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Abstract

Imagine a small integrated biomedical analysis laboratory, connected to
your home computer, which would be capable of diagnosing illnesses, a lack
of vitamins, or the over-presence of substances from samples of blood, urine
or saliva. This hypothetic system would be able to give a diagnosis within
minutes, finally advising the user about the optimal targeted medicines to

take or the right specialist to consult for fast recovery.

Of course this system will not be ready in the near future, but this thesis
aims to bring some new elements to this exciting project by investigating
the diffusion of proteins in well-defined nanometer-sized confined areas.
Understanding molecular dynamics in nanoconfinement volumes is funda-
mental for designing the appropriate lab-on-a-chip devices able to transport,
pre-concentrate, separate and sense biomolecules. However, a multitude of
phenomena occurring at the nanoscale are still to be discovered and cur-
rently, there is a lack of accurate theoretical models to predict the transport

of proteins in nanofluidics.

Based on measurements performed in 50 nm high 1D nanochannels, where
the surface-to-volume ratio is extremely high, protein-surface interactions
were initially investigated. Using electrical measurements, the adsorption
and desorption kinetics of highly concentrated bovine serum albumin pro-
teins was characterized in different scenarios. Ionic strength conditions
were identified, where the electrical conductance is dominated by volume
effects due to the adsorbed or bound proteins, leading to potential appli-
cations of rapid immunology on-chip. Other situations, where the protein
charges were directly influencing the nanochannel conductance, were also
highlighted, giving a better understanding of how the adsorbed proteins

counterions modify the surface charges.

Furthermore, the transport of single proteins diffusing through nanochan-
nels was analyzed using fluorescence correlation spectroscopy. Direct mea-

surements inside nanochannels has allowed the identification of different
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regimes of interacting proteins, depending on the thickness of the electri-
cal double layer (constituted of immobile ions which equilibrate the surface
charges). Taking into account the steric exclusion due to the small channel
size, the reversible surface adsorption, and the exclusion-enrichment effect
due to the charge of the proteins and ionic strength of the solution, novel
theoretical models describing the hindered diffusion of proteins were elabo-
rated. Conditions where the diffusion of proteins through the nanochannels
were of the same magnitude as in the bulk were both predicted and experi-

mentally verified.

Finally, a novel method is presented to measure the apparent diffusion coeffi-
cients of fluorescently-labeled molecules directly inside a nanofluidic system.
This technique, based on steady-state dispersion of proteins in a transver-
sal nanoslit, demonstrates that under specific ionic conditions, the apparent
diffusion coefficient of wheat germ agglutinin proteins is four orders of mag-
nitude lower than its free diffusion value. Based on this system, the binding
affinity of two different proteins was directly measured, demonstrating the
potential of this method to be used as a biosensor for quantifying rapid

protein complex formation.

This thesis mainly deals with fundamental studies related to surface physics
and physical chemistry applied to life sciences. The work points out novel,
important, experimentally-verified complements to define solid theoretical
models, in order to go forward with the design of complex nanofluidic

systems applied to biomedical and biological applications.

Keywords: adsorption, apparent diffusion coefficient, biomolecules, con-
ductance, desorption, diffusion, dispersion, effective diffusion coefficient,
electrical double layer, fluorescence correlation spectroscopy, ionic strength,
lab-on-a-chip, micro total analysis system, nanochannel, nanoelectromecha-
nical systems, nanofluidics, nanoslit, protein-surface interaction, proteomics,

separation, surface charge.
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Version abrégée

Imaginez un petit appareil connectable & votre ordinateur, dans lequel
serait miniaturisé un laboratoire d’analyse biomédicale, et que vous pourriez
utiliser de temps en temps pour diagnostiquer une maladie, un manque de
vitamines ou encore la présence anormale d’une substance depuis un échan-
tillon de sang, d’urine ou de salive. Ce systéme futuriste pourrait fournir un
diagnostique complet en quelques minutes et ainsi conseiller a 'utilisateur
le remede optimal & prendre ou le bon spécialiste a consulter afin d’arréter

la progression de la maladie et de guérir rapidement.

Actuellement, la technologie ne permet pas encore de réaliser un tel ap-
pareil, mais cette theése s’est donné pour objectif d’y contribuer en étu-
diant la diffusion de biomolécules dans des espaces confinés a une échelle
nanométrique. Une bonne compréhension de la physique des fluides confinés
est fondamentale pour le développement de « micro laboratoires sur puce »,
capables de transporter, de préconcentrer, de séparer et méme d’identifier

des biomolécules.

En se basant sur des mesures réalisées dans des canaux nanométriques (50
nm de hauteur), pour lesquels le rapport surface sur volume est extréme-
ment haut, les cinétiques d’adsorption et de désorption entre protéines et
surfaces ont été mesurées électriquement avec succes. Les conditions ion-
iques ou la conductivité électrique est dominée par les effets de réduction
de volume (dus aux protéines qui adsorbent aux surfaces) ont été iden-
tifiées, ouvrant ainsi des perspectives intéressantes pour des applications
d’immunologie sur puce par exemple. D’autres conditions pour lesquelles
les charges des protéines influencent directement la conductance électrique
des nanocanaux ont également été identifiées, apportant une meilleure com-
préhension de la fagon dont les contre-ions des protéines adsorbées modifient

les charges de surface effectives.

De plus, le transport de protéines isolées diffusant & travers des nanocanaux,

a été analysé au moyen de la spectroscopie de corrélation de fluorescence.
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Des mesures réalisées directement a l'intérieur des nanocanaux ont per-
mis l'identification de plusieurs régimes d’interactions entre protéines et
surfaces, dépendant notamment de 1’épaisseur de la couche électrique dou-
ble (constituée de ions immobiles compensant les charges de surface). En
tenant compte de ’exclusion stérique, de 'adsorption réversible entre pro-
téines et surfaces et des effets d’exclusion et d’enrichissement, de nouveaux
modeles théoriques décrivant la diffusion de protéines en milieux confinés
ont été élaborés. Les conditions, pour lesquelles la diffusion des protéines au
travers des nanocanaux est du méme ordre de grandeur que leur coefficient

de diffusion libre, ont été prédites et vérifiées expérimentalement.

Finalement, une nouvelle méthode pour mesurer directement les coefficients
de diffusion apparents de biomolécules a l'intérieur de systémes nanoflu-
idiques est présentée. Cette technique, basée sur un état d’équilibre de dis-
persion des protéines dans une nanofente transversale, démontre que pour
certaines conditions ioniques, le coefficient de diffusion apparent des pro-
téines est plusieurs ordres de grandeur inférieur a leur coefficient de diffu-
sion standard. Gréace a ce systeme, ’affinité moléculaire entre deux types de
protéines différentes a pu étre mesurée, assurant a cette méthode un intéres-
sant potentiel comme biocapteur pour quantifier rapidement la formation

de protéines.

Cette these apporte des éclaircissements sur certains principes fondamen-
taux reliés a la physique des surfaces et a la chimie physique appliquées
aux sciences de la vie. Plusieurs nouveaux modeles théoriques, vérifiés ex-
périmentalement, sont élaborés en vue d’améliorer le design de systémes

nanofluidiques pour des applications biomédicales et biologiques.

Mots-clés: adsorption, biomolécules, conductance, désorption, diffusion,
dispersion, coefficient de diffusion apparent, coefficient de diffusion effectif,
couche électrique double, spectroscopie de corrélation de fluorescence, force
ionique, laboratoire sur puce, nanocanal, systémes nanoélectromécaniques,
nanofluidique, nanofente, interaction protéine-surface, protéomique, sépa-

ration, charge de surface.
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CHAPTER

1
INTRODUCTION

This chapter gives an introduction to nanofluidics. A first section will provide the
reader with an overview of miniaturized systems, followed by a focus on the lab-on-a-
chip concept leading to nanofluidic systems. After a short introduction on nanofluidics
notion and history, the main achievements will be presented, with emphasis on the
devices fabrication, and their use for sensing and manipulating biomolecules. Finally,

the motivation, scope, and outline of this thesis will be described.

"I would like to describe a field, in which little has been done, but in which an enormous
amount can be done in principle. This field is not quite the same as the others in that
it will not tell us much of fundamental physics but it is more like solid-state physics
in the sense that it might tell us much of great interest about the strange phenomena
that occur in complex situations. Furthermore, a point that is most important is that
it would have an enormous number of technical applications.”

Richard Feynman, 1959



1. INTRODUCTION

1.1 Towards miniaturization

Over the last two decades, significant steps have been performed in miniaturization.
Thanks to advancements in fabrication techniques of the semiconductor device, me-
chanical, fluidic, electromechanical, and thermal systems have been miniaturized down
to the nanometer scale. In the 1990’s, these successful advancements lead to a new field
of interest, microelectromechanical systems (MEMS); after 2000, to the nanoelectro-
mechanical systems (NEMS). Electrostatic, magnetic, electromagnetic, pneumatic, and
thermal actuators, motors, valves, gears, cantilevers, diaphragms and tweezers less than
100 pum in size have been fabricated. These have been used as sensors for pressure,
temperature, mass flow, velocity, sound and chemical compositions, such as actuators
for linear and angular motions, and as simple components for complex systems, such

as robots, micro-heat-engines and micro-heat-pumps. *

One of the most successful examples of MEMS technology currently available in indu-
stry is the accelerometer. First introduced by Analog Devices in 1991, accelerometers
are now widely used in automobiles, where they control the airbag’s release in case
of an accident. Another famous example is the arrays of micro-mirrors used in some
video projectors: every micro-mirror is electrically actuated several hundred times per
second and corresponds to each pixel creating the projected picture. Figure 1.1 shows a
microscopy picture of microfabricated mirrors for embedded video projection in future

mobile phones, from Lemoptix SA.

Figure 1.1: Microscopy picture of microfabricated mirrors for projection systems.
From Lemoptix SA. The size of the pencil tip gives an idea of the size of the mirrors.



1.2 Lab-on-a-Chip

In applications like medical diagnostics, miniaturization offers the potential of low
sample consumption, high throughput, integration, automation and fast analysis times.
The emphasis is mainly on finding the compromise among cost, performance, and time
to result, leading to single-use devices that reduce cross-contamination. Thus, scientists
have developed miniaturized laboratories (Lab-on-a-Chip) integrating one or several
laboratory functions on a single chip, from only millimeters in size to a few square

centimeters.

1.2 Lab-on-a-Chip

Lab-on-a-chip systems (LOC), also called micro total analysis systems (uTAS), deal
with the handling of extremely small fluid volumes down to attoliters. Their develop-
ment is driven by the desire for faster, lower cost analysis of complex sample mixture
in a single, compact device. The idea is to detect biomolecules, to transport, mix and
characterize them from a sample directly taken from the patient. In standard genomic
analysis, the deoxyribonucleic acid (DNA) molecules have to be purified and ampli-
fied before being analyzed. If this non-trivial work can be integrated directly inside
the micro device, complex diagnostics would be performed directly from the scratch
sample. Figure 1.2 illustrates the concept of a LOC developed by Agilent Technologies
which allows the genotype (identification of viruses in this case) from DNA strands. In
this example, the integration is not complete as there is still the need for a computer
system to extract and treat the data.

LOC development also opens new fields of applications like water and food quality

analysis—fields with markets measured in billions of dollars per year.

Huge effort is now put on the development of large-scale integrated LOC using different
functional units. For example, Hong and Quake® have developed a nanofluidic system
that can be used for parallelized high-throughput screening of fluorescence-based single-
cell array. As shown in figure 1.3, the various inputs are loaded with food dyes to
show the channels and sub-elements of the fluidic logic. Their chip has 2,056 valves,
which are used to manipulate 256 compartments containing bacterial cells expressing an
enzyme of interest that are combined on a pairwise basis with 256 other compartments
containing a fluorogenic substrate used to assay for a desired activity. Cells that display
a particularly interesting activity can be selected and recovered from the chip using

valve-based addressing of the compartments.

The introduction of LOC has generated a renewed interest in microfluidics, which

deals with micrometric channels, as well as, more recently, in nanofluidics, which is



1. INTRODUCTION

Figure 1.2: Concept of Lab-on-a-Chip. The laboratory illustration is adapted from
the DRASS?2. RNA 6000 Pico Kit Guide from Agilent.

————

Purge input

Sample out

Figure 1.3: Optical micrograph of a large-scale integrated nanofluidic system.
Adapted from Hong and Quake?



1.3 The origins of nanofluidics

often defined as the study and application of fluid flow in and around structures with

features that measure less than 100 nm in one or more directions?.

1.3 The origins of nanofluidics

Although nanofluidics is considered as a new field of research, the study of fluidic
motion at small size scale has always been part of several physical and engineering
areas. For example, oil transport through nanoporous filters has been important in

petroleum engineering for a long time.

Figure 1.4 shows a schematic diagram indicating the great number of classical disciplines
directly related to nanofluidics. It highlights the multidisciplinary approach needed for
the great diversity of the field.

Nanofluidics is still in the early stage, but already allows one to take advantage of
phenomena that do not exist at the macro-scale. This field has steadily gained interest
over the last decade, as demonstrated by the increasing number of scientific publications

(illustrated in figure 1.5).

Nanofluidics

S Chemistry P Biology AN Physics 27N Engineering RN
\ / N / N 7/ \ / \
N // \\ / \ // \\ // \
Physical \ . . / . " \ —— Membrane
chemistry | Biochemistry | | Biophysics | | Soil science | | sclence |

- Colloid chemistry - Physiology - Physics of fluids - Micro/Nanoengineering
- Polymer science - Genetics - Thermodynamics - Bioengineering
- Separation science - Nanobioscience - Surface science

- Tribology

Figure 1.4: Classical disciplines related to nanofluidics and some relevant subjects
studied. Adapted from Eijkel et al.*
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Figure 1.5: Number of articles on nanofluidics and its variations for the last decade
(taken from ISI Web of Knowledge).

1.4 Main nanofluidics achievements up-to-date

Nanofluidics is becoming a major field of research®% and has been applied in microfluidic
systems allowing for DNA manipulation”, protein separation®?, sample preconcentra-
tion'?, and single molecule detection'!. The majority of current nanofluidic research is
intended for bioengineering and biotechnology applications. This section covers some
of the recent and significant publications and patents relating to nanofluidic devices,

and methods for fabricating such devices.

1.4.1 Methods for fabricating nanofluidic structures

Firstly, an overview of the current techniques employed in nanofluidic device fabrication
is presented. As proposed by Mijatovic et al.'?, fabrication of nanofluidic devices can be
divided roughly into two categories: top-down methods which start with patterns made
on a large scale and reduced in lateral dimensions before forming nanostructures, and
bottom-up methods which begin with atoms or molecules to build up nanostructures.
The main micromachining techniques based on top-down and bottom-up methods are

summarized in table 1.1.

Top-down methods

Top-down methods for nanofluidic device fabrication can be subdivided into several

categories.

Firstly, in bulk-machining, the nanochannel is created by etching trenches in a substrate
wafer, or similarly, for film-machining, in the film deposited on the substrate. Typically,

this can be done by standard photolithography followed by wet or dry etching of the
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Capability

Technique Nanochannels  Nanoslit Nanopores  Dimensions

Top-down Bulk-machining Yes 1314 Yes 1516 Yes 17181920 > 3 nm
Film-machining Yes?! Yes %22 Yes 23 > 10 nm
Surface-machining  Yes24:25:26 Yes 2728 Yes?? > 10 nm
Mold-machining Yes30:31:32:33  Yog 34335 - > 75 nm
Deformation- Yes 36 - - > 400 nm
machining
Integrating existing - - Yes 3738 > 30 nm
membranes

Bottom-up  Biological nanopore - - Yes 39 > 1.4 nm
Nanotubes Yes40:41 - Yes*? > 2.5 nm

Table 1.1: Overview of the techniques widely used in the fabrication of nanofluidic
devices.

substrate or the deposited film. A secondary wafer is then bonded to the first one
to close the fluidic system. The main advantages of the bulk- and film-machining
techniques are the possibility to design well-controlled, large area structures suitable

for mass production. However, lithographic methods are often expensive.

In surface-machining, first a bottom layer is deposited on the wafer, followed by the
deposition of the sacrificial layer and its patterning. Then the top layer is deposited
on top of the sacrificial layer and patterned. The nanochannel is then formed after
etching the sacrificial layer. The strength of this technique is that it is relatively easy
to fabricate. However, the etching time may be very long, special irrigation holes have

to be designed, and the channel lengths are limited.

In mold-machining, first the inverse shape of the desired structure is fabricated. This
shape is then filled with a structural material and the mold can be etched or removed
to obtain the desired structure. Mold-machining is mainly performed by soft- or nano-
imprint lithography. The advantage of this technique is that it is cheap and the struc-
tures are relatively easy to replicate. However, the fabrication of the mold is expensive

and a new mold is needed for every change of design.

Deformation-machining is an exotic but interesting method based on reducing the
channel dimensions by heating the system while applying a uniaxial tensile force. This
technique, derived from the well-known optical fiber draw method, has several advan-
tages such as low cost and is rapid to fabricate, however, it is limited to some plastics.

Moreover, the channel dimensions are extremely difficult to guarantee and to replicate.
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Figure 1.6: Scanning electron microscope images of 2D nanochannels fabricated
by a) bulk-machining'® (top view), b) film-machining?! (top view), c) surface-
machining?* (cross-section), d) mold-machining?®’ (cross-section), e) deformation-
machining3® (global system and cross-section) and f) using carbon nanotubes*® (cross-
section).

Finally, the integration of existing synthetic nanoporous membranes, which was the first
way to perform nanofluidics decades ago, is still used by some research groups. The
strength of this method is mainly its cost and its simplicity to produce. However, the
size of the nanopores is distributed over a large range of dimensions and their direction

can be quite random.

Bottom-up methods

In bottom-up methods, the atoms and molecules are assembled into small nanostru-
ctures by controlled chemical reactions, which make these techniques cheaper than

conventional lithographic methods.

Nanofluidic devices based on biologic ion-channel nanopores as well as carbon nano-
tubes (CNT) with an inner diameter from 1.4 to 4.6 nm were reported in the nanofluidics
literature. These devices are primarily used for their naturally, well-defined structures.
However, the nanostructures are randomly positioned unless they are combined with

top-down methods, thus making them very difficult to use.



1.4 Main nanofluidics achievements up-to-date

Figure 1.7: Scanning electron microscope images of nanoslits (cross-sections) fa-
bricated by a) bulk-machining!®, b) film-machining® and c) surface-machining?7.

Examples of microfabricated nanofluidic devices

2D nanochannels are defined as channels having two of their dimensions in the nano-
meter range, whereas 1D nanochannels have only one. As presented in figure 1.6,
2D nanochannels based on bulk and film-machining, using deep reactive ion etch-
ing (DRIE) '3, electron-beam lithography (EBL)'* and focused ion beam (FIB) litho-
graphy?!, were fabricated. Using surface-machining, Tas et al. and Nichols et al.**
have reported different methods based on wet-etching and etching of sacrificial strip,

24 Han et al.?% and Lee et al.?® even fa-

creating 2D nanochannels down to 20 nm
bricated 10 nm high nanochannels using DRIE. Mold-machining was also a successful
technique to fabricate 2D nanochannels, as shown by Dumond et al.?°, Guo et al.??
and Ilic et al.?®. However, the minimum dimensions reached using this technique are
still high for some nanofluidic applications (> 75 nm). A very interesting concept
of mold-machining to fabricate tunable elastomeric 2D nanochannels was presented
by Huh et al.®'; they were able to tune the nanochannel dimensions by applying an
external force on the elastomeric material closing the channel, which facilitate sieving
and trapping of nanoparticles. Another simple method for fabricating 2D nanochan-
nels based on thermomechanical deformation of rigid polymer substrates was demon-
strated by Sivanesan et al.?%, but the channel sizes are still very large (> 400 nm).
Finally, 2D nanochannels based on carbon nanotubes were realised by Mattia et al.*3,

demonstrating the possibility to create extremely small and well-defined channels using

bottom-up methods.

As presented in figure 1.7, 1D nanochannels (or nanoslits) were also fabricated using
similar methods. However, instead of expensive lithography techniques, Haneveld et
al.'® and Mao et al.'® demonstrate the possibility of creating 20 nm high nanoslits by

l 5;22

wet etching and DRIE techniques. Using film-machining, Schoch et a structured

a pre-deposited 50 nm thick layer of amorphous silicon which was used as a spacer
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Figure 1.8: Scanning electron microscope images of nanopores (cross-sections) fa-
bricated by a) bulk-machining!”, b) film-machining?® and c) surface-machining?7.

in order to define the height of the 1D nanochannel. Based on surface-machining,
Eijkel and Sparreboom et al.?"?® have fabricated 50 nm high nanoslits by removing a
sacrificial layer by wet etching. Finally, 200 nm high nanoslits were also created using

mold-machining, as presented by Wang et al.?* and Peng et al.?.

Figure 1.8 presents some of the different methods to create nanopores. First, bulk- and
film-machining of nanopores with a diameter larger than 3 nm have also been performed
using wet etching!?, EBL'7, FIB'820 and aluminium anodization??. Takmakov et al.?’
presented a surface-machining method based on hydrothermal treatment of anodized
alumina membranes. They obtained pores shrinking down to 10 nm in diameter. As
described by Harrell et al.?”, another method consists in isolating nanopores of mem-
branes obtained from commercial sources. In this case, they were able to prepare
a membrane sample containing single nanopores with diameters as small as 30 nm.
Finally, single carbon nanotubes have been integrated in an epoxy matrix by Sun and
Crooks?? and used as Coulter counter. Biological pores have also been successfully
used, as demonstrated by Kasianowicz et al.*® who integrated a 2.6 nm diameter a-

hemolysin ion channel in a lipid bilayer membrane.

1.4.2 Sensing, sequencing and actuation using nanofluidic structures

Once the nanofluidic devices were successfully fabricated, emphasis was put on sensing
and manipulating biomolecules using the unique properties of the nanofluidic struc-

tures.

For sensing, two main types of detection methods were commonly integrated in nanoflu-
idic systems: fluorescent and electrical detections. Optical approaches are straightfor-
ward and provide direct visual proof. Concerning industrial applications, however,

electrical detection is inexpensive, does not require fluorescent dyes and is therefore

10
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Figure 1.9: Nanopore-based single-molecule analysis: (a) the three-dimensional crys-
tal structure of an a-hemolysin protein nanopore, (b) 3D illustration of a microfabri-
cated nanopore and (c) Transmission electron microscopy (TEM) drilling and image
of a nanopore with a diameter of 3 nm. Adapted from Dekker?’.

favorable. However, in most of the following reported techniques, both detections were

used in order to cross check the validity of both kinds of measurements.

