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The in-plane ionic conductivity of the-1-nm-thick aqueous layer separating a 1-palmitoyl-2-oleoydlycero-
3-phosphocholine (POPC) bilayer membrane and a glass support was investigated. The aqueous layer conductivity
was measured by tip-dip deposition of a POPC bilayer onto the surface of a 20um-#t%ick glass membrane
containing a single conical-shaped nanopore and recording the cuvigtgige (—V) behavior of the glass membrane
nanopore/POPC bilayer structure. The steady-state current across the glass membrane passes through the nanopore
(45—480 nm radius) and spreads radially outward within the aqueous layer between the glass support and bilayer.
This aqueous layer corresponds to the dominant resistance of the glass membrane nanopore/POPC bilayer structure.
Fluorescence recovery after photobleaching measurements using dye-labeled lipids verified that the POPC bilayer
maintains a significant degree of fluidity on the glass membrane. The slopes of phvhaurves yield an aqueous
layer conductivity of (3t 1) x 1073 Q-1 cmt assuming a layer thickness of 1.0 nm. This conductivity is essentially
independent of the concentration of KCl in the bulk solution (10 1 M) in contact with the membrane. The results
indicate that the concentration and mobility of charge carriers in the aqueous layer between the glass support and
bilayer are largely determined by the local structure of the glass/water/bilayer interface.

Introduction the thin aqueous layer, providing fundamental insight into the
A thin aqueous layer resides between a lipid bilayer and a nature of this region. Specifically, ionic conductivity reflects the
solid support (e.g., glass, quartz, or gold) and acts as a lubricationProduct of the molf)|l|;[1y and concelntranor;] of Chl?rge-carrylnlg
layer for the 2D fluid layer of lipid molecules adjacent to it. In 'ONS. Properties of the aqueous layer that will be strongly
investigations of lipid bilayers on quartz and glass, Tamm and influenced by electrostatic and structural factors associated with

McConnell initially proposed the existence of the aqueous layer the glass/\_/vater/bllayer |r_1terface._ S .
based on observations of the rapid diffusion of fluorescently Theoretlcal and expenment@l Investigations of the dynamic
tagged lipids in the supported membréiBubsequently, several ~ Motion and structure of water in nanopores, in confined layers,
experimental investigations using different methods (e.g., NMR, @nd at interfaces suggest that water immediately adjacent to
neutron reflectivity ® and atomic force microscofly have ~ charged or hydrophlllc.surchelse is more highly ordered with
reported values for the thickness of the aqueous layer rang]ingagnn‘lcantlymcreased viscosify. Most relevanttothe present
from 0.6 to 3 nm, with most values clustering aroust nm. report, Osman and co-workers previously measured the in-plane

The equilibrium thickness of the aqueous layer is determined by conductivity of the ~4-nm-thick aqueous “ionic %erserv_oir”
electrostatic, van der Waals, and hydration forces, and has beerpet\"’ee,n a.Au substrate _and ateﬂ_n.ered bllayelr mem 5’?"@”,
calculated to be on the order fl nm? resu!ts indicate that the ion mobilities of alkaliand chIonQe ions
In this report, we describe measurements of the in-plane ionic I tis 1ayer are 3 to 4 orders of magnitude lower than in bulk
conductivity of the aqueous layer between a 1-palmitoyl-2-oleoyl- S0lution, a finding attributed to increased ion pair formation
sn-glycero-3-phosphocholine (POPC) bilayer membrane and a associated with a lower dielectric constant of the confined aqueous

glass support. Measurement of the ion conductivity is anticipated layer. In relat.ed work, Unwin and co work.é?.é; demonstratgd .
to shed light on the motion of ions anc® molecules within that the motion of protons parallel to acidic and zwitterionic
Langmuir monolayers deposited at the air/water interface is

T Part of the Electrochemistry special issue.
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H,O/KCI/PBS (pH 7.4) glycero-3-phosphoethanolamine (Texas Red DHPE) was purchased
from Molecular Probes (Eugene, OR).
qummﬁﬁﬁﬁﬁ;ﬁﬁ Glass Membrane and NanoporeGlass membranes containing
e a single conical-shaped nanopore were constructed following a
RSIEAERSARY I P ’ 9

IEIRLY Y }
ARERRRERY
8886058 55]251____ < 0 previously published procedure for preparing conical-shape Pt
K/ nanopore electrodes’. In brief, a 25um-diameter Pt wire is

