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Abstract

Contact-free trapping of nano-objects in solution is of broad interest for many
applications, such as studying of polymer dynamics, detecting molecular reac-
tions or investigating the structure and functionality of large biomolecules,
to name a few. Although several trapping methods have been developed,
stable and high-throughput trapping of individual nanometer-sized objects in
a straightforward manner remain challenging. A powerful method of trap-
ping charged objects smaller than 100 nm and without any external applied
power is geometry-induced electrostatic (GIE) trapping. This method is
based on altering the surface topography of nanofluidic channels that are
charged when exposed to water. The topographically modified surfaces result
in electrostatic potential wells, in which nano-objects can be trapped from
milliseconds to several days, depending on the trap specification and the
buffer solution. Various trapping geometries (e.g., circular pockets and rectan-
gular slits or grids) can be realized using state-of-the-art nanofabrication tools.

This thesis explores the development and use of nanofluidic devices for electro-
static trapping and manipulation of nano-objects, such as gold nanoparticles
(Au NPs) or DNA. For imaging the Au NPs, a home built interferometric
scattering (iISCAT) detection system was used. iSCAT is a label free coherent
optical microscopy technique that significantly increases the signal-to-noise
ratio (SNR) in comparison to other imaging methods that are based on
detecting only the signal scattered by a nano-object.

In detail, using standard silicon-based GIE trapping devices, Au NPs smaller
than 60 nm become difficult to detect using iISCAT microscopy. To overcome
this limitation, trapping devices made from glass substrate are introduced
with a new developed fabrication process. These devices allow imaging of
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Au NPs with an increased contrast and SNR of an order of magnitude using
iSCAT detection, enabling the detection of relatively smaller nanoparticles
and thereby allowing the study of their trapping behavior.

Further, the GIE trapping method is integrated into a microfluidic system
that comes with the key benefits of reduced sample volume, in situ change
of solutions, precise control of solution delivery, and the feasibility to trap
nano-objects along a gradient of e.g. salt or other reactants. Using this
high-throughput screening device, the performance has been quantitatively
analyzed by screening the electrostatic potential along a salt gradient using
60 nm Au NPs as probes in a single experiment. Additionally, the critical salt
concentration for the stability of the colloidal dispersion could be observed.
The advancement of this method sets the ground for a variety of new experi-
ments. As an example, having the possibility to insert and flush the device
with different solutions, functionalization of the nanofluidic channel walls
with positively charged polyelectrolytes was achieved resulting in a reversal
of the walls net charge and thus allowing the trapping of positively charged
Au NPs.

One drawback that makes the development and application of GIE trap-
ping devices made from rigid SiOx materials difficult, is the high cost and
time-consuming nanofabrication in limiting infrastructures such as cleanroom
facilities. Hence, new GIE trapping devices made from the soft material
polydimethylsiloxane (PDMS) are introduced that are fabricated using a
high-throughput and easy handling replica molding process. Stable trapping
of Au NPs down to 60 nm in diameter is demonstrated and potential depths
of up to @ = 24 kgT of circular pockets are experimentally observed that
provide stable trapping for many days. In addition, by taking advantage of
the feature that PDMS is a flexible material, the PDMS devices are elastically
compressed, which results in a reduction of the device channel height and
thus active tuning of trapping strengths and residence times. With this
capability, extremely deep potentials of up to @ ~ 200 kgT are achieved, pro-
viding practically permanent contact-free trapping of individual nano-objects.
Furthermore, the implementation of a 3D PDMS pneumatic valve system
is demonstrated, which makes the devices capable of controlling the trap
stiffnesses and residence times actively as well as trapping and releasing the
nano-objects.

These devices will enable high-throughput trapping of nano-objects for study-
ing their behavior and interactions in aqueous environment. The simple and
low-cost fabrication process and the fact that the chip-based devices do not
need externally applied fields or an elaborate build-up will make them equally
available for research and commercial applications.
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Introduction

In the last decades, single particle and molecule experiments gave exciting
new insights into the behavior, properties, and dynamics of individual nano-
objects because of their ability to directly explore the smallest elements of
nature. This led to fundamental understanding of biological reactions [1-3]
and protein folding kinetics [4], dynamic structural conformation changes of
molecules [5, 6] and to the analysis of single particles in colloid solutions [7]. In
classical ‘bulk’ experiments, the properties and dynamics of many objects are
measured at once and thus result in a mean value of the property measured
as an average over a large molecular ensemble. Studying the fluctuations in
single molecule temporal trajectories provide dynamic and statistical infor-
mation, thereby distributions of values for a given property rather than its
mean value [8-10]. As a result, intermediate reaction steps and properties far
away from the average (extreme cases) become visible that are often hidden
or impossible to capture using conventional methods. Thus, single particle
and molecule experiments are allowing the scientific community to obtain
detailed information about dynamic processes, binding energies, kinetics and
kinematics of objects or object-object interaction in the physical, chemical,
biological, and medical sciences.

The ability to explore these underlying mechanisms was only possible by
the development of a number of novel biophysical methods that can be
broadly separated into two classes: one that allows visualization and detec-
tion of real-time motions of single nano-objects, the other to immobilize and
manipulate them [11, 12].



1. Introduction

The development of novel observation methods, mainly in optical microscopy
[11, 13-15], made the realization of single object measurements possible in
the first place. But, observing a freely diffusing object in solution is limited
by the time the object remains in the excitation volume, which is often in
the range of milliseconds. Many biological reactions, however, happen on
the time scale of several seconds, such as protein-protein interactions [16],
the folding of proteins or the translation of mRNA by ribosomes [9]. As a
consequence, the ability to immobilize nano-objects in fluid environments
and thus achieve longer observation times of the object of interest gained
great importance in various scientific and technology fields. Several trapping
methods have been invented and improved in the last years and are introduced
and discussed in Chapter 2. Each method has its advantages and limitations
and depending on the scientific question and application needed, parameters
such as trapping time, intact or contact-free immobilization, particle sizes
that could be trapped, the ability to manipulate the trapped object or not,
fabrication methods and costs, and required external power should be taken
into account.

This thesis explores the development, characterization, and usage of nanoflu-
idic devices for contact-free trapping and manipulation of charged nano-objects
smaller than 100 nm. The approach relies on the electrostatic repulsion of
nano-objects from charged walls in nanofluidic channels, called geometry
induced electrostatic (GIE) trapping [17]. In these systems, the surface of the
nanochannels are topographically altered resulting in electrostatic potential
wells where the particles can be trapped from milliseconds up to several
hours. For characterizing the performance of the devices and to obtain the
electrostatic potential landscape of the traps, gold nanoparticles (Au NPs)
are used as probes and a label-free optical microscopy system for visualizing
their trajectories, called interferometric scattering detection (iISCAT) [18-20].
This imaging technique is based on the interference between the scattered
light of a particle and a reference beam reflected from a material interface in
the trapping device. It provides significant higher signal-to-noise ratio (SNR)
in comparison to other imaging methods that are based on detecting only the
signal scattered by the nano-object, thus allowing the detection and tracking
of nano-objects with high speed and lateral precision.

The GIE trapping technology demonstrates great potential for trapping
individual objects at nanometer dimensions and thus to analyze and inves-
tigate the building blocks of biological life at the ultimate molecular level.
Analyzing and studying the properties, behavior and interactions of and
between individual nano-objects is of significant interest and need, and will
provide new insights on basic physical phenomenon and chemical reactions.
Further, since many diseases originate from molecular entities, it is important



to understand and detect their malfunctions for both early diagnosis and new
drug discovery and development. However, the high-throughput screening of
individually trapped nano-objects in solutions in a straightforward manner
remains a major challenge. Current nano-object trapping methods are often
limited by a single trap only or by the lack of creating strong enough restoring
forces to confine the nano-object in solution. Additionally they often require
an elaborate build-up, which makes them difficult to use in commercial appli-
cations.

To approach these major objectives in this thesis, new developed GIE trapping
devices are introduced and their performances are quantitatively explored
using Au NPs. First, current silicon-based GIE trapping devices are inves-
tigated from the detection point of view using iSCAT microscopy. In this
context novel devices made from glass substrate are developed that provide
significant higher contrast and SNR imaging of Au NPs of an order of magni-
tude compared to old silicon-based devices. These new glass-based devices
thus allow the detection and studying of smaller nano-objects in solution
and lead to higher tracking accuracy. Then, the GIE trapping technology is
integrated into a microfluidic system for precise control of sample and analyte
solutions and high-throughput screening applications. The application poten-
tial is demonstrated by applying a salt gradient in the nanofluidic trapping
channels, which enables to screen and quantitatively analyze the behavior
of trapped Au NPs along the gradient. The chip-based devices provide a
platform for single particle and molecule studies that can be used with little
effort. However, time consuming and high-end nanofabrication processes to
fabricate the glass- and silicon-based devices restricts the development and
use of the technology. To overcome this limitation, GIE trapping devices
made from soft-lithography replica molding processes are developed for low-
cost, simplified and high-throughput fabrication. Potential depths of up to
@ ~ 200 kgTare achieved using these devices, which provide strong and stable
contact-free trapping of the particles over many days. Finally, a pneumatic
valve system is integrated into the chip that provides manipulation of the
trapped object and the trapping parameters. This system can be used in the
simplest case by a conventional syringe, available in every lab and thus allows
to perform single particle experiments with low expenditure.

Thesis outline and overview

Chapter 2 begins with an overview and background on techniques that are
used for the immobilization and manipulation of nano-objects, including
their state-of-the-art applications and limitations. Then, the main functional
principal of GIE trapping is explained and new developments and applications
that have been achieved with this method are introduced. In the context of
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tracking particles in a fluid environment, the main principal of the iISCAT
detection system is described and the advantages of label-free observation are
discussed and why iSCAT is a good candidate for it. Further it is described,
how particles are generally tracked in two dimensions and how a localization
precision far beyond the diffraction limit can be obtained. In this context, the
motion of a particle in a harmonic potential is described and its correlation
to the trapping strength and mean residence time is explained. The chapter
is completed by a discussion of the influential parameters of a GIE trap and
how they are correlated to the trapping performance.

In Chapter 3, the theory of iSCAT detection for different fluidic systems
is discussed. It is explained, why Au NPs smaller than 60 nm in diameter
become difficult to detect using initial silicon-based GIE trapping devices and
that devices made from glass substrate should lead to the imaging of Au NPs
with significant higher contrast and SNR and thus allowing higher tracking
precision. To confirm this assumption, new GIE trapping devices made from
glass substrate are introduced and a quantitative comparison between par-
ticles in silicon- and glass-based devices is performed. To demonstrate the
functionality of the glass-based devices, stable trapping of 60 nm Au NPs is
demonstrated.

In Chapter 4 it is described how the GIE trapping method can be integrated
into a standard microfluidic system. The advantages of such an integrated
microfluidic system are discussed, such as reduced sample volume, increased
control over the sample concentration, in situ exchange of sample and other
solutions and the ability to create solution gradients of salt, pH or other
reactants. These advantages are demonstrated with the ability to screen the
ionic strength over a salt gradient by quantitatively analyzing the trapping
behavior of Au NPs along this gradient.

In Chapter 5 a new generation of GIE trapping devices made from the
soft material polydimethylsiloxane (PDMS) is introduced. The key bene-
fits from the fabrication point of view of these devices are discussed, such
as high-throughput, low cost and simplified production procedure. Then a
quantitative analysis of the trap performance of the devices is experimentally
performed and compared with numerical simulations. Taking advantage of the
elasticity of the material, it is demonstrated how extremely deep potentials
(e.g., more than 200 kgT) and thus long trapping times can be achieved
by mechanically manipulating the nanofluidic channel heights during the
experiment.



In Chapter 6 the integration of a multilayer 3D-pneumatic PDMS system
is introduced that can be used to rapidly and precisely tune the nanofluidic
channel height using air pressure. Such an implemented feature enhances the
PDMS devices to an entirely and straightforward fabricated chip-based system
for individual trapping and manipulation of nano-objects. Using Au NPs as
probes, the manipulation of the trapping strength over two orders of magni-
tude is achieved by varying the pneumatic chamber pressure. Furthermore by
applying a fast and dynamic change in the pressure chamber, active release
and catch of the Au NPs is demonstrated.

This thesis ends with Chapter 7, a short summary, discussion and outlook of
potential applications and further directions and opportunities of the GIE
trapping technique.






Trapping and tracking of single
nano-objects

2.1. Single particles in fluids

Monitoring the motion and interactions of single nano-objects in solutions
provide the ultimate sensitivity in characterizing their properties and dy-
namics with nanometer dimensions in natural conditions [21]. Technologies
and research based on single particle and molecule experiments provide novel
information in areas spanning from chemistry, physics, material science, bi-
ology, biotechnology and medical sciences [12]. These investigations offer
explicit information on local dynamics, kinematics and conformational changes
in molecules with nanometer precision, present inter- and intra-molecular
forces or provide analysis of net charges of molecules and colloidal particles.
Such single nano-object dynamics and force measurements could be used,
for instance, to study the folding and unfolding of proteins [4, 22-25], the
step-by-step movement of kinesin motorproteins along microtubules [26-29],
the DNA transcription by RNA polymerase [1, 30, 31], conformation changes
in proteins [5, 32, 33], the analysis of net charges of biomolecules [34] or
gold particles [7], binding kinetics of proteins [35-37], or the motion [38] and
orientation [20, 39] of virus particles, to name a few.

Performing single particle and molecule experiments require experimental
designs that allow the visualization of individual objects in the observation
volume. This can be either achieved by performing experiments at very low
concentrations of the objects of interest or by reducing the volume of the
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reaction chamber so that only one or a few objects are in the observed volume.
Nanofludics, defined as the study in fluids of and around nanometer-sized
structures with at least one characteristic dimension below 100 nm, provides
such a platform that deals with pico- to femtoliter volumes. In nanofluidics,
the governing forces scale different compared to those in the macroscopic
world. The dynamics of particles at the nanometer length are affected by
intermolecular forces such as van der Waals and electrostatic forces rather
than gravitational and inertial [40]. Additionally, since the surface-to-volume
ration increases with decreasing dimensions it is high in nanofluidic channels.
Electrostatic interactions of nano-objects with the surface of the channel can
be thus not neglected, since the Debye length, the characteristic length scale
of the electrostatic potential, is on the order of the channel dimension [41].
Additionally, the constant movement of particles in solution is the cumulative
effect of countless collisions with thermal excited solution molecules, called
Brownian motion [42]. It is the major transport process in chemical reactions
and biological life at cellular and subcellular levels. Brownian motion, how-
ever, makes the studying of dynamics and structures of single nano-objects in
fluids challenging. As an example, a particle with a diameter of 60 nm will on
average travel a distance through a focused laser beam of 1 pm within only
150 ms, which limits the observation time and tracking of its motion. One
possibility to overcome this limit is to immobilize the object of interest to a
surface. In such an approach, called tethered-particle motion assay, Schafer
et al. measured the single movement of individual RNA polymerases along
a DNA strand, by immobilizing the RNA polymerase to a glass surface and
monitoring the motion of a 40 nm gold particle attached to the ends of DNA
molecules being transcribed [1]. Such a chemical surface attachment, however,
has to be carried out carefully to avoid denaturation and malfunction of the
immobilized molecules [43].