Recent studies have demonstrated that a nanopore can act as a single-molecule sensor.
For example, Kasianowicz et al.*® have successfully characterized the transport of sin-
gle strands of RNA and DNA across an a-hemolysin protein nanopore (a-hemolysin is
the protein illustrated in figure 1.9a, which is secreted by the bacterium Staphylococ-
cus). However, it is not possible to control the pore diameter or to use it over a wide
range of pH, salt concentration, temperature and mechanical stress. An alternative
to protein nanopores is the use of solid-state nanopores, which can be tuned in size
with nanometer precision and allow better mechanical, chemical and electrical stability
(figure 1.9b and c¢). Usually, the analysis of translocation events is performed electri-
cally by measuring the changes in ionic conductivity. Molecules are driven through a
nanopore by an electric field, and physically block the nanopore. This produces a tem-
poral change in current 64748149 Several research groups have used this principle to
detect binding between biomolecules, such as antibody-antigen®® or antibody-virus in-
teractions®!. Igbal et al. have even demonstrated the possibility to make the nanopore

DNA selective by precoating it with hair-pin loop DNA®2.

Individual carbon nanotubes have also been used as nanopores. Fan et al. have in-
tegrated inorganic nanotubes with microfluidic systems to create nanofluidic devices
for single DNA molecule sensing®. Bourlon et al. have demonstrated the possibility
to measure the ionic solution flow inside the carbon nanotube by sensing its change
in electrostatic potential®*. However, manipulation of single carbon nanotubes is still

tricky, and will probably stay a research-oriented nanofluidic solution.

11
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Figure 1.10: Nanofluidic transistor. (a) Micrograph of the fabricated device, with
20 pm long channels (white scale bar is 10 pm). (b) Effect of the gate voltage showing
the diffusion of avidin proteins when the transistor is turned on or off. Adapted from
Karnik et al.?

Karnik et al. have presented a nanofluidic transistor where the electrodes are in direct
contact with the solution in the nanochannels® (figure 1.10). They controlled the
protein transport through the confinement using electrostatic fields with gate voltages
of £1 V. Wang et al. have reused this concept of nanofluidic field-effect transistor for
glucose sensing®® and Im et al. have demonstrated the possibility to detect the binding
between streptavidin and biotin®’ in such systems, leading to potential immunological

applications.

Nanofluidic diodes have also been developed by Vlassiouk et al. and Karnik et al.
Based on single asymmetric nanopores whose surfaces were patterned so that half
the nanochannel was positively charged and the other half negatively charged, they
demonstrated an analogous principle of operation to that of a bipolar semiconductor
diode®®5?. This kind of nanofluidic diodes may find applications in control of pH, ionic

concentrations, and separation processes in the future.

Another interesting nanofluidic device was proposed by Yi et al. They fabricated
nanogap capacitors and successfully detected the presence of single stranded DNA
in solution, which changes the capacitance value®’. On a similar principle, Schoch et
al. and Karnik et al. demonstrated the possibility to detect biomolecules and their re-
action kinetics with target molecules on surfaces by reading the change of conductivity

of the nanochannels %162,

Nanofluidic structures also present an advantage in fluorescence microscopy in the sense
that the measurement volume is restricted to the geometry of the nanochannel. Thanks
to the high surface-to-volume ratio, microscopy in nanochannels allows single molecule

11;63

detection and biomolecules-surfaces interactions kinetics measurement.

12



1.4 Main nanofluidics achievements up-to-date

Finally, due to size limitations, standard pumping or valving cannot be easily adapted
to micro or nanoscale fluidic devices. Hence, interesting approaches were proposed and
developed. For example, Lopez, et al.5* developed a method for forming a stimuli
responsive polymer that can be mounted in a nanoporous platform for sensing and
actuation. By changing the environment conditions surrounding the valve, such as
temperature, pH, ionic strength, intensity or frequency of light, it causes the responsive
polymers to shrink in size in such a way that openings are formed which allow liquid
flow around them. Once the environmental conditions are reversed to the original state,
the actuator goes back to its original size and the nanovalve closes. This principle can

be used as an inexpensive pumping method.

1.4.3 Separation and preconcentration using nanofluidic structures

Another important area of application for nanofluidics is separation science. In standard
separation science techniques, nanometer-sized apertures are widely employed. For ex-
ample nanoporous materials are used for size exclusion chromatography, nanoporous
gels for DNA separation and nanoporous silica packings for high performance liquid
chromatography (HPLC). The problem of these systems is the randomness of the nano-
structuring and the spatial averaging. By using well-defined gel-free nanostructures,
it is possible to improve the yield and the effectiveness of these techniques. Several
groups developed a nanofluidic trap for separation of DNA molecules based on the size
of nucleic acids®768:8:6%70 " This nanofluidic trap consists of alternating restricted areas
to constrain the flow, and large regions to allow molecules to relax for efficient sepa-
ration in the thin regions. The restricted areas have to be significantly smaller than
the size of the molecule to be sieved”'. As presented in figure 1.11, Fu and Schoch et
al. demonstrated a continuous-flow anisotropic nanofilter array (ANA) system, where
DNA and proteins are separated using different sieving mechanisms including Ogston

sieving, entropic trapping and electrostatic sieving 2.

A solid-state DNA sequencing device was developed for rapid, high-resolution separa-
tion of single-stranded DNA ladder bands using a nanofabricated separation matrix ".
The separation matrix consists of a number of pillars separated by a distance of 10
to 30 nm. Lopez et al.™ patented a nanofluidic separation matrix containing an ar-
ray of nanostructures that provide a gradient of size in at least one direction of the
plane. Figure 1.12 illustrates this principle of gradient nanostructures at the interface
between micro and nanofluidics 7%, High throughput is another very important point

in the development of devices for bio-separation. Lee et al.”” developed a nanofluidic

13
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Figure 1.11: Schematics and fluorescence photographs showing negatively charged
DNA molecules assuming bidirectional motion in the anisotropic nanofilter array
(ANA) under influence of two orthogonal electric fields E, and E,. a) Ogston siev-
ing applies for molecules smaller than the nanofiler gap size. b) Measurements of
the Ogston sieving for DNA fragments of 50 bp (1), 150 bp (2), 300 bp (3), 500 bp
(4) and 766 bp (5). ¢) Entropic trapping applies for long polyelectrolytes, when the
radius of gyration is larger than the nanochannel gap size. d) Measurements of the
entropic trapping for long DNA fragments of 2,322 bp (1), 4,361 bp (2), 6,557 bp
(3), 9,416 bp (4) and 23,130 bp (5). e) Electrostatic sieving applies when the Debye
length is comparable to the nanochannel gap size, rendering the transport charge-
selective. f) Measurements of the electrostatic sieving showing the separation of lectin
and streptavidin. Adapted from Fu and Schoch et al.”®

14
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Figure 1.12: Schematic diagrams showing the principle of gradient nanostructures
for interfacing micro and nanofluidics. a) When long DNA are drawn by hydrodynamic
flow or electric field from a high-entropy area to confining nanochannels, the molecules
tend to stick at the entrances of the channels. b) The interfacing region of fluidic
structures with gradient dimensions pre-strechs DNA molecules and thus make them
enter easily the nanochannels. Adapted from Cao et al.”®

platform for ultra fast sequencing of DNA and RNA molecules. Their device consists
of nanometer gaps for the passage of a single DNA strand where lateral nanoelectrodes
measure a gated tunneling current. It has the potential to perform DNA sequencing at

a rate of about 1 million bases per second per nanogap.

One of the fundamental problems in biomedical diagnostics is that target proteins (or
biomarkers) are generally not concentrated enough in initial solutions, such as blood,
saliva or urine for a direct detection. The lack of effective molecular amplification
strategies, such as polymerase chain reaction (PCR), is an important bottleneck in
protein biosensing. An interesting strategy to address this issue is to preconcentrate on-
chip proteins in small sample volumes in order to produce higher concentrations. Thus,
nanochannels have been demonstrated as an effective protein preconcentration tool. As
presented in figure 1.13, Schoch et al. have measured the concentration of recombinant
green fluorescent proteins (rGFP) in a microchannel using the permselectivity of a
nanochannel®. They applied an electric field (10 V) across a nanochannel in order to
transport the charged proteins from one microchannel to another. However, due to
environmental conditions that will be extensively discussed in the next chapter, the
exclusion effect prevents the proteins from entering the channel and a preconcentration

effect is obtained.

Wang et al. characterized a similar preconcentration nanofluidic device'%™. They
electrokinetically trapped and collected million-fold concentrated proteins, and showed
the possibility to use this "plug" of concentrated species in further analysis, such as
immunological reactions. As shown in figure 1.14, they obtained a highly efficient and

flexible way to enhance immunoassay detection sensitivity and binding kinetics within

15
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Figure 1.13: Preconcentration of recombinant green fluorescent proteins (rGFP) in
the cathodic microchannel in front of a 50 nm height nanochannel. The preconcen-
tration zone (in white) increases in size and concentration over time (illustrated for
0, 3, 6 and 9 min at 10 V). Adapted from Schoch et al.®

Step IV:
Preconcentration (30 min)

Step llI: -
Sample loading (30 min) 50 UM B Washing and data analysis 50 UM

Figure 1.14: Nanofluidic preconcentration device. Illustrations show beads loading,
proteins preconcentration and immunosensing procedures. Adapted from Wang et
al.™

30 minutes. Such devices can be used to address the most critical detection issues in

the detection of common disease biomarkers™.

Models for predicting the preconcentration rates and dynamics were given by Plecis et
al.®Y. They studied the competition between the electroosmotic dragging force and the
highly nonlinear electrophoretic forces induced by the polarization effect. They high-
lighted different preconcentration regimes suggesting that the mobility and the valence
of the species of interest are the most important parameters in the determination of
the preconcentration rates.

Concentration of proteins were also performed using porous silica membranes®%2, In
this case, as for Ogston sieving, the exclusion of fluorescently labeled ovalbumin from
nanopores was obtained because of their size which was larger than the pores size.
They used preconcentration in order to increase sensitivity when performing on-chip
capillary electrophoresis (CE) and chromatography.

Finally, Kim et al. presented an interesting device composed of functionalized micro-

16
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tubules in nanofluidic technologies®?, in which they preconcentrated up to 5 orders of

magnitude the target molecules in order to strongly reduce the analysis time.

1.5 Motivation and scope of this thesis

It is a fact: the continuous growth of miniaturized electronics related to advances in
microfabrication technology and combined with recent advances in molecular biology,
has lead to the development of highly miniaturized micro- and nanofluidic devices for
biomedical and biological analysis. As highlighted above, a multitude of functional
blocks such as cell or protein sorting, sieving, preconcentrating, manipulating, sequen-
cing and sensing have been developed. For designing such functional devices, there is a
clear need to understand biomolecular transport at this scale, and until now, accurate
and simple models describing the diffusion of biomolecules in these confined areas has

been missing.

Based on the high surface-to-volume ratio, nanofluidics is the perfect environment to
allow for the precise measurement of molecule-surface interactions. Using adequate
tools allowing single molecule detection, these surface interactions can be characte-
rized in different environmental conditions. For example, interacting molecules will
sometimes be retained and it will affect their diffusion through the nanoconfinement.
Obtaining information or even predicting effective and apparent diffusion coefficients
is a fundamental aspect in order to model the transport of proteins in future, complex

lab-on-a-chip applications.

As an introductory experiment, a rough evaluation of the diffusion coefficient of fluore-
scently labeled wheat germ agglutinin (WGA) proteins in a nanochannel was obtained
by measuring the broadening of the fluorescence intensity of the advancing front. This
method does not allow an accurate measurement, but is sufficient to measure the order
of magnitude of the diffusion coefficient. As presented in figure 1.15, the comparison
between the front profile after 0 and 400 s indicates that the apparent diffusion coef-
ficient is below 107'* m?/s, which is 4 orders of magnitude lower than the value in
the bulk reported by Munson, et al.8* (DWGA,bulk:TG-lO_H m?/s). In these condi-
tions, the advance of the fluorescent front is mostly limited by the pressure-driven flow
that was applied from the external reservoirs and not by the diffusion caused by the

concentration gradient.

The strong decrease of the protein diffusion coefficient value is measured in nanofluidics,

but still misunderstood. Based on novel experiments, this thesis aims to provide new

17
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Figure 1.15: 2 pM fluorescently labeled WGA proteins flowing in a 50 nm high
nanochannel (pressure-driven flow conditions). The solution is composed of 10 mM
KCl in de-ionized water (pH=7). The pushing pressure is 150 mbar and the flow linear
speed (advance of the fluorescent front) in the nanochannel is about 10 nm/s.

theoretical models for the prediction of the mass transport of biomolecules in nanocon-
finements, and thus will provide a potential explanation for the strong decrease in the

diffusion coefficient.

The goals of this thesis can be summarized as:

e to select and improve an existing nanofluidic fabrication and manipulation tech-

nology;

e to elaborate novel theoretical models describing the passive transport behavior

in these conditions;
e to study and characterize the biomolecules-surfaces interactions;

e to measure the hindered transport of single proteins in a nanochannel in different

environmental conditions;

Transport phenomena governing the movements of biomolecules in nanofluidics will be
electrically and optically investigated in order to bring a deeper understanding at the

fundamental level.
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1.6 Thesis structure

Apart from this introductory chapter presenting the context and the main findings in

nanofluidics, the thesis includes 6 chapters.

Chapter 2 will provide the fundamental theory to understand the following work. I will
introduce the main forces acting in nanofluidics and will provide equations describing
the fluid dynamics at the nanoscale. The diffusion of biomolecules in concentrated
solutions will also be discussed as well as electrostatic phenomena occurring in liquids.
Then I will go on with a general description of biomolecules in solutions, and the

assumptions made in order to simplify theoretical models.

Chapter 3 is dedicated to practical matters. I will present microfabrication steps and the
experimental setup interfacing with fluid, optical and electric control equipment. The
different nanofluidic devices I manufactured will also be mechanically and electrically

characterized.

In chapter 4, I will supply a theoretical model describing the concentration of pro-
teins inside nanoconfinements, taking into account the steric exclusion, the presence of
reversibly adsorbed molecules on surfaces and the exclusion-enrichment effect. Then,
the electrical detection and characterization of protein-surface interaction will be per-
formed. The measurement of proteins detected with a response time in the minute
range and their kinetic parameters for the adsorption and desorption over a wide range

of pH and at different ionic concentrations will be discussed.

In chapter 5, based on single molecule detection experiments using fluorescence corre-
lation spectroscopy (FCS), I will measure the effective diffusion coefficient and demon-
strate the different diffusion regimes governed by the solution characteristics (7.e. ionic

strength, pH, charge and concentration of proteins).

Chapter 6 will introduce a novel method to measure the apparent diffusion coefficient of
fluorescently labeled molecules. To begin, I will discuss why it is interesting to measure
the apparent diffusion of biomolecules, and the concept of steady-state dispersion upon
which I have elaborated. I will conclude this chapter by demonstrating the possibility

to detect the complex formation of proteins using nanofluidic devices.

Finally the results and findings are summarized in chapter 7, and I will conclude this

work with recommendations for future developments and applications.
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CHAPTER

2

TRANSPORT PHENOMENA IN
NANOFLUIDICS

This chapter presents the governing principles behind nanofluidics that will be used
during this thesis. First, forces such as solvation, fluctuations, Van der Waals, and
electrostatic, which are strongly acting at the nanoscale will be described. I will also
discuss the theory of nanoconfined fluid dynamics and the molecular diffusion in con-
centrated solutions. Subsequently, electrokinetic phenomena, such as surface charge
density, potential distribution and electrical double layer, which are important concepts
in nanofluidics, will be described. Finally, the characteristic parameters of biomolecules
in function of their surrounding fluidic conditions will be discussed, as well as assump-

tions made in order to simplify further theoretical models.
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2. TRANSPORT PHENOMENA IN NANOFLUIDICS

2.1 Forces in nanofluidics

As the dimensions shrink, the physical scaling laws impose different descriptions and
approximations. For example, when reducing the size of a particle in a liquid solution,
the force due to the earth’s gravity, which is dominant at the human scale, will become

insignificant at the nanoscale in comparison to others, such as electrostatic forces.

Several forces are acting in nanofluidics and the most important are sketched in figure
2.1 and listed in table 2.1. Curves were calculated using the following values: the
interaction surface S=5-10"7 m?2, the Boltzmann constant kp=1.38-10"2% J/K, the
temperature T=300 K, the spacing between attachment sites s=8.5 nm, the brush
thicknesses L=22.5 nm, the Hamaker constant Cy=2.2-10"20 J, a viscosity n=0.001
Pa-s, a flow velocity u=1um/s, a density p=1000 kg/m? and a gravity acceleration
g=9.81 m/s?.

Forces Typical equation Scaling Reference
Solvation DLVO theory F o< exp(a—b-1) | Henderson®
Fluctuation F~ SELeqp (—21) F o exp(—a-1) | De Gennes®®
Van der Waals F=— %“l’f Foxl2 Israelachvili®”
Electrostatic F =ege, RV 1¥5-In (1 + exp (—ﬁ)) F o< exp(a—b-1) | Israelachvili®”
Stokes drag F = 6mnury, Fol! Batchelor 88
Gravity F= %ﬂ'png Fol? Newton

Table 2.1: Main forces acting in nanofluidics and their scaling in function of the
characteristic length of the system.

Solvation forces

The origin and nature of the solvation forces, also called hydration forces, has long been
controversial, especially in the colloidal and biological literature. Repulsive hydration
forces appear to arise whenever water molecules strongly bind to surfaces containing
hydrophilic groups (as this is the case for glass used in this thesis), and their strength
depends on the energy needed to disrupt the hydrogen-bonding network and to dehy-

89 l 85

drate two surfaces as they approach each other Henderson, et a proposed an

adaptation of the DVLO (named after the scientists Derjaguin, Landau, Verwey and

187

Overbeek) theory for describing the solvation forces, and Israelachvili, et al.®" success-

fully measured solvation forces between two curved mica surfaces of radii R=1 cm in
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Figure 2.1: Scaling of main forces acting in nanofluidics in function of the char-
acteristic length of the system (particle radius 7, or distance | between two parallel
planes). The grey zone represents the area of interest in nanofluidics.

1073 M KCL. As reported in figure 2.2, they measured short-range oscillatory solvation
forces arising when surface distances were smaller than 2 nm. Solvation forces are very
strongly attractive in channels smaller than 1 nm, but decay exponentially very quickly

when increasing channel dimension and can thus be neglected in the scope of this thesis.

Fluctuation forces

When two surfaces covered by polymers or biomolecules such as proteins approach each
other in a liquid solution, they experience a force once the polymer layers begin to over-
lap. This interaction, also called steric repulsion, usually leads to a repulsive osmotic
force due to the unfavorable entropy associated with the confinement between the sur-
faces. Taunton, et al.”’ have measured the repulsive force between two polystyrene
brush layers disposed onto mica surfaces in toluene and a theoretical model has been
proposed by de Gennes, et al.®%. The fluctuation forces are also decaying exponentially
and their effect could become important in nanofluidics if the size of the channel is in

the same order as the size of the adsorbed molecules.

Van der Waals forces

Van der Waals forces are attractive forces between molecules or between a molecule
and a surface, and are also repulsive interactions that prevent the complete collapse
of matter to nuclear densities. They are a consequence of quantum dynamics because

they are caused by correlations in the fluctuating polarization of molecules. In this
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2. TRANSPORT PHENOMENA IN NANOFLUIDICS

section, Van der Waals forces are considered as attractive forces between a particle and
a surface. Israelachvili, et al.8” have successfully measured attractive Van der Waals
forces for two curved mica surfaces at a distance [. They proposed a model based on
the Hamaker constant C and they showed that Van der Waals forces decay with 2.

These forces can still be considered as short-range interactions.

Electrostatic forces

When an uncharged surface is in contact with an aqueous solution, the dissolution of
the surface as well as the adsorption of charged molecules present in the solution may
charge the surface positively or negatively. This phenomenon leads to the apparition
of an electrical double layer (EDL) that will be introduced in section 2.4.2. Here,
the electrostatic forces between a particle and a surface may be strongly attractive
or repulsive, depending on the charges of the particle, those of the surface, and of the
ionic concentration of the solution. Israelachvili, et al.8” were able to measure repulsive
electrostatic forces for two curved mica surfaces at a distance [. They also proposed
a theoretical model which shows that electrostatic forces roughly decay exponentially
with [. The electrostatic forces are the stronger forces acting in nanofluidics, and thus
electrostatic interactions between charged surfaces and diffusing biomolecules will be

deeply studied in chapter 5.

Other forces

The Stokes drag force depends directly on the velocity of the particles and of the effec-
tive viscosity of the solution. This force is acting to slow down the diffusion movement
of the molecules and will be used in section 2.3 to determine the diffusion coefficient.
In micro and nanofluidics, the force due to the earth’s gravity is largely too small to in-
fluence the molecules. I also do not introduce electrophoretic and magnetic forces as no
electric or magnetic fields were applied in the experiments performed in this thesis, but

if their intensity is strong enough, they can become important forces in nanofluidics.

2.2 Fluid dynamics at nanoscale

By definition, fluids are composed of molecules that collide with one another and solid
objects as surfaces. In this work, fluids are assumed to obey the continuum assumption,
but one major effect that cannot be ignored by the continuum description is the ordering

of molecules close to the solid walls. In bulk liquids, the molecules do not order spatially
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Figure 2.2: (a) Measured short-range force between two curved mica surfaces in 1073
M KCl. The dashed line shows the expected DLVO interaction. (b) Schematic of how
real structures, possessing crystalline structure, force the liquid molecules between
them to adopt lateral, solid-like ordering commensurate with the atomic corrugations
of the surfaces. This ordering is in addition to the layering, which occurs even between
smooth unstructured surfaces. Adapted from Israelachvili®7.

like in a solid crystal, however, close to a solid wall or in very narrow nanoconfinements,
the molecules often assume a partially ordered structure, as demonstrated by Zangi

et al.9!

using molecular dynamics (MD) simulations. The ordering leads to density
oscillations in the liquid as measured by Israelachvili®” and reported in figure 2.2.
The dashed line represents the equation DLVO. These oscillations extend only a few
nanometers away from the wall, suggesting that on length scales of about 3 nm they
are already negligible. Then, the question arises: how well are the results of continuum
theory reproduced on a larger length scale. The pressure-driven flow of simple liquids
in nanochannels has been studied by means of MD simulations and compared to the
Poiseuille flow profile??. It turns out that already in channels of a height of 8 nm,
the MD results reproduce the parabolic flow profile very well, which means that the

solutions filling the 50 nm high nanochannels presented in this thesis are also described

very well by the continuum theory.

Consequently, properties such as density, pressure, temperature, and velocity are taken
to be well-defined at infinitesimally small points, and are assumed to vary continuously

from one point to another. The momentum equations for Newtonian fluids are the
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2. TRANSPORT PHENOMENA IN NANOFLUIDICS

Navier-Stokes equations, which is a non-linear set of differential equations that describe

the flow of a fluid whose stress depends linearly on velocity gradients and pressure:

OAP n 82uc
oz " 022

where AP is the external pressure, u. the flow velocity, p and 7 the density and viscosity

Oou, Oue
p [ (2.1)

ot +“08J = PFeat -

of the fluid and F,,;; an external force.

