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1 Introduction

Chemical and biosensors are usually based on deultipmbrane layers with different
functionalities. The definition of membrane in lmgy is: “phase that acts as a barrier to the
flow of matter or heat”. The role of these membgranan be diverse: selective recognition,
controlling the mass transport, assuring the biquatibility, protecting the sensor
components. Thus with the application of proper tme@mes differentiated mass transport or
sorption can be achieved for the different compahaitthe sample, that establishes the
selectivity, sensitivity and the dynamic rangeld sensor.

My research focused on the development and matleahanterpretation of the
response of ionophore based, liquid membrane itacthee electrodes and chemically
modified synthetic nanopore based ion-channel sen&ecently both areas experienced a
dramatic progress that forecasted new highly ingmdriapplications in various analytical
fields. However the transition from proof-of pripte experiments to real word applications
needs significant further refinements. This inckidee need for a better control over the
sensor properties and the development of mathemadidels that enable to predict their
response as well to implement rational approaahése development.

The progress in lowering the detection limit of iphore based ion-selective
membranes invigorated the area of ion-selectivergimmetry: The practical significance of
this finding becomes clear if one realize that ohéhe simplest instrumental methods, with
cost effective electrode fabrication technologiesl énexpensive instrumentation, has been
conferred with ultra-trace analysis capabilitigshds been realized that the detection limit of
ion-selective electrodes is determined by the treamsbrane primary ion flux, which
contaminates the sample solution layer in the inmiatedvicinity of the sensing membrahe.
As result of this contamination the primary ioniaty in the sample solution layer adjacent
to the membrane will elevate with respect of thikmalue. As the ion-selective electrodes
are surface sensors they will respond to the &gtfithis superficial solution layer and not to
that of the bulk resulting in this case in an appaisub-nernstian potential resporis&his
transmembrane primary ion flux is a consequencethef non perfect selectivity and
permselectivity of the ion-selective membranes. Tthase is always a minor primary ion flux
through the membrane, which at low primary ion @ntrations of the sample bulk can
become potential determining. The detection lirhibo-selective electrodes can be improved
by lowering/eliminating the transmembrane ion flsx&his proved to be in practice harder
than it was thought in the beginning. This can kglaned by the continuous reconditioning
of membranes during experiments, which dependfhercomposition of the sample and the
contact time of the membrane with the sample swigti The time dependent transport
processes cannot be interpreted with the simpbadgtstate models, which had replaced the
empirical approach in electrode design.
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Hence our main goal was to build numerical modeisciv are capable of describing
restrictions and prospects of mass transport cledrasensors. These numerical models
allowed us to interpret the water uptake of polymembrane based ion-selective electrodes.
Currently it is little known about the effect of tea uptake to the potential response, but in
the case of solid contact electrodes its signifiesmas been provérETIR-ATR spectroscopy
was used to study the water uptake. With this tegheit is possible to track the diffusion of
different forms of water.

Nanopore sensors are in the forefront of life soésndue to their single molecule
detection capability. The driving force of this anést is the pioneering results which
forecasted the possibility of ultra-fast DNA seqeieg with nanopore&In case of successful
realization nanopore based sequencing would haxuteonary effects on bioanalysis owing
to the dramatically decreased analysis time ants£ddoreover, nanopore based molecule
and particle counting as well as selective labedfdetection are also in the forefront of
bioanalysis and nanotechnology. The first nanodmseed sensors were biological ion-
channel$, the wide-spread analytical use of which is greh#iynpered by the lack of stability
and the difficulty in varying their pore sizes aygbmetries.