\ i electrochemically etched to produce a sharp cone-shaped tip with
A

\

AR L
glass I ,f || : ‘l
! | |

a half-cone angle, of 10+ 1°. A short length (20 to 7&xm) of

the sharpened end of the Pt wire is sealed in the end of a glass
capillary (Dagan Corp., Prism glass capillaries, SB16, 1.65 mm
outer diameter, 0.75 mm inner diameter, soda lime) using a hydrogen/
air torch. The sealed end of the capillary is polished flat to produce
a Pt disk electrode shrouded in glass. The exposed Pt surface is then
electrochemically etched by applgra 2 V, 60 Hzsine wave in a
CacCl}, solution. This etching step produces a conical-shaped pore

Figure 1. Schematic drawing of a supported POPC bilayer membrane N the glass, with a Pt microdisk located at the pore base. Details
spanning the orifice of a nanopore in a glass membrane. The solutions2f the sharpening, sealing, polishing, and etching have been previously
on the opposite sides of the glass membrane contain equaldescribed?Following preparation of the Pt nanopore electrode, the

concentrations of KCl and are buffered to pH 7.4. The least-resistive femaining Ptwire is removed from the pore by gently pulling it from
path of current is in the water layer between the bilayer membrane the glass membrane. We hereafter refer to this structure as a glass

and the glass surface. membrane nanopore.
The pore length (2675 um) and large opening radius were

significantly influenced by chemical and electrostatic interactions. Measured by optical microscopy. The radius of the small opening
of the porer;, was measured by two methods. In the first, we use

of wate that is stongly confined betuween a glass sciace and!1e 126 a1 equa o the radus of the Pt disk pior 0 eching
R, . . the Pt. The radius of the Pt disk is determined by measuring the
a fluid .|Ipld b.llayer is expecte.d to pe very d|ff§rent from the steady-state voltammetric limiting current for the oxidation of
dynamic motion of the same ions in free solution. ferrocene in an unstirred acetonitrile solution. The limiting current
As schematically depicted in Figure 1, our methodology for is given byiqg = 4nFDC*r;, wheren = 1 electron per moleculd;
measuring conductivity is based on depositing a lipid bilayer on is Faraday’s constant, aflandC* are, respectively, the diffusion
athin (20 to 75m) glass membrane that contains a single conical- coefficient (2.4x 107° cn¥ s™*) and solution concentration of
shaped pore. Applying a voltage across the glass membrane (using;rrocene?.l In the second method, the resistance of the pore (after

reversible Ag/AgCI electrodes) results in the migration of ions moval of the Pt) was measurert 1 M KClsolution by recording
throuah the conical pore to the alass/bilaver interface. At the the current through the pore in response to a voltage applied between
g p g Y : two reversible Ag/AgCl electrodes. The resistance of a truncated

opening of the pore, ion migration follows the path of least qnical-shaped pore comprises the internal resistance of the pore
resistance, which corresponds to the water layer between theR ) and the external resistance that spreads radially outward from
bilayer and glass. As the ions enter this aqueous layer, theythe pore openingR.,). For half-cone angles of less that°2@he
spread radially outward from the pore orifice, eventually exiting overall resistance is given By
the aqueous layer at the edge of the bilayer film. As will be
experimentally demonstrated in this report, because the spreading R, =Ry + Ry = L 1
resistance of the 1-nm-thick aqueous layes GQ) is measured " At o(ry L tand) - Apudty
to be much larger than that of the conical-shaped peEeNI<2),
the experimentally measured resistance corresponds almostherecuiis the conductivity of the bulk KCl solution. As previously
entirely to the aqueous layer. Simple geometrical relationships SthW“r forl > r,, the pore resistance is a function of omlyand
and Ohm's law allow the measured resistance to be converted?-" Under these conditions, eq 1 reduces to eq 2.
to the ionic conductivity of the aqueous layer. 1/ 1 1

In addition to reporting the methodology for measuring ion Ro :K_rl(n tang Z)
conductivity, we demonstrate that the conductivity of the aqueous
layer is essentially independent of the KCI concentration of the The condition that > r; is fulfilled for the membranes used in
solution in contact with the supported bilayer for KCl concentra- these investigations, 4s= 20—75um and the largest value of
tions between 10'and 1.0 M. This result suggests that the surface is 480 nm (most values of in this report are significantly smaller).
density of K* in the aqueous layer is largely determined by the In addition, because = 10° (+1° by optical microscopy), eq 2 can
surface density of deprotonated silanol groups on the glass surfac®e simplified and rearranged to yield the pore orifice radiusm)
and that “free” K" and CI are largely excluded from this region. mftlerms_?f the resistandg,ina 1 M KClsolutions fpuk = 0.1119
The magnitude of the conductivity also suggests that the ion Q7" cm at 25°C):

