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ABSTRACT OF THE DISSERTATION 

 

Nanopores and Micropores as Tools for Biomimetics and Biotechnology 

 

By 

 

Laura Michele Innes 

 

Doctor of Philosophy in Physics 

 

 University of California, Irvine, 2015 

 

Professor Zuzanna Siwy, Chair 

 

 Nanopores and micropores are of great interest as tools in biomimetics and biotechnology. 

Pores used in this study were prepared by the track-etching technique in polymer foils of 

polyethylene terephthalate and polycarbonate. Opening diameter of these pores can be tuned from 

a few nanometers up to tens of micrometers. Nanopores in polyethylene terephthalate were used 

as a model system for understanding hydrophobic interactions at the nanoscale. Walls of these 

pores were decorated with alkyl chains of varying length between three and ten carbon atoms. We 

show that hydrophobic interactions are not only tuned by the pore opening diameter, but also type 

of chemical modification and electrolyte ionic strength. More concentrated solutions favored 

wetting of the pores so that finite ion current could be recorded. We also used micrometer sized 

pores in polyethylene terephthalate and polycarbonate pores as a tool for detecting microspheres 

and biological cells. We focused on the influence of local diameter undulations of the pores on the 

object transport. We found that rough forms feature local pressure gradients, which can be used to 
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probe mechanical properties of translocating objects. Potential application of such pores for 

detecting circulating tumor cells is discussed.       
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Chapter 1 

Introduction 

 

Nanopores and micropores are of great utility to the scientific community. They can be 

used as tools to study ionic and molecular transport at the nano and microscale, as sensors for 

biomolecules and even as mimics of biological channels in a cell membrane [1], [2].  Though 

similar in design, nano and micropores lend themselves to completely different applications by 

virtue of their size. Micropores have been used extensively to detect and characterize biological 

structures such as cells while nanopores have been used to study ions and molecules. 

Biological channels offer superior control over the flow of ions and water, something that 

scientists have been attempting to duplicate with man-made systems. Many biological channels 

use hydrophobic residues to control these flows [3], [4]. Thus an understanding of hydrophobic 

interactions on the nanoscale is important and nanopores offer a tool to study these interactions. 

The control of water, ions and molecules at nanoscale is important for the creation of on demand 

drug delivery systems, nonlinear circuits and biosensors [5], [6]. 

Micropores have been used for many years as a template for the detection of biological 

cells, as with the Coulter counter technique used to analyze blood samples [7]. Progress in 

microfabrication has allowed for the creation of pores with different geometrical properties, which 

induce interesting and non-trivial fluid flows [8]. These nontrivial flows expand the capabilities of 

the micropore system for fluid control. Objects in the flow can now be characterized based on 

physical properties such as size, shape, and even mechanical properties.  

This line of research is especially interesting for probing biological cells.  Abnormal 

physical properties of cells can be indicative of disease, such as the shape of the red blood cells in 
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sickle cell anemia or the increased rigidity of red blood cells in malaria [9], [10]. There is also a 

growing interest in correlating physical properties of cancer cells with their malignancy. Cancer 

cells have already been shown to be larger than other cells in the blood [11] and squishier than 

healthy cells;  increased squishiness was correlated with increased metastatic potential of the cells 

[12]. Cancer cells can also have a different response to external electric field. For example, the 

more metastatic prostate and breast cancer cells were found to have higher motility in an applied 

electric field [13]. Finally cancer cells have a different shape than benign cells [14].  These features 

may allow for the design of a microfluidic device capable of characterizing the physical properties 

of individual cells with applications in cancer diagnosis and therapy.   

1.1  Hydrophobicity in Biological Channels and Synthetic Mimics  

Mechanisms for the regulation of transport in biological and synthetic nanopores can be 

grouped into three different categories, based on steric, electrostatic, and hydrophobic interactions 

[15]. Steric interactions allow channels to exclude molecules or ions based on their size. Thus only 

ions or molecules small enough too sterically fit into the constriction can pass through, similar to 

a mechanism of a molecular sieve. Electrostatic interactions exclude ions and molecules based on 

their charge. A channel with positive surface charges will primarily transport negative species, 

rejecting the positive ones. Similarly, a negative channel will transport mostly positive ions or 

molecules. Hydrophobic interactions, which will be the focus of this thesis, hinder the transport of 

water and any species dissolved in it. 

Hydrophobic interactions are used in some biological channels to control water and ion 

transport [16]. This mechanism in mechanosensitive channels has been known for some time, 

while it is a recent discovery in voltage-gated potassium channels [4]. Though, mechanosensitive 

channels open and close with mechanical stress in the membrane and voltage-gated potassium 
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channels open and close with trans-membrane voltage, they both use hydrophobic residues to help 

control the flow of water. In a mechanosensitive channel, specifically the MscL tension channel 

in E. coli, Figure 1.1, the channel is in a closed state when there is no stress in the membrane [17]. 

This closed state occurs due to clustering of the hydrophobic helices, shown as yellow rods in 

Figure 1.1. When the hydrophobic helices are close together they prohibit water from being able 

to move through the channel. However when there is stress in the membrane, forcing the helices 

apart, the water fills the channel allowing the transport of water and ions.  

The voltage gated potassium channel is comprised of a voltage sensing domain, S4 helix, 

a pore and a cavity, Figure 1.2 [16]. As the pore is closing the hydrophobic residues in the channel 

move closer together causing water to leave the channel. Upon the application of voltage the S4 

helix is moved up pulling the pore open. This forces the hydrophobic residues apart allowing for 

the transport of water and potassium ions.  

 

Figure 1.1: Visual 

representation of the 

MscL tension channel in 

E. coli. The hydrophobic 

helices are represented by 

yellow rods. When they 

are close together a tight 

gate is formed preventing 

water and ions from being 

transported [17]. 
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Figure 1.2: Voltage-gated potassium channel. A) Voltage sensing rod is pulled up allowing the flow of potassium 

ions and water. B) Voltage sensing rod is down and the pore is in a closed state preventing the flow of water and 

potassium ions [16]. 

 

A better understanding of how biological channels use hydrophobic interactions to regulate 

the flow of water aids in the creation of a synthetic mimic of a hydrophobically gating nanopore. 

Hydrophobic interactions in nanopores allow for the control of the transport of water and all 

species dissolved in it even without moving parts. The density of water close to hydrophobic 

surfaces has been found to be lower than in bulk [18]. It was further predicted that a sufficiently 

narrow hydrophobic nanopore will facilitate spontaneous evaporation of water, creating basis for 

hydrophobic gating [19]. Thus the small opening size and ability to make the nanopores 

hydrophobic result in a closed state prohibiting the transport of water and ions through the pore. 

Transport could be resumed if an external stimulus in a form of pressure or electric potential 

gradient was applied across the pore. Removing the stimulus would be followed by water 

evaporation and the transport would cease until arrival of another stimulus. 

Creating an open state of a hydrophobic nanopore indeed requires the application of 

external stimuli. Most experiments with hydrophobic nanopores use outside pressure to force the 

condensation of the water vapor inside the pore [20], [21]. The first experimental demonstration 

of hydrophobic gating in nanopores using an externally applied electric field was reported by 



5 
 

Powell et al [22] and Smirnov et al [23]. Figure 1.3A shows current-voltage curves through a 16 

nm nanopore whose walls were modified with modestly hydrophobic methyl esters. The pore 

remained closed for ionic transport until a threshold voltage was reached. The state with zero 

current was believed to correspond to the pore totally or partially filled with water vapor. When 

finite values of currents were observed the whole pore length was filled with condensed water. 

Lowering the voltage closed the pore for ionic transport again. Figures 1.3B and C indicate that 

the pore underwent repeatable switching between open and closed states however the voltages at 

which the transitions occurred varied between scans. Thus further research was found necessary 

as to optimize the pore surface modification to assure more reproducibility.  

   
   
Figure 1.3: Current-voltage curves for a single 16 nm in diameter conically shaped polyethylene terephthalate 

(PET) nanopore modified with 5 mM trimethylsilyldiazomethane for 15 minutes. A) First forward and reverse scans 

indicated existence of hydrophobic gating thus voltage induced switching between conductive and non-conductive 

states. Subsequent scans are shown in B) and C) [22]. 

 

1.2 Physical Characteristics of Biological Cells: A Closer Look at CTC  

Detection 

Abnormal physical characteristics of cells are often indicative of disease, such as red blood 

cells in sickle cell anemia and malaria. Presence of tumor cells in blood, so called circulating tumor 

cells (CTCs) is indicative of metastatic cancer. In sickle cell anemia and malaria a simple blood 

test can be performed to diagnose the disease, because red blood cells are abundant thus easy to 

capture and characterize [9], [10]. Detection of CTCs however is much more challenging due to 

A) B) C) 
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the cells’ rarity. There can be as few as 10 CTCs per mL of blood comingled with billions of red 

blood cells and millions of white blood cells, making their detection very difficult. CTCs are cells 

which are shed from a solid tumor and manage to enter the blood stream [24]. Once in the blood 

they can travel to any other organ in the body and seed a secondary tumor, Figure 1.4. Counting 

the number of CTCs in a patient’s blood before and after a course of treatment can aide in the 

prognosis of the patient and help choose the most effective treatment. More importantly, isolating 

these cells would become a basis of minimally invasive ‘liquid’ biopsy of the tumor and could 

provide further insight into which medications and treatments are best suited for that specific 

patient before administering it to the patient. To reach the full potential of the technique, the 

isolated cells need to be isolated in a non-destructive manner so that viable CTCs could be 

subjected for further testing and lead to true personalized medicine.  

 Veridex’s Cell Search is the only FDA approved device for counting CTCs is based on a 

biomarker Epithelial Cell Adhesion Molecule (EpCAM) which many types of cancers overexpress 

[25]. The isolated cells are however not viable limiting the utility of the approach for the 

 
Figure 1.4: Visualization of cancer metastasis. After vascularization a cell is shed from the primary tumor and 

squeezes through the blood vessel walls (intravasation). Once in the blood stream the cell can travel through it, 

attach to the blood vessel walls and squeeze back through (extravasation), allowing it to seed a secondary tumor 

[24].  
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development of patient specific treatment. Most importantly, cancers in late stages often do not 

overexpress EpCAM and some cancers e.g. melanoma do not express the marker at all. There has 

been therefore a growing interest in the community to develop non-destructive methods that would 

be agnostic thus applicable to various types of cancer. An approach based on physical properties 

of CTCs has been found especially promising. One direction uses the size disparity between CTCs 

and other blood components. Fabrication of microfilters with well-defined pore size and their 

application for CTCs capture have been reported, [26], [27], Figure 1.5B. This device however 

would not be able to detect cancer cells smaller or comparable in size than white blood cells, and 

the captured population might be contaminated with large white cells. In addition, larger more 

deformable CTCs would not be isolated either. Another set of devices utilizes the larger 

deformability/squishiness of CTCs, as shown for example by using optical forces in a microfluidic 

optical stretcher, Figure 1.5C [28] and atomic force microscopy [29]. Figure 1.5D [30] shows a 

microfluidic channel with constriction significantly smaller than the cells’ diameter. The time each 

cell needed to enter the channel under applied pressure difference was correlated with metastatic 

potential. This approach however subjected the cells to high shear stresses and was destructive to 

the cells.   
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Figure 1.5: CTC separation techniques (A) Separation of CTCs with EpCAM using Veridex’s Cell Search. Image 

of possible CTCs dyed with DAPI purple and CK-PE green [25]. (B) CTC separated using microfilter [26]  (C) 

Images of MCF 10, MFC 7 and Mod MCF 7 cells being deformed with optical forces [28]. D) Graph of passage 

time for CTC through microchannel with inset of visual representation of cell passage [30]. 

