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Solid-State Nanopore Sensors for Nucleic

Acid Analysis

Bala Murali Venkatesan and Rashid Bashir

Abstract Solid-state nanopores are nm sized apertures formed in thin synthetic

membranes. These single molecule sensors have been used in a variety of biophys-

ical and diagnostic applications and serve as a potential candidate in the develop-

ment of cost-effective, next generation DNA sequencing technologies, critical to

furthering our understanding of inheritance, individuality, disease and evolution.

The versatility of solid-state nanopore technology allows for both interfacing with

biological systems at the nano-scale as well as large scale VLSI integration

promising reliable, affordable, mass producible biosensors with single molecule

sensing capabilities. In addition, this technology allows for truly parallel, high

throughput DNA and protein analysis through the development of nanopore and

micropore arrays in ultra-thin synthetic membranes. This chapter is focused on the

development of solid-state nanopore sensors in synthetic membranes and the

potential benefits and challenges associated with this technology. Biological

nanopores, primarily a-hemolysin and the phi29 connector are also reviewed. We

conclude with a detailed discussion on chemically modified solid-state nanopores.

These surface functionalized nanopore sensors combine the stability and versatility

of solid-state nanopores with the sensitivity and selectivity of biological nanopore

systems and may play an important role in drug screening and medical diagnostics.
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1.1 Introduction

Our quest to better understand the origins of inheritance, individuality, disease and

evolution has led to some of the greatest scientific and technological discoveries in

history. This journey has taken us from the macro-scale world that we live in, to the

micro-scale environments in which cells and bacteria operate, down to the nano-

scale in which single molecules of DNA, RNA and proteins exist. The discovery of

microorganisms in the late 1600s by Anton Van Leeuwenhoek laid the foundation

for modern microbiology and bacteriology, making possible the discovery of

processes such as cell division and cell differentiation. Gregor Mendel’s discovery

of the laws of inheritance through observations involving the physical traits passed

on between generations of pea plants, laid the foundation for modern day genetics.

Latter work by Oswald Avery confirmed that this genetic information is carried by

deoxyribonucleic acid or DNA.

The discovery of DNA as the blue prints of life in all living organisms is of

fundamental importance in medicine and biology. DNA contains the instruction set

that is used to encode RNA and proteins, the machinery that drives all cellular

activity. Chemically, DNA consists of two long polymers composed of simple sub-

units called nucleotides arranged in a double helix structure. Each nucleotide contains

a sugar-phosphate backbone attached to one of four types of molecules called bases,

specifically Adenine, Thymine, Cytosine and Guanine. It is the sequence of these four

bases along the DNA backbone that encodes the genetic information that defines

the various characteristics of an organism. Due to the vast information content of

DNA and its importance in regulating cellular behavior, widespread research is

focused on the development of technologies applicable to DNA analysis.

Gel electrophoresis is the most commonly used tool in DNA analysis and is the

work-horse of conventional DNA Sanger sequencing platforms [73]. In gel electro-

phoresis, charged biopolymers are electrically driven through a ‘gel’, consisting of

a heterogeneous, three-dimensional matrix of pores ranging in diameter from a few

nanometers up to hundreds of nanometers. The gel is composed of either polyacryl-

amide or agarose depending on the specific weight and composition of the analyte

of interest. Electrophoresis of DNA is made possible by the charged nature of this

polymer in solution. The isoelectric point of the phosphate group on the DNA

backbone is ~1 resulting in a single negative charge per nucleotide under most

experimental conditions, including physiological pH. In solution, this charge

is partially shielded due to counterion condensation according to Manning

theory [57]. During gel electrophoresis, strong interactions between DNA and the

pore network result in the fine separation of even relatively similar molecular
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species, based on the enhanced mobility of shorter molecules in the gel. This

technique finds application in DNA and protein purification, DNA length separation

assays and in DNA sequencing [9]. The limitation of this technique however, is that

it involves the simultaneous processing of millions or billions of molecules in order

to provide a macroscale optical readout. This in turn translates to large analyte

volumes, increased preparation time and high cost. In addition, the output is

averaged over a population of molecules and is less sensitive to subtle structural

variations amongst molecules. Single molecule sensing methods could help over-

come these limitations. Single molecule sensing methods employ highly sensitive

optical and electrical technologies to interrogate and analyze individual molecules

thereby reducing required analyte volumes and cost. One such technology that finds

application in single molecule DNA analysis with potential application to next

generation DNA sequencing, is the use of nanopores.

Nanopores are nm sized apertures embedded in biological membranes or

fabricated in solid-state membranes. Though the passage of biomolecules and

ions through nanopores is commonplace in biology, it is only recently that

researchers have been able to successfully drive single biomolecules such as

DNA through proteinaceous and solid-state nanopores in-vitro [22, 43]. Solid-

state nanopore platforms are capable of resistively sensing individual biomolecules

including DNA, RNA and small proteins. The concept of resistive particle sensing

in solutions was first pioneered by Coulter in the early 1950s [21]. This work led to

the development of the Coulter Counter, now a commonly used device for

obtaining complete blood cell counts. The principle governing the operation of

the Coulter counter is relatively simple. An aperture, slightly larger than the analyte

of interest separates two chambers filled with conductive electrolyte. Electrodes

immersed in each chamber are used to apply an electric potential, creating a current

of ions through the aperture. As the analyte of interest passes through the aperture,

the ionic current is partially blocked and this perturbation is sensed electrically

revealing useful information about the particle.

Nanopore based single molecule sensors use this exact same principle, only at the

nano-scale where the size of this aperture is comparable to the 2.2 nm cross sectional

diameter of an individual dsDNA molecule. Briefly, a silicon support containing a

single nanopore of diameter comparable to the diameter of an individual DNA

molecule is fabricated (Fig. 1.1a) and then inserted into a flow cell containing two

chambers filled with conductive electrolyte (Fig. 1.1b). An electrode is immersed in

each chamber as shown, and a potential is applied across the nanopore chip, resulting

in an ionic current through the pore corresponding to the open pore current. Target

DNA molecules are next inserted into the cis chamber of the fluidic setup. Two-

terminal electrophoresis is used to drive the negatively charged DNA molecule

through the nanopore (Fig. 1.1c), resulting in transient current blockades as seen in

Fig. 1.1d. These electrical signatures are then analyzed, revealing useful information

about the translocating molecule [89, 90]. This technique has been used to study

various biophysical phenomena at the single molecule level including the label-free
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detection of single nucleotide polymorphisms (SNP’s) with application to cancer

diagnostics [36], stretching transitions in individual dsDNA [31], unzipping kinetics

of hairpin DNA molecules [59], DNA sizing and sieving [85], and the detection of

DNA-protein complexes essential in DNA repair [80].

1.2 Nanopores in Biology

The biological cell contains various types of nanopores and nanochannels that

regulate the flow of ions and molecules into and out of the cell. These nanopores

play a vital role in cellular processes such as intercellular communication and

signaling between subcellular structures. Examples include gated, selective ion

channels that connect the cell cytosol to the cell exterior; nuclear membrane

pores that control the passage of biomolecules such as messenger RNA (mRNA)

from the cell nucleus into the cytosol; proteins that are secreted across pores in the

Fig. 1.1 (a) Transmission Electron Microscope (TEM) image of a 7 nm Al2O3 nanopore

(b) Nanopore fluidic setup showing Si nanopore chip encapsulated between two chambers of a

PMMA flow cell filled with conductive electrolyte (c) Schematic of DNA transport through a

nanopore (d) Characteristic downward current blockades seen during the transport of individual

DNA molecules through the pore (Inset) Current signature corresponding to a single DNA translo-

cation event showing, blockage ratio IB, and translocation time, tD, specific to the translocation event
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membranes of cell organelles; and viruses, which dump their genomes into cells via

pores that insert into the cell membrane [22]. An example of a biological nanopore

that is frequently used in-vitro is the a-hemolysin channel.

1.2.1 a-Hemolysin

a-hemolysin is a naturally occurring biological protein complex extracted from the

bacterium Staphylococcus aureus that when inserted into a lipid bilayer membrane,

forms a ~1.5 nm diameter pore allowing the passage of ions and ssDNA. In vivo,

bacterium Staphylococcus aureus secretes alpha-hemolysin monomers that bind to

the outer membrane of host cells. These monomers self assemble into seven subunit

oligomers to form a water-filled transmembrane channel that facilitates the uncon-

trolled permeation of water, ions, and small organic molecules in and out of the host

cell. The resulting discharge of vital molecules from the host cell, osmotic swelling

and a loss in ionic gradient can result in irreversible cell damage and eventually

death of the host cell (apoptosis). Apoptosis induced by a-hemolysin insertion in

various cell types including rabbit erythrocytes, human erythrocytes, monocytes,

and lymphocytes has been reported [4, 40].