/ H:O/KCI/PBS (pH 7.4)
/ [ |

@

@

mobility of charge-carrying K is 2 to 3 orders of magnitude 19
smaller that in bulk aqueous solution, consistent with the notion rh= ﬁp (3)
that the movement of ions and molecules within this layer is
dominated by interactions with the confining surfaces. The dominant source of error propagated in using eq 3 is introduced
into the measurement &f (£1°), which produces an approximate
Experimental Section relative uncertainty of 10% im.
Materials. KCI, K.HPO,, and KHPO, (Mallinckrodt) were used (20) (a) Wang, G.; Zhang, B.; Wayment, J. R.; Harris, J. M.; White, H..S.

as received. All aqueous solutions were prepared using water of atAm. Chem. Socin press, 2006. (b) Zhang, Y.; Zhang, B.; White, HJSPhys.
least 18 M2 cm resistivity from a Barnstead E-pure water purification  Chem. B2006 110, 1768. (c) Zhang, B.; Zhang, Y.; White, H. Bnal. Chem.
. X . (21) Kuwana, T.; Bubitz, D. E.; Hoh, G.. Am. Chem. Sod96Q 82, 5811.
phocholine (POPC), was purchased from Avanti Polar Lipids  (22) (a) Kroner, R. CJ. Assoc. Off. Anal. Chert973 56, 295. (b) Pratt, K.
(Alabaster, AL).N-(Texas Red sulfonyl)-1,2-dihexadecansy- W.; Koch, W.f.; Wu, Y. C.; Berezanskipure Appl. Chem2001, 73, 1783.



Layer Separating a Lipid Membrane, Glass Support

Deposition of the POPC Bilayer Membrane.Glass nanopore
capillaries were initially cleaned with ethanol, water, and 70% HNO
H,0, followed by a final rinse with copious amounts of water. Prior
to deposition of a lipid bilayer, the-V curve for each glass nanopore
capillary was recorded in an aqueous solution contgidiiv KCI
and 10 mM phosphate-buffered saline (PBS) adjusted to pH 7.4.

Between experiments, glass nanopore capillaries were stored in the

same buffer solution.

A “tip-dip” procedure was used to prepare bilayers on the glass
nanopore membrane. The conductance eefl (nL total volume)
was partially filled with the aqueous KCI/PBS (pH 7.4) solution to
be used in the—V measurement. A solution of 2 mg/mL POPC
dissolved in chloroform was then carefully injected into the bottom
of the cell. A clean glass nanopore capillary is introduced into the
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and 0.1 mM PBS. The contributions of KPIO, and K;HP O, to the
solution conductivity were ignored because these species contribute
only ca. 2% to the total ionic strength of all solutions. This error is
significantly smaller than other sources of error incurred in computing
conductivities from the—V data.

Results and Discussion

Measurement of the Conductance of the Aqueous Layer.
The resistance of the glass membrane containing a single nanopore
on which a lipid bilayer is deposited comprises two parts: (1)
the resistance of the conical-shaped pore and (2) the resistance
of the aqueous layer between the lipid bilayer and the glass
support. As described in the Experimental Section, the resistance

upper aqueous phase and slowly pushed through the aqueous/organiof a conical-shaped pore that has a length much greater than its
interface, keeping the glass nanopore membrane surface parallel tgadius is determined only by the half-cone angle of the p@ye (

the interface. This step results in the deposition of a lipid monolayer

the orifice radiusr(;), and the conductivity of the aqueous solution

layer across the glass surface. The glass nanopore capillary is thegpat fills the pore. Because the pore is fabricated in glass, the

tilted at a~45° angle and slowly brought back through the interface,
depositing the outer layer of the lipid bilayer. The glass nanopore

capillary, now covered by a POPC bilayer and in the aqueous solution,
was employed in the electrical measurements. The POPC hilayer

was removed by immersing the glass nanopore in ethanol, followed
by rinsing with water, 70% HN@H,O, and water as described
above.

