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Molecular and ionic gates through which species can be
transported at will under the influence of externally tunable
parameters have received considerable attention recently.!'”
In view of their relevance for application in microfluidic
devices, these components are becoming an established
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technology in analytical chemistry and biotechnology.®”

They may enable new ways of molecular separation, dosing,
and analysis."”"! The channels or pores of the gate typically
have diameters of ~20nm or less in order to function
properly. The operating principle is based on the presence of
1) a driving force for species transport, usually a concentra-
tion or electrical potential gradient over the gate, and 2) an
externally controllable switch with which the gate can be
opened or closed, or the selectivity of the gate modified.

Martin and co-workers were the first to show the concept
of influencing the ion permselectivity of nanoporous nuclear-
track-etched polymeric membranes by imposing an electrical
bias potential (relative to the feed solution) on the gold-
coated inner pore surface of the membrane.” We and others
demonstrated that the selectivity of a membrane toward
anions or cations can also be controlled by adjusting the ionic
strength and pH of the system, which results in the electro-
static opening and closing of membrane pores.'™) Alterna-
tively, Sweedler, Bohn, and co-workers developed a gateable
interconnect for analyte injection in microfluidic devices,!*!
where transport is driven by electroosmotic flow and the
selectivity is determined by the double-layer properties inside
the pore. It has also been shown that modification of the
membrane surface properties by self-assembled monolayers
of amino- or carboxy-functional molecules imparts to the
membrane a high dependency of the ionic permeability on the
pH value.l*1?

In a number of recent studies, the transport behavior of
ionic species in nanometer-sized pores has been modeled to
gain a better understanding of the influence of the double
layer and surface charge density on the ion-transport proper-
ties.'"1 However, the control of ionic strength and surface
charge to manipulate the permeability of a membrane is
limited to dilute conditions under which double-layer overlap
inside the channel/pore occurs, that is, at relatively low ionic
strengths, when charge exclusion is sufficient to reject ions.>”!
A much more universal method of tuning the permeability of
molecular gates would be the controlled steric blocking of
permeating species. By physically blocking or unblocking the
channels of a gate, an open/closed system can be created. This
concept could also be useful, for instance, when species are
present whose structure and function depend on ionic
strength and pH, such as enzymes.

We illustrate the concept with a tunable membrane gate,
the working principle of which is essentially based on the co-
addition of surfactant molecules to a system of ionic probes
that are transported through a membrane under the influence
of an electrical potential gradient. As a result of their size and
ability to adsorb reversibly inside channels and pores, these
surfactants can be used to physically open or close nanometer-
sized channels and pores of molecular gates by varying their
concentration. Thus, the flux of ionic or molecular species can
be controlled by an independent, externally tunable variable,
without having to manipulate the probe concentration in the
feed or the driving force for transport.

A four-region adsorption model has been proposed to
explain the adsorption of surfactants at charged interfaces
depending on concentration.'® Adsorption can occur either
directly on an oppositely charged interface or through
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oppositely charged counterions.'”! At an increasing concen-
tration, the adsorption characteristics range from isolated
monomers through local aggregates to complete monolayers,
bilayers, and ultimately to hemicelles (see Figure 1a). The
application of surfactants thus offers the possibility of chemi-
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Figure 1. a) Schematic representation of the adsorption behavior of
surfactants at varying concentrations according to the four-region
adsorption model. b) Structures of the surfactants used: cetyltrimethyl-
ammonium bromide (CTAB), sodium dodecyl sulfate (SDS), and
triethylhexylammonium bromide (C6TEA).

cally modifying the internal channel surface'® and of
influencing the net electrostatic charge present on the pore
walls. The exact structure of the adsorbed surfactant layer
determines how pore size, pore chemistry, and surface charge
density are affected by adsorption. Three surfactants were
used in the present study (Figure 1b): cetyltrimethylammo-
nium bromide (CTAB), sodium dodecyl sulfate (SDS), and
triethylhexylammonium bromide (C6TEA). These com-
pounds have carbon tail lengths of 16, 12, and 6, respectively.
An a-alumina-supported y-alumina membrane gate was
placed in a U-shaped tube, and external Pt electrodes were
fixed on both sides of the membrane over which the driving
force was applied. Ionic probes were introduced on one side
(feed) of the gate, and surfactants were added on both the
feed and receive sides at the same concentration.

