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Preface — thesis outline

In this thesis, a presentation of nanopores and nanochannels will be given with the emphasis on fab-
rication as well as applications. Nanopores and nanochannels are the basic building blocks of fluidic
devices with dimensions in the nanometer range. The major applications of such nanofluidic de-
vices are to study and carry out analysis of biological molecules such as DNA and proteins. Taking
the advantage of having comparable dimensions as single biomolecules, new and outperforming
devices based on nanofluidics could be constructed to study and analyze one molecule at a time. A
motivation and brief literature overview on single molecule experiments and analysis will be given.
To have an idea of the physical forces and transport mechanisms inside nanopores and nanochan-
nels, selected models will be presented and discussed in the framework of this thesis.

Despite the similar dimensions, the development of nanopores and nanochannels has been very
different. The research and development of nanopore based devices accelerated after Meller et al.
showed that DNA with different sequence could be distinguished (Meller, 2000). The investigators
proposed that there was a possibility to sequence DNA using just one molecule. The drive to se-
quence DNA using nanopores also showed that they are very powerful single molecule probes. A
short communication reports for the first time the interactions between synthetic nanopores and pro-
teins (Chapter 4). A manuscript under preparation describes such interaction under different
environmental conditions. To illustrate the capabilities of nanopore sensing, a protein-protein affin-
ity assay which did not require any labeling was demonstrated (Chapter 5). The nanopore
fabrication process developed at IMT is included in the above paper and manuscript and critical
steps are described in detail in the appendix.

Unlike nanopores, the development efforts of nanochannels have been broader and acquired a
more diversified application profile. An introduction is given in single molecule analytical bio-
chemistry and the other promising application of nanofluidic devices - colloid science. Recent
developments in nanofabricated devices present a new experimental platform for colloid science,
which was previously unavailable. A part of the author’s work at IMT was a subject in colloid sci-
ence; the filling of nanochannels by capillary force (Chapter 7). The nanochannel fabrication
process developed at IMT is also presented (Chapter 8).

To be able to have a good understanding of the contents of this thesis basic knowledge in micro-

fabrication (Madou, 2002) and cell biology (Alberts, 1998) is recommended.
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is it not pleasant to learn and practice?

is it not delightful to have friends coming from distance?

not disturbed by the absence of recognition, a true gentleman.



Chapter 1 : Introduction

In the talk “There’s Plenty of Room at the Bot-
tom” of 1959, the Nobel Laureate Richard P.
Feynman described how miniaturization, the
process of making things smaller, would influ-
ence our daily life, and that this process would
continue until we have the control over the at-

oms. Indeed, miniaturization has an extreme

impact on computer and information technology.

Fueled by Moores Law, brave inventions and
powerful tools developed side by side with
semiconductor industry have enabled mankind
to build structures on few tens of nanometers.
Semiconductor based technology is finally ap-
proaching the dimensions of nature’s
information storage, DNA, and nanometer-sized
machines, proteins. The question is then, could
we somehow investigate and analyze nature’s
building blocks on a single molecule level using

our man made counterparts.

Nanopores and nanochannels
Since DNA and many proteins are in aqueous

solutions in their native environment, the intui-
tive approach is to construct nanosystems which

would allow fluids. The simplest closed fluidic

system is a tube with a diameter, d, and length, /.

Tubes could be divided into two categories,
pores and channels. A channel has a large
length to diameter ratio (Figure 1-1 a) and a
pore has a ratio of about unity (Figure 1-1 b). In
the case of pores, since it is often embedded in a

membrane, the length of the pore will be equal
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to the thickness of the membrane. Channels
with circular geometry are ideal systems to
model; however, most nanochannel fabrication
technologies yield channels with a rectangular
cross-section (Figure 1-1 ¢). Due to the nano-
meter dimensions, fabricating nanotubes could
be extremely challenging and difficult. For ex-
ample, nanopores have been constructed in
silicon nitride using ion-beam sculpting or
drilled in silicon oxide by high energy electrons
(Li, 2001; Storm, 2003). As for nanochannel
systems, advanced techniques such as nanoim-
printing lithography have been used (Cao, 2002;
Han, 2000). Despite the difficulties of nanotube
fabrication, experiments in nanochannels and
nanopores proved to be very promising.

To answer our question, indeed, nanofluidic
systems allow the investigation and the analysis

of nature’s building blocks. For example, nano-

diameter

length

thickness l

epth

width

Figure 1-1. lllustration of channels with circular (a)
and rectangular cross-section (c). A pore imbed-

ded in a membrane (b).
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channel devices could unfold natively coiled
DNA, which enables the investigator to meas-
ure the length of single DNA molecules
(Tegenfeldt, 2004) and study the binding sites
of gene regulating proteins (Wang, 2005b). Us-
ing nanopore experiments, Meller et al. could
distinguish single DNA molecules based on
their sequence alone (Meller, 2000). Wang et al.
reported a technology that integrates nanochan-
nels into microfluidic devices, which could
concentrate dilute protein solutions up to one
million fold (Wang, 2005a). This technology
could increase the detection limit of biochemi-
cal analysis by six orders of magnitude. Lower
detection limits could be used to make diagnos-
tics of disease at a very early stage, which then
gives the physician longer time for intervention.
Not only are nanofluidic devices a promising
and powerful tool to analyze single bio-
molecules, they have great potential as a new
technological platform in many biotechnology

applications.

Single molecule experiments and
analysis
To understand the general philosophy and ad-

vantages of single molecule experiments and
analysis, we go back in time. In the year 1674,
for the first time, Anton Van Leeuwenhoek
looked at and described the life inside a drop of
water using a light microscope. About 200
years later, in the fairy tail story “A Drop of
Water” by the Danish writer H. C. Andersen,

life in a drop of water was not as harmonic and

common as seen by the naked eye. The Magi-
cian showed his friend, the Troll, through the
magnifying glass a drop of water from the pond.
In the drop of water people-like creatures were
grabbing, stealing, and eating each other, a true
chaos. Unaware of the function of the magnify-
ing glass and that he was looking inside a drop
of water; the Troll thought that it was a live pic-
ture of the City of Copenhagen.

Today, more than 300 years after the dis-
covery of the light microscope, we constantly
strive to look at life on a smaller scale - the
scale of molecules. Powerful techniques such
X-ray crystallography and nuclear magnetic
resonance imaging are able to give atomic reso-
lution of protein structures in three dimensions.
Like most average measurements these tech-
niques together with light scattering and gel
electrophoresis give a picture of the average
protein. The question is now, does the average
protein represent well the ensemble of proteins.
For large biomolecules such as DNA and pro-
teins, the large degree of freedom of the internal
molecular organization could cause subpopula-
tions, or highly heterogeneous systems. Indeed,
several studies showed that large DNA mole-
cules show highly individual behavior. Using
fluorescence single molecule imaging tech-
niques, the unfolding of genomic A-phage DNA
in elongational flows showed large diversity
(Perkins, 1994; Perkins, 1997; Smith, 1998).
The investigators explained that due to that long
DNA molecules can fold into many energeti-

cally favorable states, the unfolding of such



molecules will also need many different ener-
gies.

Apart from unmasking inhomogenities in
ensembles, experiments on the single molecule
level have also given insight to the detailed op-
eration mechanism of complex protein
machines. Methods such as scanning force mi-
croscopes (SFM), optical and magnetic
tweezers are used to directly probe intermolecu-
lar and intramolecular forces on a single
molecule level (Bustamante, 2000). For exam-
ple, using optical traps, Davenport et al.
followed the movement of single Escherichia
coli RNA polymerase proteins (Davenport,
2000) during DNA transcription. They observed
that the movement was not continuous and uni-
form, but it included pauses and as wells as
different speeds. Noji et al. showed the ATP
hydrolysis mediated rotation of single FI-
ATPase motor proteins, which ended the widely
disputed question, if the motor-like protein
could perform rotational movement (Noji,
1997). Using magnetic tweezers, it was proven

that the same motor protein is also able to con-

vert mechanical to chemical energy (Itoh, 2004).

By measuring the fluorescence resonance en-
ergy transfer between two single fluorescent
molecules attached to different parts of a pro-
tein, it is possible to determine the distance
between the fluorescent molecules. This allows
the study of how proteins are folded and their
energy landscape (Weiss, 2000).

Indeed, investigating apparently pure and

homogenous biomolecules using single mole-
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cule techniques, we see the less chaotic H. C.
Andersen picture of a droplet of water: a multi-
tude of inhabitants working in their different
way and personality. Although we must keep in
mind that in many situations, the information on
the single molecule level does not perfectly re-
flect the collective behavior of the ensemble.
For example depending on the intermolecular
organization of collagen proteins and its sur-
rounding matrix, the collagen protein could
form cartilage with different mechanical proper-
ties. The mechanical properties of cartilage on
the micrometer scale is also different from the
nanometer scale (Stolz, 2004)

The original idea formed at the IMT, was to
construct a sophisticated nanofluidic device,
which both included nanopores and nanochan-
nels. This device would benefit from the
advantages provided by the two. The main ap-
plication of such a device was to analyze single
biological molecules. As the reader will dis-
cover in the following chapters the fabrication
technologies for the nanopores and nanochan-
nels are very different which makes an
integrated device very complicated and difficult
to realize. However, as the work at IMT pro-
gressed, the main challenge became the
understanding of what is happening at the nano-
scale. The integrated device was never realized.
Nevertheless, like many other investigators, ef-
forts in nanopores and nanochannels at the IMT
showed that nanofluidics have great potentials

both in single molecule analysis and colloid sci-

ence.
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Chapter 2 : Selected models in nanofluidics

Before entering the fabrication and experiment
details in nanofluidic devices, I believe that it is
necessary to have an idea of the physics and
chemistry taking place inside such devices.
Much of the theory involving interactions in
liquids on the nanometer scale have been devel-
oped in the field of colloid science. Referring to
Shaw (Shaw, 1989), Probstein (Probstein, 2003)
and Hunter (Hunter, 1981), in this section, I se-
lected and summarized relevant models to
describe different transport mechanisms and
forces acting on biomolecules inside nanoflu-
idic devices.

All fluidic systems modeled in this section
are idealized by making the continuum ap-
proximation: the liquids, surfaces, and
molecules modeled are continuous and indefi-
nitely divisible. Since this thesis involves
phenomena in the nanometer range, where
structures and fluids are only a few hundred to
few thousand layer of molecules, one could
question the continuum approximation. The
threshold of the transition between continuum
and discreet is not clear. According to a review
by Eijkel and van den Berg (Eijkel, 2005), ide-
alized systems above 2 nm could be modeled
using the continuum approximation. Indeed,
continuum theory has successfully been used to
model colloidal systems, which dimensions are

comparable to those in this thesis.

Laminar flow
The nature of flow inside a tube filled with a

liquid with the density p, viscosity 7, moving
with the speed v, could be determined by calcu-

lating the dimensionless Reynolds number

d
Re = ”VT (Eq. 1)

For Reynolds numbers below unity the flow is
laminar, and for high values the flow has a tur-
bulent nature. For a water filled tube with a
diameter of 100 nm, to have a Reynolds number
above one, the average flowrate has to be larger
than 1 m/s. A flow could be generated by the
application of a pressure difference. Poiseuille’s

equation relates the hydrostatic pressure drop,

AP

(Eq. 2)

Assuming an average flowrate of 1 m/s and a
tube length of 100 nm the pressure drop is
equivalent to 30 bars. Hence, under atmospheric
pressure conditions, flows in nanotubes have a

laminar nature.

The electric double layer
In many nanofluidic experiments aqueous buff-

ers are used as the solvent and silicon dioxide
(S10;) is used to construct the fluidic device. At
the interface an electric double layer (EDL) is
formed. At pH 7 upon contact with water, the
Si0, surface exposing silanol groups becomes
negatively charged. To maintain overall charge-

neutrality the surface charges attract ions of the
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Figure 2-1. Schematic representation of the struc-
ture of the electric double layer. Redrawn from

“Introduction to Colloid and Surface Chemistry” by
D.J. Shaw (Shaw, 1989)

opposite valence, cations in the case of SiO,. As
more cations balance the negatively charged
surface, the electrostatic force decreases. The
EDL is the layer of water containing an excess
of either cations or anions which balance the
surface charge. A schematic drawing of the
double layer is given by Shaw (Figure 2-1). It is
divided into two layers, the Stern layer, which
is the molecular layer of cations adsorbed to the
negatively charged surface, and the diffusive
layer which expands into the solution. The dis-

tribution of charges generates an electric

Selected models in nanofluidics

potential, ¢. The Debye-Hiickel approximation
for ¢ is given by,

7 :dTDexp(—z/LD)z (exp(—z/LD) (Eq 3)

Where o is the surface charge density, which
depends strongly on the pH, z is the distance
from the surface (Stern plane), ¢ is the dielectric
permittivity, and Lp is the thickness of the dou-
ble layer, also referred as the Debye length. { =
oLp/e is the zeta potential, which is defined as
the potential at the location where the molecules
could “slip” or flow past the charged surface;
the surface of shear (Figure 2-1). The Debye-
Hiickel approximation states that the potential
decreases exponentially from the surface with a
decay constant of Lp, i.e. the electrostatic force
between a charged biomolecule and a surface is
strongest if the distance between the two is less
than Lp. This force could be neglected if the
molecule is far, i.e. several Lp away from the
surface. For an aqueous solution containing ion
pairs with the same number of charges, e.g. KCI

(K", CI'), the Debye length is given by,

RT 1/2
&
2F°g°c

Where c¢ is the concentration, ¢ is charge num-

(Eq- 4)

ber, R is the gas constant, 7 is the absolute
temperature and F is the Faraday constant. L’
is inversely proportional to the ion concentra-
tion of the liquid. For KCI; 1M: Lp = 0.3 nm,
100 mM: Lp=1nm, 10 mM: Lp= 3 nm, ImM:

Lp=10nm.
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Electrophoresis, electroosmosis
Apart from transport of material inside a tube
by pressure driven flow, if the liquid is an aque-
ous solution the transport could also be
facilitated by applying an external electric field
tangential to the tube wall - electrophoresis and
electroosmotic flow (EOF). Electrophoresis is
defined as the movement of a charged surface
relative to a stationary liquid, while EOF is the
flow of liquid relative to a stationary charged
surface. Hence, only the choice of reference dif-
fers electrophoresis from electroosmosis (Shaw,
1989).