FRAP Measurements.The formation of a bilayer using the tip-
dip method was verified by fluorescence microscopy using an inverted
epifluorescence Nikon Eclipse TE 2000-U microscope equipped
with a Sensys CCD camera (Photometrics, Roper Scientific).
Diffusion coefficients and mobile fractions of the lipids were

measured using the fluorescence recovery after photobleaching

(FRAP) technique performed on the capillary membrane. Here, the

surface-bound fluorescently labeled lipids were bleached momentarily

with a laser beam from a 2.5 W mixed gas'Atr+ laser (Stabilite

2018, Spectra Physics). Samples were irradiated at 568.2 nm with

100 mW of power for several seconds. The beam width at half-
maximum yielded a bleach spot efL7 um after focusing the light
onto the bilayer through a %0 objective. The recovery of the

negative surface charge on the pore walls can influence the ion
concentration within the pore. However, wheins much greater
than the Debye length of the solutioh,the conductivity of the
solution in the pore can be assumed to be equal to that of the
bulk solution in which it is immerse#: This condition is met

in our experiments except when using very small nanopores and
low KCl concentrations, as described later. Specifically, the orifice
radii of the pores used here ranged from 45 to 480 nm,
considerably larger than the Debye lengtiad M KCI solution
(A~0.3nm). Thus, itis reasonable to assume that the conductivity
of the aqueous solution in the pore corresponds to that of the
bulk solution. Under these conditions, the resistance of the pore
is given by eq 5.

R, = (kpuif 77 tan6) (5)

(Note that the term in eq 2 corresponding to the spreading
resistance of the pore ex#J{) is omitted in writing eq 5 because

photobleached spot was measured as a function of time using time-thjs current path no longer exists when a bilayer is deposited
lapse imaging and subsequently processed using MetaMorph software; -.oss the pore opening).

(Universal Imaging). The fluorescence intensity of the bleached

spot was determined after background subtraction and normalization

for eachimage. Using standard proced#fgise diffusion coefficient

of the dye-labeled lipids was determined. Briefly, the fluorescence
recovery as a function of time is fit with a single-exponential equation
from which we obtain the mobile fraction of the dye-labeled lipids
and the half-time of recovery(,). The diffusion coefficientD, is
then calculated from the following equation

V\12

D=——
4t1/2

(4)

wherew is the full width at half-maximum of the Gaussian profile
of the focused beam andis a correction factor that depends on the
bleaching time and geometry of the laser bedm.

i—V Measurements. A Dagan Chem-Clamp voltammeter/
amperometer (Minneapolis, MN) was employed to re¢erd data.
A voltage was applied between two Ag/AgCl electrodes, one
positioned inside the capillary and one in the external solution. Voltage
is always referenced to the electrode inside the capillary.data

The resistance of the aqueous layer between the bilayer and
glass support is associated with the radially outward (or inward
when the voltage polarity is reversed) migration of ions between
the pore orifice and the edge of the lipid bilayer film. Assuming
that the lipid bilayer extends radially to a distancg from the
center of the pore (Figure 2a), the geometry of the aqueous layer
through which charge flows corresponds to that of the annulus
region between two concentric cylinders. The resistance of this
layer is thus given by eq?6

_In(ryfry)
- 2med

(6)

where d and x4 are the thickness and ionic conductivity,
respectively, of the aqueous layer between the lipid bilayer and
the glass support. The total resistanBg, obtained from the
inverse of the slope af—V curves of a bilayer-covered glass
membrane is thus equal to the sumRf(eq 5) andRy (eq 6).

were acquired at a scan rate of 20 mV/s over the voltage range fromThus, the value dRy can be obtained by subtractiRgfrom the

—100 to +100 mV. All i—V measurements employed identical
internal and external electrolyte solutions.

Preparation of KCI/PBS Solutions.A 1 M KCI/10 mM PBS
(pH 7.4) stock solution was used to prepare all other solutions by
serial dilution. The diluted solutions are identified throughout the
article by their respective KCI concentrations. Thus, a 0.01 M KCI
solution corresponds to an aqueous solution containing 0.01 M KCI

(23) Axelrod, D.; Koppel, D. E.; Schlessinger, J.; Elson, E.; Webb, W. W.
Biophys. J1976 16, 1055.

total resistanceRy = Ry — Rp). However, we show below that
Ry is always negligibly small relative t&, and thus can be
ignored (i.e.,Ry = Ry).

The logarithmic dependence Bf on the ratiory/r1 greatly
reduces the magnitude of the error propagated by uncertainties

(24) Probstein, R. FPhysicochemical Hydrodynamics: An Introduction
Butterworths: New York, 1989.