2.2.1 Low Reynolds number fluidics

Almost all physical phenomena behave qualitatively differently when the length scale
of the system is changed. In fluid mechanics, the Reynolds number is the dimensionless
parameter that determines the relative importance of inertia compared to frictional

force due to viscosity. It is written as:

_ hucp
n

where h is a relevant length of the fluidic system. A system is generally considered to be

Re

(2.2)

in the laminar flow regime when Re < 100, which is always the case in nanofluidics?3.
For the low Reynolds number regime and assuming no external forces (i.e. neglecting
electric potentials due to the surface charge and no streaming potential), the equation

2.1 is reduced to:

2
n% = aaATP (2.3)
As this equation is time-independent, the fluid reacts only to external forces (such as
electric fields or hydraulic pressures). Moreover, when the external force is reversed, the
fluid motion is also reversed without mixing or irreversible change. This turbulence-free

fluidic environment is perfect for manipulating fragile biomolecules such as proteins.

2.2.2 Pressure-driven flow

Fluid in a nanochannel can be moved by the application of a pressure difference AP
in the z-direction across the channel. A solution to equation 2.3 with the boundary
conditions u.(z = +£h/2)=0, is given by the Hagen-Poiseuille equation with a parabolic

velocity distribution in z:

w =550 2 (3)] 2.4)
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2.3 Molecular diffusion in liquids

As the 1D nanochannels fabricated in this thesis have the smallest dimension in the
height direction, the parabolic flow distribution will occur in the z-direction and the
flow profile in z-direction will appear to be flat. This phenomenon will be described

and widely used in experiments of chapter 6.

The flow resistance of a nanochannel depends on its cross-section and its length I,,c.
For a rectangular channel of width w,c much larger than the channel height h,c, the

flow resistance Rg can be approximated by:

12nlnc

Ry = —1=
WnC hic

(2.5)

And based on the relation AP = Rg®,,, (with the mass flow ®,, = u.w,chpop) the

pressure drop AP along the channel is calculated to be:

_ 12771710 q)m

AP
WnC h%c

(2.6)

2.3 Molecular diffusion in liquids

In nanofluidics as well as in micro or macroscale fluidics, the concentration distribution
of a solute in a solvent can change in two ways. Firstly, when there is a motion of the
fluid, such as the pressure-driven flow, any given small portion of the fluid will move as
a whole with unchanged composition. This results in a purely mechanical mixing and
the concentration of the solution at any point in space varying with time. If we ignore
any processes of thermal conduction and internal friction which may also be taking
place, this change in concentration is a thermodynamically reversible process and does

not result in energy dissipation.

Secondly, a change in composition can occur by the molecular transfer of the compo-
nents from one part of the solvent to another. The equalization of the concentration
by this direct change of composition of every small portion of fluid is called "diffusion".
Diffusion is an irreversible process and is, like thermal conduction, one of the sources
of energy dissipation in a mixture of fluids. It occurs in liquids as well as in solids
or gases. However, since mass transfer is strongly influenced by molecular spacing,

diffusion occurs more readily in gases than in liquids and more in liquids than in solids.
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2. TRANSPORT PHENOMENA IN NANOFLUIDICS

2.3.1 Brownian motion

Diffusion is caused by random molecular motion of the particles suspended in the fluid,
which move in a stochastic manner (called the Brownian motion). This movement
finds its origin in the collisions between the solute and the solvent molecules. While its
average displacement is zero, the root mean square of the displacement of rigid solute
spheres diffusing in a continuum of solvents is /2Dt per degree of freedom, with the

diffusion coefficient D which is given by Einstein??:

kT kpT

D —
/ 6mnrs

(2.7)

where kp is Boltzmann’s constant, T' the temperature, f the friction coefficient of the
solute, 7 is the solvent viscosity, and rs the solute radius. Equation 2.7, which is known
as the Stokes-Einstein equation, is limited to infinitely dilute solutions. The diffusion
coefficient in liquids varies also with solute concentration, frequently up to an order of
magnitude. Batchelor® proposed an empirical correction factor, but we can assume
equation 2.7 to give an acceptable order of magnitude value. The inverse dependence
on the friction factor implies that for a given duration, the smaller the particle, the
farther it diffuses. Since the viscosity is related to temperature by n ~ exp(E,/RT),

the diffusivity roughly increases with temperature:

T
D x con BT (2.8)

where E, is activation energy and R the molar gas constant.

The Brownian motion of each individual particle does not follow the diffusion equa-

tion 2.7. However, many identical particles, each obeying the same boundary and initial

b)

Figure 2.3: Molecular motion in a liquid. (a) Illustration of the real situation of a dif-
fusing solute (in black) following a Brownian trajectories involving many interactions
and vacancies. (b) Stokes-Einstein model of a solute sphere in a fluid continuum.
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2.3 Molecular diffusion in liquids

conditions, share some statistical properties regarding their spatial and temporal evolu-
tion; the diffusion equation captures these statistical properties. Figure 2.3a illustrates
a possible Brownian way of a solute molecule (in black) surrounded by solvent molecules

(in white) and figure 2.3b the expected trajectory using the Stokes-Einstein model.

2.3.2 Diffusion in concentrated solutions

Analogous to heat transport, when a spatial solute concentration gradient dc/dx exists
in a solvent, the mass transport of the solute is directly influenced by its local concen-
tration. Assuming that diffusion depends mainly on the gradient of concentration and
not on temperature, pressure or electric fields, the main equations for mass diffusion

are known as Fick’s laws and can be written:

d
J = _D(T; (2.9)
dc d’c

Equation 2.9 relates the diffuse flux per unit area J to the concentration field, by
postulating that the flux goes from regions of high concentration to regions of low con-
centration. Equation 2.10 states that after an infinite time ¢ — 0o, solute molecules will
tend to move in order to homogenize the concentration in the domain. This equation
was solved by Crank® in an infinite one-dimensional domain for the decay of an initial
pulse of M total amount of solute divided by the cross-sectional area A, located in x=0

at time ¢t=0:

M/A x? (2.11)
c= exp | —— .
VarDi P\ 4Dt
which is a Gaussian function with a variance 2Dt.

When combining parallel diffusion and convection, for a constant flow velocity u, the

mass balance to calculate the concentration profile is simply:

de d?c  de

“_pfe o 2.12
dt dx? d:z:u ( )

These equations will be used later in chapter 5 in order to verify if the concentra-
tion profiles in a nanoconfinement under different pressure conditions similar to those

expected by this model.
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2. TRANSPORT PHENOMENA IN NANOFLUIDICS

2.4 Electrostatics in liquids
2.4.1 Surface charge density

The high surface to volume ratio of nanofluidic systems results in the dominance of
surface effects on fluidic motion. Most solid surfaces acquire an electric surface charge
when brought into contact with aqueous solutions with ions (electrolyte), because the
surface chemical group can be protonated or unprotonated depending on the pH of the
electrolyte. The nanochannels realized in this thesis were microfabricated in Pyrex sub-
strates, with surfaces terminated by silanol groups (-Si-OH), and consequently are un-
protonated at a pH higher than 2.9 Therefore, at most pH conditions the nanochannel
surfaces contain negative surface charges, and the positive ions in the solution develop

a charge-screening layer called Debye layer.

2.4.2 Potential distribution and electrical double layer

In this work, I consider only the single aqueous phase case (i.e. the solution that fills
the nanoconfinement), in the absence of electrical potential gradients and in which any
number of solutes ¢ are dissolved. In response to the surface charge generated at a
liquid/solid interface (negative surface potential called zeta potential ), nearby ions
of opposite charge in the electrolyte are attracted by the electric field produced by
surface charge and ions of like charge are repelled. The spontaneous formed surface
charge therefore forms a region near the surface called an electrical double layer (EDL)
that supports a net excess of mobile ions (in comparison to the bulk) with an oppo-
site polarity to that of the wall. Initially the EDL was described by Helmholtz as a
simple capacitor. Although it can be used to derive some important electrokinetic re-
lationships, the EDL has long been recognized as an inadequate representation of the
situation. The theory for a diffuse double layer was developed independently by Gouy
and by Chapman who treated one layer of charge smeared uniformly over a planar
surface immersed in an electrolyte solution””. They used the Boltzmann distribution
of the i'" ion which describes the distribution of ions as a function of the electrical

potential W(z):%

z,-e\I/(z)]

e 2.13
T (2.13)

Ci = Cip - €xp [—

where kp is the Boltzmann constant, T the temperature, e the electron charge, c;o the

ionic concentration away from the surface and z; the valency of ion i. Since F¢; = n;e
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2.4 Electrostatics in liquids

(F is the Faraday constant), equation 2.13 can be expressed in terms of the number

density n; as:

eV
ni = N4o - €TP {—%ZB](;Z)} (2.14)

Equation 2.14 gives the local concentration of each type of ion in the double layer
region, provided that z; has the correct sign attached to it. To determine the electric
potential ¥, the Poisson equation has to be introduced. The net charge density p. in

the EDL for any electrolyte can be written:

N
pe = ez Zin’i (215)
=1

which tends to zero for an electrically neutral bulk. The Poisson equation for the

potential associated with the charges on the wall is:

2y (y) = — e 2.16
V() = - Lo (2.16)

where €¢ and ¢, are respectively the permittivity of vacuum and the dielectric constant
of the medium (assumed constant). Equation 2.16 is a non-linear differential equation,
and although can be solved analytically by substituting equations 2.15, 2.16 and 2.14.

The Poisson-Boltzmann equation is obtained:

*V(2) _ Zzzo emp{ (s )} (2.17)

dz? eoer &

The Debye-Hiickel approximation for describing the electrical potential in the EDL
(called like this because these two workers used the same approximation in their theory)

is a solution to the Poisson-Bolzmann equation 2.17 assuming that (ez;¥(z))/(kT) < 1:

d*V(2) ~ U(2)
dz2 A\

(2.18)

where Ap is the Debye length (also called Debye thickness), which is defined as:

coerkpT
AD =] o5 2.19
\/ €2 nioz? ( )
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2. TRANSPORT PHENOMENA IN NANOFLUIDICS

By taking appropriate boundary conditions (when ¥(z) — ¢ then z — 0, and when
d¥(z)/dz=0 then z — o), the solution to equation 2.18 is:

U(z)=C(-exp [—)\ZLJ (2.20)

This solution shows the form of the potential distribution near the wall. However, it
is based on the approximation (z; < 25.7 mV which is not always valid (as in colloid

systems for example).

2.4.3 [Electrical double layer in 1D nanochannels

In the last section, based on the simple flat plate model, the electrical potential near
the surface was described. However, there is no analytical resolution of the Poisson-

Boltzmann equation for two infinite charged plates. When linearizing equation 2.18 for
98

a 1D nanochannel of height h,c, the Debye-Hiickel approximation becomes

— COSh([(hnC/2) - Z]/)\D)
U(z) = coshllnc) (hp)]

As illustrated in figure 2.4, the counterions electro-migrate to the surface to screen the

(2.21)

surface charge and maintain electro-neutrality V..

In the experiments performed in this thesis, I always used symmetrical z; : z; elec-
trolytes (KCl or NaCl). By taking ,=80 and T=300 K, equation 2.19 is reduced

to:

_ K
2i\/Ci

where k = 3.04 - 10710 mol®®m=%% in these conditions.

AD (2.22)

At high ionic strength (¢;=1 M), the Debye length is calculated to be about 0.3 nm
and the nanochannel is mostly composed of anions and cations which compensate each
other and guarantee the electro-neutrality. Therefore, at very low buffer concentra-
tions (¢;=107° M), the Debye layer is 96 nm, which is almost twice the height of the
nanochannel design in this work. In such conditions, there is an overlap of the EDL
and the channel repulses’ negatively charged molecules (depicted in figure 2.4c). The
confined fluidic system behaves more and more similarly to a gel with homogeneously
distributed fixed charges. The potential distribution remains high inside the nanochan-

nel and never reaches the level that is at a large distance from the surface W,. I will
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Figure 2.4: Charge screening and electrical double layer thickness (Debye length Ap)
inside a nanochannel of height h,c when filled with (a) a high ionic strength solution,
(b) a lower salt concentrated solution and (c) a very low ionic strength solution. When
Ap > hyo/2, an overlap of the EDL appears (case ¢). Right to each schematic are
plotted the electrical potential ¥(z) (equation 2.21) and the ions concentration c,
(equation 2.13, cations c4 are depicted in black and anions c_ in grey).
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2. TRANSPORT PHENOMENA IN NANOFLUIDICS

discuss these conditions in detail and the way they affect protein diffusion in chapter
5, and I recommend the excellent recent review on the effect of chemical potential on

transport in nanofluidics by Eijkel et al.?.

2.5 Biomolecules and their environment

The previous sections have highlighted physical phenomena resulting from the introduc-
tion of fluids in nanofluidic structures. However, in biological and biomedical applica-
tions, fluids contain biomolecules, which are defined as biological components produced
from a living organism. Table 2.2 summarizes some types of biomolecules that may be

used in nanofluidics, and gives an order of magnitude of their size.

In this thesis, the interest goes to globular spherical proteins, which are water soluble
and have specific functions in the immune system and metabolism. These proteins are
not just randomly coiled chains of amino acids. A variety of intramolecular interactions
enable the amino acid chain to fold in a specific way to give proteins a 3D structure

and shape. This structure is critical for its activity and function.

Figure 2.5 illustrates the different way to describe the same protein. Case a) shows an
all-atoms representation colored by atom type, case b) is the 3D backbone conformation
colored by secondary structure and case ¢) represents the protein as an homogeneous
sphere of radius rs with 8 charges and its electrical double layer Ap which compensate
the charge distribution when the molecule is in aqueous solution. This last simple
interpretation will be used for the theoretical models elaborated in this thesis.

Proteins are very sensitive to their chemical and physical environment. Among the

100

earliest known agents affecting protein stability and aggregation are salts'“”, acids and

Biomolecules Size
Water molecule 0.3 nm
Amino acid 0.8 nm
DNA helix diameter 2 nm
Globular protein 4 nm
Ribosome 25 nm
Virus 40-250 nm

Table 2.2: Different size of biomolecules that can be of great interest for nanofluidics.
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2.6 Conclusion

Figure 2.5: Representations of the Serum Albumin protein (from RCSB Protein
Data Bank, 109X). (a) All-atom representation colored by atom type. (b) 3D back-
bone conformation, colored by secondary structure. (c¢) Simplified model showing an
homogeneous sphere of radius r, with =8 charges and its electrical double layer Ap
which compensate the charge distribution (when in solution).

bases!'’'. A change in pH, temperature or ionic strength may disrupt the interactions
constituting the structure of the proteins and cause the protein to unfold. This process
is called denaturation and change proteins conformation in two different states: one
highly unfolded and the other one more compact, sometimes called «the molten glo-
bule» 12, The protein loses activity once its normal shape is lost. In some cases, this
denaturation is reversible and the protein can renaturate, although in most cases the

activity loss is permanent.

Stigter et al.'°? have elaborated a theory based on simple measurements which predict
the conditions where proteins begin to denaturate. For example, figure 2.6 shows the
folding transitions of myoglobin in aqueous solutions at different temperatures, pH and
ionic strengths. Even though the pH range of «working» proteins is still large (from
pH=4 to pH=12 at T=25°C), one has to consider that changing pH and ionic strength

significantly affects the effective charge and size of the proteins!03.

2.6 Conclusion

This chapter provided a general overview of some theories describing the transport

phenomena in nanofluidics 104,

Several forces which are negligible at the human scale, but significant in nanofluidics,
were introduced and their scaling was discussed. Fluid dynamics at the nanoscale
was described, showing that for length scales higher than 3 nm, the continuum regime

can be admitted and thus fluid flow in nanochannels is considered as strictly laminar
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Figure 2.6: Folding transitions of myoglobin. (a) Denaturation temperature T, in
aqueous solutions of ionic strength 0.01 M versus pH. (b) Ionic strength versus pH at
25°C. Adapted from Stigter et al.'02.

(low Reynolds number fluidics). This simplifies greatly the Navier-Stokes equations
governing the usual complex fluid mechanisms. The theory of fluid flow in nanochannels

under pressure-driven flow conditions was also considered.

Different aspects of molecular diffusion were introduced. Random Brownian motion,
finding its origin in the collisions of the molecules constituting the liquid on the particle
surface, as well as the diffusion induced by a gradient concentration, were theoretically

described, giving the basis of passive transport of biomolecules in liquids.

Electrostatics in liquids were also discussed, in particular surface charges appearing
at glass surface when in contact with an aqueous solution which are compensated by
counterions of the solution. This results in an electrical double layer at the solid-liquid
interface. The potential distribution of the electrical double layer, which is described
by the Poisson-Boltzmann equation, was solved with the Debye-Hiickel approximation

for 1D nanochannels.

Finally, models to simplify the description of biomolecules in liquids were commented,
as well as their sensitivity when changing their environment conditions, such as the

temperature, the pH or the ionic strength of the solution.

36



CHAPTER

3

FABRICATION AND
EXPERIMENTAL SETUP

In this chapter, the design and the microfabrication process of the nanofluidic devices
used in this thesis are introduced. The experimental setups for optical and electrical
measurements are described as well as the fluidic and electrical interfaces that connect

the fluidic device. Finally, the chip inner surface is characterized, and its equivalent

electrical behavior is studied.
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3. FABRICATION AND EXPERIMENTAL SETUP

3.1 System design and fabrication

Designing micro and nanosystems requires the extensive planning of operations because
if a device function is not working properly, it is impossible to modify it directly on
the chip and the whole process has to be repeated. Moreover, microsystems may be
extremely difficult to manipulate by a user and intermediate supports have also to be
designed. In the scope of this thesis, the specifications required to design and fabricate a
system for detecting and manipulating proteins flowing and diffusing through nanocon-
fined channels, with one dimension (1D) below 100 nm are discussed. It was decided
to design only 1D nanochannels (with a nanometer height) and not 2D nanochannels
(with nanometer height and width) because of the higher probability to observe pro-
teins passing through the channel and because the fabrication process is simpler. The
concept of a nanochannel used later in this thesis is defined as a channel with a nano-
meter sized height and a finite micrometer sized width. The concept of nanoslit will
be used when the nanochannel width is very large compared to its length or height
(>100 times). Figure 3.1 presents an objectives tree aiming at detecting proteins in
nanosized channels. The nanofluidic devices presented in the following sections have

been designed by taking into account these requirements.

System for detecting proteins
in nanoconfinements

Detectability

Fabrication Manipulation

Y L

Quick process

High throughput

Quick mounted on
setup

Low volume of
sample

Low time of
detection

Flexibility for
different designs

Low cost

Optical & electrical
measurements in
same time

Control of the flow
in microchannels

Low concentration
of samples

High production
yield

Highly
reproducible

Measurements
highly reliable
and reproducible

Detection of
interactions
between proteins
and surfaces

Detection of
interactions
between proteins

Figure 3.1: Objectives tree listing the initial requirements to design a system for
detecting proteins in nanoconfinements.
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3.1 System design and fabrication

3.1.1 Microfabrication process

Several kinds of glass substrates (float glass, BK7, Pyrex) with different values of re-
fractive index were tested in order to evaluate which material was better matching with
immersion objectives during single molecule tracking experiments. Pyrex was selected
as the most appropriate substrate candidate because of its excellent quality over cost
ratio. It has an excellent transparency to visible light and to UV, is a non-conductive
material (allowing high electrical resistance measurements), and is rigid enough to be
considered as non-deformable against high pressures existing within the nanochannels.
Pyrex wafers with 100 mm diameter, 200 pm or 525 pm thickness and a roughness infe-
rior to 1 nm were used. The microfabrication of the devices presented in this thesis was
carried out at the EPFL Center of MicroNanoTechnology (CMI). The process which
is based on a four-step process as illustrated in figure 3.2, was introduced by Schoch
et al.??>. Microchannels were firstly wet-etched on a Pyrex wafer by dissolution in HF
solution (a). 50nm layer of titanium (Ti) and 150 nm thick platinum (Pt) electrodes
were deposited and structured using standard evaporation and lift-off techniques (b).
A 50 nm layer of amorphous silicon (aSi) was sputtered and structured by plasma
etching (c). The thickness of this layer defines the height of the nanoslit. A second
Pyrex wafer, in which access holes were drilled by sandblasting, was anodically bonded
onto the first wafer (d). Afterwards, the wafers were diced into individual chips and
were sometimes polished to reduce the bottom glass thickness to 170 pm, which assures
a good matching with the standard glass slides used in microscopy. Standard micro-
scopes can be used to observe the microchannels realized with this process, allowing
simultaneous electrical and fluorescence measurements. In some of the following ex-
periments, electrical measurements are not considered; microfabrication processes can

then be simplified by ignoring the Ti-Pt deposition step.

3.1.2 Chip design

The layout was designed using CleWin 3.1 (WieWeb Software). A footprint of 10
mm x 12 mm was chosen which corresponds to a density of 48 chips per wafer. This
is a good compromise between manipulation size, fragility of the glass wafer during
the microfabrication and quantity of processed chips at the same time. The lateral
dimensions are limited by the photolithography resolution which is about 1 pm at CMI.
This means that our nanochannel cannot have a well defined width smaller than 1 pm,
limiting the microfabrication process to a one-dimensional nanochannel or nanoslit.

Focused ion beam (FIB) and electron beam lithography (EBL) are well-known tools
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Figure 3.2: Cleanroom procedure for the fabrication of the nanochannels. (a) The
microchannels are wet-etched on a Pyrex wafer. (b) 50nm Ti and 150nm Pt are
evaporated and structured using a standard lift-off technique. (c) A 50nm layer of aSi
is sputtered onto the wafer. This aSi layer defines the height h, ¢ of the nanochannels
as it is used as a spacer between the Pyrex wafers. (d) Anodic bonding is performed in
order to seal the structured wafer with another Pyrex wafer containing drilled access
holes.

Electrical connections

Glued holes Nanochannels

for isolation
Fluidic inlets

Fluidic outlets

Figure 3.3: Design of the nanofluidic device constituted of two microchannels linked
together by several nanochannels. Every microchannel contains at the bottom a pla-
tinum electrode (in black) which is connected to the measurement unit through the
electrical connections access holes. Some access holes are filled with glue in order
to avoid the external connectors coming in contact with the solution. The fluids are
deposited in the inlets and are driven through the microchannels to the fluidic outlets
by air pressure.
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3.1 System design and fabrication

capable of obtaining two-dimensional nanochannels” %% but these techniques will

not be used in the scope of this thesis and thus will not be discussed.

The height and width of the microchannels have to be large enough to allow efficient
flow control with the air pressure regulator (from -0.8 to 4 bars), but they should also be
thin enough to decrease the minimum sample volume (should be smaller than 1 ml/h).
Moreover, deep microchannels imply that electrodes deposited at their bottom are far
away from nanoslits, which inadequately increases the electrical impedance value of the

microchannel.

The aSi layer defining the nanochannel height can be accurately defined due to sput-
tering resolution (inferior to 1 nm). A 50 nm thickness for aSi was chosen because it
allows most proteins to pass through even if they are adsorbed on surfaces. Moreover,
previous works?%106:107:108 have already used similar 50 nm height channels and the
first measurements can be validated based on their results. Platinum electrodes have
been designed large enough to decrease the parasitic capacitances due to the electrical
double layer. However, they are not transparent and hide fluorescent molecules and
parasitic air bubbles flowing at their top. Electrodes should also be located as close as

possible to the nanochannels in order to decrease the electrical impedance.

