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Biological systems rely on the transport properties of transmembrane channels.  

Such pores can display selective transport by allowing the passage of certain ions or 

molecules while rejecting others.  Recent advances in nanoscale fabrication have 

allowed the production of synthetic analogs of such channels.  Synthetic nanopores 

(pores with a limiting dimension of 1-100 nm) can be produced in a variety of materials 

by several different methods.  In the Martin group, we have been exploring the track-

etch method to produce asymmetric nanopores in thin films of polymeric or crystalline 

materials. 

Asymmetric nanopores are of particular interest due to their ability to serve as ion-

current rectifiers.  This means that when a membrane that contains such a pore or 

collection of pores is used to separate identical portions of electrolyte solution, the 

magnitude of the ionic current will depend not only on the magnitude of the applied 

potential (as expected) but also the polarity.  Ion-current rectification is characterized by 

an asymmetric current–potential response.  Here, the interesting transport properties of 

asymmetric nanopores (ion-current rectification and the related phenomenon of 
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electroosmotic flow rectification) are explored.  The effects of pore shape and pore 

density on these phenomena are investigated. 

Membranes that contain a single nanopore can serve as platforms for the single-

molecule sensing technique known as resistive pulse sensing.  The resistive-pulse 

sensing method is based on the Coulter principle.  Thus, the selectivity of the technique 

is based largely upon size, making the analysis of mixtures by this method difficult in 

many cases.  Here, the surface of a single nanopore membrane is modified with a 

molecular recognition agent in an attempt to obtain a more selective resistive-pulse 

sensor for a specific analyte. 
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CHAPTER 1 
INTRODUCTION 

Importance of Nanopores 

Nanopores (pores or channels with at least one characteristic dimension between 

1 and 100 nm1-3) have garnered much attention due to their presence in biological 

systems,4 interesting transport properties,1-3 implementation as sensing platforms,5-8 

and ability to serve as starting materials for the fabrication of other nanostructures.9  As 

demonstrated by potassium ion channels and the water channel aquaporin,4 nature has 

long known that highly selective transport into and out of cells can be achieved by 

tailoring the size and surface charge of the pore through which materials are 

transported across the lipid bilayer.  However, experiments with biological pores are 

often limited by the fragility of the lipid bilayer.5-8  With the advent and development of 

nanoscale fabrication tools and techniques, synthetic nanopores with properties similar 

to those of biological channels10-12 can be produced in more robust thin films or 

membranes and characterized with high confidence.   

Resistive-Pulse Sensing with Nanopore Membranes 

The Coulter Principle 

Although several techniques that utilize nanopores in sensor design have been 

developed,5-8, 13-23 many sensing paradigms that employ nanopore membranes are 

based on the resistive-pulse sensing method5-8 (also known as the stochastic sensing 

method13).  The resistive-pulse sensing method itself is derived from the Coulter 

principle. 

In the 1950s, W. H. Coulter showed that a small electrolyte-filled channel in a 

membrane can be used to size and count particles or cells.6  Coulter counter devices 
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rely on a membrane with a small (micrometer-sized7) channel (or pore) that separates 

two electrolyte solutions (Figure 1-1).  Electrodes placed in each solution on each side 

of the membrane are used to drive an ionic current through the channel.6   

As particles or cells that are similar in size to the channel traverse the small orifice 

(Figure 1-1B), electrolyte solution in the channel is displaced.  This transient 

displacement of electrolyte leads to a temporary increase in channel resistance and, 

consequently, a decrease in current (Figure 1-1C).  These momentary decreases in 

current are called pulses or events.  Information about particle (or cell) size, mobility, 

and concentration is encoded in the current pulse magnitude, duration, and frequency.  

Due to its simplicity and impressive sensitivity, the Coulter counter is still widely used in 

medical laboratories to determine biological cell concentrations.6 

Resistive-pulse sensing devices operate by the same principle as the Coulter 

counter.  However, the sensing element possesses smaller dimensions such that 

proteins,14-17 nucleic acids,18-23 or small molecules24, 25 can be detected.  It is important 

to note that, while current pulses are typically analogous to those observed with Coulter 

counter devices (i.e., current decreases as analyte is present in the pore), current 

pulses that correspond to a decrease in resistance (i.e., an increase in current)18, 21, 26 

have also been observed in resistive-pulse sensing devices.   

In these limited cases, current increases as analyte is present in the pore.  This 

observation is the opposite of that which is expected by the Coulter principle.  Reports 

of this type are few; however, researchers that have observed this behavior attribute the 

unexpected decrease in resistance to the surface charge of the analyte.18, 21, 26  Highly 

charged analyte species may carry additional ions with them into the pore.  Thus, 
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though a certain volume of electrolyte is displaced by an analyte molecule within the 

pore, the additional ions ushered in by the highly charged analyte may offset or even 

overcome the ion loss due to electrolyte displacement.  The presence of additional ions 

results in a net increase in ion concentration and a corresponding increase in current 

(decrease in resistance). 

Extension of the Coulter Principle to Nanoparticles and Small Molecules 

Recent advances in nanoscale fabrication as well as the characterization and 

isolation of biological pores have extended the Coulter principle to smaller particles and 

even molecules.5-8  DeBlois and Bean were the first to expand the utility of the Coulter 

principle to particles less than 400 nm in diameter.5  Using a 500 nm diameter pore in a 

polycarbonate (PC) membrane, DeBlois and Bean were able to obtain signal from 

polystyrene spheres as small as 60 nm in diameter.27  This resistive-pulse sensing 

method was later used to detect and size viruses.28-30  

Resistive-pulse sensing with biological channels in lipid bilayers 

With a sensing platform that consisted of the biological channel α-hemolysin (α-

HL) embedded in a lipid bilayer membrane (Figure 1-2), Kasianowicz et al. were able to 

use the resistive-pulse method to detect single-stranded RNA and DNA molecules.19  

Due to the small size of the α-HL opening (~2 nm in diameter), double-stranded 

polynucleotides were unable to traverse the membrane.  These findings led to great 

interest in the use of biological pores (especially α-HL) as resistive-pulse sensors.5-8, 13, 

31-33  In addition to sensing the aforementioned RNA and DNA polynucleotides, α-HL 

can tolerate drastic alterations to its amino acid sequence5 and thus can be engineered 

to detect proteins,16 polypeptides,23 small organic molecules,25 and metal ions.34  
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However, due to the lipid bilayer’s lack of durability,5-8, 31 resistive-pulse sensing with 

biological pores is confined to the laboratory, and experiments can typically only be 

conducted for a few hours before the bilayer ruptures.31 

Lipid bilayers are susceptible to vibrations as well as changes in pH, temperature, 

applied potential.8  In resistive-pulse sensing experiments, the lipid bilayer is usually 

suspended across an aperture (typically 30 to 100 µm in diameter35) in a polymer film or 

another material.31  Although researchers continue to investigate the importance of the 

supporting material as well as the size of the supporting aperture in attempts to increase 

bilayer stability,31, 35-37 there has been increasing interest in using more robust synthetic 

nanopores as resistive-pulse sensing platforms. 

Resistive-pulse sensing with synthetic nanopores 

Synthetic nanopores are desirable in resistive-pulse sensing because they can be 

produced in durable polymer and inorganic materials.  In contrast to biological pores 

that have fixed sizes, the size of synthetic nanopores can be controlled to a certain 

degree depending on the technology that is employed during the fabrication process.6-8, 

38  Certain fabrication technologies also permit some control over the shape of the 

nanopore.17, 39-42  

Recently, it has been suggested that conically shaped (or asymmetric) pores may 

offer advantages over cylindrical (or symmetric) pores as resistive-pulse sensors.8, 43, 44  

Conical nanopores exhibit different aperture sizes at each end of the pore.  The larger 

opening is called the base and the smaller opening is called the tip.  Compared to a 

cylindrical pore of the same limiting diameter, a conical pore possesses a lower 

resistance and hence supports a larger current for a given voltage.8, 43, 44   
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Conical nanopores have also been found to be less susceptible to permanent 

blocking or clogging than their cylindrical counterparts.8  Furthermore, when a 

transmembrane potential is applied across a conical nanopore, the electric field will be 

focused near the smaller (tip) opening, leading to a highly sensitive detection zone 

(Figure 1-3).45  Only analyte present in this part of the pore will give appreciable signal 

during resistive-pulse sensing experiments.43  Resistive-pulse sensing systems based 

on conical nanopores have been used to detect a variety of analytes, including nucleic 

acids,43, 46 proteins,17 and small molecules.24   

Fabrication of Synthetic Nanopores 

The Track-Etch Method 

Several fabrication methods have been developed for the production of 

nanopores.6-8, 38, 47-49  Two of the most promising and widely used technologies7 are 

electron-beam48 or ion-beam47 lithography and the track-etch method.8  Lithography-

based methods employ a beam of electrons or ions to drill a hole in an inorganic (e.g., 

silicon dioxide) thin film.7  With these techniques, pores with diameters as small as 1 nm 

can be prepared.7, 48  

The track-etch method requires a beam of heavily ionizing, nuclear particles that is 

passed through a thin membrane of dielectric material (Figure 1-4).50  Bombardment 

with these high-energy particles creates damage tracks in the membrane.  With help of 

a properly chosen chemical reagent, these damage tracks can be preferentially and 

rapidly etched. The Martin group8, 17, 24, 42, 46, 51, 52 and others11, 12, 39, 43, 53-68 have utilized 

the track-etch method to produce pores as small as 2 nm in polymeric65, 69 and 

crystalline68 thin films.  
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Origins of the Track-Etch Method 

In 1958, Young reported that fission fragments from a U3O8 film create damage in 

lithium fluoride crystals.70  This damage could be observed microscopically after the 

lithium fluoride was subjected to an etching solution that contained hydrofluoric acid, 

acetic acid, and ferric fluoride.  Etching resulted micrometer-sized etch pits, the number 

of which corresponded well to the fission fragment dose.70  In a separate investigation in 

1959, Silk and Barnes found that tracks from fission fragments passed through thin 

sheets of a silicate material (known as mica) could be observed with an electron 

microscope.71   

Throughout the 1960s, researchers at the General Electric Research Laboratory in 

Schenectady, New York studied the formation and etching of damage tracks in various 

materials.72-78  They found that such damage tracks could be produced in virtually all 

insulating solids, including polymers.72, 75-77  Moreover, after formation, these tracks will 

remain in the material indefinitely under normal conditions.76  

Damage Tracks and Chemical Etching 

Due to the extensive research efforts during the 1960s, damage tracks are 

believed to be created by an ion explosion74, 76 (also known as coulomb explosion79) 

mechanism that occurs as highly charged ions pass through the material (Figure 1-5).  

As a positively charged ion travels through a crystalline material, it will collect electrons 

from the crystal lattice, leaving behind positive ions.  A disruption in the crystal lattice 

results as these newly formed positive ions rapidly repel one another (Figure 1-5A).76  A 

similar process is expected to occur in organic polymers.  A charged particle that travels 

through the polymer will ionize and excite molecules resulting in broken chains and new 

highly chemically reactive chain ends (Figure 1-5B).76 
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Damage tracks can be chemically etched into highly uniform pores73 with the 

selection of an appropriate etching solution.  For example, damage tracks in PC (Figure 

1-6) and some other polymers like poly(ethylene terephthalate) (PET) (Figure 1-6) can 

be produced by a simple hydrolysis reaction using a hydroxide solution.12, 72, 76, 80  The 

resulting pores possess circular openings (Figure 1-7) that are characterized by their 

diameters.17, 42   

Damage tracks in the crystalline material muscovite mica81, 82 (chemical formula 

KAl2(AlSi3)O10(OH)2) (Figure 1-8) can be etched into pores with a hydrofluoric acid (HF) 

solution.75, 77, 78, 83, 84  Muscovite mica pores etched in this manner exhibit rhomboidal 

apertures with a major angle of ~120o (Figure 1-9).83, 85  Due to the geometric properties 

of the openings, the pores can be described in terms of the length of the long axis or in 

terms of equivalent diameter, deq.86, 87  The equivalent diameter is the diameter of a 

circular opening with an area that is comparable to the area of the rhomboidal mica 

pore. 

 
π

sl
eq

aa
d

2
=  (1-1) 

where al is the length of the long axis of the rhombus and as is the length of the short 

axis of the rhombus. 

In contrast, damage tracks in muscovite mica that are etched with boiling 

hydroxide solutions yield hexagonal pores.85  Tracks in phlogopite mica (chemical 

formula K(Mg3FeII)3(Si3Al)O10(OH,F)2) can be etched by HF into triangular or hexagonal 

pores depending on the energy used to produce the damage.88-90  Nanoporous 

membranes generated by the track-etch method from mica and polymer films are 
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typically microns (~10 µm) thick.  Recently, the track-etch method has been used to 

produce nanopores in thinner silicon nitride films (~300 nm thick) as well.68  

The commercial importance of the track-etch method first became evident in 1964 

when Fleischer et al. used the technique in polymers to produce a novel filter for 

biological materials.73  Filter membranes of this type, known as Nuclepore filters, have 

found many applications and are still routinely used today.  In fact, it was the Nuclepore 

filter that inspired the original resistive-pulse sensor of DeBlois and Bean.27     

Production of Single-Pore Membranes 

DeBlois and Bean were able to obtain a PC membrane that contained a single 

pore by first limiting the exposure of the membrane to high energy fission fragments 

such that only a few tracks in a small area would result.27, 91  These researchers then 

etched the tracks and sealed off all but one of the resulting pores, which were located 

using a microscope. 

Researchers at Gesellschaft für Schwerionenforschung (GSI) in Darmstadt, 

Germany have improved upon the method of DeBlois and Bean by employing the 

Universal Linear Accelerator (UNILAC).79, 91, 92  With the UNILAC, a fine ion beam of 

very low intensity is passed through the membrane.  Once a particle has successfully 

traversed the material, it is registered by an electronic particle counter, and the ion 

beam is turned off to avoid double irradiation.79  This gating method can ensure that no 

more than one ion passes through the membrane.91  The resulting track can then be 

etched as desired to produce a single pore. 

Etching to Produce Asymmetric Nanopores 

In general, pore shape is determined by the etching rate along the damage track, 

vT, as well as the etching rate of the bulk material, vB (Figure 1-10).50  Typically, vT is 
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much faster than vB such that the pores that result by immersing ion-tracked films into 

an etching solution are cylindrical.  However, the ratio between these two quantities 

(known as the track-etch ratio79, 93) is dependent on the material and etching conditions.  

For example, the vT and vB have been reported as ~10 µm hr-1 and ~2 nm min-1 (~0.12 

µm hr-1), respectively, for damage tracks in PET etched with 9 M NaOH at 25 oC.39  For 

damage tracks in mica etched with 20% HF at 25 oC, vB has been consistently reported 

as ~0.6 Å s-1 (~3.6 nm min-1 or ~0.216 µm hr-1).77, 94  Sun et al. have reported vT and vB 

for mica membranes etched with 20% HF at 20 oC to be 1136–1250 Å/sec (~6.8–7.5 µm 

min-1 or ~408–450 µm hr-1) and 0.35 Å/sec (2.1 nm min-1 or 0.126 µm hr-1), 

respectively.84 

The track-etch ratio, vT/vB, for a mica membrane is typically >> 104.79  However, 

Quinn et al. have noted that vB may differ by a factor of two even when the HF solution 

is prepared from concentrated acid that originated from the same manufacturing 

source.94  Quinn et al. attributed these findings to the possible presence of some 

inhibiting impurity such as fluorosilicic acid in the etching solution.94  Similarly, Fischer 

and Spohr have also stated that large variations in vB (on the order of 300% or more) 

exist from batch to batch for track-etched mica membranes.79 

Bean and DeSorbo realized that pore geometry can be better controlled by 

managing the etching conditions on each side of the membrane.39  In their method, one 

side of the membrane is exposed to the etching solution while the other side is exposed 

to a solution that does not etch the track.  This solution also neutralizes the etching 

solution and is often referred to as the stopping medium.39   
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Apel et al. revisited this asymmetric etching method in 2001 to produce 

membranes that each contained a single conical nanopore in poly(ethylene 

terephthalate) (PET).39  A sodium hydroxide solution was selected as the etching 

solution, while a solution that contained formic acid and potassium chloride (KCl) served 

as the stopping medium (Figure 1-11).  These researchers also applied a potential 

across the membrane during the etching process.  This was done for two reasons.   

First, application of a potential during the etching process enables one to monitor 

the progress of the pore development.39  Bean et al. first incorporated this idea in their 

studies of etching mica membranes that contained multiple damage tracks.83  In those 

earlier studies, the membrane resistance was measured during the course of the 

etching process.  Breakthrough, the completion of pore formation, was observed by a 

sudden decrease in the membrane resistance (or equivalently, an increase in 

transmembrane current as shown in Figure 1-11B).  Moreover, membrane resistance 

was related to the pore size during the etching process to demonstrate control over pore 

size.   

Second, in the experiments of Apel et al. the applied transmembrane potential also 

helped shape the pore by making it more difficult for hydroxide to approach and etch the 

smaller tip opening.39  In addition to using a transmembrane potential,39, 40 researchers 

have also added organic solvents to help control pore shape.95, 96  Furthermore, plasma 

etching of track-etched membranes to manipulate pore shape has also been detailed.44 

It can be difficult to reproducibly prepare conical nanopores with a desired tip 

diameter (dtip) using the track-etch method.  While pores with a desired base diameter 

(dbase) can be etched (± ~10 %), dtip may vary greatly.42  For example, Wharton et al. 
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etched conical nanopores in PET under the anisotropic conditions described above with 

9 M sodium hydroxide (NaOH) on one side of the membrane and a stopping solution of 

1 M formic acid with 1 M KCl on the other.42  They found that dbase was 520 ± 45 nm 

after 2 hours of etching, while dtip ranged from 1 to 7 nm.42  

Wharton et al. demonstrated that dtip could be better controlled by subjecting the 

etched PET membranes to a second etching step.42  During the second step, identical 

portions of 1 M NaOH (etching solution) were placed on each side of the membrane that 

contained the conical nanopores.  Again a potential was applied, and the current was 

monitored to observe the pore widening process.  This second etching step was carried 

out for a short time such that the change in dbase was very small or even negligible.42  By 

modifying the etching method with this second step, Wharton et al. showed that pores 

with dtip of ~20 nm or greater could be etched reproducibly (± ~10 %).42  Wharton et al. 

also suggested that smaller tip diameters can be reproducibly prepared by optimizing 

the conditions of the first and second etching steps.42 

Characterization of Conical Nanopores 

Microscopy Techniques 

Aperture size measurements are critical for the proper use of nanopore 

membranes as sensing and separations platforms.  Fortunately, technological advances 

in the field of microscopy have made obtaining measurements of objects on the 

nanoscale possible.  Typically, field emission scanning electron microscopy (FE-

SEM),17, 42, 97 transmission electron microscopy (TEM),68, 98 and/or atomic force 

microscopy (AFM)84 are used to obtain images of the openings.   

Locating a single pore developed in a membrane that contained a single damage 

track can prove to be a difficult task.  Therefore, the aperture size of a single-pore 
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membrane is often determined by etching a membrane that contains multiple damage 

tracks under the same conditions used to etch the single-pore membrane.17, 42  The 

resulting multi-pore membrane is then imaged with an appropriate microscope.  The 

size of the aperture in the single-pore membrane is assumed to be equivalent to the 

microscopically measured pore size for the multi-pore membrane. 

The three-dimensional structure of nanopores can also be observed by 

microscopy techniques.  This is typically accomplished by the template synthesis 

method,9 during which the pores are filled with another material such as a metal or 

carbon.  For example, gold can be deposited inside track-etched PC40, 99 and PET17 

pores with an electroless plating method.   

Freshly etched PC99 and PET12, 17, 80 membranes exhibit carboxylate groups on 

their pore walls (Figure 1-6).  During the electroless plating method, the pore walls are 

first sensitized by exposing the membrane to a solution that contains tin(II) ions.99  

Tin(II) coats the pore walls by forming an electrostatic complex with the surface 

carboxylate groups.  Subsequent exposure of the membrane to a solution that contains 

silver-ammonia complex ions results in the oxidation of tin(II) to tin (IV) and the 

reduction of the silver-ammonia complex ions to elemental silver.99  This process yields 

a layer of silver nanoparticles on the pore walls.  Immersion of the membrane in a gold 

plating bath leads to the displacement of silver nanoparticles with gold nanoparticles as 

gold ions are reduced by formaldehyde that is present in the solution.99   

Depending on the membrane material, electroplating100, 101 or chemical vapor 

deposition87 may also be used to fill the pores with certain metals or carbon.  The 

membrane can then be dissolved to liberate the pore replicas.  These three-dimensional 
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models of the pore structure can subsequently be imaged using an appropriate 

microscopy technique.   

Measuring Pore Size by Knudsen Flow of Gases 

For multi-pore membranes produced by the track-etch method, pore size can be 

determined by measuring the rate of transport (Knudsen flow) of various gases through 

the membrane with a method first reported by Petzny and Quinn.102  When the pore 

diameter is smaller than the mean free path (or the average distance a moving particle 

travels before it collides with another moving particle) of the permeating gas molecules, 

kinetic theory can be used to calculate the pore size from the measurement of 

permeation rates.102  The flux is directly proportional to the pore size and gas pressure 

and inversely proportional to the molecular weight of the permeating gas.   

Measuring Pore Size by Membrane Resistance 

As previously mentioned, Bean et al. were the first to report that pore size could be 

estimated during the course of the etching process by measuring the membrane 

resistance.83  Anderson and Quinn later compared a similar method for calculating pore 

size based on the measurement of membrane conductance (which is inversely related 

to resistance) to the Knudsen flow method.103   

Anderson and Quinn used multi-pore (105 cm-2) mica membranes (7 µm thick) in 

their studies.  They found that when pores even as small as 10 nm in equivalent 

diameter (Equation 1-1) were filled with a 0.1 M KCl solution, the measured conductivity 

of the solution showed only slight deviations (less than 5 %) from the bulk 

conductivity.103  Thus, pore size can be determined by measuring the conductance of an 

electrolyte-filled nanoporous membrane.  This method is commonly employed 

especially in the case of membranes that contain conical nanopores due to its simplicity. 
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Since it can be difficult to determine both the larger (base) opening and smaller 

(tip) opening of a conical nanopore by any single measurement, conical pores are often 

characterized by first measuring the base size for a multi-pore membrane (etched under 

the same conditions as the single-pore membrane under investigation) by an 

appropriate microscopy technique.  The tip size of a single conical pore is then 

estimated by measuring the membrane conductance, G (in siemens, S), and using the 

following relationship:39, 42, 104  
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where σ  is the specific conductivity of the electrolyte (in S m-1), dtip is the diameter of 

the smaller tip opening, dbase is the diameter of the larger (base) opening, and L is the 

length of the pore (also the thickness of the membrane). 

