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CHARACTERIZATION OF THE ASYMMETRICACTION OF A SINGLE POREIN A TRACK-ETCHED MEMBRANE�Szymon Merika, Zuzanna Siwyb, Reimar Spohr,and Karina Weronaa Institute of Physis, Wrolaw University of TehnologyWybrze»e Wyspia«skiego 27, 50-370 Wrolaw, Polandb Department of Physial Chemistry and Tehnology of PolymersSilesian University of TehnologyStrzody 9, 44-100 Gliwie, Poland Materials Researh Department, Gesellshaft für Shwerionenforshung64291 Darmstadt, Germanye-mail: merik�rainbow.if.pwr.wro.ple-mail: siwy�zeus.polsl.gliwie.ple-mail: R.Spohr�gsi.dee-mail: karina�rainbow.if.pwr.wro.pl(Reeived January 29, 2001)Transport properties of a single pore in a trak-ethed poly(ethyleneterephthalate) membrane are haraterized using statistial analysis. Prob-ability density funtion, autoorrelation funtion, power spetrum, Hurstand detrended �utuation analysis, as well as Orey's index were the toolsused to haraterize the ion urrent behavior. The examined pore is onialin shape and has been obtained by one-sided eletri �eld stopped ething.The pore has a highly nonlinear diode-like urrent-voltage harateristi,with preferential �ow of ions in one diretion. We show that the examinedurrent �utuations at �2V and +2V, however looking very similar, re�etdi�erenes in ation of the system at the two polarities. The existene oflonger memory for the weaker signal, reorded at �2V, has been found.PACS numbers: 87.17.�d, 87.22.�q, 05.40.+j

� Presented at the XIII Marian Smoluhowski Symposium on Statistial Physis,Zakopane, Poland, September 10�17, 2000.(1605)



1606 S. Merik et al.1. IntrodutionThe development of the path lamp tehnique [1�3℄ was a deisive fatorin ell biology enabling the diret observation of eletrial urrents throughbiologial ion hannels. The tehnique detets ioni urrent through singlehannels and highlights loal transport properties of a given membrane [4,5℄.Appliation of the path lamp tehnique to studies of ioni transport inpurely syntheti membranes allowed to disover that single hannel ion ur-rent �utuations an also be observed beyond biologial systems [6℄. Thetime series of ion urrent reorded in biologial and syntheti systems lookvery similar. In both systems the ion urrent ontinuously swithes betweenvarious values re�eting di�erent states of the hannel [7�9℄. High valuesof the urrent orrespond to open states and low values to losed states (orinative open states) of the hannel. Ion-trak hannels in a poly(ethyleneterephthalate) (PET) membranes have been studied in detail and shown tohave similar transport properties as Triton- and the big ondutane loustpotassium hannels (BK hannel) [9�12℄. So far, pores in PET membraneshave been produed by double-sided ething of a polymer, enabling forma-tion of pores of several ten-mirometer length, and 10�20 nm diameter [9,13℄.Comparing those dimensions with a biologial system one noties, however,that suh pores have 10 times larger diameter and are 50 000 times longerthan biologial ion hannels. To generate pores of smaller dimensions inPET, eletri �eld-stopped asymmetri ething has been developed [14℄. Itleads to the formation of a roughly onial pore with most of its eletrialresistane ontained in its tip (Fig. 1). As a onsequene we an now studytransport properties of pores of muh shorter length than before, bringing usloser to the dimensions met in biologial systems. Another interesting fea-ture of the asymmetri pore is a highly nonlinear diode-like urrent-voltageharateristi [14℄. At neutral and basi pH values this asymmetri poreshows strong reti�ation, favoring a preferential �ow of ions in one dire-tion. The origin of the observed asymmetry is not yet fully understood.However, the asymmetry seems related to the asymmetry of the surfaeharge brought about by one-sided ething proedure [14℄. The main obje-tive of the paper is to hek whether this highly asymmetri system produesalso a nontrivial, asymmetri pattern of ion urrent behavior. The use ofsuh tehniques like probability density funtion, autoorrelation funtionand power spetrum helped us to show the main harateristis of the on-ial hannel ation. The self-similar properties of ion urrent have beenstudied by means of the Hurst and detrended �utuation analysis as well asby the reently introdued Orey index [15℄.
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negative voltage