Figure 2 shows the influence of surfactant concentration
on the flux of doubly charged methyl viologen cations (MV?*")
and fluorescein anions (FI*"). The surfactant concentrations
were increased at 24-hour intervals after steady-state con-
ditions had been reached. The gray bands in the figure
indicate the average steady-state fluxes of probe ions through
the gate when no surfactant was present. When long-chain
CTAB or SDS were used, the MV?*" flux could be suppressed
with surfactant concentrations larger than ~10~*M. A qual-
itatively similar, though less pronounced trend was observed
in the presence of short-chain C6TEA. When the same
surfactants were used together with FI*~ ions, the flux of the
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Figure 2. Influence of surfactant concentration on transport rate of

a) methyl viologen cations (MV?") and b) fluorescein anions (FI*7)
through an a/y-alumina membrane gate. [MV*'] and [FI*"] at feed side
is 8x 107 M. The potential difference AV over the membrane is —2
and + 2V, respectively. The gray area represents the average flux of the
ionic probes when no surfactant was present in the system.

ionic probes decreased in all cases and became virtually zero
above 107*m, irrespective of the type of surfactant used.

The open/close switching ability of the membrane by co-
addition of surfactant molecules at the feed side and its effect
on the flux of MV*" and FI*~ is illustrated by the enhancement
factor R, which is defined as the ratio of the ionic flux in the
presence and absence of surfactant. Selected values of R at
high and low concentrations are listed in Table 1. Partial or
complete pore blocking (R < 1) was observed for both probe
molecules when the surfactant concentration was sufficiently
high. The degree to which the flux can be controlled depends
on the nature and concentration of the surfactant; however,
for both probe molecules the degree of blocking at high
concentration increased in the sequence C6TEA < SDS <
CTAB. After surfactant removal the transport rates were
restored to their original values. Hence, the pores can be
reversibly opened and closed for ion transport. The magni-
tude of the ionic fluxes can be controlled completely by
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addition of surfactant. The desorption process was somewhat
slow and seems to be controlled by a limited mass-transfer
rate.

The influence of surfactant on the ionic probes can be
exerted through the electrostatic charge of the polar head
groups and/or by the length of the hydrophobic tail. When
considering the differences between the cationic surfactants
CTAB and C6TEA, which have the same head groups, the tail
length clearly has an influence: CTAB is more effective than
C6TEA in suppressing the MV>" flux at a high surfactant
concentration, and is roughly as effective as SDS. This finding
suggests that the adsorption of long-chain surfactants causes
steric effects to play a substantial role in the blocking process.

However, an alternative explanation could be that the
small fluxes at high surfactant concentrations are a result of
the formation of molecule-surfactant complexes. To rule out
this possibility, MV*" solutions were investigated by UV/Vis
spectroscopy in the presence of different concentrations of
surfactants. No significant changes were observed in the
spectra, except at very high concentrations of SDS (~ 1072m),
in which a shift in the absorption maximum was observed,
which indicates that there was some interaction between
MV?*" jons and SDS. As regards FI*~ ions, fluorescence
spectroscopy showed no evidence of a surfactant-FI>~ inter-
action. Hence, steric hindrance of ion transport by surfactants
appears to be the dominant mechanism of permeability
control at high concentration.

Surprisingly, an enhancement of the MV>" flux (R>1)
was observed in the presence of low surfactant concentrations
(107°-10*M; see Figure 1b and Table 1). Apparently, the
mobility and/or local concentration of MV?" ions are affected
by a low concentration of adsorbed surfactants. Several
factors might play a role, although it seems likely that the rate
enhancement is somehow related to a (partial) screening of
the native charges present on the alumina surface, and the
more aliphatic nature of the pore walls after surfactant
adsorption. At the low concentrations of 10~*M or less, at
which R > 1 occurred, a monolayer of surfactant is present on
the membrane surface. The formation of surfactant aggre-
gates at ~ 10>m (case 2 in Figure 1a) neutralizes the surface
charge and increases the hydrophobicity of the alumina
surface.'"®" As the long-range coulombic interactions
between charged surface sites and MV?" lower the mobility
of MV?*" ions inside the pore, the partial screening of surface
charges by adsorbed surfactants will increase the MV?*' ionic
mobility. In addition, the more aliphatic nature of the pore
probably provides more favorable surroundings for MV
ions than the bulk water phase, so that MV partitions
preferentially into the membrane, thus leading to a higher
concentration inside the pore. Both effects will enhance the
ion transport rate. C6TEA was more effective in enhancing
the flux of MV?* than CTAB or SDS. This finding is probably
explained by the smaller size of C6TEA, as it may be able to
adsorb in and around charged surface sites where the larger
CTAB and SDS could be sterically hindered. No enhance-
ment factors R >1 were observed for FI*~, which may be
related to the fact that it is a less hydrophobic ion than MV?*,