Starting with electrophoresis, for small
molecules with radius, r,, significantly smaller
than Lp, molecules could be considered as point
charges. The electrostatic force acting on the
molecule is given by /', =qge,E , where E, is
the external field and ey is the elementary
charge. The force acting on the molecule cre-
ates a movement, and since the molecule moves
relatively to a viscous medium, a drag counter-
acts this displacement. In the steady state
situation, the electrostatic force is balanced by
the Stokes drag. Assuming that the molecule
has the shape of a sphere and that the flow is of
non-slip  nature, the

drag is  given

as F'

iag = —071 7, v, , Where v, is the electropho-

retic velocity of the molecule. Balancing the
electrostatic force and the Stokes drag, solving

the velocity yields the Hiickel equation.

—Ex :/ueEx (Eq 5)

Where (. is the electrophoretic mobility, which
could also be expressed in terms of the zeta po-
tential, u. = €{/1.5x. In the case of very large
molecules, where the Debye length is very
small compared to the radius of the moving ob-
ject, the velocity vgor of is given by the

Helmholtz - Smoluchowski equation

L
VEOF = iEx ~ O-_DE\:

” (Eq. 6)

The velocity is proportional to the surface
charge density of the molecule, which is
strongly dependent on the pH. At the isoelectric
point, the surface charge density and the vgor
would be zero. This is true for proteins with di-
ameters in the range of 5-10 nm, dissolved in a
1 M KCl solution (Lp = 0.3 nm).

Changing the reference frame, the walls of a
tube filled with water are used as the stationary
charged surface; the external electrical field dis-
places the mobile ions in the EDL. The moving
ions drag the water molecules and create a flow
parallel to the walls: electroosmotic flow (EOF).
The direction of the EOF is determined by the
polarity of the surface charge on the walls. In
the case of SiO,, at pH 7, the direction of EOF
would be towards the negatively biased elec-
trode, because cations which balance the
negative silanol groups are driven towards the
negatively biased electrode. The flow profile of
the EOF inside a tube can be solved numeri-
cally. Far away from the double layer the EOF
velocity is given by (Eq. 6). This is not surpris-
ing due to the symmetry of electrophoresis and

electroosmosis.
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Chapter 3 : Drive and development of nanopores

Chapter 1 introduced the nanopore as a platform
to make analysis on the single molecule level,
and discussed the advantages of single molecule
analysis. In this chapter a literature overview
will be given on the drive and development of
nanopores and their applications, from the
Coulter counter, patch clamping, the first ion
channel-DNA interactions, to the possible ap-
plication as an economical way to sequence
DNA. Its potentials as a single molecular probe
will also be discussed. The development of
nanopores has been driven by technological
progress as well as social and public interest.
Please also refer to a review by Bayley and
Martin (Bayley, 2000) for more information on
this subject.

Coulter counters - resistive pulse
sensing
The simple and elegant idea of detecting parti-

cles passing through a pore has its origin from
the Coulter Counter device invented in the
1950°s (Coulter, 1953; Lines, 1992). An aper-
ture, which size is slightly larger than the
particle of interest, separates two chambers
filled with buffer solution. The immersed elec-
trodes in the two chambers create a current of
ions through the aperture. As a particle passes
through the aperture, the probe, the ionic cur-
rent is partially blocked and this perturbation is
measured. Commercial systems are available

from Beckman Coulter, and they have been

used as a standard method to analyze the size
distribution of particles above 400 nm. One of
the greatest advantages of the Coulter Counters
is that it could determine the volume of individ-
ual particles. The Coulter Counter is a single
particle analyzer. In common with single mole-
cule analysis it could obtain information that is
not possible by average measurements. In the
1970s, by using sub-micrometer diameter pores
prepared from nuclear track etched polymer
sheets, Deblois and Bean, reported the detection
of polystyrene particles with diameter of 60 nm
(Deblois, 1970). The investigators named their
technology “Nanopar Analyzer”. A comparative
study involving electron microscopy, Nanopar
analysis, and light scattering spectroscopy of
different virus particles was made (Deblois,
1978). While light scattering spectroscopy only
yield average virus size, the resistive pulse
sensing could resolve different sub-populations
in a virus sample, which was in accordance with
electron microscopy. This study showed the
strength of the resistive sensing principle com-

pared to average measurements.

lon channels and patch clamping
The size of the molecule that could be detected

using the resistive pulse sensing technique de-
pends on the size of the aperture and the
sensitivity of the current measurement tech-
nique. To detect biomolecule with dimensions

below 10 nm, very small pores and sensitive
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current measurement techniques are needed.
With the advance in molecular biology and
electrophysiology new tools are available to de-
tect even smaller molecules.

Ion channels, being a few nm in inner di-
ameter and similar in length, carry out vital
functions for cells such as complex transport of
different ions. (For an introduction to cell-
membrane biology please refer to Essential Cell
Biology (Alberts, 1998)). Sakmann and Neher
received the Nobel Price in 1991 for their dis-
coveries concerning the function of single ion
channels in cells. To do this they developed the
patch clamping technique. The idea is to collect
a very small piece, patch, of cell membrane us-
ing a micro-pipette, and then measure the
current of ions passing through the ion channels
under different stimuli. (For an introduction to
patch clamping please refer to Patch Clamping
(Molleman, 2003) and The Axon Guide,
(Sherman-Gold, 1993).) Hence, both a new kind
of pore, very small in diameter, and ultra sensi-
tive current monitoring equipment is available
to detect still smaller molecules using the Coul-

ter approach.

Detecting DNA molecules using
ion channels - DNA sequencing
There are several variations of the patch clamp-

ing technique; one of them is the /lipid bilayer
setup. In lipid bilayer experiments a synthetic
bilayer with a diameter of about 100 um is sus-
pended in a holder, which separates two liquid

reservoirs. Purified ion channel proteins are

added to one of the liquid reservoirs and they
self-assemble into the bilayer. The embedded
ion channel could then be studied. The first
nanopore experiments were based on such bi-
layer experiments, where the ion channel
functioned as the aperture or probe. Studies by
Kasianowicz showed that a single stranded
DNA molecule, ssDNA, which passed through
an a-hemolysin ion channel, perturbed the ion
current through the pore (Kasianowicz, 1996).
As the DNA is translocated through an ion
channel, the ion current will decrease due to the
DNA partially blocking the pore for a short pe-
riod of time. The current and blockage time will
depend on the size of the molecule and its
chemistry. Experiments by Meller et al. showed
that the signature depended on the sequence of
the DNA (Meller, 2000). Based on these prom-
ising results and the Human Genome Project
receiving great public interest, the idea to use
the nanopore for DNA sequencing strongly
promoted its further development.

The public interest for DNA sequencing, i.e.
reading genetic information is tremendous. Ge-
netic disease and other inherited features are
encoded in DNA. The ultimate information for
a physician and the pharmaceutical companies
would be to design and select drugs for an indi-
vidual based on the genes of that individual.
However, the cost of sequencing would have to
be drastically reduced. The goal is to bring the
cost down to $1000 (Constans, 2003) using
novel technologies such as nanopores. Hence,

enormous efforts have been dedicated to



achieve this goal. The success of these efforts
will revolutionize medical diagnostics, the
pharmaceutical industry as well as all life-

related sciences.

Synthetic nanopores

Biological pores have been used as probes in
the first nanopore measurements. However,
they have certain disadvantages such as insta-
bility and the requirement of difficult
preparation steps. The idea is to implement a
semiconductor device with a pore, which mim-
ics the biological ion channel, while at the same
time being more robust (Li, 2001; Storm, 2003).
As discussed in Chapter 1, using semiconduc-
tors as the basis, advanced electronics from the
computer industry could be added. Several ap-
proaches were wused to fabricate such
nanometric pores in synthetic materials (Table
1). Listed in Table 1 are the year of publication,

the technology, the material of the pore, the

Table 1. Nanopore fabrication technologies

Drive and development of nanopores

smallest diameter that was reported using the
technology, and the length of the pore. The first
synthetic pore, that was able do detect DNA,
was reported by Li et al. (Li, 2001). The pore
fabrication process is based on closing an exist-
ing pore by sputtering with feedback control (Li,
2001; Stein, 2004b). Using high energy electron
beams (200 keV) it is also possible to drill 2 nm
holes in 20-nm-thick silicon dioxide or silicon
nitride membranes (Ho, 2005; Krapf, 2006;
Storm, 2003; Wu, 2005). Organic materials
have also been used, e.g. similar to the Nanopar
pores (Deblois, 1970), Siwy et al. reported an
improved fabrication of polyimide membranes
with a single nuclear track etched pore (Siwy,
2003). Mara et al. then used these pores to de-
tect DNA (Mara, 2004), and later Heins et al.
detected porphyrin molecules (Heins, 2005). Ito
et al. embedded multi-walled carbon nanotubes
in epoxy resin to serve as pores (Ito, 2004; Ito,

2003). However, due to the relatively large in-

Year Technology Material d (nm) I (nm) Reference
A 1996 biological pore a-hemolysin 1.5 5 (Kasianowicz, 1996)
B 2001 ion-beam sculpting Si,Ny 1 20 (Li, 2001)
C 2003 300keV TEM shrink Si0O, 1 40 (Storm, 2003)
D 2003 300keV TEM drill Si0, 6 10 (Storm, 2003)
E 2003 SEM assisted hydrocarbon deposition Si Ny 10 30 (Schenkel, 2003)
F 2003 preferential ion track etch polyimide 2 - (Siwy, 2003)
G 2004 FIB drill SiyNy 25 10 (Tong, 2004)
H 2004 200 keV TEM drill SixNy 1 10 (Heng, 2004; Ho, 2005)
I 2004 alumina coating of nanopores AlLO; 1 10 (Chen, 2004)
J 2006 200 - 300keV TEM drill SixNy 1 30 (Krapf, 2006)
K 2005 200 - 300keV TEM drill SiN,/ SiO, 1 40 (Wu, 2005)
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ner diameter of the carbon nanotubes, sensitiv-
ity is less impressive. Nevertheless, if single
walled carbon nanotubes are used, sensitivity
could be increased. Common for all reported
nanopore fabrication technologies listed in Ta-
ble 1, one pore is fabricated at a time, which is

often labor intensive and time consuming.

Nanopores as a molecular probe -
molecular Coulter Counter
The development of synthetic nanopores has

been driven by the goal of DNA sequencing
using a single molecule. Research efforts also
showed that nanopores proved to be a powerful
tool as a molecular probe - a molecular Coulter
Counter. There is a clear advantage of nanopore
measurements compared to fluorescence or
SFM measurements (Chapter 1): the require-
ment of labeling of the molecule being
investigated is made superfluous. For fluores-
cence and SFM measurements the labeling
procedure is critical. For example the labeling
of antibodies could remove their binding capa-
bility (Kricka, 2005). For many SFM
experiments random labeling is used. In this
case, it is very difficult to know how many
molecules are attached to the label. Another
important advantage of the nanopore approach
is the simplicity of the measurement setup. To
detect single fluorescence molecules sophisti-
cated and expensive microscopes are needed.
For nanopore experiments the measurement

setup only requires sensitive electronics. The

10

removal of the label and less expensive meas-
urement setup greatly reduce the time and cost.
The molecule which has been subjected to
numerous studies is, to no surprise, DNA. Both
ssDNA (Fologea, 2005a) and double stranded
DNA, dsDNA, (Li, 2003a; Mara, 2004; Storm,
2005a) have been probed by artificial nanopores.
Li et. al. observed, that depending how DNA
was folded while entering the pore, different
current signatures were obtained (Li, 2003a).
Storm et al. reported longer DNA molecules
needed more time to pass through the pore
(Storm, 2005a; Storm, 2005b). Studies on how
experimental conditions affect the translocation
have been reported. Measurement, made under
different ion concentrations, showed that the
conductivity change due to the translocation of
DNA molecules could be both negative and
positive (Chang, 2004; Smeets, 2006). Chang et
al. and later Smeets et al. explained this phe-
nomenon (Chang, 2004; Smeets, 2006); the
current change observed during the transloca-
tion is the sum of two effects. Firstly, the DNA
inside a nanopore blocks the ion current. Sec-
ondly, the positive ions, that screen the negative
charges of the DNA backbone, are also intro-
duced into the pore. At high ion concentrations
the first effect dominates, and a decrease in cur-
rent was observed. As the ion concentration
decreases, the introduced screening ions surpass
the blocked ions, which results in a net current
increase. Fologea et al. showed that the translo-
cation time could be increased by a factor of ten

by changing the environmental conditions



(Fologea, 2005b). The increase of the viscosity
by adding glycerol increased the translocation
time. The temperature had a minor effect while
the driving electrical field had a strong influ-
ence. However, increasing the translocation
time often came at the sacrifice of signal to
noise ratio.

Several future applications have been pro-
posed apart from DNA sequencing. Storm et al.
suggested that since the translocation time de-
pended on the length of DNA, nanopores could
be used as an alternative to gel electrophoresis
to determine DNA size. Another interesting ob-
servation is made by Wang et al.: ssDNA
translocations showed larger wvariations if
ssDNA was chemically treated or stored over a
long period of time (Wang, 2004). Wang et al.
proposed that this could be for example used as
a method to access the quality of ssDNA.