2.2. Contact-free trapping of particles and molecules in fluids

Another approach is the contact-free trapping of a single object in solution
by suppressing its Brownian motion with energy potential wells that are
deeper than the thermal energy of the object. On average, every particle
has an energy of 1/2 kgT along each translational dimension [42]. But, the
instantaneous velocity of a particle follows a Maxwell-Boltzmann distribu-
tion [44—46], in which the energy of the particle can temporarily considerably
exceed the average value. To compensate for these stochastic kicks, Ashkin
et al. established a rule of thumb, that stable trapping requires a potential
depth of around 10 kg T [47, 48]. To create such energy potentials for trapping
micro- and nanometer-sized objects, several methods have been developed
and improved over the last 30 years. These achievements were possible due



2.2. Contact-free trapping of particles and molecules in fluids

to the development of various new technologies such as nanofabrication, fast
and sensitive electronics, optics, and new optical devices.

One of the most established trapping methods in solution are ”optical tweez-
ers” [49, 50]. In 1970, Ashkin reported on the acceleration of freely suspended
dielectric particles by the forces generated due to the radiation pressure of
a tightly focused laser beam [51]. This work led to the first optical trap
in 1986 [47], where the trapping of particles larger (Mie regime) as well as
smaller (Rayleigh regime) than the wavelength of the laser was demonstrated.
The first three dimensional (3D) tracking of particles in an optical trap was
shown by Bartlett et al. using a high-resolution back-focal-plane quadrant
detector [52]. Several trap geometries, from a single trap to a double trap
and multiple independently controllable trap lattices, were demonstrated
using programmable diffraction optical elements (spatial light modulator) [53].
Since its first report, the optical tweezers method was extensively used in
biological and medical applications, such as force sensing on DNA [54] and
protein molecules [23, 31], refractive index measurements of single virus par-
ticles [55], and the analysis of power generation and motility efficiency of
living parasites [56]. Beyond using optical tweezers as an analyzing method,
it was applied as a manipulation tool to move and relocate trapped objects
to a desired position. This feature was used to sort particles by refractive
index and size in a flow device [57], pattern Au NPs on surfaces with high
precision [58], assembling nanowires in water to build a photonic device [59],
or to move living trypanosomes from fluidic channels into reaction cham-
bers for drug measurements [60]. One major drawback of optical tweezers
is that the restoring force Fres x « |VE| 2 acting on the particle in the
Raleigh regime is proportional to the polarizablility, «, of the trapped objects,
which scales with the third power of the object radius (R?®). In addition,
a vanishes when the material properties of the object and its surrounding
media are similar, which could be the case for many biological entities in
water. Although the trapping of ever smaller objects down to 30 nm in
diameter was demonstrated using optical tweezers [61], large field powers
in the order of hundred mW are needed to create a strong field gradient,
which might lead to photodamage of the specimens [62] or to local heating [63].

Another trapping method that relies on light field gradients uses nanos-
tructures and is called ”plasmonic tweezers” [48, 64]. In this approach, which
was first predicted by Novotny et al. and Martin et al., plasmonic nanostruc-
tures are designed that serve as antennas to efficiently couple propagating
light and thus concentrate and enhance it into highly localized near-fields,
much smaller than the diffraction limit [65, 66]. As a result, using moderate
illumination powers, such structures generate much higher gradient forces and
thus deeper potential wells compared to far-field methods like conventional
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optical tweezers. In one of the first experimental implementations, Righini
et al. demonstrated the trapping of micrometer sized polystyrene beads by
circular gold micro-discs fabricated on a glass slide using a non-focused laser
illumination [67, 68]. They reported that the incident laser intensity needed to
trap the beads was around two orders of magnitude smaller than that required
to trap the same beads using conventional optical tweezers. Additionally,
since the gold structures were significantly smaller than the illumination field,
parallel trapping of several beads were shown on a predefined pattern of struc-
tures. By combining plasmonic and optical tweezers, using gold dimer-disc
structures and a tightly focused laser beam, Grigorenko et al. enhanced the
trapping to subwavelength sized particles (200 nm polystyrene beads) in the
gap of the dimers and demonstrated additionally the ability to move the
particles between gaps of several fabricated dimer patterns [69]. In the last few
years, further new advanced designs of nanostructures extended the capability
to trap ever smaller nanoparticles down to 10 nm in diameter [70] and to
manipulate and move the particles by changing the wavelength or polarization
of the excitation source [71, 72] or the gaps between the nanostructures [73].
However, as for conventional optical tweezers, the restoring force decreases
with the third power of the particle size making the trapping of molecules
difficult. Additionally, although significantly less incident illumination powers
are needed, the coupling of the light by the plasmonic structures creates
strong field gradients and large local intensities that lead to local heating
of the metallic structures and heat dissipation into the surrounding water,
resulting in thermally induced forces or damage of the trapped objects [48,
74]. One concept to overcome this drawback, is the fabrication of plasmonic
tweezers with integrated heat sink structures [75].

Besides optical trapping, another approach is the possibility to use mag-
netic field gradients to trap or exert forces on paramagnetic particles. In
an early work, Smith et al. achieved measurements of the elasticity of single
DNA molecules by attaching one end of the DNA to a glass surface while
monitoring the motion of a micrometer sized magnetic bead attached to the
other end of the DNA [76]. By exerting magnetic or hydrodynamic forces on
the bead using movable permanent magnets and applied flows in a microflu-
idic chamber, the DNA stretching behavior was analyzed. Permanent [77]
or electro-magnets [78] outside the reaction chamber are generally used to
measure the stretching or rotational forces of DNA [77, 78] and RNA [79]
molecules or proteins that act on DNA [80]. A different chip based approach
was developed by Vries et al., fabricating micrometer sized magnetic struc-
tures onto a glass substrate directly in a reaction chamber [81]. Due to large
controllable forces generated by the device, they demonstrated the direct
manipulation of paramagnetic beads with a diameter of 350 nm inside a living
cell [82].
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Variations of electric fields are further physical means that can be used
for stable trapping of charged or dielectric objects. The planar aqueous
Paul trap (PAPT), for instant, uses radio frequency alternating current (ac)
voltages generated by four electrodes in two orthogonal directions to create
potential wells [83]. With such devices, produced by conventional microfabri-
cation methods, single polystyrene beads with negative surface charges and a
diameter of about 500 nm [83] or 100 nm [84] were stably trapped in solution.
The particle fluctuations could be manipulated by adjusting the voltages and
frequencies. A key benefit of PAPT is that the restoring force scales with the
net surface charge (proportional to R?) and mass of the trapped object rather
than with the volume (R?). However, low solution conductivity (low ionic
strength) is preferred for the ac electrophoretic effect in the PAPT to create
sufficiently deep potentials for stable trapping which could make the trapping
of biological entities difficult [83]. Alternatively, dielectrophoresis (DEP) uses
non-uniform electric fields to trap and manipulate dielectric particles in solu-
tion. The electric fields in DEP can be applied by nanofabricated electrodes
on a device surface itself [85] or by photoconductive materials that are excited
with an external light source [86]. Using DEP, Mernier et al. developed a
microfluidic device for sorting living from dead yeast cells [87]. Other single
particle applications showed the trapping of silicon nanowires [86] or even
proteins [85]. Similar to optical trapping methods, the restoring force Fyes
in DEP methods are proportional to the square field gradient and volume of
the particle. A third trap mechanism which relies on an applied electric field
is called the anti-Brownian electrokinetic (ABEL) trap developed by Cohen
and Moerner. In comparison to all other methods introduced so far, the
ABEL trap uses a feedback loop system. The Brownian motion of trapped
fluorescence labeled objects is monitored and analyzed in real time and a
direct current (dc) feedback voltage is applied by four electrodes so that the
electrophoretic drift exactly cancels the Brownian motion [88, 89]. There are
several benefits of this method: (i) it was shown that the trapped particles can
not only be held in place but as well were positioned with nanoscale resolution
in the trap area [88], (ii) since a feedback voltage is applied after each analyzed
frame relative to the position of the trapped object, a pseudo-free trajectory
of the particle can be calculated [89], (iii) the restoring force Fi..s scales with
the net charge of the particle and the stiffness of the trap is dependent on the
feedback loop and thus on the diffusion, which is proportional to the radius
R of the particle and the viscosity of the medium [88]. Thus the ABEL trap
is an example method that could benefit from fast electronics and thus fast
feedback cycles. Several single nano-objects were stably trapped using the
ABEL trap, such as 20 nm polystyrene beads [88], viruses, vesicles and pro-
teins [90]. Further, the method was used to analyze enzymatic [91] properties
of proteins or to determine the diffusion coefficient and electrokinetic mobility
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of proteins in solution [92].

There are several other methods that are used for stable trapping of sin-
gle objects. Acoustic tweezers for instance, using sound waves to create
potential wells, are most commonly used to trap and manipulate micrometer
sized objects [93]. The trapping of red blood cells [94], entire organisms [95]
or Zebrafish eggs [96] were demonstrated and found e.g. application in tissue
imaging. Acoustic tweezers are considered as a non-invasive trapping method
for micrometer sized biological entities such as cells or tissues, since the power
density used, were significant smaller than compared to optical tweezers [95].
However, trapping of nanometer sized objects has not been shown to date.

A trapping method that is independent of the physical and chemical properties
of the trapped object is microfluidic-based hydrodynamic trapping [97, 98].
Such a trap is solely based on hydrodynamic fluid flow in a microfluidic device
with two perpendicular channels. Opposing laminar flow streams converge in
the junction of the channels, which result in a planar extensional flow profile
with a fluid stagnation point in the middle where the velocity is canceled
out. Perkins et al. used the elongation flow profile to explore the coil-stretch
dynamics of individual DNA molecules [97]. Due to the fluid stagnation point,
long observations of several seconds could be achieved of individual DNA
molecules. Using a feedback control algorithm that actively adjusts the fluid
flow of the two opposing flow streams based on real time image acquisition
and tracking of the trapped object, Johnson-Chavarria et al. demonstrated
trapping of 100 nm to 2.2 pm fluorescent polystyrene beads for several minutes
in the stagnation point [98].

As a last example, the trapping and manipulation of objects by controlled tem-
perature fields is another method that might seem counter intuitive at the first
sight. Although temperature is the driving force of the Brownian motion and
higher temperatures would make the trapping in all other introduced methods
more difficult, applied temperature gradients can be used to move objects in
solutions. This method is called thermophoresis [99, 100]. By smart designs,
potential wells were created by temperature gradients using micrometer-sized
electric thermal heater [101] or plasmonic heat structures [102]. Successful
trapping of cells, polystyrene beads down to 500 nm and single DNA molecules
was demonstrated [101, 102].

As introduced, there are various methods for single particle trapping and
depending on the desired object to trap and scientific question to answer,
some are more suitable than others. As a result, before selecting a trapping
method several questions should be answered as for instance: What are the
material properties and size ranges of the trapped objects? Is a single trap or
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multiple trap desired? How long should the objects be confined? Should there
be the possibility of actively manipulating the object or only trap it. Is there
an increased likelihood of heat- or photodamage on the confined particle?
How much external power is needed and how complicated is the build-around
to concentrate the power in the reaction chamber? How much are the material
and fabrication costs to build a trap or devices with integrated traps?

2.3. Theory of geometry-induced electrostatic trapping

This work focuses on devices, that are capable of primarily trapping individual
objects smaller than 100 nm in solutions without the need of any externally
applied fields. The mechanism is based on the electrostatic repulsion between
charged particles and surfaces of nanofluidic channels. This method, called
geometry induced electrostatic (GIE) trapping, was first reported by Krish-
nan et al. in 2010 [17], and over the years, was demonstrated in different
variants [103, 104] and for applications [34, 105] that will be discussed in
more detail in Section 2.4.

2.3.1. Electrostatic forces by induced surface charges

The main driving force for confining objects in GIE trapping devices is based
on electrostatic forces that are generated by induced surface charges in solution
on both the device and object surfaces. Electrostatic forces are classified as
long-range forces. Compared to shorter-range van der Waals forces that are
always attractive between similar objects, electrostatic forces can be repulsive
or attractive, depending on the surface net charge of the particles and device
surface. The charges of such a surface in a fluid can arrive from either
ionization or dissociation of surface groups, or by the adsorption or binding of
charged molecules from solution [40]. The GIE trapping devices are primarily
made from SiO2 substrates such as glass or thermally grown SiO2 from bare
silicon. Typically, at the surface of SiOs-based materials, covalent Si—O-Si
and silanol groups Si—-OH are present as shown in Fig. 2.1A [40, 106, 107].
In contact with water, a fraction of the silanol groups are ionized by the
dissociation of H ions following the equilibrium [108]

SiOH = Si0~ + HY. (2.1)
The resulting surface charge density (o) is given by

where ¢; is the net charge of the ion, given by the product of the valency z;
of the ion and the electron charge e (¢; = z;e), and A is the surface area. For
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the silanol groups in aqueous solution with a surface concentration of I'g;o-
of the dissociated head groups, the surface charge density can be written as

Os = —e€ FSiO* . (23)

The amount of dissociated head groups I'g;o- is dependent on the crystalline
structure of the SiO2 material as well as on the equilibrium between the ions
at the surface and the free counter ions in the bulk solution and thus depends
on the pH and the ionic strength of the solution. For glass in aqueous solution,
os can vary from -0.5 mC/m? at pH = 3 up -50 mC/m? at pH = 9.5 at
a monovalent ionic concentration of the bulk solution of ¢ = 1 mM [107].
However, for the majority of the experiments performed in this work at pH
around 6 and at an ionic concentration of about ¢ = 0.1 mM, o, is in the
order of -1 mC/m?.