 

It would therefore be advantageous to develop a multipronged approach to CTCs 

characterization and detection such that each cell would be characterized by a set of physical 

properties. This would allow one to identify a physical fingerprint for various types of cancers and 

provide a method for non-destructive characterization and isolation of the cells. It will be shown 

in this thesis how passing cells through rough microchannels can offer the possibility to 

characterize individual objects by size, mechanical properties and surface charge.  

 

 

Chapter 2 

Nanopore and Micropore Fabrication 

 

The nano and micropores used in these experiments were created using the track-etch 

technique in both polyethylene terephthalate (PET) and polycarbonate (PC) foils. This process 



9 
 

starts at the GSI Helmholtzzentrum für Schwerionenforschung linear accelerator in Darmstadt, 

Germany, where the latent damage track is created. The pore is then fabricated in the lab by 

chemically etching the irradiated foils. For preparation of nanopores with hydrophobic gating 

mechanism, single conically shaped nanopores in 12 µm thick PET foils were fabricated. The 

resistive pulse experiments were performed with cylindrically shaped micropores in both PET and 

PC foils with thicknesses between 12 µm and 100 µm. 

2.1 Latent Damage Track Creation, Pore Formation and Characterization 

The first step of the track-etch technique is the creation of the latent damage track in the 

foil. The latent damage track is created in both the PET and PC foils through irradiation by swift 

heavy gold or uranium ions in the linear accelerator UNILAC at GSI Helmholtzzentrum für 

Schwerionenforschung in Darmsadt, Germany.  The ions used for this irradiation have a total 

kinetic energy of 2 GeV and the deposition of this energy creates the damage track[31]. The 

number of damage tracks can be controlled from 1 to 1010 per cm2. A single damage track results 

in a single pore after chemical etching [32]. After the correct number of ions pass through the foil, 

the beam is switched off and the next set of foils is moved to the beam. In all discussed in the 

thesis experiments, foils with a single damage track were used. The second step in this process is 

to expose the foil to longwave ultraviolet (UV) light for one hour on each side. Irradiation by UV 

light “ages” the damage track in the foil, resulting in an etch time 3 times faster than untreated 

foils [33]. It has been suggested this sensitization might occur because of PET’s strong absorption 

of wavelengths less than 310 nm [34]. 

In order to create a specific pore shape the two etching velocities need to be controlled.  

The bulk etch rate (vb) dictates how fast the bulk material is etched, while the track etch rate (vt) 
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controls how fast the etchant etches along the damage track, Figure 2.1. Elevated temperature of 

etching increases the track etch rate facilitating preparation of cylindrically shaped pores especially 

if a diluted solution of an etchant is used, Figure 2.1A. 

A 

 

B 

 
Figure 2.1: Comparison of bulk and track etch rates, vb and vt respectively, for two different pore geometries. A) 

Cylindrically shaped pores are etched at an elevated temperature in order to drastically increase the track etch rate 

compared to the bulk etch rate. B) Conically shaped pores are etched at room temperature in so that the track etch 

rate only a little larger than the bulk etch rate.   

 

  

A different etching procedure was developed to prepare conically shaped nanopores. First the 

etching system needs to be asymmetric thus fabrication of conical nanopores is performed in a 

conductivity cell, Figure 2.2. Etching at room temperature slows down the track-etch rate, Figure 

2.1B [35], [36].  The bulk etch rate is increased by using a concentrated etchant, which is 9 M 

NaOH for pores in PET. NaOH is placed on one side of the membrane in contact with the working 

electrode, and a stopping solution of 1 M formic acid and 1 M KCl is placed on the other side with 

the ground electrode. The etching process is monitored by applying 1 V across the membrane and 

measuring the current. The etching continues until a current of ~200 pA is achieved, which assures 

preparation of nanopores with an opening below 10 nm. Etching is then stopped by removing the 

9 M NaOH, and rinsing the reservoirs with the stopping solution and water. Using NaOH to etch 
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PET and PC creates carboxyl groups on the walls of the pore giving them a negative surface charge 

for solutions above pH 4 [1].   

 

Figure 2.2: Setup for etching a conical nanopore in a conductivity cell. 

 

Once the etching is completed, the pore is characterized electrochemically in a conductivity 

cell. The pore opening diameter is estimated by recording current-voltage (I-V) curve in 1 M KCl 

pH 8. The following formula relates the pore resistance, R, with its opening diameter (d) for a 

conical pore:  

𝑑 =
4𝐿

𝜅𝜋𝑅𝐷
                                                                   [2.1] 

 where L the length of the pore, κ conductivity of 1 M KCl which is 10 S/m, R is the resistance of 

the pore which is determined through linear regression of the I-V curve, and D is the size of the 

large opening diameter which for PET is determined by the following equation [35]: 

𝐷 = 2 ∗ 𝑡 ∗ 2.13 𝑛𝑚/𝑚𝑖𝑛                                                 [2.2] 

t is the time of the etching and 2.13 nm/min is the bulk etch rate of PET in 9 M NaOH at room 

temperature. An example of a sizing I-V curve is seen in Figure 2.3.  
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Figure 2.3:  Current-voltage curve of a single 

conically shaped nanopore with a tip diameter of 

this pore was 9 nm.  

 

To confirm the conical shape of nanopores, their metal replica can be created. This is done 

through electrodeposition or electroless deposition of a metal e.g. gold into the pores [37]. Figure 

2.4A shows a gold replica of an electroless plated conical nanopore where the base diameter is 

indeed much larger than the tip diameter.  

A nondestructive way to confirm the conical shape of a nanopore is to check for 

rectification of the ion current. Rectification of the ion current is a property such that currents for 

one voltage polarity are higher than ion currents for the opposite voltage polarity, Figure 2.4B. 

This ion current behavior is seen in conically shaped nanopores with surface charge because of the 

voltage modulations of ionic concentrations inside the pore due to the asymmetric shape and the 

charges on the walls. By lowering the pH of the solution to less than 4, the charges on the pore 

walls are neutralized and the rectification property of I-V curves is lost. This phenomenon will be 

discussed in more detail in Chapter 3.   
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Opening diameter of a cylindrically shaped pore can be found from: 

𝐷2 =
4𝐿

𝜅𝜋𝑅
                                                                   [2.3] 

where all the variables are the same as equation 2.1 except D now represents the average diameter 

of the pore. While track-etched PC pores have smooth pore walls and are indeed cylindrical in 

shape, pores in PET are very rough, translating into an axially varying diameter. This roughness 

stems from the semi-crystalline character of PET and its laminar structure, which leads to over 

etching of the material between the strata. In order to illustrate the 3D topography of the pores as 

a function of pore diameter, gold replicas were prepared by electrodeposition. Three multi-pore 

samples were etched for varying amounts of time resulting in pores that were 490 ± 40, 660 ± 30, 

and 1230 ± 70 nm in diameter. The gold wires in Figure 2.5 show the overall cylindrical shape of 

the pores and the irregularities of the channel diameter along the axis. Over 20 wires of each sample 

were examined. The analysis revealed that longer etching times promote the formation of smaller 

irregularities and a widening of the large cavities.  

 
  

  
Figure 2.4:  A) SEM image of a gold replica of a single conical nanopore, created by electroless deposition of 

gold [37].   B) IV curve for a 6 nm pore etched for 223 min recorded in 100 mM KCl pH 8 (red) and pH 2.7 

(blue) [38]. 
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Figure 2.5: Metal replicas of PET 

pores to show that roughness 

increases with etch time. These pores 

were all etched in 0.5 M NaOH at 

70 °C for the times listed below. The 

metal replicas were created by plating 

gold into multipore samples and 

etching the PET away. A) 490 nm 

pore that was etched for 146 minutes. 

B) 660 nm pore that was etched for 

186 minutes. C) 1230 nm pore that 

was etched for 300 minutes [39]. 

 

2.2 Hydrophobic Modification of PET Nanopores 

Three different amine modifications were performed to create hydrophobic regions in 

conically shaped PET nanopores using an Ethyl-3-(dimethylaminopropyl)carbodiimide (EDC) 

linker to attach aliphatic amines to carboxyls. EDC based conversion of carboxyls groups is not 

complete i.e. the walls of modified pores have regions of hydrophobic and hydrophilic groups. 

Modifications with propylamine, hexylamine, and decylamine were performed. These three alkyl 

chains were used to change the level of hydrophobicity of the modified regions. Propylamine is 

the least hydrophobic and decylamine is the most hydrophobic out of the three chemicals as 

dictated by the length of their carbon chains, Figure 2.6. PET foils without nanopores were 

modified in the same manner as the nanopores discussed below, and subjected to contact angle 

measurements, Figure 2.7.  
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Figure 2.6: A) Propylamine B) Hexylamine C) Decylamine attached to a carboxyl group on the pore wall. 

 

 

 

 

 
  

  
Figure 2.7: Contact angle measurements for  A) Unmodified PET 58.0° ± 6.0° B) Propylamine 76.6° ± 5.8°  

C) Hexylamine 75.0° ± 3.4° D) Decylamine 79.4° ± 4.2°. All the modifications were done in the same way as the 

pores were modified. [39] 

 

 

The chemical modifications of the nanopores were performed in a conductivity cell. A 

mixture of 0.2 M of pentafluorophenol (PFP) and 0.1 M of EDC in ethanol was prepared. This 

A) B) 

C) D) 

A) 

C) 

B) 
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EDC/PFP mixture was placed in reservoirs on both sides of the foil for one hour. During this hour 

EDC, an active intermediate, crosslinks the PFP, an amine reactive intermediate, with the carboxyl 

groups on the pore walls. After the reaction is complete, the reservoirs were rinsed with ethanol. 