Thus there is an effort to replace biological arigin-channels with robust solid-state
nanopores. However the transition from natural yotigetic nanopores is not necessarily
straightforward, but rather it raises numerouslehgkes in terms of fabrication, (bio)chemical
modification and processes governing the responsehamisni. Our group has made
significant contributions to the field with the iatuction of biological receptor modified
nanopores to biosensifi.My work in the area of nanopore sensing aimechatdoarse
grained modeling of electromechanic rectificatiffees observed with single stranded DNA
modified solid-state conical nanopores. By usimgoan-walk and multiphysiscs simulation |
have investigated how single molecule detection lwiéipaof single nanopores based sensors
translates to concentration-based detection lidstthe detection limit was determined by the
probability of finding the sensing nanopores by tle¢ected compound means to reduce the
escape (encountering) time by using an externaéfbeld were addressed as well.

2 Methods

Numerical methods used in my PhD dissertation candivided in three groups: coarse
grained molecular dynamics, random walk simulaticersd finite difference calculations.
Multiphysical software (Comsol) was used to solwemerically the Nernst-Planck-Poisson
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and the Navier-Stokes equations. Coarse grainedaulalr dynamics were used to model the
effect of external force field on the ionic currantsingle stranded DNA modified conical
nanopores. The calculations were done with GROMA®@S:cular dynamics softwalé The
detection limit and the escape time of single nan@sensors were determined by random
walk simulations. One-dimensional finite differencalculations were used to define the
potential response and water uptake of ion-seleeleetrodes.

2.1 Finite difference numerical model to describe the potential response
and water uptake of ion-selective electrodes

While the generally used steady-state treatmentvaluable tool to describe the long-term
behavior of the ion-selective electrodes (ISE)s ilncapable of predicting practical response
transients under rapidly changing conditions. Oorlgwith the finite difference based
numerical model was to describe and influence tbeergial response of ISEs near the
detection limit. In this model the small differenbetween the neighboring elements is
calculated. Each phase is divided into N segmehisicknessd, and the number of ions,,,

in a segmenty, after each time stef, is given by:

ni, v(t + At) = ni, v(t) + % (ni, v—l(t) + ni, V+l(t) - 2ni, v(t))At (1)

According to the phase-boundary potential mode pbtential is determined by the boundary
concentrations of ions. In the presence of one datinig interfering ion, >J with valencyz
equal to that of the primary ion, a fast equilibniuat the phase boundary relates the
concentrations; and [IL], to each other by:
pot — G [IL]
Y S
wherec; c; and [f], [J9] are the boundary concentrations of the primarjngerfering ions in
the aqueous and organic phases, respectively; tleseentrations are used as an
approximation of activities.
For reasons of electroneutrality, the total amairdations in the membrane is constant. The
concentration of interfering ions in the agueouagghis assumed to be sufficiently high so
that the ion exchange across the membrane doesgnificantly alter it. ¢; = ¢ pui):
por _ NP (E+AL) ™"t +AY) _ n(t) +An n™"(t) +An,
UUnAE+A) 0™+ A) 0T 0™ - An,

and the amount of exchanged primary cations antieeface An, is given by solving Eq. 3:
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Migrational fluxes can be calculated using the enrdensity (.
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3 Results

3.1 Opportunities and constraints in detection limit of ion-selective
electrodes

lon fluxes across polymeric ion-selective membrane a decisive parameter dictating the
detection limit of potentiometric ion sensors. Avpked current has been earlier proposed to
counterbalance such fluxes and extend the detedinom to ultra-trace levels. So far,
however, the method has not been able to be usedastical situations since the correct
current amplitude requires prior knowledge of tample solution. We explored the use of stir
effect to evaluate the optimal current by theory arpgeriments. lon fluxes can be detected
by observing the presence of potential drifts uploanging the stirring rate in the sample. The
stirring effect disappears when the primary ion em@tion in the bulk and the superficial
sample solution layer are equal. The improvemehtaimed in the lower detection limit are
much less pronounced than expected on the ba#iie gteady-state model (Figure 1A). This
is apparently a consequence of the non-steady-statgion during the measurements. In all
cases, before each measurement at the concentsatbem, the membrane was conditioned
until steady-state in a solution of 1M Ag* and 10* M NH," on both sides. Then, the
optimal current (i.e., the current at which the sffect disappears) was applied for 5 min, 60
min, or infinitely long. It is apparent that thehaevable lower detection limit is significantly
worse at short times than at steady state. In Eig&, the zero-current ion flux of Adrom