positive voltageFig. 1. Sheme of onial pore obtained through single-sided ething of a single ionirradiated foil made of poly(ethylene terephthalate). The diretion of the positiveions �ow is indiated in the �gure.2. Materials and methodsThe examined membrane onsists of poly(ethylene terephthalate)(Hostaphan, PET) of a thikness of 10�1�m. It was penetrated with a singlegold ion at the Gesellshaft für Shwerionenforshung (GSI) in Darmstadt,Germany, using the developed there single ion irradiation proedure [13,16℄.Asymmetri ething of the membrane in hot aqueous sodium hydroxide so-lution [13℄ leads to a single pore membrane with highly asymmetri prop-erties [14℄ (Fig. 1). The estimated diameter of the narrow part of the poreis less than 20 nm. The size exlusion tehnique [17℄ using poly(ethyleneglyol) (PEG) of moleular weights between 100 and 35 000 enabled us todetermine pore tip sizes smaller than 3 nm, the size of PEG moleules atwhih blokage of the pore ourred. The membrane has been plaed in aondutivity ell whose two ompartments have been �lled with 0.1 M KClsolutions of pH 6 and 8, on the wide and narrow sides of the pore, respe-tively. Examples of ion urrent reordings through a onial trak-ethedpore for applied voltages �2V and +2V at a sampling frequeny of 250 Hzare shown in Fig. 2.
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Fig. 2. The original signals of ion urrent reorded from a single hannel in a PETmembrane at the voltage �2V (A) and +2V (B). +2 V means that +2 V wereapplied to the eletrode on the narrow side of the pore.3. Results and disussion3.1. Stationarity of the ioni urrent signalsOne of the �rst questions asked while examining a given proess is aboutits stationarity. Stohasti proess Xt is stationary if the �nite-dimensionaldistributions are independent of time shifts [18℄. The strit mathematialde�nition is, however, inonvenient for a diret appliation. To test thestationarity of the ion urrent time series we have deided therefore to usea muh simpler approah provided by quantiles [19℄. A quantile of order" 2 [0; 1℄ is de�ned through a probability P being equal to " that the reordedsignal at the time t is smaller than k"PfXt � k"(t)g = " :In simple words, a quantile k" is suh a number that "-th fration of sample'srealizations are smaller than it. The quantiles of di�erent orders alulatedalong the series form a family of lines by means of whih one an study theproperties of the investigated proess [20, 21℄. The stationarity is indiatedby quantile lines parallel to the time axis. While investigating di�erentproesses one an also observe other patterns plotted by the quantile lines:drifts, inreasing volatility, periodiity, pulsations or simply the lak of anygeneral rule.



Charaterization of the Asymmetri Ation of a Single Pore in : : : 1609Quantiles are usually obtained from a large set of realizations (samplepaths) of a partiular stohasti proess [20,21℄. Having only one time series(one realization) reorded for eah voltage, to use the quantile approah, wehad to apply the method shown in [19℄. It is based on �prodution� of a setof paths by utting the whole reord into smaller subreords (here of length1.2 s). As the next step, for every moment t we alulated suh a real numberk"(t) that "-th fration of the subsequent values at the moment t were smallerthan k"(t). The quantile lines for the ioni urrent signals reorded froma PET trak-ethed membrane are presented in Fig. 3. The �gure showsthat, in spite of the �utuations, aused by �nite lengths of the investigatedsamples, the lines are time invariant. Note that there is no periodi behavioror any other trend. On the basis of this observation, we may assume that thestudied time series are stationary that means they have a onstant mean andvariane. The existene of those statistial harateristis an be heked,however, by examining the urrents' probability density funtion, shown inthe next setion.
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Fig. 3. The quantile lines of the signal of ioni urrents reorded from a singlehannel in PET membrane at the voltage �2V (A) and +2V (B). The quantilesare of the order of 0.1 to 0.9 step 0.1, ounting from the bottom to the top of the�gure. The �utuations result from the �nite lengths of the samples.