Then a solution with 50 mM of either propylamine, hexylamine, or decylamine in ethanol is placed 

in the reservoirs. The reaction was run for 2 hours and then the solution was removed. The 

reservoirs were then rinsed with ethanol and followed by water.  
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Chapter 3 

Transport Properties of Nanopores and Micropores 

 

Understanding the transport properties of pores on the nano and microscales is important 

for the development of many of devices such as drug delivery systems and sensors for 

biomolecules and cells. Fundamental fluid physics on the micro and nanoscales can vary 

drastically from their macroscopic counterparts [8]. Thus nano and micropores offer a unique 

opportunity to study ionic transport and fluid dynamics on these small scales. The discussion below 

is divided into three parts: the study of ion transport through charged cylindrical nanopores, the 

examination of how changing the shape of a nanopore and chemical modification of the surfaces 

can modulate ion transport behavior, and the effect of electrokintetics on fluid velocities and 

particle transport in micropores. 

3.1 Electrical Double Layer Formation and Ion Transport through Charged 

Nanopores 

Ions can be transported via electric, concentration, pressure, and thermal gradients. 

Thermal and pressure gradients will not be considered here, as the system remained at room 

temperature and open to the atmosphere. In order to understand transport through a pore we will 

first analyze a charged planar surface and examine how the surface charges influence electric 

potential and ionic concentrations in the solution. When the system is in equilibrium, the electric 

potential distribution is given by the Poisson equation 

∇2𝜙 =
−𝑧 𝐶

𝜀𝑟𝜀0
                                                       [3.1] 
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where εr is the permittivity of water, ε0 is the permittivity of free space, φ stands for the electric 

potential, z is charge of the ion species, and C is the concentration of net charges; e.g. for a 

negatively charged surface, C is the difference of concentrations of positive and negative ions. If 

we consider a 1-dimensional system, φ and C will be a function only of x where x is the distance 

from the charged wall.  

Combining the Poisson equation with the Boltzmann distribution for ions, one gets the 

following equation for C(x):  

𝐶(𝑥) = 𝐶0𝑧𝐹 (𝑒
−𝑧𝑒𝜙(𝑥)

𝑘𝐵𝑇 − 𝑒
𝑧𝑒𝜙(𝑥)

𝑘𝐵𝑇 )                                        [3.2] 

= −2𝐶0 𝑧 𝑒 sinh
𝑧𝑒𝜙(𝑥)

𝑘𝐵𝑇
                                              [3.2a] 

 When the surface potential is smaller than kBT, equation 3.2a can be linearized giving 

 

𝐶(𝑥) =
2𝑧2𝑒2𝐶0𝜙(𝑥)

𝑘𝐵𝑇
                                                     [3.2b] 

where kB is the Boltzmann constant and T is the temperature. Applying the boundary conditions 

of 𝜙(𝑥) = 0 as x→∞ and that 𝜙(0) is equal to the potential at the surface, one gets the following 

equation for the potential: 

𝜙(𝑥) = 𝜙𝑠𝑢𝑟𝑓𝑎𝑐𝑒𝑒
−𝑥

𝜆                                                      [3.3] 

with 
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𝜆 = √
𝑘𝐵𝑇𝜀𝑟𝜀0

2𝑧2𝑒2𝐶0
                                                               [3.4] 

where z is the charge of the ion, e the charge of an electron, and 𝐶0  stands for the bulk 

concentration. The Debye length, λ, is therefore the distance from the pore walls over which the 

surface electric potential decays e times (Figure 3.1); it is thus often considered a distance over 

which electrostatic interactions are screened. At room temperature in 100 mM KCl solution in 

water λ = 1 nm. The Stern layer and the Debye layer together are often referred to as the electrical 

double layer (EDL). The Stern layer is the immobile layer of counter ions on the charged surface 

and the Debye layer is a layer of diffuse ions consisting mostly of counter ions which can 

contribute to ion current when external electric field is applied. 

 

Figure 3.1: Visual representation of the 

electrical double layer of a charged flat 

surface, where the Stern layer is the 

immobile layer of counter ions on the 

charged surface and the Debye length 

represents the distance at which the counter 

ions dominate [40].  
 

 

The Poisson-Boltzmann equation also predicts distribution of cations and anions in the 

solution. For a negatively charged surface the concentration of cations will be very high close to 

the surface and decrease exponentially to the bulk value with distance. The concentration of anions 
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will increase from a low value at the surface to the bulk level. In order to describe ion current, we 

will first consider ionic flux induced by gradients of concentration and electric potential given by 

the Nernst-Planck equation.  

𝐽𝑖 = −𝐷𝑖 (∇𝐶𝑖 +
𝑧𝑖𝑒𝐶𝑖

𝑘𝐵𝑇
∇𝜙)                                               [3.5] 

𝐽𝑖 is the flux of each ion species with the charge 𝑧𝑖 (i = + or -), 𝐷𝑖 is the diffusion coefficient, 𝐶𝑖 is 

the concentration of each of the ion species. The steady state solution of interest satisfies the 

continuity equation 

∇ ∙ (𝐶𝑖𝑢 + 𝐽𝑖) = 0                                                      [3.6] 

where the velocity vector is represented by u. Assuming the fluid is incompressible indicates that  

∇ ∙ 𝑢 = 0                                                              [3.7] 

To complete the set of equations Navier-Stokes needs to be added 

𝑢∇𝑢 =
1

𝜌
[−∇𝑝 + 𝜈∇2𝑢 − (𝐶+ − 𝐶−)∇𝜙] = 0                            [3.8] 

The mass density is represented by ρ and υ is the viscosity of the solution. The complete set of the 

Poisson-Nernst-Planck (PNP), and Navier-Stokes (NS) equations is very difficult to solve 

numerically thus often only PNP is considered whenever it is possible to assume that the solution 

velocity is zero:  

∇ ∙ (∇𝐶𝑖 +
𝑧𝑖𝑒𝐶𝑖

𝑘𝐵𝑇
∇𝜙) = 0                                                      [3.9] 
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In order to solve the equations numerically for a nanopore, the boundary conditions are set such 

that 𝜙, Ci and their first derivatives are continuous except for the derivative of the electric potential 

at the pore wall equal to: 

𝑑𝜙

𝑑𝑟
|

𝑟=𝑎
=

𝜎

𝜀𝜀0
                                                          [3.10] 

 

Figure 3.2 shows numerical solutions of ionic concentrations and electric field along the axis of a 

single nanopore with an opening diameter of 8 nm, length of 128 nm and surface charge density   

-0.5 e/nm2. As predicted from the analysis of a planar charged surface, with negative surface 

charges on the pore walls, there is an enhanced concentration of cations, while anions are depleted. 

The degree of the modulations of ionic concentrations was however unexpected. The simulations 

were performed in 100 mM KCl thus in conditions in which the linearized theory predicts the 

Debye length of only 1 nm. Although the nanopore had an opening diameter of 8 nm, we still 

observed a significant difference in concentrations between cations and anions. These results 

 
 

Figure 3.2: (A) Schematic of the 

nanochannel setup where Cbulk is the salt 

concentration, a is the radius, σ is the surface 

charge, and L is the length of the 

nanochannel. (B) Numerical solution of the 

PNP equations with the concentration of  

𝐶𝑙−  represented by the blue line, 

concentration of 𝐾+in red, and the black line 

is the electric field at the center of the pore 

(r = 0). Cbulk = 0.1 M, L = 128 nm, a = 4 nm, 

σ = -0.5 e/nm2 and the applied voltage is 

zero. The modeling was performed using 

Comsol [41]. 

(A) 

(B) 
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indicate that charged surfaces modulate concentration and electric potential over distances which 

are larger than the classically calculated Debye length.  

3.2 Ion Transport in Conical Nanopores 

Properties of ion transport can be further manipulated by changing the pore geometry. As 

mentioned above, the charges on the walls increase the concentration of counterions inside the 

pore above the bulk concentration. In long cylindrical nanopores this enhancement is electric field 

independent. When the pore is conical in shape the concentration of both cations and anions is not 

only dependent on the magnitude of voltage but also on its polarity so that ion current rectification 

is observed. Figure 3.3 shows results of numerical modeling performed for a conically shaped 

nanopore with opening diameters of 5 nm and 500 nm and a length of 12 µm. We show 

concentrations of potassium and chloride ions along the pore axis for a range of voltages between 

-1 V and +1 V. When the positively biased electrode is on the same side as the small opening of 

the pore the cations will move toward the large opening and the concentration of both types of ions 

is enhanced above the bulk concentration. This concentration enhancement causes a larger 

magnitude of current to be observed. For the opposite voltage polarity, there is a depletion zone 

created which limits the ionic flow and creates a system with a lower conductance. 
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Figure 3.4: Current-voltage curve of a 9 nm 

conical nanopore in 100 mM KCl. 

 

 

3.3 Transport Behaviors with Surface Modifications 

3.3.1 Tuning surface charge of the pore walls  

Chemically modifying walls of nanopores offers further control over ionic transport. The 

aforementioned ion current rectification can for example be inverted by changing the negative 

charges on walls of a conical nanopores to positive charges. Introducing surface charge patterns 

with sharp junctions between zones of opposite surface charge creates an ionic diode, Figure 3.5. 

 
Figure 3.3: Concentration of potassium and chloride ions modeled by numerically solving PNP equations for a 

conically shaped nanopore with an opening diameter of 5 nm and 500 nm, bulk concentration is 0.1 M KCl [42].  
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In a diode, ion current in one direction is almost entirely suppressed forming the basis for the 

formation of an electric switch. 

 

 
Figure 3.5: Left: Schematic of the charge patterns in an ionic diode nanopore. Right: I-V curve of the  modified 

nanopore [5].  

 

The zone with the negative surface charge is predominantly filled with positive ions, while 

the side with positive surface charge contains mostly negative ions, Figure 3.6. When a forward 

bias is applied, the negative ions are sourced from the positively charged region and the positive 

ions are sourced from the negatively charged region so that ion current can flow. This is the open 

state of the diode.  By switching the voltage polarity a depletion zone is created, as there are no 

(or very few) negative ions to source from the negative side or positive ions from the positive side. 

Thus no current is allowed to flow, creating the off state of the system. 
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Figure 3.6: (A) Diode with zero bias 

applied. (B) Diode with a forward bias 

applied and flow of ion current. (C) Diode 

with reverse bias applied and the creation of 

a depletion zone thus there is no current 

flow.   

 

 

 

 

3.3.2 Tuning Ionic Transport via Hydrophobic Interactions 

Hydrophobic interactions provide yet another mechanism to control transport at the 

nanoscale. In contrast to electrostatic interactions, hydrophobicity controls transport of water and 

all species dissolved in it. There are three requirements in order for a pore to be classified as a 

gating hydrophobic nanopore. First the pore needs to be dewetted from the original wetted state, 

i.e. the water and ion transport needs to be halted. Dewetting involves removing liquid water from 

a portion of a pore. During this process the pore is partially or completely filled with water vapor, 

which halts the transmembrane transport. Dewetting is usually achieved through surface 

modification of the pore walls. The second requirement is wetting the dewetted pore. This is 

C 
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achieved through the application of outside pressure or electric potential gradient, which forces 

the water vapor inside the pore to condense. Ions and water flow through the pore again, thus finite 

current is recorded. The final requirement is that after the removal of the critical pressure, the pore 

returns to a closed or dewetted state, once again halting the transport of water and ions through the 

pore.  