Other small molecules have also been de-
tected (Table 2). In the same table the pore
fabrication technology are also included. From
Table 2, DNA with molecular weight (M) be-
tween 15 kDa to 4.5 MDa could be detected
using artificial nanopores. The time resolution,
which is the inverse of the low-pass filter
bandwidth B, and the relative current drop, AZ/1,
are inferior to experiments using biological
pores. Fologea et al. showed that if signals with
shorter duration than 1/B are filtered with the
bandwidth B, the magnitude of the signal will

be attenuated, but the duration will remain cor-

rect. Nevertheless, for most experiments the

Drive and development of nanopores

time resolution has been ten times smaller than
the typical translocation time, 7.

One of the missing family of molecules in
Table 2 is the proteins. One could imagine that
nanopores are ideal to study the micro-
heterogeneity of proteins. The origin of the het-
erogeneity of protein is attributed to their size
and synthesis. Proteins have molecular weight
between a few kg/mol (kD) e.g. lysozym and
several hundreds of kD e.g. catalase. The hy-
drodynamic diameters of proteins are typically
between 1 and 10 nm, although, large protein
complexes could be significantly larger. Larger
molecules have larger probability to exist in
several energetically favorable conformations.
Proteins are synthesized through a cascade of
process, variations can not be avoided. An in-
troduction to the synthesis of proteins from a
template DNA could be found in “Genes VII”
(Lewin, 2000).

In this thesis, efforts have been put into the
fabrication of nanopores with the specific pur-
pose to detect globular protein molecules on the
single molecule level: a molecular Coulter
Counter for proteins. The initial findings are
described in Chapter 4. In Chapter 5, we de-
tected five different proteins using an optimized
nanopore design. Experiments were carried out
at different pH showed micro-heterogeneity, in
apparent pure samples. The size of proteins was
reproducibly determined. Finally, we illustrated
unique applications of nanopores by a proof-of-
concept antibody-antigen binding assay, which

did not require any labels or amplification steps.

11



Chapter 3

Table 2. Molecules probed using different technologies

Molecule Reference Year Tech M(kkD) d(mm) [(nm) Al/T 1/B (us) T (ms)
ssDNA (Kasianowicz, 1996) 1996 A 40 1.5 5 0.5 40 1
ssDNA (Meller, 2000) 2000 A 33 1.5 5 0.5 10 1
ssDNA (Wang, 2004) 2004 A 23 1.5 5 0.25 10 1
ssSRNA (Butler, 2006) 2005 A 23 1.5 5 0.25 20 1
Peptides (Sutherland, 2004) 2004 A 0.5 1.5 5 0.5 100 6
dsDNA (Li, 2003a) 2003 B 2000 3 10 0.1 100 1
dsDNA (Storm, 2005a) 2005 C 4500 10 20 0.05 100 0.1-6
dsDNA (Mara, 2004) 2004 F 660 4 - 0.5 100 5
Porphyrin (Heins, 2005) 2005 F 15 4.5 - 0.01 100 100
ssDNA, dsDNA (Heng, 2004) 2004 H 16 1 10, 30 0.5 100 3
ssDNA (Fologea, 2005a) 2005 B 2000 4 10 100 0.1-1
dsDNA (Peng, 2004) 2004 I 2000 15 40 100 1
dsDNA (Smeets, 2006) 2006 J 29000 10 20 0.05 100 1

12
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Sensing protein molecules using nanofabricated pores
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We report the detection of protein molecules with nanofabricated pores using the resistive pulse
sensing method. A 20-nm-thick silicon nitride membrane with a nanofabricated pore measuring
about 55 nm in diameter separated an electrolyte cell into two compartments. Current spike trains
were observed when bovine serum albumin (BSA) was added to the negatively biased compartment.
The magnitude of the spikes corresponded to particles 7—-9 nm in diameter (the size of a BSA
molecule) passing through the pore. This suggests that the current spikes were current blockages
caused by single BSA molecules. The presented nano-Coulter counting method could be applied to
detect single protein molecules in free solution, and to study the translocation of proteins through a
pore. © 2006 American Institute of Physics. [DOI: 10.1063/1.2180868]

The resistive pulse sensing method, also referred to as
the Coulter principle,l is one of the standard methods to size
and count particles. An aperture, which size is slightly larger
than the particles of interest, separates two chambers filled
with buffer solution. The electrodes in the two chambers cre-
ate a current of ions through the aperture. As a particle passes
through the aperture the ionic current is blocked and this
perturbation is measured.” Commercially available systems
are able to detect particles down to 400 nm.’ The same ap-
proach was used to detect single deoxyribonucleic acid
(DNA) molecules. Since the size of the aperture must be
comparable to the DNA molecules both membrane
proteinsz‘"6 and nanofabricated pores with diameter below
10 nm (Refs. 7-11) have been employed. Theoretical models
and molecular dynamic simulations have been used to study
the translocation mechanism.'>"> The translocation of the
much larger and more complex group of biomolecules, pro-
teins, is observed in protein conducting channels situated,
e.g., in the nuclear membrane and endoplasmic-
reticulum."" To our knowledge, sensing of unlabelled pro-
teins in the size range of 10 nm using a synthetic nanopore
has not been reported. In this letter, we report the observation
of current spikes caused by the interaction of BSA with a
nanopore. We also show strong evidence that the spikes are
caused by the translocations of single molecules.

The nanopore fabrication is different from previous re-
ported work.” 1% We started with coating a 100 mm di-
ameter, (100), double-side polished silicon wafer on both
sides with a 20-nm-thick layer of silicon nitride (Si3N,4). The
pores were defined using electron-beam lithography into a
poly(methyl methacrylate) layer spun onto the front side and
then transferred into the under laying SizN, with reactive ion
etching. Finally, potassium hydroxides etch from the back
side created a free-standing membrane with one, two, four,
or nine pores. The pore, observed using transmission electron
microscopy, had an elliptical shape with, respectively, a ma-
jor and minor diameter of 58 and 50 nm. Each membrane
was situated in the middle of an 8 X8 mm chip. To reduce

Y Author to whom correspondence should be addressed; electronic mail:
urs.staufer@unine.ch
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the noise during current measurements, a 300-um-thick
polydimethylsiloxane (PDMS) sheet with a 200-um-
diameter hole was prepared and sealed onto the silicon chip
such that the membrane was under the hole in the PDMS
sheet.'”

A chip was then mounted into a homebuilt holder
(Fig. 1), and the Ag/AgCl electrodes were connected to a
patch clamp amplifier (Axopatch 200B, Axon Instruments).
The data acquisition was done using a data acquisition card
from National Instruments, and LABVIEW software was used
to control the data acquisition card and signal processing.

The resistance of a chip is the sum of the resistance of
the silicon nitride membrane with pores embedded and the
access resistance, which depends, e.g., on the electrodes. By
measuring and fitting the resistance of chips with different
number of pores, we obtained the access resistance (230 k(2)
and the resistance per pore (2.29 MQ). Using the model re-
ported by DeBlois et al."® and Tto et al.,l7 the resistance, R,
of a pore, having length /, and diameter d, filled with saline
solution with conductivity «, is given by

Cis Trans
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FIG. 1. Cross-sectional illustration of the experimental setup. The nanofab-
ricated chip in the middle of the figure separates the cis and the trans
chambers filled with 1 M KCI, 10 mM Tris, pH 8. Using Ag/AgCl elec-
trodes connected to a patch clamp amplifier, an electric field can be applied
across the membrane in which a single nanopore was embedded. The current
was recorded as BSA was added to the cis chamber. Note that the illustration
is not drawn to scale.

© 2006 American Institute of Physics
I cense orcop r ht see http apl.ap.or aplcop r ht. sp
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FIG. 2. Ionic current measurements through a nanopore at 100 mV. Figure
(a) shows the current when both chambers were filled only with buffer. In
(b), BSA was added to the cis chamber, and in (c) BSA was removed by
washing.
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Using the above model a resistor of 2.3 M{) corresponds to a
pore 57 nm in diameter and 20 nm thick filled with our
buffer (Conductivity: 110 mS), which is in good agreement
with the pore dimensions measured by transmission electron
microscopy. This also confirmed that the currents we mea-
sured were indeed through the nanopore and not caused by,
e.g., leakage in the setup.

Using a chip with a single pore, we made an experiment
comprising of three sequences; first, we filled both reservoirs
(0.3 mL) with buffer solution, then we added bovine serum
albumin (BSA) to the cis chamber, and finally we removed
the BSA by washing the cis chamber. After each sequence,
we measured the current through the nanopore when the
voltage between the trans and cis electrodes was set to
—100 mV, and then 100 mV. When the reservoirs were filled
with buffer the current through the nanopore at 100 mV was
measured to about 40 nA [Fig. 2(a)], and —40 nA if the volt-
age was set to —100 mV. Upon addition of BSA, such that
the concentration in the cis chamber was 1.5 uM, and setting
the voltage to 100 mV, we observed current transients with
magnitudes up to —400 pA [Fig. 2(b)]. For —100 mV, we
observed a few spikes with a lower magnitude of about
50 pA. After rinsing the chip in buffer, only a few spikes
were observed [Fig. 2(c)].

We extracted the amplitudes and the duration of spikes
which blocked more than 100 pA of current and were less
than 4 ms long. We selected the threshold to be —100 pA for
two reasons; first, the spike should be significantly larger
than the background noise, and second the magnitude is
larger than the few small spikes observed when the trans
chamber was negatively biased. Similar events in DNA trans-
location measurements are mterpreted as collisions between
DNA molecules and the nanopore Statistical analysis of
548 events (Fig. 3) showed that 85% of the current transient
lay between —100 and -200 pA and the duration of most
spikes (80%) are in the range below 0.5 ms. To reduce the
noise level, we used a low-pass filter at 5 kHz, which gave a

time resolution of 0.5 ms. Hence the shape of spikes with
o nloaded a to .

ed str utonsu ectto
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FIG. 3. Spikes counted during 30 s, with magnitude of above —100 pA and
duration of less than 4 ms. Inset shows three current spikes with different
shapes at high time magnification.

durations less than 0.5 ms would be seriously distorted.
Current transients longer than 1 ms often showed the
characteristic well-shape with a flat bottom (Fig. 3 inset),
which is fre uently observed in DNA translocation
measurements.*>!'" However, current transients shorter than
1 ms do not have a flat bottom, which is probably due to the
filtering. Limiting the statistical analysis to a subset of peaks
longer than 0.5 ms showed that 80% of them had a magni-
tude between —100 and —200 pA, which is identical to the
distribution of the entire data set.

If the spikes we observed were due to translocations of
single BSA molecules, the current drop, A, could be used to
estlmate the diameter, d,,, of the BSA molecules. DeBlois et

al reported that

Al
d), = s U+ 0.8d,)d., (2)

where / is the baseline current and the constant s is close to
unity. Current drops of between 100 and 200 pA would cor-
respond to particles between 7 and 9 nm in diameter, which
is commensurate with the size of a BSA molecule.'’

Based on the above results, we suggest that the current
transients were caused by the interaction of BSA with the
nanofabricated pore, and we propose the hypothesis that
some of the current transients were caused by the transloca-
tion of single BSA proteins through the nanopore. The results
shown in Fig. 2 indicate that the spikes in the current mea-
surements are caused by the addition of BSA. Current tran-
sients were only present if the electrode in the trans chamber
is positively biased. This agrees well with our interpretation.
Since at pH 8 BSA, in its N form, has 18 negative charges in
total,'’” and the negatively charged protein will be electro-
phoretically driven to the positively biased electrode. After
the washing step, we observed only a few current transient,
further supporting our interpretation that current transients
were caused by BSA-pore interactions. Using Eq. (2), we
estimated that current drops of 100—200 pA correspond to
particles 7—9 nm passing through a 57 nm pore, which sup-
ports our hypothesis that some of the current transients are
caused by single BSA molecules passing through a nanopore.
A further support of our hypothesis stems from occasional
base-line shifts of about —100 to —200 pA in magnitude,
which could be caused by a single BSA molecule tempo-
rarily adsorbed to the inner wall of the pore (data not
shown). However, we estimated that after the translocation
measurements the BSA concentration in the frans chamber
was extremely low (about 60000 BSA molecules or

3 X 107'° mol/L after 1 h of measurement), such that to di-
I cense orcop r ht see http apl.ap.or aplcop r ht. sp
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rectly verify the existence of BSA molecules would have
been very challenging in itself. This issue will still have to be
investigated in future. For DNA translocation measurements,
such direct verification is done by using polymerase chain
reaction, which is an extremely sensitive and selective
method.””

In conclusion, for the first time, we could show the in-
teraction of a protein (BSA) and a nanofabricated inorganic
pore. By recording the ionic current through a nanopore, we
observed current transients when we added the protein to one
side of the pore. Current spikes were only observed when a
positive potential was applied, which was expected, since
BSA molecules are negatively charged at pH 8. The magni-
tude of the spikes corresponded to particles 7—9 nm in di-
ameter passing through a nanopore.'”' This results suggest
that some of the current spikes we observed were current
blockage caused by a single BSA molecule passing through a
nanopore. If indeed the current spikes were caused by single
protein molecules passing through the pore, the Coulter prin-
ciple could be applied to detect and screen unlabelled and
unattached single proteins under physiological conditions.