Nanochannel length and width were designed to fit detection volumes in fluorescence
experiments described in chapters 5 and 6. In chapter 4, the experiments are based on
detecting electrical impedance which should be as low as possible when working with low
ionic strength solutions in order to get readable values under 1 M{2. Finally, in chapter
6, a novel concept of fluorescent measurements, based on the dispersion of proteins in
an adjacent nanoslit situated at the end of the nanochannel is introduced. Table 3.1

presents the characteristics for the devices fabricated and used in the different chapters

Electrical FCS Dispersion
measurements measurements measurements
(chap 4) (chap 5) (chap 6)
Microchannels width w,c 100 pm 100 pm 100 pm
height h,c | 500 nm 5 pm 5 pm
Nanochannel length 1,,c 30 pm 15 pm
width w, ¢ 10 pm 10 pm
height h,¢ 50 nm 50 nm
Adjacent nanoslit  length [, 3 pm 7 pm
width wy,g 2.5 mm 1.4 mm
height h,g 50 nm 50 nm
Electrodes width 15 pm
height 200 nm

Table 3.1: Device characteristics
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Figure 3.4: SEM images the nanofluidic system defined by the thickness of the
aSi (top view). (a) Design adapted for optical measurements of chapters 4 and 6,
showing a nanochannel of length [,c=15 pm and with w,c=5 pm. A transversal
nanoslit of length [,,s=5 pm is present at the end of the nanochannel for dispersion
measurements (chapter 6). (b) Design adapted for electrical measurements of chapter
5, showing a giant nanoslit of length [,5=3 pm and width w,s=2.5 mm. The inset
picture represents the topography of the nanoslit.

of this thesis, and figure 3.4 shows an SEM picture of a manufactured nanochannel (a)

and nanoslit (b).

Finally, UV photosensitive glue was used to isolate the electric connections from the
fluidic part in order to prevent the liquid from filling the spring-loaded extern electrodes,

which render the impedance signal unsteady.

3.1.3 Experimental setup

To allow easy manipulation, control and detection of fluids inside the micro and nano-
channels, an interconnection block made of poly-methyl-methacrylate (PMMA) was
designed and fabricated. As illustrated in figure 3.5, the PMMA adapter allows a rapid
mounting of the fluidic system in 2 steps: (a) after placing the o’rings (from Busak &
Shamban) and the chip is added in their emplacements, with the adapter access holes
overlapping with the chip tanks. Then the microscope mounting frame is placed and 4
screws restrain the chip aligned with the PMMA adapter and guarantee the dry condi-
tions due to the o’rings. (b) the assembly is turned around and solutions are deposited
into the adapter tanks with a syringe. By capillarity, the microchannels are filled and
the absence of air bubbles can be optically confirmed. Finally, o’rings and a last PMMA
cover with spring-loaded needles for electrical contact are added and constrained with
2 screws. For driving the liquids, an external air pressure in the lateral can be applied

by lateral ports. The range of pressure actuation was from -0.8 to 4 bar.
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a) b)

Screws
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Figure 3.5: The setup for nanofluidic experiments allowing simultaneous electrical
and fluorescence measurements. a) The chip is deposited onto a PMMA adapter
containing o’rings for sealing. The microscope mounting frame maintains the chip in
the right position and allows the microscope objective to be placed as close as possible
to the bottom of the chip. (b) After turning up side down the assembled device, the
solutions are injected by a syringe in the appropriate tanks. Only a small amount of
the solution (<1ml) is needed. Finally a cover containing the electrical connections is
added and the solutions are driven by air pressure through the lateral connections.
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Figure 3.6: The nanofluidic device using electrical impedance measurement for the
detection of proteins. (a) A 3D schematic of the nanofluidic system (not to scale).
A driving voltage is applied to the electrodes, generating an electric field through
the nanoslit (represented by lines with arrows). (b) Experimental setup for electrical
measurements.

Electrical setup

For the electrical detection experiments which are reported in chapter 4, a precision
LCR meter HP 4284A (from Agilent Technologies, Inc., Englewood) with a sinusoidal
voltage of 100 mV peak-to-peak was used. Its principle is displayed in figure 3.6.
Acquisition was controlled by a Matlab program, allowing recording measurements at

a given frequency.

FCS setup

For the FCS experiments which are reported in chapter 5, a ConfoCor microscope (Carl
Zeiss, Jena) has been used. Its principle is displayed in figure 3.7. The laser beam is
generated by a 632.8 nm helium-neon laser and was enlarged by a beam shaper, filtered
firstly through a clean-up filter and redirected to a 40x N A 1.15 water-immersion mi-
croscope objective by a dichroic mirror. The measured spot size inside the nanochannel,
which was placed on a xyz table with a resolution of 1 pm, was 7,,=420 nm. Fluore-
scence emission from the sample was collected by the same objective and passed by the
same dichroic mirror through a band-pass filter. Finally, the fluorescence emission was
focused by a tube lens onto an avalanche photodiode (APD detector). The autocorre-

lation (from ALV correlator) is transferred to a computer and is analyzed with the FCS
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Figure 3.7: The nanofluidic device using fluorescence correlation spectroscopy (FCS)
for the detection of proteins. (a) A 3D schematic of the nanofluidic system (not to
scale). (b) Experimental setup for FCS measurements.

Access ConfoCor Control Program 1.2.1.1 (from Zeiss), as well as by a custom-made

Matlab code R2006a (from MathWorks, Inc.).

Microscope setup

For the fluorescence experiments which are reported in chapter 6, an Axiovert S100 TV
microscope (from Zeiss) was used. A first objective A-Plan 10x, NA 0.25 was used to
get an overview of the area of interest and to control the absence of air bubbles, and a

second water immersion Achroplan 40x, NA 0.8 objective was used for the detection.

3.2 Chip characterization
3.2.1 Surface roughness and glass dissolution

An important criterion of the quality of nanofluidic devices is the surface roughness,
which can be in the same order of magnitude as the channel height. Atomic Force
Microscopy (AFM) scanning was performed on chip before and after the microfab-
rication process. The measured averaged roughness of the initial Pyrex wafer was

14+0.2 nm and 4.5£0.2 nm after the multiple steps described in section 3.1.1. Several
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Figure 3.8: (a) AFM picture of a Pyrex surface (3x3 pm) inside a nanochannel after
microfabrication (just before the anodic bonding). The measured averaged roughness
is 4.540.2 nm in comparison with the initial value (Pyrex wafer before microfab-
rication) which is 1£0.2 nm. (b) The measurement of the Pyrex etch rate due to
dissolution when the substrate is in deionized water during a long period.

analyses have highlighted that roughness peaks may be higher than 10 nm. This phe-
nomenon is attributed to mask removal which is performed in different aggressive chem-
ical baths (chromium etch, photoresist removal, etc.). Figure 3.8a highlights 3 ym x
3 pm nanochannel surface topography as measured with an EasyScan AFM (from
Nanosurf). A problematic limitation for a stable long-term use of a nanofluidic devices
is the dissolution of glass when in contact with water; this is due mainly to ion exchange

at the interface and to the diffusion of water into the glass!??

. This phenomenon is
increased when working with low ionic strength solutions. In order to measure the
dissolution rate of the Pyrex used in the experiments of this thesis in low ionic strength
conditions, several wafers coated with a structured gold layer were immersed in 18
MSQ-cm deionized water for 40 days. The difference in the level between the unetchable
gold layer and the Pyrex surface was measured using a surface profiler Alpha-step 500
(from Tencor) with a resolution in height of 10 nm. The measured values are pre-
sented in figure 3.8b and a dissolution rate of 0.04+0.005 nm/h is obtained. This value

shows that our nanofluidic devices can be used multiple times before getting a strong

difference of channel height due to glass dissolution.

3.2.2 Electrical characterization

The electrical model of the used system, in which electrodes are placed in the 2 mi-

crochannels linked together by a nanoslit, is presented in figure 3.9a. The equivalent
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3.2 Chip characterization

electrical circuit is composed by resistive elements and parasitic capacitances. R, g and
R, c correspond respectively to the electrical resistance of the nanoslit and microchan-
nels. The value of the resistances of the microchannels, R,c, is much lower than the
resistance of the nanoslit. Its value is calculated using the electrical resistivity of the

solution py :

lnS

_— 1
Wnshnps (3 )

R,s = Pr

R,c is calculated in the same way. The capacitances Cgpy, result from the interface
between the electrodes and the ionic solution. Its value is calculated using the permit-
tivity of vacuum &g, the dielectric constant of the solution &,, the area of the electrode

A and the Debye length Ap:

6051“461

= (3.2)

Cepr =

Cstray s the parasitic capacitance between the two electrodes through the glass. Ciray
and can be measured when the chip does not contain solution and was measured to
be 1.240.2 pF. To avoid electrochemical reactions at the electrodes interface, a low
AC voltage (100 mV) was chosen. The working frequency fy was tuned for the system

to provide a resistive behavior, meaning a phase close to zero. Figures 3.9b and c
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Figure 3.9: (a) Equivalent electrical model showing the electrical resistance of the
channels, the capacitance due to the electrical double layer and the stray one. (b)
Impedance measurement as a function of the frequency for a chip filled with a solution
composed of 10% PBS and 90% deionized water. fy corresponds to the most resistive
case, i.e. when the phase is close to zero as shown on plot (c).
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show the impedance and phase measurements for a large range of frequencies when the
device is filled with a 10% phosphate buffered saline solution (PBS) and 90% deionized
water. The equivalent electrical model for the working frequency fy and the value of
the impedance in function of the frequency |Z(fy)|, which were used for the fitting,

were mathematically developed and are expressed as follows:

0.5C + Cistra
fo—\/ 3 = 2 — 2 (3:3)
7 (2Ruc + Ris)” CotrayCrpr,
(ZRMC + RnS)C%DL
P ~ 3.4
| (fO)‘ 47T2Cs2trayc%‘DL(2RuC + RnS)2f§ + (QCSU”GZ/ + CEDL)Z ( )

3.3 Conclusion

The design and fabrication of microchannels linked together by 1D nanochannels and
nanoslits was described. The different setups used for measuring the presence and
diffusion of proteins in nanoconfinements using fluorescence correlation spectroscopy,
by means of measuring the electrical impedance or using standard fluorescence mi-
croscopy, were introduced. Nanochannel surfaces roughness was measured by atomic
force microscopy before and after microfabrication, and Pyrex dissolution during water
immersion was also measured highlighting that a hundred hours are needed to signif-
icantly increase the nanochannel height. Finally, the electrical characterization of the
system was performed, showing the presence of a stray capacitance between electrodes
and capacitance effects due to electrical double layer at the interface between electrodes
and liquid. Impedance measurements also highlighted the frequency range where the

phase is close to zero and the channel behavior is mostly resistive.

48



CHAPTER

4

ELECTRICAL DETECTION OF
PROTEINS KINETICS IN
NANOCONFINEMENTS

This chapter™ reports on the electrical detection and characterization of protein kinetics
in nanoconfinements. Firstly, I present a theoretical model describing the diffusion of
bitomolecules in nanoconfinement and taking into account the steric exclusion, the re-
versible surface adsorption of the biomolecules, and the exclusion-enrichment effect due
to the charge of the proteins and to the ionic strength of the solution. Secondly, I inves-
tigate kinetic parameters for the adsorption and desorption of proteins on surfaces over
a wide range of pH and at different ionic strengths; finally, adsorbed bovine serum al-

bumin (BSA) protein was electrically detected with response times in the minute range.

* Adapted from the journal article:
N. F. Y. Durand and P. Renaud, "Label-free determination of protein-surface interaction kinetics by
ionic conductance inside a nanochannel", Lab on a Chip, 9(2), 319-324, 20009.
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4. ELECTRICAL DETECTION OF PROTEINS KINETICS IN
NANOCONFINEMENTS

4.1 Motivation

In nanoconfinements, biomolecules transport is occurring close to surfaces and in some
conditions, the solute is interacting with the surfaces and may be immobilized. This
phenomenon, called adsorption, is extremely important in nanofluidics because it in-
fluences directly the diffusion and the concentration of biomolecules. The measure-
ment of the kinetics of adsorption of proteins on surfaces and equilibrium adsorption
isotherms have been reported using different techniques, including optical waveguide
lightmode spectroscopy (OWLS) 1% " ellipsometry 12, total internal reflectance fluo-
rescence (TIRF)USHIEMUSHGHT op qurface plasmon resonance (SPR)U&119120  AQl
these methods have shown that kinetic effects are often complex, dependant on salt

concentration, protein charge or dipole moment, surface charge and hydrophobicity 4.

Micro and nanofluidics'?! applications have received much interest over the last 10
years, mainly because of the reduction in detection time due to the large surface to
volume ratio and to the reduced sample volume. Diffusive transport at that length
scale implies short diffusion times meaning an increase in the speed of the analysis.
Recently Karnik et al.%" and Schoch et al.%? reported electrical detection possibilities
of chemical binding inside nanoslits. They have demonstrated that molecules entering a
confined area can change the volume conductance, which can be easily measured. Such
electrical biosensors on a chip are promising due to the low-cost and the simplicity of

the detection system.

In this chapter, I will firstly introduce a simple model describing the protein-surface
interaction. Novel theoretical models for predicting the effect of the nanoconfinement on
protein diffusion, taking into account the protein-surface interaction, are proposed. The
effect of the protein adsorption on the electrical conductance across a nanoconfinement
will also be discussed and based on simple adsorption experiments, the different regimes
governed by the solution characteristics (ionic strength, pH, charge and concentration of
molecules, etc.) will be described. This study is the preliminary step for understanding
future immunological detection based on coupling nanofluidic devices with electrical

measurements.
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4.2 Adsorption and desorption kinetics

4.2 Adsorption and desorption kinetics

The Langmuir isotherm model'?? is an adsorption kinetics theory accounting for re-
versible adsorption. The exponential model for the capture rate at constant concen-
tration, which is governed by the rate of adsorption k,, and desorption ks, is usually

used to describe the behavior of molecules adsorption:

D(t) =To(1 —e /) (4.1)

where the surface concentration I'(¢) is a function of time ¢, and the effective surface

coverage I'g is a function of the full coverage surface concentration I';,4:

konCO
I'on=T —_ 4.2
0 max konc(] + k'off ( )

where ¢ is the protein concentration. The time constant 7 to get the proteins adsorbed,

is given by

1

= - 4.3
konco + koff ( )

After the injection of the proteins, when the equilibrium is reached, the effective surface
coverage ['g is reduced compared to the full coverage I';,q due to the adsorption and
desorption of proteins, as described by equation 4.2. The ratio of the rate of adsorption
over the rate of desorption ko, /kof¢ determines the equilibrium constant K, which is

constant for a given type of protein.

Norde et al.'?3124 have investigated the adsorption of proteins in different pH condi-
tions. As illustrated in figure 4.1, they simply demonstrated that when biomolecules
are charged (pH away from pl), the intra- and inter-molecular electrostatic repulsion

results in more expanded molecules and thus adsorb in a less dense layer.
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NANOCONFINEMENTS
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Figure 4.1: (a) Experimental adsorption of polyacrylic acid onto a cationic latex,
from Stuart, et al.'?5. Tllustrations adapted from Norde!'?? depicting that (b) in the
isoelectrical state (pH=pl=2.5) intramolecular electrostatic interaction renders the
molecules relatively compact and because of the overall electroneutrality, and thus
they pack in a dense layer. (c) At pH values away from the isoelectric point, when
the molecules possess a net amount of charge, intra- and inter-molecular electrostatic
repulsion results in more expanded molecules that adsorb in a less dense layer.

4.3 Hindered diffusion of proteins in nanoconfined spaces
4.3.1 The partitioning effect

For solutes such as globular spherical proteins that are large enough to behave as
hydrodynamic particles, the constrained space of a nanoconfinement causes the mole-
cular friction coefficient to exceed its maximum value and leads to steric exclusion.
This kind of hindered diffusion, has been extensively studied with neutral spheres in

126;127;128;129;130

cylindrical nanopores The equilibrium partitioning of solute concen-

tration between inside and outside a nanoslit, assuming there is no surface close to the

measurement volume outside the nanoconfinement, is given by 126131

(-3 B
=" :/ ¢ F5T d3 (4.4)
0

o

where ¢, g is the mean concentration of solute in the nanoslit and ¢y the concentration
of solute in the bulk. X is defined as the ratio of the solute diameter ds to nanoslit height
hns (A =ds/h) and 8 = 2z/h—1 is the dimensionless z position (z is the projection axis
parallel to the height). E is a potential describing long range interactions between the
solute and the nanoslit walls which are here assumed to depend only on the z position,
kg is the Bolzmann constant and 71" the temperature in Kelvin. Equation 4.4 indicates
that when the size of the particles is close to the height of the channel, a decrease of
the solute concentration is expected within the nanoslit. The initial physical situation

can therefore be depicted as in figure 4.2.
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Figure 4.2: Spherical solute of diameter ds in a nanoslit of height h,s and length
lns. A convective flow u.(z) is schematically depicted.

When the solute is not charged, as it is the case at the isoelectrical point (pI) for
proteins, equation 4.4 is reduced to ® = (1 — \). If there is no adsorption, assuming
that biomolecules are elastically bouncing on surfaces, the concentration of species

inside the nanoconfinement is simply:

cns = (1= Ao (4.5)

However, the protein-surface interactions are almost always present and the total con-
centration inside the confined space must take into account the number of molecules in
the bulk and of those adsorbed on the nanoslit surfaces. As presented in the previous

1122 which describes reversible adsorption, can

section, the Langmuir isotherm mode
be coupled with equation 4.5 used to define the concentration in a nanoslit (mainly
composed of 2 surfaces). The nanoslit concentration, taking into account both the
molecules in the free-diffusion space (bulk) of the nanoslit and those adsorbed on the

walls, is:

(1 — )\)k‘onCQ
I'o =Tnaa 4.6
0 (1 = XNkonco + kot s (46)
Lo
ns = (1 — 4.
cns = ( A) [Co + 500NAh] (4.7)
X-co

where N4 is the Avogadro constant.
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NANOCONFINEMENTS

I defined the bulk-surface partitioning cofactor x as:

FO Fma:c (1 - )\)kon

S R R
X = T 500N Ahco " BOONAR (1 — Akonco + kory

(4.8)

To take into account the electrostatic interactions between charged molecules and
charged surfaces as well as the interactions of the solute with the electrical double
layer (EDL), depending on the ionic strength of the solution ¢;, a model given by Plecis
et al.'% describing the exclusion-enrichment effect was used. This model introduces
a partitioning coefficient ¢z, which takes into account the electrostatic effects and the
interactions with the EDL, but ignores the steric exclusion due to the solute size, as

well as the adsorption effect:

1 [h _a2»
@525/0 e *BT dz (4.9)

where ¢ is the net charge of the solute and ¥(z) is the Debye-Hiickel approximation for

the electrical potential between two infinite planar surfaces?®:

cosh((h/2 —z)/Ap)

V(=) =¢ cosh(h/2\p)

(4.10)

where ( is the zeta potential and A\p the EDL thickness corresponding to the Debye

screening length, in a 1:1 electrolyte solution %:

_ |eoerRT
Ap = 9 F 2, (4.11)

where g is permittivity of vacuum, &, the dielectric constant of the medium, R the mo-

lar gas constant and F' the Faraday constant. This model is appropriate for very small
ratio molecules size over channel height (A — 0) such as those used in the experiment

presented in figure 4.3.

Combining these contributions (adsorption, steric exclusion and electrostatic interac-
tions) by combining equations 4.4, 4.8 and 4.9, the equilibrium partitioning coefficient

for solute concentration between inside and outside a nanoslit ®,,5 can be defined as:

h(l—)\) _q¥(2)
®,q = "8 — 5/ ¢ F5T dz (4.12)
Co h 0
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Figure 4.3: Variation of the partitioning coefficient (relative permeability) of a 3um
long nanoslit versus ionic strength for different probe charges. Marks represent ex-
perimental measurements whereas dotted lines are theoretical fittings obtained with
equation 4.9. Native Pyrex surface is negatively charged which excludes anions (fluo-
rescein) when EDL overlap occurs at low KCl concentrations. On the contrary, cations
(rhodamine 6G) are attracted in the channel, which enhances their transport to the
other microchannel. Neutral rhodamine B is not influenced by the electrical double
layer thickness. Adapted from Plecis et al. 6.

When the solute is neutral, the charge ¢ is zero and the exclusion-enrichment effect is

no longer affecting the partitioning coefficient. Equation 4.12 is then reduced to:

Fmax 1-— on
g =(1—-X) [1+ (1= Nk

. 4.13
500N 4h (1 — )\)konCO + koff ( )

Equation 4.13 is also valid at very high ionic strength whatever the molecules charge,
because ¥(z)—0 in this case for almost every z (except z —0 or z — h, but this can

be neglected in very high ionic conditions).