In-vitro studies of DNA transport through biological pores have traditionally

focused on a-hemolysin as the transmembrane channel of choice. The structure of

the heptameric a-hemolysin pore embedded in a lipid bilayer is shown in Fig. 1.2a.

Fig. 1.2 Single nucleotide detection using a mutant a-hemolysin nanopore [18], reprinted with

permission. (a) Mutant a-hemolysin protein channel modified with a cyclodextrin adapter embed-

ded in a lipid bilayer (b) Characteristic current recordings from a modified a-hemolysin channel,

showing different blockade levels for each base (c) Current blockade histogram confirms single

base discrimination ability of modified a-hemolysin pore
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The total channel length is 10 nm and is comprised of a 5 nm vestibule that

protrudes into the cis compartment and a 5 nm transmembrane domain embedded

in the lipid bilayer. Between pH 7–9, a-hemolysin forms a relatively stable and

reproducible non-gating channel with less than 2% variation in open pore current

under temperature stabilized conditions [96]. The comparable inner channel diam-

eter of a-hemolysin to ssDNA (diameter ~1.3 nm) suggests that less than one Debye

length (~3 Å in 1 M KCl) separates the translocating biomolecule from the amino

acid residues in the pore. Although dsDNA is too large to translocate through

a-hemolysin, up to a 10 bp fragment can reside in the vestibule. This makes

a-hemolysin a very powerful tool for examining biomolecular interactions and the

binding affinities of individual molecules at the single molecule level.

In a landmark study, Kasianowicz et al. demonstrated the ability to electrically

detect individual ssDNA and ssRNAmolecules using a-hemolysin nanopores embed-

ded in planar phospholipid bilayers [43]. A plethora of studies have since followed

elucidating the biophysics of single molecule transport through proteinaceous

a-hemolysin. For example, Meller et al. examined the effects of polymer length on

translocation velocity [61]. Polymers longer than the pore length were seen to

translocate at constant speed however shorter polymers exhibited a length dependent

velocity. Studies by Mathe et al. revealed that a-hemolysin nanopore sensors are

sensitive enough to differentiate between 30 and 50 threading of ssDNA in the pore

with 50 threading resulting in a twofold increase in translocation times relative to 30

threading, attributed to the tilt reorientation of bases towards the 50 end of the

molecule [58]. Brun et al. showed that biomolecule flux through proteinaceous

a-hemolysin is highly dependent on the applied voltage with the capture rate of

ssDNA [60, 64] and small polyelectrolytes [8], following a simple Van’t Hoff-

Arrhenius relationship. Kasianowicz and co-workers further showed that the asym-

metric structure of a-hemolysin promotes biomolecule entry from the cis side

(side with the vestibule) as opposed to the trans side [32]. Reduced biomolecule

flux from the trans side was attributed to a combination of factors; (1) the high

entropic barrier associated with the highly confined geometry of the b barrel on the

trans side and (2) electrostatic repulsion of DNA by the negatively charged asparatic

acid residues located on the trans side. The unzipping of hair-pin DNA structures

using a-hemolysin was observed by Vercoutere et al. for sufficiently short hairpins.

Vercoutere demonstrated the ability to discriminate between 3 and 8 bp long hairpins

with single base resolution [92]. Meller further demonstrated that sequence specific

information could be derived directly from ssDNA translocation experiments through

biological a-hemolysin [60]. Poly(dA) and Poly(dC) strands exhibited different

translocation times attributed to the strong base stacking of poly(dA) relative to

poly(dC), thereby making the poly(dA) sequence more rigid during translocation.

a-hemolysin nanopores also hold tremendous value in the field of DNA sequenc-

ing. Stoddart recently demonstrated the ability to resolve individual nucleotides

located in homopolymeric and heteropolymeric ssDNA immobilized in biological

a-hemolysin [83]. Mitchell et al. showed that chemical labels attached to bases

could be used to resolve individual bases in a translocating DNA strand [62].

Interestingly blockage durations and amplitudes could be tuned by varying the
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chemistry, charge and size of these chemical tags, suggesting the possibility of base

discrimination based on peptide labeling with application to DNA sequencing.

Another novel nanopore-based sequencing approach was proposed by Cockcroft

et al. that exploited the selective, base-by-base activity of DNA Polymerase [19].

By anchoring a DNA/DNA-Polymerase complex in the nanopore, the authors were

able to electrically monitor single nucleotide primer extension events. Primer

extensions were controlled by providing each nucleotide set sequentially and tempo-

rally extracting sequence information [19]. The Bayley group recently demonstrated

the ability to continuously resolve indigenous single nucleotides (dAMP, dCMP,

dGMP, dTMP) through nanopore based resistive current measurements [18]. Remark-

ably, individual bases could be discriminated based on current blockade levels

without any prior base labeling or chemical modification as shown in Fig. 1.2b, c.

Base selectivity was achieved by modifying the mutant a-hemolysin pore with a

cyclodextrin adapter (am6amPDP1bCD) covalently bound within the b barrel of the

transmembrane domain, thereby constricting the nanopore channel while enhancing

the chemical specificity of the sensor. Raw bases were read with over 99% confidence

under optimal operating conditions. By integrating this base identification platform

with a highly processive exonuclease (chemical attachment or genetic fusion of

exonuclease), a single molecule sequencing by digestion approach may be feasible.

1.2.2 Bacteriophage phi29 Connector

Another biological nanopore that is receiving much interest of late is the connector

protein from the bacteriophage phi29 DNA packaging motor. In bacteriophage

phi29, linear dsDNA is packaged into a viral capsid, an entropically unfavorable

process that requires the hydrolysis of ATP. During packaging, the linear DNA

passes through a narrow channel of inner diameter ~3.6 nm, termed the connector.

The connector is comprised of 12 GP10 protein subunits that readily self assemble in

solution to form a stable, repeatable do-decameric structure [95]. As the crystal

structure of this biological nanopore channel has been resolved [100], explicit site

engineering is possible. Wendell et al. modified the phi29 connector protein to

include hydrophilic sites on the crown and base, thereby allowing its integration

into liposomes [95]. The insertion of the phi29 connector into preformed lipid

bilayers was achieved through vesicle fusion resulting in steady, repeatable pore

conductance. Pore conductance was comparatively approximately five times higher

than that observed in a-hemolysin under similar conditions and did not show

any voltage gating effects. Phi29 has one distinct advantage over a-hemolysin. The
larger barrel allows the translocation of dsDNA and a variety of proteins that are

simply too large to pass through a-hemolysin. Thus the phi29 connector system allows

the experimentalist to examine a broader spectrum of biomolecule interactions at the

single molecule level.Wendell et al. demonstrated the successful detection of 5.5 kbp

dsDNA and 35 bp dsDNA using this novel biological nanopore platform.
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1.3 Solid-State Nanopores

With advances in microfabrication technologies, focus has shifted to the solid-state

domain with numerous groups studying biomolecule transport through solid-state

nanopores. Solid-state nanopores exhibit superior chemical, thermal, and mechani-

cal stability over their biological counterparts, and can be fabricated using conven-

tional semiconductor processes, thereby facilitating mass fabrication and size

tunability. In addition, solid-state nanopores are functional over a wide range of

pH and do not exhibit any voltage gating, whilst allowing for integration with

electrical contacts and optical probes.

1.3.1 Fabrication of Single Nanopores

There are four primary techniques available for the fabrication of solid-state

nanopores in thin Si3N4, SiO2, Al2O3 or polymer membranes; surface tension driven

oxide reflow, ion milling, track-etch method and electron beam based

decompositional sputtering. Other lithography-free techniques for creating individ-

ual nanopores include focused ion beam (FIB) techniques coupled with ion-beam

sculpting to achieve pore sizes as low as 10 nm [54], and laser ablation methods

capable of achieving sub 100 nm pore diameters [99, 101].

