TRANSPORT AND KINETIC FEATURES OF GOLD-
FUNCTIONALIZED ARTIFICIAL NANOPORES

ALINA ASANDEI, F. PINTILIE, T. LUCHIAN?

Laboratory of Biophysics and Medical Physics, Fgood Physics, “Alexandru I. Cuza” University,
11,Carol | Blvd., Iai, ROMANIA (#Iuchian@uaic.ro)

Abstract. The use of cysteine-functionalized membranes withwin porosity may allow a
better understanding of separation and transpantacteristic through biomembranes. In this work,
polycarbonate membrane was gold-coated via elessadeposition onto the pore walls, followed by
L-cysteine chemisorption on the modified surfacg.nBeasuring the electrical current flow through
these membranes and analyzing the current-potetifierence diagrams, we showed that such
membranes display variable conductivities, dependin the pH value of the contacting solution.
Interestingly, the spectral behavior of such fuomilized membranes quantified by their electrical
impedance shows a strong dependence upon the pélefithe contacting solution, departing visibly
at high pH values from the theoretical predictiasfsa simple paralleFRC model. A possible
extension of the present work may be the explaratibthe so-called artificial ion channels, which
would resemble their biological counterparts frohe tviewpoint of ion selectivity and gating
properties.
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INTRODUCTION

Biological membranes are molecular structures gatrainly as barriers to
the flow of matter between various cellular compamts. With specific ion
channels embedded, such membranes can selectilely far the diffusion of
various components of a solution under the infleeref pressure, voltage,
temperature or concentration gradient.

Recently, some varieties of materials that can $edun the chemical or
biological separation came up into the action,uditig here chemically modified
and functionalized polymeric membranes [2]. A g@@mple in this respect are
polycarbonate track-etched membranes, which contamopores relatively
uniformly-distributed, and easily prone to chemitaictionalization by depositing
noble metals within the pores [8]. The resultingdg@u) nanopore membranes are
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ideal models for the study of ionic transport thgiowartificial nanopores. For the
deposition the metals within the nanopores, thetrelkess gold plating method [7,
10] is currently being used. It is now known thgtdontrolling the Au deposition
time, one can prepare Au nanopores that have ii#eatside diameters of
molecular dimensions (< 1 nm), suggesting thatemesmbranes may be useful as
molecular sieves [3]. Such metal nanopore-contgimm@mbranes show selective
ion transport, analogous to that observed in iocharge polymers [1]. lon
permselectivity occurs because excess charge gammitbe present on the inner
walls of the tubules, stemming from the adsorbetbrate ions [5]. These
membranes can be either cation- or anion- seleaiepending on the potential
applied to the membrane; hence, these metal namletallembranes can be viewed
as universal ion exchange membranes [11]. Aftealmeteposition ends, a further
way to chemically modify such nanopores is to &tthecysteine onto the gold
coated surface [9], which brings about the possibdf a pH-switchable ion-
transport selectivity property of such functionaliznanopores [4]. At low pH, both
the amino and carboxyl groups of the cysteine ap¢opated, so that the average
net electrical charge on the nanopores becomedynpusitive; as a result, such
membranes would reject cations and preferentiadipgport anions. At high pH,
when both the amino and carboxyl groups of the Houncysteine are
deprotonated, and the net charging state of naespsrnegative, which allows
them to reject anions and preferentially transmations. At pH = 7.0, near the
isoelectric point of the chemisorbed cysteine, éheeembranes are expected to
show neither cation nor anion transport selectivity

In this work we explored the transport propertiésgold-plated nanopore
membranes prepared via the electroless plating adethwhich contained
L-cysteine chemisorbed within the pores of a nanmy® polycarbonate filter. By
measuring the electrical current flow through thesembranes, and upon analysis
of the IV diagrams, we showed that these membradisplay variable
conductivities, depending on the pH value of theatacting solution phase.
Interestingly, the spectral behavior of such funadlized membranes quantified by
their electrical impedance shows a strong deperedepon the pH value of the
contacting solution phase, departing visibly frdm theoretical predictions of a
simple parallel-RC model, especially at high pHresl.

EXPERIMENTAL SECTION

MATERIALS

Polycarbonate track-etched membranes {(if@hickness, 30 nm diameter
pores, 6x1®pores crd) were obtained from Whatman. For the functionditiza
of the membrane we used SgCM), AgNQ;, trifluoroacetic acid (98%), NSO,
NH,OH, NaCl, NaOH, NgHPO, NaHPO, Au (24K), KCN, HCI, HNQ,
[KAU(CN),], 90% ethanol, L-cysteine, formaldehyde and antydmethanol. L-
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cysteine hydrogen chloride was obtained from Mexokl used as received. The
gold-plating solution [KAu(CNyj was prepared in-house.