(25) Chapman, A. Jrundamentals of Heat Transfevlacmillan Publishing
Co.: New York, 1987.
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o Figure 3. i—V response of an 84-nm-radius porel M KCI/10
12 b 50 T mM PBS buffer (pH 7.4) before (black line) and after (grey line)
100 deposition on a POPC bilayer membrane on the glass surface. The
bare pore response is scaledyo The voltage is referenced to
0.8 the electrode inside the capillary. TheV responses for the bare
and membrane-covered nanopores correspond to resistances of 2.3
MQ and 6.9 Q.
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3 indicates that the current through the open pore is ca. 3 orders
of magnituddarger than that measured after the deposition of
the bilayer. Thus, as discussed above, the resistance of the pore
containirg 1 M KCI, Ry, is negligibly small in comparison t&y,

ro (Mm) and can be ignored in analyzing the data for the lipid bilayer-
Figure 2. (a) Cross-sectional view of the nanopore/lipid bilayer covered glass membrane.
membrane illustrating the geometry used to analyze the measured From the data presented in Figure 3, the resistance of the glass
resistancer, r,, andd are the nanopore radius, the radial distance membrane after deposition of the POPC bilayer is 6Q.G

from the pore center, and the water layer thickness, respectively. (b) Assuming a thickness of 1 nm for the aqueous layer and using
Plot of normalized resistanc®dx (dimensionless) as a function r, = 84 nm and, = 200um, we compute a value af = 0.0018

%Bh?"(:l]llstance from the center of the porg) for r, = 10, 50, and Q~lcm. This value is approximately a factor of 62 smaller

than the bulk conductivity of #n1 M KCI solution in which the

in the values of, andr. This is quantified in Figure 2b, which ~ measurement is made (0.11@9* cm™1).22 Table 1 lists results
shows a plot of the dimensionless groRgmlky as functions of of measurementsil M KCI using nine different glass nanopore
r1 (10 to 100 nm) and; (0 to 200Qum). An inspection of Figure membranes with pore radii ranging from 45 to 480 nm, which
2b suggests th&ydkq is insensitive to small errors in andr, yield an averaged value ef = 0.0026+ 0.0006Q ' cm™. We
aslong as, s greater than-100um. Inthe experiments described ~ reiterate that this value assumes a 1-nm-thick aqueous layer
below, r1 is known to within 10% as previously discussed. A thickness and does not include the uncertainty in the literature
lipid bilayer film is deposited across the entire surface of a 1000- values ofd. Prior to presenting a discussion of the significance
um-radius circular glass membrane at the end of the capillary. and interpretation oé, it is necessary to consider the influence
Thus, the measured value R is relatively independent of the  of defects in the film on the measured resistance and the resulting
precise value of. For instance, when using = 50 nm,Rydkq value ofkg. In the next section, fluorescence images and FRAP
increases by only 30% (3.80 to 4.95) for an order of magnitude experiments are presented that address the role of structure
change im,from 100 to 100@:m. We use, = 200um throughout (including possible defects) and the fluidity of the POPC bilayers
the remainder of the article. A caveat in this analysis is that the used in these experiments.
lipid bilayer is not perfectly formed over the glass membrane but ~ Fluorescence Images and FRAPFigure 4 shows a typical
contains defects that may shunt the current to the contactingFRAP curve for the recovery of fluorescence as a function of
solution. A defect positioned close to the pore orifice could time, fit to a single-exponential curve. The inset shows images
possibly lower the measured resistance, leading to:@nes- of the glass membrane surface immediately after bleaching with
timation of the aqueous layer conductivity. We return to this the laser beam (circled regions indicate the location of the bleached
issue in the discussion of the fluorescence images describedspot) and then after the bleached area has recovered. The diffusion
below. coefficient was obtained over many different areas of the

Clearly, the structure of the lipid bilayer at the pore opening membrane surface and averaged, yielding a value of=3066
depicted in Figure 2 is highly idealized. However, because the um?s. The percentage of mobile lipids was determined over
resistance of the aqueous layer between the glass support andach area and found to be 99 1% on average for a given
lipid bilayer is so large, we do not anticipate that departures from electrode. On occasion, certain areas deviated from this value.
an idealized flat bilayer structure spanning the pore opening The highest mobile fraction that we obtained was 97%, and the
(e.g., lipid remnants inside the pore) have a significant influence lowest value was 78%. We attribute this observed spread to
on the measured resistance. variations in surface roughness, which is a result of the polishing

i—V Measurements n 1 M KCI Solutions. Figure 3 shows and preparation procedures that can vary from membrane to
typicali—V curves recorded for a glass membrane containing a membrane and even within different regions of a given membrane.
single nanopore (without lipid bilayer) and the same membrane Although these slight differences in surface preparation are easily
after the deposition of a POPC bilayer. The radius of the pore observed because of their effect on the mobile fraction of lipids
opening in this membrane was 84 nm. An inspection of Figure during FRAP experiments, we anticipate that small immobile