The authors would like to thank the technical staff of
ComlLab, the joint IMT-CSEM clean room facility. Anpan
Han also acknowledges the Danish Research Agency for the
financial support (Grant: Internationaliseringsstipendium) for
his PhD studies at IMT, University of Neuchatel.
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Abstract

Nanofabricated pores in 20-nm-thick silicon nitride membranes were used to detect five different
proteins. A pore about 28 nm in diameter separated an electrochemical cell into two compartments,
and the ion current through the pore was recorded. Addition of proteins to the chamber on one side
of the pore, caused current perturbations that correlated with the size and charge of the proteins. In
specific, the diameters of proteins were reproducibly determined with sub-nanometer accuracy. We
illustrate the potential for uniqueapplications of this novel nanotechnology with a proof-of-concept,

ultra-sensitive protein-protein binding assay without any need for labels or amplification steps.
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Detection of single biological molecules has become accessible in many laboratories using ultra-
sensitive fluorescence microscopy (/-3), which, together with scanning probe microscopy (4), is
able to reveal unique and hidden, inter- and intra molecular interactions and structural information,
e.g. the rotational motion of F1-ATPase (3, 6). Nanopores offer an alternative for detection of
single-molecules (7, 8). The principle of nanopore detection is known as resistive pulse sensing or
Coulter principle (9). Commercially-available instruments can size and count particles down to 400
nm (/0). An aperture only slightly larger than the particles of interest separates two chambers of an
electrochemical cell. The immersed electrodes in the two chambers create an ion current through
the aperture; as a particle passes through the aperture the ion current is partially blocked. The
magnitude of the perturbation is proportional to the volume of the particle. Compared to
fluorescence and scanning probe microscopy, nanopore sensing has certain unique and keen
advantages: labeling of the molecules is unnecessary and the setup and instrumentation is simpler
and more economical since no microscopes with active moving parts are needed.

Using the biological pore a-hemolysin, Meller et al. could distinguish DNA which only differ in
sequence (/7). However, biological pores have practical limitations due to operating pH,
temperature and fixed pore diameter; synthetic counter-parts, in contrast, are less affected by these
parameters (8, 12-14). In spite of the apparent simplicity and elegance of the molecular Coulter
counter, the only molecules that have been detected are DNA and porphyrin (/5). Recently, we
reported for the first time the detection of the protein bovine serum albumin (BSA) using nanopores
fabricated by e-beam lithography (/6). The initial findings did not answer our main important
questions, which we address in this report; could we differentiate proteins? What happens at
different pH? If we could sense size difference, it is then possible to detect molecular interactions,

where a protein binds to another molecule?
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Fig. 1. lllustration of the experiment. After the insertion of a chip with an embedded nanopore, buffer solution
(1M KCI buffered using 100 mM citrate or bis-tris propane) was added into both chambers, and the ion
current was measured using a low-noise current amplifier. Measurement bandwidth was 100 kHz, at 10 kHz
most spikes were not resolved. (A) at pH 5 BSA was added to the cis chamber, and valleys were observed in
the current transient when the trans electrode voltage was set to 50 mV. Very few peaks were observed at -
50mV. (B) at pH 3 we observed the contrary, peaks dominated at -50 mV compared to valleys at 50 mV. (C)
High time resolution current trace of selected perturbation. Black line, BSA, pH 3, -50 mV, Green line: BSA,
pH 5, 100 mV. Red line: streptavidin, pH 5, -100 mV. Blue line: streptavidin, pH 5, 100 mV.
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Fig. 2. (A) Number of valleys counted during 1 min for ovalbumin (black squares), BSA (red disc),
streptavidin (green triangles) and avidin (blue circles) at different pH. Average duration At of spikes (B)

Valley fraction, f,, is given in (C) (see supporting materials).

In our previous report the magnitude of the current perturbations caused by the proteins were low,
and the observed current transients had shorter duration than our time resolution (/6); we therefore
addressed these issues by increasing the general sensitivity of our system.

According to our estimation, at pH 8 a BSA molecule will pass through a 20 nm long nanopore in 2
us (see supporting materials). To measure 2 us current perturbations the necessary measurement
bandwidth should be at least 1 MHz, which is 100 times higher than reported experiments using
synthetic nanopores (/3, 17, 18). To increase the time resolution we improved our nanopore design
such that our measurement bandwidth increased from 5 kHz to 100 kHz, i.e. 10 times better time
resolution compared to previous reports (/3, 17, 18). Still, this improvement only provided a
practical time resolution of 40 ps. To further increase the resolution of translocation events we
decreased the electrophoretic mobility (1) of the protein by operating at a pH closer to the
isoelectric point (pl) of the protein, where it has zero net-charge. We carried out measurements at
various pH for four different proteins: ovalbumin (OA), avidin (AV) from egg white, BSA and
recombinant streptavidin (SAV) from Escherichia coli (/9). After adding a protein to the cis side of
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the pore, current was recorded when the trans electrode was biased at +50mV and then at -50mV
(an example for BSA is show in Fig. 1 A, B). We refer to spikes measured at positive voltage bias
as valleys and spikes at negative voltage bias as peaks. Zooming in onto some of the spikes (Fig. 1
C), we observed that the spikes had different shapes. For BSA, at pH far away from the pl, most
spikes were very sharp and the duration of such peaks was often less than 40 us. Hence, the true
shape of the current perturbations could not be resolved at pH values far from the pl, whereas at pH
closer to the pl, spikes had well shapes or more complex structures.

The number of detected valleys was plotted against the pH (Fig. 2 A). Each data point was based on
the average value of three experiments made in three different pores. In total 12 different pores
were used for the experiments in Fig. 2. Fig. 2 A shows the number of valleys counted during 1 min
normalized to the protein concentration in the cis chamber (ng/ml). We did not have data for all pH,
since at pH 2 and 3 OA and AV were not soluble (not shown). In Fig. 2 B we plotted the average
duration of spikes (At). To compare the number of peaks and valleys observed at the same pH, we

plotted the fraction of spikes that were valleys, f, =n, /(n, +n,), where n, is the number of valleys

and n, is the number of peaks (Fig. 2 C).

We postulate that the spikes are caused by single protein molecules translocating through the pore.
As the protein passes through the pore, ions are blocked, decreasing the absolute current and
causing peaks in the current trace. Protein molecules with a negative net-charge will be driven to
the positively biased trans electrode and then cause a current drop (a valley); conversely, positively
charge proteins will be driven towards the negatively biased electrode. According to our postulation
if /,= 1 then all proteins in a sample are negatively charged, if f, = 0, then all proteins are positively
charged, and if £, = 0.5 then half of the proteins are positively charged and the other half is negative.
Our observations using BSA supported our interpretation that current perturbations are caused by
translocating proteins, and they also justify our initial concerns that we must slow down the protein
to be able to detect them. Firstly, the longest average spike duration for BSA were observed around
the pl, where the proteins should have the lowest mobility; this observation was confirmed with OA.
Secondly, at low u, our electronics was then fast enough to detect protein translocations, therefore,
we counted more spikes close to the pl. At pH far from the pI we only detect a fraction of the
protein translocations. Fig. 2 shows for BSA that most spikes were detected at pH 6, while for high
and low pH less spikes were observed. Also the average spike duration was largest for pH 5 and 6.
At high pH, over 90 % of the spikes were valleys, whereas we observed mostly peaks at pH 2 and 3.
We omitted the data for BSA at pH 4 because we only detected less than 10 spikes, since the

confidence in these data was comparably low. Our results and interpretations for BSA agreed well
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with previous reports; BSA is negatively charged at pH above 4.25 while positively charged below
this pH (20, 21). The fact that the switch of polarity did not take place at pH 5.3, the pl measured by
isoelectric focusing, is explained by BSA having high affinity towards anions (20-22). According to
Scatchard et al. and Menon and Zydney at pH 5, while being slightly positively charged at 1 mM
CI', BSA binds up to 8 CI ions at 50 mM CI  resulting in a negative net-charge. Consequently, we
interpret that at pH 4 BSA carried almost zero net-charge and was therefore marginally affected by
the applied electric field, which agrees well with our observation that at pH 4 only few spikes were
detected. From Fig. 2 A and using a 10 ug/ml protein concentration, we found that the number of
translocation events were about 5000 molecules/min, or 50 attomoles (10'* moles)/hr; to our
knowledge, unlike PCR for DNA, direct detection of such small amounts of protein remains a
technical challenge. At present, we do not have a direct proof for protein translocations as in the
case of DNA translocations experiment, where this was achived by polymerase chain reaction (PCR)
amplification of the DNA collected from the other side of the pore (7).

We expected AV, with a pl of 10.5, to be positively charged across the whole pH range. However,
according to our results, AV only clearly showed a positive charge at pH 8, and the ratio f, was
about 0.5 for pH between 4 and 7. Although this finding was initially surprising, it may be
explained by the fact that the avidin we used was highly heterogeneous both in terms of molecular
weight and glycosylation (23), leading to a protein population with both positive and negative
charge at the same pH. Homogeneous, nonglycosylated recombinant SAV (/9) would be expected
to switch polarity at pH 6 or 7 (calculated pl), but, puzzlingly, most SAV molecules appeared to
maintain an over-all negative charge across the whole pH scale. Although our SAV was initially
judged pure by SDS-PAGE and ESI-TOF mass spectrometric analysis, we then carried out
isoelectric focusing experiments to measure the pl of SAV; to our great surprise, as with egg AV,
this recombinant SAV contained several species with varying pl. Our results with avidin and
streptavidin suggest that analysis based on the Coulter principle in nanopores is exquisitely
sensitive to protein micro-heterogeneity, as measured in solution under non-denaturing conditions.
Statistical analysis of the current change A/ of the valleys, i.e. depth of the valleys at pH 6 (Fig. 3)
showed one clear maximum for OA and BSA, while the distribution for SAV was more broad. On
average BSA caused a larger current drop than OA. This observation also supports our
interpretation that each spike corresponded to a single protein translocation, since according to the
Coulter principle larger molecules gives a larger current drop. We make statistical analysis for each
experiment and the most frequent current drop A/,r were obtained, which was used to calculate the
diameters (dn,) of BSA and OA (Table 1). However, the values (7.3 nm and 8.6 nm) were

significantly larger than those obtained from sedimentation equilibrium studies (5.4 nm and 7.1 nm)
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(24),. The reason for these differences remain unexplained, but note that in our calculations we
aproximated that A/, was directly proportional to d,’, and that the current drop we measured was
the maximal current drop (see supporting materials). Nevertheless, we observed good
reproducibility between experiments performed using different pores on different days. The
variation of A/, is equivalent to the upper limit of the variation of dm3 . The 10% Al,, variation for
a proteins 5.4 nm in diameter (OA) corresponds to just 0.2 nm variation in diameter. Hence, we

could reproducibly determine the diameter of BSA and OA with an accuracy of 0.2 nm.
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Fig. 3. Statistical analysis of current drop distribution of OA (black), BSA (red) and SAV (green) at pH 6.
Driving voltage 100 mV, 750 events for each protein.

Table 1. Base line current and current drop data, calculated values for pore and protein
diameter.

Pore Protein I(nA) d,(mm) Al,(mA) d,(nm)

A OA 10.7 219 0.21 7.1
B OA 10.8 22.0 0.25 7.5
C OA 14.0 26.3 0.23 7.3
D BSA 14.0 26.4 0.31 8.6
E BSA 14.5 26.5 0.27 8.7
F BSA 15.9 28.9 0.31 8.8

* Calculated values of pore diameter (see supporting materials)

Having established that several proteins could be detected using our nanopore and having
investigated the detection characteristics according to protein size, pH/pl and micro-heterogeneity,
we next explored a critical aspect of our research: are there any applications where nanopores show
unmatched advantages? We tried to use the nanopore to detect specific protein-protein interaction;
antigen — antibody binding. Abundance of the antigen beta human chorionic gonadotropin (B-hCG)

in women’s urine indicates pregnancy. In the first experiments we added monoclonal anti-B-hCG
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antibody from mouse (IgG) to the cis chamber to a final concentration of 4 ug/ml at pH 6, and we
measured the current. Then we washed the cis chamber and added a solution which both contained
B-hCG and the antibody, which was incubated for over 1h at room temperature. To our surprise,
only very few spikes were detected. To further investigate the specificity of this phenomenon, we
repeated the experiment but this time we first added the antibodies (Fig. 4A), and then we then
added OA (Fig. 4A). We observed large valleys -caused by antibody- and smaller valleys -caused
by OA-. Then, we added B-hCG to a final concentration of 1 ug/ml, at which point the large valleys
could not be detected, whereas the small spike associated with OA remained (Fig. 4 C). From this
latter experiment, we conclude first that the pore still remained functional after antigen addition,
because we observed translocations of OA. Second, while the addition of OA did not affect the IgG
translocation, the antigen strongly decreased the number of large valleys. Hence, the absence of
valleys was caused by a specific interaction between antibody and antigen. Since, B-hCG has a
molecular weight of about 20 kDa and IgG about 150 kDa, and there are 2 binding sites per IgG,
then we would expect full saturation of the antibody (4 pg/ml) at around 1 pg/ml of antigen.
Therefore, we added small amounts of antigen in a step-wise fashion to observe the dose-response.
The number of valleys with current drop above 0.4 nA was counted during 1 min and plotted in Fig.
4 D. As hypothesized, we observed that the number of valleys decreased with increasing
concentrations of B-hCG; furthermore, above 1 ug/ml of B-hCG, the change approached saturation.
Because the size of the complex is still expected to be smaller than the nanopore, we speculate that
the absence of antibody-associated valleys upon addition of antigen is due to a change of . of the
antibody when bound to f-hCG. While IgGs have a pl about pH 6, the pl for B-hCG is about 3, it is
likely that upon IgG binding to two B-hCG the i is strongly increased such that our electronics
were not able to detect the fast translocating complex. For translocation experiments of IgG at pH 7,
we only counted 45 valleys compared to the 500 valleys at pH 6, which supports our explanation
that the complex has increased mobility compared to free antibody at the pH tested. Since binding
to another protein with more mobility appears to increase the mobility of the protein, our assay can
be compared to mobility shift assays, which is a frequently used gel-based assay, e.g. to investigate
the binding of gene regulating proteins to DNA (25). Similar assays to determine molecular
interactions are also found in capillary electrophoresis (26).