The amount of pressure or voltage required to open the pore for transport depends on 

several factors including the pore opening diameter and the type of hydrophobic modification. An 

open nanopore, which exhibits hydrophobic gating, can subsequently become dewetted by 

removing the stimulus, repeating the whole process. Hydrophobic interactions at the nanoscale 

provide a natural mechanism for the preparation of a valve for water and all species dissolved in 

it. This will be discussed in more detail in the next sections as it is one of the two main focuses of 

this thesis.  

3.3.3 Initial Dewetting and Wetting Nanopores 

There are two important considerations for a pore to initially dewet, the surface properties 

of the pore walls and the opening diameter of the pore. First the surface of the pore must be 

hydrophobic, which is achieved through chemical modification of the pore walls. The nanopores 

used in this project originally have hydrophilic carboxyl groups on the walls to which long alkyl 

chains are attached via amide chemistry. In order to characterize the modification, a contact angle 

of a macroscopic polymer surface subjected to the same chemical modification as the nanopores 

was measured. Contact angles above 90° indicate a hydrophobic surface. The contact angle is 

measured by relating the difference between the surface-liquid tension, γwl, and the surface-vapor 

tension, γwv, with the surface tension of the liquid-vapor interface multiplied by the angle between 

them, Figure 3.7.  
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                                      𝛾𝑤𝑙 − 𝛾𝑤𝑣 = 𝛾𝑙𝑣𝐶𝑜𝑠 𝜃                                                              [3.11]    

 

                 

 

 

 

 
 

Figure 3.7: Drop of water on a surface 

modified with methyl esters for 24 hours. 

The contact angle of this surface is 102°. 

 

 

The second important consideration in the initial dewetting is the separation distance of the 

hydrophobic surfaces. Neutron reflectivity measurements performed by Doshi, et al. indicated that 

the density of water close to hydrophobic surfaces is lower than the density of bulk water [18]. 

Modeling done by Luzar et al. predicts that when two hydrophobic surfaces are brought 

sufficiently close to each other, the liquid water in the region between the plates will undergo 

spontaneous evaporation. The upper limit of separation distance between two hydrophobic plates, 

Dc, is predicted by thermodynamic theory [19]. It is calculated by equating the grand potential of 

a confined vapor and the grand potential of a confined liquid, which gives a separation distance of 

                                                   𝐷𝑐 =
−2𝛾𝐶𝑜𝑠𝜃

𝜌∆𝜇+
𝑏𝛾

𝐿⁄
                                            [3.12] 
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In this equation γ is the surface tension, θ is the contact angle of the surface, ρ is the number density 

of the liquid, Δµ is the difference of the chemical potential of the bulk liquid and the liquid at the 

liquid gas interface, b is the geometry dependent constant on the order of unity, and L is the length 

of the surface. For a contact angle of 110° the predicted separation is 100 nm. This is much larger 

than the size of the nanopores studied in this thesis, which showed dewetting. The lower limit of 

this separation is predicted by kinetic theory and gives values around 1 nm. The spacing of the 

surfaces needs to be in between these values so that spontaneous evaporation of water can occur. 

Water in a nanopore will then be in a metastable state, Figure 3.8, making it allowable to change 

between a vapor and liquid state.  

 

 
 

Figure 3.8: (A) Visual representation of the 

spacing needed for vapor and liquid states of 

water, respectively. (B) A graphical 

representation of the spacing required for 

liquid and vapor states. The vertical axis is 

the density of the liquid/vapor and the 

horizontal axis is the separation distance, 

with the kinetic and thermodynamic 

separations indicated [19].  

 

 

3.3.4 Wetting a Hydrophobic Nanopore with Electric Field 

The hydrophobic surfaces and small opening diameter prevent a hydrophobic nanopore from 

filling with condensed water. In order to wet the pore an outside stimulus e.g. in a form of pressure 

(A) 

(B) 
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difference needs to be applied. The required pressure difference to wet a hydrophobic nanopore 

can be estimated using the Young-Laplace equation: 

𝑃𝑙𝑖𝑞𝑢𝑖𝑑 − 𝑃𝑔𝑎𝑠 = ∆𝑃 = 2𝛾𝜅                                [3.13] 

Where P denotes the pressure, γ is the surface tension and κ is the total curvature, which can be 

defined as:  

                                                          𝜅 =
1

𝑟1
+

1

𝑟2
                                              [3.14] 

with r1 and r2 as the radii of curvature.  Since the liquid has a concave surface, the radii are defined 

as negative. Furthermore if the pore is sufficiently narrow then the curvature in the lateral plane, 

r1, is equal to the radius of the pore opening and r2 = 0. This simplifies the equation to: 

                                                             ∆𝑃 =
4 𝛾 |𝐶𝑜𝑠 𝜃|

𝐷
                                                      [3.15] 

where 𝐷 is the width of the channel. The equation predicts that the pressure required to wet a pore 

with a diameter of 10 nm whose walls are characterized with a contact angle of 102° is 59 atm. It 

would be therefore very challenging to build an experimental system which could be operated at 

such high pressures.   

It was predicted theoretically however that instead of pressure difference, one can use 

electric field to fill a hydrophobic nanopore with condensed water [43]. Two groups provided 

experimental evidence that it is indeed possible. Smirnov, et al used electric field to wet silicon 

nitride (SiN) pores modified with SiH16 [23]. They proposed two models to explain the wetting of 

their nanopores, Figure 3.9. The first model suggests that the applied electric field forces the 
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meniscus on either side to bend inward, Figure 3.9A. When the meniscuses overlap the water and 

ions will be allowed to flow through the pore. The second model suggests that the applied electric 

field lowers the contact angle of the surface, known as electrowetting. This allows the meniscuses 

to move farther into the pore until the two meet and current is measured, Figure 3.9B. For 

electrowetting to be considered there needs to be a finite current at any applied voltage suggesting 

there is a continuous film of water along the whole pore length.  

 
Figure 3.9: (A) Visualization of the menisci overlap model for the wetting of nanopores, where the menisci bend 

until meeting each other and allowing current to flow. (B) Visual representation of the electrowetting model. The 

contact angle of the surface is lowered due to the applied electric field allowing the menisci to move closer to one 

another, eventually touching and allowing current to flow [23]. 

 

Wetting hydrophobic nanopores with electric field was also reported by Powell et al [22]. 

These experiments were performed using single conically shaped PET nanopores with an opening 

diameter much smaller than these used by Smirnov et al. These experiments showed an existence 

of a complete off state suggesting that the electrowetting model cannot explain these results. It was 

a subject of this thesis to elucidate other mechanisms via which electric field opens a hydrophobic 

nanopore for water and ionic transport. 
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The electric field required to wet the hydrophobic nanopores was first estimated using the 

Young-Laplace equation with addition of the electrostatic pressure term:                                          

                                                           ∆𝑃 =  
4𝛾 cos 𝜃

𝐷
−  

𝜀0

2
𝐸2                                                   [3.16] 

 

where γ is surface tension of water, θ is the contact angle, D is the spacing of the surfaces or in 

this case the diameter of the nanopore, 𝜀0 is the permittivity of free space, and E is the electric 

field set by the applied voltage. The contact angle of C10 thiols on gold will be used to estimate 

the electric field required to wet the nanopore. A complete modification of the surface has a contact 

angle of 113° and the nanopore has a diameter of 6 nm and a length of 12 µm. However, equation 

3.16 predicts the required field to be ~2.1 × 109  V/m thus much higher than applied 

experimentally. In order to explain experimental results on wetting hydrophobic nanopores we will 

present a model which takes into account the presence of residual surface charges. 

3.4 Electroosmosis and Electrophoresis  

When describing ion transport through nanopores, the Navier-Stokes equations are 

frequently neglected since the velocity of solution in nanopores is often very low. However the 

velocity of the solution in micropores is significant and needs to be considered. There are two 

electric field induced transport phenomena in micropores which are important for the results 

presented in the thesis: elecotroosmosis and electrophoresis. Electroosmosis is the flow of the 

solution caused by movement of ions in the electrical double layer thus it occurs in the direction 

of counterions transport. Electroosmotic and electrophoretic transport will be first treated 

separately and then combined to facilitate a better understanding of the transport of particles in a 

micropore. 
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As previously discussed an electrical double layer (EDL) forms on a charged surface where 

the potential is given by Equation 3.1. Electroosmotic flow occurs when an electric field has a 

component that is applied parallel to the charged surface. The applied electric field causes the ions 

in the diffuse layer of the EDL to flow. The EDL drags the fluid with it creating a net flow. When 

the Debye length is much smaller than the pore, a plug-like flow develops, Figure 3.10. The 

velocity of the fluid due to electroosmosis is determined by the Navier Stokes equation, Eq. 3.8. 

In addition to the initial assumptions made above, we will also assume that there is no applied 

pressure. Furthermore we will assume that the fluid flow is only along the pore axis. This allows 

for the Navier Stokes equation to be written as follows 

0 ≅ 𝜈
𝜕2𝑢(𝑟)

𝜕𝑟2 +  𝜌𝐸𝑒𝑥𝑡                                                          [3.17] 

where ρ is the charge density as described by the Poisson equation and Eext is the externally applied 

electric field. Inserting ρ and using the boundary conditions that the velocity of the fluid is zero at 

the walls (𝑢(±𝑎) = 0)  and the potential of the pore walls is given by the screened surface 

potential of the pore walls i.e. the zeta potential, ((𝜙(±𝑎) = 𝜁𝑠), the electroosmotic fluid velocity 

is given as  
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𝑢𝑒𝑜 =
𝜀0𝜀𝑟𝐸𝑒𝑥𝑡

𝜐
(𝜙𝑠(𝑟) − 𝜁𝑠)                                                   [3.18] 

 

The other form of transport through the pore is by electrophoresis. Electrophoresis is the 

movement of a charged species such as ion or particle relative to the bulk fluid. Calculating the 

velocity of electrophoretic flow is performed in a similar manner to the electroosmotic flow, except 

the coordinate system will be changed such that it is fixed on the particle. The velocity of the fluid 

far from the particle can be assumed to be constant and negative. Using 𝜙𝑝(𝑟) as the potential due 

to the surface charge of the particle at a distance r from the particle, the boundary conditions are 

as following: 𝜙𝑝(0) = 𝜁𝑝 , 𝑢(0) = 0 , and 𝜙𝑝(∞) = 0 . Repeating what was done above for 

electroosmosis with the new boundary conditions gives an electrophoretic velocity of 

𝑢𝑒𝑝 =
𝜀0𝜀𝑟𝐸𝑒𝑥𝑡

𝜐
(𝜙𝑝(𝑟) − 𝜁𝑝)                                                [3.19] 

Both of these flows are present in the pore at the same time. Thus particle transport through 

the pore is determined by a competition of these flows. In order to combine these two velocities 

the coordinates of electrophoretic flow velocity need to be switched to match the coordinate system 

 

Figure 3.10: A visual 

representation of plug-like 

electroosmotic flow in a charged 

cylindrical channel.  
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of electroosmotic flow velocity. For a detailed derivation of the addition of these two velocities 

the reader to referred to the dissertation of M. Pevarnik [44]. The result gives  

𝑢 = 𝑢𝑒𝑜 + 𝑢𝑒𝑝 =
𝜀0𝜀𝑟𝐸𝑒𝑥𝑡

𝜐
(𝜁𝑠 − 𝜁𝑝)                                          [3.20] 

This shows that the zeta potential of the surface and the particle are important for determining the 

transport of particles through the pore. Thus a particle with a high zeta potential relative to the zeta 

potential of the pore walls will be transported through the pore by electrophoresis, while a particle 

with a lower zeta potential will be transported through the pore by electroosmosis.  