1.3.1.1 Electron Beam Induced Oxide Reflow

The oxide reflow technique involves the use of e-beam lithography to pattern large

40–100 nm holes in micromachined silicon membranes. These pores are subse-

quently oxidized and shrunk to the sub-10 nm range using a TEM. The TEM

shrinking process, discovered by Storm [84] uses a high energy electron beam to

locally fluidize the oxide surface in the vicinity of the nanopore causing the oxide to

reflow in the direction that minimizes interstitial surface energy. For nanopores

with diameter, d < t, where t is the membrane thickness, nanopore shrinking was

repeatedly observed. Figure 1.3 illustrates this electron beam induced shrinking

process. Schenkel et al. attributed this shrinking phenomenon to the build up of a

low-Z hydrocarbon layer in the nanopore during electron-beam irradiation [74].

Electron Energy Loss Spectra (EELS) from the localized nanopore region however

revealed the presence of only Si and O and the absence of C, [84] thereby confirming

that oxide reflow is indeed the mechanism responsible for nanopore shrinking.

The temporal contraction of a SiO2 nanopore formed in an oxidized free

standing Si membrane through electron beam induced oxide reflow processes is

shown in Fig. 1.3a–d. The temporal contraction of an Al2O3 nanopore is illustrated

in Fig. 1.3e–h [89]. The formation of SiO2 nanopores in oxidized free standing Si

membranes presents some inherent limitations. Pores were oxidized (wet oxidation)
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at 900�C for 31 min resulting in a SiO2 layer of thickness between 800 and 900 Å.

This oxide layer acts as an insulating barrier, shielding the electrolyte solution from

the underlying conductive Si surface. Tilted SEM images of these thermally grown

silicon dioxide membranes illustrate high levels of compressive stress and mem-

brane buckling post oxidation [89]. The result is extremely fragile, highly stressed

membranes that frequently rupture during DNA translocation experiments. Fitch

et al. studied the intrinsic stress and strain in thin films of SiO2 prepared by the

thermal oxidation of crystalline silicon and concluded that large intrinsic stress

gradients exist in the layers of SiO2 at the Si/SiO2 interface [25]. The residual

intrinsic interfacial stress was calculated at ~460 MPa and was independent of the

growth temperature and thermal annealing processes, attributed to mismatches in

the molar volumes of Si and SiO2 at the interface. This highlights the need for low

stress, mechanically stable membranes for nanopore formation.

1.3.1.2 Ion Beam Sculpting

The ion-beam sculpting process first developed by Li et al. [53], uses an energetic

beam of Ar+ ions to form nanopores with dimensions as low as 1.5 nm in thin Si3N4

membranes. Contrary to what one would expect, a 3 keV Ar+ ion beam rastered

continuously over a Si3N4 sample at room temperature resulted in ion beam assisted

diffusion of atoms into the pore region resulting in nanopore contraction. The flow of

matter to the developing nanopore showed temperature dependence with a transition

between pore opening and pore closing consistently observed at ~5 �C under the

Fig. 1.3 TEM based nanopore contraction process: (a–d) Sequence of phase contrast images

obtained during TEM based temporal contraction of a SiO2 nanopore. Pore contraction was

observed over a period of 30 mins from an initial pore size of ~40 nm to a final pore size

of ~8 nm. (e–h) TEM based contraction of an Al2O3 nanopore [89], reprinted with permission.

A tightly focused electron beam is used to initially sputter a pore of diameter ~4 nm. Exposure to a

defocused electron beam results in material reflow into the pore, resulting in pore contraction.

Final pore size is approximately 1 nm
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ion-beam conditions used. Pore expansion was attributed to ion sputter erosion at the

pore edge, dominant at low temperatures and high ion flux. Pore closure was

attributed to the reflow of a stressed viscous surface layer into the nanopore. The

reduced viscosity and/or enhanced stress in this layer caused relaxation, thereby

filling the nanopore. Feedback control was used to precisely control nanopore size.

1.3.1.3 Track-Etch Method

Conical nanopores are typically formed in mm thick polymer films using the

track-etch method [10, 75, 76]. The fabrication process involves first bombarding

a thin sheet of polymer material (polyethylene terephthalate, polyimide or polycar-

bonate) with a high energy beam of nuclear fission fragments or with a high energy

ion beam from a MeV accelerator at normal or near normal incidence angle. The

irradiated polymer membrane is then placed between two chambers of a conductiv-

ity cell and etched chemically from one side. Chemical-etching of the damage track

is done in a strong alkaline solution (pH � 13) with high chlorine content at elevated

temperatures (~50 �C) using a solution such as sodium hypochlorite (NaOCl) [77].

The other compartment of the conductivity cell is filled with 1 M potassium iodide

(KI) solution as a stopping medium for the OCl� ions of the etchant. As soon as the

etchant completely penetrates the polymer film, iodide ions reduce OCl� to Cl� ions

thereby halting the etch process. The result is a tapered, individual conical nanopore

with pore diameter as low as ~10 nm in the polymer membrane.

1.3.1.4 Electron Beam Induced Sputtering

Electron beam induced sputtering offers a rapid and reliable method to prototype

nm sized pores in the TEM. This method involves the use of a focused convergent

electron beam with sufficiently high current density to decompositionally sputter

nm sized pores in thin oxide or nitride membranes (thickness � 60 nm). An added

benefit of this method is that it allows the operator to inspect pore size during

fabrication and avoids the need for electron beam lithography involving e-beam

resists and reactive ion etching (RIE) pattern transfer steps. Kim et al. used high-

resolution TEM to study nanopore formation kinetics in Si3N4. Nanopore formation

was a balance between two competing processes: (a) material sputtering and (b)

surface-tension-induced shrinking [46, 48]. Nanopores, 4–8 nm in diameter were

directly drilled using a JEOL 2010F field emission TEM with an accelerating

voltage of 200 keV and a beam current density of 108–109 e nm�2. Nanopore

contraction was achieved by slightly defocusing the e-beam, effectively reducing

the beam intensity to ~106 e nm�2. TEM tomography was used to map the three-

dimensional structure of these solid-state nanopores. It was observed that the

sidewalls of the sputtered pores were angled (approximately 65� to the horizontal),

attributed to the intensity distribution of the e-beam around its focal point. Post-

drilling, pores formed an ‘hourglass’ structure with pore width being determined by
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the width of the narrowest constriction [46–48]. Similarly, Heng et al. used a

focused convergent electron beam to form nanopores in ultra-thin 10 nm Si3N4

membranes. The nanopore structure resembled a double cone structure with a cone

angle of 10� [30]. Smeets et al. observed a cone angle of 45� for nanopores

sputtered in composite SiO2/SiN/SiO2 membranes [81]. In all cases, nanopores

formed directly through electron beam induced sputtering exhibited the ability to

contract under a defocused electron beam.

1.3.2 Fabrication of Nanopore Arrays

Multiple methods exist for the formation of nanopore arrays. The track-etch method

is one which has been used to produce commercially viable nanopore arrays with

diameters as low as ~10 nm and packing densities as high as 6 � 108 pores/cm2 [28].

Nanopore arrays can also be fabricated through an anodization process of thin

aluminum films. In one such process that we have previously explored, aluminum

foil is first anodized in a 0.3 M oxalic acid solution at 5 �C at a constant applied

voltage of 40 V for 20 h [63]. The anodized aluminum is then etched in an aqueous

mixture of phosphoric/chromic acid at 60 �C. Any remaining Al in the pore region is

dissolved using a saturated HgCl2 solution. We used this process to produce

Anodized Aluminum Oxide (AAO) membranes with a highly ordered network of

nanopores (diameters ¼ 75 nm, center-to-center distance ¼ 105 nm), as shown in

Fig. 1.4a. These nanopores can be further reduced in size through atomic layer

deposition (ALD). Figure 1.4b shows an array of nanopores with final diameters of

15 � 1 nm formed using a combination of anodization and ALD processes.

Nanopore arrays can also be formed using a serial write process using ion or

electron beams. Figure 1.4c, d show arrays of ~200 nm diameter nanopores with

1 mm pitch, formed in 45 � 5 nm thick, free standing Al2O3 membrane using a FIB

tool employing a high energy Ga+ beam. Arrays were formed in these studies using

a FEI DB235 FIB system at an accelerating potential of 30 keV and 10 pA beam

current. This process can be used to achieve pore diameters as low as 30 nm by

controlling the ion dose, accelerating potential and beam current. Nanopore arrays

with pore sizes as low as ~20 nm have also been formed in SiO2 using electron

beam lithography processes [70]. In addition, Kim et al. demonstrated that

nanopore arrays could be fabricated by stepping a focused electron probe formed

in a TEM over the sample surface [47]. Though the process was time intensive,

arrays with pore diameters as low as ~5 nm could be produced this way.