1610 S. Merik et al.3.2. Probability density funtionA statistial analysis of ion urrent time series has been started fromdetermination of the urrent probability density funtion (PDF). We havedeided to use here the kernel density estimator [20,22℄ introdued by Rosen-blatt and Parzen rather than the more popular and simpler histogram. Thekernel estimator has been already suessfully applied to the analysis of iontransport time series and shown to be muh more e�etive than the widelyused histogram [19, 23, 24℄.The properties of the urrent probability density funtion (see Fig. 4)have been studied for the time series reorded at the investigated system forthe two polarities. The determined PDFs learly revealed the di�erene inthe system behavior at positive and negative voltages. At �2V the urrentis smaller with weaker volatility, while positive voltage seems to enhane iontransport and �utuations of the signal. The average urrent for �2V and
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Fig. 4. The kernel estimator of probability density funtion of ion urrent timeseries through a single pore in a PET membrane for �2V (A) and +2V (B). Notethe hange of the sale.+2V reads: I�2V = �1:91 � 0:12 nA and I+2V = 6:89 � 1:02 nA, respe-tively. This result is in aordane with earlier �ndings revealing an intrinsiasymmetry of a onial pore in a wide range of voltage applied [14℄. Thetypial urrent-voltage harateristis measured in a onial pore has beenshown in Fig. 5. Note the inrease of error bars with inreasing absolute



Charaterization of the Asymmetri Ation of a Single Pore in : : : 1611value of the voltage, indiating stronger ion urrent �utuations. The on-dutivity for the negative voltage is equal to 56� 1 pS while for the positiveone is about �ve times greater. Moreover, as an be seen in Fig. 5, thebehavior of the pore is ohmi only for the negative polarization showing astrong non-linearity for the positive voltage.
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Fig. 5. Intrinsi asymmetry of a onial pore. Current-voltage harateristi insymmetri onentration and pH onditions at 0.1M KCl and pH 7. The graphpresents average values with standard deviation obtained after averaging out 10yles of triangle voltage signal applied. The inreasing size of the error bars withdereasing voltage re�ets the inreasing size of the eletri urrent �utuations ofthe system.Another important feature revealed is the higher asymmetry of PDF forthe urrent reorded at the positive voltage. This e�et an be measured byso alled asymmetry oe�ient (skewness oe�ient) [18℄, de�ned as� = *�I � �� �3+ ;where � stands for the signal average value, � is the standard deviation andh�i indiates an average taken over the data. The skewness oe�ient anbe onveniently alulated using an estimator� = N(N � 1)(N � 2)�3 NXk=1 (Ik � �)3 ;



1612 S. Merik et al.where N is a length of the time series fIkgNk=1. For symmetri (with respetto the mean value) distribution the skewness oe�ient � = 0; larger abso-lute values of � orrespond to more asymmetri distributions. The skewnessoe�ient � for the urrent through a pore in a PET membrane, reordedat �2V and +2V equals ��2V = �0:04 � 0:28 and �+2V = �0:84 � 0:15,respetively. This result learly suggests higher asymmetry of PDF of thesignal reorded at the positive voltage.From the PDFs shown in Fig. 4 it is not easy and straightforward todistinguish between open and losed states. There are some �utuations inthe density around the maximum for �2V but this e�et may be broughtabout by the superposition of several, di�erent urrent states. The valueof the skewness oe�ient does not indiate the existene of distint stateseither. The properties of PDF found for the signal reorded at the positivevoltage are di�erent. The strong asymmetry of the determined PDF anresult from the existene of just two states, an open � seen as a maximumof the density for high urrent values � and a losed one, whih appearsas a �at, elongated part of the density funtion for low urrent values. Thepresene of two states in time series is suggested by the skewness oe�ient,although it is not possible to �nd uniquely a minimum of the PDF funtion,and to distinguish learly between open and losed states [23�25℄.3.3. Autoorrelation funtionAutoorrelation funtion gives a possibility to study an existene of mem-ory in an examined system. Its deay gives information on the speed of or-relation loss between states separated in time. The autoorrelation funtion�(s; t) of a stationary ioni urrent signal fIkgNk=1 is de�ned as�(t) = �(s; t) = hIs � Is+ti � �2�2 ;where t = k=fex, fex is the sampling frequeny, � is a standard deviationand � is the mean value of the sample [18℄. The stationarity of the examinedproess has been disussed and tested in Setion 3.1. The autoorrelationfuntion of ion urrent reorded in the syntheti system onsidered hereis presented in Fig. 6 in the semilogarithmi sale. The plot reveals theexistene of a long memory in the investigated system � the autoorrelationfuntion dereases slower than exponentially. Moreover, the best �t funtionis not a power-law funtion (as in the ase of an ioni urrent through a singlehannel in a biologial membrane [23℄) but a strethed exponential�(t) / e�( t� )a ;