the membrane into the sample (calculated in cumsits) is shown together with the optimal
external current for each concentration. It is appiathat much larger external currents are
required to compensate for ion fluxes than the -zeroent value (note the logarithmic scale
of the y-axis). As also evidenced in Fig. 1B, carications below ca. 1D M become
measurable only by inducing a strong ion flux fréme sample solution in direction of the
membrane. This results in an ever increasing invilasdof the interference with increasing
current density for the situation where concerdratpolarization of the primary ion is
perfectly compensated.
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Figure 1 A) Finite difference calculations of the respasé a Ag-selective electrode

with different measuring times. Before each measerd, the membrane was
conditioned until steady-state in a solution of*Id Ag* and 10* M NH," on
both sides and then the optimal current (i.e. ciiveent at which the stir effect
disappears) was applied during the measurement timeicated.

B) Zero-current ion flux of A§from the membrane into the sample (calculated
in current units) and optimal external currentéach concentration.

The numerical results suggest that stir effects beysed to find optimal currents, but that
the detection limit of an electrode already propedptimized chemically cannot be
significantly improved galvanostatically.

3.2 Potentiometric ion-breakthrough experiment to determine the
unbiased selectivity coefficient and the diffusion coefficient of ions in

The unbiased selectivity coefficient and the dikbuscoefficient of ions in membrane can be
assessed in a single ion-breakthrough experimér@EMF of a primary ion-free membrane
is measured in a symmetrical electrochemical dallthe beginning there is a constant
concentration of interfering ions on both sidestled membrane. After a stable membrane
potential is reached a high concentration of primian (10° M) is set in the sample solution.
By finite difference simulations of the potentiasponse it become clear that the slope of the
potential response curve only depends on the diiflusoefficient in the membrane and the
thickness of the membrane.
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Figure 2  Potential response curve of a typical membrane.méembrane is conditioned in

10* M interfering ion solution. At 10 min the primaign concentration is set to
10° M in the sample solution. Arrows show the rangedu®r the linear fitting.

The larger the slope of the linear range, markeéign 2, the faster the ion transport through
the membrane. ThHEMF value of a symmetrical electrochemical cell acaogdio the phase-
boundary potential theory is given by the followiexpression:

- - _RT[, & . G
EMF =E, -E, ;F{In[ml In[lu]b] (5)

Since the primary ion concentration in the samplat®on is high, its boundary concentration
is equal to the bulk concentratiom(( = ¢), while [ILq ]f equals the in exchanger

concentration Ry). Finally taking into account that in the innemgmartment the interfering
ion concentration is highc(, =c,),the ion-ionophore complex concentration at theemn

membrane boundar)[,ILZ' }b, can be expressed from Fick’'s second law. Thugferz;the
EMF can be described by a first order equationfasetion time:
2D
EMF = A+BE=—Ln[ 2G| BT 77 Pos |, (6)
zF n Ki%c, z,F (Zdorg)

The unbiased selectivityK(}™) can be calculated from the intercept of the lin@gpression

(A) while the diffusion coefficient in the membrari®,) from the slope of the lindsj.



3.3 Rational design of solid-contact ion-selective electrodes for ultra-
trace analysis

There is no inner solution in the case of solid aontISEs that could sustain the
transmembrane flux of primary ions. Therefore, tamisflux of ions cannot evolve and the
main experimental tool to lower the detection lingtthe membrane conditioning. With
proper preconditioning flat primary ion concentoatprofile can be reached in the membrane,
which means that there is no flux of ions througl phase boundary. Preconditioning is
optimal when the detection limit is the lowest. Tdetection limit is defined as the primary

ion activity in the sample for which the potentitviates more the(rRT / z|F)In 2 from the

linear nernstian response (Fig. 3).
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Figure 3  Calibration curve by exponential dilutibnafter optimal preconditioning of the
ion-selective membrane.