G is often measured by placing the single-nanopore membrane between two 

identical portions of an electrolyte solution.  An appropriate nonpolarizable electrode is 

placed in each electrolyte solution chamber.  Using a potentiostat, the potential of one 

of the electrodes is varied while the other is held constant, and the resulting current 

through the pore is measured.  The slope of this current–potential (I–V) response is 

equivalent to the conductance.   

Equation 1-2 is derived under the assumptions that the pore possesses uniform 

conductivity and can be divided into differential slabs of conductance.105  These 

assumptions require that the planar faces of the conducting slabs be equipotentials 

(Figure 1-12).  In reality, this is a poor visualization of the channel as it means that 

current would not be parallel to the insulating sides of the conductor; instead, current 

would be able to flow in through the sides (Figure 1-12A).  Equipotentials must be 
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curved so that they are perpendicular to the insulating sides of the conductor (Figure 1-

12B).105  The simplifications used to derive Equation 1-2 can lead to an overestimation 

of pore conductance since current flow is more constrained in reality.105   

Though Equation 1-2 can lead to an overestimation of pore size, under certain 

conditions, Equation 1-2 will give an acceptable estimation for dtip.  Romano and Price 

used a numerical method to solve Laplace’s equation for a conical resistor with dtip/L = 

½ and dbase/L = 1.105  From the computed solution, they were able to calculate the 

resistance of the cone.  They found that the conductance estimated by Equation 1-2 

was 9% higher than the conductance calculated by solving Laplace’s equation.  

Romano and Price conceded, however, that Equation 1-2 yields an acceptable 

conductance value if the cone possesses only a slight taper.105   

The finite element simulation program COMSOL Multiphysics 3.4 (Comsol, Inc., 

Burlington, MA) can be used to solve Laplace’s equation for a conical resistor in the 

manner of Romano and Price.  One can find the conductance for a pore with dbase = 487 

nm, dtip = 17 nm, and L = 12 µm (typical for a conical pore produced in PET by the 

track-etch method17).  For a pore with this geometry, Equation 1-2 will lead to an 

overestimation of conductance that is only ~0.02% higher than the conductance 

calculated by the computational method.  Furthermore, the estimated conductance is 

only ~2% higher than the calculated conductance for a pore with dbase = 5 µm, dtip = 10 

nm, and L = 12 µm.  Thus, it is important to note that the above geometric mean 

approximation of the membrane conductance (Equation 1-2) is valid when the taper of 

the conical pore is small105 (i.e., the difference (dtip–dbase) << L or, equivalently, the cone 

angle, θ, is small) as is the case for the pores presented in the following studies.   
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The specific conductivity in Equation 1-2 is often taken to be the measured bulk 

conductivity of the electrolyte.  This assumption is only valid for high electrolyte 

concentrations (~0.1 M KCl or higher).  Since pore walls can be charged due to the 

presence of certain chemical functional groups (such as carboxylates17, 24, 39, 66 or 

silanols51), an electrical double-layer106 (Figure 1-13) forms in electrolyte-filled pores.  

The double-layer is often characterized by the Debye length, κ-1 (in m):106, 107 
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where NA is the Avogadro constant; k is the Boltzmann constant; e is the elementary 

charge; T is temperature; εo and εr are the permittivity of free space and relative 

permittivity, respectively; and I is the ionic strength (equivalent to the concentration for a 

1:1 electrolyte).  Equation 1-3 shows that the double-layer thickness is inversely related 

to the square root of electrolyte concentration.   

The double-layer contains an excess of counter-ions to oppose the surface 

charge.  Therefore, under certain conditions due to wall charge, co-ions may be 

excluded (Donnan exclusion) from a small pore.2  These effects can result in ion 

enrichment or depletion within the nanopore such that electrolyte conductivity within the 

pore can differ significantly from bulk conductivity.108 

Ho et al. found that the conductivity of the electrolyte within single nanopores (1 to 

3 nm in diameter) in 10 nm thick silicon nitride membranes was much larger than the 

measured bulk conductivity for dilute (10 mM) electrolyte concentrations.109  However, 

the conductivity of the electrolyte within the same single nanopores was comparable to 

or less than the measured bulk conductivity for high (1 M) electrolyte concentrations.   
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These experimental observations were attributed to the electrical double-layer 

since nanopores in silicon nitride possess a surface charge density of -0.02 C m-2.109  

The Debye length was larger than the pore radius for dilute electrolyte concentrations 

(~3 nm for 10 mM).  Therefore, electrolyte concentration (and consequently 

conductivity) within the pore was governed largely by the surface charge on the pore 

walls.  For high electrolyte concentrations, the Debye length was smaller than the pore 

radius (~0.3 nm for 1 M).  Recall that earlier Anderson and Quinn concluded that the 

measured conductivity for 0.1 M KCl in 10 nm diameter pores differed by less than 5% 

from the bulk conductivity.103  Thus, Equation 1-2 can be used to determine dtip for 

conical nanopores with the selection of an electrolyte solution of high concentration.17, 42 

Transport Properties of Conical Nanopores 

Ion-Current Rectification 

Apel et al. found that single conical nanopore membranes produced in PET by the 

aforementioned track-etch method gave highly non-linear current–potential (I–V) 

responses when dilute electrolyte solutions (10 mM) were used.39  When identical 

portions of a dilute electrolyte solution are placed on each side of a single conical 

nanopore membrane, and current through the pore is measured as a function of applied 

transmembrane potential (as described above), a higher current is observed for a 

certain electrode polarity and a lower current for the opposite polarity (Figure 1-14).  

This phenomenon is known as ion-current rectification and was previously reported to 

occur in quartz nanopipet electrodes by Wei et al.110 

The extent of ion-current rectification is commonly characterized by computing the 

rectification ratio, ric, which is usually defined as the absolute value of the quotient of the 

current at a certain potential divided by the current at the potential of equal magnitude 
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but opposite polarity (i.e., |I(-V)/I(+V)|).  Ion-current rectification is dependent on many 

parameters, including pore size, pore shape, surface charge, and electrolyte 

composition.  Woermann suggested that this phenomenon could be qualitatively 

explained111-113 through Schmid’s model of a membrane with narrow pores.114  Most 

researchers have directly invoked this model or proposed similar theories to explain ion-

current rectification.52, 62, 69, 111-113, 115-117 

Ion-current rectification occurs in an asymmetric pore that possesses surface 

charge due to the difference in transference between cations (positively charged ions) 

and anions (negatively charged ions) through the pore.  For example, consider a 

membrane that contains a single conical nanopore which exhibits negative surface 

charge on its pore walls (as is the case for track-etched pores in PET and PC 

membranes due to surface carboxylate groups).  The membrane is placed between 

identical portions of a dilute electrolyte solution and transmembrane potential is applied.   

If the electrode in the solution facing the tip serves as the anode and the electrode 

in the solution on the base side serves as the cathode (Figure 1-14A), anions will be 

driven from the base side of the membrane to the tip side and cations will be driven in 

the opposite direction (from the tip side of the membrane to the base side).  Recall that 

an electrical double-layer will extend from the pore walls into the solution due to the 

surface charge.  This double-layer contains excess cations to counteract the negative 

wall charge.  Therefore, if the electrolyte is dilute enough such that the double-layer 

occupies a substantial amount of the tip aperture (i.e., κ-1 is comparable to the tip 

radius),62, 110, 118 anions find it difficult to traverse the small tip opening of pore due to 

unfavorable interactions with the negative charges on the pore walls.111-113   
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Though the applied potential forces anions into the pore through the larger base 

opening, the repulsion between the negatively charged pore walls and anions prevents 

the anions from exiting the pore through the tip opening.  Therefore, anions accumulate 

inside the pore.  To offset the resulting increase in negative charge within the pore, the 

cation concentration inside the pore also increases.  Thus, with this electrode polarity, 

an increase in electrolyte concentration is expected within the pore.  Consequently, a 

relatively high conductance state is reached and a large ionic current is observed 

(Figure 1-14A).111-113, 116   

If the electrode in the solution facing the tip serves as the cathode and the 

electrode in the solution on the base side serves as the anode for the same membrane 

with negative surface charge described above (Figure 1-14B), anions will be driven from 

the tip side of the membrane to the base side.  Cations will be driven in the opposite 

direction (from the base side of the membrane to the tip side).  For the same reasons 

stated above, anions will find it difficult to traverse the tip region of the pore.  For the 

electrode configuration considered here, this statement means that few anions will enter 

the pore from the tip side.  Moreover, anions inside the pore will readily vacate it as they 

move toward the electrode through the larger base opening.  These actions result in a 

decrease in the number of anions within the pore.  Due to the presence of fewer anions 

inside the pore, fewer cations are required to maintain electroneutrality.  Ultimately, the 

electrolyte concentration within the pore is relatively low for this electrode configuration.  

As a result, a relatively low conductance state is reached, and a small ionic current is 

observed (Figure 1-14B).111-113, 116   
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Now consider a membrane that contains a single conical nanopore with positively 

charged pore walls.  If we consider the same treatment for the single conical pore 

membrane described above, the electrical double-layer in this case will contain excess 

anions and the pore will be less hospitable for cations.  If the electrode in the solution 

facing the tip serves as the anode, and the electrode in the solution on the base side 

serves as the cathode (Figure 1-14C), cations will be driven from the tip side of the 

membrane to the base side; and anions will be driven in the opposite direction (from the 

base side of the membrane to the tip side).  However, cations will find it difficult to enter 

the pore through the small tip opening due to repulsion from the positively charged pore 

walls.  Cations initially inside the pore will be driven out through the base side due to the 

applied transmembrane potential.  A low cation concentration inside the pore will result, 

and, consequently, fewer anions will be required inside the pore.  The low conductance 

state that has been described yields a small current (Figure 1-14C). 

For the same pore with positive surface charge, if the electrode in the solution 

facing the tip serves as the cathode, and the electrode in the solution on the base side 

serves as the anode for the same membrane described above (Figure 1-14D), cations 

will be driven from the base side of the membrane to the tip side; and anions will be 

driven in the opposite direction (from the tip side of the membrane to the base side).  

Though the transmembrane potential forces cations into the pore from the base side, 

few cations are able to exit through the small tip opening due to electrostatic repulsion 

(from the positively charged pore walls).  The resulting increase in cation concentration 

inside the pore requires the presence of more anions in the pore.  The high 

conductance state that has been described yields a large current (Figure 1-14D). 
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In general, the high conductance (“on”) state occurs when ions move from a 

portion of the pore where they enjoy relatively high transference to a portion of the pore 

where they experience lower transference (Figures 1-14A and 1-14D).  This scenario is 

expected to result in accumulation of ions within the pore.  The low conductance (“off”) 

state occurs when ions travel from a portion of the pore where they experience relatively 

low transference to a portion of the pore where they enjoy higher transference (Figures 

1-14B and 1-14C).  These circumstances are expected to result in depletion of ions 

within the pore. 

There has been great interest in using mathematical models to explain ion-current 

rectification.110, 115-117, 119-123  These calculations primarily rely on Poisson–Nernst–

Planck (PNP) theory115-117, 119-123 and often employ the finite element method116, 123 to 

solve the system of differential equations.  However, since the degree of ion-current 

rectification is influenced by many factors including pore size, pore shape, surface 

charge, and electrolyte composition, it can be difficult to determine which aspects make 

the most important contributions to the phenomenon.  Some researchers have still 

found this unique property of ion-current rectification useful in providing qualitative proof 

for the success of reactions designed to modify the pore surface charge.54, 67, 124  Also, 

sensors for small organic molecules,125 metal ions,126 and proteins55 have been 

developed by methods in which the ion-current rectification properties of asymmetric 

nanopore systems are monitored. 

Electroosmotic Flow 

If an ionic current is passed through an adequately small channel or porous 

medium that contains sufficient surface charge, all species tend to move in the direction 

of the counter-ions (Figure 1-15).  This electrokinetic phenomenon is called 
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electroosmotic flow (EOF) and occurs because there are more counter-ions than co-

ions present in the channel or porous medium due the surface charge.  EOF is an 

important factor in the separation technique known as capillary electrophoresis.127  

Similarly, the phenomenon has also been employed in microfluidic devices to pump 

fluids.128  

When the channel opening approaches the Debye length (Equation 1-3), electrical 

double-layer overlap results.3  This can affect EOF by altering the flow profile from plug-

like (as is the case in microchannels) to parabolic.2 Thus, in many cases EOF rates in 

nanochannels are reduced compared to those observed in microchannels.1  However, 

EOF in nanochannels can still be an important factor in transport.  Researchers have 

investigated the consequences of EOF in resistive-pulse sensing129 and ion-current 

rectification51, 107 studies.  Recently, the Martin group has reported that electroosmotic 

flow in asymmetric nanopore membranes is also rectified.51  Electroosmotic flow 

rectification is closely related to ion-current rectification and (like ion-current 

rectification) is expected to result from the dependence of the electrolyte composition 

within the pores on the electrode configuration.51 

Surface Charge Density 

Along with pore geometry, the surface charge of the membrane material plays an 

important role in transport properties.  The studies presented in the following chapters 

focus mostly on asymmetric nanopores in PET and mica membranes.  Many 

researchers have used experimental methods and theoretical calculations to determine 

the surface charge densities of mica and PET.  However, values reported in literature 

for such quantities vary widely.59, 80, 81, 86, 118-120, 130-135  
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Values for the surface charge density of PET membranes have been reported to 

be as low as -0.0133 e nm-2 and as high as -47.5 e nm-2,131 where e is the elementary 

charge (-1.6 x 10-19 C).  Berezkin et al. determined the surface charge by measuring the 

streaming potential through several track-etched filter membranes (with pores diameters 

ranging from 20 to 200 nm) in a 10 mM KCl electrolyte solution.131  With this method, 

the surface charge density was found to generally increase in magnitude with increasing 

pore diameter and ranged from -0.0133 e nm-2 to -0.0539 e nm-2.131   

In the same report by Berezkin et al., results obtained from streaming potential 

measurements were compared to those obtained by electron paramagnetic resonance 

(EPR) spectroscopy of the same membranes to which copper ions had been bound.131  

By EPR measurements, the surface charge density of a membrane with 20 nm pores 

was found to be -47.5 e nm-2.  Surface charge densities for the larger pore membranes 

used in the studies were lower and ranged from -0.121 e nm-2 to -12.5 e nm-2.131  

Berezkin et al. reasoned that a highly charged gel-like layer that is virtually impermeable 

to solvent, and, therefore undetectable by streaming potential measurements, must 

exist on the pore surface.131  This gel layer was invoked to explain the large differences 

between the surface charge densities determined by the two methods (streaming 

potential and EPR).     

Following the work of Berezkin et al., Déjardin et al. determined the surface charge 

density of track-etched PET membranes again by measuring the streaming potential in 

a 10 mM KCl electrolyte solution.132  A surface charge density of -0.056 e nm-2 was 

reported for membranes that contained pores larger than 70 nm in radius.132  For pores 

with radii between ~17 and 70 nm, a slightly higher surface charge density of -0.078 e 
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nm-2 was calculated.132  The difference was attributed to the supposition that pore walls 

for openings larger than 70 nm in radius must consist of bulk material while the walls of 

smaller pores may still exhibit some of the material that comprised the original heavy-

ion-induced damage track.      

More recently, Xue et al. carried out measurements of pore conductance and 

streaming current to calculate the surface charge density of track-etched PET 

membranes with pores that ranged from 60 to 150 nm in radius.135  From streaming 

current measurements, Xue et al. calculated surface charge densities between -0.0625 

e nm-2 and -0.125 e nm-2 and found no systematic dependence on pore size.135   

A higher surface charge density of -0.56 e nm-2 was calculated from pore 

conductance measurements.135  This value is in agreement with the value of -0.5 e nm-2 

(also based on pore conductance measurements) that was reported by Apel and 

Pretzsch.130  However, Apel and Pretzsch offered no experimental details; they stated 

only that charge density was calculated from “preliminary conductivity measurements of 

potassium chloride at different concentrations” in membranes that contained pores of 15 

and 30 nm in diameter.130  Xue et al., like Berezkin et al., accredited the lower surface 

charge density values obtained by the streaming current method to the inability of this 

technique to probe a gel-like surface layer.135  Xue et al. characterized this gel-like layer 

as a collection of negatively charged polymer chain-ends that are “hydrodynamically 

immobile.”135 

The surface charge density of PET nanopores has also been estimated by 

Poisson–Nernst–Planck (PNP) modeling of experimental I–V curves obtained for 

membranes that contain single asymmetric (conical) nanopores.115, 117, 120, 123  The PNP 
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model treats ions as point charges and ignores electroosmotic effects.115, 117, 120, 123  

Surface charge density is typically the only adjustable parameter in the model.  Cervera 

et al. used this approach to model experimental ion-current rectification data that had 

been reported by Siwy et al.52 for a single conical gold-plated (prepared by an 

electroless plating method) nanopore (tip diameter 10 nm and base diameter 600 nm) in 

a PET membrane.120  Cervera et al. obtained the best agreement between their model 

and the experimental data for a surface charge density of -1 e nm-2.  In the case of this 

gold-plated conical nanopore, surface charge is determined by adsorbed chloride ions 

(the electrolyte was 0.1 M KCl).120 

Though the preceding PNP-derived surface charge density was determined for a 

pore with gold-coated walls, the surface charge density for PET has, seemingly 

coincidentally, been widely accepted118, 122, 123, 136, 137 as -1 e nm-2.  This value for 

surface charge density has been favored in recent literature,118, 122, 123, 136, 137 though its 

origins are somewhat nebulous.  Cervera et al. reported this value after modeling 

experimental data (for two separate single-pore PET membranes with tip diameters of 

44 and 6 nm and base diameters of 336 and 440 nm, respectively) with the previously 

described PNP-based theory.115  The authors of this study stated that -1 e nm-2 “is 

within the range of experimental values reported for cylindrical and PET nanopores,”115 

citing earlier work by Siwy et al.138  However, the cited work by Siwy et al. only offers 

that “etching produces approximately 1 carboxylate group per 1 nm2”138 while 

referencing work by Wolf et al.139  A surface charge density calculation or even a 

definitive statement about the magnitude of the surface charge density does not appear 

in the work by Wolf et al.139  
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The same PNP-based arguments used above have resulted in vastly different 

surface charge density values for PET nanopores.  In a separate study from those listed 

above, Cervera et al. used the same method to model the  I–V response of a conical 

nanopore in PET with a tip diameter of 8 nm and a base diameter of 220 nm.119  The 

authors reported the surface charge density to be -0.3 e nm-2 for this PET pore.119  

Furthermore, studies rooted in the PNP theory have suggested that rectification is highly 

sensitive to pore geometry117, 123 and surface charge distribution.123, 140   

Ramírez et al. have shown that PNP theory predicts that a conical nanopore with a 

surface charge density of -0.1 e nm-2 will exhibit nearly the same rectification ratio as 

the same conical nanopore with a surface charge density that is 10 times higher (-1 e 

nm-2) when 0.1 M KCl is used as the electrolyte.117  The work by Ramírez et al. also 

suggests that pores with more bullet-like profiles yield higher rectification ratios than 

those that are conical.117   

PNP simulations also suggest that surface charge distribution is important to ion-

current rectification.  This has been verified by experimental work with bipolar 

nanofluidic diodes.67, 141, 142  Vlassiouk and Siwy prepared single conical nanopores that 

possess positive surface charge in one portion of the channel and negative surface 

charge in another.67  This was accomplished by diffusion-controlled surface 

modification143 with an amine molecule.67  Using this strategy, Vlassiouk and Siwy were 

able to increase the rectification ratio of a conical nanopore (with a tip diameter 2.5 nm 

and a base diameter of 500 nm). 

Fewer reports of the surface charge density for mica have been encountered.  Koh 

and Anderson reported a surface charge density of -0.00625 e nm-2 to -0.0521 e nm-2 
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for measurements of electroosmotic flow through a membrane that contained symmetric 

track-etched pores (equivalent diameter of 24 nm) in mica.86  The electrolyte 

concentration was varied from 0.1 to 200 mM in their experiments, but the pH was 

constant at 7.  Higher charge density magnitudes were calculated for higher electrolyte 

concentrations.   

Westermann-Clark and Anderson later used streaming potential and pore 

conductivity measurements to calculate the surface charge density of pores in mica 

membranes.134  Larger pores (> 200 nm in equivalent diameter) were evaluated by 

streaming potential, while smaller pores (~20 nm in equivalent diameter) were assessed 

with pore conductivity measurements.  Surface charge density values calculated from 

streaming potential measurements ranged from -0.018 e nm-2 to -0.05 e nm-2.134  

Conductivity measurements suggested that the surface charge density was -0.031 e 

nm-2 to -0.106 e nm-2.134 

Fröhlich and Woermann determined the surface charge density for mica 

membranes that contained symmetric pores (equivalent diameter of ~100 nm) from 

measurements of membrane potential (due to a transmembrane concentration 

difference), electrical conductivity, and streaming potential.59  Each method resulted in a 

calculated surface charge density of -0.00625 e nm-2.59  Streaming potential 

measurements for the plane of cleavage (basal plane, which is perpendicular to pore 

axis) of mica gave surface charge density values that were 3–6 times higher.   