A B Stern layer
~= .
dlffuse layer bulk solution

Si
e % @i@ @@:@o
1=
gl —OH % %
I,
1>0 0

— Si—OH —=

: f -g §go #*® . % @ggo

Q 1= I
fl= Sl

L 3o S @33@0 °sf % ®-
=

2 SiZon 8 % °© % ° %
Si—OH ] ° °
SI\O SI\O % %
3> 3> & .
Si—OH Si—0
Si-on 30" ° °
= =
Si—OH Si—OH%> % % L %
Si—OH Si—OH

surface potential

. % solvated cation
Stern potential
zeta potential .
% solvated anion

© solvent molecule

negative potential ¥

distance x

Figure 2.1.: Schematic of a SiO3 surface. B) Structure of the EDL at a negative charged
SiO4 surface in contact with a polar solvent.

Such induced surface charges are then balanced by an equal amount of
counterions (ions with opposite charge) that surround the surface. These
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counterions typically remain mobile close to the surface and are referred
to as the electric double layer (EDL) as shown in Fig. 2.1B. In the EDL,
some of the counterions are in contact to the surface and form a compact
layer at the surface interface called the ”Stern layer” [109]. Others are not
rigidly held, but diffuse around the surface and into the bulk solution due to
thermal motion, forming the so called ”counterion diffuse layer” known as
the Gouy-Chapman model [110, 111]. Beyond this layer, in the bulk solution,
the concentration of counterions and coions is equal. Taking a planar charged
surface in yz-plane, in equilibrium, the ion distribution (number density of
ions) beyond the Stern layer can be described according to the Boltzmann
distribution [40]

(W) = coe *V/FT (2.4)

where cg is the bulk number density of ions, z the valency of the ions (including
the charge sign), e the elementary charge and ¥ the position dependent
electrostatic potential. Combined with the Poisson equation

zec(V) = —e(d* ¥ /d%x), (2.5)

which relates the potential with the charge density, results in the nonlinear
Poisson-Boltzmann (PB) equation

2
d°¥ _ zeco o—2eV/kpT
)

— = 2.6
de € ( )
describing the charge distribution and electrostatic potentials at any point

of . Here € is the dielectric permittivity of the solution.

In other words, the net charge density of the counterions is the highest
at the surface and drops with the distance z as seen in Fig. 2.1B. At a certain
distance away from the surface, the net charge asymptotically reaches 0,
which describes the bulk solution with equally distributed co- and counteri-
ons. For moderate ionic concentration and small potentials, the PB equation
can be linearized with the Debye-Hiickel approximation which describes the
electrostatic potential ¥ as an exponential decay from the surface as [40]

W = Woe "2, (2.7)

where k7! is the characteristic length scale of the potential, called the “Debye
length”, describing the length where the potential has dropped e~! of the
original value and ¥y the surface potential at x = 0. According to the
Grahame equation [40, 112] ¥y is proportional to the surface charge density

o, and the Debye length ™' as

-1
Uy = T (2.8)

€
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where
C 22 1/2
Z 0,i € %5 1 2.9
= = Irl . .
K < . € kgT ) ( )

with co,; the ionic concentration of ions 4 in the bulk solution. Assuming a
monovalent electrolyte (z = 1) at 25°C, such as NaCl in solution, the Debye
length is given by [40]

K= nm, (2.10)

where k71

is in the units of nanometers and co is in molars, M.

Similar to the planar surface, nanoparticles or molecules in water can as
well carry a surface charge by the ionization or dissociation of surface groups.
Negatively charged Au NPs that were primarily used in the experiments of
this work are coated with carboxylic groups that dissociate H' according to
the following equilibrium

COOH = COO™ + H*. (2.11)

The resultant electrostatic potential, and thus the electrostatic repulsion
between the particles in a colloidal solution prevent the particles from forming
aggregations.

2.3.2. Contact-free trapping by geometry-induced electrostatic
potential wells

A 3D graphic of a basic GIE trapping device is shown in Fig. 2.2. It consists
of a SiO2 material (e.g. a SiOs-layer grown on a Si surface as shown in the
figure or an amorphous glass) with a structured surface topography and a
covalently bound cover slip glass [17, 105]. The structured SiO» material is
fabricated by etching nanofluidic channels into the surface using state-of-the-
art nanofabrication tools such as electron beam (e-beam) lithography and
anisotropic reactive ion etching (RIE). The nanofluidic channels are further
tailored with finer indentations, i.e. the nanotraps. Using e-beam lithography
various trap designs and sizes such as circular pockets, rectangular slits, or
grids, can be realized as shown in the 3D graphic of Fig. 2.2. The structured
chips are finally bonded to a cover glass to seal the devices and provide optical
access from underneath. When exposed to water, the walls of the nanofluidic
channels become negatively charged as described earlier. Introduced nega-
tively charged nano-objects become stably confined in the integrated traps
without surface contact and in the absence of any externally applied power
by electrostatic repulsion from the nanofluidic walls.
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cover
glass

Figure 2.2.: Schematic of a GIE trapping device made from a Si-substrate. Nano-objects
are trapped by the fine structures etched into the nanofluidic channels in the SiOzlayer.
The cover glass in the schematic is cut half open for better visualization.

A cross section sketch of a GIE trapping device with the used dimension range
is shown in Fig. 2.3A. The nanofluidic channels have a width of w. = 10 —
30 pm, a height of he = 50 — 200 nm and a length L of several millimeters,
depending on the trapped objects. The finer indentations had a height of
hp = 25 — 100 nm and a width of wp, = 100 — 500 nm. The influence of
the geometric dimensions of the device as well as the ionic concentration of
the solution and the surface charge density of the device and the particle
are discussed later in Section 2.9. The working principle of a GIE trapping
device can be best explained by the simplified model of two negatively charged
parallel surfaces placed next to each other as shown in Fig. 2.3B [105]. The
negative electrostatic potential of each surface in water has an exponential
decay as described by Eq. 2.7. If the two plates are placed far from each
other (case I in Fig. 2.3B), the negative electrostatic potential of each plate
decreases from W at the surface to an asymptotic value of 0 in the midplane
of the two plates. Thus, the experienced electrostatic potential in the middle
of the gap between the two surfaces vanishes. However, if the two plates are
set closer to each other (case II), the two electrostatic potentials start to
overlap. This results in the sum of both exponential functions, forming a local
minimum in the midplane larger than the negative electrostatic potential of
the midplane of case I [41, 113-115]. In GIE trapping, both discussed cases
are integrated into one device as highlighted in Fig. 2.3A. In the nanofluidic
channels, where no traps are implemented, the close top surface of the chip
and bottom surface of the cover glass matches case II. In the area with a
trap, however, both surfaces are further apart from each other, similar to
case I, forming a local energy potential well. As a result, negatively charged
nano-objects in the nanofluidic channel experience a higher repulsion from
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the walls all over the channel (case II) than within the smaller traps (case I).
The nano-objects are thus pushed into these potential wells and trapped for
several milliseconds to days depending on the depth of the created potential
well.
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Figure 2.3.: A) Cross section sketch of a GIE trapping device through two cylindrical
pockets with the typical dimensions used. B) Simplified model explaining the GIE trapping
working principle with two surfaces separated far from each other (case I, non overlapping
potentials) and two surfaces placed closer to each other (case II, superposition of the two
potentials). Both cases are present in the GIE trapping device, which results in potential
wells of depth AW.

As an example to demonstrate the geometry induced creation of potential
wells inside the device, the electrostatic potential energy landscape ¥ per
elementary charge, obtained by solving the nonlinear Poisson-Boltzmann
equation numerically [17] (COMSOL Multiphysics 4.2) of a sample device
with he = 160 nm, wp, = 500 nm and h, = 100 nm, is shown in Fig. 2.4A.
For the simulations, a surface charge density of the device was estimated
from spontaneous ionization in water of about s ~ 3-107% ¢ nm™2 [107] at a
monovalent salt concentration of ¢ = 0.1 mM according to experimental data.
The extraction of the energy potential of a point charge along the z-axis at
the middle of the trap at the position » = 0 nm (blue) and outside the trap
at 7 = 400 nm (green) is shown in Fig. 2.4B. This extraction is equivalent to
the simplified model demonstrated in Fig. 2.3. The corresponding extraction
of the electrostatic potential energy of a point charge of -1 e as a function
of r along the axial energy minimum (black dashed line in Fig. 2.4A) is
shown in Fig. 2.4C. Here, the energy difference between the midplane of the
nanofluidic channel outside the pocket at 7 = 400 nm (light red) and the
minimum potential at the center 7 = 0 nm of the pocket (dark red) reaches
a value of AV = U, —400,min — Vr=0,min = 0.095 k7. As a result, assuming
a 80 nm Au NP as a point charge inside the trap, carrying a net charge of
q ~ -168 e (experimental data), potential depths of AQ = gAY ~ 16 kgT
can be achieved as seen in Fig. 2.4D, which is sufficiently larger than the
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average thermal energy of a particle of 1/2 kg7 in one dimensional translation
and higher than the required 10 kg7 suggested by Ashkin et al. for stable
trapping [47].
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Figure 2.4.: A) 2D eclectrostatic energy landscape of a circular trap ¥ per elementary
charge e with the dimensions of h. = 160 nm, w, = 500 nm and h, = 100 nm obtained
by numerically solving the nonlinear Poisson-Boltzmann equation. B) Extraction of the
energy potential from A) along z at the middle of the trap at the position » = 0 nm
(blue) and outside the trap at » = 400 nm (green). C) Extraction of the energy potential
from A) along r at zmin. D) Energy potential along r at zmin multiplied with a point
charge of ¢ ~ -168 e (equivalent to a Au NP with diameter 80 nm) results in a potential
well with a depth of AQ = gAY ~ 16 kT.

The simplified model with the two plates explaining the GIE trapping principle
and assuming a point charge for the particle to simulate the electrostatic
potential energy landscape gives a good estimate of the potential depth for
the case that the diameter d of the particle is substantially smaller than
the nanofluidic channel height h.. However, for larger particles or smaller
channel heights, the finite particle size has to be taken into account to fully
understand the characteristics of the trap. Krishnan introduced a model for
simulating the electrostatic free energy Fe of the total system including the

19



2. Trapping and tracking of single nano-objects

particle as [116]
Fu=Us —TAS | (2.12)

where U, is the sum of all electrostatic field energies (including the particle)
in the system and AS is the change in entropy of mixing a dilute solution of
charges. The corresponding potential depths were obtained by sweeping the
particle from the center to the outside of the trap and calculating the total free
energy of the system for each position. Using this model, the importance of
the counterion entropy and particle size was demonstrated by simulating that
even uncharged particles might be trapped within potential depths > 10 kg7,
if the normalized particle diameter d/h. is larger than about 0.6. [116] This
phenomenon was explained by the repelling of the particle from the nanofluidic
channel into the trap caused by the counterion entropy of the nanofluidic
channel walls. This so called ”entropic trap” was used by Reisner et al. to
study the diffusive behavior and correlated fluctuations of DNA molecules
between two or more nanofluidic traps at higher salt concentrations [117-119].

2.4. Geometry-induced electrostatic trapping - developments
and applications

GIE trapping has evolved to be used for stable trapping of single Au NPs [7,
17, 120], polystyrene beads [17], lipid vesicles [17], as well as for angular
dependent trapping of silver nanorods in slit like trap geometries [121]. Using
these nanorods, binary switching was demonstrated in T-shaped traps with
the help of an external applied electric or optical field, which might mark
the first step towards digital colloidal information storage applications [122].
Furthermore, by combining experimental data with numerical simulations,
Mojarad et al. determined the charge and size of single gold nanoparticles in
solution by studying the motion and contrast fluctuations of the particles in the
traps [7]. Analyzing trapping and escaping events of individual proteins and
short DNA molecules, Ruggeri et al. measured the net charge of the molecules,
which demonstrated a first biological application using GIE trapping [34].
Using single trapped silica particles Kokot et al. measured the electrical
charge of SiO2 surfaces in different polar and nonpolar solvents. They found
that even in nonpolar media, electrostatic trapping is achievable. Beside
the chip-based realization, electrostatic trapping was further developed as a
tweezer equivalent, called scanning-aperture trapping, using a nanopipette
approaching close to a glass surface to form an electrostatic potential well [103].
The key advantage of this method is the 3D scanning capability and thus
the possibility of altering the trap potential depth during the experiment by
approaching or releasing the nanopipette closer to or further away from the
glass surface. However, this approach is limited to a single trap only and a
more complex experimental setup. The ability to manipulate and tune the
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nanofluidic channel height during the experiment in a chip-based approach
can be realized with flexible materials as explained in Chapter 5. Combining
the GIE trapping method with integrated microfluidic systems (see Chapter 4)
led to the trapping and screening of Au NPs along a salt gradient, which
might be used for sensing ionic solutions or high-throughput screening over a
range of reactant concentrations on trapped particles or biomolecules [124].
With these integrated microfluidic systems, charge-reversal of the nanofluidic
channel and trap walls was realized by coating the channels with positively
charged polyelectrolytes, resulting in the trapping of positively charged gold
nanoparticles down to 60 nm in diameter [125].

2.5. Tracking of particles and molecules in fluids

The tracking of lateral and spatial movements of objects such as particles,
molecules or viruses through cells, along and across membranes or polymer fila-
ments such as DNA or microtubules can be obtained by detecting the position
of the object in each acquired image frame. Such single particle tracking mea-
surements were realized with nanometer localization far below the diffraction
limit of the microscope by fitting the intensity distribution that appears for
a spherical imaged object as the point spread function (PSF) (see Section 2.7).