0.0 ) ) ) )
0 500 1000 1500 2000
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Table 1. Aqueous Layer Conductivity (gq) in 1 M than the corresponding conductivity of the bulk solution in which
KCI/PBS (pH 7.4) the measurement is made. This finding indicates that the
nanopore concentration and/or the mobility of the charge-carrying ions
radius, resistance nanopore/bilayer conductivity, between the POPC bilayer and the glass surface is significantly
ri(nm) (MQ) resistance () K (Q7tem™) lower than that of the bulk solution.
84 2.26 6.93 0.0018 Because glass is negatively charged at pH 7.4, we assume that
84 2.26 6.20 0.0020 the predominant charge-carrying ion is’ Ka consequence of
gi g'gg g-gg 8-88% Cl~ being electrostatically excluded from the narrow layer of
190 100 519 0.0021 aqueous solution. Our experiments, h_owever, do not provide
190 1.00 6.50 0.0017 direct evidence to support this hypothesis. However, because the
190 1.00 5.26 0.0021 POPC bilayer is electrically neutral, itis reasonable to anticipate
190 1.00 171 0.0065 that the surface concentration of"Ks approximately equal to
59 3.23 2.23 0.0058 the anion surface charge densit§,resulting from deprotonation
235 g:ig %‘lgg 8:88;}1 of the silanol groups. On fused quartz surfaeéss reported to
475 0.40 3.05 0.0032 be ~1 negative charge per rinat neutral pH?® Although this
475 0.40 8.31 0.0012 value may differ at the glass membrane surface, it serves as a
475 0.40 3.74 0.0026 guide in estimating the anticipated surface concentrationtof K
475 0.40 3.62 0.0027 Thus, following this simple line of reasoning, the surface coverage
8 243 651 0.0019 is anticipated to be-1 K™ per nn? and independent of the
78 2.43 7.28 0.0017 . ; . .
78 243 763 0.0016 concentration of KCI |n_the bulk solution. The |ndepen(_jen(_:e of
90 2.12 6.14 0.0020 the surface concentration ofkon bulk KCI concentration is
90 2.12 6.93 0.0018 supported by vibrational sum frequency spectra ¢DHh the
90 212 6.57 0.0019 layer between fused quartz and lipid bilayers, which are weakly
f’é 2'%8 ;ég 8'88}13 dependent on the concentration of the bulk N&CI.
45 4.20 3.80 0.0035 To explore this line of reasoning, theV responses of three
261 0.73 5.75 0.0018 glass nanopore membranes, onto which POPC bilayers were
261 0.73 7.17 0.0015 deposited, were recorded as a function of the bulk KCI
261 0.73 5.56 av%g%t? concentration over the range of Yo 1 M. Figure 5 shows-V

0.00264 0.0006Q-1 cm-t curves for a glass membrane containing a single nanopore with
) ’ a 59 nm radius orifice as a function of KCI concentration. In this

o _ ) _ _
* Calculated assumind = 1.0 nm andr, = 0.2 mm.”Between  gat of experiments, all solutions were prepared from the stock
repetitions using the same glass nanopore membrane, the POPC bilaye

was removed by soaking the membrane in ethanol, rinsing with ultrapure 1mkciio mM F,)BS solution l?y serial d"%’“on- For the example
water, and then rinsing with 70% HN(®1,0, which is followed by ~ data shown in Figure 5, ohmie-V behavior was observed for
rinsing with copious amounts of ultrapure water. the open nanopora iL M KCl solutions. As the KCl concentration
was decreased, pronounced current rectification was observed,
IS with the current being slightly larger when positive current passed
5 e from the internal solution to the external solution. Less
og0e © D ~ 3 um?/s rectification was observed when using larger nanopores. These
Mobile Fraction observations are in good qualitative agreement with the original
(] ~90% report by Wei et al. of current rectification in tapered glass
capillarieg®and are a consequence of the interaction of the charge-
carrying ions with the negatively charged glass surfé@in
contrast, ohmi¢—V behavior was always observed after POPC
deposition on the glass membrane nanopore at all KCI concen-
trations.
Table 2 and Figure 6 summarize experimental measurements
of the dependence &y andxq on bulk KCI concentration for
three glass membrane nanoponmgs< 59, 84, and 190 nm). In

1.0

0.2

00 ® - : : . addition to plottingRy in Figure 6, values of the resistance of
0 100 200 300 400 500 the glass membrane prior to POPC bilayer depositiynare
Time (s) also included for comparison. The straight lines plotted on top