Based on the crystal structure of mica, the charge density of the basal plane has 

been estimated to be -2.1 e nm-2.81  However, this corresponds to an unrealistic 

situation in which all potassium ions are removed from the plane of cleavage (Figure 1-
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8).81  The surface charge of the basal plane arises from isomorphic substitution,81 

whereas the pore wall charge is expected to originate from surface silanol groups.134  In 

aqueous solutions, the surface charge density of the basal plane is normally orders of 

magnitude lower (approximately -0.014 e nm-2 according to the force measurements 

between smooth curved mica surfaces completed by Pashley144) due to the presence of 

cations.81 

Though it is clear that the surface charge densities of mica and PET nanopores 

are highly dependent on experimental conditions, a few general observations about the 

surface charge densities of mica and PET nanopores have been made.  First, as 

previously stated, surface charge density values reported for PET range from -0.0133 e 

nm-2 to -47.5 e nm-2.131, 132, 135  For mica, the reported surface charge density values 

reside between -0.00625 e nm-2 and -0.106 e nm-2.58, 86, 134   

Surface charge densities reported by electrokinetic measurements (streaming 

current, streaming potential, and electroosmosis) are usually lower than those 

calculated from measurements of pore conductivity or PNP-based models.  Surface 

charge density values reported for PET membranes using electrokinetic measurements 

range from -0.0133 e nm-2 to -0.125 e nm-2.131, 132, 135  Electrokinetic measurements on 

mica membranes have yielded surface charge density values in the range of -0.00625 e 

nm-2 to -0.0521 e nm-2.59, 86, 134   

Pore conductivity measurements performed on PET membranes led to surface 

charge density values of approximately -0.5 e nm-2,130, 135 while similar experiments 

conducted on mica membranes resulted in surface charge density values that ranged 

from -0.031 e nm-2 to -0.106 e nm-2.59, 134  The widely accepted surface charge density 
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for PET membranes118, 122, 123, 136, 137 (-1 e nm-2) is larger than most experimentally 

determined values and was determined by PNP-based modeling of experimental 

data.115, 117, 120, 123  Several recent publications117, 119, 123, 140 have shown that PNP theory 

predicts that ion-current rectification is highly dependent on pore geometry and surface 

charge distribution.  These findings seem to undermine the certitude of the accepted 

value for PET surface charge density (-1 e nm-2).  PNP theory has not yet been used to 

model experimental I–V data for asymmetric mica nanopores. 

Summary 

Nanopore membranes have become a focal point for many research efforts due to 

their limited size and interesting transport properties.  Researchers have shown that 

such membranes can be used for size-based molecule separations,145-149 as sensing 

platforms,5-8, 16, 55, 125, 150-157 and as templates to produce other nanomaterials.9, 100, 101  

Since the transport properties of nanopore membranes depend on pore geometry and 

surface charge density, the proper characterization of such parameters is critically 

important in membrane optimization and applications.   

In the following chapters, the properties and applications of nanopore membranes 

are explored.  The particular focus of this work has been centered on asymmetric 

nanopores in PET and mica membranes.  A PET membrane that contained a single 

asymmetric nanopore has been chemically modified with a molecular recognition agent 

to sense a particular analyte.  Ion-current rectification was monitored to verify 

successful surface modification.  The ion-current rectification capabilities of asymmetric 

nanopores in mica and PET membranes have also been compared.  Additionally, 

electroosmotic flow rectification and size- and charge-based selective transport in mica 

membranes have been explored. 
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Figure 1-1.  General approach used in Coulter counter devices and resistive-pulse 

sensors.  A) Analyte is present on one side of the membrane in an electrolyte 
solution, and a background current is measured while a transmembrane 
potential is applied.  B) Analyte has entered the sensing element (pore or 
channel) and displaced a portion of the electrolyte solution within, resulting in 
a decrease in the measured current.  C) Analyte has exited the pore.  The 
measured current returns to the background level.  The current pulse is 
identified by the duration (∆t) and magnitude (∆i).  (Figure is not drawn to 
scale.) [Figure adapted from Reference 6.] 
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Figure 1-2.  Illustration of the protein α-hemolysin (α-HL) embedded in a lipid bilayer 

membrane.  [Figure adapted from References 5 and 6.]  

 
Figure 1-3.  Electric field strength distribution in an asymmetric nanopore.  The 

boundary on the far left represents the central axis of the pore and is taken to 
be the axis of symmetry.  The pore is 10 µm in length with a tip opening 
diameter of 30 nm and a base opening diameter of 520 nm.  Electric field 
strength was simulated according to details in References 17 and 45.  As 
shown by the inset, the highest electric field is located near the tip region. 
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Figure 1-4.  General overview of the track-etch method.  A) A thin film or membrane is 
exposed to a beam of swift, heavy ions.  B) An ion has passed through the 
membrane leaving behind a latent damage track in the material.  C) The 
damage track has been chemically etched to produce a single nanopore.  
(Figure not to scale.) 

 
 

 
 
Figure 1-5.  Depiction of the formation of latent damage tracks.  A) A swift, heavy ion 

has passed through a crystalline material, leaving behind newly formed ions.  
The crystal lattice is disrupted as these newly formed ions rapidly repel one 
another  B) A swift, heavy ion has passed through a polymer film.  The 
process has ionized and excited molecules, resulting in broken chains and 
the formation of new chain ends.  [Figure adapted from Reference 76.] 
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Figure 1-6.  Chemical structures and hydrolysis reaction products of polymers 

commonly used in the track-etch method.  Damage tracks in polycarbonate 
(PC) and poly(ethylene terephthalate) (PET) can be etched by simple 
hydrolysis reactions.  The resulting nanopores exhibit surface carboxylate 
groups. 

 
Figure 1-7.  Scanning electron micrograph of pores produced in PET by the track-etch 

method.  

 

 
 
Figure 1-8.  Chemical structure of muscovite mica.  A) Layer composition of muscovite 

mica. [Adapted from Reference 82.]  B) Detailed lattice structure of muscovite 
mica.  [Adapted from Reference 81.] 
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Figure 1-9.  Geometry for a pore produced in muscovite mica by the track-etch method.  

A) Scanning electron micrograph of a typical pore produced in muscovite 
mica by the track-etch method.  B) Projected atomic arrangement in the (001) 
plane of muscovite mica.  Pore walls (red lines) correspond to oxygen-
terminated planes of the crystal lattice.  [Adapted from Reference 84.]    

 

 
Figure 1-10.  Depiction of the chemical etching process of a heavy-ion-induced damage 

track in a thin film.  Pore shape is defined by the track-etch (vT) and bulk-etch 
(vB) rates.  Pore geometry can be described in terms of the cone half-angle 
θ/2.  [Figure adapted from Reference 76.]   
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Figure 1-11.  General approach for the production of asymmetric nanopores by the 

track-etch method.  A) A membrane containing a single damage track is 
placed between two different solutions.  A transmembrane potential is applied 
and a negligible current is initially measured.  B) An asymmetric pore has 
resulted from the etching process.  The larger (base) opening is located on 
the side of the membrane that was in contact with the etching solution.  The 
smaller (tip) opening is located on the side of the membrane that was in 
contact with the stopping solution.  Breakthrough of the etching solution is 
observed by the sudden increase in current.  (Figure is not to scale.)  [Figure 
adapted from Reference 39.] 

 
Figure 1-12.  Representation of equipotentials and current flow lines in a conically 

shaped resistor.  A) Equipotentials (left) and current flow lines (right) 
predicted under the typical geometric mean derivation used to estimate the 
resistance (or conductance) of a conical resistor.  Current is assumed to be 
able to flow from the insulating sides.  B) A more realistic representation of 
equipotentials (left) and current flow lines (right) in a conically shaped resistor. 
Current flow is more constrained than that which is predicted by the geometric 
mean derivation used to estimate the resistance.  [Figure adapted from 
Reference 105.] 
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Figure 1-13.  Description of the electrical double-layer that forms at charged surfaces in 

solution.  A) Structure of the electrical double-layer.  (Note that solvent 
molecules are not shown for simplicity.)  [Adapted from Reference 106.]  B) 
Basic description of the potential drop in the electrical double-layer according 
to the Gouy–Chapman–Stern model.  [Adapted from Reference 106.]  

  
Figure 1-14.  Schematic explanation of the ion-current rectification phenomenon.  A) Ion 

transport through a negatively charged asymmetric pore due to a given 
transmembrane potential.  Arrows indicate relative ion transference values.  
Expected current is shown on the left.  B) Ion transport through a negatively 
charged asymmetric pore due to a transmembrane potential of the opposite 
polarity shown in part A.  Expected current is shown on the right.  C) Ion 
tranport through a positively charged asymmetric pore due to a given 
transmembrane potential.  Expected current is shown on the left.  D) Ion 
transport through a positively charged asymmetric pore due to a 
transmembrane potential of the opposite polarity shown in part C.  Expected 
current is shown on the right. (Figure is not to scale.)  
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Figure 1-15.  Ion distribution and electroosmotic flow in a charged capillary.  Here, the 

negatively charged surface ensures that more cations will be present in the 
channel.  Thus, electroosmotic flow is in the direction of cation motion (toward 
the cathode). [Figure adapted from Reference 127.] 
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CHAPTER 2 
RESISTIVE-PULSE SENSING OF A PROTEIN ANALYTE USING A CHEMICALLY 

MODIFIED CONICAL NANOPORE 

Motivation 

The electrochemical single-molecule sensing technique known as resistive-pulse 

sensing has been the subject of much recent interest.5-8, 14-25, 31-33  In this method, a 

membrane that contains a single synthetic or biological nanopore is used to separate 

two portions of an electrolyte solution.5-8  A potential difference is applied across the 

membrane, and the current is measured.  When analyte is present in one of the solution 

portions, and the potential is applied in such a way to drive the analyte from one side of 

the membrane to the other, analyte will transiently perturb the measured current as it 

traverses the small channel.  The magnitude and duration of these perturbations are 

related to the size, shape, and charge of the analyte.5-8 

Resistive-pulse sensing is an elegantly simple technique based on the Coulter 

principle.  However, application of the method to complex mixtures, especially ones that 

contain species of size similar to the analye, can be difficult.8  More selective resistive-

pulse sensors based on the protein channel α-hemolysin have been developed for a 

variety of analytes with the aid of genetic engineering and chemical modification.5, 8, 13, 

16, 31, 34  However, the utility of such pores is limited by the lipid bilayer’s lack of 

durability.5-8, 31  Here, more robust single synthetic nanopores in PET are modified with 

a molecular recognition agent (folate) in an attempt improve the selectivity of the 

resistive-pulse sensing method as it is applied to a particular analyte (folate-binding 

protein).  
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Experimental 

Materials 

Poly(ethylene terephthalate) (PET) films, each containing a single damage track 

generated by a heavy ion, were obtained from GSI (Darmstadt, Germany).  N-(3-

dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC, commercial grade), 

ethylenediamine (≥ 99%), N-hydroxysuccinimide (NHS, 98%), folic acid (~98%), folate-

binding protein from bovine milk (~30% protein), and MES (≥ 99%) were all obtained 

from Sigma-Aldrich (St. Louis, MO) and used as received.  All other chemicals were 

obtained and used without further purification from Fisher Scientific (Fairlawn, NJ).  All 

solutions were prepared in 18 MΩ water, obtained by passing distilled water through a 

Barnstead (Dubuque, IA) E-pure water purification system. 

Nanopore Preparation   

A 12 µm-thick PET membrane containing a single damage track was mounted 

between two compartments and etched as previously described.39  A solution of 9 M 

sodium hydroxide (etching solution) was added to one compartment, while a solution 

containing 1 M potassium chloride and 1 M formic acid (stopping solution) was added to 

the other.  One platinum wire electrode was placed in each solution-containing 

compartment, and a potential of 1 V was applied across the membrane using a Keithley 

model 6487 picoammeter/voltage source (Cleveland, OH).  The potential was applied 

such that the electrode in contact with the etching solution served as the anode.  After 

two hours the etching process was stopped by draining each solution-containing 

compartment, rinsing each compartment with stopping solution, and allowing the 

membrane to stay in contact with the stopping solution for fifteen minutes.   
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Often, a second etching step was also completed to tailor the tip size.42  For this 

second step, a 1 M NaOH solution was placed on each side of the membrane and again 

a potential of 1 V was applied across the membrane.  With knowledge of the etching 

solution conductivity (16.0 S m-1 as measured by a YSI 3200 conductivity meter, Yellow 

Springs, OH), the pore tip can be etched to a preferred size by monitoring the current 

(Equation 1-2).42  The current was monitored and the etching process was allowed to 

occur until the desired current was reached.  The effect of this second etching step on 

the pore base side is commonly ignored.  Since the base is much larger than the tip, the 

change in the base size is often neglible.42     

Nanopore Characterization 

According to a previous report,42 etching PET membranes using the previously 

described conditions yields pores with base openings of 520 (± 45) nm as measured by 

scanning electron microscopy.  In these studies, this was confirmed with the aid of a 

Hitachi S-4000 field-emission scanning electron microscope (Tokyo, Japan).  

Membranes that contained a higher pore density (~106 cm-2) were etched in the same 

fashion that was used to prepare the single-pore membranes.  These multi-pore 

membranes were divided into small pieces and adhered to SEM specimen mounts 

using double-sided carbon tape such that the base opening could be imaged.  

Since the tip size can be difficult to directly measure by imaging techniques, the 

diameter of this smaller opening was estimated by a previously described method 

based on measuring pore conductance (Equation 1-2).39, 42  This method requires 

measurement of the current–potential (I–V) response.  I-V curves were taken by placing 

a desired electrolyte solution on each side of the membrane.  Bulk conductivity of the 

electrolyte was determined with a YSI 3200 conductivity meter.  A silver/silver chloride 
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(Ag/AgCl) electrode (Bioanalytical Systems, West Lafayette, IN) was also placed in 

each solution-containing compartment.   

A Keithley picoammeter/voltage source was used to obtain I-V curves.  The 

potential was scanned from -2.0 V to +2.0 V in increments of 0.05 V every 2 seconds.  

For these and all other I-V experiments, the potential of the electrode in contact with the 

solution on the base (larger opening of the conical nanopore) side was varied while the 

potential of the electrode in contact with the solution on the tip (smaller opening of the 

conical nanopore) side served as the reference.  

Modification of Nanopores with Folate 

Functionalizing the freshly etched pore surface with folate is a two step process 

because folate must be attached through the glutamate end of the molecule (Figure 2-

1).  This is because the pteridine ring (Figure 2-1) has been determined to be crucial to 

the binding interaction with folate-binding protein (FBP).158  The track-etching process 

used to produce nanopores in PET results in the formation of surface carboxylate 

groups.  These surface carboxylates served as points of attachment for folate.   

First amidation of the surface carboxylate groups using EDC and ethylenediamine 

was performed (Figure 2-2).  Following published reports,54, 67 the membrane was 

immersed in a pH 5.5 buffer solution of 10 mM MES with 0.1 M potassium chloride, 0.1 

M EDC, and 0.2 M NHS.  The reaction, which results in an amine-reactive NHS ester 

intermediate (Figure 2-2),54 was allowed to continue for four hours.  After this time the 

membrane was rinsed with buffer and then exposed to a solution of 0.2 M 

ethylenediamine (in buffer) for four hours.  This procedure is expected to result in the 

presence of amine groups on the pore walls.  Using previous research reports as a 
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guide,54, 67 this supposition was verified by measuring ion-current rectification using I-V 

curves obtained in the previously described manner.   

Folate has been successfully attached to surfaces that contain free amine groups 

(via the carboxylate groups of the molecule’s glutamate moiety) for various applications 

without detriment to its binding interaction with FBP.159-165  In order to attach folate to 

the amine-modified pore walls in this study, a pH 5.5 buffer solution of 10 mM MES with 

0.1 M potassium chloride, 5 mM folic acid, 5 mM NHS, and 5 mM EDC was prepared.  

The membrane was submerged in this solution, and the surface amine groups were 

allowed to react with the activated carboxylate groups of folate for six or more hours 

(Figure 2-3).  After this time, the membrane was again rinsed with buffer, and I-V curves 

were taken to monitor the rectification of ion current through the pore and help confirm 

the desired pore modification. 

Resistive-Pulse Sensing Measurements   

Once the folate-functionalized pore was prepared, the membrane was again 

placed between two compartments, each containing pH 5.5 buffer solution of 10 mM 

MES with 0.1 M potassium chloride.  This solution was selected because the isoelectric 

point of folate-binding protein (FBP) occurs between pH 7 and 8.166  Moreover, FBP has 

been found to bind folate in solutions of pH as low as 5.166-168   

A silver/silver chloride electrode was placed in each solution-containing 

compartment and connected to the Axopatch 200B patch-clamp amplifier (Molecular 

Devices Corp., Union City, CA, USA).  The solution pH ensured that FBP would be 

positively charged.  Thus, the potential was applied such that the cathode was located 

in the solution on the base side of the membrane to help encourage FBP to move from 

the tip side of the membrane through the pore to the base side.  Electrode configuration 
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was such that the reference electrode was housed in the solution facing the tip side of 

the membrane.   

The desired transmembrane potential was applied, and the resulting current 

through the nanopore was measured at a sampling frequency of 20 kHz using the 

Axopatch.  Data were recorded and analyzed with pClamp 10.1 software (Molecular 

Devices Corp.).  A threshold of three times the standard deviation of the background 

current was used to define current pulses.  The current pulse duration was defined as 

the time that the current remained beyond this threshold.  The current pulse magnitude 

was measured as the difference between the peak current and the background. 

Results and Discussion 

Single-Nanopore Membrane Characterization 

Figure 2-4 shows a scanning electron micrograph of a typical base opening for the 

asymmetric nanopores prepared in these studies.  As previously stated, the base 

openings for pores etched under the conditions used here possess diameters of 520 (± 

45) nm.  Using a supporting electrolyte solution of 1 M KCl with 10 mM PBS (pH 7.4, 

bulk conductivity 10.8 S m-1), tip diameters of single-pore membranes were estimated 

from pore conductance measurements and ranged from ~20 nm to ~60 nm for the 

membranes used in these studies.  I–V responses used to determine tip sizes for two 

asymmetric nanopores employed in these studies are depicted in Figure 2-5.  

Ion-Current Rectification and Pore Modification 

Ion-current rectification is related to the charge state of the pore walls.  The two-

step modification strategy employed here (Figures 2-2 and 2-3) is expected to result in 

changes to the surface charge.  Therefore, successful pore modification was verified by 

monitoring changes in ion-current rectification through I–V responses.  I–V curves were 
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obtained in electrolyte solutions of low enough concentration (0.1 M KCl) such that ion-

current rectification could be observed.   

Notice that the pH of the electrolyte solution is also important to ion-current 

rectification since pore wall charge is dependent on the charge state of surface 

carboxylate and/or amine groups after each modification step.  After etching, the 

carboxylate groups present on the pore wall exhibit negative charge in solutions with pH 

> ~3.8, 39, 64  In solutions with pH < ~10,169, 170 pore walls modified with ethylenediamine 

(Figure 2-2) should possess positive charge.  Finally, folate-modified pore walls (Figure 

2-3) may possess both positive and negative surface charge.  The pKa values of the α- 

and γ-carboxylates of the folate molecule (Figure 2-1) are 3.5 and 4.8, respectively.171, 

172  Protonation of the pteridine ring (Figure 2-1) occurs in solutions of low pH (< 

~7.7).172  

Ideally, all carboxylate groups will be functionalized with ethlyenediamine during 

the first step (Figure 2-2) such that the ion-current rectification behavior will completely 

reverse (as surface charge changes from negative to positive) in a properly chosen 

buffer.  The second step of the modification (Figure 2-3) should reintroduce some 

surface carboxylates and decrease the rectification (result in a more linear I–V 

response). Figure 2-6 shows the I–V response (in 0.1 M KCl with 10 mM MES buffer pH 

5.5) of a single asymmetric nanopore after each step of pore modification.  In this case, 

successful surface modification is at least qualitatively evident due to the drastically 

different I–V responses obtained after each modification step.   

However, it must be noted, that, in some instances, successful modification could 

not be verified through the use of a single electrolyte solution as in Figure 2-6.  This is 
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most likely due to the possibility of incomplete conversion during the modification steps.  

In these instances, I–V responses were obtained in additional electrolyte solutions (0.1 

M KCl) buffered at different pH values (10 mM phosphate buffer with pH 7.4 or 2.0).  

Figure 2-7 shows the I–V responses for a pore that did not initially appear to be 

completely modified by ethylenediamine.  Response of this pore in pH 5.5 (Figure 2-7B) 

did not change as drastically upon modification as the pore observed in Figure 2-6.  

However, successful attachment of ethylenediamine is verified by the data obtained with 

the pH 2.0 electrolyte solution (Figure 2-7C).  Modification with folate was deemed 

successful due to the differences exhibited that resulted in the I–V curves obtained in 

each electrolyte solution (Figure 2-7).   

This data can also be visualized in terms of the ion-current rectification ratio.  This 

quantity is simply defined as the absolute value of the current obtained at a potential of 

a given magnitude divided by the current obtained at the same magnitude but opposite 

polarity (i.e., |I(-V)/I(+V)|).67  Here, the ion-current rectification ratio is determined by the 

currents obtained at -2 V and +2V.  Ion-current rectification ratios for the I–V data in 

Figure 2-7 are compiled in Table 2-1.   

As expected, the rectification ratio is ~1 after etching for the PET pore in the pH 

2.0 electrolyte solution (Table 2-1).  This is because surface carboxylate groups are 

expected to be protonated at this low pH, thereby neutralizing the pore wall surface 

charge.  After attachment of ethylenediamine, the rectification ratio drops below one in 

the pH 2.0, indicating a positively charged surface.  The increase in rectification ratio 

from 2.67 (± 0.04) to 5.1 (± 0.5) observed for the pH 7.4 electrolyte after modification 

with ethylenediamine is certainly worth mention.  This increase actually strengthens the 
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case that the pore wall was partially modified with folate since comparable results were 

obtained by Vlassiouk and Siwy during their studies in preparing bipolar nanofluidic 

diodes from similarly prepared asymmetric nanopores in PET.67  Folate modification 

leads to changes in the rectification ratios obtained in each electrolyte solution as can 

be seen in Table 2-1.  

Resistive-Pulse Sensing of Folate-Binding Protein 

After folate modification was confirmed, the single nanopores were used as 

resistive-pulse sensing platforms for folate-binding protein (FBP).  First, the background 

current response (only supporting electrolyte present) was obtained (Figure 2-8A).  After 

the background current was found to be sufficiently stable (usually this required less 

than ten minutes, but background currents were observed for longer periods of time in 

separate experiments to confirm stability), FBP was added to the solution on the tip side 

of the membrane (final FBP concentration was ~4 ppm or ~130 nM). 