Fluorescence microscopy is a standard way of real-time single object tracking
where the object of interest is labeled with a single or multiple chemical
fluorophore(s) [11]. The red-shifted emission of the fluorophore is filtered from
the incident light which provides high SNR detection. One of the first works
on imaging single fluorescent molecules in aqueous solution was demonstrated
by Funatsu et al., observing ATP turnovers of a single fluorescent labeled
molecular motor protein, myosin, or tracking the movement of single kinesin
molecules along a microtubule [126, 127]. Nowadays, several fluorescence-
based techniques such as confocal fluorescence microscopy, total internal
reflection fluorescence microscopy, fluorescence correlation spectroscopy, or
super resolution microscopy are available and have their advantages and
limitations based on their experimental applications like time resolution,
observation volume or SNR [14, 128]. However, despite achievements in
fluorescence dyes and antifadent solutions (solutions, that reduce the photo-
bleaching of fluorescence dyes), the observation based on fluorescent labeled
objects has its own limitations such as photobleaching, temporary fluorescence
blinking at fast acquisition rates or unwanted autofluorescence of background
specimens [11, 128, 129]. The ability to only view the fluorescent labeled
object could be another limitation depending on the scientific question when
other background objects are of interest.
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Fluorescence recovery after photobleaching (FRAP) provides an alterna-
tive approach by recording the recovery of fluorescence intensity of fluorescent
labeled objects diffusing into an area that was previously photobleached with
high intensity light. Although in most studies FRAP was so far not used as a
single molecule detection method, Mudumbi et al. demonstrated the deter-
mination of distribution and translocation rates of single nuclear envelope
transmembrane proteins in the nuclear envelope using a single-point FRAP
microscopy technique [130]. The limit of photobleaching and photoblinking
of single fluorophore labeled objects can be further bypassed by analysing un-
labeled objects in a fluorescent surrounding media, called inverse-fluorescence
correlation spectroscopy (iFCS) [131]. Using iFCS and apertures of 100 nm
diameter etched into a thin gold film that result in zeptoliter observation
chambers, the volume, concentration and mobility analysis of single label-free
protein molecules and nanoparticles was demonstrated [132].

Apart from fluorescence-based microscopy techniques, methods based on
elastic light scattering have the advantage of directly observing label-free
nano-objects. For nano-objects that are small compared to the wavelength
(d << A) of the incident light field Ej, the scattered field Es at the detector
is given by Fs = sF;, where s = |s|e’? scales with the polarizability « of the
particle [15, 18],

7d ey (V) = em (V)

s = ma) = mem () 5= 50 )

(2.13)
with the complex dielectric constants of the particle ¢, () and the medium
€m (A), the constant 7 that takes the detection efficiency of the experimental
setup into account and ¢ the scattering phase. The measured intensity at
the detector is thus given by [15]

Liet = |Bv + Eo|® = |Ei|*{0° + |s|® —2b|s| sine} (2.14)

with the background field E}, = bE; and the background intensity |Ey|*. Meth-
ods based on elastic light scattering normally try to cancel the background
b as much as possible to obtain a purely scattered signal of the nano-object
at the detector described by the term in Eq. 2.14 of |E;|? |s|2. This can be
achieved by experimental setups such as scanning near-field optical microscopy
(SNOM), dark-field microscopy or total internal reflection microscopy. Imag-
ing nanometer-sized objects using light scattering was demonstrated mainly
for metallic particles. Sugiura et al., e.g., reported on the detection of 40 nm
Au NPs attached to a cover glass using a SNOM approach [133] whereas
Sonnichsen et al. reported on the detection of 68 nm gold disc fabricated
on a glass substrate using total internal reflection microscopy [134]. Since
metallic nanoparticles do not photobleach, Schultz et al. suggested using
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them as biomarkers and thus replace or complement the methods based on
fluorescence labeled biomolecules [135]. They demonstrated the detection of
antibody coated silver nanoparticles using a dark-field microscopy on chicken
muscles. Additionally they found different detected colors of the nanoparticles
depending on their size and shape due to different plasmon resonances. How-
ever since the pure scattering signal scales with d° (see Eq. 2.13 and 2.14), the
fast and precise tracking and detection of nano-objects smaller than 40 nm
remains challenging since the scattered signal quickly vanishes in the noise of
the background intensity if the object size decreases [15].

2.6. Interferometric scattering (iSCAT) detection

To overcome this limit, a new method was introduced using a focused laser
beam and an interferometric detection scheme, called interferometric scat-
tering detection (iISCAT) [15, 18-20]. This technique takes advantage of
the background field Ey rather than eliminating it. The basic principle is
seen in Fig. 2.5A. It is based on the interference between the scattered light
of the object Es = sE; and a reference beam E, = rE; that is partially
reflected at the glass/water interface from the incident beam. The total field
at the detector Eget is given by the sum of the scattered and reflected fields,
Eaet = E: + Es. The corresponding intensity I4e; can be written as [18]

Liev o< |Er+ Eo|® = |Ei|*{r’ + |s|® —2r|s| sinep} . (2.15)

Here, the first term proportional to r2, represents the background intensity,
which, in the case of a Au NP on the glass surface, originates mainly from the
reflected beam at the glass/water interface. For the case of an Au NP in a
GIE trapping device see Chapter 3. The second term in Eq. 2.15, proportional
to |s] 2, is the pure scattering which drops by d®. The last term however,
2r |s| sin ¢, represents the interference of the reflected and the scattered field
and decreases with d*. Since the reflected field at the glass/water interface is
constant for a fixed illumination, the contrast K can be defined as

Kaer = ‘Edet/Er‘ 27 (216)
which, combined with Eq. 2.15, leads to

|Ei|2{7'2Jr |s| 2 — 23| sinp} 14 |s| _2r]s| sincp'

K. =
det |E1 ‘ 27"2 7”2 7-2

(2.17)

For large particles, or strong scatterers, the scatter and interference terms
compete and with increasing particle diameter, the pure scattering signal
dominates. However, for small particles, assuming r» >> s, the pure scattering
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2. Trapping and tracking of single nano-objects

term can be neglected, which results in a pure interferometric detection as [15]

2r |s| sin g

Kget = 1 — (2.18)

2
When decreasing the object size, the interferometric term decays much slower
(d?) as opposed for the pure scattering term (d°) thus providing the advantage
of detecting and tracking very small particles using iISCAT. An example iSCAT
image of 60 nm Au NPs trapped in wp, = 100 nm pockets is shown in Fig. 2.5B.
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Figure 2.5.: A) Schematic of a particle detected by iSCAT at a glass/water interface
showing the path of the incident beam E; and the two competing fields scattered from
the nano-object Es and reflected at the glass/water interface E,. B) Example iSCAT
image of 60 nm Au NPs trapped in w, = 100 nm pockets. Scale bar: 3 pm.

iSCAT detection was frequently used in the last years to detect label-free
metallic nanoparticles and even biomaterials. In a first work, Lindfors et al.
detected fixed 5 nm Au NPs on a glass substrate at a glass/oil interface using
a supercontinuum white light source [18]. Jacobsen et al. extended this work
by demonstrating the detection of fixed Au NPs at a glass/water interface
down to 5 nm using confocal scanning iSCAT. Krishnan et al. implemented
a laser scanning system based on acousto-optic deflectors (AODs) which
provided high acquisition rates of up to 1kHz [17]. They used the system
to track 80 nm and 100 nm Au NPs in GIE trapping devices. Because of
the additional high sensitivity of iSCAT in the phase difference between the
reference and scattered beam and the consequential contrast change in axial
movements of the particles they demonstrated 3D tracking with less than
5 nm localization accuracy [17, 120]. The high speed imaging and localization
precision resulted in the application of measuring the net charge and size of
100 nm gold particles in electrostatic traps [7]. Furthermore, Tae Kim et al.
demonstrated the tracking of Au NPs down to 10 nm as well contact-less
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2.7. Two-dimensional sub-diffraction localization

confined in an electrostatic trap [103]. By taking advantage of the high axial
sensitivity, Fringes et al. used iSCAT to measure the confinement gap distance
between two surfaces with nanometer accuracy and simultaneously studied
the confinement dependent behavior and diffusion of nanoparticles [104, 136].
The first concrete biological application of iSCAT for single molecule track-
ing was shown by Kukura et al. [20]. They used a combination of iSCAT
and fluorescence microscopy and thereby could simultaneously detect the
fluorescence signal of a quantum-dot labeled to one position of the virus
and its center of mass by iSCAT. In this way it was possible to track the
position and orientation of the virus moving along a lipid bilayer. Further
single biomolecule detections using iISCAT were demonstrated by Andrecka
et al. by directly observing label-free single microtubules and tracking their
stepwise 8 nm motion driven by surface-bound kinesin molecules [29]. More
recently, Ortega Arroyo et al. imaged individual unlabeled actin filaments and
single unlabeled myosin molecules traveling along the actin filaments [137].
By tracking the motion of the single myosin molecules the velocities were
analyzed depending on the ATP concentration in the solution.

These studies show the tremendous potential of iSCAT for high sensitiv-
ity detection and fast imaging with high localization precision of metallic
nanoparticles as well as direct label-free detection of biological entities. In this
work, mainly iISCAT detection equipped with a A = 532 nm solid state laser
and Au NPs as probes are used to characterize the performance of the GIE
trapping devices (see Appendix A for details of our system). Au NPs are the
prime choice for analyzing the trap performance. They provide high scattering
signals due to the strong plasmon resonance peak in the wavelength range of
A = 530 — 550 nm, they are photochemically stable and commercially available
in sizes ranging from 2 nm to several hundred nanometers (BBI Solutions,
UK). Further, Au NPs can be functionalized with different coatings resulting
in positive or negative surface charges and are available in polar and non-polar
media. In this study, negatively charged Au NPs carry carboxylic groups
(COOH = COO™ +HT") whereas positively charged Au NPs are functionalized
with branched polyethyleneimine (NHz + H2O = NHI 4+ OH™).

2.7. Two-dimensional sub-diffraction localization

In conventional optical microscopy, the spatial resolution is limited by the
diffraction. The intensity distribution of a spherical object smaller than
that limit thus appears as a point spread function (PSF), which has an
Airy disc shape as seen in Fig. 2.6A [11, 138]. The width of the PSF can
be approximated as A\/[2(NA)], with the wavelength A and the numerical
aperture NA of the objective [11]. For the setup used in this work, with a
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laser wavelength of A = 532 nm and a NA of the oil objective of 1.3, this
width is about 200 nm. Two objects separated less than this distance are
thus not resolvable. However, for objects that are separated larger than this
distance, sub-diffraction localization can be realized by finding the center of
the PSF [139]. The central maximum of the PSF contains 85% of the signal as
seen in Fig. 2.6A [11] and can be thus fitted with a Gaussian function which
turned out to be a good algorithm in terms of both accuracy and precision,
as [140]

I(z,y) = g + I exp{; {(m Uxx‘))z + (yayyof} } (2.19)

with the background Intensity Ipg, the amplitude I, and the widths in both
directions ox and oy of the Gaussian function. xo and yo define the Gaussian
center and thus result in the local position of the imaged objects.
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Figure 2.6.: A) Calculated two dimensional Airy pattern of a diffraction-limited object.
The first ring of the Airy disc is already difficult to observe. B) 3D representation of the
iSCAT image in Fig. 2.5B highlighting the point spread function (PSF) of the 60 nm
Au NPs as sharp peaks. C) 2D Gaussian fit of one particle to obtain the center of the
PSF for sub-diffraction localization.

The PSF on the image detector however, does not appear as perfect as in
Fig. 2.6A. In reality, the intensity signal of the object is distributed over
separated pixels and overlaid with the background noise of the system. Such
a real image and the corresponding Gaussian fit can be seen in Fig. 2.6B
and C. The localization accuracy dxo and dyo for a Gaussian fit on images
with a pixel size a, a total number N of collected photons in the PSF and an
estimated r.m.s noise b, was derived by Thompson et al. as [139]

o2 a? 8moib?
5x0_\/<N+ v o ) (2.20)
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This equations points out that the localization accuracy highly depends on
the SNR of the system and that a high SNR is required for precise tracking.
The SNR for the GIE trapping systems combined with iSCAT detection is
depended on the particles size and the material used to fabricate the devices
(see Chapter 3 and 5). The localization accuracy for the different systems
and particle sizes were analyzed and can be found in Appendix A.

2.8. Diffusion in a harmonic potential

To characterize the performance of the devices such as trapping strength,
trapping time and potential depth, the motion of the particles in two dimen-
sions is tracked between each acquired frame, which results in the trajectories
of the particles. The diffusive motion of an object in solution is described by
the mean-square displacement (MSD) < [Az(At)]? > in each direction z, y
and z. For a freely diffusing object, the MSD is linearly proportional to the
lag time At and the diffusion coefficient D and e.g. in direction = (MSDy) is
defined as

< [Az(At)]? >= 2DAt (2.21)

and for the two dimensional case (MSD;)
< [Ar(AY]? > = < [Az(AD)]? > + < [Ay(At)])® > = 4DAt.  (2.22)

The diffusion coefficient D describes the mobility of the object and is specific
for its size and shape and surrounding media. It is defined for a spherical
particle in liquid by the Stokes-Einstein-equation as [42]

kT

D= oo g (2.23)

where 7 is the dynamic viscosity of the liquid and d the diameter of the
particle. For a confined particle in a trap however, the diffusion is restricted
to an area defining the edges of the confinement. The MSD, thus reaches a
plateau < [A7]% > for large lag times which can be modeled as [141]

4DAt
Ar(At) >=<[Ar]p > (1-A —Ap— 2.24
<lar(anf >=< [arfp > (1- A eop | —e—omo ). 220
with the fit parameters A; and As. In a harmonic potential, such as induced
by traps realized in this project, this plateau of the MSD, is correlated to the
radial stiffness k; (the strength of particle confinement) of the trap given by:

4 kgT
Ky

The analysis of the trap stiffness k, provides an important value of under-
standing the lateral trap behavior of the devices. It is dependent on key

< [Ar]) >= : (2.25)
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parameters such as ionic strength of the solution, particle and surface charge
density and of the trap and nanofluidic geometries.