4.4 Effect of the presence of proteins on the nanoslit con-
ductance

In the absence of adsorbed biomolecules on the nanoslit walls, the nanoslit conductance
is governed by the surface charges at low ionic concentration, resulting in an offset con-
ductance as observed by Stein 32 and showed in figure 4.4. At high ionic concentration,
the nanoslit conductance is governed by the channel geometry. The nanoslit conduc-

tance G in steady-state conditions of a bare nanoslit before protein adsorption, when
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filled with a 1:1 electrolyte solution, has been proposed by Schoch et al. 1%

by

and is given

wh w
G = (M+ + /L_)CZ'NAeT + 2uopposite |00| 7 (4.14)

Gv GS

where p is the ionic mobility (subscripts denote cation/anion and “opposite” indicates
counterions of opposite charge to the surface charge), oy the surface charge density in
the diffuse layer (assuming that the species in the inner Helmholtz plane are immobile),
N4 the Avogadro constant, e the electron charge and ¢; the electrolyte ionic concen-
tration. The conductance G in the nanoslit is obtained through the addition of the
bulk conductance Gy and the conductance Gg due to excess counterions equilibrating
surface charges. In this model, it is assumed that the protein concentration along the
nanoslit is constant and that the presence of biomolecules adsorbed to the channel sur-
faces can change the nanoslit conductance mainly for 2 reasons: i) the decrease of the
effective volume of the nanoslit due to the presence of the proteins, and ii) the change
of the surface charges because of the charged absorbed biomolecules and thus of the
counterions concentration. Constant properties of proteins and no lateral interactions

between adsorbed molecules are assumed. The immobilized proteins contribute to the
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Figure 4.4: a) Electrical conductance of 70 nm high aqueous-filled, fused silica
channel as a function of the ionic strength of the KCI solution. The lines depict
the conductance expected in each channel from the conductivity of the bulk solution,
and the observed surface conductance for low ionic strength solutions. Adapted from
Stein, et al.'3? b) Impact of the characteristic effective surface charge density os, the
width w, the length [, and the height h of the nanoslits on the nanoslits conductance.
Adapted from Schoch, et al.'0®
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4.4 Effect of the presence of proteins on the nanoslit conductance

change of conductance related to the channel geometry. As the volume of the proteins

decreases the nanoslit section, a resulting decrease in nanoslit conductance occurs:
AGy AV 2V,

Gl = =S = (4.15)

where AGy /Gy is the normalized conductance change of the nanoslit relatively to Gy,
AV is the decrease of volume of the nanoslit, Vj the initial volume of the channel
and I'(t) is the surface concentration of bound molecules. The adsorbed proteins also
change the nanoslit conductance Gg because of the change of the effective surface
charge density og. In this model, it is assumed that the initial surface charges are
progressively replaced by every protein adsorbing on the surface. Fach protein also

brings new counterions to the surface:

oy = (1 _I® > o0+ nyel(£) (4.16)

Fmaz

where n,, is the charge of one protein, depending on pH. The normalized conductance

change of the nanoslit relative to Gg can be written as follows:

AGs _ |os| — ool
Gs |00l

(4.17)

The total normalized conductance change AG/G is obtained through the combination

of equations 4.14, 4.15 and 4.17:

AG _ Gy AGy | GsAGs
G G Gy G Gg

(4.18)

With high ionic strength solutions, conductance changes in the nanoslit are dominated
by the channel geometry and the first term of equation 4.18 is dominant. However, at
low salt concentration, conductance becomes increasingly dominated by surface charges
and the second term of equation 4.18 becomes dominant. This last term gives a positive
conductance change upon protein adsorption and is characterized by the protein charge.
A strong dependence on the pH is therefore expected since protein charge n, will change
with pH. The protein charge is positive below the isoelectric point (pI) and is negative

at pH above pl.

o7



4. ELECTRICAL DETECTION OF PROTEINS KINETICS IN
NANOCONFINEMENTS

4.5 Electrical measurements

As presented in figure 3.6, the device used in the experiment consists of 2 microchan-
nels linked together by a short but wide nanoslit (height h,s=50 nm, length I,,¢=3
pm, width w,s=2.5 mm). The width of the nanoslit is large in order to decrease the
measured impedance and allows measurement when the solution has a low ionic con-
centration. External positive and negative pressures allow driving the flow in each 500
nm deep microchannel. Platinum electrodes placed on each side near the nanoslit allow

the measurement of the nanoslit impedance.

Experiments were carried out to evaluate the conductance changes of the nanoslit
due to the adsorption and desorption of bovine serum albumin (BSA, 66 kDa, from
Sigma-Aldrich) on its walls: first the microchannels and the nanoslit were filled with
a clean phosphate buffered saline solution (PBS, from Sigma-Aldrich, containing 137
mM sodium chloride, 10 mM phosphate buffer and 2.7 mM potassium chloride) by
establishing a flow between the inlet and the outlet ports. When the PBS solution fills
the whole device, the measurement of the impedance is started. After being inserted,
BSA diluted in PBS diffuses in the nanoslit, resulting in a change of the impedance of
the nanoslit. The impedance reaches an asymptotic value when BSA molecules have

reached the maximum effective coverage.

4.5.1 Adsorption kinetics at high ionic strength

At high ionic strength, the conductance of the nanoslit is decreasing with time due to
the dominance of first term in equation 4.14. Figure 4.5 shows an adsorption experiment
where a 600 M BSA solution was injected in the nanofluidic system containing high
ionic concentrated PBS solution (137 mM NaCl). The curve shows a typical behavior

of adsorption kinetics at surfaces.

The adsorption experiment was reproduced with different initial values of the BSA
concentration ¢q (from 600 nM to 600 M) in high ionic strength conditions. The surface
conductance Gg is negligible at high ionic concentration and the kinetics curve can be
fitted using equation 4.15. Figure 4.6 shows the temporal evolution of the normalized
conductance change during the adsorption of the proteins on the Pyrex nanoslit walls
for various initial concentrations of BSA injected in the microchannel. When reducing
the protein concentration, the time constant of the adsorption phenomenon increases
strongly, in accordance with equation 4.3, and the saturated conductance change value

decreases. As presented in figure 4.7, the same experiment was reproduced when a
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4.5 Electrical measurements
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Figure 4.5: Nanoslit conductance response of BSA adsorbed at Pyrex surfaces when
channels are filled with PBS solution corrected to pH=6 by addition of HCl. The
600 M BSA solution was injected at t=20 s and adsorbed on the nanoslit’s walls.
The value AG/G is measured when the normalized conductance change reaches an
asymptote. The delay observed between injection and start of change is due to the
time to reach the nanoslit.

negative or positive differential pressure is applied across the nanoslit. A negative
pressure pushes clean PBS solution across the aperture and clearly decreases the speed
of diffusion of the proteins in the aperture. When a positive value of the pressure is
used, the proteins are pushed across the aperture such that the flow conditions in the
nanoslit allow for small increases in the maximum effective adsorption sites compared
to purely diffusive conditions.

In order to model the adsorption kinetics, a simplified geometrical model of a spherical

BSA molecule with a radius 7s=4 nm (from Yoon, et al.'3?)

is used to calculate V.
The assumption of full surface coverage I';,4, is made with the same model, postulating

a compact hexagonal packing on surface:

1
Fhae = ——— 4.19
2+/3r2 (4.19)

With this model, equation 4.6 and 4.15 become:

1 (1 - )\)konCO

Ty = . 4.20
0 2v/3r2 (1 — N)konco + kosy (4.20)

AG 8mr3
— ST 4.21
= 35, Lo (4.21)
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4. ELECTRICAL DETECTION OF PROTEINS KINETICS IN
NANOCONFINEMENTS
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Figure 4.6: Evolution of the normalized conductance change with time for vari-
ous initial concentrations of BSA. The time constant of the adsorption phenomena
decreases with increasing BSA concentration. The experiments are realized in PBS
solution with pH of 4.9 corresponding to the isoelectric point of BSA. Points repre-
sent measurements and lines are exponential fit from which experimental adsorption
kinetic values AG/G and 7 are extracted (second column, table 4.1).

The equilibrium coverage ratio of the surface can be expressed by:

Iy 3V/3hAG
Toar 41 15 G

(4.22)

The maximum surface coverage Tar=1.8-1016 mol/m2 obtained with equation 4.19
is close to the measured value in similar conditions by Duncan, et al.'3* of 2.6-10'6

mol /m?.

The values of measured time constants and normalized conductance changes are pre-
sented in table 4.1 and compared to the calculated ones. Calculations are best fittings of

experimental data, using k., =100 M~ 1s™!, koyr=0.002 s~! and r¢=4 nm. Remarkably

Experimental data Calculated data

extracted from figure 4.6a with equations 4.3, 4.20 and 4.21
co (M) AG/G T (s) AG/G T (s) [y (mol/m?)
600 -0.19+ 0.02 20+ 5 -0.19 16 1.75- 101°
60 -0.16+ 0.01 150+ 30 -0.15 125 1.35- 106
6 -0.04+ 0.005 300+ 80 -0.04 385 4.15- 10%
0.6 -0.01+ 0.005 500+ 120 -0.01 485 5.41- 1014

Table 4.1: Comparison between measured and calculated conductance changes due
to BSA adsorption in a nanoslit. The experimental values AG/G and 7 are extracted
from the data shown in figure 4.6a with an exponential fit. The calculated values have
been obtained using equations 4.21, 4.3 and 4.20 with the following values: k,,=100
M~1s71 kopp=0.002 s7!, 74=4 nm and h=50 nm. The relative surface coverage is
calculated with the same parameters and displayed in the last column.
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4.5 Electrical measurements

good fits are obtained considering the simplicity of the model. This allows direct de-
termination of the rate of adsorption k,, and desorption k,s; of label-free proteins on

surface interactions.

Effect of an induced flow on the electrical conductance

Schoch et al.%? have studied the influence of an induced flow on the nanoslit conduc-
tance, and have shown that a positive flow strongly decreases the coating time t..
Assuming pressure-driven transport is more influent on proteins than diffusion, they
proposed a simple equation describing the coating time of proteins that I adapted in

order to take into account the steric exclusion (in the case of non-charged species):

Tl

te =
500N 4(1 — X)hucco

(4.23)

However, this equation no longer functions if the pressure-driven flow is too low com-

pared to the displacements induced by the Brownian diffusion. It is also not valid if the

protein solution is injected only in one of the microchannels. I measured the change of

conductance of 60 uM BSA transport from microchannel A-C to B-D via the nanoslit,

when applying pressure difference ranging from AP=-400 mbar to AP=400 mbar. As

presented in figure 4.7, a positive induced flow increased the surface concentration, and
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Figure 4.7: Evolution of the normalized conductance change with time for different
differential pressures. The time constant of the adsorption phenomena increases or
decreases when applying a negative or positive differential pressure AP = Pc — Pp.
60uM BSA in PBS solution (with pH of 4.9 corresponding to the isoelectric point of
BSA) are injected in the first microchannel A-C.
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4. ELECTRICAL DETECTION OF PROTEINS KINETICS IN
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in an opposite way, a counter-flow decreased this surface concentration, resulting in a

change of the nanoslit conductance.

A simple explanation is found in the change of the protein concentration profile across
the nanoslit. In the no-flow case (AP=0), the non-charged protein concentration profile
is a linear profile starting from the concentration at the nanoslit entry (c=co(1—\)), and
the concentration value at the output of the nanoslit (¢c=0). When adding a positive
pressure-driven flow across the nanoslit, the protein concentration profile is changed
giving a higher quantity of proteins inside the nanoslit, leading to a stronger decrease
of the electrical conductance. The opposite effect is observed for a negative pressure-
driven flow. The concentration profile under similar conditions will be measured and

studied in the section 5.4 of the next chapter with a single molecule detection system.

Effect of pH and ionic strength variations

The adsorption experiment was repeated for various values of pH, and for various ionic
concentrations of PBS solution. Figure 4.8 shows the normalized conductance change
of the nanoslit when 600 uM BSA proteins are injected in the system and have adsorbed
on the nanoslit walls, as a function of the pH of the PBS solution. The points are repre-
senting the measurements and in order to plot equation 4.18, various parameters have
been measured or are taken from the literature: the effective charge of BSA as a func-
tion of pH has been taken from nuclear magnetic resonance (NMR) measurements of
Béhme et al.'%3. The initial surface density was measured to be og = —1.4-1072 C/m?
using the second term of equation 4.14, which is very close with the value og=-2.5-10"2
C/m? reported by Schoch et al.'%. The ions’ mobility pne=5.19-10"8 m?V~1s~!

135

and pc;=7.91-10"8 m?V~1s~! were found in the litterature'3® and an average value

p+=6.5-10"% m?V~—1s~! was used for all values of pH in order to avoid singularities.

The BSA surface coverage as a function of pH, I'(pH)/I'(pI) has been taken from

135

measurements of Clark et al."*°. They also reported that at high ionic strength, the

surface coverage remains constant as a function of pH.

Figure 4.8 highlights that for solutions of high ionic concentrations, the changes of con-
ductivity AG/G are almost independent of the pH, and the conductance of the nanoslit
is mostly related to the apparent section of the nanoslit, and consequently to the num-
ber of proteins adsorbed on the nanoslit walls. The measurement of the normalized
conductance change AG/G at high ionic concentrations can be used to detect the pre-
sence of biomolecules in the slit or the binding between species, as these phenomena are

L 62

inducing changes of the apparent section of the nanoaperture. Schoch et al.”, recently
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Figure 4.8: Normalized conductance change of the nanoslit as a function of the pH
of the PBS solution when injecting 600 4M BSA. Points are the measurements and the
line is plotted using equation 4.18, with n, from Bohme et al. 1%, T'(pH)/I'(pl) from
Clark et al. '3, ry=4 nm, u4+=6.5-10" m?*V—1s7!, k,,=100 M~ 1s~!, ko p=0.002 s~
00=-1.4-10"2 C/m>.

highlighted the possibility to detect binding between biotin and streptavidin in similar
nanoslits. In a similar way, it can be imagined to attach a primary antibody to the
nanoslit walls, to quantify the binding with a specific antigen and compare it with other
species. This may lead to immunological applications based on electrical detection of

label-free antigens.

4.5.2 Adsorption kinetics at low ionic strength

At low ionic strength, the conductance of the nanoslit is increasing due to the dominance
of surface charge effects, described by the second term of equation 4.14. Figure 4.9
shows an adsorption experiment where a 600 uM BSA solution was injected in the
nanofluidic system containing PBS solution diluted 100x in deionized water (1.37 mM
NaCl) in order to reduce the ionic concentration. The kinetic behavior is different,
however, from the expected adsorption kinetic curve because of a systemic overshoot
followed by a slower decay to the equilibrium value AG/G. Similar behaviour was

1112136 with ellipsometry and by Wertz et al.''> with

also observed by Malmsten et a
TIRF measurements. They explain this phenomenon by the occurrence of competitive
spreading, in which initially adsorbed proteins undergo interfacial spreading, thereby
occupying a larger interfacial area, and causing desorption of a fraction of the protein
molecules. This is a possible explanation for the overshoot, assuming that high ionic

strength solutions alter protein desorption due to competitive spreading.
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Figure 4.9: Nanoslit conductance response of BSA adsorbed at Pyrex surfaces when
channels are filled with PBS diluted in deionized water (1%PBS) corrected to pH=6
by addition of HCI. The 600 uM BSA solution was injected at t=20 s and adsorbed on
the nanoslit’s walls. The value AG/G is measured when the normalized conductance
change reaches an asymptote. The delay observed between injection and start of
change is due to the time to reach the nanoslit.

Illustrations of figure 4.10 highlight that the effective surface charge may completely
change as a function of adsorbed proteins. When the negatively charged surface is
covered by adsorbed neutral proteins (at pH=pl), the effective surface charge tends to
zero (figure 4.10b). If the proteins are charged (at pH#pl), each protein brings new
counterions which participate in the surface conductance (figures 4.10c & d). Figure
4.10e presents the nanoslit conductance changes for solutions of low ionic concentra-
tions. As for high ionic strength measurements (figure 4.8), the points are representing
the measurements and the fitting line is plotted using equation 4.18. The same fitting
parameters were used (n,(pH) from Béhme et al.1%, 69=-1.4-10"2 C/m?, u+=6.5-10"%
m?V~!s~! and I'(pH)/T'(pl) from Clark et al.'®). Finally, Shibata et al.''% and Dun-

can et al.13*

highlighted an increase of the adsorption of proteins on surfaces when
reducing the ionic strength of the solution. According to their measurements, the sur-
face coverage I'(pH) was increased by a factor 1.6 in our 1% PBS model relative to the

100% PBS model.

There are three different regimes which can be distinguished: i) close to the pl of
the proteins, when BSA proteins are not charged and, the surface conductance change
AGg/Gg is low and tends to -1 when all initial surface charges are covered by globally
uncharged molecules (according to equation 4.17). The model does not match the
measurements when the pH is close to the pl because it is over-simplified and does
not take into account the local inhomogeneity of the pH in the electrical double layer

137 138

as reported by Van der Wouden et al. and Bousse et al.”°°. However the overall
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Figure 4.10: Typical glass-solution interface with its effective surface charge and
its counterions layer for (a) no proteins, (b) neutral, (c¢) positively and (d) nega-
tively charged absorbed proteins. (e) Normalized conductance change of the nanoslit
as a function of the pH 1%PBS diluted in deionized water when injecting 600 pM
BSA. Low ionic concentration solution is mainly dominated by nanoslit charge ef-
fects. The conductance difference due to protein charges and protein adsorption is
more significant than for high ionic strength. Points are the measurements and line is
plotted using equation 8, with n, from Bohme et al.'9, T'(pH)/T'(pl) from Clark et
al. 5, T(pI)19%pps/T(P1)100%prs=1.6, rs=4 nm, p4+=6.5-10"% m?*V~1s~!, k,, =100
M~ts71 kopp=0.002 571, 09=-1.4-10"2 C/m?.

evolution of the model and experimental data are similar for values of the pH away
from pl. ii) when going away from the pl value, the global number of charge of the
proteins increases, which also increases the conductance of the nanoslit. iii) finally,
when working with pH far away from pl, the surface coverage decreases too much and

becomes the limiting factor, leading to a decrease in the conductance change.

4.6 Outlook and conclusions

A model was proposed to predict the biomolecular concentration in a nanochannel
taking into account the steric exclusion as well as interactions of biomolecules with the
surfaces and the exclusion-enrichment effect due to the electrical double layer and to

the charge of the proteins.

Protein adsorption kinetics directly measured in a nanoslit were performed. In order to
avoid electrical signal instability and derive, the electrical contacts were isolated from
the fluidic channels by glueing intermediate apertures. It allowed us to perform quality
measurements of high concentrated protein solutions. Another simple improvement

that I strongly recommend for further lower concentrated protein experiments consists
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Figure 4.11: Schematic drawing of sequential surface modifications for streptavidin
sensing. (a) A 50 nm high nanoslit in Pyrex before surface modification. (b) Channel
after coating with PLL-g-PEG/PEGbiotin. (c) Final assembly after the streptavidin-
biotin reaction, which binding can be sensed by a conductance change of the nanoslit.
Adapted from Schoch et al.%2.

of designing a third microchannel in parallel to the others, serving as a reference channel.
The proteins would only be injected in the first channel, and a buffer solution would
rinse the others. In that case, the first electrical conductance can be subtracted to the
second one, leading to the removal of the signal derive and potentially to increase the

sensitivity detection of low concentrated protein solutions.

The experiments performed in this chapter have shown that when the ionic strength
of the solution is high, the conductance change is dominated by volume effects due to
the adsorbed or bound proteins and the conductance is independent of the protein’s
charge. As illustrated in figure 4.11, Schoch et al. proposed to electrically detect
binding kinetics between biotin and streptavidin. Applications in immunology and
biomolecule detection requiring fast detection time could benefit from the development
of a method based on similar conditions. Additionally, the adsorption and desorption
kinetic parameters for a given protein-interaction condition can be easily deduced from

the experiment.

When working with low ionic strength solutions, the sensitivity to protein charge was
demonstrated and the behavior of the nanoslit conductance was described. The de-
tection time of this device is however limited by the kinetics of the adsorption and
desorption of molecules, as in the case with SPR immunosensors. However, the tech-
nique presented in this chapter has several advantages such as the simplicity of the
measurements, the portability, low cost of production, suitability for fast multiplexing
label-free detection of biomolecules on-chip and can become a powerful biophysical

alternative in determining kinetic and equilibrium constants of molecular interactions.
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CHAPTER

5

DIRECT MEASUREMENTS OF
DIFFUSING SPECIES USING FCS

The following chapter* describes the diffusion of charged proteins in nanometer-sized
apertures with charged surfaces which has been investigated with fluorescence correlation
spectroscopy (FCS). Based on a 2D multi-component diffusion model, key parameters
like the number of molecules diffusing freely inside the nanochannel or interacting with
the surfaces, together with the specific diffusion parameters, have been extracted. Dif-
ferent regimes of diffusion have been observed and described by a model which takes
into account the steric exclusion, the reversible surface adsorption of the biomolecules,
and the exclusion-enrichment effect due to the charge of the proteins and to the ionic
strength of the solution. Conditions where the diffusion of proteins through nano con-
fined spaces can be of the same magnitude as in the bulk were both predicted and experi-

mentally verified.

* Adapted from the journal articles:

N.F.Y. Durand, C. Dellagiacoma, R. Goetschmann, A. Bertsch, I. Mérki, T. Lasser and P. Renaud, "Di-
rect observation of transitions between surface-dominated and bulk diffusion regimes in nanochannels",
Analytical Chemistry, 81, 5407-5412, 2009.

N. F. Y. Durand, C. Dellagiacoma, R. Goetschmann, A. Bertsch, I. Mérki, T. Lasser and P. Renaud,
"Direct measurement of diffusing proteins in nanochannels using fluorescence correlation spectroscopy”,
Procedia Chemistry, 1(1), 1343-1346, 2009.
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5. DIRECT MEASUREMENTS OF DIFFUSING SPECIES USING FCS

5.1 Single molecule detection in nanochannels using FCS

Fluorescence Correlation Spectroscopy (FCS) is a very well-known and widely used
microscopy method, allowing access across the fluctuation analysis of fluorescently-
labeled single biomolecule’s static and dynamic molecular parameters, such as the mean
number of molecules and their diffusion behaviour 3914014155142 = The classical FCS
model for a free 3D diffusion of a single molecular component (ignoring the triplet

population) is given by 143:

1 Ig\? 1 1
=—(1- 1 1
G() N( Itot) 1+ Z\ 14+ w2z + (5-1)
™D D

Where G(7) is the autocorrelation function (ACF), N is the number of molecules in the

measurement volume and 7p the characteristic time of diffusion across the illuminated
sampling volume. The factor (1 — Ig/I;)? corrects for an uncorrelated background

144 including Ig. The aspect ratio w

intensity Ig, with I;,; being the total intensity
of the sampling volume is defined as the ratio between the height 2r, and the width
214, of the FCS ellipsoidal detection volume (w = 7./rzy). In our nanochannel, the
intersecting detection volume is approximated by a cylinder of small height compared
to its diameter. Consequently r, << r;, and w tends to zero: the square-root term
can then be neglected leading to the approximation of a 2D FCS model'*°. Figure 5.1
shows the difference between the FCS detection volumes of freely 3D diffusing particles

(figure 5.1a) and of confined 2D diffusing particles inside a nanochannel (figure 5.1b).

The Einstein theory for brownian movement %4, introduced in section 2.3.1, can be used
to estimate the bulk diffusion coefficient Dy, of spherical particles of radius rs (and by
extension of globular proteins) in aqueous solutions. The FCS measured diffusion time
Tyui Of freely diffusing biomolecules, is then related to the bulk diffusion coefficient
Dyt by %

7‘2

Yy
Thulk = 5.2
“ 4 Dy (5.2)

As discussed in the previous chapter, in nanoconfined spaces, solute molecules undergo
diffusion due to Brownian motion and can also adsorb at the channel walls due to
the high surface to volume ratio, and thus the high probability to interact with a sur-
face. Protein adsorption results in a consequent increase of the diffusion time through

nanoconfined volume.
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Figure 5.1: (a) FCS detection volume in the case of 3D freely diffusing biomolecules.
(b) FCS detection volume of 2D confined diffusing molecules between two walls (when
hnc << 2r,), such as in the case of the nanochannel. The ellipsoidal detection volume,
of height 27, and width 2r,,, is approximated by a cylindrical volume of height A and
radius 74, in case b.

The total population of biomolecules diffusing through the nanochannel is composed of

molecules which interact i-times with surfaces (with ¢ ranging from 0 to n interactions).