Approximately one hour after the addition of FBP, perturbations in the measured 

current began to appear (Figure 2-8B).  Since negative potentials were applied in these 

studies (cathode in the solution on the base side of the membrane), all currents in 

Figure 2-8 are negative.  Thus, the current pulses observed in Figure 2-8 correspond to 

a decrease in current magnitude (increase in pore resistance) that is consistent with the 

Coulter principle.  The frequency of the current pulses increased over time as is evident 

from the current-time trace obtained approximately two hours after the addition of FBP 

(Figure 2-8C).   

The effect of applied transmembrane potential on the current-time trace is 

depicted in Figure 2-9.  Notice that decreasing the magnitude of the applied 

transmembrane potential (parts A-C of Figure 2-9) results in the appearance of more 
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long-lived current pulses.  No current pulses were observed when the polarity of the 

applied transmembrane potential was changed such that the electode in the solution on 

the tip side of the membrane (same side as FBP) served as the cathode (Figure 2-9D).  

This observation supports the supposition that current pulses originate from the 

translocation of FBP. 

A scatter plot of the current pulse (event) data obtained during resistive-pulse 

sensing experiments is displayed in Figure 2-10 (parts A-C).  Data for over 7800 events 

(> 470 events obtained with -700 mV; > 2100 events obtained with -800 mV; > 3500 

events obtained with -900 mV; and >1700 events obtained with -1000 mV) are plotted in 

Figure 2-10.  Resistive-pulse sensing experiments led to a wide range in both event 

magnitude and duration.  Longer-lived events were more common at lower potentials; 

however, these pulses occurred with very low frequency (Figure 2-10D).  Interestingly, 

long-lived events could be disrupted by application of voltage pulses of alternating 

polarity (Figure 2-11B).   

Summary 

Folate-modified single asymmetric nanopores were prepared in track-etched PET 

membranes to serve as resistive-pulse sensing platforms.  Surface modification was 

verified by changes in the ion-current rectification properties of the asymmetric 

nanopores.  Folate-binding protein (FBP) was successfully identified with the resistive-

pulse sensing technique as indicated by the observation of potential-dependent pulses 

upon exposure of the folate-modified nanopores to FBP.  Long-lived events were more 

frequent with lower applied potentials.  However, the current pulse duration and 

magnitude values displayed a wide range, making it difficult to argue for the selectivity 

and practicality of this strategy for FBP.   
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The wide range displayed in both event magnitude and duration may be attributed 

to multiple simultaneous binding events, or binding may have been somewhat disrupted 

by the presence of the electric field.  Though these are simply speculative hypotheses, it 

is worth noting that FBP has been reported to undergo a conformational change upon 

binding to folate.173  Perhaps the structural flexibility of the protein is reflected here in 

the wide range of current pulse characteristics. 
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Figure 2-1.  Chemical structure of folic acid. 

 
Figure 2-2.  Reaction scheme for amine modification of pore walls.  [Figure adapted 

from Reference 55.] 

 

 
Figure 2-3.  Reaction scheme for modification of pore walls with folate. 

 
Figure 2-4.  Base opening of an asymmetric nanopore produced in PET by the track-

etch method. 
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Figure 2-5.  I–V curves used to estimate pore tip size.  I–V responses are shown for two 

PET membranes that each contained a single asymmetric nanopore.  The 
supporting electrolyte was 1 M KCl with 10 mM PBS (pH 7.4).  The base 
diameter of each pore was 520 (± 45) nm.  With the application of Equation 1-
2, pore tip diameters are estimated to be 21 (± 2) nm (solid line) and 28 (± 2) 
nm (dotted line). 

 
Figure 2-6.  I–V curves used to verify pore modification.  I–V responses are shown for a 

PET membrane that contains a single asymmetric nanopore.  The supporting 
electrolyte was 0.1 M KCl with 10 mM MES (pH 5.5).  The base diameter and 
tip diameter were 520 (± 45) nm and 28 (± 2) nm, respectively.  Curves 
correspond to data obtained after etching (solid line), after modification with 
ethylenediamine (dashed line), and after modification with folate (dotted line). 



 

66 

 
Figure 2-7.  I–V curves used to verify pore modification obtained with different pH 

buffered electrolyte solutions.  I–V responses are shown for a PET membrane 
that contains a single asymmetric nanopore.  The supporting electrolyte was 
0.1 M KCl with A) 10 mM phosphate (pH 7.4); B) 10 mM MES (pH 5.5); C) 10 
mM phosphate (pH 2.0).  The base diameter and tip diameter were 520 (± 45) 
nm and 21 (± 2) nm, respectively.  Curves correspond to data obtained after 
etching (solid line), after modification with ethylenediamine (dashed line), and 
after modification with folate (dotted line). 

 

Table 2-1.  Rectification ratios after each modification step for a PET membrane that 
contains a single asymmetric nanopore. 

Electrolyte pH After etching After ethylenediamine After folate 
2.0 1.15 (± 0.04) 0.28 (± 0.07) 0.34 (± 0.03) 
5.5 2.2 (± 0.2) 2.22 (± 0.02) 0.94 (± 0.01) 
7.4 2.67 (± 0.04) 5.1 (± 0.5) 1.5 (± 0.2) 
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Figure 2-8.  Current-time traces for resistive-pulse sensing of folate-binding protein 

using a folate-modified single asymmetric nanopore.  All traces were obtained 
with a transmembrane potential of -1000 mV (cathode in solution on base 
side of the membrane).  The supporting electrolyte solution was 0.1 M KCl 
with 10 mM MES (pH 5.5).  A) Background current.  B) One hour after the 
addition of FBP.  C) Two hours after the addition of FBP.  

 
Figure 2-9.  Effect of applied transmembrane potential on current-time traces for 

resistive-pulse sensing of folate-binding protein.  The supporting electrolyte 
solution was 0.1 M KCl with 10 mM MES (pH 5.5).  In each case, the 
electrode in the solution on the tip side of the membrane served as the 
reference.  The position of zero current is indicated for each trace.  A) -900 
mV.  B) -800 mV.  C) -700 mV.  D) +1000 mV.  
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Figure 2-10.  Scatter plot and histogram for current pulses obtained during resistive-

pulse sensing of folate-binding protein.  A-C) Scatter plot of current pulse 
magnitude and duration shown for different time scales.  Data obtained for 
transmembrane potentials of -700 mV (solid navy squares), -800 mV (open 
blue triangles), -900 mV (open purple circles), and -1000 mV (black Xs) are 
displayed.  D) Histogram of event duration data.  

 
Figure 2-11.  Long-lived current pulse events due to resistive-pulse sensing of folate-

binding protein.  Each trace was initially recorded at -700 mV (reference 
electrode is housed in the solution on the tip side of the membrane).  The 
position of zero current is indicated in each trace.  A) Current rapidly 
decreases in magnitude due to blockage of pore.  B) Long-lived current pulse 
is disrupted by the application of voltage pulses (-1000 or +1000 mV).   
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CHAPTER 3 
COMPARISON BETWEEN THE ION-CURRENT RECTIFICATION CAPABILITIES OF 
ASYMMETRIC NANOPORES IN MICA AND POLY(ETHYLENE TEREPHTHALATE) 

MEMBRANES 

Motivation 

Nanopores with asymmetric geometry39, 52-54, 60-62, 64, 69, 97, 109, 111-113, 115-120, 122, 123, 

125, 126, 137, 138, 140, 174-176 and/or surface charge67, 123, 177-182 have been shown to rectify ion 

current.  This phenomenon is observed through the asymmetric current–potential 

response that results when a membrane that contains such a pore or collection of pores 

is used to separate two identical portions of an electrolyte solution.  When a potential is 

applied across the membrane, an ionic current will flow through the pore or pores.  The 

amount of current that results will not only depend on the magnitude of the 

transmembrane potential (as expected) but also on the polarity of the potential.   

Ion-current rectification has been the subject of many theoretical and experimental 

studies.39, 52-54, 60-62, 64, 67, 69, 97, 109, 111-113, 115-120, 122, 123, 125, 126, 137, 138, 140, 174-182  The 

phenomenon is dependent on pore geometry, surface charge, and electrolyte 

composition.  Sensors for small organic molecules,125 metal ions,126 and proteins55 have 

been developed from nanopores by monitoring changes in ion-current rectification.  

Most ion-current rectification studies and applications have been performed with 

asymmetric pores in polymer membranes55, 64, 66, 67, 125, 136, 141 or quartz110, 126, 183 (or 

glass116) nanopipettes.  These pores typically possess circular cross-sectional 

openings.   

Recently, we reported that asymmetric pores can be produced in muscovite 

mica.51  This is accomplished through application of the track-etch method in the same 

manner that is used to generate asymmetric nanopores in polymers.39  Track-etched 
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mica nanopores possess rhomboidal cross-sectional openings.83, 85  Thus, the 

asymmetric mica nanopores that result from the track-etch method are pyramidal in 

shape.51  Here we compare the ion-current rectification properties of pyramidal 

nanopores in mica to conical nanopores in poly(ethylene terephthalate) (PET). 

Experimental 

Materials 

Muscovite mica (KAl2(AlSi3)O10(OH)2) membranes (10 µm thick and 3 cm in 

diameter) were obtained from Spruce Pine Co. (Spruce Pine, NC).  Using the linear 

accelerator (UNILAC) at GSI (Darmstadt, Germany), these membranes were irradiated 

with heavy ions (11.4 MeV/nucleon) to induce damage tracks (1 per membrane for 

single-pore membrane studies or 106–108 cm-2 for multi-pore membrane studies).  Ion-

tracked PET membranes (12 µm thick and 3 cm in diameter) were also obtained from 

GSI.   

Hydrofluoric acid (HF) used to etch the damage tracks in mica was obtained from 

Acros Organics USA (Morris Plains, NJ).  For chemical vapor deposition of carbon, an 

ethylene/helium mixture (30% ethylene) was obtained from Praxair (Danbury, CT).  

Argon gas was supplied by Airgas South (Kennesaw, GA).  Commercial gold electroless 

plating solution, Oromerse Part B, was obtained from Technic, Inc. (Cranston, RI).  

Phenol, 3-aminopropyltriethoxysilane, and 1,1,1,3,3,3-hexafluoro-2-propanol were 

obtained from Sigma-Aldrich (St. Louis, MO).  All other chemicals were reagent grade 

and were used as received from Fisher Scientific (Fairlawn, NJ).  All solutions were 

prepared using water that was purified by passing house-distilled water through a 

Barnstead (Dubuque, IA) E-pure water purification system. 
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Fabrication of Nanopores by the Track-Etch Method 

A previously described chemical etching method39, 42, 51 was used to develop the 

heavy-ion induced damage tracks into asymmetric nanopores.  Briefly, PET membranes 

were placed between the two halves of an etching cell39 as described previously.  One 

side of the membrane was exposed to a NaOH solution while the other side was in 

contact with a solution that contained 1 M formic acid and 1 M KCl. Platinum wire 

electrodes were placed in each solution, and a Keithley 6487 picoammeter/voltage 

source (Cleveland, OH) was used to apply a transmembrane potential of 1 V (with the 

anode in the NaOH solution) and measure the resulting current.42  

NaOH preferentially etches the damage tracks in PET.  The formic acid solution 

(stopping solution) present on the other side of the membrane neutralizes the etching 

solution once it traverses the membrane.  Etching was terminated by removing and 

replacing each solution with stopping solution.  The membrane was then thoroughly 

rinsed by replacing the stopping solution with purified water.   

Mica nanopores were etched in a similar fashion except a 20 % (v/v) HF solution 

served as the etching solution and 10 M NaOH as the stopping solution.51  Also a 

transmembrane potential of 10 V (instead of 1 V) was applied during mica etching.51  

Application of a potential during the etching process helps shape the nascent nanopore 

and also allows one to monitor the etching progress.39  The breakthrough of etching 

solution to the side of the membrane with stopping solution is observed by a sudden 

increase in measured current. 

For ion-current rectification comparisons and determination of pore zeta potentials, 

membranes that contained symmetric nanopores were also prepared.  This was 

accomplished by simply exposing each face of the membrane to identical portions of an 
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appropriate etching solution.  Etching was terminated after a certain exposure time by 

removing the etching solution and placing an appropriate stopping solution on each side 

of the membrane.  These membranes were also rinsed thoroughly by replacing the 

stopping solution with purified water.    

Imaging Nanopores 

In order to compare the ion-current rectification capabilities of mica and PET 

nanopores, single nanopores with similar geometric characteristics were prepared in 

each material.  Pore geometries were determined by obtaining SEM images of the base 

openings and pore replicas for multi-pore PET and mica membranes.  Ion-current 

rectification studies were completed with single-pore PET and mica membranes that 

were etched under the same conditions used to prepare the multi-pore membranes.   

A Hitachi S-4000 field-emission scanning electron microscope (Tokyo, Japan) was 

used to observe the base and tip openings of the nanopores.  Etched membranes were 

divided into small pieces and adhered to SEM specimen mounts with the aid of double-

sided carbon tape such that the base (large opening) and tip (small opening) sides 

could be imaged.  

Pore shape was determined by preparing replicas of the etched tracks through 

application of the template synthesis9 method.  Carbon was deposited in the mica pores 

by a previously described chemical-vapor deposition method.87  An etched membrane, 

supported on a quartz stand, was placed into a quartz tube (diameter = 4.5 cm, length = 

48 cm).  The quartz tube was inserted into a high-temperature tube furnace 

(Thermolyne 21100, Aldrich) and heated to 670 ºC under argon flow. The mica 

membrane was oriented such that the base openings faced the gas flow.   
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When the temperature stabilized, chemical vapor deposition of carbon was 

initiated.  The argon gas was replaced with a 30% ethylene/helium mixture at a flow rate 

of 20.0 sccm (standard cm3 min-1). After 6 hours of chemical vapor deposition of carbon, 

the flow was changed back to argon.  The furnace heater was turned off, and the tube 

was allowed to cool to room temperature.  The membrane was then dissolved in 50% 

HF to liberate the rhomboidal graphitic carbon nanotubes.51, 87  The resulting mixture 

was filtered onto a polycarbonate membrane with 0.08 µm pores and was imaged from 

this surface. 

Replicas of PET nanopores were prepared through a previously described 

electroless gold plating technique.99  After plating for 8 hours, the PET membrane was 

dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol to liberate the gold replicas of the 

pores.96  The resulting mixture was filtered onto a porous anodic alumina membrane 

with 0.1 µm pores.  Images were obtained from this surface.    

The pore density of the ~106 pores cm-2 membranes used for EOF studies was 

measured by etching damage tracks into relatively large pores (> 300 nm) such that a 

number of these pores could be observed under low magnification (3000X or less).  

After etching, the membranes were carefully removed from the etching solution and 

rinsed several times with purified water.     

Prior to imaging, all samples were sputtered with Au/Pd using a Denton Vacuum 

Desk II cold sputter instrument (Moorestown, NJ).  The sputtering current was ~45 mA, 

the Ar pressure was 75 mTorr, and the sputtering time was 30 seconds. 
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Current–Voltage Curve Measurements 

Each face of the membrane (still mounted in the etching cell) was exposed to 

identical portions of an electrolyte solution (pH 7.4).  A silver/silver chloride electrode 

(Bioanalytical Systems, West Lafayette, IN) was placed into each solution portion, and a 

current–voltage (I–V) curve was obtained by scanning the potential from -2.0 V to +2.0 

V in increments of 0.05 V (or -10.0 V to +10.0 V in increments of 0.25 V) every 2 

seconds with a Keithley 6487 picoammeter/voltage source.  The electrodes were 

configured such that the electrode in contact with the solution adjacent to the tip served 

as the reference. 

Tip size was estimated by measuring the membrane conductance (Equation 1-2) 

from the I–V response.  1 M potassium chloride with 10 mM phosphate buffer was 

selected as the electrolyte to minimize the effects of the electrical double-layer on the 

membrane conductance. With this higher electrolyte concentration, the I–V curve is 

linear with a slope that is related to the membrane conductance, G (Equation 1-2).  The 

resistance for a membrane that contains a single pore is much higher than the cell 

resistance (which is determined by measuring the conductance without the membrane 

present).  Therefore, the measured conductance (slope of the I–V curve) is directly 

related to the membrane conductance for single-pore membranes.     

Zeta Potential Measurements 

Ion-current rectification is determined (at least in part) by surface charge density.  

Surface charge is closely related to zeta (ζ) potential.132, 184  This quantity is defined as 

the potential at the boundary (shear plane) between the charged surface and the 

electrolyte solution.185  The location of this boundary is somewhat arbitrarily defined.185  
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However, it is identified as the plane at which the mobile portion of the diffuse layer can 

“slip” or flow past the charged surface.185   

The ζ potentials of the nanopore walls were calculated by measuring the 

electroosmotic flow (EOF) velocity of a neutral probe molecule51, 186-190 across 

membranes that contained ~106 symmetric pores cm-2.  In this study, phenol served as 

the EOF probe.  A nanopore-containing membrane (still mounted in the etching cell) 

was exposed to the electrolyte solution on one side (permeate side) and electrolyte 

solution to which 10 mM phenol had been added on the opposite side (feed side).  Due 

to the design of the etching cell,42 a 0.79 cm2 portion of each membrane face was 

directly in contact with the solution.   

A platinum wire electrode was placed in each solution, and a constant 

transmembrane current was supplied using a Solartron SI1287 electrochemcial 

interface (Hampshire, England).  Since the pore walls of both the mica59, 134, 191 and PET 

membranes possess negative surface charge, the direction of EOF was from the anode 

toward the cathode.  Thus, the galvanostat was configured such that the working 

electrode (anode) was housed in the feed side and the reference/counter electrode 

(cathode) was located on the permeate side. 

As per previous work,51, 186, 187, 189 the EOF rate was determined from the rate of 

phenol transport, which was interpreted by measuring the absorbance of the solution on 

the permeate side.  The permeate solution was continuously pumped through a flow-

through quartz cell using an Agilent peristaltic pump 1FS (Waldbronn, Germany).  The 

UV absorbance of phenol in the permeate solution was measured by an Agilent 8453 

UV-visible spectroscopy system.  The concentration of phenol in the permeate solution 
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was calculated using a calibration curve prepared from measurements of the 

absorbance maximum at a wavelength of 270 nm. 

Oxidation of Single-Pore PET Membranes 

Since ion-current rectification is related to surface charge, an attempt was made to 

increase the number of surface carboxylate groups (and, consequently, the surface 

charge density) in single-pore PET membranes.  The etching process results in the 

formation of both surface carboxylate and surface alcohol groups (Figure 1-6).  Alcohol 

groups can be oxidized to carboxylate groups upon exposure to a permanganate 

solution.80   

Following the work of Marchand-Brynaert et al.,80 track-etched membranes were 

exposed to a 5% (w/w) solution of potassium permanganate (KMnO4) in 2 M sulfuric 

acid (H2SO4) at room temperature (21oC) for 24 hours.  Exposure to permanganate took 

place while the membrane was still mounted in the etching cell, placed in a Petri dish, or 

mounted in a glass U-cell.  During the course of the reaction, a brown manganese 

dioxide (MnO2) layer forms on the surface of the PET membrane.  Upon completion, the 

layer was removed by rinsing and gently swabbing the membrane with 6 M hydrochloric 

acid (HCl).  The membrane was then rinsed with purified water and remounted in the 

etching cell (or in a glass U-cell) so that I–V curves could be recorded. 

Modification of Single-Pore Mica Membranes with an Amine Silane  

Researchers have demonstrated that the direction of ion-current rectification in 

polymer nanopore membranes54, 67 and quartz nanopipettes183 can be reversed by 

reversing the polarity of the surface charge.  Positive surface charge can be achieved 

by functionalizing the surface with an amine.54, 67  Since mica pore walls possess 
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surface silanol groups,58, 134 track-etched mica membranes were modified with 3-

aminopropyltriethoxysilane.58 

A mixture of 5% (v/v) 3-aminopropyltriethoxysilane and 5% (v/v) 50 mM acetate 

buffer (pH 5.2) in ethanol192 was added to each side of the track-etched single-pore 

mica membrane.  Platinum wire electrodes were placed in each solution, and a Keithley 

6487 picoammeter/voltage source was used to apply a transmembrane potential of 0.5 

V (with the anode in the solution on the base side of the membrane).  The current was 

monitored to ensure that the pore would not become blocked.  After ten minutes, the 

silane solutions were removed and replaced with ethanol once followed by purified 

water three times to rinse the membrane.  The resulting reaction should result in the 

presence of amine-terminated groups on the pore walls.58, 192  I–V curves were then 

recorded to determine the effect of surface modification on the ion-current rectification 

capabilities of the single-pore membrane.  

Results and Discussion 

Pore Characterization 

SEM images of asymmetric pores produced in PET are compiled in Figure 3-1.  

The diameter of the base opening (Figure 3-1A) for the asymmetric PET nanopores was 

found to be 420 (± 49) nm based on the measurement of 8 pores.  A gold replica of an 

asymmetric PET nanopore is depicted in Figure 3-1B.  The length of the gold replicas 

was measured to be 12.2 (± 0.7) µm (based on the measurement of four replicas), 

which coincides well with the membrane thickness (~12 µm).  The cone angle was 

determined to be 1–2o, which is in agreement with the cone angle reported for 
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asymmetric pores prepared in PET by the track-etch method.39  Tip diameter was found 

to be ~30 nm (Figure 3-1C). 

The length of the long axis for the base opening (Figure 3-2A) of the mica 

nanopores was found to be 330 (± 12) nm (which corresponds to an equivalent 

diameter of ~200 nm) based on the measurement of 25 pores.  Figure 3-2B shows a 

carbon replica of an asymmetric mica nanopore.  Based on the measurement of four 

such replicas, the pore length was found to be 9.0 (± 0.7) µm, which is in agreement 

with the membrane thickness (~10 µm).  Like the asymmetric PET pores, the cone 

angle for the asymmetric mica pores was determined to be 1–2o.  Again, similar to the 

asymmetric PET pores, tip size for the asymmetric mica pores was found to be ~30 nm 

(Figure 3-2C).  

