) permeation experiments. (A) Feed solution. Permeate solutions after transport through id = 40 nm (B), 27
nm (C), and 22 nm (D) nanotube membranes.

876 Analyst, 2002, 127, 871–879



the detection limit for this neutral analyte was the same in both
cells (1026 M, Table 3).

In the membrane transport studies it was shown that
Ru(bpy)3

2+ and MV2+ come across such membranes as the ion
multiples Ru(bpy)3

2+(X2)2 and MV2+(X2)2 (X2 = anion).9 In
the KI cell, the ion multiple contains two larger (relative to

chloride) iodide anions. Perhaps the larger size of the iodide ion
multiple accounts for the lower detection limit in the KI-
containing cell. If this is true then the difference between the
quinine cation paired with one I2 vs. this cation paired with one
Cl2 is not great enough to cause the detection limit for this
predominately monovalent analyte to be significantly different
in the Ag/AgI/KI vs. the Ag/AgCl/KCl cells (Table 3).

The final variable to be investigated is the effect of nanotube
inside diameter on detection limit. To explore this parameter,
membranes with nanotube inside diameters of approximately of
3.8, 2.8, 2.2, 1.8, and 1.4 nm were prepared and used in the Ag/
AgI/KI cell.40 Calibration curves for the analytes Ru(bpy)3

2+,
MV2+ and quinine were generated as before, and detection
limits were obtained from these calibration curves. Fig. 9 shows
plots of detection limits for these three different analytes vs. the
nanotube inside diameter in the membrane used. A minimum in
this plot is observed for each of the three analytes.

The nanotube membrane that produces the minimum (best)
detection limit depends on the size of the analyte. These
molecules decrease in size in the order Ru(bpy)3

2+ > quinine >
MV2+. The nanotube membrane that yields the lowest detection
limit follows this size order; that is, the nanotube diameters that
produce the lowest detection limit for Ru(bpy)3

2+, quinine, and
MV2+ are 2.8 nm, 2.2 nm, and 1.8 nm, respectively. For the
roughly spherical analytes, the optimal tube diameter is a little
over twice the diameter of the molecule.

B. Molecular size based selectivity

The data presented above show a strong correlation between
detection limit and the relative sizes of the nanotube and the
analyte molecule (Fig. 8). This indicates that this device should
show molecular-size-based selectivity. This is not surprising
given the transport studies discussed previously. To explore
size-based selectivity, a series of solutions were prepared
containing decreasing concentrations of the analyte species, but
containing a constant (higher) concentration of an interfering
species. The interfering species was smaller than the analyte
species. The response of the nanotube membrane (nanotube
diameter = 2.8 nm) to these solutions was then measured
starting from lowest to highest concentration of the analyte
species.

The small pyridine molecule was used as the first interfering
species. When present at a concentration of 1024 M, pyridine
offered very little interference for any of the analytes
Ru(bpy)3

2+, MV2+ or quinine. The detection limits in the
presence of 1024 M pyridine were 10210 M for Ru(bpy)3

2+,
1026 M for MV2+ and 1027 M for quinine, within an order of

Fig. 7 Nanotube membrane sensor current–time transients associated with
spiking the anode half cell with the indicated concentrations of Ru(bpy)3

2+.
Tube id = 2.8 nm; Ag/AgCl/KCl cell Di determined as shown in C.

Fig. 8 Calibrations curves for the indicated analytes. Membrane and cell
as per Fig. 7.

Table 3 Detection limits obtained using the constant–potential method.
The membrane contained ~ 2.8 nm diameter tubules

Cell Analyte Detection limit/M

Pt/KF Ru(bpy)3
2+ 1029

Ag/AgCl/KCl Ru(bpy)3
2+ 10210

Quinine 1028

MV2+ 1026

2-Naphthol 1026

Ag/AglKl Ru(bpy)3
2+ 10211

Quinine 1028

MV2+ 1027

2-Naphthol 1026 Fig. 9 Detection limits for MV2+, quinine, and Ru(bpy)3
2+ vs. id of the

nanotubes used in the sensor.
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magnitude of the detection limit with no added interfering
species (Table 3). Put another way, this nanotube membrane
sensor can detect 10210 M Ru(bpy)3

2+ in the presence of six
orders of magnitude higher pyridine concentration. A second set
of experiments was done using the larger MV2+ as the
interfering species. Now at low concentrations of analyte, there
is a region where the device produces a constant response due to
the constant concentration (1024 M) of this interfering species;
i.e., the much higher concentration of the MV2+ swamps the
response of the device. However, as the concentration of
Ru(bpy)3

2+ increases, there is a concentration range where the
device responds to this analyte species without interference
from the MV2+. This concentration range begins at concentra-
tions of Ru(bpy)3

2+ above 1028 M. That is, the size-based
selectivity is such that the larger analyte species, Ru(bpy)3

2+,
can be detected down to 1028 M in the presence of four orders
of magnitude higher concentration of the smaller interfering
species, MV2+.

These data can be quantified by defining the selectivity
coefficient Kbpy/MV as the slope of the calibration curve for the
analyte, Ru(bpy)3

2+, divided by the slope for the interfering
species, MV2+ This analysis is somewhat problematic because
the calibration curves are nonlinear and because the device is
not very sensitive to MV2+.40 However, taking the data from the
central part of the Ru(bpy)3

2+ calibration curve gives a slope of
~ 400 A M21; dividing by the slope for the MV2+ data gives
Kbpy/MV = 4,000. These experiments show that, in agreement
with the transport studies, the nanotube membrane-based sensor
can show excellent size-based selectivity.

Conclusion

In this review, we have discussed the use of Au nanotube
membranes to separate molecules on the basis of size. We have
shown here that these membranes can act as extraordinary
molecular sieves. In addition, this molecular sieving has been
extended to biological molecules. We have shown that this
allows for controlling protein-transport selectivity in these
membranes. Furthermore, we have described a new and highly-
sensitive method of electroanalysis based on these mem-
branes.

Besides showing size-based selectivity, previous studies have
demonstrated that these Au nanotube membranes can show
ionic charge-based transport selectivity and that the membranes
can be electrochemically switched between anion transporting
and cation transporting states.72 Hence, these membranes can be
viewed as universal ion-exchangers. Furthermore, chemical
transport selectivity can be introduced into these membranes by
chemisorbing thiols to the inside tube walls.10,11 In this case, the
chemisorbed thiol changes the chemical environment within the
nanotubes and this, in turn, changes the transport properties of
the membrane. For example, membranes modified with hydro-
phobic thiols selectively transport hydrophobic molecules.11

Hence, these nanotube membranes can utilize all of the
selectivity paradigms (sterics, electrostatics, and chemical
interactions) that Mother Nature uses in the design of her
exquisitely selective molecular-recognition schemes. Mother
Nature also makes nanotubes (e.g., protein69 and ion chan-
nels70,71), and again she uses size, charge and chemical
interactions to determine what chemical species have access to
these channels. The Au nanotube membranes can also be
viewed as model systems for these naturally-occurring nano-
tubes. Furthermore, the Au nanotubes can perhaps be used to
mimic transport in the natural channel systems. Such research at
the bio/nano interface is of great current interest in our group.
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