I propose to express the effective diffusion time of the averaged population as a weighted
arithmetic mean of the diffusion times of freely diffusing molecules in the bulk and at

reversibly adsorbed molecules on the surfaces:

n
> Nimi
Teff = (5.3)
N;
=0

)

As FCS measurements are performed under a finite measurement time t,,, molecules
which are remaining inside the detection volume during the measurement time lap will
not be represented in the autocorrelation function. In order to correctly quantify the
effective diffusion, ¢,, should be large enough to measure most different populations of

proteins crossing the detection volume (all n-interacting populations).
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In order to identify all of the n-interacting populations, the fitting of FCS measure-
ments for different n values based on the following 2D multi-component model'4? was

performed:

+1 (5.4)

G(r) = <1 _Is )2 :0 N

1
)T

where coefficient «; is a constant retention parameter, depending mainly on the geo-

2

metry of the nanoconfinement. This phenomenological retention parameter takes into
account the modified diffusion behavior of reversibly adsorbed particles. Best fittings
of autocorrelation curves have allowed for the determination of «;, which is an expo-
nential term, in a similar way to the obstruction diffusion parameter, which is widely
used in anomalous diffusion in biology !4%146. Due to the low concentration of charged

biomolecules, interactions between particles have been neglected.

Interestingly, I have already obtained very good fits for n=1, meaning that 2 different
populations of molecules can be distinguished: (a) the molecules that directly diffuse
across the detection volume without any interaction (i=0) and (b) the molecules which
interact only once with surfaces during the travel across the detection volume (i=1).
Fits with higher n have resulted in N;~; tending to 0, meaning that in these spe-
cific conditions (depending on pH, ionic strength, surface charge, molecule conformity
and charge, etc.), most of the biomolecules diffusing through the measurement volume

interact only once or not at all.

The adaptation of equation 5.4 in these conditions leads to the following FCS model
taking into account two different populations of particles: biomolecules diffusing freely
through the detection volume (i=0 — Npyk, Tpur) and biomolecules interacting once

with the channel surfaces (i=1 — Ngyrf, Tourt):

Ip\? N 1 N,
G(T) _ <1 _ IB ) bulk 27 _ + surf ; i 1
tot (Nbulk+Nsurf) + Toulk (Nbulk+Nsqu) 14+ (TTf)
(5.5)
Equation 5.3 with n=1 is also simplified to:
Teff = Nowik Toulk + NsurfTsurf (56)

Nbulk + Nsurf
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The averaged time of interaction 7,,, s of biomolecules with surfaces is expressed by the

Langmuir isotherm model 147148

1
of f

Tsurf = L (57)

Finally, the effective diffusion coefficient D, is related to 7.y as for equation 5.2:

72

D g = —2 9.8
eff 4Teff ( )

This gives a first clue for explaining why in nanoconfinements, the apparent diffusion
coefficient may be strongly decreased compared to its bulk value 4?1029 This phe-

nomena will be discussed in greater detail in chapter 6.

5.2 Materials and methods

As explained in chapter 3, the solutions containing proteins are injected into the mi-
crochannels through the inlets. The liquids are driven by air aspiration controlled by

using air-pressure regulators (Bellofram Corp., Newell, WV) from 0 to -800mbar.

The experimental set-up is depicted in figure 3.7a, and the nanochannel-device used in
the experiment consists of 2 microchannels crosslinked by a thin nanochannel (height
hnc=50 nm, width w=10 pm, length {,c=30 pm). Solutions containing fluorescently
labeled proteins are injected in both microchannels and measurements are performed
as soon as the system is in equilibrium, meaning that all channels are completely filled.
External, negative pressure applied to the outlet ports allow for precise, fine tuning of

the flows in each microchannel as well as in the nanochannel.

To investigate and characterize the hindered diffusion of proteins, I used wheat germ
agglutinin proteins labeled with Alexa Fluor® 633 (WGA, from Molecular Probes).
WGA has a molecular mass of 38 kDa, an isoelectric point (pI) around 4, and a free

diffusion coefficient in water® Dy,;,=7.6(£0.3)-10~!1 m?/s.

These WGA proteins have been added to potassium chloride (KCI) solutions, which
have been prepared with different dilutions (10 M to 10~ M) by addition of deionized
water (18M-cm). The concentration of the WGA proteins is 50 nM in all prepared
solutions, which were adjusted to pH=7 by adding a small amount of HCl. For all
experiments, no pre-treatment was performed on the chip in which the solutions have
been directly injected. All solutions were prepared and degassed before use at room

temperature T=25°C.
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5.3 Results and discussion

A series of experiments were carried out to evaluate the number of molecules and the
diffusion time of the WGA proteins at two different locations: i) inside the reservoirs
for measuring the bulk values (away from chip surfaces), and ii) inside the nanocon-
finements for measuring the diffusion parameters inside the channel. After filling the
microchannels, the solution entered the nanochannel by capillarity, resulting in a slow
change of fluorescence intensity inside the nanochannel. All measurements were started

once the fluorescence intensity reached a steady-state.

5.3.1 3D diffusion of WGA

As illustrated in figure 5.1a, the FCS detection volume in the bulk is an ellipsoid with
an equatorial radii r;,=420 nm and a polar radius r,=4 pm. The number of molecules

present in this volume N3p is given by:

4
N3p = 1000§7TNAr§yrzco (5.9)

For a cp=50 nM concentrated solution of WGA proteins, N3p=178 molecules is found,
which corresponds very well with the measured value of 18042 molecules measured in

the chip’s reservoirs.

With the same fluorescence fluctuation measurements, a diffusion time of 73,;,=0.6
+0.02 ms was obtained by fitting the experimental data to equation 5.1, as this bulk
experiment corresponds to standard 3D free diffusion of a single component. From
this value of Ty, the diffusion coefficient Dy, =7.35(£0.3)-107*! m? /s was obtained
from equation 5.8 with 7,,=420 nm, which corresponds to the radius of the detection
area. This value is very close to the diffusion coefficient of WGA in water reported by

Munson et al.®* of Dy p=7.6(40.3)-1071* m?/s.

5.3.2 Exclusion of proteins from the nanochannel at low ionic strength

As illustrated in figure 5.1b, the detection volume in a nanoconfinement is the intersec-
tion of the FCS ellipsoid measurement volume and the inner volume of the nanochannel.

This volume is approximated by a cylinder of radius 7, and the nanochannel’s height
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h. The expected number of molecules present in the detection volume for a given

concentration cg is:

Nps = 10007 Nar2, heo®rs (5.10)

with ®,,5 the equilibrium partitioning coefficient for solute concentration between inside
and outside a nanochannel defined in equation 4.12. From best fits with 50 nM WGA
experiments at high ionic strength (¢;=3.6-10"1 M), I obtained N,,5=6 molecules in the
detection volume (with ®,s=7). Interestingly, in this case ®,,s>1, meaning there is an
increase of the nanochannel concentration compared to the bulk value ¢g. As the steric
effect always tends to decrease the nanoconfinement concentration, and as we are under
an exclusion regime which also tends to reduce ®,g, it means that the nanochannel

concentration is important because of the adsorption of proteins on surfaces.

The curve in figure 5.2 shows the mean fluorescent intensity I;,; measured in different
ionic conditions in the 50 nm high nanochannel. Pyrex surfaces in contact with aqueous
solutions are negatively charged, which electrostatically repulses negatively charged
WGA proteins (pH=7 > pl=4). A strong decrease of I;, is observed when increasing
the EDL by reducing the ionic concentration in the nanochannel, which is coherent

with equation 4.12 and with results of Plecis et al.'%°. In figure 5.2, equation 4.12 is
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Figure 5.2: Measurements of fluorescent proteins showing photon count rate of 50
nM WGA at different ionic strengths ¢; in a 50 nm high nanochannel. The dots
are experimental measurements whereas the line is a fitting obtained with equation
4.12. Pyrex surfaces are negatively charged, which excludes negatively charged WGA
proteins from the nanochannel. When electrical double layer overlap (EDLO) occurs, a
total exclusion of proteins from the nanochannel can be seen. Cases I to V correspond
to the schematics in figure 5.4.
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fitted on the experimental data points with r,=4 nm, ¢g=—e and ¢=30-10"3 - log(c;)
as measured by Kosmulski et al.'%'. By best fitting all measurements, I extracted
K:kzon/kzoff:7.28-103 M~ For values of the ionic concentration lower than 10™% M,
the EDL overlap (EDLO) is observed; only the uncorrelated background intensity was

measured, which corresponds to the exclusion of the proteins from the nanochannel.

5.3.3 Confined diffusion of negatively charged proteins

The autocorrelation curves obtained when WGA proteins are diffusing inside the nano-
channel for different values of the ionic strength of the solution are presented in fi-
gure 5.3. As all experiments are performed with identical nanochannels, at a constant
value of pH=7 and using solutions of 50 nM WGA proteins, while ionic concentra-
tion is changed, equation 5.5 can be used to fit each set of experimental data points
with Tpyuik, Teurs and a being constant parameters. The values of 7p,,=0.6(30.02)
ms were measured independently as presented in section 5.3.1 and 7, f=10(£2) ms
and a=0.454+0.1 were obtained from fitting of all FCS measurements inside the nano-
channel. All other parameters being kept constant in equation 5.5, the fit of the data
to the autocorrelation function allows the estimation of the values of Ny, and Ny, ¢,
which correspond to the average number of WGA proteins diffusing freely or interacting
with the nanochannel walls, respectively. A good agreement between the measurements
and equation 5.5 was obtained in all cases, as shown in figure 5.3 for different values of

the ionic concentration.

This experiment has highlighted several different diffusion behaviors in function of the
ionic strength of the solution. Table 5.1 summarizes the typical values of 50 nM WGA
proteins diffusing in a 50 nm high nanochannel in function of these different cases. As
depicted in figure 5.4a, there is an exclusion of the proteins from the nanochannel for

solutions with an ionic strength lower than 10~% M (there is an overlap of the EDL).

Case ¢; (M) Nyuik Nourys Iiot (kHz) Deyy (m?/s) ®,5
I 1.0+0.3-10~% 0+0.1 0+0.1 Ip=13+2 - 0
II 2.340.2.10~* 0+0.1 0.840.1 1942 7.6-10712 1
111 4.140.1-10* 0.940.1 0.1£0.1 2542 2.7-10~ 11 1.2
1AY 9.240.05-10~4 0.540.1 0.6+0.1 4642 5.01-10~12 1.3
\Y4 3.6+0.01-10~! 0.240.1 5.440.8 16545 4.4-10712 7

Table 5.1: Typical values of 50 nM WGA proteins diffusing in a 50 nm high nano-
channel, at different ionic strengths at pH=7 (corresponding to the main cases illus-
trated in figure 5.4). ¢;, Nyuik, Nsurs and Ijo are extracted from measurements. Deyy
and ®,,¢ are calculated from equation 5.8 and 4.12. Parameters were extracted using
Tpulk=0.6 ms, Teur =10 ms and a=0.45 as fixed parameters.
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Figure 5.3: Measurements of fluorescent proteins showing autocorrelation functions
of fluorescence fluctuations of 38 kDa wheat germ agglutinin with Alexa Fluor®) 633
in a 50 nm high nanochannel for solutions of different ionic concentration at pH=7.
Fitting using equation 5.5 with parameters of table 5.1.

Figure 5.4b shows that when increasing further the ionic strength to a case where
there is not yet an overlap of the EDL, the small number of proteins which enter the
nanochannel are not confined to the center by electrostatic forces and consequently
interact with the surfaces. In that case, the autocorrelation functions measured were
similar to the ones measured for high ionic strength. For values of the ionic strength
close to 4-10~% M, the number of molecules interacting with the walls is close to zero.
As presented in figure 5.4c, the proteins are maintained away from the channel walls
by the large dimension of the EDL. However, as there is no EDL overlap, a small, but
significant number of proteins enter the nanochannel. When the ionic strength of the
solution increases from 4-107* M to 10~' M, the number of proteins present in the
nanochannel increases strongly. The electrostatic repulsion of the negatively charged
WGA proteins due to EDL is decreasing. As depicted in figure 5.4d, the number of
proteins reaching the walls increases while the number of molecules diffusing freely in
the bulk of the nanochannel decreases. Finally, at high ionic strength (for ¢;>10" M)
a large number of proteins are present in the nanochannel and most of them interact
with the walls (NVpy is close to zero). This situation is schematically described in figure
5.4e: As the ionic concentration is high, the EDL is small and does not prevent the

interaction between the proteins and the walls.

Figures 5.5a and 5.5b show the evolution of respectively the extracted values Npyi

and Ng,rr, and of the effective times of diffusion 7.r; which have been calculated
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a) case | b) case Il
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Figure 5.4: Schematics of the typical behavior of negatively charged biomolecules
inside a nanochannel with negatively charged surfaces, at different ionic strengths.
Our model is based on 2 different populations of molecules: the molecules which
never touch the pore walls (Npyik,Touir) and those which adsorb on the surfaces and
get retarded (Ngyr 7, Tsurs)- (a) at low ionic concentration, the channel is closed by the
electrical double layer (EDL, represented by a dashed line) and no negatively charged
molecules enter in the channel. (b) When increasing the ionic strength, very few
molecules enter and interact with the surfaces. (¢) When the channel is sufficiently
open, most of the molecules do not interact with the surfaces (Ngyurr — 0). (d) when
the ionic concentration increases, the EDL decreases and some molecules do interact
with the surfaces again. (e) Finally, at high ionic concentrations, the EDL is thin and
does not prevent most molecules to interact with the surfaces (Npy — 0).
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Figure 5.5: WGA proteins diffusing in a 50 nm high nanochannel, at different ionic
strengths. (a) Number of bulk and surf molecules, obtained by fitting the autocorre-
lation functions with equation 5.5, using the fixed parameters 7y, =0.6 ms, Tgyr =10
ms and a=0.45. Experimental data were performed at pH=7 and are represented by
marks. (b) Effective diffusion times for WGA proteins in a 50 nm high nanochannel at
different ionic strengths. Marks represent the effective diffusion times calculated with
equation 5.6 from measurements of figure 5.5. All lines are plotted by interpolating
the data in order to guide the eye of the reader.

with equation 5.6, as a function of the ionic strength of the solution. As expected, at
very low ionic strength, no fluorescent protein was detected in the nanochannel. After
increasing slightly the ionic concentration, a few proteins enter the nanochannel; they
have a diffusion time close to 7, and correspond to case II (figure 5.4b). When going
on increasing the ionic strength, the effective time of diffusion decreases until reaching
a minimal value close to 7y ,. This corresponds to the case III depicted in figure 5.4c
where the proteins no longer reach the walls of the nanochannel due to size of the
EDL, and resulting in a population exclusively composed of freely diffusing molecules
compared to interacting ones. In such specific ionic conditions, the effective diffusion
of proteins is almost as fast as in the bulk. Finally, at higher ionic strengths, 7.s
increases until getting a value close to 74,,f, just as all proteins interact with the walls
of the nanochannel due to the limited extension of the EDL and the large surface to

volume ratio of the channel (case V, figure 5.4e).

5.4 Gradient profile across a nanochannel
5.4.1 Simple diffusive case

Theoretical models describing the concentration profile of proteins inside large chan-
nels have been extensively studied for the purpose of membrane science and interested

readers are invited to have a look at the book by Cussler!'®2. In this section, in order
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5. DIRECT MEASUREMENTS OF DIFFUSING SPECIES USING FCS

to verify the validity of the standard theoretical models, the transport of negatively-
charged proteins in liquid-filled nanometer-sized apertures with negatively-charged sur-
faces based on both gradient of diffusion and convective flow is investigated with the use
of fluorescence correlation spectroscopy. FCS is a perfect tool for this purpose because
of its small lateral detection area (r,,=420 nm) compared to the nanochannel length
(lnc=30 pm), and thus can be considered as punctual measurements along the nano-
channel length. As previously highlighted, the measured fluctuations of fluorescence
allow the evaluation of the diffusion of molecules directly inside the nanochannel, as

well as their concentration in the measured focal volume.

The steady diffusion across a nanochannel is schematically sketched in figure 5.6a. The
channel initially contains a uniform concentration of solute ¢=0. At some time, the
concentration in the first microchannel is increased by injecting the proteins solution
at a concentration ¢yp. Assuming that output microchannel concentration remains at
zero (by rinsing with initial solution for example), a steady-state concentration profile
is obtained when proteins have crossed the channel. Assuming no convective flow and
using boundary conditions (=0 — c¢=co®,s and z=l,c — ¢=0), the concentration

profile inside the nanochannel can be expressed as:

o(z) = coPpc (1 - ”3) (5.11)

lnC
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Figure 5.6: (a) Principle and (b) measured concentration profile of WGA proteins
diffusing from a first microchannel (filled with 50 nM WGA proteins in PBS at pH=7)
through a 50 nm high nanochannel of length [,,c=30 pm into another microchannel
filled only with PBS. No convective flow is applied across the nanochannel. The line
calculation is based on equation 5.11 with ®,,0=7. The steady-state concentration
profile is independent of the diffusion coefficient.
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As presented in figure 5.6b, the concentration gradient of 50 nM WGA proteins was
measured directly inside the nanochannel. The same pressure of 100 mbar were applied
in both microchannels in order that no convective flow (u.=0) is induced across the
nanochannel, but solutions are renewed in both microchannels for remaining concen-
tration levels to cg, respectively 0. The measurements were performed at high ionic
strength (for ¢;=10"! M) in order to avoid interactions with the EDL, and at pH=7
in order to compare results with those in the previous section. The measurements fit
very well equation 5.11, highlighting that the standard diffusion theory is also valid in
nanoconfinements. The steric exclusion, the presence of reversibly adsorbed molecules
on surfaces, and the exclusion-enrichment effect due to interaction with the electrical
double layer, were all taken into account in this model and they do not appear to in-
fluence the concentration profile. As expected, these effects directly change the initial
concentration c(z = 0)=co®,s which is strongly increased because of the adsorption of
the proteins on surfaces. Without any convective flow, this diffusion case is independent

of the value of the effective diffusion coefficient.

The theoretical model was plotted using equation 5.11 with ®,5=7 as measured in
experiments of section 5.3.2 in high ionic strength conditions. Using equation 4.13 with
rp=4 nm and ko r=1/7sur r=100 s~1 I extracted ko, =7.28-10° M~ 's~!. In comparison
with values obtained with BSA proteins interacting with surfaces (see chapter 4, section
4.5.1) where I extracted kq,=100 M~1s~! and ko r=0.002 s~!, WGA proteins have a
higher k,, value, meaning a higher number of binding events per unit of time. Similarly,
the WGA proteins have a value for the dissociation constant k., that is higher by 5
orders of magnitude, meaning a higher number of dissociation events per unit of time,
and that WGA proteins will unbind very quickly compared to BSA proteins that have

a very sticky reputation with surfaces.

5.4.2 Diffusion and convection

The same experiment was conducted under different pressure-driven flow conditions.
In order to measure the correct concentration of molecules, the FCS model had to
be modified taking into account the convective flow. In high ionic strength solutions,

the population of bulk molecules is tending to 0 and equation 5.5 is reduced to surf

79



5. DIRECT MEASUREMENTS OF DIFFUSING SPECIES USING FCS

population. The proposed FCS model including the convective flow in an exponential

term is:

G(T):(l IB>2 ! ! .J_(:f)Q(H(TS;f)Q)l} 1 (5.12)

_E Nsurf'lﬁ—( T )a

Tsurf

where Ty=w,y/u. is the average residence time if there is only a flow (no diffusion).

When adding an external pressure difference AP, the protein transport is still domi-
nated by diffusion but also by the convective flow u. induced by the external pressure.
The concentration profile along the nanochannel can be deduced by writing a mass

balance taking into account both diffusion and convective flow u. #0:

oc 0%c oc

& = Deffw — UC% == 0 (513)

By integrating equation 5.13 and using the boundary conditions x=0 — c=co®,¢
and z=l,c — c=0, the steady-state concentration profile inside the nanochannel is

calculated to be:

Uc x Uc l
eDefr” _ eDess ”c)

<1 - eDZ;flnC>

Figures 5.7a and b show the concentration profile of 50nM WGA inside a nanochannel,

c(x) = coPpc (5.14)

when external pressure differences of AP=+100 mbar are applied. This roughly cor-
responds to a constant convective flow inside the nanochannel of u,=500 nm/s, and
u.=-500 nm/s, respectively. Line plots were calculated based on equation 5.14 using
the effective diffusion coefficient D, f=4.4-10"'2 m? /s measured in the previous section
in similar ionic strength conditions (see table 5.1). ®,,¢=14 was the only parameter to

be tuned in order to get the best fit.

Interestingly, under a positive convective flow (figure 5.7a), the value ®,,¢ is increasing
(in comparison with the value ®,,6=7 obtained in no-flow conditions), when it would
be expected that it remains constant. The steric effect should still be present with
flow, and at high ionic strength, the exclusion effect is negligible. A first possible
explanation for this phenomenon is that the convective flow is changing the adsorption
and/or desorption kinetic parameters k., and k,r¢. As introduced in section 2.2.2,

the flow inside the nanochannel is parabolic in the z-direction and thus should be
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Figure 5.7: Concentration profile of WGA proteins diffusing from a first microchan-
nel (filled with 50 nM WGA proteins in PBS at pH=7) through a 50 nm high nano-
channel of length [,,c=30 pum into another microchannel filled only with PBS. An
external pressure of £100 mbar is applied, corresponding to (a) u.=500 nm/s and
(b) u,=-500 nm/s. Marks are measurements (7,=0.84 s), and lines are calculated
using equation 5.14 with D.fr=4.4-10"'? m?/s. ®,,5 were adjusted in order to fit the
measurements.

negligible close to the surfaces, but it can perhaps be strong enough to increase ko,
and/or decrease ko s, leading to an increase of the surface concentration. I extracted
from measurements of figure 5.7 the equilibrium constant K=k, /kof f:1.5-104 M1,
which would mean that convective flow increased the number of binding events per unit

of time, or that WGA molecules were adsorbed stronger to surfaces.

As highlighted by Green et al.'>3, the rate of adsorption is dependent on two factors:
mass transport and intrinsic kinetics. They observed that the binding rate of a protein
to a surface often initially reflects the mass transfer characteristics of the protein com-
ponents under prevailing flow conditions'®*. By varying the flow rate, mass transport
limitation can be identified since mass transport is influenced by flow rate, whereas the

intrinsic kinetics are independent of the flow rate'%°.

Another possible explanation is found in a potential streaming effect due to the flow
in the lateral microchannels. However, boundary effects should be present, and this is

not the case in measurements of figure 5.7a.

5.5 Outlook and conclusions
In this chapter, I have demonstrated that hindered protein concentration and diffusion

can be measured directly inside a nanochannel with an FCS measurement unit. FCS

autocorrelation functions have been used to identify different populations of molecules
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diffusing in the nanoconfinement. The proposed model allowed for the estimation of the
number of molecules diffusing freely inside the nanochannel and the number of molecules
interacting with the surfaces. The measurements performed at different ionic strengths
showed different regimes of diffusion and highlighted that for a specific EDL thickness,
the diffusion of proteins through a nanochannel can be almost as high as in the bulk.
Finally, the concentration gradients for different diffusion and convection conditions
have been measured and characterized, showing that theories describing diffusion at

the macroscale are also valid in nanoconfinements in high ionic strength conditions.