Ion-Current Rectification Studies 

I–V responses of the membranes in an electrolyte of relatively high concentration 

(1 M KCl with 10 mM phosphate buffer at pH 7.4) are presented in Figure 3-3A.  In 

addition to the PET and mica membranes that contain single nanopores of similar 

geometry, results for a mica membrane that contains a single symmetric nanopore and 

a PET membrane that contains a larger asymmetric nanopore are also included for 

comparison.  Figure 3-3A shows that the asymmetric mica nanopore clearly rectifies 

ion-current in the electrolyte solution of high concentration.  Moreover, the current that 

passes through the asymmetric mica nanopore is higher than that which passes through 

the analogous asymmetric PET nanopore (of similar geometry).  Due to the fact that the 

PET membranes used in these studies are somewhat thicker than the mica membranes 

(12 µm compared to 10 µm), the mica nanopore is expected to exhibit a lower 
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resistance.  However, this resistance difference cannot completely explain the large 

difference between the current displayed by the mica and PET nanopores in Figure 3-

3A. 

With a transmembrane potential difference of +2 V, the asymmetric mica nanopore 

passes ~7 times more current than the PET nanopore of similar geometry.  For a 

transmembrane potential difference of -2 V, the difference in current is even more 

profound; the mica nanopore passes ~24 times more current than the PET nanopore.  

For this reason, results from a larger asymmetric PET nanopore were also included in 

Figure 3-3A for comparison.  The larger asymmetric PET nanopore was etched 

according to a previous report42 and was determined to possess a base opening of 520 

(± 45) nm and a tip opening of 38 (± 3) nm.  With positive potentials, this larger 

asymmetric PET nanopore passes a current that is similar to those presented by the 

asymmetric mica nanopore (Figure 3-3A).   

Ion-current rectification is often described in terms of the rectification ratio,54, 67 

which is simply the absolute value of the current at a potential of a given magnitude 

divided by the current at the potential of the same magnitude but opposite polarity (i.e., 

|I(-V)/I(+V)|).  The dependence of rectification ratio on applied transmembrane potential 

for the single-nanopore membranes used in this study is depicted in Figure 3-3B.  Of 

course, a rectification ratio of one is observed (as expected) at all potentials for the mica 

membrane that contains a single symmetric nanopore (Figure 3-3B).  The membranes 

that contain single asymmetric PET nanopores also yield rectification ratios near one 

throughout the selected potential range.  This too is expected as I–V curves obtained in 

1 M KCl are typically deemed to be linear enough such that the slope can be used to 
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determine tip size (Equation 1-2).39, 42 Only the asymmetric mica nanopore membrane 

exhibits rectification ratios much different than one (Figure 3-3B). 

I–V responses for the single-nanopore membranes in 0.1 M KCl with 10 mM 

phosphate buffer (pH 7.4) are presented in Figure 3-4A.  Again, the asymmetric mica 

nanopore passes higher currents than does the asymmetric PET nanopore of similar 

geometry.  At positive transmembrane potentials, the larger asymmetric PET pore 

passes currents that are similar to those exhibited by the asymmetric mica nanopore 

(Figure 3-4A).  However, at negative potentials the currents passed by the asymmetric 

mica nanopore are again much higher than any of the other pores used in these 

studies. 

Ion-current rectification ratios for the single-nanopore membranes in 0.1 M KCl 

with 10 mM phosphate buffer (pH 7.4) are shown as a function of potential in Figure 3-

4B.  As expected, the membrane that contains the single symmetric mica nanopore 

again produced a rectification ratio of approximately one for all potentials used in this 

study.  Both asymmetric PET nanopores rectify ion current to some degree.  However, 

the larger asymmetric PET nanopore rectifies ion current less than the smaller 

asymmetric PET nanopore.  The ion-current rectification ratio for the larger asymmetric 

PET nanopore is 3.3 (± 0.2) at 2 V, while the ion-current rectification ratio for the smaller 

asymmetric PET nanopore is 7.3 (± 0.1) at 2 V (Figure 3-4B).  The asymmetric mica 

nanopore is a better ion-current rectifier than the asymmetric PET nanopores and 

exhibits a rectification ratio of 23 (± 1) at 2 V (Figure 3-4B). 

The asymmetric mica nanopore was compared to an asymmetric PET nanopore of 

similar geometry in an attempt to attribute any differences in ion-current rectification to 
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differences in the cross-sectional opening shapes.  However, since ion-current 

rectification is related to pore geometry, surface charge, and electrolyte composition, it 

is difficult to determine exactly why the asymmetric mica nanopore displays better 

rectification capabilities.  Surface charge density for mica nanopores is governed by 

silanol groups on the pore walls, whereas surface charge density for PET nanopores is 

attributed to carboxylate groups.  Many researchers have used experimental methods 

and theoretical calculations to determine the surface charge densities of mica and PET.  

However, the values reported in literature for such quantities vary widely (Chapter 1).59, 

80, 81, 86, 118-120, 130-135  

For example, the surface charge density values reported for PET membranes 

using electrokinetic measurements (streaming current, streaming potential, and 

electroosmosis) range from -0.0133 e nm-2 to -0.125 e nm-2.131, 132, 135  Electrokinetic 

measurements on mica membranes have yielded surface charge density values in the 

range of -0.00625 e nm-2 to -0.0521 e nm-2.59, 86, 134  In contrast, pore conductivity 

measurements performed on PET membranes led to surface charge density values of 

approximately -0.5 e nm-2,130, 135 while similar measurements carried out on mica 

membranes resulted in surface charge density values that ranged from -0.031 e nm-2 to 

-0.106 e nm-2.59, 134   

The widely accepted118, 122, 123, 136, 137 surface charge density for PET membranes 

(-1 e nm-2) is higher than most experimentally determined values and was determined 

by PNP-based modeling of experimental data.115, 117, 120, 123  Several recent publications 

have shown that PNP theory predicts that ion-current rectification is highly dependent 

on pore geometry and surface charge distribution.117, 119, 123, 140  These findings seem to 
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undermine the certitude of the accepted PET surface charge density value (-1 e nm-2).  

PNP theory has not yet been used to model experimental I–V data for asymmetric mica 

nanopores. 

Zeta Potentials of Multi-Pore PET and Mica Membranes Measured by EOF 

In an attempt to obtain a more direct comparison between the surface charge 

densities of mica and PET nanopores, EOF experiments were used to determine the 

zeta (ζ) potentials of the pore walls for the two materials.  In accordance with previous 

studies,51, 186, 187, 189 electroosmotic flow velocities (veof) were measured by monitoring 

the current-assisted transport of a neutral molecule (phenol) through the membranes.  

Analogous experiments were completed in the absence of applied current to determine 

the rate of diffusion (Ndiff).  Ni (the rate of transport with applied current i) and Ndiff were 

used to calculate the enhancement factor, E:51, 189, 193 

 diffi NNE /=   (3-1) 

which was required to determine the Peclet number, Pe:51, 189, 193 

 
)1( Pee

PeE
−−

=  (3-2) 

The relationship between Pe and veof is51, 189, 193 

 
L

DPeveof =  (3-3) 

where D is the diffusion coefficient for phenol and L is the pore length (or, equivalently, 

the membrane thickness).  Finally, the ζ potential of the pore walls can be determined 

from the following equation:189 

 ηε ρ/Jζv appeof −=  (3-4) 



 

83 

where ε, ρ, and η are the permittivity, resistivity, and viscosity of the solution, 

respectively. 

For ζ potential measurements, PET and mica membranes that contained 

comparable symmetric pores and pore densities (~106 cm-2) were prepared.  Similarity 

between the PET and mica membranes was confirmed by comparing their I–V 

responses (Figure 3-5).  Typical phenol transport data generated with the PET and mica 

membranes are depicted in Figure 3-6. 

The diffusion transport rates of phenol through each membrane were very similar– 

0.21 (± 0.02) nmol min-1 with the mica membrane and 0.23 (± 0.02) nmol min-1 with the 

PET membrane.  However, the mica nanopore membrane displayed much higher EOF 

transport rates than those exhibited by the PET nanopore membrane (Figure 3-7).  

Electroosmotic flow velocities (Figure 3-8) were calculated from Equation 3-3 and 

phenol transport data (Figure 3-7).  It is again important to note that the PET 

membranes were slightly thicker than the mica membranes (~12 µm compared to ~10 

µm).  However, the difference in thickness cannot completely account for the difference 

in EOF velocity (Figure 3-8).  Since veof is proportional to ζ potential (Equation 3-4), 

these data seem to support the conclusion that the nanopores in mica possess higher a 

surface charge density than those in PET.  

To calculate ζ potential from Equation 3-4, the solution resistivity must be known.  

In this case, solution resistivity (ρ) was determined from the I–V responses of the 

membranes (Figure 3-5B).  Under the assumption that the pores behave as parallel 

resistors, ρ can be determined by invoking the equation for membrane conductance, G 

(Equation 1-2).  
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where n is the pore density (cm-2) and A is the area of the membrane (cm2) that 

contains pores and is exposed to solution (0.79 cm2 in these studies).  Therefore, the 

product nA gives the total number of pores through which current may be transported.  

L again refers to the membrane thickness, and d is the pore diameter (or equivalent 

diameter for mica pores – Equation 1-1).   

Due to the lower resistance of multi-pore membranes compared to single-pore 

membranes (that contain pores of comparable diameter), it is often necessary to 

compensate for the contribution of the cell resistance (resistance of the cell without the 

membrane present) to the measured resistance (inverse of conductance).  Here, this 

was done by obtaining I–V curves of the electrolyte solutions in the absence of any 

membrane.  Thus, G was determined by the experimentally measured quantities Gtotal 

(slope of the I–V curve obtained with the membrane in place) and Gcell (slope of the I–V 

curve obtained in the absence of any membrane). 
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G
−
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By noting that Japp is the applied current, Iapp, divided by the total pore area (the 

total number of pores multiplied by the area of a single pore), Equations 3-4 to 3-6 can 

be combined and rearranged to obtain the following relationship for ζ potential: 
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η
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−

=  (3-7) 

Gcell was found to be 205.7 (± 0.8) µS for the 10 mM phosphate buffer solution that was 

used for EOF experiments.  Gtotal obtained for the mica membrane was 46 (± 2) µS in 
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this same solution (Figure 3-5B), while Gtotal for the PET membrane was 53 (± 0.8) µS 

under the same conditions (Figure 3-5B).  

Values for ζ potential obtained with each applied current are collected in Table 3-

1.  The mica membrane exhibits a higher ζ potential than the PET membrane.  Using 

the slope of veof versus Iapp (Figure 3-8) in Equation 3-7, the ζ potential is -33 (± 6) mV 

for the mica membrane and -6 (± 1) mV for the PET membrane.     

Surface charge density σs can be estimated from ζ potential with the Gouy–

Chapman equation:106, 131, 132, 184  

 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
= −

Tk
eecN

B
As 2

sinh4 1 ζκσ  (3-8) 

where NA and c are the Avogadro constant and bulk concentration of the electrolyte, 

respectively; e is the elementary charge; κ-1 is the Debye length (Equation 1-3); kB and 

T are the Boltzmann constant and temperature, respectively.  Surface charge density 

values for the mica and PET membranes are collected in Table 3-1.  Using the ζ 

potentials determined by the slopes of the veof versus Iapp plots (Figure 3-8), the surface 

charge density values for the mica and PET membranes used in this study are -0.05 (± 

0.01) e nm-2 and -0.009 (± 0.001) e nm-2, respectively. 

The membranes used in this study possessed similar pore densities (~106 cm-2), 

exhibited similar I–V responses, and yielded similar diffusion transport rates.  Thus, 

these results suggest that the pore walls of mica nanopores are more highly charged 

than those of comparable PET nanopores.  However, the above analysis ignores pore 

shape and surface conductance effects.   



 

86 

Berezkin et al. employed an analogous strategy (to that which is described above) 

to calculate the surface charge densities of PET membranes with pores as small as 20 

nm in diameter.131  However, many authors have concluded that the above analysis is 

sufficient only when the ratio of pore radius to Debye length (also known as the 

dimensionless electrokinetic radius) κd/2 is >> 1.184, 194-201  This is because the electrical 

double-layer, which extends from the charged pore walls (Figure 1-13), overlaps inside 

the pores (to some extent) if the electrokinetic radius is ~1 or less.   

To determine the electrokinetric radii for the mica and PET membranes used in 

this study, pore sizes were determined by membrane conductance measurements 

(Equations 3-5 and 3-6).  For the mica membrane, the pore density was found to be 1.0 

(± 0.1) x 106 pores cm-2 by SEM measurements.  The pore density of the PET 

membrane was slightly larger at 2.8 (± 0.3) x 106 pores cm-2.  With this information, pore 

size can be estimated from the I–V curve obtained in 1 M KCl, pH 7.4 (Figure 3-5A) for 

each membrane (Equations 3-5 and 3-6).  By this analysis, the estimated diameter of a 

pore in the PET membrane is 24 (± 3) nm and the estimated equivalent diameter of a 

pore in the mica membrane is 55 (± 7) nm (meaning that the length of the long axis of 

the rhomboidal opening is 91 (± 12) nm).  Though it was difficult to image pores of such 

small dimensions, SEM images seem to correspond with the estimated sizes (Figure 3-

9).   

From these pore size measurements, the dimensionless electrokinetic radii (κd/2) 

are ~9 and ~4 for the mica and PET membranes, respectively.  Many researchers have 

suggested corrections to account for double-layer overlap in electrokinetic transport 

through small capillaries.184, 194-201  Employing a theory developed by Rice and 
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Whitehead,198 Déjardin et al. reported that the measured ζ potential is related to the true 

ζ potential (ζtrue) by132  
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I1 and I0 are the zero-order and first-order modified Bessel functions of the first kind, 

respectively; and ρ is the resistivity of the electrolyte.   

The bulk resistivity of the 10 mM PBS electrolyte was measured to be 6.8 Ω m 

with a conductivity meter (YSI, Yellow Springs, OH).  For the analyses here, however, ρ 

was calculated from I–V data (Figure 3-5B) and Equations 3-5 and 3-6.  The calculated 

ρ for the electrolyte in each membrane was lower than the measured bulk resistivity.  

These ρ values are 3.2 (± 0.5) Ω m and 1.2 (± 0.2) Ω m for the mica and PET 

membranes, respectively.   

According to Déjardin et al. 
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Truncation of the above series to the fourth order leads to approximations that deviate 

from the actual values by ~2 % or less for an electrokinetic radius less than ~3 (and 

even lower deviations for a larger electrokinetic radius value).132 

Values for ζtrue are determined by incorporating the measured ζ potentials (Table 

3-1) into Equations 3-9 to 3-12.  These values are assembled in Table 3-2.  Using the ζ 

potentials that were calculated from the slopes of veof versus Iapp plots (Figure 3-8), ζtrue 

values are -44 (± 7) mV and -11 (± 2) mV for the mica and PET membrane, 

respectively.  Corresponding surface charge density values (Equation 3-8) are -0.07 (± 

0.01) e nm-2 for the mica membrane and -0.016 (± 0.003) e nm-2 for the PET 

membrane.   

Again, the physical soundness of these values is difficult to ascertain due to the 

fact that pore shape effects are ignored in this analysis.  The surface charge density 

values reported for mica and PET membranes here are certainly within the limits 

reported in literature, where surface charge density values differ by at least an order of 

magnitude for each material (Chapter 1).  It is also conceded that these analyses are 

inherently deficient due to the relatively complex electrolyte used for these EOF studies 

(10 mM PBS).   

Most membrane transport theories simplify the Poisson–Boltzmann equation by 

assuming a symmetric (1:1) electrolyte.184, 197, 198  The Gouy–Chapman equation 

(Equation 3-8) is only truly valid for 1:1 electrolytes.  Furthermore, the Rice and 

Whitehead theory198 employed here (and previously132 by Déjardin et al.) is based on 

the Debye–Hückel approximation of Poisson–Boltzmann equation.  This approximation 

is deficient for high values of pore wall ζ potential (> 25 mV).194, 197, 202   
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Ion-Current Rectification of Oxidized Single-Pore PET Membranes 

It is difficult to determine whether differences in surface charge density or pore 

shape play a more important role in the differences between the ion-current rectification 

capabilities of asymmetric mica and PET nanopore membranes.  Therefore, an attempt 

was made to increase the surface charge density of single-pore PET membranes so 

that the effect of surface charge on ion-current rectification could be directly 

investigated.  Marchand-Brynaert et al. reported that the carboxylate density of track-

etched PET membranes could be increased from ~30 pmol cm-2 (which corresponds to 

a charge density of -0.18 e nm-2) to ~50 pmol cm-2 (-0.30 e nm-2) upon permanganate 

oxidation.80  Permanganate oxidizes alcohol chain ends that result from etching (Figure 

1-6) to carboxylate groups.    

Figure 3-10 shows the I–V response for an asymmetric PET nanopore (dbase ~520 

nm and dtip ~34 nm) before and after oxidation.  The nanopore clearly exhibits better 

ion-current rectification after oxidation.  Ion-current rectification ratios obtained in the 

lower concentration electrolyte (0.1 M KCl with 10 mM PBS) before and after oxidation 

are plotted in Figure 3-11.  Before oxidation the nanopore displays a rectification ratio of 

2.31 (± 0.01) at 2 V (Figure 3-11).  After oxidation the ion-current rectification ratio at 2 

V is 5.1 (± 0.2), more than two times higher than the pre-oxidation value.  

While the increase in ion-current rectification observed in Figures 3-10 and 3-11 is 

attributed to an increase in charge density due to oxidation of alcohol groups to 

carboxylates, it must be noted that this desired result was not always observed in 

single-pore membranes.  Figure 3-12 shows the I–V responses for three other single-

pore PET membranes obtained before and after oxidation.  Two pores used to obtain 

the data in Figure 3-12 possessed base (~520 nm) and tip (~32 nm and ~36 nm) 
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diameters (parts A-D of Figure 3-12) that were similar to those of the pore used in 

Figures 3-10 and 3-11.  Like the pore in Figure 3-10, these two pores show little change 

before and after oxidation in 1 M KCl with 10 mM PBS (Figure 3-12A and 3-12C).  

However, in 0.1 M KCl with 10 mM PBS, both pores show more of an increase in the 

“off” state current (current obtained at positive potentials) than was observed with the 

pore in Figures 3-10B and 3-11.  Consequently, oxidation only slightly increases the ion-

current rectification capabilities of these two pores (Figure 3-13A and 3-13B). 

Figures 3-12E and 3-12F depict data obtained for a larger asymmetric PET 

nanopore (dbase ~520 nm and dtip ~57 nm).  In contrast to the data obtained for the 

pores described above, the data obtained for this larger pore after oxidation show that a 

larger current was passed in the 1 M KCl with 10 mM PBS electrolyte (Figure 3-12E).  

However, lower currents were observed after oxidation for the 0.1 M KCl with 10 mM 

PBS electrolyte (Figure 3-12F).  Figure 3-13C shows that oxidation increased the ion-

current rectification capabilities of this larger pore. 

The reasons for the range of behaviors that were observed after oxidation are not 

immediately clear.  However, simulation studies have shown that ion-current 

rectification is sensitive to surface charge inhomogeneity.123, 203  Moreover, oxidation of 

the alcohol groups on PET with permanganate leads to the formation of manganese 

dioxide (due to the reduction of permanganate).80  Oxidized membranes became coated 

with this thin brown metal oxide film.  Though the manganese dioxide layer could be 

easily removed from the each face of the membrane by exposure to a dilute 

hydrochloric acid solution, successful removal of manganese dioxide from the pore wall 

is difficult to validate.  Moreover, the complexity of the oxidation reaction (due to the 
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inherent formation of manganese dioxide) may have contributed to irreproducibility 

issues.  Regardless, oxidized PET membranes that contained single asymmetric pores 

were still unable to match the ion-current rectification capabilities of the single 

asymmetric mica nanopore membrane (Figures 3-3 and 3-4). 

Ion-Current Rectification of Amine-Modified Single-Pore Mica Membranes 

Modification of the mica pore walls with an amine-silane imparts a more positive 

surface charge (Figure 3-14).  As depicted in Figure 3-14A, the modification of the 

single-pore mica membrane with an amine-silane led to a loss of rectification when the 

pH of the electrolyte solution was 7.4.  In this electrolyte solution, the rectification ratio 

at 2 V, |I(-2 V)/I(+2 V)|, was 22 (± 2) before modification and  11.5 (± 0.4) after 

modification (Figure 14A).  If the surface charge was completely converted from 

negative to positive after modification, one would expect the rectification ratio at 2 V to 

be 0.045 (or 1/22).141   

Though not all surface silanol groups appeared to become successfully modified 

with the amine from Figure 3-14A, the I–V response of the single-pore mica membrane 

in pH 2.0 (Figure 3-14B) shows that positive charge was definitely present on the 

membrane after amine modification.  In this electrolyte, the rectification ratio at 2 V was 

0.84 (± 0.05) before modification and  0.084 (± 0.04) after modification (Figure 3-14B).  

At pH 2.0, the surface charge is somewhat positive even before modification with the 

amine (as indicated by the rectification ratio < 1 described above).  The apparent 

positive surface charge of mica pores in solutions of pH < 4.5 has been previously 

noted134 and has been ascribed to the amphiprotic character of silanol groups (i.e., 

silanol groups may be protonated to yield SiOH2
+).191 
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Summary 

In order to take advantage of the ion-current rectification capabilities of single-pore 

membranes to develop sensors, it is desirable to produce such membranes that are 

able to rectify ion current to a high degree.  This permits changes in rectification to 

occur over a large scale, thus providing an adequate response range that would be 

required for a sensor.141  For example, if a pore exhibits a rectification ratio of 5, 

complete conversion of surface charge sign would result in a rectification ratio of 1/5 – a 

25 fold difference.141  This is preferred over the 4 fold difference that one would obtain 

(for the same complete charge conversion scenario) with a pore that initially exhibits a 

rectification ratio of 2.  

As shown in these studies, mica membranes that contain single asymmetric 

nanopores seem to exhibit better ion-current rectification capabilities than analogous 

asymmetric nanopores prepared in PET membranes.  Additionally, the crystalline 

structure of mica may offer advantages over the polymer PET.  For example, some 

authors have contended that PET nanopores often exhibit current fluctuations due to 

dangling polymer chain ends on the pore walls.66  It must also be noted, however, that 

nanopores produced in polyimide (Kapton) films by the track-etch method do not seem 

to suffer from such current fluctuations (presumably because the surface carboxylates 

that result upon etching polyimide are stabilized by the more rigid aromatic ring 

structure of the Kapton polymer chains66). 