1.3.3 Nanopore Formation in Thin Al2O3 Membranes

Recently, we demonstrated the fabrication of highly sensitive, mechanically stable

nanopore sensors in Al2O3 membranes formed via electron beam based
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decompositional sputtering processes [89, 90]. Al2O3 membranes were formed

through a combination of ALD and standard microfabrication processes resulting

in low stress, 45–60 nm thick free standing membranes. In addition, these mem-

branes were mechanically more robust than their SiO2 counterparts as compressive

thermal stress was reduced during fabrication. Nanopores formed in Al2O3 mem-

branes exhibited state of the art noise performance and allowed for true VLSI device

level integration due to the rapid, low temperature fabrication process developed.

1.3.3.1 Nanopore Nucleation and Expansion Kinetics

SiO2 and various metal halides/oxides including CaF2, AlF3, Al2O3, MgO and TiOx

exhibit unique sputtering characteristics under an intense electron beam. The

formation of trenches and slots in these material systems has been previously

Fig. 1.4 (a) SEM image of an AAO nanopore array consisting of 75 nm diameter pores (b) SEM

of AAO nanopores shrunk using the ALD process to a final pore size of 15 nm [63], reprinted with

permission (c) SEM of nanopore array formed through FIB milling to form 200 nm pores in a

45 � 5 nm thick free standing Al2O3 membrane (d) Atomic force microscope scan of a 5 � 5

Al2O3 nanopore array consisting of 200 nm nanopores, formed using the FIB tool
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demonstrated [3, 13, 72]. The sputtering process in Al2O3 is attributed to the

Coulomb explosion displacement of atoms based on the Knotek-Feibelman elec-

tron-stimulated desorptionmechanism. This decompositional sputteringmechanism

was exploited to form nanopores ranging in diameter from 2 to 30 nm [89, 90].

Figure 1.5 shows the Gaussian/Lorentzian intensity profiles of various focused

electron probes used in the pore formation process. Probe diameters of 2.3, 2.7,

3.2 and 3.9 nm full width at half maximum (FWHM) were investigated,

corresponding to beam current-densities of 2.6 � 106 A/m2, 4.2 � 106 A/m2,

6.1 � 106 A/m2 and 1.2 � 107 A/m2 respectively. The inset of Fig. 1.5a is a TEM

image of a 3.2 nm probe, light areas indicating regions of maximum electron intensity

located at the center of the probe and darker areas indicating less intense regions located

at the tail of the probe. Larger probe sizes exhibited higher peak intensities and a broader

Gaussian/Lorentzianprofile andwerewell suited to form largenanoporeswithdiameters

in the range of 10–30 nm, applicable for single molecule protein analysis and the

detection of “large” analytes. Smaller probes (2.7 and 3.2 nm) exhibited lower peak

intensity and a narrower profile, ideal for the high precision fabrication of 2–10 nmpores

in Al2O3, well suited for ssDNA, dsDNA and RNA analysis.

Three stages were identified during nanopore formation in Al2O3, I, Pore Nucle-

ation, II, Rapid Expansion and III, Controlled Growth as shown in Fig. 1.5b.

A critical beam current density in excess of 2.6 � 106 A/m2 was required for

nanopore nucleation in Al2O3 membranes. This is in good agreement with threshold

current densities extracted by Salisbury et al. in experiments involving electron

beam sputtered anodized alumina [72]. Below this threshold, topographical

damage corresponding to the cleaving of Al-O bonds (bond dissociation energy of

513 kJ/mol) [67], was observed but electron momentum was insufficient to induce

an embryonic nanopore structure. Pore contraction mechanisms were also seen to

dominate at low beam current densities, possibly due to surface tension driven oxide

reflow, generation/recombination of closely spaced Frenkel pairs [71] and mass

transport of mobile atoms into the nucleation site. This is consistent with the

nanopore contraction phenomenon observed previously in SiO2 [11, 84], and

Al2O3 systems [89]. The sputter rate transition observed at the boundary of the

Rapid Expansion and Controlled Growth stage was attributed to electron beam

induced crystallization and metallization of the nanopore region.

1.3.3.2 Electron Beam Induced Crystallization

Structural phase transformations in the membrane material around the pore region

was observed during electron beam induced decompositional sputtering of Al2O3

[89, 90]. Discrete spot reflections of a, g, d and k phase Al2O3 were initially

identified, confirming the formation of nanocrystalline clusters of preferred phases.

In a-Al2O3, Al
3+ cations are octahedrally coordinated with average Al-O bond

lengths of 1.92 Å [6]. However, g-Al2O3 typically exhibits a cubic defect-spinel

type structure with average Al-O bond lengths of 1.89 Å [5]. The presence of

multiple heterogeneous phases with varying bond lengths and co-ordinations,
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confirms that an irregular density of exposed Al-O groups exists at the pore surface

which in turn corresponds to an irregular surface charge distribution in a hydrated

Al2O3 nanopore. This irregular charge distribution is expected to strongly impact

DNA translocation kinetics. Prolonged exposure to the electron beam resulted in a

polycrystalline structure with preferred a and/or g phases only [90]. These results

provide evidence that the surface charge in the nanopore can be engineered based

on critical electron doses. Electron beam induced crystallization was not observed

in Si3N4 and SiO2 systems [89].

1.3.3.3 Variations in the Nanopore Stoichiometry

Wu et al. demonstrated that the electron beam inadvertently modifies the stoichi-

ometry of the nanopore [97, 98]. Nanopores formed in ~60 nm thick SiO2/SiN/SiO2

membranes through electron beam sputtering, induced the formation of Si rich

clusters in the vicinity of the nanopore as confirmed through electron energy loss

spectroscopy (EELS) and energy filtered TEM (EFTEM). O and N were preferen-

tially sputtered away in this case. Electron beam induced sputtering also has a

dramatic impact on the composition of Al2O3 based nanopores. EELS analysis

confirmed that Al-rich regions were formed at and near the pore edge due to

the preferential desorption of O [90]. Compositional variations were calculated

by the k-factormethod [24], and revealed that the O to Al ratio in the local nanopore

region decreased from 1.5 before pore formation to ~0.6 after pore formation. This

result confirms that the sputtering process preferentially desorbs oxygen, leaving

Fig. 1.5 Al2O3 nanopore formation kinetics [90], reprinted with permission (a) Intensity profiles

of the focused electron probes used during nanopore formation in Al2O3 thin films. Intensity is

normalized with respect to peak intensity of the 3.9 nm FWHM probe (Inset) TEM image of a

3.2 nm probe showing spatial intensity distribution (b) Nanopore sputtering kinetics illustrating

pore diameter vs. time for the various probe sizes examined. Distinct expansion rates were

observed delineating the three stages of pore formation, I Pore Nucleation (not shown), II Rapid

Expansion and III Controlled Growth
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behind Al-rich nanocrystals resulting in a partially metalized nanopore. Similar

phenomenon has been observed in hole drilling experiments conducted in Na-b
Al2O3 [24]. Coupled with studies by Berger et al. demonstrating the formation of

continuous Al regions and “plugs” in e-beam irradiated metal b-aluminas, [3] this

work provides a unique method to potentially form nano-scale metallic contacts

within a nanopore for bio-sensing applications. Simulation work by Lagerqvist

et al. demonstrated the ability to achieve single nucleotide resolution by employing

a nanopore sensor with embedded transverse sensing electrodes, with potential

application to nanopore-based DNA sequencing [50]. These results could help

enable the possible realization of such a structure. Local nanopore stoichiometry

is also very important when chemically modifying or functionalizing a nanopore

with various biomolecules or organosilanes. The packing density of these

molecules in the lumen and barrel of the nanopore are dependent on the density

of Aluminol surface groups in the nanopore. Thus a thorough oxidation in an O2

plasma is required before any surface functionalization steps.