To find the parameters of optimal preconditioninggedure several thousand simulations
were made with different input parameters (diffuscaefficient in the sample solution and

membrane, diffusion layer thicknesses, selectivityefficient, ion-exchanger content,

interfering ion concentration). After evaluatinjese simulations we got this empirical
eqguation to the lower detection limit for fully aditioned solid contact ISE-s.

109¢, 0p = 2,0+ 0,5 logk* + log, + logl,, = 0@, + IoR ) + 0,25109 ,,, + 0,294@% ] (7)

whered,, is the thickness of the diffusion laydd,, andD,, are the diffusion coefficients in

the sample and membrane, respectivély, is the concentration of ion exchanger, and

dlogc . . . N
% is the rate of concentration change in the expialedilution.

Evaluating the outcome of the simulations in teroisthe composition of the optimal
preconditioning solution results in the followingpeession:

1 G. Horvai, K. Toth, E. Pungor, Analytica Chimicata 1976, 82, 45



C
log " =1,25+ 0,4 logkp* + log, + logl,,~ lo® .+ lo&.) + 0,25109 ,,+ o,mmé&'%?qj @®)

J,pre
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Thus the lengthy, empirical optimization of precmioeshing solution can be avoided by using
a solution with the proper primary ion/interferirmgpn composition calculated from Eq. 8.

3.4 Water uptake of ion-selective membranes

The water uptake significantly affects the potengtms response of ion-selective
membranes. In case of solid contact ion-selectleet®des an aqueous layer might form
between the membrane and the substrate electrdaeiohic composition of this layer is
constantly changing with changes in the sampletisplicomposition, which leads to potential
instability. As the main source of water for thaiaqus layer formation is the transmembrane
water flux we have subjected membranes based othcoosnonly used polymeric materials
(plasticized PVC, poly(acrylate) and silicon rubb&w FTIR-ATR analysis. Monomeric,
dimeric, clustered and bulk water could be distigiged by deconvolution of the FTIR-ATR
spectra, which is provides additional informationunderstand the water uptake mechanism.
The best fits of the time dependent water concgotr@hanges in the membrane upon water
uptake were obtained with a model consisting of dhffusion coefficients describing fast and
slow diffusion of water in the ion-selective memiea (Fig. 4).
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Figure4  FTIR-ATR spectra of a) a PVC:DOS (1:2) membratiéckness: 281 um) and
b) integrated band areas of the OH stretching ba&ngerimentally measured
band areasll{ ) and mathematically simulated band areas éyrfést and %)
slow diffusion of water through the membranes. Boen of the “fast” and
“slow” water is indicated withX).

It was found that the water uptake of the plastidiPVC and poly(acrylate) membranes was
considerably decreased by the incorporation of pliplec salts and ionophore in the
membrane matrix. Among the studied membranes thased on poly(acrylate) took up water



with the smallest diffusion coefficients while tkquilibrium water content of silicon rubber
membranes was the smallest.

Table 1.

Diffusion coefficients and integrated absorbaneg¢sinfinite time (A.) for

different types of membranes; Aand A are the absorbances at infinite time
for the quickly (Q) and slowly (B) diffusing water, respectively. 4. is the
sum of these two absorbances, indicative of thdibgum water content.

membrane

D1 (cnmf-s™)

Al,oc (Cm-l)

D, (cnf-s™)

A2,oc (Cm-l)

AIOt,oo (C m-l)

plasticized PVE

(1,3-3,3)-10

53-30,4

(0,8 — 6,0)-F0)

10,7 - 84,9

15,4 - 1153

PA2

(1,7 -8,9)-18

7,3—-68,4

(2,1 -7,4)-10

54,7 -128,1

76,7 — 196,51

SR

(2,0 — 2,3)-10

3,5-59

(0,9-2,0)-70

49-7,7

10,1 -12,0

! Plasticized PVC membranes without additives otaioing ionophore and/or lipophilic
anion.