Figure 4. Typical FRAP curve of fluorescence recovery as afunction 0f the latter values are theoretical values based on the nanopore
of time for a POPC lipid bilayer on a glass nanopore membrane geometry and literature values of the conductivity of KCI
surface. The data are fit with a single-exponential curve (solid line), solutions?2 (As noted in the Experimental Section, the small
from whichty> and the diffusion coefficienD), are obtained. The  cqntributions of the buffer electrolytes, KPIOs and KeHPOy,

mobile fraction is determined as the ratio of the fluorescence level : o 0 :
att = o to the corresponding value prior to bleaching. The inset tothe bulkion conductivity £ 2%) are ignored.) Good agreement

shows a representative set of images of a membrane surfacdS Obtained between the predicted and measuri-d valuBs, of
immediately after bleaching and then at recovery. The circled regions €xcept at the lowest KCI concentrations (1&nd 104 M) where
indicate the location of the bleached spot in the images. the measured values are significantly lower than predicted. The

fractions of lipids havearelapyelysmall eﬁeqtonthg conductance (26)Ong, S.. Zhao, X.; Eisenthal, K. EEhem Phys Lett 1992 191 327.

measurements and the ability to form a high resistance seal.  (27) Kim, J.; Kim, G.; Cremer, P. S.angmuir 2001, 17, 7255.
Dependence of4 on Bulk KCI Concentration. The average (gg) We'S’,C-Q gﬁ}fg A Feldberg, S Vnal \(fvhelme19b97' ng' 02T el

value ofcgmeasuredia 1 MKCI/10 mM PBS (pH 7.4) solution (29 (8) Siwy, Z; Gu, ¥.; Spohr, H. A, Baur, D.; Wolt-Reber, Spohr, R Apel,

) | ] P.; Korchev, Y. EEurophys. Lett2002 60, 349. (b) Fulinski, A.; Kosinska, I.;
(0.00264 0.0006Q~1 cm™1) is approximately 43 times smaller  Siwy, Z. New J Phys 2005 7, 132.
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Figure 5. i—V responses of a 59-nm-radius nanopore before (black lines) and after (grey lines) deposition on a POPC bilayer membrane
on the glass surface as a function of the KCI/PBS concentration in the contacting solutions. (Notel thetrgponses of the bare nanopore

are scaled differently to fit onto the plots.) The voltage is referenced to the electrode inside the capillaryVTheponses for the bare

and membrane-covered nanopore correspond, respectively, to resistances of 3.2, 21, 130, 690, afel 440@)9, 2.5, 5.9, 19, and 40

GQ.

divergence of predicted and measured valué¥, @ir nanopores The data plotted in Figure 6 clearly demonstrate that the ionic
at low concentrations is related to the current rectification resistance between the POPC bilayer and the glass surface is
discussed above and is well understood to be a consequence ofonstant between 1 and M KClI, increasing very slightly at

the electric field originating at the charged glass surf4ées3? concentrations between 1%and 104 M. The nearly constant
This field extends over a significant fraction of the pore diameter value of Ry over a 4 orders of magnitude change in KCI

at low KCI concentrations, regulating and maintaining the pore concentration is remarkable. Assuming that the thickness of the
conductivity at a nearly fixed value, as demonstrated recently by intervening agueous layer between the POPC bilayer and glass
several groups in investigations of ionic conductivity in nano- surface does not vary significantly as a function of bulk KCI

fluidic channels®? In our experiments, the Debye lengthN80 concentration, this finding directly indicates thats essentially
nmin a 10“4 M KClI solution, which is a significant fraction of . .
the radius of the smaller pores. Thus! i the predominant (32) (a) Stein, D.; M. Kruithof, M.; Dekker, CPhys. Re. Lett. 2004 93,

.. . . 035901-1-4. (b) Petersen, N. J.; Dutta, D.; Alarie, J. P.; Ramsey, J. M. Proceedings
ionic species at the small end of the conically shaped pore at low of the 8th International Conference on Miniaturized Systems in Chemistry and

KCl concentrations and is maintained at a concentration requiredLife Sciences; Laurell, T., Nilsson, J., Jensen, K., Harrison, D. J., Kutter, J. P.

. . 32 Eds.; Royal Society of Chemistry: Cambridge, U.K., 2004; Vol. 1, p 348. (c)
to electrlcally balance the negatlve charge onthe pOI’G%QL Petersen, N. J.; Ramsey, J. M., Proceedings of the 9th International Conference

on Miniaturized Systems in Chemistry and Life Sciences; Jensen, K., Han, J.,
(30) (a) Revil, A.; Glover, P. W. Phys. Re. B 1997, 55, 1757. (b) Revil, Harrison, D. J., Voldman, J., Eds.; Transducers Research Foundation: San Diego,

A.; Glover, P. W. JGeophys. Res. Lett998 25, 691. CA, 2005; pp 1252-1254. (d) Fan, R.; Karnik, R.; Yue, M.; Majumdar, A.; Yang,
(31) Reference 30 presents an excellent discussion of the importance of electricalP. Phys. Re. Lett 2005 95, 086607. (e) Goldberger, J.; Fan, R.; YangAEc.