The unmatched and unique advantage of our protein-protein affinity assays is that a label is not
needed. In most protein-protein binding assays a labeling process or a subsequent signal
generation/amplification step is needed (27). Directly labeling the protein may lead to loss of
binding-affinity and sensitivity. Moreover, labeling and signal amplification processes can be very

costly and time consuming (27). In contrast, if our postulation is correct, nanopore sensing can
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detect single molecules; the number of molecules needed for analysis is equivalent to the statistical
reliable count of molecules, i.e. less than 1000 molecules. The theoretical sensitivity of nanopores is
therefore in the range of zeptomols (10-21M). Optimization of such assays could find many
biotechnology applications.

The authors would like to thank the technical staff of ComLab, the joint IMT-CSEM clean room
facility, Mohammad-Mehdi Dadras and Peter Van der Waal for helpful discussions. Anpan Han
also acknowledges the Danish Research Agency for the financial support (Grant:
Internationaliseringsstipendium). This project was finacially supported by the République and

Canton de Neuchatel.
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Fig. 4. Antibody-antigen binding experiment. Monoclonal anti-B-hCG antibody was added to the cis chamber
(A). OA added to the cis chamber (B). B-hCG was added (C). Dose-response curve is given in D. The line is
added to guide the eye.
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Supporting material

a) Si0, + Si,N, f) backside alignment

b) spin PMMA g) RIE
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Fig. 5. Nanopore fabrication flow chart, see text for details.

Nanopore fabrication process
The nanopore fabrication is an optimization of our previously reported work (/6). We started with

dry thermal oxidation to form a 500-nm-thick silicon dioxide (SiO,) layer on a 100-mm-diameter,
<100>, 390-um-thick, double side polished silicon wafer. Then we coated the wafer on both sides
with a layer of 20-nm-thick silicon nitride (Si3N4) (Fig. 5a) by low pressure chemical vapor
deposition (LPCVD). The wafer was treated in oxygen plasma (Tepla 132 from PVA Tepla,
Feldkirchen, Germany. Parameters: RF power 1000W, pressure 0.73 mbar, 50 °C, 30 min) before
spinning a polymethyl methacrylate (PMMA, 2% solid, MW950kD, from MicroChem, MA, USA)
layer onto the front side (Fig. 5b). After spinning PMMA, the wafer was baked at 170 °C for 30 min.
The e-beam lithography system, Raith 150, from Raith, Dortmund Germany was used for PMMA
exposure. To achieve the best wafer uniformity, the acceleration voltage was set to 20 kV, the
aperture size was 7.5 um, and the wafer was clamped onto an electrostatic wafer holder and leveled

such that the electron beam was perpendicular to the wafer surface. The pores were patterned using
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the dot exposure mode (dose: 0.001 pAs) and other structures were written with the area mode
(dose: 150 pA/cm?). After the exposure, the wafer was developed in 1:3 methylisobutylketone
(MIBK) to isopropanol mixture, for 30 s and rinsed briefly in isopropanol and subsequently in
deionized water (Fig. 5¢). The patterns in the PMMA were transferred into the Si3N4 by reactive ion
etching (RIE), and the etching stopped on the SiO, by timing (Fig. 5d). The RIE (Alcatel GIR 263,
Annecy, France) used a SF¢/O, chemistry. Remaining PMMA was stripped in an oxygen plasma. A
standard photolithography process was used to pattern the backside of the wafer: a 2.3-um-thick
AZ1518 photoresist (Shipley, Switzerland) was spun first onto the front side (To protect structures
written by E-beam lithography.) and then onto the backside of the wafer (Fig. 5e). The photoresist
on the backside served as mask for the subsequently RIE (Fig. 5f), which exposed the silicon on the
backside of the wafer (Fig. 5g). After the RIE the photoresist was removed using oxygen plasma
and subsequently the wafer was immersed into a 40 % (m/v) KOH etch bath heated to 60 °C. The
KOH created a free standing membrane with the pore embedded (Fig. Sh). After the KOH, 10 nm of
Si0, was thermally grown at 950 ° before wafer dicing (Fig. 5g). The membrane was situated in the
middle of an 8 X 8§ mm chip. To reduce the noise during current measurements, a 300-pum-thick
polydimethylsiloxane (PDMS) sheet with a 200-pm-diameter hole was prepared and sealed onto the
silicon chip such that the membrane was under the hole (Fig. 51). Just before experiments the chips
were treated with a short (2 min) oxygen plasma to render the surface hydrophilic such that water
was able to wet and fill the lumen of the nanopore. Immediately after the oxygen plasma the chips
were immersed into water, since the PMDS will lose its hydrophilic character upon exposure with

air.
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Fig. 6. Fabrication results. (a) An optical microscope image of the SiO, / SizN, membrane (front side of the
wafer). A small dark square on the membrane equidistant from the 3 small squares is the membrane in SizNy.
(b) is the SiO, / SisN4 membrane observed using SEM from the backside. Zooming into the membrane in
SizNs we observed a nanopore embedded in its center (¢). A high resolution TEM (200 keV) image of a

characteristic pore is show in (d).

The fabrication results are shown in Fig. 6. The pore diameter was measured to be between 20 and

30 nm using transmission electron microscopy (TEM).

Experiment procedure
A chip was mounted into a in-house designed cell and both chambers were filled with buffer

solution. The immersed Ag/AgCl electrodes were connected to a patch clamp amplifier (Axopatch
200B, Axon Instruments, USA). Control experiments were performed such that we were certain that
the current we measured was through the nanopore (/6). By measuring the current we could
calculate the diameter of the pore (/6). The average diameter calculated for wafer A was 24.4 £2.8
nm (14 chips), and 27.9 + 1.4 nm (12 chips) for wafer B, which was in agreement with TEM
measurements.

Ovalbumin (OA) from chicken white (pn: A7641) and bovine serum albumin (BSA) (pn: A0281)
and all chemicals were from Sigma unless specified. Avidin (AV) was from Belovo SA, Belgium
(23) and the preparation of recombinant streptavidin from Escherichia coli (SAV) is described by
Humbert et al. (/9). The antigen human chorionic gonadotropin f (B-HCG) from human pregnancy
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unine and the monoclonal anti-B-HCG antibody (pl 6.4) were from Fitzgerald, MA, USA. For OA
experiments pores from wafer A were used, and wafer B was used for all other experiments. First
experiments were performed using pores from wafer A. Since we were in the learning phase of our
experiments many pores were clogged. Hence, they were not included in this report. Proteins were
dissolved in 1M KCl to 0.1 mg/ml and kept at 4 °C. 1 M KCI buffers with different pH were
adjusted to the same resistivity (9.09 Qcm) using a conductivity meter (Orion 150, conductivity cell
012210, Boston, USA). We used 100 mM citrate buffer for pH 2, 3, 4, 5 and 6, 100 mM bis-tris
propane for pH 7 and 8. The buffer pH was fine adjusted using a sensitive pH meter (Orion 610,
Boston, USA).

We investigate the solubility of SAV, AV, OA and BSA at different pH. This was carried out by
preparing 0.1 mg/ml proteins solutions in buffers with different pH. If the proteins were not soluble
at all, sedimentations were formed within an hour. Such pH conditions were unsuitable for
nanopore experiments, since the risk of clogging the pores was very large.

Only one protein was analyzed per chip to avoid cross-contamination. Each nanopore experiments
started with a clean chip. With the trans electrode biased at 50 mV, if the current for a clean chip
was stable and the noise was below 20 pA (root mean square, 10 ms window, 100 kHz low-pass
filter) the chip could be used. More than 50% of the chips were suitable for experiments, a yield of
more than 50% on a wafer level is considered as good for a prototype. Proteins were then added to
the cis chamber such that the final concentration was between 1 and 10 ug/ml, i.e. the stock protein
solution was diluted 10 to 100 times. Current recordings were made with different voltage bias.
Before changing the pH we washed the chambers and made current recordings to see if the protein
was indeed removed by washing. The number of spikes decreases by more than 90% after washing.
For the pH sweeps, we started from pH 6 and stepped down to pH 2. To get a reasonable number of
spikes higher protein concentrations (up to 10 ug/ml) were needed at lower pH. By starting at low
concentrations carry-over of proteins between experiments was less problematic. Then we
performed experiments at pH 7 and 8. The number of spikes detected was proportional with the
protein concentration (results not shown), which justified the use of normalization. We did not use

higher concentrations than 10 ug/ml, since the carry-over between experiments could be very large.
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Fig. 7. Data analysis, see text for details.

The analogue signal from the patch clamp amplifier was digitized using a data acquisition card from
National Instruments (PCI 6052E), and Labview software (LV) was used to control the data
acquisition card and later on to perform signal processing. The acquisition rate was set to 300 kHz,
and the data was directly saved to the hard drive. During data processing the following routine was
used. The data from the hard-drive was read and the data was globally leveled such that minor drifts
of the experiment were eliminated. Spikes were extracted from the leveled data. The duration, At,
and maximal current drop, Al, was obtained (Fig. 7). To use the maximal current drop was very
simple from a data processing point of view. However, it is also very noisy, since the background
noise is directly added. A less noisy method is to average of data points at the bottom of a well,

however this is very complicated due to the many different shapes of the spikes.

Supporting material for Fig. 2
2A

During 60s, setting the trans electrode to + 50 mV, all spikes that have larger absolute value than
0.1 nA were counted. The Nr. of valley is normalized to the protein concentration and measurement

time. The unit in full is Nr. of valley/min/(pg protein/ml) .

2B

The time duration of each spike was extracted and the averaged duration was obtained. The average
spike duration was calculated using the valleys, i.e. trans electrode was positively biased, except for

BSA atpH 2, 3 and AV at all pH, where average peak durations were used.
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Data for FIG. 2

OA SAV

50 mV 50 mV

pH nr. spikes SD At (ms) SD (ms) pH nr. spikes SD At (ms) SD (ms)

4 136 55 0.26 0.19 2 14 9 0.08 0.05

5 261 152  0.54 0.17 3 32 24 0.10 0.09

6 285 70 0.53 0.24 4 190 11 0.25 0.07

7 21 27 0.09 0.04 5 515 320 0.68 0.22

8 7 4 0.07 0.04 6 143 65 0.23 0.06
7 79 59 0.07 0.03

-50 mV 8 11 2 0.04 0.00

4 21 7 0.22 0.15

5 14 10 0.31 0.02 -50 mV

6 29 9 0.21 0.05 2 8 9 0.08 0.07

7 0 0 0.02 0.01 3 15 12 0.09 0.03

8 1 1 0.03 0.01 4 67 41 0.27 0.10
5 172 93 0.49 0.17
6 115 14 0.27 0.02
7 33 48 0.07 0.03
8 21 18 0.04 0.01

BSA AV

50 mV 50 mV

pH nr. spikes SD At (ms) SD (ms) pH nr. spikes SD At (ms) SD (ms)

2 2 2 0.14 0.04 4 48 17 0.18 0.16

3 11 8 0.14 0.08 5 98 45 0.22 0.14

4 3 1 0.14 0.12 6 90 21 0.24 0.06

5 328 75 0.54 0.34 7 181 72 0.23 0.07

6 569 238 0.47 0.12 8 70 9 0.14 0.03

7 183 135 0.06 0.04

8 42 34 0.04 0.01
-50 mV

-50 mV 4 57 36 0.19 0.13

2 33 7 0.17 0.06 5 131 47 0.25 0.18

3 33 14 0.20 0.11 6 230 60 0.31 0.14

4 - - - - 7 194 48 0.24 0.13

5 27 8 0.42 0.09 8 436 35 0.24 0.15

6 33 5 0.36 0.09

7 13 18 0.05 0.03

8 1 2 0.04 0.02
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Coulter Counter model and calculations
By combining Ohm’s law and Maxwell’s approximation for the conductivity of liquids with

suspended insulating particles, Deblois and Bean (28) and later on Ito et. al derived an expression
for the current change (A/) caused by the translocation of a particle with the diameter, d,,, through a

pore with diameter d, and length /, (29).

krU 3
41, +0.84,)* "

Al =5(d,.d,) Eq. 1

Where the U is the applied voltage, « is the conductivity of the electrolyte solution and S (d,, d,,) is
a parameter depending on d,, and d,. The current change is proportional to the square of the
dimensions of the pore. In our calculations we set the parameter S(d,, d,,) to unity. Although the
models for the Al are well established, we could not find models for the translocation time. This is
probably due to that the time resolution was never a problem, since /, were often above 10 pm (26,
29). However, in our case where /, was about 20 nm, time resolution becomes a critical issue. At
very high ionic strength (1M KCI) the main transport mechanism of charged molecules subjected to
an external electric field is electrophoresis (30). Assuming a particle with the electrophoretic
mobility y, passing through the pore at a velocity of v = ¢, U/l (30) the time, ¢, needed for

translocation is

v o uU

For 5-nm-large proteins dissolved in 1M KCI, where the size of the particle is larger than the Debye
length (Lp), u 1s given by the Smoluchowski equation (30)

_ENO'LD
n n

Eq. 3

e

Where ( is the zeta potential, ¢ is the dielectric permittivity, ¢ is the surface charge density and # is
the viscosity. Menon et al. measured y, values for BSA at 10 mM NaCl, pH 8, to be 22 x 107
cm?’/Vs. Lp at 1 M KCl is 0.3 nm which is 10 times smaller than at 10 mM (30). Hence, according
to Eq. 3, the mobility is reduced by a factor of 10. Inserting 20 nm for /, 0.1 V for U, and 2 x 107
cm?’/Vs for u,, a BSA molecule will pass through the pore in 2 ps.
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Chapter 6 : Nanochannel devices — applications

and fabrication

Unlike the development of nanopores, which is
driven by the goal of DNA sequencing, the de-
velopment of nanochannel devices has been
significantly broader. The two main applica-
tions of nanochannel devices are in single
molecule analysis and colloid science. In a re-
cent review, Eijkel and van den Berg pointed
out the main applications as well as the physics
and chemistry of fluids and molecules con-
tained in nanochannels (Eijkel, 2005). In this
chapter I will concentrate on the experimental
work carried out in nanochannels with emphasis
on single molecule analysis as well as one topic
in colloid science: the filling of nanochannels

by capillary force.