?Poly(acrilate) membranes without additives or cimitg ionophore and/or lipophilic anion.
The measured copolymers were: poly(methyl metat&)y|a@oly(decyl metacrylate),
poly(methyl metacrylate):poly(nbuthyl metacrylaés) poly(methyl
metacrylate):poly(isodecyl acrylate)

% Silicon rubber (RTV 3140, Dow Corning) membraneathout additives or containing
ionophore and/or lipophilic anion.

3.5 Coarse grained modeling of electromechanic rectification effects in
DNA modified conical nanopores

Nanopore based devices are emerging as tools foglesimolecule manipulation,
characterization and chemical analysis. Howevers ilittle known about the orientation,
coverage and behavior of surface tethered spatigginanopore environment as function of
applied transpore voltages. Coarse grained modelinghort DNA modified conical gold
nanopores subjected to electrical field gradierit® @and 50 mV/nm were performed. An
electromechanical gating effect in the single ste@h®NA modified conical nanopores is
predicted, which is due to the obstruction of tipeentrance by DNA strands oriented by the
external electrical field. The magnitude of thetifemation effect increases with increasing
DNA length and decreasing tip diameter of the cainitanopore. The direction of on/off
switching was found to be dependent on the locatibrihe immobilized DNAs on the
membrane supporting the nanopore (Fig. 5).
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Figure 5: Cumulated charge transients recorded at +0.05 \{iack curve) and -0.05
V/nm (grey curve) for the same membrane geometvingeeither only the pore
inner surface (a), only the membrane outer sur{ager the entire surface (c)
modified with 15-mer CG ssDNA.

Since the rectificatioeffect and the direction of the on/off switchingvesry much influenced
by the surface coverage of DNA and whether theesnbinly the outer membrane surface or
the inner of the nanopore is modified, it may pdavinformation on the surface modification
process as well.

3.6 Detection limit of single nanopore sensors

Even one molecule can affect the ion transport tjincal single nanopore sensor. However it
is important to know what is their detection linmtterms of concentration. To find it out we
performed random walk simulations to determinepgrabability of a molecule to encounter
the nanopore. The simulation space was cubic withr@anopore in the center of one of the
faces. A single molecule was placed in the simoagnvironment which using the constant
volume resulted of the cube can be scaled to aetdration value. We calculated the escape
(encounter) time, which is the time the moleculedseto encounter the nanopore. The
molecule was rendered to random locations in thmulsition space, and in one step it could
move to the neighboring six grid points randomly tith equal probability. By using the
Einstein-Smoluchowski equation and the distancevéen two neighboring grid points the
simulation environment can be conferred with rgedce and time values. Evaluating the
simulations the escape time could be describetidyallowing semi-empirical equation:

(= 4,110" (9)

CID [,

whereC is the concentration of sample solutid,is the diffusion coefficient of the
molecule, and,, is the radius of the nanopore.

If the molecule is spherical Stokes-Einstein equmatian be used to calculate the escape time.

t=1,7010° neL (10)
C

v
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wherer,_, is the hydrodynamic radius of the molecule.

Based on our calculations at pM concentrations ékeape time (1000 s) is near the
experimentally feasible analysis time. Thus theeckn limit for single nanopore sensors is
constrained by the time needed for the detectedpooent to encounter the nanopore.
However, charged particles can be directed intondmgopore using an electric field, which
results in a considerable shortening of the estiape (Fig. 6). At larger potentials there is a
reciprocal dependence of escape time to potentials.
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Figure 8 Escape time of a 30-mer DNA, from 1 firolume through a 10 nm diameter

nanopore: in the absence of external force fietdidsline) and when 0.5 V
transpore potential is applied (dashed line)

4 Novel scientific results

1.

4.

A numerical method based on the finite differencethrad was developed which is
capable of describing the potential response of selactive electrodes under
convective, migrational and diffusional perturbasonVith this method, among
others, by knowing the previous history of the gamtective electrode it is possible to
predict its time dependent potential respdifse.