In addition to the stiffness k,, two more parameters are important in describ-
ing the potential landscape of the traps: (i) the mean residence time 7k,
known as the Kramers time and defined as the average time a particle dwells
inside a trap before escaping and (ii) the potential depth @ of the trap. For
a harmonic potential, the Kramers time and the potential depth are related
as [142, 143]

_Q
TK &2 7R eFBT (2.26)

where 7R is the relaxation time in the potential well (the time a non-trapped
particle would take to freely diffuse across a distance corresponding to the
width of the potential well). The Kramers time 7k can be determined by
recording the trapping and escaping events of many particles which results in
a residence time probability distribution as a function of residence time 7 of
the form .

p(r) =Ae™x. (2.27)

The relaxation time 7r in a harmonic potential is related to the trap stiffness
k. and the diffusion coefficients D of the particles as [7, 144]

_ keT
T Dk

(2.28)

TR
To obtain the potential depths @ of the traps and thus answer the question

of stable trapping (Q > ksT), both k. and Tk are needed which can be
experimentally measured.
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2.9. Influential device parameters on the trap performance

The trapping stiffness and residence time of the object depend on key parame-
ters such as the ionic concentration of the buffer solution ¢, the surface charge
density of the nanofluidic walls o5 and object op, the size of the object d, the
nanofluidic channel height A, and the width wp, and depth h, of the trap.
These parameters can be tuned to obtain an optimized trapping behavior for
a known object property or pushed to the limits for trapping ever smaller
objects. However, if these parameters are known and kept constant in the
system, the GIE trapping devices can be used as sensitive sensors to examine
unknown parameters such as the size and charge of the trapped objects [7,
34], the ionic concentration of the buffer solution or the electric charge of the
device surface or object [123]. This can be either achieved with the help of
numerical simulations or by fully testing the benchmarks of the system with
known parameters in advance.

Figure 2.7.: Schematic of the
w. parameters that influence the
trap performance. The ionic con-

0. centration of the buffer solution
|¢hp S | co, the surface charge density of

A the nanofluidic walls o5 and ob-

buffel' O_@ h ject op, the size of the object d,
CO p c the nanofluidic channel height h.

v and the width wy and depth hj

of the trap.

lonic concentration of the buffer solution

The electrostatic potential near the charged device and object surface in
solution decays exponentially with the Debye length (see Eq. 2.8). The Debye
length is proportional to the ionic concentration of the buffer solution as
1/+/co (see Eq. 2.9). Thus, increasing the concentration of ions in the solution
leads to a screening of the surface charges, which weakens the trap stiffness
and reduces the trapping time of the particles. The calculated Debye length
(where the electrostatic potential has dropped e~1 of the original value) for
different concentrations of monovalent salt solutions is presented in Tab. 2.1.
For a 0.1 mM monovalent salt concentration, which was mainly used in this
work, the Debye length is on the order of 30 nm. At this concentration, strong
and stable trapping was observed. However, biological conditions start at
a salt concentration of about 30 mM where the Debye length has dropped
to only about 2 nm. Achieving stable trapping at these conditions requires
devices with low nanofluidic channels heights h. or an increased surface charge
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density os. The influence of different ionic strength solutions on the trapping
stiffness and trapping time is demonstrated in Chapter 4. New GIE trapping
devices with a tunable channel height that could be used to trap in higher
salt concentrations are introduced in Chapter 5.

Co k1

100 M 30 nm
1 mM 10 nm
10 mM 3 nm
30 mM 1.8 nm
100 mM | 1 nm
1M 0.3 nm

Table 2.1.: Debye length for different monovalent salt concentrations

Surface charge density of the nanofluidic walls

According to the Debye-Hiickel (Eq. 2.7) and Grahame equation (Eq. 2.8), the
electrostatic potential is linearly proportional to the surface charge density os.
Hence, increasing os of the nanofluidic channels leads to a stronger trapping
and longer residence times of the trapped objects. This can be achieved by
treating the surface chemically using NaOH and HCI solution [106] or by the
adsorption of multilayer of charged molecules such as polyelectrolytes [145—
148]. Further, modifying the surface with only one positive layer leads to a
charge reversal and thus the ability to trap positively charged objects [125].

Size and surface charge density of the object

Similar to og, an increased surface charge density of the trapped object oy,
results in a higher net charge of the object and thus stronger trapping and
longer trapping times. If o}, of an object is constant, larger objects are trapped
stronger and longer due to a higher net charge and closer distance to the
nanofluidic channel walls which leads to a higher repulsion of the walls of
the channel and thus deeper potential. This behavior is demonstrated and
discussed in Chapter 5.

Nanofluidic channel height

The nanofluidic channel height h. is the prime geometrical design parameter
to tune the trapping strength for smaller particles and, if changeable, to
manipulate the device performance during the experiment [103]. As demon-
strated in the model of two separated surfaces in Fig. 2.3, decreasing h.
results in deeper potential wells () and thus longer residence times according

30



2.9. Influential device parameters on the trap performance

to Eq. 2.26. Further, it renders the trap to a narrower potential and thus
confines the particle stronger as will be described and discussed in Chapter 5
and 6.

Trap geometry

The width w, and depth hy of the trap are parameters that are set during
the fabrication of the devices and can not be changed during the experiment.
However, since in the chip-based approach of electrostatic trapping several
millimeter long nanofluidic channels are typically implemented, lattices of
thousands different trap designs, especially different trap widths, can be
fabricated within one device. For a circular trap design, increasing wy leads
to a deeper potential, up to a certain limit of w, ~ hc where a plateau of the
potential is reached (see Chapter 5), and thus longer trapping times of the
object. On the other hand, a larger width weakens the trap stiffness, which
confines the object less and increases the probability that multiple objects
enter the trap. A key benefit of chip-based GIE trapping devices is that the
shape of the trap is not limited to circular pockets. Instead, rectangular
shapes are possible, which leads to the angular trapping and manipulation of
nanorods [121], or long slits or grids, which can be interesting for the direct
observation of particle diffusion in 1D and 2D systems (see Chapter 7).

The trap depth hp is another important trap parameter to set. Increas-
ing the h results in deeper potentials and thus longer trapping times as well
as stronger confinement of the objects. However, there is an upper limit of
roughly h, ~ wp, where a deeper trap does not significantly influence the
potential landscape anymore. Even if the trap would have an open end as
described by Tae Kim et al., which used a nanopipette as trap, the potential
depth would remain static at about this limit [103]. As a result, h; is often
a trade-off between the different shapes and widths of the fabricated traps,
since it is set during the RIE etching process and thus for each chip uniform
indifferent of the trap type. As a rule of thumb, a trap depth of h, = h./2
was found to give the best trapping results for many trap shapes and sizes.
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3. Glass-based geometry-induced electrostatic trapping devices for improved
scattering contrast imaging of nano-objects

Abstract

Trapping of micro- and nano-objects in solution is of great scientific interest
in various fields. One method of trapping and detecting objects smaller
than 100 nm is the combination of geometry-induced electrostatic (GIE)
trapping devices and interferometric scattering detection (iISCAT). In GIE
trapping, charged nano-objects are confined in a nanofluidic system that
hosts topographically modified surfaces, resulting in electrostatic potential
wells. We observe optical limits of detecting gold nanoparticles smaller than
60 nm because of the high reflection of the strong background signal in
current silicon-based GIE trapping chips. The high reflection rapidly leads to
overexposure of the camera detector and thus limits the incident laser power.
In this work, we introduce new functional geometry-induced electrostatic
devices fabricated from glass substrates. Due to the reduced reflection at the
water-glass interface compared to the silicon-based devices, higher incident
laser power can be used to image the nano-objects resulting in higher contrast
as well as signal-to-noise ratios (SNR) of the gold nanoparticles. Using
glass-based GIE trapping devices, significant SNR increases are achieved in
comparison to that of silicon-based devices. These improvements enable the
detection of much smaller nanoparticles and thereby studies on their trapping,
as well as further investigation in nanofluidic systems.

34



3.1. Introduction

3.1. Introduction

Contact-free trapping of nano-objects is of broad interest for a range of dis-
ciplines such as biotechnology, biophysics and material science. Methods
such as optical- [49, 50, 56], magnetic- [82], and acoustic- [95] tweezers or
electro- and dielectrophoresis [86] are successful methods that have been
demonstrated. However, these methods come with the limit of the restoring
force, Fres  « |VE|?, where |VE| is the field gradient, and « is the polariz-
ability of the trapped object. « vanishes in the limit of small particles or when
the material properties are similar to the surrounding media. Moreover, to
get a stable trapping of small nano-objects, large gradients and fields have to
be applied. In addition to often demanding setups, large fields might damage
the object of interest. A promising candidate for trapping objects smaller
than 100 nm in fluid without any externally applied fields is geometry-induced
electrostatic (GIE) trapping [7, 17, 103, 121]. Contrary to the mentioned
trapping methods, Fres in electrostatic trapping is proportional to the object
charge rather than to the size and mass. Therefore, this method has a great
potential in polymer physics [149, 150], protein and DNA analysis [151], and as
a sample environment for single protein free electron laser (FEL) experiments.
Altering surface topology of nanochannels in silicon-based chips was used in
a first realization of GIE traps [17]. It was shown that by creating localized
three-dimensional potential wells, negatively charged nano-objects can be
trapped by pockets or be confined to small grooves due to the suppression
of their Brownian motion. Gold nanoparticles (NPs) down to 80 nm [7] and
fluorescently labeled vesicles in suspension could be confined in electrostatic
traps by falling into local potential wells for a time period of several seconds
to hours [17, 120]. By analyzing the motion of the trapped gold NPs, the
size of single gold NPs could be determined in nanometer precision as well as
their net carrying charge [120]. Furthermore, orientation-dependent trapping
of silver rods could be achieved using this method [121]. A major advantage
of GIE trapping is that the potential depth depends only on the charge
but not on the mass or size of the nano-object. The electrostatic potential
depth can be adjusted by altering the geometry of the chip or by changing
the concentration of the buffer solution. A modification of this method is
scanning-aperture trapping [103], a tweezing equivalent of GIE traps. This
method has the advantage of altering the trap potential depth by approaching
or releasing the aperture during the experiment and having the option of z-,
y-position scanning, while it is limited to a single trap and a more complex
experimental setup.

In most of these studies, charged gold NPs are the prime approach used

for characterizing the performance of the electrostatic traps. In contrast to
fluorescence labeled molecules, quantum dots (QD) or silver NPs, gold NPs
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Figure 3.1.: Schematic of a glass-based geometry-induced electrostatic trapping device.
Nano-objects are trapped by the fine structures in the microchannel.

are not limited by photobleaching over time or oxidization and are not limited
in time resolution for tracking particles by optical saturation and photoblink-
ing [11]. Due to the strong plasmon resonance peak of gold NPs in the water,
in the wavelength range of A = 530 — 550 nm, they exhibit a high scattering
signal. However, the detection of gold NPs becomes increasingly difficult
with decreasing particle diameter D, since the scattering intensity scales with
D® [152]. To overcome this drawback, a new method was introduced using
coherent light illumination with an interferometric detection scheme [15,
18-20]. This technique, called interferometric scattering detection (iISCAT),
is based on the interference between the scattered light of the particle and a
reference beam. Very small objects can be imaged by iSCAT at high speeds
and with nanometer precision, since the detected signal of objects scales
D?® [18-20]. Using this method, fixed gold NPs of 5 nm size at a glass-oil
interface using supercontinuum white light [18] and at a glass-water interface
using confocal scanning iISCAT were detected [19]. Due to its high sensitivity
in the phase difference between the reference and scattered beam and the
consequential contrast change in axial movements of the particles, iISCAT
was used to track 80 nm and 100 nm gold particles with less than 5 nm
localization precision in three dimensions at an acquisition rate of 1 kHz [17,
120]. The first concrete application of iSCAT for single biomolecule tracking
was shown by Kukura et al. [20]. By simultaneously detecting the fluorescence
signal of a quantum-dot labeled virus and its center of mass by iSCAT, it
was possible to track the position and orientation of the virus moving along
a lipid bilayer [20]. These studies show the tremendous potential of iSCAT
for detection with high sensitivity and for fast imaging with high localization
precision.

In this work, we introduce an improved nanofluidic GIE trapping device
for better detection of small particles. We focus on the optical detection of
these small objects and show the detection of gold NPs down to 40 nm. In
this regard, we modify the nanofluidic system to suppress the high reflections

36



3.2. Theory

and thus limited incident laser beams occurring in silicon-based GIE trapping
devices using glass-based chips (see Fig. 3.1).

3.2. Theory

The basic principal of iSCAT for the detection of small objects at the water-
glass interface is illustrated in Fig. 3.2A. The incident beam Fj, focused
to the location of the sample, is reflected at the water-glass interface with
the reflected beam FE;1 and scattered from the particle with the scattered
field E,. The scattered field at the detector is described as Es = s E; where
s = |s| e**scales with the polarizability a of the particle [18],

7D? € (A) —em (V)

s = ma () = mem () 5= 5 A5

(3.1)

with the complex dielectric constants of the particle €, (A) and the medium
€m (A) and the proportionality constant 1. The total field at the detector Eget
is given by the sum of the scattered and reflected fields, Fqet = FEr1 + FEs.
The corresponding intensity [4et can be written as [15, 17-20],

Liet = |Ex+ Eo|® = |Ei|* {r® + |s|® —2r|s| sinep} (3.2)

where the first term scales with the reflected field 7. This term represents
the background intensity, which arises in the case of the gold NP on the glass
surface, from the reflected beam at the glass-water interface, E.1, depicted
in Fig. 3.2A. The second term, proportional to |s| 2, represents the purely
scattering signal, which scales with D® and thus becomes smaller than the
noise of the field reflectivity for very small particles. The last term 27 |s| sin¢
is the interference of the reflected and the scattered field and scales with D?.
For very small particles, this term dominates the pure scattering signal, since
it is multiplied by the reflected field r. A significant advantage of iSCAT
compared to, e.g., fluorescence microscopy is that at low intensities the in-
cident beam power can be simply increased since the scattered field of the
particle increases with the incident beam. Fluorescence microscopy is here lim-
ited by the fluorescence saturation of the dye and thus longer integration times.

The above argument is true for particles sitting on a glass surface (Fig. 3.2A)
due to the low reflectivity of the glass-water interface. Here, the background
intensity, E., originates from the reflected field at the glass-water interface
E.1, that according to Fresnel’s law, has a low reflectivity of R = 0.2%". For
current silicon-based GIE trapping devices (Fig. 3.2B), on the other hand,

ng—nq
no+mny
indices of ngy0 = 1.33, Nborfloat = 1.47, nsio, = 1.55 and ng; = 4.15

1Using Fresnel‘s law for an incident light angle of 90°, R =

, and the refractive
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. Figure 3.2.: Schematics of the
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Silicon-based nanofluidic system reflection at the Si-SiO» interface,

C) new glass-based nanofluidic
systems for GIE trapping with
reduced reflection of the incident

HZO beam.