Single molecule analysis
As with experiments in nanopores, studies in

nanochannels have mostly involved DNA. In
their entropically favorable native state, long
DNA molecules behave like random-coils. For
example the genomic A-DNA has a radius of
gyration of 730 nm, when it is stretched out, it
has a length of 22 pum (Perkins, 1997). If the
depth or the width of a nanochannel is smaller
than the radius of gyration, A-DNA can not en-
ter the channel unless it is somehow uncoiled.
Indeed, DNA is stretched out during its entry
into nanochannels (Cao, 2002; Guo, 2004; Li,
2003b). The entry of DNA into nanochannels
could be facilitated by capillary force (Guo,

2004) or by electrophoresis (Tegenfeldt, 2004).
One of the application of DNA stretching is to
measure the length of genomic DNA, which in
turn could be used to determine its molecular
weight (Tegenfeldt, 2004). Established methods
used to determine the molecular weight of ge-
nomic DNA, such as pulsed field gel
electrophoresis, are extremely time and reagent
consuming. Han and Craighead reported the
separation of long DNA molecules. They used a
fluidic chip with channels with periodically
varying depth between 100 nm and 3 pum, an
entropic trap array (Han, 2000). DNA, in the
channel sections where the depth is 3 pm, is in
its entropically favorable random-coil state. As
it approaches the nanochannel, it is shortly
trapped. Larger DNA has a higher probability to
enter the narrow nanochannels than smaller
DNA. This difference in the trapped time al-
lows size dependent DNA separation. Another
efficient method for DNA separation, based on
the coiling and uncoiling of DNA, is to use flu-
idic chips with nanofabricated pillar arrays
(Kaji, 2004). Foquet et al. reported possible ap-
plications of nanochannel in fluorescence
correlation spectroscopy (Foquet, 2004). The
results showed that the molecules are confined
to move in one dimension, i.e. along the nano-
channel, the effective diffusion is reduced.

Reduced diffusion increases the observation

time, and more photons are collected from a
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single molecule, which enhances the signal to
noise ratio.

Analysis using nanochannels which only
need a few molecules could prove to be a good
future alternative or supplement to the existing
analytical techniques in biochemistry. In addi-
tion to superior biochemical analysis methods,
Wang et al. reported that it is possible to detect
the binding sites of gene regulating proteins on
a stretched out DNA (Wang, 2005b). To map
such binding sites could help us to better grasp
complex protein-DNA interactions which regu-

late gene expression.

Applications in colloid science
Applications of nanopores and nanochannels in

analytical biochemistry are numerous and show
great potentials. Colloid science is another sci-
entific field where nanofluidics also greatly
contributes. Despite numerous studies, estab-
lished theory and published
(Probstein, 2003; Shaw, 1989), nanochannels

textbooks

could contribute to novel advancements in the
field. Nanochannels could be fabricated with
good reproducibility and high yield, providing
idealized colloidal systems with well defined
dimensions. This was not available to previous
investigators that often had to work with highly
heterogeneous systems.

Many recent reports concern the study of
overlapping electrical double layer (Chapter 2),
i.e. if the distance between the walls of the
nanochannel is smaller than the Debye length,

Lp > d. The Debye-Hiickel potential states that
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Figure 6-1. lllustration of capillary filling - Washburn
kinetics. Please refer to text for details.

charged molecules carried by the ionic solution
will be attracted or repelled to the surface if it
enters the EDL. Molecules with the same
charge as the wall, co-ions, can not enter the
EDL due to the electrostatic repulsion, while
opposite charged molecules, counter-ions, could
enter with ease. Plecis et. al investigated the
permeability of ions in nanochannels at differ-
ent EDL thickness (Plecis, 2005). The
permeability for co-ions diminished while it
was enhanced up to 3 times for counter-ions. At
very large EDL overlap, the conductivity of so-
lutions diverges from the bulk behavior (Schoch,
2005; Stein, 2004a). The ionic conductivity of a
channel is the sum of the conductivity of the
ions in the bulk, and the charges in the diffusive
part of the double layer (Figure 2-1). For chan-
nels were the Lp << d, the main contribution is
the bulk conductivity, however, if the Lp >> d,
the charges in the diffusive layer would domi-
nate the ion transport. Stein et al. and Schoch et
al. observed that the conductance converged to
a finite constant value as the concentration of

ions decreased (Schoch, 2005; Stein, 2004a).
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Filling of nanochannels by capillary
force.

An interesting subject in colloid science is
capillarity (Figure 6-1). As a liquid plug enters
a channel three phases are in contact, the inner
surfaces of the channel, the liquid itself, and the
air-vapor. The surface energy of this contact
creates a capillary force. This force will drag
the liquid into the capillary if the contact angle
of the interface is smaller than 90° i.e. if the
liquid is wetting the surface. The capillary pres-
sure is given as p = 2ycosOsr, where r is the
capillary inner radius, y and 6, are the surface
tension of the liquid and the dynamic contact
angle respectively. The magnitude of the capil-
lary pressure in a 100 nm diameter channels
filled with water is in the order of 10 bars. The
drag acting on the liquid plug, given by the
Poiseuille’s equation (Eq. 2), will gradually
slow the capillary filling of channels. The
length of the liquid plug A/ relates with the fill-

ing time ¢, following the Washburn relation

Al ~ «/; (Washburn, 1921). The relation states
that, to fill a channel twice as long takes four
times more time. Chapter 7 describes in detail
the kinetics of filling and other peculiar effects
which take place in nanochannels. During the
time of reviewing the article, a related paper by
Tas et al. also described the filling kinetics of
liquids in nanochannels, however, studies were
only restricted to water (Tas, 2004). Recently,
Hanevald reported the filling kinetics of water

in channels down to 5 nm deep. Amazingly, at 5

nm, the Washburn filling kinetics was still valid.

(Haneveld, 2006)

Fabrication strategies

As the author has pointed out, nanochannels
provide a novel tool for studying single mole-
cules, and they act as a new technological
platform for colloid sciences. There are two ma-
jor approaches to fabricate nanochannels
devices: the use of sacrificial layers, which is
also referred to as surface micromachining, or

constructing the nanochannels into the bulk of

the substrate itself (Figure 6-2).

Surface machining
The first stage of fabrication is to deposit the

structural and sacrificial layer (SL) (Figure
6-2a). The materials selected for the SL and the

structural layer are based on the etching selec-

Surface machining

I
|

a) depostion of SL

b) lithography

I]
I

c) pattern transfer

d) encapsulation

e) SM etch

. structural layer 1

B resist

Bulk machining

i) spin resist

ii) lithography

iii) pattern transfer

iv) strip resist

V) encapsulation

. structural layer 2
[ ] sacrificial layer (SL)

Figure 6-2. Nanochannel fabrication strategies,

surface and bulk machining.
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tivity between the two layers. Since the removal
of the SL through nanochannels is often diffu-
sion limited, the etching time is often very long.
Therefore high etch selectivity is necessary. A
lithography step defines the width and the
length of nanochannels (Figure 6-2b). The
width of the channels is often limited by the
resolution of the patterning technique. Lithog-
raphy technologies with  sub-micrometer
resolution such as nanoimprinting (Li, 2003b),
e-beam lithography (Foquet, 2002) and electro-
spinning (Czaplewski, 2003) have been re-
ported. The next steps are the pattern transfer
(Figure 6-2¢) and the subsequent encapsulation
(Figure 6-2d). After the encapsulation, openings
are made in the end of the nanochannels, and
the SL is removed by a selective etch (Figure
6-2e). An example of material combinations are
polycrystalline silicon (SL) and SiO; (structural
layer) with tetra-methylammonium hydroxide

(TMAH) as etchant (Foquet, 2002).

Bulk machining
Bulk machining starts with the channel defini-

tion by  lithography  (Figure 6-21).
Nanolithography techniques such as focused
ion-beam milling (Alarie, 2003), nanoimprint-
ing lithography (Cao, 2002) and electron beam
lithography (Kaji, 2004) have been reported.
Nanochannels with the width in the micrometer
range, also referred as nanoslits or 1-D nano-

channels (Haneveld, 2003; Schoch, 2005; Stein,
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2002) are very popular for studies in colloid
science. The patterns are transferred into the
substrate using dry or wet etching (Figure 6-2ii,
iii, iv). The encapsulation (Figure 6-2v) of the
open conduct is done by bonding (Han, 2000;
Haneveld, 2003; Stein, 2002) or non-uniform
thin-film deposition (Cao, 2002).

The two fabrication strategies have their ad-
vantages and disadvantages, e.g. in the
sacrificial layer method, diffusion limited re-
moval of the sacrificial layer in nanochannels
could be very time consuming, channels 0.64
mm long required 15 h of etching (Tas, 2002).
To reduce the etching time, dedicated irrigation
holes for the etchant had to be made (Foquet,
2002), or heat decomposable polymer was used
as the sacrificial layer (Czaplewski, 2003; Li,
2003b). The bulk machining approach is often
more simple from a technological point of view.
However, in certain applications the channels
have to be very close to the device surface, e.g.
constrains caused by low working distance mi-
croscope objectives. It is then more favorable to
take the surface machining approach, since only
a submicrometer film separates the liquid inside
the nanochannel and the device surface.

To circumvent some of the above limitations
of surface machining, such as lithography reso-
lution limited channel dimensions, long etching
time, a novel nanochannel fabrication process

was developed (Chapter 8).
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Abstract

We report the filling kinetics of different liquids in nanofabricated capillaries with rectangular cross-section by capillary force. Three sets of
channels with different geometry were employed for the experiments. The smallest dimension of the channel cross-section was respectively
27,50, and 73 nm. Ethanol, isopropanol, water and binary mixtures of ethanol and water spontaneously filled nanochannels with inner walls
exposing silanol groups. For all the liquids the position of the moving liquid meniscus was observed to be proportional to the square root
of time, which is in accordance with the classical Washburn kinetics. The velocity of the meniscus decreased both with the dimension of
the channel and the ratio between the surface tension and the viscosity. In the case of water, air-bubbles were spontaneously trapped a:
channels were filled. For a binary mixture of 40% ethanol and water, no trapping of air was observed anymore. The filling rate was higher
than expected, which also corresponds to the dynamic contact angle for the mixture being lower than that of pure ethanol. Nanochannels and
porous materials share many physicochemical properties, e.g., the comparable pores size and extremely high surface to volume ratio. These
similarities suggest that our nanochannels could be used as an idealized model to study mass transport mechanisms in systems where surfac
phenomena dominate.

0 2005 Elsevier Inc. All rights reserved.

Keywords:Ethanol; Isopropanol; Water; Ethanol-water mixture; Capillary force; Wetting; Filling kinetics; Nanochannels; Porous materials

1. Introduction layer overlap[11], negative pressure induced by capillary
force [6], and ion enrichment—depletion effedti?], have
For bionanotechnology, studying single molecules, and been reported.
physicochemical phenomena of liquids in the nanometer A less studied physicochemical effect, which is inher-
scale nanofluidic devices provide a novel tfibt6]. Down- ent for all nanofluidic devices, is the spontaneous filling
sizing of fluidic systems is attractive for fundamental stud- by capillary force. The kinetics of filling by capillary force
ies as well as biosensing-9]. For example, nanometer- was first reported by Washburn in 19213]. The posi-
sized entropic traps were used to separate long, genomicion of the moving liquid menisci during filling was found
DNA [2,3]. Nanochannels combined with near-field mi- to be proportional to the square root of the filling time.
croscopy could be used to locate gefie8]. Furthermore,  Many reported nanofluidic systems fabricated by micro- and
by using nanofluidic systems extremely small measurementnanolithography have rectangular cross-section and chan-
volumes,which provide enhanced detection of enzymatic r'e- nel walls are often Composed of silicon nitride and sili-
actions, could be obtaingf]. Novel and interesting physic-  con dioxide[6,14,15] The filling kinetics of channels with
ochemical and thermodynamic phenomena associated Witrhon_cy|indrica| cross-section was also studj@é—19] To
liquids confined in nanofluidic systems such as double- gyr knowledge, the smallest capillary used for kinetic stud-
ies weas pulled quartz capillaries with inner diameter of
~* Corresponding author. Fax: +41 (0) 32 7250711. 80 nm[20]. In this article we report how different liquids
E-mail addressurs.staufer@unine.dft). Staufer). fill silicon nitride/dioxide nanochannels, which inner surface

0021-9797/$ — see front mattér 2005 Elsevier Inc. All rights reserved.
doi:10.1016/}.jcis.2005.06.037
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chemistry mainly consists of hydrophilic silanol groups, by where! is the distance between the capillary meniscus and
capillary force. The filling kinetics of wetting liquids fol-  the capillary inlet, and; is the viscosity of the liquid. To
lowed the classical Washburn kinetics. Filling studies using obtain the meniscus velocity for a capillary with rectangular
water and binary mixtures of ethanol and water show phe- cross-section, we substituted the radius with the hydraulic
nomena similar to that observed in porous material such asradius,r = 2ry ~ d,

trapping of the non-wetting phase. dycostgl D
VN —mMm——— — =

— 2

49 1 2 )