MEMBRANE PREPARATION

In order to deposit Au within the pores of the palsbonate template
membrane, we resorted to the electroless platingguiure.

The first step taken in this respect was to preplaeegold-plating solution
[KAU(CN),], containing the following reagents: Au (24K), H(36.5%), HNQ
(63%), NHOH (25%), and KCN.

The procedure used for the electroless depositas similar to that reported
by Yu et al. [11]. That is, the membrane was finstnersed in methanol for five
minutes, followed by soaking the membrane for 4Butes in a solution of 0.025
M SnChb and 0.07 M trifluoroacetic acid. The membrane Waen washed two
consecutive times for 2.5 minutes using methantierdvards, the membrane was
reimmersed in a solution 0.029 M [Ag(MBOH (an aqueous ammoniacal
solution of AgNQ) for 10 minutes.

As a result, nanoscopic metallic Ag particles vk deposited on the
membrane:

Srﬂurf + 2Agaq - Sllturf-i- 2'A\Qurf (1)

where:

Sr'y,s is the oxidation number of tin membrane surfacdoree redox
reaction;

Ag'aq is the oxidation number of silver in the aqueomsraniacal solution of
AgNQOs;

SV, is the oxidation number of tin membrane surfatera&dox reaction;

Agosurf is the oxidation number of silver of membrane’gace.

The membrane was then rinsed for 5 minutes usirtganel, followed by its
immersion in a gold-plating bath that contained20.]M N&SQ; 0.0625 M
formaldehyde, 0.025 M NaHGQand 7.910°2 M of the gold-plating solution, to
yield Au nanoparticles on the surfaces:

Au|aq+Agosurf - Auosurf+Ag Ia( (2)
where:

Au',,is the oxidation number of gold in the gold plgtsolution;

Agosurf is the oxidation number of silver of membrane acef

Au’,is the oxidation number of gold of membrane sw&fac
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Ag'aq is the oxidation number of silver membrane surfafeer redox
reaction.

The temperature of the bath was maintained at $1f@ughout. The pH of
the gold-plating solution was initially 12.0, bien adjusted to 10.0 by dropwise
addition of 0.5 M HSQ,, with constant stirring, since it is known thatvier pH
values of the bath-solution results in gold-nanated with more uniform inside
diameters [7]. On such gold-functionalized nanopptecysteine chemisorption
was accomplished by immersing the membrane intondolution of L-cysteine
in 80% ethanol for 24 h. The membrane was theredingith ethanol and dried in
air. L-cysteine becomes chemisorbed to the insate wvalls as well as to the Au
surface layers.

To limit the overall current through the nanopocestaining membranes
(< 200 nA), we clamped it within a teflon film caming a 0.7 mm diameter hole
and the wall of one chamber of experimental setfig. 1). This hole thus defines
the area of membrane exposed to the solution congpi5 mM NaCl and

phosphate buffer (10 mM sodium phosphate) buffetgoH values of 2.0, 7.0, or
12.0.
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Fig. 1. Experimental set-up for electrical measwets:. The two teflon chambers separated by the
functionalized membranes contained sodium phosghafer (10 mM) with pH 2.0; 7.0; 12.0 and
NaCl (5 mM).

The electrical current mediated by nanopores wassuored with an
integrating headstage Axopatch 200 B amplifier (@dalar Devices, USA) set on
the voltage-clamp mode. Data acquisition of the ldieg electrical signals was
performed with a 16 bits resolution PCI 6014 A/DdcéNational Instruments) at a
sampling frequency of 5 kHz. In order to estimdte square modulus of the
membrane impedance we resorted to the use of apantlysis carried out via the
white-noise method. Briefly, a noisy voltage-signaith spectral features
resembling those of a ‘white noise’ was generatethe analog output of a PCI
6014 A/D card (National Instruments) and appliecbas the nanopores-containing
membrane; the resulting current signal was theteatedd, digitized and used to
compute the ratio of the power spectrum of theag@tfluctuations applied at the
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input of the membrane and the resulting power specbf the current fluctuations
generated into it. From elementary electrical dtranalysis, this would correspond
to the squared modulus of the electrical impedanftee biomembrane [6].

RESULTS AND DISCUSSION

As a result of L-cysteine chemisorption onto th&ldayer deposited with the
electroless method on the nanopores surface, tamlbelectrical charging state of
the nanopores will depend upon the pH of the céingiaqueous solution (Fig. 2).
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Fig. 2. Schematic representation showing the tiste¢es of protonation and the resulting ion-
permselectivity of the chemisorbed cysteine. a) fody cation-rejecting/anion-transporting state, b)
pH = 7.0, non-ion-permselective state, c) high aflon-rejecting/cation-transporting state.