Charaterization of the Asymmetri Ation of a Single Pore in : : : 1613where � and a are positive onstants. The best �ts obtained for the studiedtime series are plotted in Fig. 6. The onstant a is signi�antly lower than1 and equals a�2V = 0:38 � 0:10 and a+2V = 0:43 � 0:10. Fig. 6 revealsan asymmetry in a memory length between time series reorded at the twopolarities.
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Fig. 6. The autoorrelation funtion of the ioni urrent signal through a PETmembrane for �2V (rosses) and +2V (stars).3.4. Power spetrum analysisPower spetrum is the Fourier transform of an autoorrelation funtion.In our ase it has been determined through a periodogram I(fj) [26℄. Itenables one to study the onentration of power in di�erent frequeny bands[27, 28℄ and for a time series fXkgNk=1 is de�ned asI(fj) = 1N ����� NXk=1Xke�2�ikfj �����2 ; (1)where fj = j=N is alled a Fourier frequeny; j is an integer number suhthat �0:5 < fj � 0:5. Note that in order to use a physial time t instead ofthe sample number k in Eq. (1) it is neessary to multiply the Fourier fre-queny fj by the sampling frequeny fex used in the experiment. Having the



1614 S. Merik et al.periodogram one an easily alulate the estimator of the power spetrumS(f) of the series by averaging the periodogram with a proper weight fun-tion [26℄. The funtion should be non-negative, symmetri and normalized,as e.g. the Bertlett kernel funtionK(u) = � 34 (1� u2) if u 2 [�1; 1℄0 if u 62 [�1; 1℄ :The power spetrum determined for the time series reorded in the syn-theti system is presented in log�log sale in Fig. 7. The two straight lines,
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Fig. 7. The power spetrum of ion urrent signal through a single pore in a PETmembrane for �2V (A) and +2V (B). The straight lines reveal the power-law prop-erties of S(f).orresponding to the power law saling an be distinguished for the positiveand negative voltage applied. For the time series reorded at �2V the powerlaw relations have the form:S�2V (f) / � f�1:32�0:12 for f < 40Hzf�3:88�0:20 for f > 40Hzbut the signi�ane of the two exponents is questionable. The two salingregions found for the time reorded at the positive potential an be desribedby two very similar power laws:S+2V (f) / � f�1:20�0:12 for f < 40Hzf�4:40�0:20 for f > 40Hz :



Charaterization of the Asymmetri Ation of a Single Pore in : : : 1615The result for the positive polarity reveals, therefore, slightly shorter mem-ory ompared with the signal reorded for the negative polarity. Interest-ingly, the two time series have the same threshold for the power laws foundin their power spetra equal to 40Hz. Large values of the exponents observedfor the two time series may be onneted with the behavior of autoorrelationfuntion, whih does not ful�ll a power law but a strethed exponential.3.5. Self-similarityInformation about the time series struture, orrelations and its fra-tal properties is provided by the so alled self-similarity index H [29, 30℄.A stohasti proess X(t) is alled self-similar with index H if it has thefollowing property [18℄: X(bt) = bHX(t) ; (2)when the equality is in a sense of �nite-dimensional distributions and b > 0.For example, the Brownian motion is self-similar with H = 1=2 while theself-similarity exponent of the Lèvy �ight is equal to 1=�, where � 2 (0; 2).The self-similarity index H an be estimated by statistial methods from therealization of a stohasti proess. Here we would like to show and disussthe appliation of the Hurst analysis and the Orey index.Hurst analysis: The resaled range analysis developed by Hurst [31℄may be used to study orrelations in the time series measured at di�erenttime sales. The detailed desription of the proedure leading to the de-termination of the Hurst exponent has been given e.g. in [19, 29, 31℄. Theanalysis is based on a power law inrease of the proess �utuations hR=Siwith the inrease of the width of window �t, in whih the �utuations arestudied �RS� (�t) / (�t)H ; 0 < H < 1 : (3)The exponent H is known as Hurst oe�ient or Hurst exponent. Its valueprovides information on the orrelations existing in the time series mea-sured at di�erent time sales. When H = 1=2, the hanges in the values of atime series are random and, therefore, unorrelated with eah other. When0 < H < 1=2, inreases in the values of a time series are likely to be fol-lowed by dereases and, onversely, dereases are more likely to be followedby inreases. Suh a time series is alled antipersistent. For 1=2 < H < 1,inreases in the values of a time series are more likely to be followed byinreases, and, onversely, dereases are more likely to be followed by de-reases. Suh a time series is alled persistent. Its harateristi property isa long memory [29℄.