1.3.4 Ionic Conduction Through Solid-State Nanopores

1.3.4.1 Nanopore Conductance

The conductance of the nanopore can be measured in monovalent electrolyte, typi-

cally KCl, by placing the nanopore between two electrically isolated, fluidic reser-

voirs. Typically, high salt solutions well in excess of physiological conditions are used

(~1 M KCl, 10 mM Tris–HCl, pH 7.5) to obtain sufficiently high baseline current

levels that can be monitored using a Pico ammeter. Faradaic Ag/AgCl electrodes are

placed in each reservoir allowing for a localized redox based exchange reaction to

occur at each electrode. After a 30 s O2 plasma treatment, immediate wetting and ionic

conduction through the nanopore is observed. Linear current-voltage characteristics

are typically observed for nanopores in SiO2, Si3N4 and Al2O3 membranes formed

using TEM based decompositional sputtering processes [30, 81, 89]. The linear

current-voltage characteristics of a ~11 nm pore in 1 M, 100 and 10 mM KCl

electrolyte are shown in Fig. 1.6a. To further probe the performance of Al2O3

nanopores in electrolyte, the conductance, G, of 11 different nanopores of varying

diameter (4–16 nm)weremeasured in 1M KCl, as shown in Fig. 1.6b. Two geometric

models were proposed to fit G [46, 48, 81]. The first model assumed a symmetric

double cone structure with cone angle, a [81]. Assuming a ¼ 30�, [46, 48] an upper
conductance bound can be derived (solid black curve of Fig. 1.6b). The second model

assumed a purely cylindrical channel of length, Lpore ¼ 60 nm with a cross sectional

diameter equal to the pore diameter, dpore (solid gray curve of Fig. 1.6b). This model

provided a lower bound for the measured pore conductance. Applying a least squares

fit to the measured data (black dashed curve of Fig. 1.6b), an effective length of

heff � 26.5 nm and cone angle of a � 24� were extracted for Al2O3 pores formed via

decompositional sputtering. The effects of surface charge were neglected in these
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models as the Debye screening length given by k�1 (where K2 ¼ 2e2nKCL=kBTee0 in
1M KCl)<< dpore. At these high salt concentrations, charge carriers in the bulk were
expected to dominate current flow. Electro osmotic flows resulting from counterion

condensation on the charged pore surface should be negligible. These results con-

firmed that a symmetric, double cone nanopore structure was formed through

decompositional sputtering. TEM tomograms taken by Wu et al. and Kim et al. on

SiO2/SiN/SiO2 and Si3N4 nanopores further confirmed the double cone, symmetric

structure of a TEM sputtered solid-state nanopore [46, 48, 98].

Asymmetric current-voltage characteristics have been reported in synthetic

nanopores formed in polyethylene terephthalate (PET) polymer membranes [76, 78].

The track etch method used to form these nanopores produced an asymmetric,

conical geometry resulting in a structure that significantly rectifies the ionic

current. This conically shaped, highly charged nanopore is cation selective,

exhibiting diode like behavior in fluid with a preferential direction for the cation

flow from the narrow entrance toward the wide opening of the pore. Siwy et al.

further demonstrated some of the novel characteristics of this architecture by

pumping ions against a concentration gradient using a fluctuating electric force

applied across the membrane in the form of an AC voltage signal [76].

1.3.4.2 Surface Charge Effects

The effects of surface charge on pore conductance were investigated by Ho et al.

using nanopores formed in 10 nm thick Si3N4 membranes [33]. At low electrolyte

Fig. 1.6 Electrical characterization of Al2O3 nanopores [89], reprinted with permission. (a)

Current-Voltage characteristics of a 11 nm diameter pore measured in 10 mM KCl, 100 mM

KCl and 1 M KCl. Linear current-voltage characteristics suggest pore geometry is symmetric in

the z-direction (b) Pore conductance of 11 nanopores ranging in diameter from 4 to 16 nm. Black

and gray solid lines represent conductance models for geometries 1 (double cone) and 2 (cylindri-

cal), shown in the inset. Black dashed line is a least squares fit to the measured data, used to extract

pore parameters heff � 26.5 nm and a � 24�. (Right Inset) Predicted cylindrical, double cone

geometry of an Al2O3 pore from conductance measurements and energy filtered TEM imaging
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concentrations (�10 mM), pore conductivity was found to be much larger than bulk

approximations calculated using pore geometry. This conductance deviation was

attributed to Debye layer overlap in the pore (Debye length is comparable to or

larger than the pore radius). Multiscale simulations of ion transport through these

pores coupled with experimental results suggested the presence of fixed negative

charges on the pore wall, and a reduction of the ion mobility due to fixed charge and

ion proximity to the pore wall.

Consistent with Ho’s results, Smeets et al. [81] found that in ~10 nm diameter

SiO2 pores, the negative surface charge lining the pore walls dominates pore

conductivity at salt concentration below ~0.1 M. Interestingly, a variable surface

charge density in the pore was extracted as a function of electrolyte concentration in

these experiments. pH dependent studies performed by Wanunu et al. in Si3N4

nanopores did not reveal any significant changes in the conductance with varying

pH [93]. Nanopores formed in PET membranes also exhibited a net negatively

charged surface at neutral and slightly basic pH’s due to the deprotonation of

carboxylate groups on the pore walls. The average density of carboxylate groups

was estimated to be 1.5 groups/nm2 [78]. In contrast to SiO2, TiO2 only presented a

slightly negatively charged surface at neutral or slightly basic pH. Unlike the

variable surface charge observed by Smeets et al. in SiO2 pores, TiO2 nanopore

conductance saturated at very low electrolyte concentrations [65, 68]. Nam et al.

extracted a surface charge density of ~0.005 mC/m2 in TiO2 pores, significantly

lower than the charge density observed in SiO2 pores which is estimated at between

~25 and 50 mC/m2 [65]. Nam suggested that this low charge density may be

responsible for the saturation in ionic conductivity at lower KCl concentrations

than expected.

In contrast to the aforementioned systems, Al2O3 nanopores are expected to be

positively charged at neutral or slightly basic pH. The formation of hetero-phase

crystalline domains (in particular g and a-phases) of varying bond lengths and co-

ordinations during electron beam irradiation impart a non-uniform charge density in

the pore. a-Al2O3 and g-Al2O3 both exhibit different points-of-zero-charge (pzc’s),

estimated at pH 9.1 and pH 8.5 in monovalent salt solution [1, 88]. In addition, the

Zeta potentials of these materials measured in pH 7.5 electrolyte are ~50 mV and

~25 mV respectively, [7, 27] and thus these charged nanocrystalline domains are

expected to interact with ions and charged polymers in the pore differently [90].

1.3.4.3 Manipulating Surface Charge in Nanopores

As mentioned, precise control over phase transformations in Al2O3 nanopore

systems by varying electron dose provides a novel method to engineer surface

charge at the nanopore/fluid interface via the electron beam. This is very interesting

from a materials perspective. Another approach for tuning surface charge in the

nanopore is through electrical mechanisms. Nam et al. embedded a TiN gate

electrode directly in the nanopore and showed current rectification by applying

potentials to the gate electrode [65]. This gating behavior was only observed at very
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low salt concentrations (<10�3 M) where the effects of surface charge are dominant

and Debye layer overlap in the nanopore is indeed expected. P-type unipolar

behavior was observed suggesting that K+ ions are the majority carriers in these

TiO2 gated nanopores. Studies by Kalman et al. focused on integrating a Au

electrode into a conical nanopore [42]. By modulating the electric potential applied

to the gate, one alters the distribution of ions in the overlapping Debye layer in the

pore and thus the potential distribution in the pore. Using this approach Kalman

et al. were able to manipulate the current through the device from the rectifying

behavior synonymous with conical nanopores to a near linear type behavior as seen

in structurally symmetric nanopores. The mechanism for this change in transport

behavior was accredited to the enhancement of concentration polarization induced

by the gate. The manipulation of surface charge through the chemical modification

of solid-state nanopores will be discussed in subsequent sections.

1.3.5 Noise in Solid-State Nanopores

Electrical noise in ionic current measurements involving solid-state nanopores

limits the utility of these systems in wide spread nucleic acid based diagnostics.

Two dominant sources of noise have been documented in the literature; a low

frequency current fluctuation with 1/f characteristics (flicker noise) and a high-

frequency background noise component associated with the relatively high capaci-

tance of the insulating membrane on the support chip (dielectric noise) [16, 35, 79,

80, 82, 86, 87]. Minimizing these respective noise components is integral to

improving the sensitivity and signal to noise ratio of nanopore sensors.