 

 

 

 

 

 

 

 

 

 

Chapter 4 

Hydrophobic Conical Nanopores Results and Discussion 
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The transport properties of hydrophobic nanopores were recorded in the same conductivity 

cells they were etched and modified in.  All pores used had small opening diameters between 5 

and 12 nm and large opening diameters between 300 and 700 nm. Current-voltage curves were 

measured in 10 mM, 100 mM, and 1 M KCl pH 8 using a Keithly 6487 picoammeter/voltage 

source with Ag/AgCl electrodes. Voltages were swept from -10 V to +10 V with 100 mV steps 

and 3 second pauses to reduce capacitance. A few measurements were taken with an Axopatch 

200B and a 1322A Digidata (Molecular Devices) where voltages were swept from 0 V to +10 V, 

+10 V to 0 V, 0 V to -10 V, and then -10 V back to 0 V. Each voltage was recorded for 30 seconds. 

The working electrode was placed in the reservoir with the large opening and the ground electrode 

was placed in the reservoir with the small opening for all scans.   

4.1 Results with Propylamine, Hexylamine, and Decylamine Modified 

Nanopores 

Single conically shaped nanopores in polyethylene terephthalate (PET) were modified with 

propylamine, hexylamine, and decylamine in order to understand the effect of alkyl chain length 

on hydrophobic gating. Increasing the carbon chain length increases the hydrophobic character of 

the molecules. In order to quantify the hydrophobicity of the modified surfaces, the contact angles 

of modified PET foils without nanopores were measured. It could be expected that the decylamine 

modified surface would have the highest contact angle followed by hexylamine, propylamine and 

the unmodified PET surface the lowest. While the unmodified PET was characterized with the 

lowest contact angle of 58°, the PET surfaces that were modified with the amines all had similar 

contact angles of ~77°, Figure 2.6. Values of contact angle below 90° suggest that the surfaces 

may not have been completely modified, which is in agreement with previous observations on the 

difficulty of achieving full conversion of carboxyl groups with EDC [45]. Thus the measured 
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contact angle represents a composite surface, containing regions with hydrophobic amines and 

regions with the hydrophilic carboxyl groups. Another indication for the existence of unreacted 

carboxyl groups is the ion current rectification exhibited by the modified nanopores. Rectification 

of ion current in conically shaped nanopores occurs only when the pore walls are charged.  

All pores modified with one of these three different alkyl chains exhibited hydrophobic 

gating, albeit at different voltages and salt concentrations. Two nanopores were modified with 

propylamine and they both showed similar KCl concentration dependence of the transport 

properties. The modified 5 nm pore exhibited very little ionic conductance in 10 mM KCl; the 10 

V current-voltage scan had weak hydrophobic gating with the closed state below 5 pA and the 

open state reaching ~ 10 pA, Figure 4.1A.  In 100 mM KCl the pore was open for ionic transport 

for all voltages, but the ion current values were significantly lower than before propylamine 

attachment. In 1 M KCl the pore continued to conduct ion current for all studied voltages and the 

values of the current were very similar to these seen before modification. Recordings in 10 mM 

KCl were subsequently performed again in attempt to return the pore to a gating state, however 

the pore remained open for ionic conductance. Only after allowing the pore to air dry did the pore 

close for transport and exhibited gating in 10 mM KCl.  
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Figure 4.1: Current voltage curves for a 5 nm pore 

modified with propylamine in (A) 10 mM KCl pH 8 (B) 

100 mM KCl H 8 (C) 1 M KCl pH 8 [46]. 

 

 

Two pores modified with hexylamine also exhibited hydrophobic gating. The 6 nm pore 

was mostly non-conductive in 10 mM KCl with current values similar to what was seen in the 

propylamine modified pores, Figure 4.2A. The pore did gate in 10 mM KCl opening around 9 V 

for positive voltages and around 3V for negative voltages. Comparing this to the propylamine 

modified pore, the opening/closing values for the negative voltages are very similar. However the 

positive opening/closing voltages are larger for the hexylamine modified pore. In 100 mM KCl 

the pore initially switched between conducting and non-conducting states and eventually opened 

for all voltages. The inset in Figure 4.2B shows the hydrophobic gating behavior of the nanopore 

at lower voltages. In 1 M KCl the pore was conductive for all voltages and exhibited rectification 

(A) (B) 

(C) 
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of the ion current, with the inset in Figure 4.2C showing that the nanopore is indeed open for lower 

voltages.  
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Figure 4.2: Current voltage curves for a 6 nm pore 

modified with hexylamine in (A) 10 mM KCl pH 8 (B) 

100 mM KCl H 8 (C) 1 M KCl pH 8. The insets in (B) 

and (C) are the behavior of the same pore at lower 

voltage scans [46]. 

 

 

The largest number of nanopores was modified with decylamine, 19 in total. Seven of them 

were closed for ionic transport in all molarities and for all voltages. Five pores were open for all 

concentrations and voltages. This is most likely due to the fact that the modification did not occur 

in the narrowest region of the pore where the vapor formation would create the largest effect on 

the ion current. The remaining seven pores were closed in 10 mM KCl and gated (i.e. switched 

between conducting and non-conducting states) in either 100 mM KCl or in 1 M KCl. The 9 nm 

pore shown in Figure 4.3 was closed in 10 mM KCl for all voltages. In 100 mM KCl the pore did 

not conduct ionic current up to 8 V and opened for ionic current only on the return sweep. For 

(A) (B) 

(C) 
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subsequent voltage sweeps the pore gated with opening voltages around +4 V and -5 V. Current-

voltage curves recorded in 1 M KCl showed repeated gating with threshold voltage values of  ~1.5 

V; 26 scans were performed for this nanopore, of which there is a summary of the opening and 

closing voltages in Figure 4.5.  
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Figure 4.3: Current voltage curves for a 9 nm pore 

modified with decylamine in (A) 10 mM KCl pH 8 (B) 

100 mM KCl pH 8 (C) 1 M KCl pH 8. The inset in (B) 

shows a different voltage scan in the range (-8V, +8V) 

[46].  

 

 

4.2 Unique Behaviors of the Decylamine Modified Pores  

The decylamine modified pores exhibited two types of behavior that were not seen in the 

propylamine or the hexylamine modified pores. First, current-voltage curves of these pores 

revealed existence of hysteresis i.e. the voltage required to open the pore and allow ions to flow 

was larger than the voltage at which the pore dewetted and halted the transport of ions, Figure 4.4. 

(A) 

(B) 

(C) 
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For the hysteresis in Figure 4.4, the voltage required to open the pore is 7 V and the voltage that 

this pore closed at is 1.5V.  

 
Figure 4.4: Example of hysteresis in the 7 nm pore modified with decylamine. The pore required   to open the pore 

and did not close again until 1.1 V [47]. 

 

The other unique feature of the decylamine modified pores was the ability to repeatedly 

switch between open/conducting and closed/non-conducting states. This behavior was seen in two 

other pores in addition to the one discussed in detail above. These pores had opening diameters of 

9, 7 and 6 nm. In 20 out of 26 scans performed on the 9 nm pore in 1 M KCl pH 8, a clear switch 

between conducting and non-conducting states was observed, typically at ~1 V, Figure 4.5A. The 

pore with the most reproducible gating behavior had the opening diameter of 6 nm and was 

subjected to 50 voltage scans in 1 M KCl pH 8, (Figure 4.5C).  An average of 30 scans shown in 

Figure 4.5D suggests that throughout the scans, the voltages required to open or close the pore for 

ionic transport remained nearly constant.  
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Figure 4.5: Scatter plots of the of the opening and closing voltages versus scan number for the (A) 9 nm pore  (B) 

7 nm pore (C)  6 nm.  (D) Average of 30 scans of the 6nm pore In (C) I would mark Vopen and Vclosed [46]. 

 

4.3 Discussion of Results 

The experimental results obtained with nanopores that were modified with alkyl chains 

revealed that salt concentration is another parameter which modifies hydrophobic interactions at 

the nanoscale. The importance of an electrolyte for hydrophobic gating was predicted theoretically 

but never shown experimentally. L. Liu et al preformed molecular dynamic simulations of 

hydrophobic pores showing that higher pressures are required for salt solutions to wet the pore 

over pure water, indicating that the presence of ions inhibits wetting [48]. However the opposite 

effect, ions promoting wetting, has been predicted as well. Dzubiella et al. have shown that the 

(B) 
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addition of ions into the solution promoted wetting as the electric field acting on the ion lowers 

the potential barrier by a few kbT [49]. Further simulations have shown that the charge density of 

ions modulate the hydrophobic interactions between two parallel plates, where high charge density 

ions promote dewetting and lower charge density ions promote wetting [50].  

Our experiments also suggested that the walls of the examined pores were chemically 

heterogeneous and consisted of hydrophobic and hydrophilic islands. We anticipate that the vapor 

regions will form at the hydrophobic zones. Assuming there is a single vapor pocket in the pore, 

the required pressure to condense the water vapor and open the pore for transport can be 

recalculated using the Young-Laplace with the electrostatic pressure term:  

∆𝑃 =  
4𝛾 cos 𝜃

𝐷
−  

𝜀0

2
𝐸2                                                     [4.1] 

 

If the pore contains one 20 nm long vapor pocket, and the pore opening diameter is 6 nm, eq. (4.1) 

predicts that the magnitude of voltage needed to wet the pore is 40 V. The required voltage would 

be even higher if there were multiple vapor pockets inside the pore. Since our hydrophobic 

nanopores opened for ionic transport at much lower voltages, we predicted another source of 

pressure difference had to be considered.  

Smirnov et al used an electrowetting model to explain the electric field induced wetting of 

their hydrophobic nanopores [23]. In order to use the electrowetting model, the closed state of the 

system would have to be characterized with a finite conductance, indicating the nanopore is 

connected electrically throughout the whole length. All the nanopores examined in this set of 

experiments were characterized by a modification-independent closed state of just a few pA. 