2. Theory D— dy ;039d‘ 3)
Ui

A simple model for the filling kinetics by capillary force
in capillaries with rectangular cross-section is used for this
study. For a capillary with circular cross-section and in-
ner radius ofr, the capillary pressure is given gs=
2y costy/r, wherey anddy are the surface tension of the dy cosfg
liquid and the dynamic contact angle, respectively. Accord- [ = Tﬁz NOW (4)
ing to White [21], this equation can be used to calculate U
the capillary pressure in capillaries with rectangular cross- 1o position of the meniscus relates with timelas /2
section if  is substituted with the hydraulic radius, = which is universal for conduits with arbitrary shape, includ-
A/s =r/2, whereA is the cross-section area amds the 4 capillaries with rectangular cross-sectid¥]. The pa-

wetted perimeter. For a rectangular channgl= A/s = rameterD, which is independent of time and the meniscus
wd/2(w + d), wherew is the width andd is the depth

(Figs. 1 and 2 For our nanochannelg, is small compared
to w, and we approximateey ~ d/2. Hence, the capillary (a)
pressure in a rectangular channelpis= 2y cosdy/d. We
neglect the effects of the static pressuel (mbar), which T a
is justified since the capillary pressure in our nanochannels

was calculated to be above 3 bar. The dynamic filling of a
capillary with circular cross-section by capillary pressure,
assuming the non-slip condition, is given by the Washburn
equation13]. The meniscus velocity, also referred as the
filling rate is given by

The meniscus velocity is higher for larger surface tension to
viscosity ratios and channel depth. Integrating the velocity
with respect to time we get

cosdy 1
p— YO 2 1)

,
477 l AccV SpotMagn Det WD Exp F——————— 500nm
100KV 80 70336x SE 144 1

a: Si,N/SiO,/SiN, d: O, plasma

b: litho. & RIE

AccV SpotMagn Det WD Exp — 500nm
100kV 30 62430x SE 149 1

c: BHF f: final device
u tsril“CO" ng%zum ] s Fig. 2. Scanning electron microscopy (SEM) images of cross-sections
ermal oI : )3 photoresist through nanochannels fabricated by partial etching of a sacrificial layer. The
B sy M pbms figure inset in (a) corresponds to a zoontig. le, whered is the channel

depth andv is the width. Channel depth and width were measured by SEM.
Fig. 1. Pseudo 3-D and cross-section representation of the fabrication The black and thin “bars” about 500 nm long (a) and 900 nm long (b) are
process of a pair of nanochannels. Details are given in Se8tiNote that the inner cavities of the capillary, and the gray area on the picture is the wall
the dimensions of the illustration are neither scale nor proportions. material. The channels in (a) and (b) are respectively 27 and 50 nm deep.
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position, can be determined by plottidgversussY/? val- treated with oxygen plasma (Tepla 132 from PVA Tepla,
ues. Thel ~ /2 scaling law originates from the capillary ~ Feldkirchen, Germany. Parameters: RF power 1000 W, pres-
pressure which pulls the liquid into the channel, and which sure 0.73 mbar, 100C, 60 min) to create a surface com-
remains constant, while the flow resistance increases linearlyposed mainly of silicon dioxidg26,27] The inner surface of
irrespectively of the geometry of the channel cross-section. our nanochannels consisted of a few monolayers of silicon
Other parameters, such as the degree of roundness of the codioxide exposing silanol group&ig. 1d). To seal the chan-
ners of rectangular channéls7,19] the layered structure of  nels, a fresh layer of Si&X400 nm) was depositedrig. 1e).
the channel wall$22,23], and the time dependency of the A second photolithography and RIE process were used to
dynamic contact anglR4] that influence the filling rate are  pattern the access openings to the nanochannels. A second
notincluded in Eq(2). How these issues influence the filling  oxygen plasma process was used to remove photoresist and
kinetics are going to be presented in the discussions. create a thin layer of silicon dioxide on the wafer surface.

Polydimethylsiloxane (PDMS) O-rings were prepafgé]

and sealed reversibly to the access openings to serve as lig-
3. Materialsand methods uid reservoirs Fig. 1f). Fig. 2 shows a cross-section of the

fabricated nanochannels.
3.1. Microfabrication process of nanochannels

3.2. Experimental procedure of the filling kinetic studies

The nanochannel fabrication process is based on partial

etching of a sacrificial layef25]. The fabrication process Isopropanol (VLSI grade from Rockwood, Avenches,
only requires established micromachining techniques andSwitzerland), ethanol (analytical grade from VWR, Le
does not require any nanolithography. The starting substrated-ignon, Switzerland), mixtures of ethanol and deionized wa-
were 525-pum-thick, 100-mm-diametéil00 silicon (Si) ter of clean room quality (resistivity 10 MQ/cm) and Tris
wafers polished on one side. The Si wafer was cleaned in a(Fluka, Buchs, Switzerland) buffers spontaneously filled ar-
mixture of LSOy and peroxide ((Nk)2S,Og) at 120°C for ray of channels by capillary force. We observed the hori-
10 min, followed by buffered HF (BHF; NiF:HF = 7:1) zontally positioned nanochannel arrays using a stereomicro-
for 1 min, and finally in 70% HN@ at 115°C for 10 min. scope (MZ8 from Leica) with ring-illumination. We pipetted
The wafers were rinsed in doubly deionized (DI) water be- a few micromilliliters of a liquid into the PDMS reservoir
tween the acid treatments. A layer of 2-um-thick thermal located on one of the two access openings of a nanochan-
silicon dioxide was grown. A sandwich of silicon nitride nel array. As the array of nanochannels filled, we were able
(300 nm) deposited by low-pressure chemical vapor depo-to see a change in color and contrast because of the differ-
sition (Si,N,) and silicon dioxide deposited by chemical €nce between the refractive index of air in the vacant chan-
vapor depoéition (Sig) was depositedHig. 1a). The depth nels and the refractive index of the liquiBig. 3). Pictures
of the nanochannels depends on the thickness of the SiO and real-time movies were taken through a digital camera
layer. Process parameters fogiSj, deposition: temperature: ~ (CoolPix 5400 from Nikon, 5.1 million pixels, resolution:
800°C, gases: SibClo and NH, pressure 200 mTorr; for
SiOy deposition: temperature: 40C, gases: 2% Sidin
N2, and Q, pressure: atmospheric. The fabrication required
two photolithography processes; the wafers were dehydrated
at 200°C for 30 min and subjected to a silanization treat-
ment with hexamethyldisilazane. A layer of 1.8-um-thick
positive photoresist was spin-coated onto the Si wafer and
prebaked for 1 min at 100C on a hot plate. A chromium
mask with the channel features was aligned to the Si wafer.
During the first photolithography, the mask patterns were
transferred to the resist by exposure with UV, followed by
development. After development (1 min) the photoresist was
postbaked for 30 min at 12% in an oven. The photoresist
served as a mask during the following reactive ion gtchlng Fig. 3. Optical microscope image showing the filling of channel arrays.
(RIE) process where the patterns were transferred into thegach array consists of 40 pairsig. 1), a total of 80 parallel nanochan-

b
v Y

wafer. Etching was stopped on the second layer oNi nels. Each channel is 900 nm wide, 50 nm deep and 15 mm long. The
(Fig. 1b). The sacrificial SiQ layer was partially under position of the meniscug, could be read from the integrated scale (8.5
etched by BHE followed by rinsing using DI Watﬁ’ig. lc). indicate/ = 8.5 mm, each minor division is 100 um). (a) A channel array is

The width of the nanochannels was determined by the timed f!lled with isopropanol. The thick Whlte arrow |n_d|cates the meniscus posi-
tion. The darker area below the white arrow is filled and the brighter area is

_etCh (about 2_00 nfmin) of the sacrificial layer. The remain- gy A few channels were not filled, e.g., middle and left. (b) Water was
ing photoresist was removed by oxygen plasma. Before theintroduced into the channel array and bubbles were trapped during filling
encapsulation of the nanochannels, the silicon nitride was (thin black arrows).
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2592 x 1944 pixels, 24 bit color) mounted on the stereomi-
croscope. Computer software Pinnacle Studio, Ver. 8.12.7.0,
from Pinnacle Systems and Corel Draw 11 from Corel was
respectively used for video and image analysis. For the case
of the 27-nm-deep nanochannels it was necessary to digi-
tally enhance the contrast to determine the position of the
meniscus. By reviewing the real-time movies the position | LT il
of the meniscus could be read from an integrated scale be- " — uanl L
side the nanochannel array, and the associated time could b%ig. 4. Arrays of channels were filled using 10 mM rhodamine B dissolved
read from the computer software. For ethanol, 40% ethanol, in ethanol (a) and 10 mM fluorescein in 10 mM Tris buffer, pH 7.2 (b). Pic-
and isopropanol the position of the common meniscus wasture inset in (b) shows a magnification of a bubble trapped inside a channel.
clearly defined IEig. 3a) It was more difficult to evaluate  The distance t_)etween two a(_ijacent channels (thi_n bright lines) is 10 um.
. . . The scale bar is 40 pm. The pictures were taken with a cooled CCD camera
the Cqmmon meniscus for water since th?re was not a ur“_using 640 ms of integration time, maximum gain and same contrast set-
form filling of the channel arraysH(g. 30). Time was sett0  (ings. The fluorescein filter set has a higher fluorescence background, and
0 s as the droplet of liquid entered the PDMS reservoir. The it is more sensitive to scattered light than the rhodamine set. Since the sur-

(t1/2’ 1) values were read and plotted. face of the substrate is not flat because of the fabrication proEegslj
the elevated surfaces are brighter than the lower surfaces.

3.3. Scannlng electron and fluorescence microscopies Filling kinetics of water, ethanol, 40% ethanol and isopropanol

For fluorescence microscopy the channels were filled 10
with 10 mM rhodamine B (Sigma, Buchs, Switzerland) dis-
solved in ethanol, or 10 mM fluorescein (Fluka, Buchs, 8
Switzerland) in 10 mM Tris buffer, pH 7.2. The fluores-
cence signal in the nanochannels was imaged with a cooled ¢
CCD camera (CF 8/4 DXC from Kappa, Gleichen, Ger-
many) mounted on an inverted fluorescence microscope with
integrated filter sets (Axiovert S100 from Zeiss).

The depth and width of nanochannels were measured by
scanning electron microscopy (SEM). The instrument was a
XL30 ESEM-FEG from Philips. Samples for SEM imaging
were prepared by cleaving a part of a processed wafer, such
that the cut ran across the nanochannels, exposing a cross- o 5 10 15 20 25
section of the nanochannelBig. 2). To decrease charging
effects a thin layer of AuPd (5 nm) was sputtered onto the

sample before SEM. Fig. 5. Filling kinetics of water, ethanol, 40% ethanol, and isopropanol. For
each liquid three channel arrays were filled. As each channel array was filled
the meniscus position and associated time values were recorded. The three
circular legends@, @, @) are filling experiments using ethanol, and each
legend represents data from one filling experiment. The triangtlas(

V), the square legend®( (J, <) and the legendsk, ®, ®) correspond to

The kinetics of filling is determined by the liquid, the filling experiments using 40% ethanol, isopropanol, and water, respectively.
surface properties, and the geometry of the channel. We per-
formed two sets of experiments by changing either the liquid performed in a fresh channel array to avoid any contamina-
or the channel geometry while we kept the other parameterstion. The meniscus positiohand the associated time were
constant. read as the channels filleBi¢). 3a). The square root of time

For the first set of experiments, we investigated the fill- and the associated meniscus position data were plotted, and
ing in channel arrays using water, ethanol, isopropanol, anddata points were fitted using a linear function.
a two-component ethanol and water mixtures. A channel ar-  For all the liquids we tested, the position of the menis-
ray has 80 parallel channels and itis at least 15 mm long. Thecus was observed to be proportional to the square root of
individual channels in an array are 50 nm deep and 900 nmthe time needed to fill the channel arrdgid. 5), which is in
wide. The experiments were done under ambient condition accordance with the classical Washburn kinetics. The fill-
(21-25°C) without using temperature control. During water ing rate, which is proportional to the square of the slope
filling experiments, bubbles spontaneously appeared insideof the linear fit D, is higher for ethanol than isopropanol.
the channelsKigs. 3 and % Apart from water, the varia-  This observation is in agreement with Ef), since the ratio
tion of the meniscus position within a channel array was between surface tension and viscosity is higher for ethanol
about 1% of the filled length. Each filling experiment was (Table J. D was obtained for each filling experiment and the

I (mm)

4, Results
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Table 1
Summary of filling experiments iRigs. 5 and @&nd tabulated surface tension and viscosity values &€309]
Channel depth (nm) Channel width (nm)  Liquid Surface tension/dy)  Viscosity (cP) D (mnm?/s) SD? 6q  Time tofill 10 mnP
50 900 Water 3 1.00 0677 Q02 68 2min28s
50 900 EtOH 238 120 0300 Q002 50 5min33s
50 900 Isopropanol 28 226 0156 Q01 53 10min40s
50 900 40% EtOH 32 276 0229 Q01 38 7minl7s
27 500 EtOH 228 120 0177 Q004 46 9min25s
73 600 EtOH 228 120 0402 Q02 55 4min9s

D is the square of the slope obtained from linear fits of data plott&igis 5 and 6
2 Standard deviation ab is based on three measurements performed on the same day.
b The time to fill channels 10 mm is the extrapolated using the file@lues.