Recently, Vlassiouk and Siwy have shown that the ion-current rectification 

capabilities of single asymmetric nanopores in PET can be enhanced by selective 

modification of portions of the pore walls.67  Diffusion-controlled modification143 of a 

portion of the pore wall with an amine group results in the formation of a bipolar 
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nanofluidic diode.  Bipolar nanofluidic diodes67, 141 exhibit ion-current rectification 

properties similar to those of the single asymmetric mica nanopore presented in these 

studies.  An analogous surface modification strategy based on silanization58, 59 may be 

developed to improve the already impressive ion-current rectification capabilities of 

asymmetric mica nanopores.  
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Figure 3-1.  SEM images of asymmetric nanopores etched in PET.  A) Image of a base 

opening.  B) Image of a gold replica of an asymmetric pore in PET.  C) Image 
of tip openings. 

 

 
Figure 3-2.  SEM images of asymmetric nanopores etched in mica.  A) Image of base 

openings.  B) Image of a carbon replica of an asymmetric pore in mica.  C) 
Image of a tip opening. 
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Figure 3-3.  I–V responses and rectification ratios for single-pore mica and PET 

membranes obtained in 1 M KCl, 10 mM PBS (pH 7.4).  A) Average I–V 
responses for asymmetric nanopores of similar geometry in mica (solid blue 
line) and PET (solid orange line).  I–V responses for membranes that contain 
a larger asymmetric PET nanopore (dashed orange line) and a symmetric 
mica nanopore (dashed blue line) are also shown for comparison.  B) 
Dependence of rectification ratio on transmembrane potential for asymmetric 
nanopores of similar geometry in mica (solid blue diamonds) and PET (solid 
orange squares).  Rectification ratios for membranes that contain a larger 
asymmetric PET nanopore (open orange squares) and a symmetric mica 
nanopore (open blue diamonds) are shown for comparison.  Error bars 
represent one standard deviation.  Measurements were performed in 
triplicate.    
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Figure 3-4.  I–V responses and rectification ratios for single-pore mica and PET 

membranes obtained in 0.1 M KCl, 10  mM PBS (pH 7.4).  A) Average I–V 
responses for asymmetric nanopores of similar geometry in mica (solid blue 
line) and PET (solid orange line).  I–V responses for membranes that contain 
a larger asymmetric PET nanopore (dashed orange line) and a symmetric 
mica nanopore (dashed blue line) are also shown for comparison.  B) 
Dependence of rectification ratio on transmembrane potential for asymmetric 
nanopores of similar geometry in mica (solid blue diamonds) and PET (solid 
orange squares).  Rectification ratios for membranes that contain a larger 
asymmetric PET nanopore (open orange squares) and a symmetric mica 
nanopore (open blue diamonds) are shown for comparison.  Error bars 
represent one standard deviation.  Measurements were performed in 
triplicate.    
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Figure 3-5.  I–V responses and rectification ratios for multi-pore mica and PET 

membranes used in the zeta potential studies.  A) Average I–V responses 
obtained in 1 M KCl with 10 mM PBS (pH 7.4) for mica (solid blue line) and 
PET (solid orange line) membranes that contain symmetric nanopores (~106 
cm-2).  B) Average I–V responses obtained in 10 mM PBS (pH 7.4) for mica 
(solid blue line) and PET (solid orange line) membranes that contain 
symmetric nanopores (~106 cm-2).   
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Figure 3-6.  Absorbance of the solution on the permeate side of the symmetric-pore 

(~106 cm-2) membranes used in the zeta potential studies.  A) Absorbance 
corresponding to phenol transport by EOF through the mica membrane.  B) 
Absorbance corresponding to phenol transport by EOF through the PET 
membrane. A transmembrane current of 100 µA was applied in each case.   
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Figure 3-7.  Translocation of phenol through the symmetric-pore (~106 cm-2) 

membranes used in the zeta potential studies.  A) Phenol transport through 
the mica membrane.  B) Phenol transport through the PET membrane.  Data 
are labeled with the corresponding transmembrane current used to assist 
transport.   
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Figure 3-8.  Effect of applied current on electroosmotic flow velocity through the 

symmetric-pore (~106 cm-2) membranes used in the zeta potential studies.  
Data for the mica (solid blue diamonds) and PET (solid orange squares) 
membranes are shown together.  Error bars represent one standard 
deviation.  At least three measurements of electrosmotic flow velocity were 
obtained with each current.     

 
Table 3-1.  Zeta potentials and surface charge densities for mica and PET membranes 

calculated from electroosmotic flow data. 
Current (µA) ζmica (mV) σmica (e nm-2) ζPET (mV) σPET (e nm-2) 

25 -37 (± 6) -0.06 (± 0.01) -10 (± 1) -0.014 (± 0.001)
50 -38 (± 6) -0.06 (± 0.01) -9.1 (± 0.9) -0.013 (± 0.001)
75 -39 (± 6) -0.06 (± 0.01) -8 (± 1) -0.011 (± 0.001)

100 -39 (± 6) -0.06 (± 0.01) -7.4 (± 0.9) -0.011 (± 0.001)
200 -35 (± 5) -0.054 (± 0.009) -6.0 (± 0.7) -0.009 (± 0.001)
300 -31 (± 5) -0.047 (± 0.009) -5.5 (± 0.7) -0.008 (± 0.001)

 
Table 3-2.  Corrected zeta potentials and surface charge densities for mica and PET 

membranes calculated from electroosmotic flow data. 
Current (µA) ζmica (mV) σmica (e nm-2) ζPET (mV) σPET (e nm-2) 

25 -49 (± 8) -0.08 (± 0.02) -18 (± 3) -0.026 (± 0.005)
50 -51 (± 8) -0.09 (± 0.02) -16 (± 3) -0.023 (± 0.005)
75 -52 (± 8) -0.09 (± 0.02) -15 (± 3) -0.022 (± 0.004)

100 -52 (± 8) -0.09 (± 0.02) -13 (± 2) -0.019 (± 0.003)
200 -46 (± 7) -0.08 (± 0.01) -11 (± 2) -0.016 (± 0.003)
300 -41 (± 6) -0.07 (± 0.01) -10 (± 2) -0.014 (± 0.003)
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Figure 3-9.  SEM images of the symmetric-pore (~106 cm-2) membranes used in the 

zeta potential studies.  A) Image of a small symmetric mica nanopore.  B) 
Image of a small symmetric PET nanopore. 

 
Figure 3-10.  I–V responses for a PET membrane that contains a single asymmetric 

nanopore before and after oxidation.  A) Average I–V responses obtained in 1 
M KCl with 10 mM PBS (pH 7.4) before (dotted line) and after (solid line) 
oxidation.  B) Average I–V responses obtained in 0.1 M KCl with 10 mM PBS 
(pH 7.4) before (dotted line) and after oxidation (solid line).   

 
Figure 3-11.  Ion-current rectification ratios for a PET membrane that contains a single 

asymmetric nanopore before and after oxidation.  Electrolyte solution is 0.1 M 
KCl with 10 mM PBS (see Figure 3-10B).  Open data points (triangles) 
correspond to data obtained before oxidation.  Filled data points (squares) 
correspond to data obtained after oxidation.  Error bars represent one 
standard deviation.  Measurements were performed in triplicate.  
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Figure 3-12.  I–V responses for three PET membranes that contain similar single 

asymmetric nanopores before and after oxidation.  Dotted lines correspond to 
responses obtained before oxidation.  Solid lines correspond to data obtained 
after oxidation.  The base diameter for each nanopore was ~520 nm.  The tip 
diameter for the nanopore used in A) and B) was ~32 nm; in C) and D) was 
~36 nm; and in E) and F) was ~57 nm.  A), C), E) Average I–V responses 
obtained in 1 M KCl with 10 mM PBS (pH 7.4).  B), D), F) Average I–V 
responses obtained in 0.1 M KCl with 10 mM PBS (pH 7.4).     
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Figure 3-13.  Ion-current rectification ratios for three PET membranes that contain 

similar single asymmetric nanopores before and after oxidation.  Electrolyte 
solution is 0.1 M KCl with 10 mM PBS (Figure 3-12B,D,F).  Open data points 
(triangles) correspond to data obtained before oxidation.  Filled data points 
(squares) correspond to data obtained after oxidation.  The base diameter for 
each nanopore was ~520 nm.  The tip diameter for the nanopore used in A) 
was ~32 nm; B) was ~36 nm; and C) was ~57 nm.  Error bars represent one 
standard deviation.  Measurements were performed in triplicate.   

 
Figure 3-14.  I–V responses for a mica membrane that contains a single asymmetric 

nanopore A) before and B) after surface modification with an amine.  Dotted 
lines correspond to responses obtained before amine modification.  Solid 
lines correspond to data obtained after amine modification.  Electrolyte 
solutions consisted of 0.1 M KCl with 10 mM phosphate buffer with pH A) 7.4 
and B) 2.0.  
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CHAPTER 4 
EFFECT OF TRANSMEMBRANE CURRENT ON ELECTROOSMOTIC FLOW 

RECTIFICATION IN PYRAMIDAL-PORE MICA MEMBRANES 

Motivation 

Recently, the interesting transport properties of conical nanopores have garnered 

much attention.  Due to the difference in cross-sectional area between each opening 

end of a conical nanopore, such pores may show a preference for the direction in which 

a transmembrane current flows.  In other words, the current flowing through a pore may 

be higher (or lower) depending not only on the magnitude of the transmembrane 

potential (as expected) but also the polarity.  This phenomenon, known as ion-current 

rectification,110 is characterized by an asymmetric current–potential response and has 

been the subject of several theoretical69, 111-113, 115-117, 120-123, 137, 140, 203, 204 and 

experimental52-56, 60-62, 64, 65, 69, 115, 125, 138, 179, 205 studies with conical nanopores. 

Electroosmotic flow (EOF) is an electrokinetic phenomenon that results when an 

ionic current passes through a channel or porous medium that contains excess surface 

charge.127, 185  Building on previous work,51 we show here the effect of applied 

transmembrane current on EOF through mica membranes that have asymmetric pores.  

Although nanopores in mica membranes possess rhomboidal (instead of circular) 

openings, we have previously described a method51 to produce mica pores that vary in 

cross-sectional area along their central axes.  The resulting pyramidal nanopores are 

analogous to conical nanopores in that they too exhibit ion-current rectifying capabilities 

(Chapter 3).  Moreover, we have shown that EOF through membranes containing such 

pores is also rectified.  Here, we investigate the effects of applied transmembrane 

current and membrane pore density on EOF rectification.  These studies have been 
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completed by monitoring the (transmembrane-current-assisted) transport rate of a small 

neutral molecule (phenol) across pyramidal-pore mica membranes. 

Experimental 

Materials 

Muscovite mica (KAl2(AlSi3)O10(OH)2) membranes (10 µm thick and 3 cm in 

diameter) were obtained from Spruce Pine Co. (Spruce Pine, NC).  Using the linear 

accelerator (UNILAC) at GSI (Darmstadt, Germany), these membranes were irradiated 

with heavy ions (11.4 MeV/nucleon) to induce damage tracks (~106–107 cm-2).  

Hydrofluoric acid (HF) used to etch the damage tracks was obtained from Acros 

Organics (Morris Plains, NJ).  For chemical vapor deposition of carbon, an 

ethylene/helium mixture (30% ethylene) was obtained from Praxair (Danbury, CT).  

Argon gas was supplied by Airgas South (Kennesaw, GA).  Phenol was obtained from 

Sigma-Aldrich (St. Louis, MO).  All other chemicals were reagent grade and used as 

received from Fisher Scientific (Fairlawn, NJ).  All solutions were prepared using water 

that was purified by passing house-distilled water through a Barnstead (Dubuque, IA) E-

pure water purification system. 

Etching Pyramidal Nanopores 

A previously described chemical etching method51 was used to develop the heavy-

ion induced damage tracks into pyramidal nanopores.  The etching method is 

analogous to those that have been used to prepare conical nanopores in polymer films 

by the track-etch method.39, 42, 66  Briefly, the mica membrane was placed between the 

two halves of an etching cell39 as described previously.51  One side of the membrane 

was exposed to a 20% (v/v) HF solution while the other side was in contact with 10 M 

NaOH.  Due to the design of the etching cell,42 the area of mica membrane exposed to 
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each solution was 0.79 cm2.  Platinum wire electrodes were placed in each solution, 

and a Keithley 6487 picoammeter/voltage source (Cleveland, OH) was used to apply a 

transmembrane potential of 10 V (with the anode in the HF solution) and measure the 

resulting current.  

HF preferentially etches mica along the damage track to create a pore that 

ultimately breaks through to the NaOH solution on the opposite side.  Breakthrough of 

the HF to the NaOH was detected by a sudden increase in the ionic current flowing 

through the membrane.  For the 10 µm-thick membranes used in these studies, 

breakthrough time was typically ~50 seconds.   

At room temperature (21 oC in these studies) NaOH does not etch mica at an 

appreciable rate, and it neutralizes the HF transported through the nascent pore from 

the etch solution.  As a result, each pore has a small opening (tip) at one face and a 

large opening (base) at the opposite face.  Because mica pores have a rhomboidal 

cross section,83, 85 these asymmetric pores are pyramidally shaped.   

A total etch time of 40 min was used, after which the etching and stopping 

solutions were removed, and the cell and mica membrane were rinsed with 1 M NaOH 

to quench etching.  The membranes were then rinsed with water and, for the 

electrochemical experiments, used immediately without removing from the etching cell.  

Membrane Characterization 

Base openings were imaged using a multimode atomic force microscope (AFM) 

with a Nanoscope IIIa controller (Digital Instruments, Santa Barbara, CA).  Adhesive 

tabs (Ted Pella, Redding, CA) were used to fasten pieces of etched membranes to AFM 

specimen discs (Ted Pella).  The AFM was operated in tapping mode with high aspect 
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ratio silicon-SPM-sensor tips (AR10-NCH-10, Nanosensors, Neuchatal, Switzerland).  

Images were recorded at a scan rate of 0.6 Hz.   

A Hitachi S-4000 field-emission scanning electron microscope (Tokyo, Japan) was 

also used to image the rhomboidal base and tip openings and to determine the pore 

density.  Etched membranes were fractured into small pieces and adhered to SEM 

specimen mounts (Ted Pella) using double-sided carbon tape (Ted Pella).  

Pore shape was investigated by using a template synthesis method9 to prepare 

replicas of the pores. This entailed chemical-vapor deposition (CVD) of carbon along 

the pore walls to make rhomboidal carbon nanotubes that mirror the pore shape.87  An 

etched membrane, supported on a quartz stand, was placed into a quartz tube 

(diameter = 4.5 cm, length = 48 cm).  The quartz tube was inserted into a high-

temperature tube furnace (Thermolyne 21100, Aldrich) and heated to 670 ºC under 

argon flow. The mica membrane was oriented such that the base openings faced the 

gas flow.   

When the temperature stabilized, carbon CVD was initiated.  The argon gas was 

replaced with a 30% ethylene/helium mixture at a flow rate of 20.0 sccm (standard cm3 

min-1). After 6 hours of carbon CVD, the flow was changed back to argon.  The furnace 

heater was turned off, and the tube was allowed to cool to room temperature.  The 

membrane was then dissolved in 50% HF to liberate the rhomboidal graphitic carbon 

nanotubes.51, 87  The resulting mixture was filtered onto a polycarbonate membrane with 

0.08 µm pores and was imaged from this surface. 

Pore density was measured by etching mica with 50% HF on both sides of the 

membrane to obtain pores with a rhomboidal cross section, but with the same 
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dimensions down the entire length of the pore; i.e., symmetrical pores.  Etch times of 15 

to 60 minutes were used to obtain large pore openings (long axis > 300 nm). These 

large openings allow for low magnification images (5000X or less) that show many 

openings in each image.  The pores in 5 or more such images were counted (> 35 

pores per image) and the average pore density was calculated. 

Prior to SEM imaging, all samples were sputtered with Au/Pd using a Denton 

Vacuum Desk II cold sputter instrument (Moorestown, NJ).  The sputtering current was 

~45 mA, the Ar pressure was 75 mTorr, and the sputtering time was 30 seconds. 

Measurement of Tip Size 

A solution that was 1 M in KCl and 10 mM in pH = 7.4 phosphate buffer was 

placed on both sides of the mica membrane.  A Ag/AgCl reference electrode 

(Bioanalytical Systems, West Lafayette, IN) was placed into each solution, and a 

current-voltage (I–V) curve (associated with ion transport through the pyramidal 

nanopores) was obtained using a Keithley 6487 picoammeter/voltage source.17, 42, 51 

The I–V curve was obtained by stepping the potential in 0.05 V increments from -2.0 V 

to +2.0 V; each step was 2 sec, and current was sampled at the end of each step.  

Similar to I–V curves for nanopores with conical shape,39 the I–V curves for the 

pyramidal nanopores studied here are linear when high ionic strength (~1 M) solutions 

are used.  The slope of the I–V curve is related to the ionic conductance, G (in 

Siemens), of the membrane (Equation 1-2).39  Since the membrane resistance (inverse 

of conductance) for multi-pore membranes only accounts for a portion of the total 

measured resistance, the slope must be corrected for the contribution of the cell 

resistance by measuring the conductance without the membrane present (Equation 3-
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6).83, 84  If base size and pore density are known, tip size can be determined by the 

following relationship:   

 
32

,,
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=  (4-1) 

where σ is the electrolyte bulk conductivity (0.107 S cm-1 as measured with a YSI 3200 

conductivity meter, Yellow Springs, OH); L is the pore length (membrane thickness); n is 

the pore density; and A is the area of mica membrane used (0.79 cm2).  

Because mica pores have a rhomboidal cross section, they have a long and short 

axis.  Since the major angle of the mica rhombus is ~120o,83, 84 the lengths of the two 

axes are related geometrically.  Thus, only the long axes appear in Equation 4-1; al,base 

and al,tip are the long-axis lengths for the base and tip openings, respectively.  Because 

al,base can be determined independently using scanning electron microscopy, Equation 

4-1 provides the tip size, al,tip, from the measured G value. This method is commonly 

used to determine the tip size of conical nanopores in polymeric membranes,8, 39, 42 and 

similar methods have been applied to mica membranes that contain multiple symmetric 

pores.83, 103, 206  

Ion-Current Rectification   

I–V curves for these experiments were obtained with 10 mM phosphate buffer 

solutions (pH 7.4) on both sides of the membrane.  At such low ionic strengths, 

asymmetric nanopores can show non-linear I–V curves – ion-current rectification.39, 51, 

118 I–V curves were obtained by stepping the potential every 2 seconds in 0.25 V 

increments from -10.0 V to +10.0 V.     
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EOF measurements   

In the EOF experiments, one face of the membrane was in contact with a “feed” 

solution that was 10 mM in phenol and 10 mM in the pH = 7.4 buffer.  The other face 

was in contact with only the buffer, the permeate solution.  The direction of EOF was 

always from feed to permeate, and as per prior work, the rate of transport of phenol into 

the permeate solution provides the electroosmotic velocity.51, 186, 187, 189  

A platinum wire electrode was placed in each solution, and a constant 

transmembrane current was supplied using a Solartron SI1287 electrochemcial 

interface (Hampshire, England).  Since the pore walls of the mica membrane carry 

negative surface charge,59, 134, 191 the direction of EOF was from anode to cathode.51  

Thus, the galvanostat was configured such that the working electrode (anode) was in 

the feed solution and the reference/counter electrode (cathode) was in the permeate. 

The area of mica membrane exposed to the buffer solutions was 0.79 cm2. 

The rate of phenol transport was obtained by measuring the absorbance of the 

permeate solution as a function of time.  This was accomplished by continuously 

pumping the permeate through a flow-through quartz UV cell using an Agilent 

(Waldbronn, Germany) 1FS peristaltic pump.  The UV absorbance of the phenol was 

measured at 270 nm using an Agilent 8453 UV-visible spectroscopy system.  A 

calibration curve was used to convert the measured absorbance values to the phenol 

concentration in the permeate.  

Results and Discussion 

Membrane Characterization 

Pore size and pore density for the membranes used in the EOF experiments were 

determined by SEM and AFM.  Figures 4-1A and 4-1B depict the base side of a 
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pyramidal-pore mica membrane.  The long axis of the base opening (al,base) was found 

to be 330 (± 12) nm (measurement of 25 pores).  The long axis of the tip opening (al,tip) 

was estimated to be ~30 nm from SEM images (Figure 4-1C) and 39 (± 3) nm by 

measuring the conductance of the membrane (Equation 4-1). 

A carbon replica of a mica nanopore is shown in Figure 4-1D.  As can be seen 

(Figure 4-1), the etching process results in asymmetric nanopores (cone angle 1–2o).  

The pore density was measured by counting a number of relatively large pores (> 300 

nm) under low magnification (Figure 4-2).  Membranes with pore densities of 1.0 (± 0.1) 

x 106 cm-2 (Figure 4-2A) and 9 (± 1) x 106 cm-2 (Figure 4-2B) were used for EOF 

studies.  These membranes are identified by their nominal pore densities (106 cm-2 and 

107 cm-2, respectively) for simplicity. 

Ion-Current Rectification Properties 

As can be seen by the asymmetric I–V curves in Figure 4-3, the etched pyramidal-

pore mica membranes clearly rectify ion current.  The shape of the I–V response is 

determined by the pore structure, surface charge, and electrolyte composition.  Since 

etching results in surface silanol groups that are deprotonated at pH > 4.5,134 the 

pyramidal-pore mica membranes in Figure 4-3 exhibit negative surface charge.  As 

previously stated, the reference electrode was in contact with the solution on the tip side 

of the membrane during the I–V measurements.  Therefore, a relatively large current 

(“on” state) is observed for negative transmembrane potentials, and a relatively small 

current (“off” state) is observed for positive transmembrane potentials (Chapter 1).  