Moreover, electrowetting as described in Smirnov et al does not predict salt dependence of the 

hydrophobic gating.  
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In order to explain the effect of the electrolyte on the process of wetting and dewetting, the 

contribution of the residual surface charge on the pore walls will be examined. To simplify the 

system, we will consider a nanoslit composed of two charged parallel plates separated by a few 

nm, Figure 4.6, and follow the model developed by J. Lee et al [51].  Assuming there is no fluid 

flow or gravity effects, the stress on the meniscus can be described as the sum of the osmotic 

pressure, Π, and the Maxwell stress.  

 

Figure 4.6: A schematic of the liquid vapor interface inside of a nanoslit where Tz acts on the interface. 

The model by J. Lee is based on electrostatics thus no external field is applied. The nanoslit allows 

for the assumption that the electric field produced from the charges on the surface is only in the x-

direction (Figure 4.6). The total stress on the liquid vapor interface perpendicular to the slit axis is 

given by: 

𝑇𝑧𝑧 =  Π +  
𝜀 𝜀0

2
𝐸2                                                       [4.2] 
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The electric field, E, in equation 4.2 is anisotropic i.e. dependent on the x position, as predicted by 

the Poisson-Bolztmann equations. This anisotropy causes the deformation of the liquid vapor 

interface and gives the basis for electrocapillarity effect. The osmotic pressure is calculated with 

the local electric field, E, and the free charge density, nf, and fulfills the Gauss equation. The free 

charge density is determined by the difference between the concentration of counter-ions and co-

ions.  

∇Π =  𝑛𝑓𝐸                                                              [4.3] 

 

The electric field is calculated from the electric potential produced from the charges on the surface. 

Thus the regions filled with salt solution are comprised of mainly counter ions. The concentration 

and electric potential is described by the Poisson-Boltzmann equation, which can be linearized for 

the low surface potential limit: 

𝜓′′ =  𝑘2𝜓,   𝑘 =
2𝑧2𝑒2𝑛𝑏

𝜀𝜀0𝑘𝑏𝑇
                                                     [4.4] 

 

where  is the electric potential, k is the inverse Debye length, nb is the number density of ions, 

and kB is the Boltzmann constant. The solution satisfies the 𝜓′(0) = 0 and 𝜓(ℎ) = V boundary 

conditions giving: 

 

𝜓(𝑟) =  𝑉
cosh 𝑘𝑟

cosh 𝑘ℎ
                                                          [4.5] 

 

 

The electric potential has a radial profile that leads to a non-homogenous electric field.  
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𝐸(𝑟) =  − 𝜓′(𝑟) =  −𝑉𝑘
sinh 𝑘𝑟

cosh 𝑘ℎ
                                             [4.6] 

 

Therefore the osmotic contribution is the outward stress at the centerline is: 

 

Π(0) = 2𝑛𝑏𝑘𝑏𝑇 + 𝑛𝑏𝑘𝑏𝑇 (
𝑧𝑒𝑉

𝑘𝑏𝑇
)

2 1

(cosh 𝑘ℎ)2
                                   [4.7] 

 

Thus by substituting the osmotic contribution and the calculated electric field the total outward 

stress on the liquid vapor interface is given as: 

𝑇𝑧 = 𝑛𝑏𝑘𝑏𝑇 (
𝑧𝑒𝑉

𝑘𝑏𝑇
)

2 2 cosh 2𝑘𝑟

cosh 2𝑘𝑟+1
+ 2𝑛𝑏𝑘𝑏𝑇                                  [4.8a] 

 

𝑉 =  
𝜎

𝑘𝜀𝜀0

cosh 𝑘ℎ

sinh 𝑘ℎ
                                                         [4.8b] 

 

Figure 4.7 shows a graph of the total pressure and the Maxwell stress term on the liquid-vapor 

interface for different salt concentrations with T = 293 K, h = 3 nm, and σ = 0.02 C m-2. The 

calculations predict that the total pressure reached tens of atm and indeed increase with the increase 

of salt concentration. The results also indicate that both Maxwell stress and the osmotic 

components need to be considered in order to correctly predict the salt dependence on hydrophobic 

gating. The calculations also explain why in some nanopores, a mere change of electrolyte 

concentration led to the nanopore wetting. The future studies will be focused on solving the 

equation for a cylindrical geometry and adding an external electric field. 
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Figure 4.7: The outward stress on the liquid vapor interface calculated with a separation distance of 2r. On the 

horizontal axis 0 corresponds to the center of the nanoslit. (a) The total pressure, Eq 4.9, on the liquid vapor inteface 

in the nanoslit. (b) Maxwell stress contribution on the liquid vapor interface [46]. 
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Chapter 5 

Resistive Pulse Technique for Measuring Physical Characteristics of 

Particles and Cells 

 

The resistive-pulse technique is used to size and count nano to micro sized objects, such as 

single molecules of DNA and proteins, viruses, particles, and biological cells. This is the method 

utilized by the Coulter Counter to perform a blood count in doctor’s offices and hospitals. A 

smooth cylindrical channel is placed between two reservoirs of a conductivity cell, and a voltage 

and pressure difference are applied causing an ion current and fluid to flow, Figure 5.1. When an 

object enters the channel it occludes the pore, resulting in an increase in the measured resistance, 

and consequently a decrease in the measured current. This change of resistance can be used to 

calculate the volume of the object if the pore opening diameter is known [52]: 

𝑅𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒−𝑅𝑒𝑚𝑝𝑡𝑦 =  
4𝜌𝑑3

𝜋𝐷4 𝑆 [
𝑑

𝐷
]                                           [5.1] 

𝑆 [
𝑑

𝐷
] = [1 − 0.8 (

𝑑

𝐷
)

3

]

−1

 

 

Rparticle is the resistance of the system when the particle is in the channel, Rempty is the resistance of 

the channel with only salt solution, ρ is the resistivity of the fluid, d is the diameter of the 

translocated object, D is the diameter of the channel, and 𝑆 [
𝑑

𝐷
] is the shape factor. The shape factor 

is a term used to describe how the object modulates the electric field inside the channel. The shape 

factor is especially important when the size of the passing objects approaches the size of the pore 

opening. For the experiments discussed below it is more convenient to use the normalized change 

of the baseline current to compare pulses created by individual particles of different sizes. Turning 
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Figure 5.1: A) Setup of a resistive-pulse experiment and visual representation of a particle translocation.  

B) Example of a resistive pulse event in a smooth channel.  

 

normalized resistance into normalized current is based on the ohmic relationship of current with 

voltage, V:  

𝑅𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒−𝑅𝑒𝑚𝑝𝑡𝑦

𝑅𝑒𝑚𝑝𝑡𝑦
=

𝑉
𝐼𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒

−
𝑉

𝐼𝑒𝑚𝑝𝑡𝑦

𝑉
𝐼𝑒𝑚𝑝𝑡𝑦

 

 

=
𝐼𝑒𝑚𝑝𝑡𝑦−𝐼𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒

𝐼𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
                                                            [5.2] 

where Iparticle and Iempty are currents with and without the particle in the pore, respectively.  

The majority of resistive-pulse experiments are performed with smooth cylindrically 

shaped pores. Our group however has postulated that adding roughness to the channel walls allows 

for multi-pronged characterization of passing objects beyond sizing. The notion of roughness used 

here indicates that the diameter of a pore varies along the pore axis. Polyethylene terephthalate 

(PET) pores prepared by the track-etching technique and used in the experiments are characterized 

by significant roughness resulting from their semi-crystalline as well as laminar structure. The 

pores are prepared by several hours of etching at an elevated temperature, which leads to over-

A
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etching of the regions between the strata and formation of large local cavities. 3D topography of 

the pores can be visualized via preparation of their metal replica. Resistive-pulses of particles 

through the pores offer an independent and non-destructive method to learn about the pore 

structure. We have shown that fluid transport through such rough channels is non-trivial and leads 

to the formation of local pressure differences along the pore axis, even in cases when no pressure 

difference is applied macroscopically. We hypothesized that these local pressure differences will 

lead to transient object deformation, which can be used to elucidate the object’s mechanical 

properties. Rough pores also allow for the determination of the object shape’s [53], but this aspect 

will not be discussed here. 

5.1 Previous Resistive Pulse Experiments: Tracing Pore Topography, Sizing 

and Detection from Concentrated Solutions.    

Figure 5.2 shows ion current through a single pore with an average opening diameter of 

870 nm recorded in the presence of 220, 330 and 410 nm spherical carboxylated polystyrene 

particles. The experiment was performed in a conductivity cell whose one reservoir was filled with 

 
Figure 5.2: Ion current versus time recording of an 870 nm pore with 220, 330, and 410 nm particles in 1 M KCl 

pH 8 with 0.1% Tween 80. Each particle size has a concentration of ~2 · 109 particles/mL. A single transient drop 

in current corresponds to a single particle translocating through the pore. Transolcations of 220, 330, and 410 nm 

particles are indicated [54].  
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1 M KCl solution containing the particles, while the other reservoir was filled only with the salt 

solution. Voltage was applied across the membrane and the particles transported in the direction 

of electrophoresis, so that they moved towards a positively biased electrode. When investigating 

the shape of the pulses in detail, it was discovered the pulses had a complex structure featuring a 

series of peaks and valleys. When a particle passes through a region with a larger local diameter it 

blocks the current to a smaller extent than when passing through a narrower region, Figure 5.3A. 

Since the pulse structure given by each different particle size was very similar, it was concluded 

that the pulses reflect the pore 3D topography.  

It was also confirmed that in spite of the roughness, the pores can still be used for particle 

sizing, such that the recorded I/I was correlated with the object volume, Figure 5.3.B. Traditional 

resistive pulse experiments with smooth channels require performing analysis from dilute solutions 

 

 

 

Figure 5.3: A) Left: 410 nm particle going through a 

870 nm pore. Right: Five events of  410 nm particles 

through a 870 nm pore in order to show reproducibility 

of the pulses created by different particles. B) Average 

size of particles from the 870 nm pore. C) Forward and 

reverse events for 330 nm particles in a 520 nm pore 

[54]. 

 

so that the probability of two particles residing in a pore at the same time is negligible. It is because 

a smooth pore cannot differentiate between two smaller particles and one larger particle of equal 
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volume. Roughness allows for particle detection and characterization from concentrated solutions, 

so that examined samples do not need to be diluted for accurate results, Figure 5.4. An ability to 

perform analysis from concentrated solutions is especially important when detecting objects which 

are rare or present in an unknown concentration, such as circulating tumor cells (CTCs) in blood. 

The detection from a concentrated solution can be achieved since passage of each particle causes 

a unique set of ion current modulations. If a second particle enters the pore while the first one has 

not exited yet, the event shape of the second particle will be simply superimposed on the pulse of 

the first one. The uniqueness of the events also allow for the detection of where and how long 

particles get stuck, Figure 5.4B.  