Figure 3 shows the zeta potential of y-alumina as a
function of surfactant concentration. This experiment
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Table 1: lonic fluxes and enhancement factors (R) of MV** and FI>~ through a y-alumina membrane gate

upon co-addition of surfactant.”!

decrease in the order C6TEA > SDS >
CTAB, and so SDS is a more effective

Surfactant Concen- MV2* FI2- transport-blocking surfactant than C6TEA.
tration [M] Apparently, the blocking of the ionic probe
Flux R Flux R by SDS does not occur by an increase of
[molm*s ] [molm*s ] coulombic interactions, but rather by steric
None 0 (2.8-3.2)x1077 1 (6.9-8.4)x107° 1 hindrance. The data support the findings
SDS 10°° 3.3x1077 1.1 4.5%x107° 0.59  that SDS and CTAB block ion transport
107 <7.2x10°° <10° sterically because of their long hydrocarbon
10 7.8x10°7 0.026 . tails, and that CTAB and C6TEA block
CTAB 10 5.8x10 0.76 .. .
105 35510~ 118 transport by coulombic interactions through
107 <7.2x10°" <106 a charged bilayer. CTAB is both a steric and
102 1.8x107° 0.006 coulombic pore blocker, and is thus the
C6TEA 10°° 43x1077 1.44 most effective surfactant at high concentra-
10’: 5.9x1 07?5 0~767 tions, followed by SDS (mainly steric block-
10° <7.2x10" <107 ; ; ;
102 5 0x10” 0.68 ing) and C6TEA (mainly charge blocking).

[a] The potential difference AV over the membrane is —2 and +2 V for MV?" and FI~ ions, respectively.
eceive — Vieedr Where Vieq and Ve, are the electrode potentials at the feed and
receive sides, respectively. The membrane was placed between the two halves of a U-shaped tube with
the oxide layer exposed to the so-called feed side. [MV*'] and [FI*"] at feed side is 8x10™*m.

AVis defined as AV =V,
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Figure 3. Zeta potential of y-alumina powder as a function of surfac-
tant concentration in the presence of phosphate buffer (pH 6).
Conditions are similar to those for the permeability measurements.
Lines serve as a guide to the eye.

provides insight into the effect of surfactant adsorption on
alumina surface charge, and may thus help to distinguish
steric and charge-blocking effects more clearly. In the absence
of surfactant the zeta potential was slightly negative. At low
concentrations the potentials varied slightly depending on the
concentration and nature of the surfactant. The sudden strong
increase of the zeta potential of solutions containing CTAB
and C6TEA at concentrations of ~ 107 and 10~ 'm, respec-
tively, indicates the formation of charged bilayers. The
formation of a bilayer in the pores at high concentration
(case 4 in Figure 1a) is likely to lead to both an increase of
flux-retarding coulombic interactions between the charged
surface and probe ion, and an increased steric hindrance of
the probe ions inside the nanometer-sized pores because of
the presence of a bilayer. In contrast, the zeta potential of
SDS shows no indication of a charged bilayer up to at least
107'M. Yet, the MV>" and FI*~ fluxes at high concentration
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In summary, a switchable membrane
gate for ionic species that operates by co-
addition and removal of surfactants was
demonstrated. The permeability of the gate
for ionic probe molecules could be manip-
ulated by steric and/or coulombic blocking
depending on the nature of the surfactant.
The blocking and unblocking of pores was reversible, thus
demonstrating a membrane gate with in situ tunable perme-
ability. Under specific conditions, cation fluxes higher than in
the absence of surfactant were observed. The kinetics of
surfactant sorption seem to be controlled by mass transfer.
Surface-active species may also complicate transport behav-
ior in some cases. The ability to physically control the
transport rate through the membrane gate by an externally
tunable variable, which is independent of the probe ion
concentration and driving force, provides an interesting
approach that could find use in devices such as selective
gates for DNA and protein sampling routines, injectors for
electrophoretic separations, or on-demand therapeutic agents
in microfluidic devices.
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