Ion-current rectification is expected to result from the difference in electrolyte 

concentration (and hence resistivity) within the pores depending on the polarity of the 

applied potential (Chapter 1).69, 111-113, 115-117, 120-123, 137, 140, 203, 204  The dynamic 
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restructuring of the electrolyte solution within pores due to applied potential has recently 

been confirmed experimentally by Guerrette and Zhang.174  These authors have shown 

that ion-current rectification is scan-rate dependent, reasoning that the concentration of 

the electrolyte solution within the pores must be given time to increase or decrease in 

order to achieve maximum rectification.  The scan rate used for I–V curves in these 

studies is slow enough to allow the dynamic restructuring of the electrolyte solution 

within the pores and achieve maximum rectification.174 

The degree of ion-current rectification is typically characterized by the absolute 

value of the ratio of currents obtained at voltages of a given magnitude but opposite 

polarities (i.e., |I(-V)/I(+V)|).207  As shown in Figure 4-4, the ion-current rectification ratio 

is highest at large transmembrane potentials.  For the lower pore density (106 cm-2) 

membrane, the ion-current rectification ratio reaches 5.7 (± 0.4) at 10 V.  The higher 

pore density (107 cm-2) membrane yields a lower ion-current rectification ratio of 2.2 (± 

0.1) at 10 V. 

Since the lower pore density membrane comprises a greater percentage of the 

total resistance than does the higher pore density membrane,208 a better comparison of 

rectification capabilities may be made through measurements of membrane resistance 

(or conductance; Equation 4-1).  The resistance of the cell was measured by taking an 

I–V curve without any membrane in place (dotted line in Figure 4-3).  This resistance 

was found to be 4860 (± 19) Ω (inverse of the slope of the dotted line in Figure 4-3).   

The total resistance measured for the 106 pores cm-2 membrane in the “on” state 

was 6500 (± 130) Ω (inverse of the slope for negative potentials of the solid line in 

Figure 4-3).  Thus, the membrane resistance accounts for 25 (± 2)% of the total 
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resistance for the “on” state polarity.  The total resistance measured for the 106 pores 

cm-2 membrane in the “off” state was 39000 (± 2000) Ω (inverse of the slope for positive 

potentials of the solid line in Figure 4-3).  Therefore, the membrane resistance accounts 

for 88 (± 7)% of the total resistance for the “off” state polarity.  Thus, the ratio of 

membrane resistance (or conductance) measured for the “off” and “on” states is 21 (± 2) 

for the 106 pores cm-2 membrane.    

In contrast, the total resistance measured for the 107 pores cm-2 membrane in the 

“on” state was only 5390 (± 25) Ω  (inverse of the slope for negative potentials of the 

dashed line in Figure 4-3).  Thus, the membrane resistance only accounts for 9.8 (± 

0.6)% of the total resistance for the “on” state polarity.  The total resistance measured 

for the 107 pores cm-2 membrane in the “off” state was 12500 (± 698) Ω  (inverse of the 

slope for positive potentials of the solid line in Figure 4-3).  Therefore, in this case, the 

membrane resistance accounts for 61 (± 7)% of the total resistance for the “off” state 

polarity.  Consequently, the ratio of membrane resistance (or conductance) measured 

for the “off” and “on” states is 14 (± 2) for the 107 pores cm-2 membrane. 

Ion-current rectification is determined by the ratio of currents in the “on” and “off” 

states.  Since current is related to resistance, it is clear from the above analysis that the 

“on” state current is mostly determined by the cell resistance (resistance of the cell 

without the membrane in place) and not the membrane resistance for membranes with 

high pore densities.  This must lead to the loss of ion-current rectification for high 

porosity membranes.  However, even if the difference between pore density is 

accounted for by comparing the measured membrane resistances, the 106 pores cm-2 
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membrane still exhibits superior rectification capabilities (according to the membrane 

resistance ratios described above) than the 107 pores cm-2 membrane.   

Notice from Equation 4-1 that the membrane resistance (inverse of conductance) 

for the 106 pores cm-2 membrane is expected to be 10 times higher than that of the 107 

pores cm-2 membrane (assuming the electrolyte conductivity within the pores is the 

same for each membrane) due to the dependence of resistance on the number of 

pores.  However, the membrane resistance of the 106 pores cm-2 membrane is only 4.5 

(± 0.5) times higher than that of the 107 pores cm-2 membrane in the “off” state and only 

3.1 (± 0.3) times higher in the “on” state.  The resistance of the 107 pores cm-2 

membrane may be higher than expected due to a more extensive degree of pore 

overlap.   

When nanopore membranes (with charged pore walls) are exposed to an 

electrolyte of low bulk concentration (as is the case for the 10 mM phosphate buffer 

used in these studies), the electrolyte within the pores has been found to possess a 

higher conductivity (lower resistivity) than the bulk value.109  One may reasonably 

assume that pore overlap may lead to a decrease in conductivity (increase in resistivity) 

for the electroyte within overlapping pores compared to pores that do not overlap.  

Thus, the higher than expected resistance of the 107 pores cm-2 membrane (see above) 

can be explained due to the expectation that more extensive pore overlap occurs in 

higher pore density membranes.   

Ion-current rectification must decrease as pore density increases due to the 

increasing degree of pore overlap at high porosities.  Since the initial formation of 

damage tracks is a random process, pores are randomly located on the membrane after 
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etching.  Thus, as the pore density and pore size increase, the probability of pore 

overlap increases.  This problem has been described mathematically by several 

researchers.94, 209, 210 

Physical Pore Overlap in Multi-Pore Membranes 

Quinn et al. used the binomial distribution to deduce that the number of apertures 

formed by q overlapping single pores, m(q), in a membrane that initially contained n 

damage tracks can be estimated by94 
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where f is the pore area fraction that would result if all pores remained separate and 

distinct.  This is simply the product of the area of a single pore and the pore density. 

From Equation 4-2, it follows that the fraction of single pores is 
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and the fraction of apertures that overlap with one or more neighboring single pores is 
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Thus, for a mica membrane with a pore density of 106 cm-2 and al,base 330 nm (f ≈ 

0.00031), the percentage of openings that overlap with one or more neighboring single 

pores is ~0.13%.  Since the total area of the membrane that contained nanopores in 

these studies was 0.79 cm2, this small percentage corresponds to ~1000 pores of the 

total 7.85 x 105 pores present in the membrane.  For the higher pore density membrane 

(~107 cm-2) that was used (f ≈ 0.0028), the percentage of openings that overlap with one 
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or more neighboring single pores is ~1.1% or ~79,500 pores out of the total 7.07 x 106 

pores present in the membrane.   

This analysis is not exact since the probability of overlap is dependent on the 

number of overlapping apertures.94  For example, the area over which it is possible for 

three pores to overlap is slightly larger than the area over which it is possible for two 

pores to overlap.  However, few combinations of openings that overlap with two or more 

neighboring single pores are expected94 for the relatively small pore size and porosities 

used in these studies.  Therefore, the results obtained from Equation 4-4 can be 

considered a good estimate of physical pore overlap. 

John et al. later used a Poisson distribution to estimate that the probability of 

finding q randomly distributed holes in a given area (i.e., that q holes will overlap) is 

described by the following function:209 
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where f is again the pore area fraction that would result if all pores remained separate 

and distinct.  From Equation 4-5, one finds that the fraction of apertures that overlap 

with one or more neighboring pores is 
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In Equation 4-3 above, a is used to denote the total number of apertures such that 

the product of a and p(a) yields the expected number of pores with a given overlap 

value.  This ensures that the overlapping apertures are treated as separate pores 

instead of one large pore for counting purposes.  With Equation 4-6, the percentage of 
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pores that overlap with one or more neighboring single pores is again ~0.13% for the 

106 cm-2 pore density membrane and ~1.1% for the higher pore density membrane 

(~107 cm-2) used in these studies. 

Like Quinn et al.,94 John et al. state that Equation 4-5 gives only approximate 

probabilities for q > 2.  Since the area of possible overlap for three or more single pores 

is slightly larger than 4f,209 Equation 4-6 underestimates the expected percentage of 

apertures that overlap with two or more neighboring pores.  However, this 

underestimation is very slight209 as the probability of three or more pores overlapping is 

very small for membranes with low porosities and small pores.  

The above discussion only accounts for pores that are physically close enough to 

have merged during etching.  Though more pores overlap in the membrane with the 

higher pore density, the fraction is still too small to completely explain the large 

difference in ion-current rectification between the 106 pores cm-2 and 107 pores cm-2 

membranes used in these studies.  Therefore, neighboring pores separated by some 

short distance must have the ability to feel the effects of one another.  This observation 

is similar to previous results obtained for nanoelectrode ensembles (NEEs) prepared in 

track-etched membranes by the template-synthesis method.211  

Overlap of Diffusion Layers in Multi-Pore Membranes 

As Hulteen et al. showed in their investigation of gold NEEs, electrode density is 

critically important in determining the nature of the electrochemical response due to the 

extent of diffusion layer overlap.211  These researchers prepared several NEEs with 

varying electrode densities using porous polymer membranes as templates and 

conducted basic electrochemical experiments.  The electrochemical responses of each 

NEE were compared to that of a macroscopic electrode with an area equivalent to the 
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area of the membranes used in the experiments.  For a membrane with a large porosity 

and thus a high electrode density (~4 x 108 cm-2), the electrochemical response of the 

NEE was similar to that of the macroscopic electrode (i.e., the NEE behaved like one 

macroscopic electrode rather than a collection of individual nanoelectrodes).  This is 

because the large electrode density leads to the total overlap of the diffusion layers that 

result at each individual electrode element.   

For membranes with low electrode densities (~105 cm-2), the diffusion layers of 

neighboring electrode elements were completely isolated from one another.  This was 

confirmed by the pure-radial appearance of the electrochemical response (similar in 

appearance to the response of a single nanoelectrode).  Membranes with intermediate 

porosities gave intermediate responses.  However, membranes with 2 x 107 

nanoelectrodes cm-2 gave electrochemical responses that were closer in appearance to 

the total overlap case, whereas membranes with 2 x 106 nanoelectrodes cm-2 gave 

responses that were closer in appearance to the pure-radial case.   

This previous study seemed to suggest that most pores in lower pore density 

membranes (106 cm-2 or lower) are isolated enough from one another such that they 

retain the properties of single pores.  However, most pores in higher pore density 

membranes (107 cm-2 or higher) are close enough to one another such that their 

properties resemble those of larger pores.  These assertions are echoed in the 

dependence of the ion-current rectification on the pore density in these studies (Figures 

4-3 and 4-4). 

Aside from pore density, the membranes used in these studies may also be 

characterized in terms of the average (center-to-center) distance between pores212 (d = 
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0.5n-1/2, where n is pore density).  For the membranes used in these studies, this 

distance is 5.0 (± 0.3) µm for the 106 pores cm-2 membrane and 1.67 (± 0.09) µm the 

107 pores cm-2 membrane.  Again during their investigations of the electrochemical 

properties of NEEs, Hulteen et al. found that the diffusion layers of individual 

nanoelectrodes were completely isolated from one another when the average (center-

to-center) distance between the electrodes was 18 µm.211  The diffusion layers 

completely overlapped when the average distance between electrodes was 0.25 µm.  

For NEEs with an average distance between electrodes of 1.1 µm, diffusion layers 

largely overlapped.  In contrast, a larger average distance between electrodes of 3.5 µm 

led to mostly isolated diffusion layers.211  Thus, it is again reasonable that neighboring 

pores in the 107 pores cm-2 membrane experience the effects of one another to a 

greater extent than neighboring pores in the 106 pores cm-2 membrane, thereby 

explaining the diminished rectification capabilities of the higher pore density membrane 

(Figures 4-3 and 4-4).  

It is important to note that several researchers have suggested that the diffusion 

layer thickness in a NEE is equivalent to 6 times the radius of the average 

nanoelectrode.213, 214  Thus, the individual elements in NEEs must be separated by a 

distance of at least 12 times their radius in order to avoid diffusion layer overlap.213, 214  

Due to the small sizes of the pores (especially on the tip side) used in these studies, 

one may suspect that diffusion layer overlap may not be an important factor in the 

difference between the rectification capabilities of the high and low pore density 

membranes.  However, even researchers that have made this distinction about the 

diffusion layer thickness have noted that it is inconsistent with experimental data.213, 214   
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For example, Baker and Crooks213 as well as Koehne et al.214 reported that 

nanoelectrodes separated by an average distance of ~1.3 µm exhibited diffusion layer 

overlap even when the diffusion layer thickness was supposedly as low as 0.3 µm.  The 

authors of both studies attributed this discrepancy to the random placement of the 

nanoelectrodes in the NEEs, which leads to diffusion layer overlap for some neighboring 

nanoelectrodes.213, 214  The same random placement is shared by the pores in the 

membranes used in these studies.   

As others have reported, however, the apparent inconsistency between average 

electrode separation distance and diffusion layer overlap may be ascribed to the 

somewhat arbitrary assignment of the diffusion layer thickness.215, 216  The selected 

value of 6 times the radius of the nanoelectrode for the diffusion layer thickness is 

rooted in theoretical work by Saito, who showed that, for a circular electrode, the 

concentration of an electroactive species attains 90% of its bulk value at a distance of 

~6 times the radius of the electrode.217  Using 99% of the bulk concentration as a 

guideline, Lowe et al. commented that 2 to 4 µm of spacing is required between 

individual carbon nanopippettes (radius 10 to 20 nm) for independent diffusion regimes 

to be established.218  Furthermore, Davies and Compton have suggested that while 

Saito’s theoretical concentration profile is accurate for electrodes 10 µm in radius or 

larger, the theory significantly underestimates the diffusion layer thickness for smaller 

electrodes.215, 216  Davies and Compton estimated the diffusion layer thickness to be 6.2 

to 35 µm (for scan rates of 0.005 to 2 V s-1) for nanoelectrodes that are 100 nm radius 

and 2.5 to 10 µm (for scan rates of 0.005 to 2 V s-1) for nanoelectrodes that are 10 nm 

radius.215   
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Though the above analysis requires analogies to be drawn between nanoelectrode 

ensembles and the multi-pore membranes used in these studies, it is apparent that 

neighboring pores in higher pore density membranes are more likely to feel the effects 

of one another than neighboring pores in lower pore density membranes.  Since the 

conductivity of the electrolyte inside the pore is different from the bulk conductivity,109 it 

is expected that the ion concentration inside the pore is different than the bulk 

concentration.  Therefore, a concentration gradient, similar to that which is present for 

electroactive species in NEE experiments, must exist for ions in the nanopore 

membranes in these studies.  Concentration profiles for NEEs and multi-pore 

membranes may not be exactly the same due to differences in boundary conditions.  

However, diffusion layer overlap must also be experienced to some extent by the 

nanopore membranes used in these studies.   

The lower pore density (106 pores cm-2) membrane may rectify ion current more 

than the higher pore density (107 pores cm-2) membrane  because neighboring pores in 

the higher pore density membrane must not be isolated enough from one another.  

Since the degree of physical pore overlap is small in each membrane, the overlap of 

diffusion layers must contribute to the loss of rectification at higher porosity.  The 

overlap of diffusion layers most likely results in neighboring pores exhibiting properties 

that are more like larger pores and less like a collection of asymmetric nanopores.  This 

would explain the observation that the 107 pores cm-2 membrane was less effective at 

ion-current rectification than the 106 pores cm-2 membrane. 
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EOF Rectification Properties 

Previously, we found that pyramidal-pore mica membranes exhibit EOF 

rectification capabilities.51  This was rationalized by the dependence of the 

electroosmotic flow velocity, veof, on solution resistivity, ρ,189  

 ηε ρ/Jζv appeof −=  (4-7) 

where ε and η are the permittivity and viscosity of the solution, respectively; Japp is the 

constant applied current density; and ζ is the zeta potential of the pore wall.  As 

previously described,51 Equation 4-7 suggests that the high ρ of the “off” state will 

produce a high veof, and the low ρ of the “on” state will produce a low veof.  

It must be noted here that Equation 4-7 is an oversimplification of veof in the 

asymmetric-pore membranes used in these studies.  This is because the electric field 

within the pores is assumed to be constant in the derivation of Equation 4-7.51, 189  While 

this assumption is clearly not valid for the asymmetric pores studied here,17, 45, 111-113, 115, 

120 Equation 4-7 has been previously appied to asymmetric pores with the reasoning 

that its application can provide a highly averaged account of veof through the pores.51 

As in previous studies,51, 189 the rate of phenol transport for the linear steady-state 

response was used to calculate veof values for tip-to-base and base-to-tip translocation 

experiments.  For a given applied current, i, the rate of phenol transport, Ni, was 

calculated.  The rate of phenol diffusion, Ndiff, was also determined by completing 

analogous experiments in the absence of applied current.  Ni and Ndiff were used to 

calculate the enhancement factor, E,51, 189, 193  

 diffi NNE /=  (4-8) 

which was used to determine the Peclet number, Pe.193 
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where D is the diffusion coefficient for phenol and L is the membrane thickness. 

Figure 4-5 shows data obtained for a typical phenol translocation experiment.  The 

absorbance of the permeate side (tip side in Figure 4-5) was monitored over time while 

a current was applied to drive the phenol through the membrane from the feed side 

(base side in Figure 4-5).    

The effects of translocation direction and transmembrane current on the phenol 

transport rates are depicted in Figure 4-6.  When phenol was initially placed in the 

solution facing the side of the membrane with the larger base openings and driven by 

EOF (using the “off” state electrode polarity) toward the smaller tip side (base-to-tip 

translocation), the phenol transport rate was relatively high.  When phenol was initially 

present in the solution facing the side of the membrane with the smaller tip openings 

and driven by EOF (“on” state polarity) toward the larger base side (tip-to-base 

translocation), the phenol transport was relatively low.  

Recall that these results can be explained by Equation 4-7 since the “on” state 

electrode polarity applied during tip-to-base translocation results in a lower electrolyte 

resistivity within the pores; and, the “off” state electrode polarity applied during the base-

to-tip translocation results in a higher electrolyte resistivity within the pores.  Since veof is 

directly related resistivity (Equation 4-7), it is understandable that base-to-tip 

translocation experiments result in higher phenol transport rates than those obtained 
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during tip-to-base experiments (Figure 4-6).  Also as expected from Equation 4-7, 

phenol transport rate increases with increasing current (Figure 4-6 and Tables 4-1 and 

4-2).  This trend was found to be true for both tip-to-base and base-to-tip translocation 

experiments for both membranes (106 cm-2 and 107 cm-2 pore densities) used in these 

studies (Tables 4-1 and 4-2).   

The calculated values for veof are compiled in Tables 4-1 and 4-2.  The extent of 

EOF rectification, reof, defined as the veof for the “off” state polarity (base-to-tip 

translocation) divided by the veof for the “on” state polarity (tip-to-base translocation),51 

are also shown in Tables 4-1 and 4-2.  As depicted in Tables 4-1 and 4-2, reof increases 

with increasing current.  

It is interesting that reof appears to approach a maximum value.  For the lower pore 

density membrane (106 cm-2), reof reaches of maximum of 12.  The EOF rectification 

capabilities of the higher pore density membrane (107 cm-2) are expected to be limited 

by the same pore density effects (e.g., diffusion layer overlap) that limit the ion-current 

rectification (Figure 4-4).  For the higher pore density membrane (107 cm-2), the 

maximum reof is 6.   

As Equation 4-7 shows, veof  is also related to zeta potential and solution viscosity.  

These factors probably also change within the pores as current is driven through the 

membrane.  For example, zeta potential is related to surface charge, and Anderson et 

al. have shown that the surface charge on mica nanopore walls is dependent on 

electrolyte concentration.86, 134  Thus, reof may be limited by the effects of the pore wall 

zeta potential and electrolyte viscosity at large applied currents. 
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Summary 

The effects of pore density and applied current on the ion-current and 

electroosmotic flow rectification capabilities of pyramidal-pore mica membranes were 

investigated.  The extent of reof has been found to increase with increasing applied 

transmembrane current.  However, a maximum reof is attained with large applied 

currents.  This limit may be due to factors related to the electrolyte composition within 

the pores such as zeta potential and viscosity.  The membrane with the higher pore 

density (107 cm-2) used in these experiments was less effective at both ion-current 

rectification and electroosmotic flow rectification.  This is most likely due to the effects of 

neighboring pores on one another.  For example, overlapping diffusion layers of 

neighboring pores may lead to transport properties that more closely resemble those of 

a membrane with large pores rather than a collection of asymmetric nanopores. 
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Figure 4-1.  Images of asymmetric nanopores etched in mica.  A) AFM image of a base 

opening.  B) SEM image of base openings.  C) SEM image of a tip opening.  
D) SEM image of a carbon replica of an asymmetric mica nanopore. 

 

 
Figure 4-2.  SEM images of large pores used to determine membrane pore density.  A) 

Pores in a membrane with a nominal pore density of 106 pores cm-2.  B) 
Pores in a membrane with a nominal pore density of 107 pores cm-2.  
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Figure 4-3.  Current–voltage responses obtained in the presence and absence of 

pyramidal-pore mica membranes that display ion-current rectification.  All 
data were obtained with 10 mM phosphate buffer (pH 7.4).  Data for 
membranes with nominal pore densities of 106 cm-2 (solid line) and 107 cm-2 

(dashed line) are presented with data obtained with no membrane present 
(dotted line).  

 
Figure 4-4.  Rectification ratio shown as a function of transmembrane potential for 

pyramidal-pore (106 cm-2 blue diamonds and 107 cm-2 orange squares) mica 
membranes (in 10 mM phosphate buffer, pH 7.4).  Measurements were 
performed in triplicate.  Error bars represent one standard deviation.    
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Figure 4-5.  Absorbance of the solution on the permeate side of the pyramidal-pore (106 

cm-2) mica membrane.  Phenol was driven from the solution on the base side 
of the membrane to the solution on the tip side of the membrane with the 
application of 100 µA.   