 
 

Figure 5.4: A) Two particle event in a 520 nm pore B) A stuck particle in a 520nm pore seen as an interruption 

of ion current pulse shape [54]. 

 

 

5.2 Velocity Profiles and Pressure Gradients in Rough Pores 

Particles passing through a pore with surface charges on the pore walls will be transported 

by the effects of electroosmosis or electrophoresis. In case of negatively charged particles passing 

through a negatively charged pore, electrophoretic and electroosmotic transport occur in opposite 

directions. A particle will move in the direction of electrophoresis if the surface charge density of 
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the particle is higher than the surface charge density of the pore. Less charged and uncharged 

particles will move in the direction determined by electroosmosis. 

It is also expected that the recorded resistive pulses are intimately related not only with the 

topography of the pore but also local fluid velocities. In order to understand in greater detail how 

pore roughness influences detection of particles, a series of pores differing in diameter, aspect ratio 

and roughness were prepared and used for the detection of particles. The results were then applied 

to a series of biological cell trials.  

5.2.1 Initial Experiments: Particles and Mouse Cells 

Particle experiments were performed in either 100 mM or 10 mM KCl. The average pore 

diameters ranged from 1 µm to 15 µm. The pore length varied between 11 µm and 35 µm. 

Measurements were performed using the commercial amplifier Axopatch 200B (Molecular 

Devices, Inc) in cases when the recorded current did not exceed 200 nA (the upper limit of the 

system). The amplifier could be therefore used for experiments in 100 mM KCl with pores whose 

diameter was less than 1.5 µm as well as in 10 mM KCl for pores with diameters below 4 µm. Ion 

currents through larger pores were measured using a custom CMOS chip based potentiostat as it 

is capable of measure µA of current with sub nA precision [55]. Two types of particles were used, 

negatively charged carboxylated polystyrene particles which ranged in diameter from 410 nm to 5 

µm and neutral poly(methyl methacrylate), PMMA, particles with a diameter of 400 nm. The 

concentration of the particles in solution was approximately 2·109/mL. All solutions contained 0.1% 

Tween 80 as the surfactant was found very effective in preventing the particles’ aggregation [54]. 

In all performed experiments, positive voltages were correlated with electroosmotic flow and 

negative voltages are correlated with electrophoretic flow.  
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Figure 5.5 shows a 3 µm pore that transported particles 1 µm in diameter both 

electroosmotically and electrophoretically. The pulse shape for both events consisted of a negative 

peak (current below the baseline) and a positive peak (current about the baseline level), however, 

the order of these peaks is different for particles transported by electrophoresis versus particles 

transported by electroosmosis, Figure 5.5. Double peak events are caused by the transient 

modulation of the ionic concentration at the entrance and exit of the pore [56]. The events with 

particles transported electrophoretically were comprised of a current decrease followed by a 

current increase. The current increase is caused by excess positive ions carried through the pore 

by the negatively charged particle and the increased concentration of the ions at the pore exit from 

where they are sourced. This increase in positive ions at the pore exit is also due to concentration 

polarization.  Meanwhile, the pulses of particles transported electroosmotically started with the 

current increase, because the particles travelled through the pore for the opposite voltage polarity; 

the increase of cation concentrations occurs therefore at the pore entrance. 

 Calculation of the particles’ sizes using their relative current change elucidated another 

difference between the particles transported by electroosmosis and those transported by 

electrophoresis. The particles transported in the direction of electrophoresis sized to around 1 µm, 

which is close to the value given by the manufacturer (Bangs Labs). The particles that were 

transported in the direction of electroosmosis sized to about 1.5 µm. Sizing with the resistive pulse 

method is voltage independent, suggesting that the larger particles are transported 

electroosmotically because they have a lower surface charge density. The large dispersion of the 

particles’ size was confirmed by light scattering and SEM.  
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Figure 5.5: Recordings of ion current for 1 µm particles passing through a 3 µm in diameter pore of length of 9 

m. Example pulses of particles that passed through the pore in the direction of (A) electrophoresis and (B) 

electroosmosis (C) Scatter plot of relative current change versus event duration for electrophoretically transported 

particles. (D) Scatter plot of relative current change versus event duration for electroosmotically transported 

particles [39]. 

 

Scatter plots of the relative current change against the event duration show that particles 

transported by electroosmosis have more variability in their event duration, Figure 5.5D. Time 

variation of particle translocations has been seen before in experiments in which particles passed 

through the pore via an externally applied pressure difference. It is known that if a pore is 

cylindrical in shape, the velocity profile will have the characteristic Poisseuille character, thus the 

fluid and particle velocity will depend on the position with respect to the pore axis. If different 

particles took different trajectories when passing through the pore, the observed translocation time 

would feature large dispersion. This suggests that the reason for the variation of the time duration 

seen in our experiments might reflect different trajectories that particles can take in our rough 

pores. To explore this idea further, more experiments were done with pores of different roughness 

and aspect ratios.  
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Figure 5.6: Visual respresentation of 

possible particle trajectories through a 

pore for a particle that has a 0 degree 

angle of approach (A), 45 degree angle 

of approach (B), and and 85 degree 

angle of approach [57]. 

 

The first set of pores that were analyzed had a range of aspect ratios from 2 to 11. This was 

to determine if increasing the number of possible trajectories for translocation could be one of the 

reasons for the increase in variation in event time duration. We expected that shorter pores would 

offer more trajectories for particles because passage through the pore in this case is also affected 

by the direction from which the particle approaches the pore, Figure 5.6. Histograms were used to 

compare the weighted average variance in translocation time for different experimental conditions 

and pores, Figure 5.7. The three shorter pores (pores 1-3) with aspect ratios of 3 or less showed 

higher dispersion times compared to previous particle experiments [54]. This phenomenon was 

particularly pronounced for particles that passed through in the direction of electroosmosis.  

Comparing experiments performed on short and long pores (pores 4,5) confirms that the lower 

aspect ratio increases translocation time variability, as the long pores had dispersion of less than 

20%. The fact that aspect ratio plays a role in the dispersion of translocation times indicates that 

multiple particle trajectories increase the variability of translocation time.  
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Figure 5.7: Histograms of percentage change in variance in event durations for 5 pores. The x-axis is the applied 

voltage in volts. The pores with the larger opening diameter (D) are shorter in length (L) as the material is etched 

away proportional to the pore diameter. The particle diameter is given by d. Blue and orange bars represent 

electrophoretic and electroosmotic transport of particles, respectively. The insets are example resistive pulse events 

for each pore. In order to find the percentage variability the square root of the variance was divided by the average. 

Both values were found with histograms. Pores 1,2,4, and 5 were measured on the Axopatch 200B. Pore 3 was 

measured with the custom built amplifier [39].  

 

The next step was to determine whether the roughness of the pores plays a significant role 

in the dispersion of the translocation times, Figure 5.8. Roughness in the PET pores is understood 

as an axially varying diameter. All PET pores exhibit a certain level of variation, however some 

pores were especially rough as seen by large amplitudes of current changes within a resistive pulse, 

e.g. pore 6 in Figure 5.8; as expected, variability of translocation time through these pores was 

higher than through smoother pores. The second set of 6 pores shown in Figure 5.7, confirms the 

conclusions drawn from the pores shown in Figure 5.6, namely that pores with a lower aspect ratio 

also cause larger variation in the passage times.  
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Figure 5.8: Dispersion of particle translocation times in six pores with variying opening diameter (D), length (L), 

and topography. On the x axis the applied voltage is in volts. Particle diameter is given by d. Blue and orange bars 

represent electrophoresis and electroomosis transport, respectively. The custom built amplifier was used to record 

data for pores 1-4 in 0.1 M KCl. The Axopatch 200B was used to record data for pore 4 in 10 mM KCl and all data 

for pores 5 and 6 [39].  

 

To investigate why roughness played a role in the modulating the translocation times, the 

velocity profiles of electroosmosis in rough pores were modeled. Electroosmotic flow in a smooth 

cylindrical channel has a plug-like velocity profile, but that is not the case when roughness is added 

to the channel. Since the continuity equation must be fulfilled the fluid velocity in the narrow 

regions of the pore must be higher than in the wider regions. A consequence of this is the wider 

regions pull fluid from the narrow regions creating a local pressure difference. Inhomogeneous 

pressure drops and location dependent velocities profiles have been predicted and studied 

previously using smooth cylindrical pores with inhomogeneous zeta potentials [58].  In order to 

visualize the flow, a florescent dye was used. It was observed that the changing zeta potentials did 

indeed change the observed velocity profile so that no Poisseuille flow was observed. For our 

system the velocity profiles in a rough pore were modeled by numerically solving the coupled PNP 
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and NS equations for two types of pores. In one longer pore that had a length of 4.2 µm, the 

diameter of the narrow regions is 350 nm and the cavity has a diameter ranging from 450 to 750 

nm. The shorter pore, which was 900 nm long, had a narrow region with a diameter of 350 nm and 

a cavity with diameter 550 nm. The surface charge of the pores was -0.5 e/nm2 and the bulk 

electrolyte was 10 mM KCl for both cases.  

Modeling performed for the long pore indicates the velocity field in the narrow regions is 

fairly flat with a local minima at the pore axis and maximums near the pore walls, Figure 5.9. This 

flow has been observed before in cylindrical pores with inhomogeneous zeta potential [58]. The 

wider region had a more complex velocity profile, where the maximum was at the pore axis and 

the local minimum was near the pore walls. For larger undulations this phenomenon was more 

pronounced. When the undulation is 750 nm in diameter, a = 200 nm, the liquid is almost stalled 

100 nm from the pore walls. The middle region of the cavity is similar to the narrow regions. These 

velocity profiles suggest that the fluid next to the wall is unable to follow sharp corners. This 

modeling further confirmed the presence of local pressure gradients and that for larger undulations 

the pressure has a higher magnitude, Figure 5.9. 

 The modeling for the shorter pore with an aspect ratio of 3 had higher velocity magnitudes 

than the longer pore, Figure 5.10. This is due to the higher electric field produced with the same 

applied voltage. The narrow region is similar to the long pore, with the maxima near the pore walls 

and a local minima in the center of the pore. The velocity in the cavity has a local maxima in the 

center and two local maxima near the pore walls. However due to the undulation being comparable 

to the length of the segment the velocity profile does not flatten in the wide region. This modeling 

suggests that roughness does indeed play a significant role in modulating the translocation times 
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of particles. Increasing roughness makes the velocity profile more complex, thus depending on the 

trajectory the particle takes through the pore, it will translocate with different local velocities.   
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Figure 5.9: Radial velocity profiles of a 4.2 µm pore 

with undulating diameter, a surface charge density of  

-0.5 e/nm2 and a bulk electrolyte concenrtation of 10 

mM KCl. The modeling was produced by numerically 

solving the PNP, NS equations. A schematic of the pore 

structure is in the upper left corner and the pressures 

along the pore axis are in the bottom left corner. [39] 
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Figure 5.10: (A) Schematic of the short 900 nm pore (B) Pressure profile along the axis of the pore (C) Velocity 

profile along the narrow region (D) Velocity profile along the wide region [39]. 