The thermodynamic detection limit for ion-selectelectrodes cannot be reached with
the current polarization method, as it was suggestearlier publication§?

The potential response during potentiometric iogakthrough experiments could be
properly described with the introduced numericalthud. A new expression was
introduced that can be used to calculate the uedialectivity coefficient and
diffusion coefficients of ions in the membrane frdne experimental potential traces
recorded in a single potentiometric ion breakthtoagperiment?®

An empirical equation was introduced to rationallgtermine the composition of
preconditioning solution needed to reach the ogtdegection limit (Eqg. 8). Using this
equation the lengthy, experimental optimizatiopiconditioning can be avoid&d.

12



. By finite difference modeling of FTIR-ATR datawtas shown that the water uptake

of ion-selective membranes (plasticized poly(virghloride), poly(acrylate) and
silicon rubber) can be described with a two diffuscoefficients >

. Based on the determined diffusion coefficients weder uptake is the slowest in

poly(acrylate) membranes while the equilibrium watencentration is the smallest in
silicon rubber membranes. Furthermore, it was provet the water uptake of the
plasticized PVC and poly(acrylate) membranes igedsed by the incorporation of
lipophilic salts and ionophore in the membrane Ratt"™

. A coarse grained molecular representation wasdaotred for the molecular dynamics

simulation of ion currents within DNA modified caail nanopores. Based on coarse
grained molecular dynamics simulation the electrdmaeical rectification originating
from the orientation of immobilized DNA strands tine applied transpore electric
field could be explained?*

. The detection limit of single nanopore sensors {geddent on the probability of the

detected molecule to reach the pore. Based on ramgdknsimulation results a semi-
empirical expression (Eq. 9) was introduced to jgtettie concentration and pore size
dependence of the escape (encountering) time.

. Combining force fields calculated using multiplogdisimulations and random-walk

simulations it was shown that the escape time ofharged molecule can be
significantly reduced by applying a transpore eleat field "’
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Szintetikus nanocsdvek iontranszport tulajdonsédairnvizsgalata molekuladinamikai
szamitasok segitségévdatdfler Lajos; Gyurcsanyi E. Robert; Esemény: Centenariumi
Vegyészkonferencia, Sopron 2007)

5.5 Other presentations and posters

Chemically modified solid-state nanopores for seggR6bert E. Gyurcsanyliajos Héfler,
Aron Cserkaszky, Tamas Varga, Gergely Lautner, &ydlgerszki, Péter Firjes, Attila L.
Toth; Event: Matrafiired’08 International ConferemeeElectrochemical Sensors, October 5-
10, 2008, Dobogak Hungary)

Diffusion of water through polymeric ion-selectiveembranes monitored by FTIR-ATR
spectroscopy and multispectral optical imaging (Temdfors, Fredrik Sundforslajos
Hofler, Gyula Jagerszki, Roébert E. Gyurcsanyi; Event: riféted’08, International
Conference on Electrochemical Sensors, Dob6g#808, October 5-10)

Bioassays with potentiometric detection (Rébert Wi@sanyj Ernd PretschlLajos Hofler,
Julia S#ics, Tamas Vigassy; Event: Pittcon 2008, March leiy Orleans, USA.)

Hybridization-modulated ion fluxes through peptiaégcleic acid functionalized nanotubules.
A new approach for label-free DNA analysis (RoleriGyurcsanyiGyula Jagerszki,ajos
Hofler, Tamas Vigassy, EénPretsch; Event: International Conference on Ebetiemical
Sensors, November 13-18, 2005, Métrafured, Hungary)

Hybridization-modulated ion fluxes through peptmlgcleic-acid-functionalized gold
nanotubes. A new approach to quantitative labe-D&A analysis (Robert E. Gyurcsanyi
Gyula JagerszkilLajos Hoéfler, Ermd Pretsch; Event. Development and Application of
Chemical Sensors A conference held in honor of Eregisch June 28 — 29, 2007, Zirich,
Switzerland By The Swiss Chemical Society)
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