We argued that depending on the charging stateeofniner surface of the
nanopores, the electrical profile experienced bijusibn ions will be greatly
affected, and the transport properties of the narespwill thus be prone to pH
modulations.
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Fig. 3. The electrical current recorded at différpotential values applied across the L-cysteine
functionalized membrane, at pH 2.0.

In Fig. 3 we show a selected original trace thappints the overall protocol
used to infer the I-V behavior of L-cysteine-fuctalized nanopores. By
evaluating the electrical current mediated by theapores in response to various
applied holding potentials, we were able to plét diagrams that characterize ion
transport through nanopores, as it takes placaraius pH values.
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Fig. 4. Amplitude histograms of electrical curregenerated across the functionalized membrane at:
a) 0 mV, b) 10 mV, and c) =10 mV.
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In Fig. 4 we show samples of amplitude histograrh&lectrical currents
flowing through the L-cysteine-functionalized naonogs at O (panel a), 10 (panel
b) and —10 mV (panel c¢), when the pH value of thids used was set to 2.0.

The result of such evaluations carried out overi@dewrange of holding
potentials is being summarized in the next figuig.(5).

—a—pH~=2
3 —e—pH=7
< o —A—pH =12

Fig. 5. Electrical current mediated by nanoporegtaining chemisorbed cysteine at pH-values of 2.0
(m), 7.0 @) and 12.0 A), in response to various holding potentials appdieross.

From the linear fit through the |-V pair-points, viferred values of the
electrical conductances of the nanopores functipethlvia cysteine chemisorption
at pH 2.0, 7.0 and 12.0, as follows: at pH 216; 2.3%10’ S + 4.&10°'%; at pH
7.0,6 =3.5510°%S + 6.410 ' at pH 12.0p = 6.9%10°S + 9.5%x10™

One plausible explanation for the observed phenomesf high current
values measured at a given holding potential, aP@Hmay lie in that due to the
protonation of both carboxy- and amino groups & themisorbed cysteine, the
overall electrical charge of nanopores is mostlgifpee; by taking into account
that, due to a smaller hydrated radius, the perifitgabf Cl~ ions through such
nanopores is greater by comparison t6 iNas, the net positive electrical charge of
the inner walls of functionalized nanopores, at gH), does promote the
electrodiffusion of Clions, as compared to less acidic pH values anckfitre
augment the overall ion current at more acidic plligs.

Interestingly, the spectral analysis carried owt the white-noise method
with the purpose of impedance estimation of sucittionalized membranes has
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revealed that at high pH values (pH = 12.0), theasg values of the modulus of
the electrical impedance (S. M. 1.) of a cysteinadtionalized membrane increases
at increasing frequencies (Fig. 6, panel a); obsliguhis constitutes a departure
from predictions made for a parallel RC circuit,ngeally used to represent
electrically membranes properties.
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Fig. 6. Square values of the modulus of the etegltimpedance of a cysteine-functionalized
membrane, estimated under equilibrium conditioasw white-noise method at (a) pH 12.0,
(b) pH 7.0, and (c) pH 2.0.

However, at neutral (pH = 7.0) and acidic (pH =)2pMH values such
prediction are well fulfilled (Fig. 6, panels b)dmr)), meaning that under such
circumstances the electrical properties of a aystéunctionalized membrane can
be viewed as equivalent to a parallel RC circuipldusible explanation for such a
discrepancy calls for more in-depth experimentst #ne currently underway.

CONCLUSIONS

Herein, we have reported on the transport propgeniea pH-switchable
membrane that was prepared by chemisorbing cysteiAa-plated nanopores of a
polycarbonate filter. By measuring the electricairrent flow through these
membranes and analyzing the current — potentiéréifice diagrams, we showed
that these membranes display variable conducsyitlepending on the pH value of
the contacting solution. Interestingly, the spddehavior of such functionalized
membranes quantified by their electrical impedasicews a strong dependence
upon the pH value of the contacting solution phakeparting visibly from the
theoretical predictions of a simple parallel-RC mabdt high pH values. Such
experimental approaches may become useful for grglale-novo design of
artificial nanostructures with kinetic and trandpproperties resembling those of
ion channels. By employing the known affinity ofstgine residue toward a gold
substrate, it would prove interesting to ligatefiaral Cys-functionalized peptides
with known secondary structure and charge to sodi-glated nanopores with the
ultimate purpose of endowing them with gating prtips similar to those
encountered in living cells.
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