 

The pressure gradients induced by the complex velocity profiles in the pore offer a 

possibility for non-contact deformation of soft particles. Experiments done by Pevarnik et al with 

negatively charged hydrogel particle experiments in similar PET pores to examine if this 

deformation was possible [59]. Hydrogels are spherical particles made from crosslinking 

monomers and are filled with ionic solution, KCl in this case. Hydrogels are of interest as they can 

collapse to a much smaller diameter than their original sizes, making them potentially useful as a 

drug delivery device. Hard spherical particles were first passed through the pore in order to 

determine the topography of the pore. The resistive pulse seen in Figure 5.11, consisted of two 

larger current decreases at both pore entrances and a shallower current decrease in the middle, 

indicating presence of a cavity. The hydrogel translocations produced pulses of a similar structure 

except there was an increase in current at the beginning of the event that traced the pore topography, 
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i.e. two narrow entrances and the cavity. This increase was followed by a blockage of the current. 

Presence of a hydrogel in the pore causes a current increase not decrease, because the hydrogel is 

filled with ionic solution; thus a hydrogel brings more ions into the pore than the number of ions 

it displaces. The current decrease at the end of the translocation was interpreted as hydrogel in its 

collapsed and dehydrated form. The hydrogel collapse was observed due to the pressure 

differences the particle is subjected to while translocating, Figure 5.9.  

Since it was possible to deform the submicron hydrogels without physically touching them, 

it could also be possible to deform microscopic objects such as biological cells. This would be 

particularly interesting as physical abnormalities in cells are often indicative of diseases. The 

specific focus will be to determine if a system of rough pores is capable of detecting the 

squishiness/mechanical properties of individual circulating tumor cells (CTCs). As the ability to 

detect and separate CTCs without labeling would be very advantageous over existing 

characterization techniques.  

 

 
Figure 5.11: Hard sphere translocation of a 220 nm sphere through a 540 nm pore, where pore topography has two 

constrictions with a cavity in the middle, left side. 300 nm hydrogel translocation through the same pore, where 

topography is seen in the increase in current and there is pore blockage after the hydrogel deforms, right side [59].  

 

Mouse J774A.1 macrophage cells from reticulum cell sarcoma were the first type of cells 

we detected and analyzed with single rough pores. A mixture of J774A.1 mouse cells and 5 µm 
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particles at concentrations of 104/mL and 108/mL, respectively, in PBS were placed on one side of 

the 15 µm pore with the working electrode. The cells and particles passed through the pore by 

electroosmosis. It is important to note that the concentrations of particles used for this set of 

experiments is just an order of magnitude below the concentration of red blood cells in whole 

blood. The cells were easily distinguishable from the particles as they are much larger than the 

particles, Figure 5.12. Passage of the particles again traced the topography of the pore indicating 

there was a constriction at the entrance and exit, with a cavity in the middle. It also indicted that 

the constrictions were of similar size, as the peaks in the particle events were close in size as well. 

A closer look at the mouse translocations indicated that the two peaks were not the same size. This 

suggests that the mouse cells were undergoing deformation as they passed through the pore. As 

these results with the mouse cells were quite promising, we wanted to try human cells next with 

longer pores.  

 
Figure 5.12: Top panel is examples of particle translocations with a single mouse cell translocation. The bottom 

panels are examples of other mouse cell translocations. The bottom right mouse cell translocation is a mouse cell 

event with particle translocations superimposed on top of it [39].  
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5.2.2 MCF-7 Cell Experiments 

The first human cells that tested were breast cancer cells, specifically MCF-7. A set of 

experiments with four independently prepared pores was performed. Two PET pores with average 

diameters of 20 and 25 µm and lengths of 30 and 25 µm, respectively, and two polycarbonate (PC) 

pores with average diameters of 25 and 20 µm and lengths of 75 and 80 µm were used in the 

experiments. The cells were detected from a suspension containing ~106 cells/mL and prepared in 

an HBSS buffer with 0.1% pluronic. Pluronic is used to prevent the cells from sticking to each 

other or to surfaces thus it played a role of a surfactant. The same pores were used to detect 

polystyrene particles 10 m in diameter present at a concentration of ~ 108 per mL with 0.1% 

Tween 80.  In this thesis we will show data collected with the 25 µm diameter PC pore. Passage 

of the particles allowed us to trace the pore 3D topography and revealed that this PC pore had a 

similar geometry to the one used for the detection of mouse cells, namely it contained two 

constrictions of roughly the same diameter and a cavity in the middle, Figure 5.13A. The particle 

events were also used to calculate the diameter of the undulations and it was determined that the 

constrictions had a diameter of 21 µm and the cavity had a diameter of 23 µm. A 2D visual 

representation of the pore topography is shown in Figure 5.13B. 

 

 

Figure 5.13: A) Current pulse of a 10 µm particle through the 25 µm pore. B) Schematic of the topography of the 

25 µm PC pore based on particle events. 
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Once the geometry of the pore was known the cells were translocated electroosmotically 

through the pore and their individual current pulses were recorded. The individual current pulses 

for the cells do not have the same peak heights like the particle events do. This indicates that the 

cells represent a heterogeneous population while the particles are homogeneous. Figure 5.14 

contains three examples of cell translocations, where each represents cells of different sizes as 

evidenced by the differences in initial peak heights. After the cells were translocated through the 

pore they were removed from the conductivity cell with a sterile pipette and plated. The cell growth 

was observed for 9 days. The experiments provided evidence the detected cells remained viable 

after translocation through the pore, Figure 5.14.  

 
  

   

   
Day 1 Day 3 Day 9 

 

Figure 5.14: Top: Examples of three different MCF-7 cell translocations. Bottom: MCF-7 cells were plated after 

being translocated through the 25 µm PC pore.  Images were taken with an inverted Olympus IX70 microscope 

using the SPOT Idea 3.0 camera and Spot acquisition software (Spot Imagining Solutions) on the day the cells were 

plated (Day 1) and then again on Day 3 and Day 9. Cell growth is seen in both Day 3 and Day 9 images. 
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Passage of ~200 cells was observed and analyzed using a custom Matlab program. The 

pulses created by the cells and local ion current changes were used to determine if the cells changed 

their size while translocating. The difference in size between the first peak and the second peak 

were examined. However there was no correlation, so the next step was to look at the difference 

in size between the first peak and the cavity. Here there was indication of size change, red bars in 

the histrogram in Figure 5.15. There is a wide variation in size change for the cells. This is expected 

as the population of MCF-7 cells are heterogeneous.  For comparison fixed MCF-7 cells were also 

translocated through the pore. Fixed cell are dead cells that were incubated with 4% 

paraformaldehyde for 30 minutes to keep them from degrading. The fixed cells are expected to be 

more rigid than the live MCF-7 cells. While there is overlap of the fixed cells and the live cells in 

the histogram, the fixed cells tend to squish to a much smaller extent. This indicates that the fixed 

cells are less deformable than the live MCF-7 cells. These are very promising results, but a larger 

difference in the deformation of fixed cells and viable cells would allow for better detection. It is 

possible that this can be achieved by using a pore with a larger undulation, thus applying more 

pressure. Future experiments will explore this idea. 
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Figure 5.15: Histrogram of the change of cell diameter 

from peak one to the cavity. Red bars represented the 

live cells and black bars represented the fixed cells. 
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Chapter 6 

Conclusions 

 

In this thesis I have discussed the fabrication of polymer pores, ion transport through the 

pores, hydrophobic gating, and particle and cell translocations. Polymer pores were irradiated with 

a single swift heavy, creating a damage track in the foil. The damage track was then etched to 

create either a conical or a cylindrical nanopore by controlling the bulk and track etch rates. The 

processes of etching polyethylene terephthalate (PET) or polycarbonate (PC) creates negatively 

charged carboxyl groups on the pore walls, which increase the salt concentration inside the pore 

to above bulk. The increase of salt concentration in the pores leads to higher currents and in conical 

nanopores rectification of the ion current. Ion current behaviors in polymer pores can be controlled 

electrostatically or with hydrophobic interactions. It was also shown that smooth micropores 

created a plug-like electroosmotic flow.  
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The first experiments discussed were hydrophobic gating with single conical nanopores. 

Conical nanopores created in PET were modified with C3, C6, and C10 alkyl chains to study the 

effect of chain length on hydrophobic gating. Planar PET surfaces were also modified in the same 

manner as the nanopores and contact angle measurements were performed. While the unmodified 

PET surface had a low contact angle, the modified surfaces all had similar contact angles. 

Naopores modified with the shorter alkyl chains exhibited only modest gating in 10 mM KCl, and 

were open for all other KCl concentrations. However, nanopores modified with the longest of the 

three alkyl chains, C10, were mostly closed in 10 mM KCl and gated in 100 mM and 1 M KCl. 

These pores also were able to repeatable gate, a behavior nanopores modified with C3 and C6 did 

not exhibit. It was also shown that the gating behavior was not only voltage dependent, but KCl 

concentration dependent as well. The salt concentration dependence was described by the outward 

stress on the meniscus which originated from the Maxwell and osmotic stress components. It was 

also shown that those stresses lead to electrocapillarity and modulation of the shape of the liquid 

vapor interface. Furthermore gating only occurred in nanopores that were partially modified, as 

previous experiments with partially modified pores never opened.  

Experiments were also done with PC and PET micropores in attempts to extend the 

resistive pulse technique beyond sizing meso and micro sized objects. Polystyrene spheres were 

translocated through micropores by both electroosmosis and electrophoresis. It was found that the 

undulating diameter of the micropore produces electroosmotic velocities that were both radially 

and axially dependent. Thus pores with surface charge and axially varying diameters produce a 

wide distribution of particle translocation times. This effect is especially pronounced in pores with 

a low aspect ratio or pores that are very rough. Modeling of rough pores indicated a dependence 

on the length of the undulations and the stability of the velocity profile. The velocity profile of 
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short undulations had a radially dependent velocity throughout the whole undulation. However 

with the long undulation the velocity profile eventually stabilizes exhibiting little radial variability.  

This produces a powerful analytical tool as the complex velocity fields produce pressure gradients 

inside the pore. Experiments with biological cells and hydrogels suggest the pressure gradients 

produced are large enough to cause deformation of translocated objects. Information gleamed from 

the deformation of an object can provide insight into its mechanical properties. Thus pores with 

an undulating diameter offer a possibility to extend the resistive pulse technique beyond sizing to 

provide a high-throughput method for probing the mechanical properties of meso to micro sized 

objects.  
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