Many future complementary experiments can bring deeper understanding of molecular
transport in nanofluidics. For example, the transport of neutral and positively-charged
proteins through nanochannels should be performed in order to validate our model in
these conditions. It would also make sense to investigate different types of proteins,
with different binding and dissociation constants. Changing the nanochannel height

would also bring complementary interesting data.

From the biomicroscopy point of view, a promising experiment is the triplet-state ana-
lysis of the protein-surface interaction of the experiment conducted in section 5.3.3.
For example, one can also expect to observe a change in the triplet-state in function of

the ionic strength.

Models presented in this thesis to predict protein concentration and diffusion in nanocon-
fined spaces can be easily used to get a good idea of molecular transport in order to

design and develop future nanofluidic devices for biological and biomedical applications.
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CHAPTER

§

APPARENT DIFFUSION
MEASUREMENT USING
STEADY-STATE DISPERSION

In this chapter® a movel method to measure apparent diffusion coefficients of fluore-
scently labeled molecules inside a nanofiuidic system is presented. Based on the de-
crease of the apparent diffusion of biomolecules in confined spaces, the binding affinity
between proteins and surfaces is directly measured. Furthermore, theoretical and ex-
perimental studies of nanofluidic channels as potential biosensors for measuring rapid

protein complex formation is presented.

* Adapted from the journal articles:

N. F. Y. Durand, A. Bertsch, M. Todorova and P. Renaud, "Direct measurement of effective diffusion
coefficients in nanochannels using steady-state dispersion effects", Applied Physics Letters, 91, 203106,
2007.

N.F.Y. Durand, E. Saveriades and P. Renaud, "Detecting proteins complex formation using steady-state
diffusion in a nanochannel", Analytical Bioanalytical Chemistry, 394(2), 421-425, 2009.
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6. APPARENT DIFFUSION MEASUREMENT USING
STEADY-STATE DISPERSION

6.1 Apparent diffusion in nanoconfinements

In the first simple experiment described in chapter 1 and depicted in figure 1.15, the
extracted value for the diffusion coefficient of the WGA protein was in the order of
magnitude of 107 m?2/s or below. This value was extracted from the advance of the
fluorescent front, which was mostly limited by the pressure-driven flow that was applied
from the external reservoirs, and not by the diffusion caused by the concentration
gradient. However, this diffusion coefficient value is in contradiction to the one obtained
with fluorescence correlation spectroscopy in the previous chapter (see table 5.1) where

I measured D, sr=4.7-10"12 m?/s in similar ionic conditions.

Both are correct values and their strong difference can be explained by the way of
interpreting their meaning: in the case of the FCS measurements, the "effective diffusion
coefficient" D,y is taking into account the complete trip of molecules, but in the case
of the top-view fluorescence measurements, only the lateral displacement is taken into
account even if the molecules are also displacing in the z-direction. Then, they seem to
diffuse slower. I named this lower diffusion coefficient the "apparent diffusion coefficient"
Dapp.

150 reports the measurement of diffusion coefficients in

The paper from Pappaert, et al.
micron and sub-micron channels. They also consistently observe a decay of the effective
diffusion coefficient in small channels. However, they were limited to a minimal channel
height of 260 nm which is about 5 times larger than our experiment. From their data,
similar coefficients as our measurements could be expected if they would have gone

down to 50 nm.

They proposed a theoretical model for describing the apparent diffusion coefficient in

a confined slit:

h2
12D app

teol = (6.1)

where t., is the mean time between two successive analyte-wall collisions, taking into

account the retardation time 7y, r=1/koss:

h? N 1
2Dk kory

teol =
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By adapting equation 6.1, the apparent diffusion coefficient in the nanoslit configuration

is:

h? h?

- B2 1
12tcor 19 (wbulk + W)

Dapp = (6.3)

And, as for WGA proteins k, ;=100 s~1 is relatively high compared to Dy /h? value,

equation 6.3 can be approximated by:

h2
Dapp = EkOff (6.4)

giving the theoretical value Dapp:2-10*14 m? /s for WGA proteins in 50 nm high nano-

channels, which is matches precisely the measured value of figure 1.15.

The problem with measuring the apparent diffusion coefficient of fluorescently-labeled
species when they are filling a simple straight 1D nanochannel (as for the experiment
of figure 1.15), is that the user has only one chance to measure the apparent diffusion:
once the channels are filled with the solution containing the proteins, the surfaces may
be contaminated by protein adsorption and the device has to be cleaned before injecting
a novel plug of concentrated solution.

Several other methods for measuring diffusion of species in a liquid solvent have been

elaborated during the last decades, such as a diaphragm cell'®®, Taylor dispersion!®”,

158

stationary phases by frontal chromatography°°, spin echo nuclear magnetic reso-

nance'??, transient grating light'®’, and wedge interferometer'®!. The diffusions of
proteins through membranes 29162163 and nanochannels %1% have also been widely
reported, but take into account overall transport across a nanoconfinement (by reading
the difference of protein concentration from the areas outside the nanochannel input
and output). However, as highlighted in chapter 5 with FCS which is also a great
method for measuring diffusion of biomolecules, the internal diffusion factor often has

a considerable influence on transport in nanopores.

Another simple possibility is to measure the apparent diffusion coefficient based on the
steady-state diffusion profile along the nanochannel with a global top-view concentra-
tion measurement. Figure 6.1 is illustrating such a system composed of 2 microchannels
linked together by a 1D nanochannel. The solution containing fluorescently-labeled pro-
tein concentration c¢g is injected in microchannel 1 and enters in the nanochannel. A
clean solution is flowing in the microchannel 2 in order to maintain ¢=0. As highlighted

in figure 5.7, a steady-state diffusion profile is obtained. It is still possible to extract
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Figure 6.1: (a) Illustration of the solution containing the fluorescently-labeled pro-
teins (in black) flowing from microchannel 1 into the nanochannel. A clean solution
¢=0 is rinsing microchannel 2. (b) Concentration profile inside the nanochannel. The
area of interest is defined as the length inside which 80% of the concentration change
is included.

the apparent diffusion from this profile, but this method lacks accuracy due to the dif-
ficulties of precisely tuning the flow in the nanochannel u.. This is important in order
to increase the area of interest, i.e. the area in the diffusion profile inside which 80%

of the concentration change is included.

In order to facilitate the extraction of the apparent diffusion coefficient of biomolecules
in nanoconfinements from the diffusion profile, a novel simple technique based on mea-
suring the steady-state dispersion of fluorescent species in an adjacent nanoslit is de-

veloped in the following sections.

6.2 Steady-state dispersion effects

Our device, shown in figure 6.2, consists of a narrow nanochannel which is opening to a
wide and short nanoslit area of the same nanometer dimension height. The nanoslit is
adjacent to a much deeper microchannel. The experimental procedure is the following;:
fluorescently labeled molecules are injected in the nanochannel at a constant pressure
difference. In the lateral nanoslit standing at the end of the nanochannel the 1D flow
of fluorescent molecules is transformed into a 2D spreading flow. The lateral spreading
distance of the molecules in the nanoslit is used to extract the value of the apparent

diffusion coefficient.

86



6.2 Steady-state dispersion effects

6.2.1 Theory

As depicted in figure 6.2a, the fluid dynamics inside the nanoslit are quite difficult to
express mathematically, due to complex flow line directions and varying flow velocity.
Finite element method (FEM) simulations allow for the simulation of this problem in a
complex geometrical environment and FEM results will be compared to measurements
in further sections of this chapter. However, I will firstly provide a very simplified
mathematical model in order to highlight why big molecules with a small diffusion
coefficient seem to disperse longer inside the nanoslit compared to small molecules

with a high diffusion coefficient.

In this model, I assume that solutions are dilute and incompressible, there are no chemi-
cal reactions except between proteins, that external forces and mass transport are only
due to apparent diffusion (including molecules-surfaces interactions) and convection,
and that local electrical phenomena due to streaming potential are negligible. I as-
sume that biomolecules are drawn into the nanochannel from a large reservoir, keeping
the concentration ¢,c = cy®,¢c in the nanochannel constant (with ®,c=7 the equi-
librium partitioning coefficient as defined in equation 4.12, with cy=2 pM, r,=4 nm,
kon=7.28-10° M~ 1s~! and kog =100 sfl). As the nanochannel height is two hundred
times lower than its width, a flat velocity profile is obtained for the injected florescent

plug in the x-y plan. As demonstrated in the previous section, apparent diffusion coef-

a) b)
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// Nanoslit
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g
o
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Figure 6.2: (a) Illustration of the flow direction in the nanochannel, in the nanoslit
area and finally ending in the microchannel. The left scheme represents cross-sections
of the nanoslit and the microchannel (not to scale). The flow lines expand laterally in
the nanoslit area. (b) 3D schematic of the nanofluidic system (not to scale) showing
the principle of the simplified model. Flow directions in the nanochannel and in the
nanoslit are illustrated by 3D arrows. In the nanochannel, the flow velocity ug remains
constant, whereas the flow front is expanding in the nanoslit, leading to a decrease of
the average flow velocity u,(z,y).
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ficients of molecules in the nanochannel are much smaller than in bulk diffusion and

consequently, mass transport is primarily convective rather than diffusive.

When the plug front enters the nanoslit located at the end of the nanochannel, it
expands in a “flat half-circle” shape before flowing into the microchannel as illustrated
in figure 6.2. This simplified description of the front profile of the biomolecules is valid
for an infinitely thin nanochannel (w,c — 0) and infinitively long nanoslit (/5 — 00),
which are acceptable approximations in our case. By simplifying the validity of the
equation of continuity %4, from the nanochannel-slit transition, a decrease of the average
flow velocity u, is observed along the semi-circular flow front at the r = (22 + y2)05

position as the biomolecule plug front moves away from the nanochannel:

w

ur (1) & up (6.5)

Tr 4+ w

where ug is the initial flow velocity in the nanochannel and w,,c the nanochannel width.

Integrating equation 6.5 with respect to r gives:

UL (6.6)

C upw Uy

t(r)

Next, I assume that the liquid passing through the nanochannel-nanoslit transition
from the nanochannel has a fixed concentration ¢,c. The output microchannel serves
as a sink, where the concentration of proteins is maintained closed to zero by slow
microchannel flow of pure buffer solution. The concentration profile of the proteins
along the nanochannel and the nanoslit is derived for the three principle cases: (i)
diffusion is the only transport mechanism for proteins, i.e. no flow velocity through the
nanochannel is applied, a steady-state diffusion profile is obtained, which is independent
of the diffusion coefficient; (ii) the diffusion coefficient is null or the velocity in the
nanochannel wug is infinite, then a constant concentration ¢, along the nanochannel
and the nanoslit is obtained; (iii) the intermediate case for finite diffusion coefficient.
The theory developed in section 5.4.2 can be used here. However, another interesting
model of unsteady diffusion in a semi infinite slab was developed by Cussler *? and will

be used here. Finally, the concentration profile ¢(r) in the nanoslit in this last case is:

c(r) =cpc -erf (T:L/Slﬁztr) (6.7)
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where r,g = l,,5/sinf is the distance inside the nanoslit between the channel-slit tran-
sition and the microchannel. @ is the angle between the chosen radial velocity u, and

the lateral velocity u,. erf the error function is defined by:

erf¢ = \37? /OC e~ ds (6.8)

The nanochannel and nanoslit lengths /,,c and [,,s should be designed large enough so
that the biomolecule concentration is close to ¢, when entering the nanoslit. Assuming
an infinite source of biomolecules at concentration ¢, the diffusion profile achieves a

steady-state and equations 6.6 and 6.7 can be combined:

c(r) = eac - erf s (6.9)
VB (B s )

Figure 6.3 illustrates the concentration profile as a function of the distance in the
nanoslit from the nanochannel-slit transition as described by equation 6.9, for different
values of the diffusion coefficient (D; > Do > D3). For a given nanochannel velo-
city ug, large molecules with low diffusion coeflicients take longer to pass through the
nanochannel than small ones with higher diffusion coefficients, resulting in a larger
dispersion distance in the lateral nanoslit. This effect is used to locally measure the

diffusion coeflicients, thus resulting in the formation of protein complexes.

(2]
3
(3]

~~

Proteins concentration c

Diffusion coefficient:
D1> D2> Ds

Distance from nanochannel exit r

Figure 6.3: Steady diffusion of proteins through a 2D nanoslit from the nanochannel
exit (r=0) into the exit microchannel (r=r,g) when a constant fluid velocity wg is
applied. The curves are plotted using equation 6.9 and show that higher diffusion
coefficients decrease the concentration profile.
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6.2.2 Finite element analysis

In order to extract the diffusion coefficient from the experiments, Finite element ana-
lysis was performed with COMSOL Multiphysics using Incompressible Navier-Stokes
physics from the MEMS Module coupled with Convection and Diffusion physics from
the Chemical Engineering Module. A 2D geometry with a thickness of 50nm was used,
creating a shallow channel approximation. All subdomains were assigned a density of
p=1000 kg/m? and a dynamic viscosity of n=0.001 Pa-s. The diffusion coefficient in
the microchannel was set to 107!Y m?/s and consequently the microchannel acted as
a well. An inflow boundary condition with y-velocity is applied to the input of the
nanochannel. No-slip boundary conditions were applied to the walls of the nanoslit
and nanochannel, and outflow boundary conditions were applied to the sides of the
nanoslit as well as to the walls of the microchannel. The input and output boundaries
of the nanochannel had a constant concentration of 14uM, whereas the concentration
in the microchannel was assigned to 0. Insulation conditions were applied to the walls
of the nanoslit, as well as to the sides of the nanochannel. Adapted meshings were
used for the nanoslit, nanochannel and microchannel. The maximum element size for
the nanoslit and the nanochannel was 5-10~7 and 107> for the microchannel, giving
a total of 6373 elements. The UMFPACK linear system was used to solve the prob-
lem as a function of diffusion coefficients and input velocities. The spatial repartition
of concentrations is presented in steady-state conditions in figure 6.4a. It should be
noted that a lateral flow in the microchannel does not influence the flow conditions (¢.e.
the chemical dispersion) within the nanoslit because of a large difference in hydraulic

resistance.

The numerical simulations show that the lateral dispersion in the nanoslit area depends
mainly on two parameters (for a given channel height): (1) the apparent diffusivity of
the molecules (comprising the molecules-surfaces interactions) and (2) the flow speed
in the nanochannel. The distance of dispersion r can be plotted as a function of the
diffusion coefficients for different input velocities, as presented in figure 6.4b. It can
be observed that the lateral dispersion is decreasing at increasing diffusion coefficients.
This behavior is rather counter intuitive at first glance because higher lateral diffusion
should be expected for more diffusive molecules. However, this effect can be easily
explained by the fact that highly diffusive molecules will quickly fall in the adjacent
microchannel (which acts as a sink) whereas low diffusive molecules will follow the
flow lines for longer, which are spreading laterally along the nanoslit. Consequently,

the lateral dispersion increases when flow speed in the nanochannel (i.e. pressure) is
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Figure 6.4: Finite element simulation (a) of the protein concentration repartition
in the nanoslit area after exiting the nanochannel. The boundary conditions are
indicated on the figure. A lateral dispersion, related to the diffusion coefficient of the
molecules, is observed in the nanoslit area. Conditions: ©=130 nm/s, Dapp:8~10*15
m?/s, w,c=10 pm, l,c=7 pm, l,5=3 pm, h=50 nm, p=1000 kg/m3, n=10"2 Pa-s.
(b) Distance of dispersion r as a function of the diffusion coefficient for different values
of the input pressures (i.e. flow velocities). Increased diffusion coefficient decreases
the lateral dispersion.

augmented. Highly diffusive molecules are no longer laterally dispersed in this device
and thus cannot be measured. When molecules having low apparent diffusion coef-
ficients are used, the distance of dispersion is a function of the flow velocity in the
nanochannel, and can be easily detected over a large range of flow velocities. Con-
versely, when molecules have high apparent diffusion coefficients, changes in the lateral
distance of dispersion can only be detected at high nanochannel flow speeds. The
numerical simulations of molecule concentration can then be used to fit experimental
data obtained with fluorescently labeled species and then extract the apparent diffusion

coefficient of the molecule of interest.

6.3 Single-component dispersion experiments
Materials and methods

Figure 3.4a shows a SEM picture of a manufactured device. 10 mM Potassium chlo-
ride (KCl) solutions were prepared at different values of the pH fixed by adding small
amounts of diluted HCl or KOH, in deionized water (18 MQ-cm). An air-pressure re-
gulator (from Bellofram) from -0.8 to 3 bar was used to drive every port in the nanoflu-
idic device. The motion of fluorescently-labeled proteins through the nanochannel was
recorded by a single-photon counting camera connected to a Zeiss Axiovert confocal
microscope. The effects of any disparities in the optical system (lens aberration, filter

quality and lamp intensity fluctuations) were ignored. In this experiment, the same
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fluorescent WGA proteins as in the previous chapter (with Alexa Fluor@® 633 from
Molecular Probes, 38,000 Da of molecular weight and k,;=100 s 1), and fluorescein
molecules (FITC from Sigma-Aldrich, 380 Da of molecular weight and k,f¢>105 s71)
were used. The free diffusion coefficient of WGA proteins in water has been reported by
Munson, et al.®* to be Dwaa pur=7.6 (£0.3)-1071 m?/s, and FITC in same conditions

to be Dprre pur=4.2 (£0.1)-1071% m? /s as reported by Pappaert, et al.'?°.

Results and discussion

A first experiment was performed in order to compare the apparent diffusion of big
molecules (WGA proteins) interacting slightly with surfaces, and small molecules (flu-
orescein dyes) that do not interact with surfaces. Results are shown in figure 6.5a and
figure 6.5¢ respectively for the same flow conditions. The measurements clearly confirm
the expected behavior from the model and the FEM simulation which predicts lateral
dispersion for low diffusive molecules (WGA) and practically no dispersion for highly
diffusive molecules (fluorescein). When a lateral flow is set in the microchannel, the

dispersion in the nanoslit is not changed as shown in figure 6.5b and figure 6.5d.

No flow in the Rincing flow in
(a) microchannel (b) the microchannel
10pum
" —_—
@ [nl/min]
Molecules
with

high koff

(WGA proteins)

Molecules @ [nl/min]
with
very high Koff —
(fluorescein)

Figure 6.5: Video images showing the diffusion of fluorescent species through the
nanochannel, the nanoslit and the microchannel. WGA proteins were pushed in the
nanochannel and no flow was applied at the output microchannel in the case (a), and
a flow of several nl/min in case (b). Proteins (WGA, Dy, ~1071* m?/s, k, ;=100
s™1) are replaced with fluorescein (FITC, Dgpp =107 m? /s, k,pr>10° s71) in case
(c) and (d) under same conditions as (a) and (b).
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Figure 6.6: (a) Plotline representing the experimental normalized intensity of
fluorescently-labeled WGA, measured by the camera at y=1 pm compared with the
simulated value (fitted with Dy G a,app=8-10"1% m?/s). Conditions: Diffusion of cy=2
#M WGA into 10mM KCl and deionized water, pH=7.7, u;,;;=130 nm/s, T=300 K.
(b) Variation of measured lateral dispersion versus the pressure applied to the system.
The continuous curve represents a COMSOL Multiphysics simulation and the dots are
the measurements acquired with the camera in the same conditions. 1 bar of applied
pressure corresponds approximately to a 3 fl/min flow.

Figure 6.6a shows the dispersion profile of ¢co=2 puM fluorescently-labeled protein WGA
in a solution of 10 mM KCI in DI water (pH=7). The plotline is located at 1 pm
from the nanochannel in the y-direction (#=0) and the applied fluid velocity in the
nanochannel is up=130 nm/s. A shutter was used in order to avoid photobleaching of
the dyes. Based on the fitting of experimental data, an apparent diffusion coefficient of
DwGA.app=8.0 (£2)-107 m? /s was obtained in the nanoslit area, which is in the same

order of magnitude as the theoretical value of 2-:107'4 m? /s obtained with equation 6.4.

Alternatively, the lateral dispersion effect can also be used as a measure of the ex-
tremely low flow rate in the nanochannel in steady-state conditions. The mass flow of
solution in the nanochannel is given by the ratio between the pressure variation and
the hydrodynamic resistance of a channel. Figure 6.6b is the measured lateral distance
r of dispersion of cg=2 uM WGA proteins in our previously described nanochannel for
different pressures (i.e. flow rates). Flow rates down to 1 fl/min can be measured with

this device.

6.4 Detecting proteins complex formation
Williams et al.'%° have demonstrated the possibility to detect solute concentration by

measuring diffusion change in a microfluidic T-sensor and Hatch et al.'% have reused

this principle to detect immunobinding. In this section, I exploit the apparent diffusion
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effect and present a protein binding affinity bioassay based on steady-state diffusion in

a nanochannel.

As reported in equation 6.3, when biomolecules enter a nanoslit from an adjacent nano-
channel, they disperse laterally in function of their affinity mainly with surfaces, and
in some conditions as a function of their size. The lateral dispersion is affected by
apparent diffusion of molecules: decreasing apparent diffusion extends lateral disper-
sion because molecules stay longer along their flow line before diffusing into the main
microchannel. This phenomenon is used here to measure protein complex formation,

which changes the molecular adsorption kinetics.

Materials and methods

In this experiment I used fluorescent streptavidin proteins (with Alexa Fluor@® 633
from Molecular Probes, 53 kDa of molecular weight) and biotin-dextran (from Sigma-
Aldrich, 10 kDa of molecular weight) because of their strong affinity (K>10 M~1)167,
WGA was used as a non-specific control protein. PBS solution of pH 7.1 diluted with

deionized water was used as a solution buffer.

Results and discussion

Streptavidin is a protein comparable to WGA protein: they are both similar in size at
around 8 nm, have a similar bulk diffusion coefficient around 107° m?/s, and similar
adsorption kinetic parameters with glass surfaces'%®. As predicted in equation 6.4, the
apparent diffusion coefficient was then assumed to be exclusively proportional to the
desorption constant k,r¢. Each streptavidin molecule has 4 potential sites of affinity
with biotin. So when adding the biotinylated dextran proteins, it forms a streptavidin-
biotin-dextran complex which doubles its size and may change its affinity to surfaces,

and thus its apparent diffusion coefficient.

Figure 6.7 shows fluorescent biomolecules diffusing in the nanoslit area as observed
through a standard fluorescence microscope. First streptavidin proteins were injected
and driven by air pressure until the steady-state diffusion profile observed in figure
6.7a was obtained. Then biotinylated dextran was injected in order to investigate if a
change in the apparent diffusion coefficient occurs. Figure 6.7b shows the steady-state
dispersion profile of the streptavidin-biotin-dextran complex after adding biotinylated
dextran: an increase of fluorescence steady-state diffusion is clearly observed. The

same experiment was reproduced with WGA proteins as non-specific control, instead
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Figure 6.7: Video images showing the steady-state dispersion of fluorescent species
through the nanoslits (wn,c=10 pm, l,,6=10 pm, l,c=20 pm). (a) 2 pM fluorescent
streptavidin proteins were injected in the nanochannels by applying a pressure dif-
ference AP=0.3 bar (corresponding to ©y=120 nm/s) and measured the distance r;
from the exit of the nanochannel to half fluorescence intensity ¢, /2 for 6=45° angle.
(b) 6 uM non-fluorescent biotinylated dextran was added and the increased length o
was measured (at the same AP and ). The experiments are realized in PBS solution
with pH of 7.1.

of biotin-dextran. As expected, there was no significant change in the apparent diffusion

profile.