1.3.5.1 1/f Noise in Solid-State Nanopores

1/f noise has been observed in many physical and biological systems. 1/f noise is

present in the form of fluctuations in the voltages or currents of semiconductors, the

voltage across nerve membranes and synthetic membranes and in the resistance of

aqueous ionic solutions [45]. The power spectrum, denoted by S(f), is proportional
to the reciprocal of the frequency in a narrow bandwidth as illustrated in eq. 1.1.

Sðf Þ ¼ constant

fj ja where 0< a< 2 (1.1)

Hoogerheide et al. studied the 1/f noise characteristics of Si3N4 nanopores as a

function of pH and electrolyte ionic strength and concluded that 1/f noise originates
from surface charge fluctuations at the nanopore surface [35]. The model presented

was based on protonization of surface functional groups and was sensitive to as few

as tens of active surface groups in the nanopore. In contrast, Smeets et al. concluded

that low frequency noise was predominantly due to the number of charge carriers
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in the nanopore thereby following Hooge’s phenomenological relation rather than on

the surface charge fluctuations and composition of the nanopore surface [79, 80, 82].

Surfacemodifications however have been shown to significantly improve the 1/f noise
characteristics of nanopores. Chen et al. used an atomic layer deposition process to

coat Si3N4 nanopores with Al2O3 and saw significant reductions in 1/f noise [14, 15].
Tabard-Cossa et al. demonstrated a significant reduction in 1/f noise by treating

nanopore chips with piranha solution [86]. It is therefore likely that 1/f noise in

nanopores is a combination of the two mechanisms described previously; that is,

fluctuations in the total number of charge carriers in the nanopore coupled with a

fluctuation in their mobilities due to trapping at surface sites. As expected, 1/f noise
was observed in our experiments involving nanopores sputtered in Al2O3 thin films

and were comparable in magnitude to noise levels observed in biological nanopores.

By addressing the surface properties of solid-state nanopores, through either chemical

surface treatment or material choice, improved noise performance may be achieved.

1.3.5.2 Dielectric Noise

Dielectric noise in nanopores is associated with the capacitance of the nanopore

chip and scales linearly with frequency. Nanopores are typically fabricated in

dielectric thin film such as SiO2 or Si3N4, anchored on a conductive Si substrate.

These dielectric materials are typically lossy and have a dissipation factor, D,
associated with them. Smeets et al. extracted a dissipation factor of 0.27 � 0.07

for Si3N4 pores, strongly deviating from D ¼ 0 for an ideal capacitor [80, 82].

The dielectric noise can be reduced by minimizing the capacitance of the substrate.

To achieve this, the thickness of the Si substrate can be increased or the fluidic

contact area on the chip can be minimized. Tabard-Cossa et al. selectively patterned

PDMS on Si3N4 chips to reduce the fluidic contact area and thereby minimized

dielectric noise [86].

Using various micro-fabrication processes and PDMS fluidic isolation techni-

ques, we achieved noise performance that surpasses the state-of-the-art in Si3N4

technology as reported by Tabard-Cossa et al. [86]. Noise reduction was attributed

to a decrease in device capacitance, measured at 20 � 5 pF [89] as compared to

device capacitance in Si3N4 structures, which was measured in excess of 300 pF

[80, 82]. Noise performance was further optimized using the three structures

illustrated in Fig. 1.7. Architecture 1 consisted of 45 � 5 nm thick Al2O3 mem-

branes formed on a low resistivity Si substrate. Architecture 2 consisted of a 500 nm

thick SiN passivation layer added on top of the Al2O3 layer with a 30 mm square

opening forming the membrane region. PDMS gaskets with 300 mm openings were

bonded to the chip to further decrease device capacitance. Architecture 3 consisted

of a ~1.5 mm thick SiN passivation layer added on top of the Al2O3 layer with a

5 mm circular opening containing the Al2O3 membrane area. This stack was formed

on a high resistivity Si wafer (r ¼ 10,000 O-cm), effective in reducing leakage

currents through the substrate. PDMS gaskets containing a 300 mm opening

1 Solid-State Nanopore Sensors for Nucleic Acid Analysis 19



were bonded to the front side of the nanopore chip. These structures helped us

incrementally reduce device capacitance and thereby reduce dielectric noise.

Impedance spectra (magnitude and phase) were obtained for each architecture as

shown in Fig. 1.7d, e, and fitted to an equivalent RC circuit. A capacitance of 1 nF,

300 pF and 20 pF was extracted for architectures 1, 2 and 3 respectively,

corresponding to peak-to-peak noise values of approximately 1.2 nA, 400 pA and

200 pA at the 100 kHz bandwidth setting on the Axopatch 200B measurement

platform, as shown in Fig. 1.7f. Capacitance minimization has proven to be an

effective method in decreasing high frequency dielectric noise, improving signal-

to-noise ratio and enhancing the overall sensitivity of these nanopore sensors in

DNA translocation experiments.

1.3.6 DNA Translocation Through Solid-State Nanopores

The first demonstrations of DNA translocation through a solid-state nanopore were

shown by Li et al. [53]. Deep current blockades were observed as dsDNA was

electrophoretically driven through nanopores formed in thin Si3N4 membranes

using the ion beam sculpting process described earlier. Further studies confirmed

the dependence of dsDNA transport kinetics on bias voltage, DNA length and DNA

conformation [52]. Li et al. further showed that by reducing the bias voltage by a

factor of two, the dwell time of the DNA molecule in the nanopore could be

approximately doubled [52]. Multiple configurations of the translocating molecule

in the nanopore were also observed in these experiments attributed to dsDNA

folding, a phenomenon observed primarily in large nanopores. Smaller ~3 nm

pores however, were shown to restrict the passage of folded molecules and pro-

moted only the linear passage of unfolded molecules. Heng et al. demonstrated that

by reducing nanopore diameter to below that of dsDNA, the electrophoretic sepa-

ration of ssDNA from dsDNA could be achieved using a solid-state nanopore [29].

Narrow ~2 nm pores were seen to block the passage of dsDNA and allowed the

passage of only ssDNA. Only by applying very high fields was dsDNA permeation

through these narrow pores indeed possible attributed to stretching transitions that

occur in dsDNA at forces exceeding 60 pN. Comer et al. further demonstrated that

very narrow <1.6 nm diameter synthetic nanopores could be effectively used to

unzip hairpin DNA [20]. Different modes of hairpin DNA transport were observed

in these experiments, the first mode referring to the unzipping of the double helix

structure to form ssDNA and the second mode referring to the stretching/distortion

of the double helix itself.

Chang et al. studied the effect of buffer concentration on DNA translocation

dynamics [11]. Current enhancements were observed in large SiO2 nanopores at

low salt concentrations (100 mM KCl) as opposed to the typical blockades that

were observed at higher salt concentrations. A more rigorous study by Smeets et al.

and Chang et al. suggested that these current enhancements are due to counterion

condensation on the DNA backbone, thereby locally increasing the concentration of
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Fig. 1.7 Dielectric noise reduction in solid-state Al2O3 nanopores (a) Architecture 1 consists of a

45 � 5 nm thick Al2O3 membranes formed on a low resistivity Si substrate. (b) Architecture

2 consists of a 500 nm thick SiN passivation layer added on top of the Al2O3 film with a 30 mm
square opening forming the membrane region. PDMS gaskets with 300 mm openings were bonded

to the chip to further decrease device capacitance. (c) Architecture 3 consists of a 1.5 mm thick SiN

passivation layer added on top of the Al2O3 film with a patterned 5 mm circular opening

constituting the Al2O3 membrane area. This stack was formed on a high resistivity Si wafer

(r ¼ 10,000O-cm) (d and e) Impedance magnitude and phase spectra for the various architectures

investigated. By fitting to an equivalent RC circuit, capacitances of 1 nF, 300 pF and 20 pF were

extracted for architectures 1, 2 and 3 respectively (f) Normalized current traces in 1 M KCl,

10 mM Tris, pH 7.5 buffer at an applied voltage of 200 mV for architectures 1, 2 and 3.

Capacitance reduction decreases the peak-to-peak noise from 1.2 nA (architecture 1), to 400 pA

(architecture 2), to 200 pA (architecture 3)
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counterions in the pore during DNA transport [12, 81]. Current enhancements were

observed at concentrations below 0.4 M, a phenomenon that seems localized to only

large SiO2 nanopores. Distinct current blockades were observed in 100 mM

salt solution during the transport of l-DNA through 2.2 nm SiN nanopores [23].