 

Figure 4-6.  Translocation of phenol by EOF through a pyramidal-pore (106 cm-2) mica 
membrane using different transmembrane current values.  Open data points 
correspond to tip-to-base translocation while filled data points correspond to 
base-to-tip translocation.  Base-to-tip data are labeled with the 
transmembrane current that was used for each experiment.   
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Table 4-1.  Effect of applied transmembrane current on the electroosmotic flow of 
phenol, veof, and electroosmotic flow rectification ratio, reof for a 106 cm-2 
pyramidal-pore mica membrane. 

veof (mm/s) 
Current (µA) Tip-to-Base Base-to-Tip reof 

25 0.11 (± 0.01) 0.49 (± 0.06) 4.5 (± 0.8)
50 0.19 (± 0.02) 1.1 (± 0.1) 5.8 (± 0.9)
75 0.22 (± 0.02) 2.0 (± 0.2) 9 (± 1) 

100 0.24 (± 0.02) 2.8 (± 0.2) 12 (± 1) 
125 0.29 (± 0.03) 3.5 (± 0.4) 12 (± 2) 

 
Table 4-2.  Effect of applied transmembrane current on the electroosmotic flow of 

phenol, veof, and electroosmotic flow rectification ratio, reof for a 107 cm-2 
pyramidal-pore mica membrane. 

veof (mm/s) 
Current (µA) Tip-to-Base Base-to-Tip reof 

50 0.04 (± 0.01) 0.07 (± 0.03) 1.8 (± 0.9)
100 0.11 (± 0.02) 0.14 (± 0.04) 1.3 (± 0.4)
250 0.16 (± 0.02) 0.44 (± 0.08) 2.8 (± 0.7)
500 0.24 (± 0.03) 1.1 (± 0.2) 4.7 (± 0.9)
750 0.32 (± 0.04) 1.9 (± 0.4) 6 (± 1) 

1000 0.36 (± 0.05) 2.3 (± 0.3) 6 (± 1) 
 



 

130 

CHAPTER 5 
SELECTIVE TRANSPORT OF CHARGED SPECIES THROUGH ASYMMETRIC MICA 

NANOPORE MEMBRANES 

Motivation 

The Martin group has shown that membranes with a collection of monodisperse 

nanopores can be used to separate molecules based on differences in charge and 

size.145-149  Such membranes were prepared by electroless gold plating of polymer filter 

membranes to decrease the nanopore internal diameter (ID) to ~1 nm for small 

molecule separations and ~20–30 nm for protein separations.145-149  Further control over 

selectivity and transport properties was demonstrated by application of a potential to the 

gold layer146 or by chemisorption of a specific thiol molecule.147, 149 

Recently, Nguyen et al. have repeated the experiments of the Martin group using 

track-etched poly(ethylene terephthalate) (PET) membranes with cylindrical nanopores 

of ID < ~20 nm to separate small organic and protein analytes.219  Here, the size- and 

charge-based transport selectivity of a mica membrane that contains asymmetric 

nanopores is investigated. 

Experimental 

Materials 

Muscovite mica (KAl2(AlSi3)O10(OH)2) membranes (10 µm thick and 3 cm in 

diameter) were obtained from Spruce Pine Co. (Spruce Pine, NC).  Using the linear 

accelerator (UNILAC) at GSI (Darmstadt, Germany), these membranes were irradiated 

with heavy ions (11.4 MeV/nucleon) to induce damage tracks (~107 cm-2).  Hydrofluoric 

acid (HF) used to etch the damage tracks was obtained from Acros Organics (Morris 

Plains, NJ).  The porphyrins used for transport studies, phthalocyanine tetrasulfonic acid 

(PCTS) and meso-tetra(4-N,N,N-trimethylanilinium) porphine (MTMAP), were obtained 
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from Frontier Scientific (Logan, UT).  All other chemicals were reagent grade and used 

as received from Fisher Scientific (Fairlawn, NJ).  All solutions were prepared using 

water that was purified by passing house-distilled water through a Barnstead (Dubuque, 

IA) E-pure water purification system. 

Nanopore Membrane Preparation and Characterization 

The membrane used in this study was prepared and characterized in the same 

way as those that were used for the previously described EOF studies (Chapter 4).  

Since the etching conditions were the same as the membranes used in the EOF 

studies, al,base was 330 (± 12) nm (Chapter 4).  As described previously (Chapter 4), the 

pore density was 9 (± 1) x 106 cm-2.  Using the aforementioned membrane conductance 

based method (Equation 4-1),39, 83, 84 al,tip for the membrane was estimated to be 12 (± 

2) nm. 

Transport Experiments   

Transport experiments were performed in a manner analogous to the EOF 

experiments conducted for phenol transport (Chapter 4).  In the porphyrin transport 

experiments here, one face of the membrane was in contact with a “feed” solution that 

was 250 µM PCTS or 120 µM MTMAP and 10 mM in the pH = 7.4 buffer.  The other 

face was in contact with only the buffer, the permeate solution.   

A platinum wire electrode was placed in each solution, and a constant 

transmembrane current of 400 µA was supplied using a Solartron SI1287 

electrochemcial interface (Hampshire, England).  MTMAP is positively charged in the 

buffer due to the presence of quaternary amines (Figure 5-1A), whereas PCTS is 

negatively charged in solution due to the deprotonation of sulfonic acid groups (Figure 
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5-1B).  This means that MTMAP will move toward the cathode and PCTS toward the 

anode when a transmembrane current is supplied.  Therefore, the galvanostat was 

configured such that the working electrode (anode) was in the feed solution and the 

reference/counter electrode (cathode) was in the permeate for the MTMAP transport 

experiments.  PCTS transport experiments were conducted with the opposite electrode 

configuration, i.e., cathode in the feed solution and anode in the permeate. 

Since the pore walls of the mica membrane carry negative surface charge,59, 134, 

191 the direction of EOF was from anode to cathode.51  To determine if EOF was strong 

enough to carry the negatively charged PCTS through the membrane, additional PCTS 

transport experiments were conducted with the anode in the feed solution and the 

cathode in the permeate.  The area of mica membrane exposed to the buffer solutions 

was 0.79 cm2 in each transport experiment. 

The amount of MTMAP or PCTS transport was obtained by measuring the 

absorbance of the permeate solution as a function of time.  This was accomplished by 

continuously pumping the permeate through a flow-through quartz UV cell with an 

Agilent 1FS peristaltic pump (Waldbronn, Germany). The absorbance was measured at 

412 nm for MTMAP and 327 nm for PCTS (Figure 5-2) using an Agilent 8453 UV-visible 

spectroscopy system.  Calibration curves were used to convert the measured 

absorbance values to the phenol concentration in the permeate. 

The limitations of the spectroscopy system were determined by measuring the 

absorbance spectrum of the buffer solution 25 times over a span of three months.  The 

average and standard deviation of this blank was determined at 327 nm and 412 nm.  

The lowest distinguishable analytical signal (the sum of the mean blank signal and 3 
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times the standard deviation of the blank220) was found to be 0.00043 AU (arbitrary 

units) at both 327 and 412 nm.  This is the signal for the limit of detection (or LOD: the 

minimum amount of analyte that can be detected at a known confidence level220), which 

is calculated as 3 times the standard deviation of the blank divided by the slope of the 

calibration curve.220  The lowest signal at which quantitative measurements can be 

made (the sum of the mean blank signal and 10 times the standard deviation of the 

blank220) was found to be 0.0015 AU at both 327 and 412 nm.  This is the signal for the 

limit of quantitation (or LOQ: the lowest amount of analyte at which quantitative 

measurments can be made220), which is calculated as 10 times the standard deviation 

of the blank divided by the slope of the calibration curve.220 

Ion-Current Rectification   

To qualitatively investigate the possibility of MTMAP or PCTS adsorption, I–V 

curves were measured before and after the membrane was exposed to MTMAP or 

PCTS.  MTMAP or PCTS was placed in contact with the base side of the membrane for 

35 minutes and allowed to transport through the pores by diffusion.  Though the 

absorbance signal was less than the signal for the limit of quantitation (0.0015 AU), the 

MTMAP or PCTS and permeate solutions were removed and the solution chambers 

were rinsed with water.  Buffer solution (10 mM phosphate buffer, pH 7.4) was then 

placed on each side of the membrane and I–V curves were taken by stepping the 

potential every 2 seconds in 0.25 V increments from -10.0 V to +10.0 V using a Keithley 

6487 picoammeter/voltage source (Cleveland, OH).  The membrane was then rinsed 

with 1 M HCl followed by 1 M NaOH and purified water to remove MTMAP or PCTS.  I–

V curves were also taken after this washing step.  
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Results and Discussion 

Transport of a Positively Charged Porphyrin 

The positively charged porphyrin (MTMAP) was more readily transported from tip-

to-base than base-to-tip (Figure 5-3).  The amount of MTMAP transported from tip-to-

base was ~15 times higher than the amount transported from base-to-tip (Figure 5-4).  

This observation stands in stark contrast to the transport data obtained for phenol 

(Chapter 4), which showed that the neutral molecule was more readily transported from 

base-to-tip than tip-to-base.  The different preferences in transport direction may be 

attributed to the differences in the size and/or charge of the two species. 

MTMAP is larger than phenol; thus, it may be possible that MTMAP can more 

effectively block the pores when transported from the base side of the membrane to the 

tip side, thereby limiting further transfer of MTMAP across the membrane.  This effect 

was previously reported by Shaw et al. who used diffusion simulations and experiments 

involving the transport of macroscopic glass beads (1 mm) through a metal membrane 

with asymmetric apertures.221  

Shaw et al. showed that, if the analyte is similar in size to the smaller end of the 

aperture, the openings will tend to become blocked when the analyte is transported 

from the side with the larger openings to the side with the smaller openings (base-to-tip 

transport).  This is because much analyte will be able to enter the apertures through the 

larger openings, but a limited amount of analyte will be able to exit through the smaller 

opening.221  Blockage of the apertures limits transport by preventing further diffusion of 

analyte.  When diffusion occurs from the side of the membrane with the smaller 

openings to the side with the larger openings (tip-to-base transport), permanent 
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aperture blockage is less likely.221  Thus, higher transport rates are observed when the 

direction of translocation is from tip-to-base rather than base-to-tip.   

In order to validate the supposition that analyte size may play a role in the 

differences between the transport of MTMAP and phenol, the pore and molecule sizes 

must be compared.  In these studies, al,base was 330 (± 12) nm and al,tip was 12 (± 2) 

nm.  The rhomboidal openings of the mica pores for these studies may be better 

characterized by invoking the inscribed circle (incircle) of the aperture (Figure 5-5).  The 

incircle of a polygon is tangent to each of its sides and is characterized by its radius 

(inradius or rincircle in Figure 5-5) and center (incenter).222   

Simple geometric arguments (i.e., the incenter lies at the intersection of the long 

and short axes of the rhombus and the incircle is tangent to each side of the rhombus) 

can be used to show that the inradius is given by 

 
2
,

2
,

,,

2 baseltipl

baseltipl
incircle

aa

aa
r

+
=  (5-1) 

Since the major angle of the mica rhombus is ~120o,83, 84 the lengths of the two axes are 

related geometrically (al,base ≈ al,tip√3).  Therefore, rincircle is al,base/4.  Thus, rincircle,base and 

rincircle,tip for the pores in the membrane used in these studies were 83 (± 3) nm and 3.0  

(± 0.5) nm, respectively.  If the analyte species transported through the pores are 

assumed to be spherical in shape, the largest analyte that would be able to traverse the 

base opening is 165 (± 6) nm in diameter, whereas the largest analyte that would be 

able to traverse the tip opening is 6 (± 1) nm in diameter.  (Note that this analysis does 

not take into account any consideration of the electrical double-layer that must exist 
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inside the pore due to the charged walls.  The Debye length is ~3 nm for the 10 mM 

buffer used in these studies.)    

The size of the porphyrins used in these studies was ~2 nm.24  Since MTMAP is 

similar in size to the small tip opening, it is plausible that MTMAP may block the tip 

when traversing the pore from base-to-tip, thereby limiting transport in this direction 

(Figures 5-3 and 5-4).  Though the tip openings of the pores in the membrane used in 

these studies were found to be smaller than those used in the phenol transport studies 

(Chapter 4), it is likely that phenol is small enough to avoid blocking the pores (and, 

consequently, not experience low base-to-tip transport).  The length of a carbon–carbon 

bond in benzene is ~140 pm (0.14 nm),223 and the size of phenol has been estimated to 

be ~0.5 nm.224  Thus, it is reasonable that phenol is not able to block the tip when 

traversing the pore from base-to-tip.   

The supposition that phenol is too small to effectively block the tip was confirmed 

experimentally by repeating EOF transport of phenol experiments (Chapter 4) with the 

same membrane used here for the porphyrin studies (Figure 5-6).  Just like the 

membranes used in previous phenol transport studies (Chapter 4), this membrane 

showed higher transport of phenol from base-to-tip and lower phenol transport from tip-

to-base (Figure 5-6).  As was previously explained (Chapter 4), more phenol is 

expected to be transported from base-to-tip than from tip-to-base due to the 

dependence of electrolyte resisivity (within the pores) on the polarity of the applied 

potential.  However, Shaw et al. also found that when an analyte is sufficiently smaller 

than the limiting opening of an asymmetric aperture, the diffusion rate will be higher 

when the analyte is transported from the larger opening to the smaller opening (base-to-
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tip).221  This is because, by entering the aperture from the large opening and moving 

toward the small opening, the analyte’s trajectory becomes focused toward the small 

opening end.221 

Another reason that may explain the difference between the directional 

preferences in transport for MTMAP and phenol may lie in the difference in the charge 

of the two species.  MTMAP is positively charged, while phenol is neutral in the 

electrolyte solution.  I–V curves measured before and after the membrane was exposed 

to MTMAP (Figure 5-7) suggest that some adsorption of MTMAP does occur during the 

course of the transport experiments.   

The increase in rectification ratio after exposure to MTMAP (Figure 5-7B) is 

possibly indicative of the formation of a bipolar diode (i.e., part of pore wall is positively 

charged and part is negatively charged).67, 141  Rinsing the membrane with 1 M HCl 

followed by 1 M NaOH and purified water removed adsorbed MTMAP and returned the 

rectification properties of the mica membrane to those observed for the freshly etched 

state (Figure 5-7).  The adsorption and intercalation of porphyrins in mica225 and 

montmorillonite226, 227 (another phyllosilicate group of minerals) have been previously 

reported.   

Transport of a Negatively Charged Porphyrin 

Absorbance measurements indicated that very little of the negatively charged 

porphyrin (PCTS) was transported through the membrane during the course of the 

experiments (Figure 5-8).  In fact, the absorbance signal was generally less than the 

lowest signal required for quantitative measurements (0.0015 AU) in the time scale of 

the transport experiments (Figure 5-8).  Thus, ~400 pmol (the LOQ) or less PCTS was 

transported for both base-to-tip and tip-to-base experiments.  In contrast, the lowest 
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amount of MTMAP transported was ~630 pmol (~19 times higher than the LOQ for 

MTMAP), which was observed for base-to-tip transport (Figure 5-4). 

When transport experiments for PCTS were conducted with the opposite electrode 

polarity (i.e., with the anode located in the feed side and cathode in the permeate side 

to test if PCTS could be transported by EOF), even lower absorbance signals 

(indistinguishable from background) were measured.  I–V curves measured before and 

after exposure to PCTS were virtually the same (Figure 5-9A).  Thus, adsorption of 

PCTS on the mica pore walls was not indicated by ion-current rectification 

measurements (Figure 5-9B).  

Summary 

The mica membrane with asymmetric pores used in this study did appear to 

selectively transport the positively charged porphyrin over the negatively charged 

porphyrin.  This selectivity may be attributed to the small size of the tip openings and 

the negative surface charge on the pore walls generated by deprotonated silanol 

groups.  Interestingly, more MTMAP was transported from tip-to-base than base-to-tip, 

which is directly opposite to the transport preference observed for the smaller neutral 

molecule phenol (Chapter 4 and Figure 5-6).  The large size and/or charge of MTMAP 

may lead to blockage of the pores during base-to-tip transport, thus decreasing the 

transport rate in this direction.  



 

139 

 
Figure 5-1.  Chemical structures of the ionic porphyrins used in selective transport 

studies.  A) MTMAP.  B) PCTS. 

 

 
Figure 5-2.  Absorbance spectra for the porphyrins used in the selective transport 

studies.  The dotted line was obtained for a solution of 10 µM PCTS, and the 
solid line was obtained for a solution of 1 µM MTMAP.  Both solutions were 
prepared using 10 mM phosphate buffer (pH 7.4). 
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Figure 5-3.  Absorbance of the permeate solution monitored during the transport of 

MTMAP.  A) Base-to-tip transport.  B) Tip-to-base transport. 

 

 
Figure 5-4.  Amount of MTMAP detected in the permeate solution during the course of 

transport studies.  Data for base-to-tip (solid diamonds) and tip-to-base (open 
diamonds) are shown. 
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Figure 5-5.  Depiction of the incircle of a rhombus. 

 
Figure 5-6.  Translocation of phenol by EOF through a pyramidal-pore (107 cm-2) mica 

membrane using different transmembrane current values.  Open data points 
correspond to tip-to-base translocation while filled data points correspond to 
base-to-tip translocation.  Base-to-tip data are labeled with the 
transmembrane current that was used for each experiment.  (Note that the 
data for base-to-tip transport with 50 µA (solid gray circles) overlap with the 
data for tip-to-base transport with 100 µA (open blue diamonds).)   
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Figure 5-7.  I–V curves and rectification ratios for a mica membrane with asymmetric 

pores (107 cm-2) before and after exposure to MTMAP.  A) I–V curves 
obtained in 10 mM phosphate buffer (pH 7.4) after etching (solid line); one 
month after etching (dotted line); after first exposure to MTMAP (open 
triangles); after washing with 1 M HCl followed by 1 M NaOH and water to 
remove adsorbed MTMAP from first exposure (gray +s); after second 
exposure to MTMAP (open squares); and after washing with 1 M HCl followed 
by 1 M NaOH and water to remove adsorbed MTMAP from second exposure 
(gray Xs).  B) Rectification ratios at 10 V for each I–V response in part A.  
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Figure 5-8.  Absorbance of the permeate solution monitored during the transport of 

PCTS.  A) Base-to-tip transport.  B) Tip-to-base transport. 

 

 
Figure 5-9.  I–V curves and rectification ratios for a mica membrane with asymmetric 

pores (107 cm-2) before and after exposure to PCTS.  A) I–V curves obtained 
in 10 mM phosphate buffer (pH 7.4) after etching (solid line); one month after 
etching (dotted line); after exposure to PCTS (open triangles); after washing 
with 1 M HCl followed by 1 M NaOH and water to remove adsorbed PCTS 
from exposure (gray +s).  B) Rectification ratios at 10 V for each I–V response 
in part A.  
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CHAPTER 6 

CONCLUSIONS 

Resistive-Pulse Sensing 

Single asymmetric nanopores were produced in PET membranes to serve as 

platforms for the single-molecule sensing technique known as resistive-pulse sensing.  

These nanopores were modified with a molecular recognition agent (folate) in an 

attempt to improve the selectivity of the sensing method for a particular analyte (folate-

binding protein).  Surface modification was qualitatively verified by observing changes in 

the pore wall surface charge through differences in ion-current rectification manifested 

in the I–V responses.   

Though a wide range was encountered in both current pulse duration and 

magnitude, the data led to some interesting observations.  Long-lived events were more 

persistent with lower applied transmembrane potentials.  Also, by applying potential 

pulses of alternating polarity, long-lived events could be disrupted.  These results seem 

to suggest that the applied potential and resulting electric field can affect the binding 

interaction between FBP and folate.  It is also interesting that FBP has been reported to 

undergo a conformation change upon binding to folate.173  This may help explain the 

wide range of current pulse characteristics that were observed here in this study. 

Ion-Current Rectification 

Single asymmetric nanopores were produced in PET and mica membranes to 

explore the differences in the ion-current rectification capabilities between pores in 

these materials.  Mica nanopores prepared by the track-etch method exhibit rhomboidal 

cross-sectional openings, while PET nanopores possess circular openings.  An 

asymmetric mica nanopore proved to be more impressive at ion-current rectification 
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than an analogous asymmetric PET nanopore.  This observation may be attributed to 

differences in cross-sectional opening, pore surface charge, other transport or 

geometric factors, or a combination of all of these aspects.   

Widely varying reports have been encountered in literature for the surface charge 

density values of nanopores in the two materials.  Zeta potential measurements 

performed here seem to suggest that mica nanopores possess a higher surface charge 

than PET nanopores.  However, this analysis ignores the cross-sectional shape of the 

pores.  Moreover, electrokinetic transport in nanopores is often complicated by the 

structure and effects of the electrical double-layer.   

Surface charge (and, thus, the ion-current rectification capability) of single 

asymmetric PET nanopores was increased by oxidation with permanganate.  However, 

success was variable.  Even with surface charge enhancement, the ion-current 

rectification capabilities of PET nanopores did not approach those of the asymmetric 

mica nanopore.  The effects of surface charge alterations on the ion-current rectification 

properties of a single asymmetric nanopore in mica were also explored.  Successful 

modification of mica pore walls with an amine-silane was verified by changes in the 

measured I–V response.  

Electroosmotic Flow Rectification 

Electroosmotic flow rectification was observed to occur in mica membranes that 

contained asymmetric nanopores.  The extent of this phenomenon was determined by 

monitoring the current-assisted transport of a neutral reporter molecule (phenol) through 

multi-pore membranes.  Electroosmotic flow rectification, like ion-current rectification, 

seems to occur because electrolyte composition inside the asymmetric pores is highly 

dependent on the polarity of the applied potential.  Effects of applied current and 
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membrane pore density on the phenomenon were explored.  The higher pore density 

membrane here displayed a lower capacity for electroosmotic flow and ion-current 

rectification.  This observation could be elucidated by the supposition that overlap of the 

diffusion layers of neighboring pores occurs to a larger extent in the higher pore density 

membrane. 

Selective Transport 

The size- and charge-based selective transport properties of mica membranes that 

contained asymmetric nanopores were investigated.  The mica membrane transported a 

positively charged porphyrin at a higher rate than a negatively charged porphyrin, 

presumably because of the small size of the tip opening and the negative surface 

charge presented by silanol groups on the pore walls.  Interestingly, the transport rate 

was higher for the positively charged porphyrin when this analyte was transported from 

the solution on the tip side of the membrane to the solution on the base side of the 

membrane (tip-to-base transport).  This observation was in direct opposition to the 

preferred transport direction of the smaller neutral phenol molecule (i.e., the base-to-tip 

phenol transport rate was higher than the tip-to-base transport rate).  The larger size 

and possible electrostatic interaction with the pore wall for the positively charged 

porphyrin may have led to pore blockage during base-to-tip transport, thus explaining 

the lower transport rate.  
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