C Glass-based nanofluidic system

H,0

this is not valid since the background intensity results from the sum of the
reflected fields from the glass-water interface F,1, the water-SiO2 interface
E.2 and the SiO»-Si interface E,3 with a reflectivity of Ry = 0.2%, Rz = 0.5%,
and R3 = 21% respectively. In this configuration, the incident light power
cannot be increased arbitrarily since the detector quickly saturates due to the
highly reflecting SiO2-Si interface. For very small particles, the background
intensity term in Eq. 3.2 overwhelms the pure scattering signal and even the
interferometric term due to the 100-fold increase compared to the glass-water
interface. To overcome these constraints, we have developed glass-based GIE
trapping devices, schematically shown in Fig. 3.2C. Here, the background
intensity results mainly from the glass-water and water-glass interfaces. In
addition to the removal of the highly reflecting SiO2-Si interface, the reflected
field E.2 could be decreased from 0.5% (water-SiO2 interface) in silicon-based
devices to 0.2% (water-glass interface) in the glass-based devices. The re-
flected field at the glass-air interface (Fig. 3.2C) can be equally neglected in
the glass-based devices, as the reflected field at the water-air interface of the
single glass (Fig. 3.2A) because of the highly diverged incident beam of the
high NA objective of 1.3: These interfaces are large distances away from the
focused beam (several 100 pm).
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3.3. Material and Methods

3.3.1. Experimental setup

The iISCAT setup was built using a 300 mW diode-pumped solid-state laser
(MGL-III-532, CNIlaser) with A = 532 nm, which is near the plasmon reso-
nance peak of the gold NPs. The beam was scanned over the sample using an
2-, y-mirror deflection system (GVS002, Thorlabs Inc.) running at 1 kHz and
focused by a 100x, 1.3 NA oil-immersion objective and an additional 1.5x
tube lens (Leica). The collected scattered and reflected beams were imaged
on a CMOS camera (MV-D1024-160-CL-12, Photon Focus) at an exposure
time of 10 ms and an acquisition frequency of 85 Hz.

3.3.2. Fabrication of silicon-based GIE trapping devices

The GIE trapping devices were produced from silicon substrate as sketched in
Fig. 3.3A. The chips were fabricated using electron beam lithography (Vistec
EBPG 5000 Plus) and reactive ion etching (RIE) (Oxford 100, Ar 38 sccm,
CHF4 12 sccm, 100W) starting from a 400-nm-thick grown silicon dioxide
layer on a 525-um-thick p-typed silicon wafer. As a first step, 25 nm of
chromium was evaporated on the silicon dioxide, which functions as a hard
mask for e-beam exposure. Then, parallel fluidic slits of 5 — 20 pm width and
5 mm length were exposed in PMMA (950k, 4% ethylacetate) using e-beam
lithography and developed in MIBK:IPA (1:3, 60 s). After etching the slits
into the chromium hard mask (BMP Plasmatechnology GmbH, O2:Cly with a
rate of 1:5) and removing PMMA in acetone, the slits were etched 90 — 200 nm
deep using RIE. The remaining Cr layer was subsequently removed using
chromium etchant (Chrome ETCH No 1, Technic). This process was repeated
to etch the finer nanowells, circle pockets or rectangular slits with a diameter
or width of 100 to 500 nm, into the surface of the microchannels. The final
potential depth of the wells resulted in the variation of the microchannel
height, well depth and well lateral extension [17, 116]. After processing, the
wafer was diced into 5x5 mm? chips covered by a protection resist (Shipley
1813). To reduce any defects during bonding, the chips and cover glasses
were cleaned in freshly-made piranha solution (H2SO4(%):H202(%) = 2:1) for
30 min, rigorously rinsed in DI water, and dried under a nitrogen stream. The
chips were finally irreversibly bonded to a borosilicate cover glass (PlanOptik),
with an adjusted thermal expansion coefficient to silicon, using anodic bonding
(SUSS MicroTech BA6/8) at 450°C with a voltage of -600 V. The cover glass
sealed the fluidic channels and provided optical access to the sample.

39



3. Glass-based geometry-induced electrostatic trapping devices for improved
scattering contrast imaging of nano-objects

A B Figure 3.3.: A) Fabrication
Silicon _ of the current silicon-based
GIE trapping devices wing

electron beam lithography

i E-Beam Lithography & RIE E-Beam Lithography & RIE and anodic bonding, B) fab-
rication of new glass-based

Silicon _ GIE trapping devices made
Si0p by thermal bonding, C) Tem-

. perature cycle and annealing
¢ E-Beam Lithography & RIE E-Beam Lithography & RIE rate of the thermal bonding
process.
Si0p
Anodic Bonding i Thermal bonding
at 450°C, -600V at 630°C

05 N
S102 kb
C

600~

Temperature [°C]

0 2 4 6 8 10 12 14
Time [hl

3.3.3. Fabrication of glass-based GIE trapping devices

The fabrication of the glass-based GIE trapping devices is schematically
shown in Fig. 3.3B. The first two fabrication steps were identical to that of
the fabrication of the silicon-based devices except for the replacement of the
silicon wafer by a 200-pm-thick borosilicate glass wafer (PlanOptik). After
dicing the finished etched glass wafer into smaller 5x5 mm?chips, the chips
and borosilicate cover glasses were cleaned in piranha solution for 10 min,
rigorously rinsed in DI water and activated in 29% ammonium hydroxide
solution at 35°C for 40 min [153]. After another rinsing with DI water and
nitrogen blow-drying, the glass chip and cover glass were instantly aligned
and pressed together at a pressure of 390 kN/ m? for about 24 hours. Finally,
the pressed devices were thermally bonded in a controllable furnace (Process
Products Corporation) without applying any pressure by annealing at 630°C
for 4 hours at the ramp rate and time cycle shown in Fig. 3.3C. We needed
extensive optimization of the ramp rate and time cycle in order to achieve
successful and reproducible bonding processes.
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3.3.4. Sample preparation

Gold NPs with diameters of 40, 60, and 80 nm were purchased from BBI So-
lutions (EM.GC40/60/80). The 60 and 80 nm gold particles were centrifuged
at 2000 rpm for 20 min and re-suspended in DI water (18 M() three times
to exchange buffer solution and create a dense solution of gold NPs of about
10! particles/ml. The 40 nm gold particles were centrifuged only once at
1500 rpm for 20 min to create a dense solution of about 10! particles/ml.

3.4. Results and Discussion

3.4.1. Contrast and SNR comparison of silicon- and glass-based
nanofluidic systems.

Our current work uses gold NPs and iSCAT to advance geometry-induced
electrostatic trapping for smaller objects. In silicon-based devices we find
limits in optical detection of gold NPs smaller than 60 nm because of the high
background noise and low signal of the particles. This is caused by the high
reflection of the Si-SiO; interface of the GIE trapping devices, which rapidly
leads to overexposure of the camera detector and thus limits the incident
laser power.

Spherical NPs in tightly focused electromagnetic beams have been theo-
retically studied [154], and the formalism has been adapted to the case of the
particle near a reflecting surface [120]. For a gold NP trapped by a pocket,
the intensity at the detector can be written as

I(z,y,2) o, = Ipg + 1a (z,y) cos Ap (2) + Ipoc (3.3)

where Ipg is the background intensity, Ipoc is the intensity of the fixed
pocket, I, is the amplitude of the signal of the particle, and cos Ap(z) is the
modulation of the iSCAT signal that depends on the axial particle location.
In order to avoid the Ipoc subtraction procedure [120] which would increase
localization errors in the low signal regime, we recorded the gold NPs in
microchannels without pockets to create comparable conditions on all NPs
for contrast and signal-to-noise ratio (SNR) characterization. The detector
intensity can be then rewritten as

I(z,y, 2) 4o, = Ivg + Ia (z,y) cos Ap (2) (3.4)

and the contrast K can be defined as the amplitude of the particle over the
background:
L (2,) cos A (2)

K(CC,y,Z) = Ibg . (35)

41



3. Glass-based geometry-induced electrostatic trapping devices for improved
scattering contrast imaging of nano-objects

In a shot-noise-limited experiment, the SNR is proportional to the contrast
and to N'/2, where N is the number of photons detected by the camera. The
resulting iISCAT SNR can be written as [15]:

iSCAT signal

SNR =
background fluctuation

o contrast - vV N. (3.6)

Single gold NPs in water solution in silicon-based devices of 40, 60, and 80 nm
size and their contrast cross-sections are shown in Fig. 3.4A. The 80 nm
particle is clearly detected as it can be seen as a Gaussian dip in the contrast
cross-section. The observed dip, i.e. negative contrast, is a clear indication of
the destructive interference of the reflected and scattered field. By analyzing
more than 400 gold NPs with a diameter of 80 nm in silicon-based devices,
we obtained a mean contrast of Kgjgo = 0.20 and a mean SNRg; g0 = 30 (see
Fig. 3.5). The contrast of 60 nm particles is decreased to Ksigo = 0.10 and
the SNRgi 60 = 24 due to lower scattering from the NPs. For NPs smaller than
60 nm, the outlines are smeared in the background of the image, which makes
the localization almost impossible as seen in Fig. 3.4A. The simple reason for
this is the low contrast of the particle of Ksi 40 = 0.06. Here the background
inhomogeneity (the standard deviation in Iy fluctuations in a single image)
is in the range of the amplitude I, of the particle. With a SNRg; 40 = 13,
however, the movements of the 40 nm particle can be still detected since the
background fluctuation over time is stable in all experiments with about 0.8
counts of an 8-bit imaging system.

Eq. 3.6 demonstrates that the SNR is proportional to N*/2. As a result,
increasing the number of photons incident on the particle will also increase
the SNR. However, this is not feasible for silicon-based GIE trapping devices.
In the silicon-based devices, the high reflection of the Si-SiO2 interface quickly
saturates the camera and consequently limits the incident laser beam that
can be used, which leads to lower scattered light from the particle. The
images of the gold NPs in the silicon-based devices were recorded at an
output laser power of maximum 50 W for homogenous image exposure. Fur-
ther increase of the laser power resulted in an overexposure of the background.

To increase the potential of iISCAT imaging, nanofluidic systems made from
glass were used for gold NPs of 40, 60, and 80 nm in diameter as shown in
Fig. 3.4B and C. Here, two different modes were observed. By slightly tuning
the focus of the beam, the contrast of the particles can be changed from a
negative to a positive mode. This effect clearly indicates the interferometric
nature of the scattering detection, since the final signal is a result of construc-
tive (bright) or destructive (dark) interference of E; and FEs. For a particle at
a certain axial height, there is a systematic phase difference (®sys) between

42



3.4. Results and Discussion

D =40 nm 60 nm 80 nm Figure 3.4.: iSCAT images of

A 40, 60 and 80 nm gold parti-
cles freely moving in A) silicon

Silicon based nanofluidic systems, B)

glass-based nanofludic systems

with negative contrast and C)

‘g 0.0 —— \/ glass-based nanofluidic systems
£.05 with positive contrast. The line-
8 out from the center of each image
1.0 is plotted in the graph below it.

The contrast profile of the 80 nm

B gold particle in C) was multiplied
by 1/3 for better visualization.
. Glass ™"

. 0.0
£-0.5
o
(@]
-1.0
C
Glass
. 1.0
g x1/3
€05 /\
(]
0.0 -\
1um 1um 1um

these two fields, which directly influences the detected contrast [120]. In the
case of glass-based devices, this phase difference becomes sensitive to the
beam-focus position and therefore the particle contrast rapidly changes by
axial movement of the sample. For the silicon-based devices, the contrast
change is less sensitive, since the main reflection from the Si-SiO; interface
(Fig. 3.2B) is several hundred nanometers away from the focus, where the
particle is levitating.

In Fig. 3.4B, negative contrast images of gold NPs are shown. For all cases,
significant contrast and SNR enhancement in the glass-based devices were
observed compared to the silicon-based devices. It was possible to detect
40 nm gold particles, which showed an even higher contrast than 60 nm gold
particles in silicon-based devices. The contrast of the 60 and 80 nm particles
was increased by a factor of 3 whereas the SNR was increased by a factor of 2
for the 60 nm gold particles and by a factor of 4.5 for the 80 nm gold particles.
The enhanced contrast could be achieved by increasing the laser power up
to 1 mW. The saturation limit of the glass-based systems was reached at an
output laser power of 1.2 mW where an overexposure of the background was
reached.
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Figure 3.5.: Mean contrast and mean SNR measurements of 40, 60 and 80 nm gold
particles in different nanofludic systems. X-error bars highlight the particles size error
given by the distributer. Y-error bars highlight the standard deviation of the contrast
and SNR of untrapped particles moving in the channels. A minimum of 400 particles was
analyzed for every mean contrast and SNR measurement. The background fluctuation
noise was stable from ~ 0.5 counts in glass-based devices to ~ 0.8 counts in silicon-based
devices of an 8-bit imaging system.

An even higher contrast and SNR of the particles could be achieved by
a positive contrast as shown in Fig. 3.4C and Fig. 3.5. Comparing the abso-
lute contrast of the 80 nm particles in the glass-based devices with the 80 nm
particles in the siliconbased devices, an increased contrast by a factor of 14
was achieved. This high contrast (K > 1) indicates that the detected signal
comes not only from the interference between the scattering and reference
beam, but also originates from pure scattering of the particle. For the 80 nm
gold particles an SNRaiass,s0 = 275 was measured which is an increase of
an order of magnitude compared to 80 nm gold particles in silicon-based
devices. Even more impressive, the detected 40 nm gold particles in the
glass-based devices showed a higher SNR than the 80 nm gold particles in
the silicon-based devices. The higher error bars in contrast and SNR for
glass-based GIE trapping devices result from the higher sensitivity of the
lateral position of the particles. Indeed, in glass-based devices this high SNR
provides the possibility for particle tracking with higher localization precision
in z, y, and z direction [120]. The GIE trapping devices were slightly modified
in channel height for the different particle diameters. For 40, 60, and 80 nm
gold particles a channel height of 100, 130, and 160 nm was used, respectively.
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3.4.2. Trapping of gold nanoparticles in glass-based GIE trapping
devices

To show the functionality of the glass-based GIE trapping devices, we trapped
60 nm gold particles as shown in Fig. 3.6. The particles were confined in
pockets of 100 nm in diameter, which are arranged in a square array with a
periodicity of 3 pym. The microchannel height was 130 nm and the depth of
the pocket was 70 nm. We expect the surface charge density, and thus the
device characteristics to be unchanged since the surface charge density o of
grown SiO» and borosilicate glass is about 1 mC/m? at neutral pH [107, 155].
In Fig. 3.6, the dashed arrows highlight particles undergoing free Brownian
motion in the microchannel after escape or before getting trapped (solid
arrows) in the well-defined 100 nm pockets. A stable trapping for several
seconds to minutes could be achieved using the 60 nm gold particles at low
salt concentration of ~ 0.1 mM.