In biological a-hemolysin, Benner et al. demonstrated that current blockades were

still observed at low salt concentrations (300 mM KCl) during the entry of dsDNA

into the lumen of the pore [2]. Current blockades were also observed during the

transport of dsDNA through Al2O3 nanopores in 100 mM KCl salt [90].

Polymer velocity in the nanopore is also a key topic of interest. Translocation

velocities of up to ~30 bases/ms have been reported at relatively low bias voltages in

Si3N4 nanopores [26]. Chen et al. observed similar translocation velocities in large

Al2O3 coated Si3N4 nanopores estimated at ~27 bases/ms [14, 15]. Such high

translocation velocities limit the utility of conventional nanopore technologies in

high end DNA sensing and analysis applications including single nucleotide detec-

tion. Fologea et al. demonstrated that by increasing electrolyte viscosity using

glycerol and by decreasing temperature and bias voltage, an order of magnitude

reduction in translocation velocity could be achieved [26]. Remarkably, even

with these improvements, the translocation velocities through a solid-state nanopore

are still more than an order of magnitude faster than that observed in biological

a-hemolysin [14, 15]. Lubensky accredited the slow translocation rates in a-hemolysin
to strong polymer interactions with the pore walls [56]. High translocation velocities

were also observed in large ~10 nm SiO2 nanopores [85]. Despite these high

velocities, Storm et al. showed that it is indeed possible to size long dsDNA using

solid-state nanopores, in a rapid and label free manner [85]. In contrast to bulk

gel-electrophoresis methods, length separation using solid-state nanopores allows

each molecule to be screened and interrogated individually.

The kinetics of DNA transport through solid-state nanopores is also of interest

from a polymer physics stand point. Translocation kinetics suggests that the

majority of events in larger nanopores are fast translocation events, where the

dwell time, tD, is significantly less than the characteristic relaxation time or Zimm
time [85]. The Zimm time, tZ, is an upper bound on the time taken by a polymer to

reach an entropically and sterically favored state. For events where tD < tZ, the
molecule was said to exhibit a frozen polymer configuration during transport,

hindered by only the hydrodynamic drag on the part of the molecule outside the

pore [85]. The effects of specific polymer-pore interactions were not accounted for

in these studies. Wanunu et al. discussed the importance of surface interactions on

dsDNA transport through Si3N4 nanopores [94]. Studies performed using small

2.7–5 nm pores revealed an order of magnitude increase in dwell times as pore

diameter was decreased from 5 to 2.7 nm. In addition, strong temperature depen-

dence was observed confirming that surface interactions play an important role in

polymer transport. Surface interactions were also seen to play an important

role in the transport of dsDNA through small ~5 nm Al2O3 nanopores [89].

These interactions were characterized by a monoexponential decay in dwell

time histograms with time constants consistent with timescales observed in Si3N4

systems [89].
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1.3.6.1 Surface Enhanced DNA Transport Through Al2O3 Nanopores

More and more evidence is emerging supporting the notion that nanopore surface

interactions play an integral role in determining the dynamics of DNA transport.

Nanopore surface characteristics including stoichiometry, morphology, surface

charge density, charge polarity, cone angle and rms roughness are all expected to

factor into this argument. In fact, we recently reported that surface interactions can

help enhance the detection capabilities of solid-state nanopore sensors [90]. In

experiments involving the electrophoretic transport of 5 kbp dsDNA through 7 nm

diameter nanocrystalline Al2O3 nanopores, mean dwell-times at 100 mV yielded

a translocation velocity of ~1.4 nucleotides/ms, more than an order of magnitude

slower than dsDNA transport through Si3N4 nanopores (~30 nucleotides/ms)
at similar biases [26], but an order of magnitude faster than single stranded DNA

translocation through a-hemolysin [14, 15].

Figure 1.8 illustrates the voltage dependent transport of dsDNA through a 7 nm

nanocrystalline Al2O3 nanopore. Two distinct timescales are observed in the

translocation time histograms of Fig. 1.8, summarized in Fig. 1.8d [90]. The shorter

timescale exhibited strong voltage dependence and was associated with fast poly-

mer transport through the nanopore with minimal DNA-nanopore interactions.

Such fast translocations are indeed probable in large 7 nm pores via translocation

through the central pore region where the effects of surface binding sites and

surface charge are significantly screened. Fast translocation events were not

observed in smaller ~5 nm Al2O3 nanopores suggesting that pore size and Debye

layer thickness indeed play an important role in regulating the velocity of DNA

transport [89]. The longer timescale observed was associated with DNA

translocations involving significant interactions with the nanopore. The origins of

these interactions are hydrophobic and/or electrostatic in nature and are dependent

partially on the material properties of the pore (stoichiometry, morphology and

surface roughness). As previously discussed, materials analysis confirmed the

formation of hetero-phase crystalline domains (in particular g and a phase Al2O3)

of varying bond lengths and coordinations in the nanopore region, resulting in non-

uniform distributions of exposed Al-O groups at the pore surface. In a hydrated

nanopore, these surface sites react with adsorbed water to form protonated hydroxyl

groups at pH 7.5, resulting in a net positive, non-homogeneous surface charge

density across the pore. These positively charged nanocrystalline domains are

expected to interact strongly with anionic DNA. In fact, modeling results by Kejian

et al. confirmed that polymer translocation velocities in a solid-state nanopore are

heavily dependent on zeta potential and surface charge [44]. Alterations to pore

stoichiometry due to the preferential desorption of O and the aggregation of Al is

also expected to result in a distribution of equilibrium constants (pK’s) for the

protonizable chemical sites across the pore. The resulting electrostatic interactions/

binding between the non-homogeneous, net positively charged nanopore surface

and anionic DNA is one factor contributing to the slow translocation velocities

observed in experiments involving Al2O3 nanopores. This strong electrostatic

binding was not reported in SiO2 and Si3N4, likely as these systems exhibit a net
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negatively charged surface at pH 7.5 resulting from the deprotonation of surface

silanol groups [35]. Furthermore, a comparison of the surface charge density of

Si3N4 and g-Al2O3 surfaces at pH 7.5 (in monovalent salt solution at concentration

1 � 10�4 M) revealed a charge density that is approximately six times higher in

g-Al2O3 (50 mC/m2) than in Si3N4 (8 mC/m2) systems [1, 81]. Thus, polymer-pore

interactions involving electrostatic binding events are expected to be more pro-

nounced in Al2O3 nanopores.

The importance of polymer-pore interactions are explored further in the follow-

ing section through nanopore based chemical modification. Chemical modification

and surface functionalization of nanopores has helped usher in the next generation

of nanopore sensors relying on polymer-pore interactions to achieve selective and

facilitated transport of various biomolecules through individual nanopores and

nanopore arrays.

Fig. 1.8 Dwell time histograms for the transport of 5 kbp dsDNA through a 7 nm nanocrystalline

Al2O3 nanopore in 100 mM KCl, 10 mM Tris, pH 7.5 buffer at applied voltages of (a) 100 mV

(b) 300 mV and (c) 500 mV [90], reprinted with permission. Each distribution is fitted with a

bi-exponential function (black line) with two time constants, t1 and t2, indicating two distinct types

of polymer transport, fast translocation governed by polymer hydrodynamics and slow transloca-

tion regulated by polymer-pore interactions. (Insets) Blockage Ratio (Br) vs. Dwell time (tD) [ms]

event density plots at each voltage. Grayscale bar represents number of events. At higher voltages,

a greater percentage of events exhibit fast translocation dynamics bounded by the arrows in

the insets. Translocation events exhibit clear voltage dependence (d) Summary of results from

the electrical sensing of 5 kbp dsDNA through 7 nm Al2O3 nanopores. tD Dwell time (time

biomolecule resides in the pore); t1 Time constant corresponding to fast translocation; t2 Time

constant corresponding to slow translocation; Br Blockage Ratio (percentage of open pore

current that is blocked during DNA translocation); n Biomolecule Flux (total number of events

during 5 min of recording); R Capture Rate (average number of translocation events per second)
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1.3.7 Chemically Modified Solid-State Nanopore Sensors