1616 S. Merik et al.For the ion urrent at the syntheti system reorded at �2V and +2Vthe Hurst exponent has been found to be equal to:H�2V = 0:96 � 0:07and H+2V = 0:92� 0:07;respetively. (As Hurst exponent annot be higher than 1, the �e�etive�standard deviation of H for the negative voltage is asymmetri with the up-per limit 0.04.) The value of H exponent is, therefore, signi�antly higherthan 0.5, what suggests the persistent harater of ion transport through apore in a PET membrane. We also performed detrended �utuation analysis(DFA) whih works similar to the Hurst analysis but it takes into aount aloal trend of the studied proess [32�34℄. The obtained results are howeververy similar. The DFA exponent is signi�antly larger than 0.5 and evenslightly loser to 1 than the Hurst exponent. As it ould not distinguishbetween the two time series (obtained exponents were not signi�antly dif-ferent) the next step in the self-similarity studies was, therefore, to applythe Orey index.Orey index: The Orey index  is a new method of the time seriesanalysis, whih has been reently proposed for analyzing �nanial data sets[15℄ and was already used in [19℄ to study an ioni urrent �utuations ina single biologial membrane hannel. The Orey index estimates the self-similarity parameter H of a stationary Gaussian stohasti proesses and anbe treated as a omplementary tehnique to the Hurst analysis. Namely, theequivalene of the Orey index and the self-similarity index H (obtained byother statistial methods) suggests the Gaussian nature of the investigatedproess. The advantage of the Orey index is the ompat formula from whihit an be determined, without the neessity of appliation of any additionaltools, like log�log plot and linear regression.The Orey index  an be estimated [15, 35℄ by means of an ordinaryleast squares estimator bOLS. For a given time series f�Xk; k = 1; 2; : : : 2mgonsisting of 2m observations we have to alulate a umulative seriesnXj =Pjk=1�Xk; j = 1; 2; : : : 2mo and an inremental varianeu2(n) = 12n 2nXj=1 (Xj �Xj�1)2 ;where X0 = 0 and n = 1; 2; : : : m. The Orey index estimator is given then



Charaterization of the Asymmetri Ation of a Single Pore in : : : 1617by bOLS = mXj=1 yj log2 u(j) ;where yj = (xj � �x)=Pmj=1 (xj � �x)2 and xj = log2 1=2j = �j for j =1; 2; : : : m. This estimator is strongly onsistent with the Orey index .The values of the Orey's index for the time series reorded at the syn-theti system read �2V = 0:93 � 0:03and +2V = 0:84 � 0:03 :The important result is that the Orey index appeared to be sensitive to thedi�erene in the memory re�eted in the two time series. It is onsistentwith information provided by autoorrelation funtion and power spetrum,whih reveal existene of longer memory in ase of ion urrent signal reordedat �2V. It is not possible to learn about the distribution of ion urrent inre-ments, although the onsistene of the Orey and Hurst's analysis, observedespeially learly for the negative voltage, suggests their Gaussian harater.4. ConlusionsThe main objetive of the paper was to study an in�uene of an asym-metry of a onial pore on the ion urrent behavior. Single onial poreis a strongly nonlinear system: the measured urrent-voltage harateris-ti shows a typial diode-like behavior with one preferred diretion of ioni�ow. The average urrent reorded at the positive voltage is almost fourtimes larger than the signal reorded for the same absolute value of the volt-age of di�erent polarity. Higher urrent is haraterized by larger variane,whih re�ets stronger ion urrent �utuations. The main issue onsideredin the paper was, therefore, to hek whether the ion urrent reorded forthe same absolute value of the voltage but with di�erent polarity revealsdi�erent pattern of behavior. The speial emphasize has been put on thedeterministi and/or stohasti nature of the proess, as well as on its mem-ory. We also asked the question about self-similar harater of the observedion urrent �utuations. The performed analysis has shown that the tworeorded time series, in spite of ertain similarities, reveal in many respetsbig di�erenes. They both have long term orrelation shown by autoorre-lation funtion, power spetrum and self-similarity studies. It follows fromHurst and Orey's analysis that the harater of ion urrent �ow in bothdiretions is persistent. All the analysis however indiated learly that theweaker signal possesses a stronger deterministi omponent, seen as a slower
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