Figure 3.6.: Image sequence of trapped 60 nm gold particles in a new generation glass-
based GIE trapping device with a channel height of 130 nm. The particles were trapped
in 100 nm wide pockets at low salt concentration. Dashed arrows highlight freely moving
particles that are escaped or trapped (solid arrows) during the image sequence. The scale
bar is 3 pm.

3.5. Conclusion

In this work, we introduced the fabrication of a new generation of geometry-
induced electrostatic trapping devices based on thermal-bonded glass-based
chips. Due to a decreased background reflection at the glass-water interface
using glass-based chips compared to the high reflection at the Si-SiO» interface
of silicon-based GIE trapping devices, the contrast of 40, 60, and 80 nm gold
particles could be increased by an order of magnitude. The high contrast and
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SNR achieved with glass-based GIE trapping devices give the possibility to
detect gold NPs down to 40 nm with high localization precision and to observe
their trapping dynamics. We foresee using the glass-based GIE trapping
devices for trapping and detection of smaller gold NPs and biomolecules,
such as DNA or large proteins using iSCAT. Finally, the devices will provide
better SNR for fluorescence experiments since the reflected background is
minimized.
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Abstract

Geometry-induced electrostatic (GIE) trapping is a novel contact-free method
of stably confining charged nano-objects in solution. This method has proven
to be very effective in trapping sub-100 nm objects and is based only on the
electrostatic repulsion between the charged object and the device surfaces,
without requiring an external control or power. We report on fabricating a
GIE trapping device integrated into a microfluidic system and demonstrate its
performance in screening the behaviour of individually trapped nano-objects
along a NaCl salt concentration gradient. We use 60 nm gold particles as
probes to analyze the trapping stiffness and residence time of the particles
along the salt gradient. We show that in our devices a critical concentration
for the reliable trapping of the particles in the order of seconds is reached
at an ionic concentration of 0.3 mM. By analyzing the trap stiffness and
residence times, we determine a smooth gradient of the salt concentration, as
expected from Fick’s first law. Furthermore, we find that the instability of
the colloidal dispersion is reached at 0.8 mM NaCl.
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4.1. Introduction

Stable contact-free trapping and detection of single nano-objects in solutions
provide the ultimate sensitivity in characterizing analytes at nanometer di-
mensions. This methodology offers explicit information on local dynamics,
reactions, structural information, and net charges. Extensive developments
in active trapping methods, such as optical [49, 50, 56], plasmonic [65, 70,
75], magnetic [77, 82] or acoustic [94, 95] tweezers, rely on the induced field
gradient and have been successfully demonstrated for stable confinement of
single objects. However, stable trapping of nano-objects smaller than 100 nm
remains challenging for such methods as the trapping force, for instance in
optical tweezers, relies on the polarizablility, «, of the trapped objects, which
scales with the third power of the object size. In addition, a vanishes when
the material properties of the object and its surrounding media are similar.
As a result, for trapping ever smaller objects using optical tweezers, large
field powers in the order of hundreds of mW are needed [61], which might
lead to photodamage in specimens [62].

Geometry-induced electrostatic (GIE) trapping is a field-free method that
allows reliable confinement of nanometer-size objects for time durations from
seconds to hours [17]. This method comes with the key benefit that the trap-
ping force depends only on the net charge of the object rather than on its size
and mass. In conventional GIE trapping devices, single negatively-charged
nano-objects are trapped by electrostatic repulsion from negatively-charged
SiO2 walls in nanofluidic channels. The surface topology of the channels is
tailored by nanometer-sized indentations, which results in the formation of lo-
cal energy potential wells, as shown in Fig. 4.1. This system has the flexibility
that various trapping geometries such as circular pockets or rectangular slits or
grids can be realized using, for example, e-beam lithography. The depth of the
potential wells, and thereby the trapping strength and time, can be adjusted
by altering the size of the indentations, the nanofluidic channel height, the
surface charge density, and the ionic concentration of the buffer solution. GIE
trapping has evolved over the years to be used for stable trapping of single
gold nanoparticles (Au NPs) [7, 17, 120], polymer beads, lipid vesicles [17],
as well as for angular dependent trapping of silver nanorods [121], which can
be used for digital information storage applications [122]. While lab-on-chip
approaches made from silicon or glass substrates have fixed nanofluidic chan-
nel heights and trap geometries, active approaches such as scanning-aperture
trapping [103] or piezo-controlled SiOs slices [104] are capable of altering the
trap potential depth during the experiment. Nevertheless, the ease-of-use
of the chip-based devices makes integration into more complex microfluidic
systems straightforward and would provide a range of new applications for
electrostatic trapping, such as high-throughput screening of nano-objects, in
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microfluidic sample supply channels

L - = =

Figure 4.1.: Schematic of a geometry-induced electrostatic (GIE) trapping device inte-
grated into a microfluidic system. Nano-objects are trapped within the pockets and slits
of the nanofluidic channels (middle) by electrostatic repulsion. Large microfluidic supply
channels provide the GIE trapping area with reactants or buffer solutions (left and right).

situ mixing and sorting of nano-objects, or the feasibility to precisely control
the fluidic conditions.

In this work, we demonstrate the successful integration of GIE trapping
devices into a microfluidic system and utilize it for determining very small
sample and reagent quantities, precise control of reactant concentrations, and
short analysis times (see Fig. 4.1). In this system, a precise and controlled
steady-state concentration gradient can be formed along the trapped nano-
objects e.g. of reactants, pH or salt, allowing the analysis and screening of
contact-free trapped nano-objects in different environments in a single experi-
ment using one device. We use Au NPs of 60 nm diameter as probes along a
NaCl gradient, and thereby find critical concentrations on trapping strength
and particle aggregation stability, an important parameter of nanoparticle
emulsions. For optical visualization of the particle motions, we used interfero-
metric scattering detection (iISCAT), which relies on the interference between
the reflected beam at the interfaces in the device and the light scattered from
the particle. Due to the strong optical scattering of the Au NPs [120] and the
interferometric nature of the detection, iISCAT allows for high signal-to-noise

50



4.2. Chip design and working principle

ratio (SNR) imaging and thus sensitive and fast detection of particle trajec-
tories [15, 17, 29, 120]. For improved SNR imaging [156], the devices were
fabricated from glass substrates using top-down nanofabrication methods, i.e.
reactive ion etching (RIE) and electron beam (e-beam) lithography.

4.2. Chip design and working principle

The architecture of the multi-height device is sketched in Fig. 4.2A. It is
made of two main elements: the microfluidic channels, which serve as sample
supplies, and the GIE trapping nanofluidic area. T'wo microfluidic channels
are separated by a distance of 890 pm and have a depth of H = 10 pm,
each connected by an inlet and outlet. The two microfluidic channels are
interconnected by several GIE trapping channels with a length of L = 890 pm
and a height of h = 50 — 200 nm. Within these nanofluidic channels finer
nanostructures, i.e. the actual nanotraps are etched. Microfluidic tubings are
connected to the inlets and outlets for the delivery of sample, reactant, and
buffer solutions.

The device is filled by injecting the sample solution through the upper microflu-
idic supply channel as sketched in Fig. 4.2B. The GIE trapping nanofluidic
channels are easily filled with the sample solution containing the NPs by
capillary forces. After the particles are trapped in the GIE trapping area,
the upper and lower supply channels are flushed with buffer and reactant
solutions, respectively. The supply channels are only connected through the
nanofluidic channels and are continuously flushed with fresh solutions at equal
flow rates to ensure a pressure difference between the supply channels of
Ap = 0. This results in a linear steady-state gradient between the two buffer
solutions in the GIE trapping area, caused by diffusion [157]. Based on Fick’s
first law of diffusion, the net flux of the ions or reactants in solution in the
nanofluidic channels, Jx, is written as [158]

oC Co—C
Jo=—-D—=—-D——, 4.1
ox L (4.1)
where D is the diffusion coeflicient and 6 C'/dz is the change of concentration
along the nanofluidic channel between the upper and lower solutions with
concentrations of C'1 and Cs, respectively. Hence, the concentration at any
given position z in the nanofluidic trapping channels with a length of L is
given by

Clxy=yz+Cq (4.2)

where v = % After an idle time to evolve a steady state, depending on

the reactants diffusion coefficients, measurements of the motion of trapped
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nano-objects along the nanofluidic channels are performed at various posi-
tions.

Figure 4.2.: Top view
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integrated nanofluidic GIE
trapping area. The microfluidic
channels have a depth of 10 pym
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4.3. Material and Methods

4.3.1. Experimental setup

iSCAT was used as the imaging method to visualize the trajectories of the NPs.
A green 300 mW solid-state laser (MGL-III-532, CNIlaser), with A = 532 nm,
which is near the plasmon resonance peak of the Au NPs, was focused and
scanned on the back focal plane of an inverted microscope (DMI 5000 M, Leica)
equipped with a 100X magnification, 1.3 NA oil objective (HCX PL Fluostar,
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Leica) and an additional internal 1.5x tube lens (Leica). The laser intensity
was attenuated with neutral density (ND) filters to reach a laser output power
of 1-2 mW before the microscope objective in order to achieve a high SNR
signal while avoiding saturation of the camera pixels. To scan the laser over
the sample, an z-, y- galvo mirror deflection system (GVS002, Thorlabs Inc.)
running at 1 kHz was used. The interference signal between the scattered
and reflected beams was finally imaged onto a CMOS camera (MV-D1024-
160-CL-12, Photon Focus) at an exposure time of 10 ms and a sample rate of
86 Hz. To ensure a uniform illumination between the recorded frames, the
camera and the z- and y- deflections of the mirror system were synchronized
by a four channel AO-LabView controller (cDAQ-9171/NI 9269, LabView,
with three channels used) and triggered by custom-built LabView software.
The center of a Gaussian profile fit was determined for each frame to obtain
the particle trajectories [120].

4.3.2. Fabrication of the GIE trapping devices integrated into a
microfluidic system

The fabrication process flow of the GIE trapping devices is sketched in Fig. 4.3.
The process consists of three main steps: first, the fabrication of the microflu-
idic supply channels including the inlets and outlets, which were patterned
by UV lithography and etched using buffered oxide etch (BOE); second, the
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implementation of the GIE trapping areas between the microchannels, which
was done by e-beam lithography and RIE; and finally, the in- and outlet holes
were drilled and the device was thermally bonded to a coverslip glass. All
features were patterned on a substrate of 200 pm thick borosilicate glass
wafer (Borofloat 33, Plan Optik AG). A 5 nm chromium adhesion layer and
an additional 150 nm gold layer were evaporated (Univex 450) with a rate of
0.1 nm/s on both sides of the glass wafer to function as a hard mask during
BOE etching. The wafer was spin-coated with a photoresist (Microposit S1813,
Shipley Company; 2000 rpm, 500 rpm/s, 40 s) and exposed under UV-light
for 12 s (Suess MA 6, A = 365 nm, 120 mJ/cm?) using a chromium mask
(Compugraphics Jena GmbH) with the design of the microchannels and the
inlets and outlets. After developing in MF-24A (Shipley, Megaposit MF-24A)
for 40 s, the structures were etched into the metal layers using gold etchant
(200 g KI + 50 g I, dissolved in 5 1 DI water) for 45 s and chromium mask
etchant (Chrome ETCH No 1, Technic) for 10 s and subsequently etched
10 pm into the glass wafer for 6 h using BOE (BOE 7:1, General Chemical
Corporation) as shown in Fig. 4.4A. The remaining resist was removed in ace-
tone and the wafer was cleaned in a piranha bath (H2SO4(%):H202(%) = 2:1)
for 20 min at 90°C. The remaining metal layers were dissolved in the gold
etchant and chromium mask etchant and the wafer was rigorously rinsed
in DI water and dried under a nitrogen air stream. For the second step of
producing nanochannels, a 25 nm Cr layer was evaporated on the structured
side of the glass wafer, which serves as a hard mask during RIE. PMMA
was spin-coated (E-Beam Resist PMMA 940K, Allresist; 4% in ethylacetate,
4000 rpm, 500 rpm/s, 120 s) on the chromium layer and cured on a hotplate at
180°C for 4 min. Parallel fluidic channels with a length of 1 mm and a width
of 5 — 20 um were exposed into the PMMA resist using e beam lithography
(Vistec EBPG 5000 Plus) and developed in MIBK:IPA (1:3, 60 s). After etch-
ing the channels into the chromium layer (BMP Plasma Technology GmbH,
02:Cly with a 1:5 ratio) and stripping the resist in acetone, RIE (Oxford
100, Ar 38 sccm, CHF4 12 sccm, 100 W) was used to etch the structures
140 nm deep into the glass wafer (see Fig. 4.4A and B). The chromium layer
was then removed in a chromium mask etchant solution, rinsed in DI water
and dried under a nitrogen air stream. These steps were repeated with a
15 nm chromium layer as the hard mask to etch the finer nanostructures
(circular pockets, rectangular slits or grids with a diameter or width of 200
and 500 nm) 70 nm into the nanofluidic channels (see Fig. 4.4A and B). After
dicing the wafer into 15x15 mm? chips, holes of 1 mm diameter were drilled
into the in- and outlets of the device using a diamond drill bit (see Fig. 4.4C).
The wafer and chips were covered with a protection resist (Microposit S1813,
Shipley Company; 3000 rpm, 500 rpm/s, 40 s) during the dicing and drilling
to prevent the adhesion of glass dust to the device surface. After removing the
resist in acetone, the chips and borosilicate coverslip glasses with a thickness
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Figure 4.4.: A) Optical image
of the microfluidic supply chan-
nels (horizontal lines) connected
by several nanofluidic trapping
channels (vertical lines), scale bar
200 pm. B) Optical image of a
nanofluidic trapping channel in-
cluding the finer traps with a di-
ameter d = 500 nm, scale bar
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microfluidic supply channel 10 pm. C) Optical image of a hole
o i drilled into the inlets and outlets
} of the devices before bonding to
a coverslip glass, scale bar 1 mm.
The pyramidal structures are sup-
porting pillars that prevent the
chamber from possible collapse
during the thermal bonding pro-
cess. D) Final device after bond-
ing process and ports attachment,
scale bar about 10 mm.
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of 150 pum (Borofloat 33, Plan Optik) were cleaned in a freshly made piranha
solution for 10 min, activated in 29% ammonium hydroxide solution at 35°C
for 40 min, rigorously rinsed in DI water, and dried with nitrogen. The chips
and the coverslip glasses were directly aligned and pressed together for at least
24 h at a pressure of 390 kN/ m?. The chips were subsequently placed into
a thermal annealing furnace (Process Products Corporation) and covalently
bound together at 630°C without applied pressure. For more details on the
thermal bonding process see references [153, 156]. Four syringe needles were
prepared by shortening the plastic cylinders with a razor blade to reduce
the dead volume. The needles were glued on top of the inlet and outlet
holes for tubing connections using a two-component epoxy resin (UHU PLUS,
Schnellfest 5 min). An image of the final device is shown in Fig. 4.4D.