double-layer conductivity in small-diameter pores and porous materials at low Chem. Res2006 39, 239. (f) Karnik, R.; Fan, R.; Yue, M; Li, D.; Yang, P.;

electrolyte concentrations as well as a description of research on this topic beginningMajumdar, A.Nano Lett2005 5, 943. (g) Fa, K.; Tulock, J. J.; Sweedler, J. V.;

in the 1950s. Bohn, P. W.J. Am. Chem. So@005 127, 13928.
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Table 2. Aqueous Layer Conductivity (q) as a whereI'™ andu™ are the surface concentration and electrical
Function of [KCI] mobility of K*, respectively. Taking'* as being approximately
pore radius, nanopore  nanopore/bilayer equal to density of negative surface site§ & 1/nn¥), we
ri(nm)  [KCI]2 resistance (M) resistance (&) (Q~cm) computecdu™ from eq 7 to be 2.1x 1075 cn?/Vs. We note that
84 10 226 6.93 0.0018 avalue ofl " equal to 1 K-/nm? contained within a 1-nm-thick
10! 18.9 6.61 0.0019 aqueous layer correspondstd M K*. For comparison, the ion
102 200 6.91 0.0018 mobility of K™ in a 1 M KClI solution is~6 x 1074 cn?/Vs.
107 1138 15.3 0.00081 Whereas our value f" is a rough estimate, the mobility of’K
190 11% 150607 ésig 8'88818 inthe aqueous layer between the POPC bilayer and glass appears
101 8.83 8.86 0.0013 to be significantly lower than in free solution. Ho et al. reported
102 79.9 4.61 0.0024 a similar decrease in ionic mobility within a nanometer-diameter
1073 458 30.0 0.00037 pore in silicon nitride (SiN), a consequence of strong interactions
104 2060 35.6 0.00031 between the charged SiN pore wall and charge-carrying¥ns.
9 118)1 2123 gég 8'882? An alternative explanation for the lack of a strong dependence
10-2 117 5.94 0.0022 of «q on bulk KCI concentration is that boffi* andu™ vary but
103 693 18.6 0.00070 in a manner that offsets each other to yield a constant-valyed
104 1400 40.6 0.00032 Although we cannot eliminate this possibility, this would require

aThe stok 1 M KCI/10 mM PBS solution was diluted 10-fold in @ Mmechanismbywhichthe variatioryin is inversely proportional
successive steps to yield the indicated concentratio@alculated tothe variation il"*. For this reason, we believe that the constancy

assumingd = 1.0 nm andr, = 0.2 mm. of kg reflects the fact thal'* is independent of bulk KCI
concentration.

M 1 nanopore/POPC bilayer . ,
p . Conclusions
101 4 ? We have presented a relatively straightforward method using
9t ¢ ¢ - ] the glass membrane nanopore that allows the measurement of
(Vg 3 ';r:e con(;jucti\fity of the aquec;}us Iay(ra]r (tj)eltween a Iipl))id bilaé/eir
= A ° ilm and a glass support. The methodology may be readily
8) 8 “ bare nanopore extended to different types of lipid bilayer structures and solution
- 11t : e 59 nm radius conditions and should thus prove to be a versatile means to
e " 84nm directly measure the in-plane elgctrlcal properties of the confined
6 F & N aqueous layer. In turn, electrical measurements of the type
190 nm described above should yield additional fundamental information
5 T T T T ] about the structure and dynamics of ions and solvent molecules
0.5 -0.5 1.5 2.5 3.5 4.5 confined to a narrow layer.
The conductivity of the aqueous layer between a POPC bilayer
|Og [KC|] and glass is nearly independent of the concentration of bulk KCI.
Figure 6. Plot of log®) (bothRyandR,) vs log[KCI] for 84-, 190-, This result strongly suggests that the concentration of charge-

and 59-nm-radius nanopores before and after deposition on a POPGarrying K" is set at a fixed value determined by the surface
bilayer membrane on the glass surface (data from Table 2). Thedensity of surface anionic sites, a result that is analogous to the
solid lines correspond to computed values of Rgbased onthe  fixed concentration of charge-carrying ions within charged
bulk solution conductivity and pore geometry. nanopores at low ion concentration (also observed in the above
studies). Further investigations are required to unravel the
dependence of the conductivity on the chemical composition
and the mobility of ions within the agueous layer.

independent of the bulk KCI concentration because all other
factors that enter into computinrg using eq 6 are held constant
in these measurements.
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