Plotted in figure 6.8 is the recorded fluorescence intensity in the nanoslit along r before
and after adding the biotin-dextran solution. From the best fits using equation 6.9,
the apparent diffusion coefficients D1=1.6-10"13 m?/s and Dy=8-10"1* m?/s were cal-
culated for streptavidin and the streptavidin-biotin-dextran complex respectively, The
experiment was repeated several times with different flow velocities in the nanochannel.
From these apparent diffusion coefficients, I extracted k, ;¢ values of 770 s~! for strep-
tavidin, respectively 380 s~! for the complex. This decrease of dissociation constant
value means that the complex molecule remains adsorbed on the surface (7gy,r=2.6

ms) twice the time of the streptavidin alone (75, r=1.3 ms).

Figure 6.9 shows the strong difference of the apparent diffusion profile between fluo-
rescent primary proteins alone and fluorescent primary proteins bounded with a corre-
sponding protein complex, is visible over a large range of actuation pressures (from 0.1

to 0.6 bar).

The principle of detecting complexing species in nanoconfinements by differential ap-

parent diffusion rates as described in this section can be applied to a wide range of
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Figure 6.8: Evolution of the concentration profile of proteins with the distance from
nanochannel exit. The measurements were performed on video images with 6=90°, in
the same conditions as figure 6.7. Gray lines represent fluorescent streptavidin proteins
(higher D,,,) diffusion profile and black lines fluorescent streptavidin with biotin-
dextran complex (lower D,,,). Lines represent measurements and dotted lines are
best fits using equation 6.9 with uo=120 nm/s, l,,s=10 um, l,,c=20 pm, D;=1.6-10"13
m?/s and Dy=8-10"1* m?/s.
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Figure 6.9: Measured distances from nanochannel exit to half fluorescence intensity
before (in dark gray) and after (in light gray) adding biotinylated dextran to fluo-
rescent streptavidin diffusing in a nanoslit for different actuation pressure. The error
bars indicate the error of reading when injecting the proteins. Conditions: 6=45°,
Wreo=10 pm, l,s=10 pum, l,,c=20 pm and co=2 uM.
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biomolecules: (i) proteins with high k,zs (not sticky) are particularly well suited as in
the case of WGA proteins, streptavidin or biotinilated dextran. However, for very small
molecules with very high ks, like fluorescein, the flow velocity in the nanochannel u.
should be strongly increased in order to make the dispersion appear. (ii) Biomolecules
with low kosp (very sticky) participate in the decrease of the apparent diffusion co-
efficient value and then the flow velocity in the nanochannel has to be decreased in
order to limit the dispersion effect in the detection spot, depending on the microscope

objective.

6.5 Outlook and conclusions

The possibility to measure the apparent diffusion coefficients of fluorescently labeled
species inside nanofluidic channels by using the dispersion effect in a nanoslit was
demonstrated. Concentration profiles over flow velocity, diffusion coefficients, and po-
sitions were calculated by using a simple flat front model, leading to the prediction
of changes of adsorption time of biomolecules on the nanochannel surfaces. I showed
that molecules with a high apparent diffusion coefficient (molecules with very high
kors) diffuse quickly from the nanochannel into the microchannel through the nanoslit,
whereas molecules with smaller apparent diffusion coefficients (molecules with lower
kopr) follow the fluid flow lines for longer, which results in a larger lateral dispersion
in the nanoslit. I performed measurements with WGA proteins and obtained, under
specific conditions, an apparent diffusion coefficient which is 4 orders of magnitude
lower than the free diffusion coefficient. This novel technique which is a direct and re-
latively simple measurement of the apparent diffusion coefficients inside nanochannels
of well controlled dimensions could also be used as a complexing affinity biosensor.
Fluorescent streptavidin proteins were injected in the system and the concentration
profile was measured for different nanochannel flow velocities. Specific biotinylated
dextran proteins were added and an important increase of the dispersion length was
measured, which was not observed when injecting non-specific wheat germ agglutinin
proteins. This nanofluidic device provides an interesting solution for simple and rapid

measurement of adsorption kinetic changes.
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CHAPTER

7
CONCLUSION AND OUTLOOK

This last chapter summarizes the main achievements presented in the scope of this
thesis. I will come back to the different experiments, such as the protein-surface inter-
action kinetic measurements by electrical detection, by fluorescence correlation spectro-
scopy, and by steady-state dispersion technique. Finally, I will provide insight into
the passive transport of biomolecules in nanoconfined areas and how this offers future

opportunities in biomedical and biological applications.
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7.1 Summary of achievements and recommendations

The main objective of this thesis was to gain a deeper understanding of phenomena
influencing the transport of biomolecules diffusing through nanoconfinements, and in-
deed, new theoretical models describing the diffusive transport of biomolecules were
elaborated and verified experimentally in different environmental conditions. Electri-
cal and optical measurements were performed in order to measure interactions between
the proteins and the nanochannel surfaces, as well as diffusivity of proteins in different
ionic and pH conditions. This research has highlighted novel phenomena that were suc-
cessfully predicted, observed and quantified, but has also opened many novel questions.

The main findings are quickly summarized in this section.

7.1.1 Electrical detection of protein-surface interaction

One of the first achievements of this thesis was the conception of a nanofluidic plat-
form designed for electrically measuring protein adsorption kinetics. Based on fully
integrated on-chip electrodes, this label-free detection method is a very interesting can-
didate for future low-cost industrial analysis devices. The reading of the electrical
impedance, at optimal frequency, has allowed for the verification of two fundamental

regimes acting on the electrical conductance:

e In high ionic strength solutions, electrical conductance is mainly defined by the in-
trinsic conductance of the solution and limited by the nanoconfinement geometry.
Proteins are then obstructing the nanochannels section, and thus participating to

reduce the electrical conductance value;

e In low ionic strength solutions, electrical conductance is mainly defined by the
surface charges of the nanoconfinement. Proteins are still obstructing the nano-
channel section but are also bringing counter-ions inside the nanochannels, which

strongly participate to increase the electrical conductance value.

A simple model for calculating the effect of protein adsorption-desorption on electrical
conductance was elaborated. Based on the measurements of different protein charges

in the different ionic regimes, several important parameters were extracted, such as:

e the adsorption and desorption constants;

e the direct measurement of the kinetics of adsorption and extraction of the time

constant;

100



7.1 Summary of achievements and recommendations

e the effective surface coverage;
e the effective protein concentration;

e the effective surface charge equilibrium.

This technique has shown to have several advantages compared to existing methods,
such as the simplicity of measurement, potential to integrate the detection unit, low
cost of production, suitability for fast multiplexing label-free detection of biomolecules
on-chip and can become a powerful biophysical alternative for surface plasmon reso-
nance devices in determining kinetic and equilibrium constants of molecular interac-
tions. However, only one type of protein has been tested in the scope of this experiment,
it will be of great value to test several different biomolecules in order to confirm that

the theory is valid in all cases.

Another very interesting potential investigation, which is strongly related to the theory
of this chapter, is about pH shift phenomenon in the nanoconfinements. As demon-
strated by Veenhuis et al.'®, a pH shift up to 1.6 pH units may be present in nano-
channels due to the release or uptake of protons from the surface. Future experiments
for characterizing this pH shift would be very useful, especially in low ionic strength
solutions, in order to improve accuracy of the theoretical models. It will also help to

predict effective surface and biomolecule charges inside the electrical double layer.

When measuring low ionic strength solutions, I frequently observed a signal derive that
was a function of the pressure-driven flow in the microchannels. For future experi-
ments, I would recommend to perform differential measurements using a third channel.
As depicted in figure 7.1, the first nanochannel conductance measurement will provide
information of the biomolecular diffusion when the second one will only bring informa-
tion about the change of surface charge with time and flow speed. In this configuration,

the differential measurement is no longer sensitive to the pressure-driven liquid flow.

Coupling a FCS detection system with electrical measurements will also be of great in-
terest to measure simultaneously global and local binding kinetics between biomolecules
and surfaces. With such a method, it would be possible to directly measure and extract
from a solution with unknown ionic and pH conditions all parameters to predict the

effective diffusive transport of the biomolecules of interest.
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Solution Buffer Buffer

containing the solution solution
biomolecules

Nanoslit 1 — Nanoslit 2

Lol

Figure 7.1: Principle of the differential measurement configuration designed to avoid
signal derive due to pressure-driven flow (especially in low ionic strength conditions).
The illustration represents 3 microchannels, linked together by 2 nanoslits. The so-
lution containing the biomolecules is injected in the first microchannel. Z1 measures
the conductance change due to the biomolecules presence in the nanoslit 1, when Z2
is measuring the derive of nanoslit 2 conductance due to liquid flow in microchannels.

7.1.2 Transition between surface-dominated and bulk diffusion regimes

The second main achievement of this work is the coupling of a FCS microscope with
a nanofluidic setup. Based on this powerful tool, hindered diffusion of single charged
proteins through nanochannels was measured and characterized in different ionic and

pH conditions.

From the nanofluidic point of view, these experiments have highlighted:

e new theoretical models for hindered diffusion, taking into account the steric exclu-
sion, the adsorption and desorption of biomolecules on surfaces, and the exclusion-

enrichment effects;

e the presence of different populations of biomolecules (i.e. those which diffuse

without wall interactions, and those which adsorb and desorb once or more);

e evidence of different diffusion regimes occurring from interactions between charged

proteins and the electrical double layer;
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e ionic conditions where charged proteins never interact with surfaces and thus
where their effective diffusion coefficient tends to be the same value as the bulk

diffusion coefficient;

e the biomolecular diffusion profile directly inside the nanochannels, with and with-

out convective flow across the channel.
And from the optic point of view:

e novel autocorrelation functions describing biomolecules diffusing inside highly

confined slits, taking into account the different populations of interacting proteins;

e the possibility to estimate the number of molecules present in the nanoslits for

different ionic regimes;

This technique to predict concentration and interactions of single proteins diffusing in
nanometer slits can be easily used to get a better understanding of on-chip, membranes
separation or proteomic processes. It also supplies new elements of theoretical models
to better understand fundamental nanofluidic physics in order to develop further bio-
medical and biological diagnostics devices. However, further experiments have still to
be performed. For example, testing WGA proteins at pH<pl and pH=pl would verify
the theory for diffusing positively-charged and non-charged biomolecules in nanocon-
finements. Experiments with different types of biomolecules would also be of great
interest for controlling the validity of the diffusion theories elaborated in this thesis.
Changing the nanochannel’s height would also be interesting, especially for testing the

steric effect and the limits of continuum models (h<10 nm).

From the measurements performed in chapter 5, the FCS autocorrelation curves can
be reanalyzed at shorter diffusion times, in order to investigate a potential change of
triplet-state function when the biomolecules are interacting with surfaces or not. It can

bring a deeper understanding on triplet-state physics.

An interesting alternative to FCS is the Total Internal Reflection FCS (TIR-FCS),
which is a technique especially efficient for measuring biomolecules with surface inter-
actions. As depicted in figure 7.2, a laser beam with vacuum wavelength Ag travelling
from a high refractive index medium into a lower refractive index medium is totally
internally reflected at the interface when its incidence angle is greater than the criti-
cal angle, creating an evanescent field that penetrates into the lower refractive index
medium. The measured fluorescence fluctuates with time as biomolecules diffuse into

the volume, bind to surface, desorb, and diffuse out of the volume. These fluorescence
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Figure 7.2: (a) Illustration of the TIR-FCS principle: the nanochannel is mounted
onto an inverted microscope such that the prism is optically coupled with glycerol
to the nanochannel substrate. Internal reflection is generated by focusing a laser
beam through the prism onto the sample and the evanescently excited fluorescence
is collected through the objective. Adapted from Thompson et al.'™. (b) Theoreti-
cally predicted TIF-FCS autocorrelation functions shown for samples with adsorbing
molecules and without any adsorbing molecules. Adapted from Lieto et al.'™

fluctuations are autocorrelated and fit to theoretical expressions to obtain information
about the dynamics at or near the surface. Using this method in nanochannels would
likely improve the differentiation of the different populations of biomolecules interacting

with the surfaces (i.e. the number adsorbed when crossing the measurement volume).

Finally, a very promising emerging detection technology is to use functionalized nanopar-
ticles'™. Unlike fluorophores, nanoparticles are chemically very stable (the emitting
signal does not change in function of pH, for example), they don’t photobleech and
they don’t denature. I am persuaded that nanoparticules smaller than biomolecules
of interest would definitively make them better candidates than fluorophore for single

molecules detection.

7.1.3 Measurement of apparent diffusion coefficient

The FCS experiments have shown evidences of a strongly reduced value of the dif-
fusion coefficients in nanochannels due to the interactions of single proteins with the
surfaces. In chapter 6, a novel concept of a simple nanofluidic device able to measure
the apparent diffusion of fluorescent biomolecules was introduced. A theoretical model
describing the concentration profile of proteins dispersing in a nanoslit was also pre-
sented. Observations showed that the lateral dispersion was increasing at decreasing
diffusion coeflicients, which can appear counterintuitive but can be easily explained by

the fact that highly diffusive molecules diffuse faster and thus quickly join the adjacent
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microchannel. However, low diffusive molecules follow for a longer period the flow lines
which are spreading laterally in the nanoslit. Based on the measurements of this lateral
steady-state dispersion, apparent diffusion coefficient values were obtained that were

four orders of magnitude lower than their values in the bulk.

This very simple technique can be easily integrated in future micro- and nanofluidic
systems for measuring apparent diffusion coefficients of fluorescently-labeled proteins
and thus may help fundamental studies in membranes and separation sciences, for

example.

As for the previous sections, different types of proteins, with different values of disso-
ciation constants ks, should be tested in different conditions in order to confirm the

theory elaborated in chapter 6.

7.1.4 Detection of protein complex formation

The last main achievement of this thesis consists in direct measurements of protein
complex formation using the steady-state dispersion effect. In order to validate the
model experimentally, the increase of fluorescent dispersion profile when adding specific
biotinylated dextran to fluorescent streptavidin was measured in different conditions,
showing that when complexing streptavidin with biotin-dextran, the complex adsorb

longer to surfaces than streptavidin protein alone.

This novel technique is very interesting because of its simplicity to quickly measure
affinity between proteins and between molecules and surfaces. However, it would be
interesting to test different types of molecules in order to observe the opposite effect
(i.e. reduction of the adsorption time). Moreover, in order to verify the theory, the
same experiment with two specific molecules having very high k. could be performed.
In this case, it is expected one would observe a change of lateral dispersion in function

of their size and of the complex size, rather than in function of binding kinetics.

7.2 Future perspectives

What about the future? While some scientists are still trying to identify novel phe-
nomena appearing in nanofluidic systems, others are trying to understand nanofluidics
directly from nature. On the one hand, even if the current microfabrication techno-
logy is very new compared to the nature complexity, it is already possible to fabricate

synthetic ion channels and to simulate the cell biology in well defined conditions!.
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On the other hand, it is also possible to use directly existing biological cell ion chan-
nels'™. Research on nanofluidics is definitively at the crossing of these two scientific

approaches.

Starting from the achievements presented in this thesis, a series of concepts can be
envisioned in order to go forward with nanofluidics. In this section, I will briefly
propose some ideas related to the fabrication, manipulation, design, and finally will

point out some applications that can be considered from this work.

7.2.1 Technical improvements

In a perspective of reducing the size of the optical measurement unit, efforts to integrate
the optical system can be envisaged. In far-term, fabricating light sources, detectors
and/or optics directly on-chip may be the best way to achieve high-sensitivity in an
inexpensive and truly portable fluorescence-based micro- and nanosystem!”™. For ex-
ample, Yang et al.'"® have recently demonstrated that using near-field optical forces to
confine matter inside waveguides, they were able to detect, trap and transport 75-nm
dielectric nanoparticles and A-DNA molecules. Based on a similar system, an interes-
ting alternative to standard FCS unit can be envisaged by coupling optical waveguides
with nanofluidics in order to confine light directly in the nanochannels and to avoid

optical problems such as reflection and transmission losses.

In terms of future micro- and nanofluidic system developments, the current trend is
to maximize the number of functions as well as the channel density. As illustrated in
figure 1.3, Hong and Quake® have realized such a dense microfluidic high-throughput
cell assays device. It contains more than 2,000 integrated valves used for manipulating
256 compartments containing different bacterial cells. Their technical achievement
is really impressive, but one important weak point is that liquid solutions have to be
deposited into different very small cavities, and thus are quite difficult to manipulate for
a human. I am persuaded that for future short-term diagnostic system developments, it
will be worthwhile to realize simpler designs without any top cavities to fill and multiple
functions to control, but rather multiple single very small devices containing integrated
small apertures which will be automatically filled by capillarity when a solution is

deposited onto the devices.
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7.2.2 Biomedical and biological applications

Using the technology presented in this thesis, powerful nanofluidic devices for bio-
medical and biological applications can be designed. In this section, I will briefly

describe applications that will be of great interest for biologists and physicians.

Immunology on-chip

Currently, the enzyme linked immunosorbent assay (ELISA) test is widely used to
evaluate either the presence of an antibody or antigen in a sample. For example, it
is used to test HIV or pregnancy, and in such cases, the labelling of the antibodies is
performed by a fluorescent probe. After the reaction, the antibody-antigen complexes
have to be separated from the free antibodies. The main limitation with this technique

is the incubation time, due to the large diffusion distances that molecules have to travel.

The miniaturization of immunoassay is particularly relevant to diagnostic applications
because the reduction of sample volume is of great importance when only minimal
amounts of samples are available. In addition, immunoassay miniaturization allows the
development of rapid and multiplexed assays that are more sensitive than macroscopic
ones. As highlighted in the outlook of chapter 4, immunology can be performed in
nanochannels. Different kinds of antigens can be attached to surfaces and the solu-
tion containing the antibodies can be injected through the nanochannels. Thus, the
reaction can be measured electrically, optically, or even both to decrease the risk of
wrong or unspecific detection. Such immunological tests can be parallelized and even
multiplexed, but it is needed to modify the fluidic and electrical design, and to adapt
the microfabrication process. Another important aspect to consider in this case is the
complex surface chemistry, in order to deposit locally well-oriented target biomolecules

and immobilize them properly.

Solving DNA puzzles

In 1978, Nathans, Arber and Smith received the Nobel Prize in Medicine for the dis-
covery of restriction enzymes and their application to problems of molecular genetics.
They showed that bacteria are developing restriction enzymes (or restriction endonucle-
ase), which is an enzyme that cuts double-stranded or single stranded DNA at specific
recognition nucleotide sequences in order to provide a defence mechanism against in-

177

vading viruses'‘‘. Inside a bacterial host, the restriction enzymes selectively cut up

foreign DNA in a process called restriction, while the host DNA is methylated by a
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modification enzyme (a methylase) to protect it from the restriction enzyme’s activity.
An example of an application based on this mechanism is the large scale production of

human insulin for diabetics using Escherichia coli bacteria'™®.

Currently, this cutting DNA step is routinely performed in research laboratories by
putting the DNA molecules in a solution containing restriction enzymes. The current
need is to realize the sequencing of the initial DNA strand in order to know the sequence
of the nucleotide before being cut. Currently, the main methods for DNA sequencing
are the Sanger sequencing!™ and the pyrosequencing'®’. A potential alternative was
imagined during a discussion with Prof. Schrenzel from HUG (Hépitaux Universitaires
de Geneve), Prof. Lasser and Prof. Renaud from EPFL. This concept of DNA puzzle

solver based on nanofluidics is shortly explained here.

First, protocols and methods for attaching microbeads at one extremity of a DNA
strand are quite simple and well known '®'. Furthermore, Han et al.5” have successfully
shown the possibility to trap long DNA molecules in nanochannels using an electric field.
So let’s imagine that a fluorescently-labeled DNA strand is trapped in a nanochannel,

maintained inside by a microbead.

Electrode 1

TN P1

Microchannel 1 /

U < <> Nanochannel e

Microchannel 2

| _——Fluorescently-labeled DNA strand

Solution
| —FCS spot containing
enzymes

2 .,z

Electrode 2 /

Figure 7.3: Concept of a nanofluidic system for identifying the order of sequences
of nucleotide constituting the DNA strand before being cut by the restriction enzyme
(top view). First a long DNA strand is attached to a microbead and is introduced in
the nanochannel by the application of an electric field. Then, a solution containing the
restriction enzymes is injected in the second microchannel and in the nanochannel by
an external pressure difference (P> > Py). As the enzymes front advances slowly in the
nanochannel, it cuts the DNA strand into small pieces which are optically identified.
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In figure 1.15, I have shown that the flat front of the injected fluorescently-labelled pro-
teins was very slow due to the strong reduction of the effective diffusion in nanoconfined
areas. Let’s consider here that a solution containing non-charged restriction enzymes
(kosy of the restriction enzyme should be low enough to strongly decrease the apparent
diffusion coefficient, and the pH of the solution must match the pl of the enzymes)
is injected in microchannel 2 and driven by pressure in the nanochannel with a simi-
lar slow front advance (P» > P;). Consequently, the immobilized DNA strand in the
nanochannel will be slowly cut when reacting with the restriction enzymes, and each
cut sequence of nucleotide will cross the FCS spot and may be identified that reading
the change of diffusion (assuming that the different cut sequences diffuse differently),
giving information about the order of the nucleotide sequence initially constituting the

DNA molecule. This scenario is depicted in figure 7.3.

Combine sieving, preconcentration and sensing

As seen in chapter 1, many research groups have successfully demonstrated the pos-
sibility to preconcentrate, sieve and sense different biomolecules, but until now, they
have mainly concentrated their efforts on only one particular function. The next steps
will consist of controlling and mixing all these functions in a single device, to perform
direct manipulation and detection from solutions such as blood, saliva or urine, capable

of performing the Western Blot, for example.

7.3 Concluding remarks

My deep conviction is that nanofluidics holds great promise for biomedical and bio-
logical diagnostics due to its capabilities to increase performance in detecting ultra-low
concentrated solutions, and to decrease significantly the time to results. Even if the
current technology is still very basic, novel models describing the diffusive transport of
proteins have already been successfully elaborated. This thesis contributes to a better

understanding of the biomolecular transport in nanofluidics.

I am persuaded it will be worthwhile to continue putting efforts in nanofluidics research
and development in order to provide clinicians and biologists with the next generation

of lab-on-a-chip for proteomics and diagnostics purposes.
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"Biology is not simply writing information, it is doing something about it. A biological
system can be exceeding small. Many of the cells are very tiny, but they are very
attractive; they manufacture various substances; they walk around; they wiggle; and they
do all kinds of marvelous things, all on a very small scale. Also they store information.
Consider the possibility that we too can make a thing very small which does what we
want, that we can manufacture an object that maneuvers at that level!"

Richard Feynman, 1959
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