Chemical modification of the surface of solid-state nanopores offers a method to

tailor the physical and chemical properties of the nanopore. Selective transport

through functionalized solid-state nanopore arrays was previously demonstrated by

varying nanopore size (thereby restricting biomolecule passage based on molecular

weight) [38], nanopore surface charge [17], and nanopore polarity [39] (to achieve

the selective transport of either hydrophobic or hydrophilic molecules). More

recently, focus has shifted to the attachment of specific recognition sequences or

tethered receptors in the nanopore for target specific molecular recognition. In drug

screening and medicine, such a technique provides a means for label-free, real-time

kinetic analysis of biomolecular interactions at the single molecule level including

protein-protein, protein-DNA and receptor-ligand interactions. In fact, Lee et al.

demonstrated that enantiomeric drug separations could be achieved using an antibody

functionalized nanoporous array [51]. Functionalized nanopore channels can also help

elucidate the mechanisms driving biological processes, including cell signaling and

regulation. Jovanovic-Talisman demonstrated that functionalized polycarbonate

nanoporous arrays can reproduce the selectivity of nuclear pore complexes (NPCs),

an essential component in the trafficking of specific macromolecules between the

cell nucleus and cytoplasm [41]. Proteins referred to as phenylalanine-glycine

(FG)-nucleoporins typically line the walls of NPCs and facilitate the transient binding

and passing of transport factors and their cargo-bound complexes, while restricting

the passage of proteins that fail to specifically bind to FG-nucleoporins [69].

Using nanopore channels of the correct dimensions coated with FG-nucleoporins,

Jovanovic-Talisman et al. were able to reproduce key features of nucleocytoplasmic

transport, selectively discriminating against control proteins in favor of transport

factors and transport factor cargo complexes. Kohli demonstrated that selective

permeation through synthetic nanoporous membranes could be achieved using DNA

hybridization as the selective transport mechanism [49]. In this specific example, a

gold nanoporous array was functionalized using hairpin DNA with a thiol substituent

at the 50 end allowing it to be covalently attached to the inside walls of the array. The
analyte of interest was 18 base long ssDNAwhich was either a perfect complement to

the loop of the hairpin or contained a single base mismatch. Using optical absorbance

methods, Kohli demonstrated that single nucleotide polymorphisms could be detected

using this chemically modified nanopore platform under optimal conditions.

Various strategies have been implemented to chemically modify solid-state

nanopores. Covalent attachment chemistries are generally preferred due to the

stability and high packing density of self assembled monolayers (SAM’s) on well

prepared sufaces. A very common SAM preparation involves the reaction of

molecules with a sulfhydrl termination group (�SH) with Au surfaces to form

S-Au attachments to the surface. An extensive review on the formation of SAM’s

on Au surfaces of varying curvatures is provided by Love et al. [55]. In many cases

however, the surface of the nanopore may be an insulating oxide or nitride (SiO2,

Si3N4, Al2O3). In these cases a covalent attachment chemistry specific to this
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insulating surface is required. Liquid phase silane based chemistries are the most

commonly used technique to functionalize individual nanopores in such insulating

membranes [66, 93]. While these surface chemistries have been characterized in

detail on planar surfaces, questions still remain as to the exact packing density,

molecular orientation and thickness of SAM’s in a highly confined environment that

is a nanopore. In addition, nanopores formed via TEM decompositional sputtering

processes typically exhibit high surface roughness, high surface curvature and a non-

stoichiometric material composition due to selective material sputtering as observed

in SiO2 coated Si3N4 nanopores [97, 98], further complicating the nanopore functiona-

lization process. In these cases it is vital to thoroughly oxidize the surface through an

extensive O2 plasma treatment or a liquid based treatment in 1:3 H2O2:H2SO4. Using

such a process, Wanunu et al. showed a change in the pH response of Si3N4 nanopore

functionalized with various amine terminated silane chemistries in comparison to

non-functionalized Si3N4 nanopores [93]. Ionic conductance measurements were

used to monitor in-situ the formation of the SAM in the nanopore and to calculate

the thickness of the molecular layer directly attached to the internal surface of the

nanopore. The calculated values suggested the upright orientation of the attached

molecules on the nanopore surface. Note, in this specific example, the entire mem-

brane containing the nanopore was functionalized with the silane chemistry.

For certain applications however, it may be desirable to functionalize only the

nanopore region itself. For example, in applications where the analyte of interest

is present only at very low concentrations, a functionalized membrane may reduce

the detection limits of the nanopore due to delocalized binding events on the

membrane surface between immobilized receptors and the target species, without

yielding detectable changes in the output signal [37]. In addition, receptors

immobilized on the membrane may themselves modulate the conductance of the

nanopore, even in the absence of the target species. Hofler et al. showed via

coarse-grained molecular dynamics simulations that DNA anchored on the mem-

brane surface can electrically gate the nanopore if bound sufficiently close to the

pore opening [34]. A localized nanopore functionalization process was explored

by Nilsson et al. and involved the localized deposition of a tetraethylorthosilicate

(TEOS) based oxide ring around the nanopore [66]. A focused ion beam was used

to decompose the TEOS precursor near the Si nanopore surface, thereby reducing

the diameter of the pore to a final diameter of between 25 and 30 nm. DNA probes

were immobilized in the nanopore via a silane based chemistry thereby introducing

local chemical functionality at the entrance of the nanopore without functionalizing

the remainder of the Si membrane. SAM coatings may also help to reduce the

speed of polymer translocation through nanopores. Kim et al. derivatized Al2O3

nanopore surfaces with aminopropyltriethoxysilane (APTES) resulting in a posi-

tively charged surface in pH 6.0 buffer, attractive to anionic dsDNA [46, 48]. The

resulting strong electrostatic polymer-pore interactions enabled the detection of

short dsDNA molecules that are typically under the detection limits of conventional

solid-state nanopore sensors. In addition to SAM coatings, highly functional lipid

bilayer coatings on nanopores are also possible [91], permitting the potential

integration with sensitive biological nanopore channels.
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Perhaps the most striking example of nanopore functionalization impacting the

sensing capabilities of single nanopore channels involves the use of oxidized Si

nanopores functionalized with hairpin-loop, probe DNAs to selectively transport

short “target” (complementary) ssDNAs under an applied electrical field [36]. Iqbal

et al. functionalized SiO2 nanopores with 20 base long hairpin-loop DNA probes

containing a 6 bp stem forming region. Mismatches were introduced in the target

ssDNA at points complementary to the stem forming region of the immobilized

probes. Higher flux and smaller translocation times were observed during the

passage of Perfectly Complementary (PC) DNA as opposed to single base mis-

match (1MM) DNA. This was attributed to an attractive potential between the

immobilized probe and the target PC-DNA resulting in hairpin unzipping and

facilitated transport of the PC sequence. In the case of 1MM however, a repulsive

potential was proposed between the target sequence and the probe resulting in

probe-target interaction without unzipping of the hairpin. Reduced biomolecule

flux and increased translocation times were also consistently observed in the cases

of two and three base mismatch DNAs (2MM and 3MM respectively) relative to

PC-DNA. These studies confirm that it is indeed possible to impart chemical

selectivity in single solid-state nanopores and this selectivity can be electrically

monitored through translocation signatures at the single-molecule level. Such

devices could help further unravel the physics of selective and facilitated transport

of biomolecules through nanoscale channels and could play an important role in

medical diagnostics.

1.4 Conclusions

Solid-state nanopore sensors are highly versatile platforms for the rapid, label-free

detection and analysis of single molecules, with potential application to next

generation DNA sequencing. The versatility of this technology allows for both

interfacing with biological systems at the nano-scale as well as large scale VLSI

integration promising reliable, affordable, mass producible biosensors with single

molecule sensing capabilities. This technology may also serve as a base to provide

further insight into the mechanisms driving biological processes, including cell

signaling and regulation through gated, selective ion channels, protein secretion

across cellular membranes and viral infection by phages. The applications for solid-

state nanopore technology are diverse. Point-of-care diagnostic devices employing

solid-state nanopores can be used to detect and monitor infectious diseases e.g.

influenza, an effective tool in public health strategies. In defense, solid-state

nanopores can be used for the rapid detection of high priority agents such as

Bacillus anthracis (anthrax) at very low concentrations. In drug screening and

medical applications, solid-state nanopores provide a means for label-free, real-

time kinetic analysis of biomolecular interactions at the single molecule level

including protein-protein, protein-DNA and receptor-ligand interactions. This tech-

nology finds broad application in bio-nanotechnology.
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