Filling kinetics of ethanol in channels 73 nm, 50 nm, 27 nm deep particular liquid and channel depth the time to fill 10-mm-

long channels tooks from 2 to 10 min.

10 L—K> o ¥

5. Discussion

5.1. Filling kinetics of isopropanol, ethanol, and 40%
ethanol in water

I (mm)
&
B
8

We quantitatively studied ethanol, isopropanol, and a
two-component mixture (40% ethanol (v/v) in water) in 50-
nm-deep and 900-nm-wide channels. The results we ob-
tained were in accordance with the classical Washburn re-
lation, the! ~ %2 scaling law. This result also implied
that the dynamic contact angles remained independent from
time for our experiments. For many times our results were
in agreement with studies in nanometer-sized quartz cap-
_ o _ o illaries [20]. Sobolev et al. showed that the dynamic con-
Fig. 6. Filling kinetics of ethanol in channels_ with different depth. For each tact angle in nanometer-sized quartz capillaries remained
channel depth three channel arrays were filled. As each channel array was . . "
filed the meniscus position and associated time values were recorded. Theldependent from time for meniscus velocities larger than
three triangular legendg\( », V) are filling experiments using 73-nm-deep 5 M/s, which is three times smaller than the lowest menis-
channels, and each legend represents data from one filling experiment. Thecys velocity (15_6 pns for ethanol in 27-nm-deep channels,
rectangular M, O, <) and the circular legends ®, ©) correspond to 7 — 10 mm) in our studies. Since our time scale is far above
filling experiments using 50- and 27-nm-deep channels, respectively. ] . .

the seconds, dynamic contact angle changes during the ini-
tial filling, studied using large-scale molecular dynamic sim-
ulation of pore imbibitiorf24], could not be observed in our

0 5 10 15 20 25

t1/2 (81/2)

dynamic contact angl@y, was calculated using E¢B) and
tabulated valuesT@ble 1. The tabulated values are valid for  experiments.

20°C[29]. Each measuref) given inTable 1is an average We calculated the dynamic contact angle by inserting the
of three filling experiments performed on the same day. The fitted D values, and the tabulated values for surface ten-

standard variation oD for each liquid is less than 4%. For
water,6y is 68. For ethanol and isopropandy is respec-
tively 51° and 54, and for a 40% (v/v) mixture of ethanol
and waterfy is 38°.

sion and viscosity, into Eq3). The values we obtained for
the dynamic contact angles were all significantly larger than
the equilibrium contact angles measured using a drop shape
analysis system from Kriss (Germany). We could only form

In the second set of experiments, we selected ethanol asstanding droplets using water on silicon nitride and silicon
the test liquid, and studied channels of 27, 50, and 73 nm oxide surfaces. The equilibrium contact angle was about
deep. The experimental conditions were the same as in thel(® for water and close to zero for the other liquids. Ex-
first set of experiments. Washburn kinetics was observed for periments performed by Sobolev et F10] showed also a

all channel depths. In agreement with Eb) the filling rate
decreased with channel depth. Data sets afid /2 were
plotted in Fig. 6, and the obtained values are listed in
Table 1 The dynamic contact angle is 46or 27-nm-deep
channels and 54for 73-nm-deep channels.

huge difference between the equilibrium and dynamic con-

tact angle. It was observed in capillaries with radii of about

50 nm, that the dynamic contact angle of water increased

from 30° to 70° as the meniscus velocity increased from 0
to 8 unys which is slightly smaller than our smallest menis-

The time needed to fill the channels using different liquids cus velocity (15.6 uns for ethanol in 27-nm-deep channels,

and channel depth is also givenTiable 1 Depending on the
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agrees well with the experimental data obtained in quartz cence microscopyHig. 3b). The position of the common
capillaries[20]. For ethanolfqy was smaller than the dy- meniscus evolved with time corresponds to the Washburn
namic contact angle for water which was in accordance with kinetics, however, we do not know how individual channels
measurements made in glass capillaries with an inner ra-are filled. Channels were also filled using other mixtures of
dius of 0.295 mm30]. The 64 for the 40% ethanol water  ethanol and DI water (9%, 18%, ethanol) for which we still
mixture was 38, which was significantly smaller thafy observed bubble formation. We were able to fill the channels
for both water and ethanol. We would expect thdor the uniformly without introducing bubbles using 40% ethanol,
mixture to be between that of ethanol and water. There arewhich generates a lower capillary pressure than pure water
two possible explanations, eith@y is really larger than ex-  when introduced in our nanochannels.

pected, or the other parameters in thef Eq. (2) changed. Hibara et al. also observed inhomogeneous filling of wa-
The dynamic contact angle between a fluid and a surfaceter, but they did not observe any air trapping. This is not in
is dependent on the van der Waals forces. Hence, both thecontradiction to our observations, since their channels were
silicon dioxide, which is in a direct contact with the lig- only 100 um lond16], and we only observed a few bubbles
uid, and the underlying silicon nitride influenég [22,23] for every millimeter after the channels were fillddd. 3b).
However, it would be very surprising if the layered silicon Similar trapping of the non-wetting phase (air in our case)
oxide/nitride surface had a profound effect for the mixture during imbibition (injecting a wetting fluid) is a well-known
compared with pure liquids. We look at H&) for other ex- phenomenon in porous medja2,33] In the range of in-
planations. Firstly, as mentioned by Dong and Chdtzi§, termediate to high flow rates, the amount of the trapped
the filling rate is dependent on the roundness of the cornersnon-wetting phase decreases with capillary pres§aeé

of capillaries with rectangular cross-section. For the filling which is in accordance to our observations. The dimensions
of water, ethanol, isopropanol, and 40% ethanol the samebetween adjacent particles in porous media are comparable
set of channels (50 nm deep) was used, and therefore the into the depth and width of our channels. Therefore, nanochan-
fluence due to the roundness of the corners was the sameaels could also prove useful as a model system for studying
for all the liquids. Hence, the geometry of the cross-section wetting of porous materials under this aspect.

could not explain the relatively higher filling rate. The re-

maining parameters which influend2 are the depth, the  5.3. Washburn kinetics in channels with different depth
viscosity, and the surface tension. The depth of our chan-

nels, like the roundness of the corners, which only depend  To our knowledge, 27-nm-deep channels are the smallest
on the geometry, would not explain the deviation. Finally, an channels where filling kinetics by capillary force was stud-
increase of the ratio between the surface tension and the visied. This was only possible because of the recent advances
cosity, y /n, would also increase the filling rate. According in the innovative development of cost-effective fabrication
to tabulated viscosity and surface tension values for ethanol-methods of nanochanndlks,25,34-36] The filling rate de-
water mixtures[29], 30% ethanol in water mixture has a creased with diminishing channel depkid. 5), which is in
larger y /n value than the 40% ethanol we used to fill our accordance with Eq2). Thel ~ r1/? relation was observed
nanochannels. This might hint that the ethanol content insidefor channels down to about 27 nm. Other filling kinetics
the nanochannels is lower than in the initial mixture, which studies of channels with rectangular cross-section were per-
implies a chemical selectivity of the nanochannel toward wa- formed with much larger channels. Yang et al. reported the
ter. Porous membranes, that are used to separate mixturemarching velocity of capillary menisci in 500-nm-deep sili-
of ethanol and water by pervaporation, exhibit similar prop- con nitride channelfl 8]. Hibara et al. reported filling kinet-
erties as our nanochanngBl]. Such membranes are more ics in 300-nm-deep channels fabricated in fused s[li¢].
permeable for water than ethanol, and of more water than Both investigated channels of rectangular cross-section and
ethanol entering the membrane. Also our channels and thesghey also observed the~ /2 relation. Sobolev et al. made
membranes both have hydrophilic inner surface and simi- kinetics studies in channels with circular cross-section us-
lar pore size. The geometry of our nanochannels is uniform ing pulled quartz capillaries with diameters so small as
while pores in membranes are less well-defined. Arrays of 80 nm[20]. None of the filling studies in nanochannels in-
nanochannels could hence serve as an idealized model syseluding ours showed any clear signs of abrupt physicochem-
tem to achieve a better understanding of complicated trans-ical changes such as phase transiti@13.

port and separation mechanisms in membrane materials.

5.2. Filling long nanochannels with water and trapping air 6. Conclusions

We also filled nanochannels using different aqueous solu-  Using a novel and inexpensive technique, we fabricated
tions. In contrast to ethanol and isopropanol, the filling was nanochannels with which we performed filling kinetics stud-
very inhomogeneous and bubbles appeared spontaneouslyes using different liquids in capillaries down to 27 nm.
With time the size of the bubbles diminished. Inhomoge- The position of the moving liquid meniscus during filling
neous filling and bubbles were also observed using fluores-was observed to be proportional to the square root of time

45



Chapter 7

A. Han et al. / Journal of Colloid and Interface Science 293 (2006) 151-157 157

needed for filling, which corresponded to the classical Wash- [9] H. Bayley, C.R. Martin, Chem. Rev. 100 (2000) 2575.
burn filling kinetics. For pure liquids such as ethanol and [10] W.L. Li, J.O. Tegenfeldt, L. Chen, R.H. Austin, S.Y. Chou, P.A. Kohl,
isopropanol the experimental results agreed with the theo- _J- Krotine, J.C. Sturm, Nanotechnology 14 (2003) 578.

. - . _[11] J.M. Ramsey, J.P. Alarie, S.C. Jacobsen, N.J. Peterson, in: Y. Baba,
retical model based on filling by capillary force. For two S. Shoji, A. van den Berg (Eds.), Micro Total Analysis Systems 2002,

compo_nent efth.anol—water mixtures significant deviation to- vol. 1, Kluwer Academic, Dordrecht, 2002, p. 314

ward higher filling rates were observed. We conclude there- [12] Q.S. Pu, J.S. Yun, H. Temkin, S.R. Liu, Nano Lett. 4 (2004) 1099.
fore that nanochannels may have a chemical selectivity to-[13] E.W. Washburn, Phys. Rev. 17 (1921) 273.

ward water compared to ethanol. However, we cannot ex- [14] M. Foquet, J. Korlach, W. Zipfel, W.W. Webb, H.G. Craighead, Anal.

o : hem. 74 (2002) 1415.
clude that the deviation may also be caused by the dynamic__. ©
y y y [15] H. Cao, Z.N. Yu, J. Wang, J.O. Tegenfeldt, R.H. Austin, E. Chen,

contact angle of the mixture being smaller thap that of pure W. Wu, S.Y. Chou, Appl. Phys. Lett. 81 (2002) 174,

ethanol or water. Moreover, we observed trapping of the non- 16] A. Hibara, T. Saito, H.B. Kim, M. Tokeshi, T. Ooi, M. Nakao, T. Kita-
wetting phase (air) during filling with water, which was also mori, Anal. Chem. 74 (2002) 6170.

observed by others in porous materials. The extreme surfacd17] M. Dong, I. Chatzis, J. Colloid Interface Sci. 172 (1995) 278.

to area ratio of our nanochannel is comparable to pores in[18] L.J. Yang, T.J. Yao, Y.C. Tai, J. Micromech. Microeng. 14 (2004) 220.

. . . . [19] T.C. Ransohoff, C.J. Radke, J. Colloid Interface Sci. 121 (1988) 392.
membrane materials. The hlgh unlformlty of the presented [20] V.D. Sobolev, N.V. Churaev, M.G. Velarde, Z.M. Zorin, J. Colloid In-

nanochannels could be used as an idealized model to study  iorface sci. 222 (2000) 51.

highly complex mass transport mechanisms in porous mate-[21] F.M. White, Fluid Mechanics, fourth ed., McGraw—Hill, Singapore,

rials. 1999.

[22] A.W. Adamson, A.P. Gast, Physical Chemistry of Surfaces, sixth ed.,
Wiley, New York, 1997.

[23] G.W. Wang, Y. Zhang, Y.P. Zhao, G.T. Yang, J. Micromech. Micro-
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Abstract

Using surface micromachining technology, we fabricated nanofluidic devices
with channels down to 10 nm deep, 200 nm wide and up to 8 cm long. We

demonstrated that different materials, such as silicon nitride, polysilicon and
silicon dioxide, combined with variations of the fabrication procedure, could

be used to make channels both on silicon and glass substrates. Critical
channel design parameters were also examined. With the channels as the
basis, we integrated equivalent elements which are found on micro total
analysis (wTAS) chips for electrokinetic separations. On-chip platinum
electrodes enabled electrokinetic liquid actuation. Micro-moulded
polydimethylsiloxane (PDMS) structures bonded to the devices served as
liquid reservoirs for buffers and sample. Ionic conductance measurements
showed Ohmic behaviour at ion concentrations above 10 mM, and surface
charge governed ion transport below 5 mM. Low device to device
conductance variation (1%) indicated excellent channel uniformity on the
wafer level. As proof of concept, we demonstrated electrokinetic injections
using an injection cross with volume below 50 attolitres (108 ).

1. Introduction

Fluidic devices with channels in the nanometre range,
nanochannels, provide a novel tool for studying single
molecules and bionanotechnology [1-4]. Exciting studies
on the unique physical chemical properties of fluids in
nanochannels have been reported. For example, Stein et al
described the surface charge governed ion transport, where
the ionic conductance of nanochannels strongly deviates from
the bulk conductance at low ion concentrations [5]. Daiguji
et al reported that mechanical energy could be converted to
electrochemical energy [6]. As for applications, nanometre-
sized entropic traps are used to separate long, genomic
DNA [1, 2]. Based on the unique electrokinetic trapping
mechanism in nanochannels, Wang et al reported million-fold
preconcentration of peptides [7]. For a recent review on the
nature of nanofluidics and application please refer to Ejkel and
van den Berg [8].

Hence, there is an increasing demand for nanofluidic
devices.  There are two major approaches to fabricate

I Author to wh