4.3.3. Sample preparation

877 mg of NaCl (S9888, Sigma Aldrich) was dissolved in 15 ml DI water
(18 M) to obtain a stock solution of 1 M. Then, serial dilutions using
DI water were performed to obtain the 0.05 mM and 1 mM salt solutions.
Commercially available Au NPs with a diameter of 60 nm were purchased
from BBI Solutions (EM.GC60). The 60 nm Au NPs were centrifuged at
2000 rcf for 20 min. The supernatant was tipped away and the particles were
re-suspended in the 0.05 mM salt solution to exchange the buffer solution.
This step was repeated once. To create a dense solution of Au NPs of about
101t particles/ml, the particles were centrifuged a third time and the excess
salt solution was removed.
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4.4, Results and Discussion

To demonstrate the potential of the GIE trapping devices integrated into
a microfluidic system, we generated a NaCl gradient along the nanofluidic
channels hosting 500 nm wide pockets. In this work, we focused on the
investigation of cylindrical pockets in order to extract quantitative information
on the particles dynamics such as radial trap stiffness and residence times.
1 pl of the Au NPs in C; = 0.05 mM NaCl solution (blue) were inserted
into the upper microfluidic supply channel. After the GIE trapping area was
filled and the particles were trapped in the pockets, a solution of Co = 1 mM
(red) was inserted into the lower microfluidic supply channel. The solutions
were continuously refreshed through the microfluidic channels at flow rates
of 1 nl/s. Before the particles were recorded at several positions along the
channel, the system was left for 10 min to establish a steady-state linear
gradient of the concentration with v = 1.07 - 10~ 3mM/um.

4.4.1. Screening the ionic strength

The trapping strength of the potential wells depends on the electrostatic
repulsion between the device surface and the trapped object. This parameter
can be adjusted by varying the nanofluidic channel height, trap diameter
and depth, the net charge of the nano-object, and the ionic concentration
of the buffer solution. The electrostatic potential near a charged surface in
solution follows an exponential decay with a characteristic length scale, called
the Debye length =1, which is proportional to 1/\@ Thus, adding salt to
the solution causes screening of the surface charges of the device and the
nano-object by the free counter ions in solution, making the trapping force
weaker.

We recorded the motion of trapped 60 nm Au NPs (-~ -96 e) at differ-
ent positions along the nanofluidic channels, which correspond to different
ionic concentrations, highlighted by the stars in Fig. 4.5A. Three sample plots
of the lateral motions of the particles at the positions z = 73 pum (blue),
=136 pm (green) and z = 193 um (orange) are illustrated in Fig. 4.5B. The
positions of the trapped particles correspond to an ionic concentration of the
solution of 0.13 mM, 0.2 mM and 0.26 mM. The lateral motion plots clearly
illustrate that the confinement of the particles within the traps is weakened
as the ionic concentrations along the channel is increased. To quantify the
trapping strength of the particles, we calculated the corresponding mean
square displacements (MSD), < [Ar(At)]? > as a function of lag time At for
each position. Six sample MSD plots, which correspond to the concentrations
highlighted with the stars in Fig. 4.5A, are shown in Fig. 4.5C. In contrast to
a freely diffusing particle where the MSD continuously increases proportional
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to At, it reaches a plateau for long lag times (lag times much higher than the
relaxation time of the particle in the potential well) for a particle restricted in
diffusion [141]. The plateau represents the strength of the confinement and,
for a harmonic trapping potential, is directly correlated to the radial trap
stiffness k. by [7, 159]

4kpgT

< [Ar(AY)] >= 2

. (4.3)

The trapping stiffness obtained from the MSD plateaus are plotted in

Fig. 4.5D. For low salt concentration of 0.13 mM, a strong trap stiffness
of 0.009 pN/nm is observed. However, higher salt concentrations along the
gradient in the nanofluidic channel reduce the trapping strength as expected,
which can be seen in the increased plateaus of the MSDs. At a concentration
of 0.26 mM, the trap stiffness was reduced by about an order of magnitude
to 0.0017 pN/nm.

4.4.2. Effect of solution ionic strength on residence time

At a low solution ionic strength, the particles were trapped stably from several
seconds up to hours at very low salt concentrations below 0.15 mM. However,
at concentrations above 0.3 mM, particles escaped more frequently from
the traps making a quantitative analysis of the trapping stiffness in these
regions difficult. The residence time, defined as the average time a particle
levitates in the potential well before escaping, is also shortened at higher
ionic concentrations due to the reduced Debye length and thus lower potential
well. We investigated the residence times along the nanofluidic channel at
higher salt concentrations as illustrated in Fig. 4.5E. At concentrations below
0.3 mM the particles could be stably trapped with an average trapping time of
18 s at 0.22 mM. However, at a concentration of 0.31 mM, the residence time
was shortened to only 1.8 s and further decreased to only about 150 ms at a
concentration of 0.62 mM. Applying an exponential fit to the data indicates
that the critical concentration for trapping the particles longer than a second
was reached at an ionic concentration of 0.4 mM. We should remark that the
obtained results on the residence times illustrate the performance of the device
with a channel height of h = 140 nm and a trap diameter of d = 500 nm, which
was selected to demonstrate the different behavior along the salt gradient
from C7 = 0.05 mM to C2; = 1 mM. However, higher trapping strength and
longer residence times can be achieved by fabricating thinner nanofluidic
channels.
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Figure 4.5.: A) Sketch that summarizes the results obtained by trapping 60 nm Au
NPs along a NaCl gradient from 0.05 mM to 1 mM in a GIE trapping device with a
height of h = 140 nm and pocket diameters of d = 500 nm. Whereas the particles are
stably trapped at low salt concentrations up to 0.3 mM, the trapping times are shortened
for higher concentrations. At concentrations higher than 0.8 mM, the particles become
unstable and form aggregations. Scale bars of optical iISCAT images equal 3 um. B)
An example of lateral position plots of 60 nm particles along the nanofluidic channel at
different concentrations of 0.13, 0.20 and 0.26 mM NaCl corresponding to the marked
positions with stars in A). C) Sample mean square displacement (MSD) plots of single
particles with a lag time At = 11 ms corresponding to the lateral position plots in B) and
the marked positions in A). D) Radial trapping stiffness k, calculated from the MSD plots
in C). X-error bars describe the standard deviation of the position of trapped particles in
the channel. Y-error bars describe the standard deviation of the trap stiffness of several
analyzed particles in the same regions. E) Residence times of particles at higher salt
concentrations along the nanofluidic channel. Y-error bars are the standard deviation of
analyzed residence times of particles at the given positions.

4.4.3. Instability of the colloidal dispersion at high salt
concentrations

Particle motions were recorded further down in the nanochannels at high
salt concentrations, where stable trapping of the particles was also observed.
However, the trapped particles appeared with an increased intensity as seen
in the bottom iISCAT image of Fig. 4.5A. The increased intensity signifies
that the particles formed aggregations and could be trapped due to higher net
charges or steric restrictions. The clustering of the particles was observed at
ionic concentrations starting from 0.8 mM NaCl and higher. Charged particles
in contact with a polar medium are as well surrounded by an electrostatic
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potential. The electrostatic repulsion between the particles in the dispersion
prevents the particles from forming aggregations. However, increasing the salt
concentration of the dispersion reduces the Debye length of the electrostatic
potential of the particles and leads to instability and aggregation of the
particles. These results are consistent with the observation made during
washing of the 60 nm Au NPs directly in a salt concentration of 1 mM. After
centrifugation of the 60 nm particles and replacing the initial buffer solution
with a 1 mM NaCl solution, a black precipitation was immediately obtained
at the inner surface of the Eppendorf tubes, indicating that the particles
formed aggregates and adsorbed at the surface.

4.5. Conclusion

In this work, we introduced the fabrication of new geometry-induced electro-
static (GIE) trapping devices integrated into a microfluidic system. The fully
integrated system comes with key benefits such as reduced sample volume,
in situ change of solutions during the experiment, precise control of solution
delivery, and the feasibility to trap nano-objects along a gradient of e.g. salt
or other reactants. In single experiments, we could quantitatively analyze the
performance of our chip on the reliable trapping of 60 nm Au NPs along a
salt gradient. Furthermore, the critical salt concentration for the stability of
the colloidal dispersion was reached at 0.8 mM. Our extension of this method
by successful integration of nanofluidic traps into a microfluidic system sets
the ground for a variety of new experiments. The presented concept can be
used for high-throughput screening over a range of reactant concentrations of
individual trapped nanoparticles or biomolecules, such as DNA, viruses or
large proteins.
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Abstract

Trapping and manipulation of nano-objects in solution are of great interest
and have emerged in a plethora of fields spanning from soft condensed matter
to biophysics and medical diagnostics. We report on establishing a nanofluidic
system for reliable and contact-free trapping as well as manipulation of charged
nano-objects using elastic polydimethylsiloxane (PDMS)-based materials.
This trapping principle is based on electrostatic repulsion between charged
nanofluidic walls and confined charged objects, called geometry induced
electrostatic (GIE) trapping. With gold nanoparticles as probes, we study
the performance of the devices by measuring the stiffness and potential
depths of the implemented traps, and compare the results with numerical
simulations. When trapping 100 nm particles, we observe potential depths
of up to @ = 24 kT that provide stable trapping for many days. Taking
advantage of the soft material properties of PDMS, we actively tune the
trapping strength and potential depth by elastically reducing the device
channel height, which boosts the potential depth up to @ ~ 200 kgT', providing
practically permanent contact-free trapping. Due to a high-throughput and
low-cost fabrication process, ease of use, and excellent trapping performance,
our method provides a reliable platform for research and applications in study
and manipulation of single nano-objects in fluids.
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5.1. Introduction

The unique properties of the polydimethylsiloxane (PDMS) elastomer in
making integrated microfluidic systems established its applications as a stan-
dard tool in a broad range of disciplines, such as disease diagnostics [160],
cell biology [161], drug discovery [162], and photonics [163], to name a few.
Biocompatibility, gas permeability, optically transparency, and having a low
elastic modulus are its most important chemical and physical features that
allow for its implementation in such diverse fields [164]. A reduction of
channel dimensions and fabricating nanofluidic PDMS devices not only pro-
vides a higher efficiency and sensitivity to analytes, but could also allow for
controlled processing of objects with nanometer dimensions in soft matter
such as colloids, viruses and individual macromolecules. Recent efforts in
developing tailored fabrication procedures led to the fabrication of nanofluidic
PDMS channels that provide laminar flows without clogging or collapse [165,
166]. More advanced integrated systems were also adapted to applications
in, e.g. protein preconcentration [167], DNA stretching [168] and Raman
spectroscopy [169].

However, stable trapping and manipulation of single nano-objects in PDMS
devices are hindered by the lack of techniques that produce strong retraction
forces acting against the driving force of randomization, the Brownian motion.
On average, every single particle contains an energy of 1/2 kg7 for each trans-
lational dimension. However, the instantaneous velocity of a particle follows
a Maxwell-Boltzmann distribution [44-46], in which the energy of the particle
can temporarily considerably exceed the average value. To compensate for
these high energy kicks, typically potential depths of around 10 kg7 are
required for stable trapping of an object in solution as established by Ashkin
et al. [47, 48].

Geometry-induced electrostatic (GIE) trapping is an effective method for
parallel trapping of charged nanoparticles in a nanofluidic system [17]. This
method has shown to be efficient for levitating various types of objects includ-
ing metal nanoparticles of various shapes [121], sizes [7, 156] and charges [125],
as well as polystyrene beads [17] and lipid vesicles [17, 103]. Moreover, it
has been used in other applications such as single particle charge and size
determination [7], information storage [122], and screening of electrostatic
potentials [124]. The underlying physical principle of GIE-trapping is the
creation of local electrostatic potential minima in a nanofluidic channel by
introducing indentations in one surface of the channel. These indentations
result in potential wells for stable trapping of nano-objects carrying the same
sign of the net charges as that of the walls (Fig. 5.1A). For these devices,
state-of-the-art fabrication procedures play a vital role, since smallest pertur-
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Figure 5.1.: A) Schematic of the PDMS-based nanofluidic trapping device with inte-
grated pockets and supporting pillars. The nanofluidic channels had a width of w, = 10 pum.
Two device geometries G1 (he = 210 nm, h, = 70 nm) and G2 (he = 160 nm, h, = 100 nm)
were used for trapping gold nanoparticles. The width w, of the pockets varied in both
device geometries from 200 to 500 nm. B) Schematics and corresponding experimental
optical iISCAT images of d = 60, 80 and 100 nm gold particles trapped in circular pockets
with a diameter of w, = 250 nm in G2 devices. Scale bars: 2 pm.

bations from the ideal device geometry largely distort the potential landscape.
Hence, the fabrication of GIE-trapping devices has been limited to using
SiOx substrates processed by top-down nanofabrication procedures, making
their production time consuming and resource demanding, practically limiting
them to exploratory applications. As a result, PDMS-based GIE-trapping
devices fabricated by soft lithography will substantially reduce production
costs and time, making them easily to integrate into standard lab-on-a-chip
systems, and making them available for research and commercial applications.

In this article, we report on the successful fabrication of PDMS-based nanoflu-
idic systems that are used for GIE-trapping of charged nano-objects. Designing
optimal device geometries, using precise fabrication techniques and an ap-
propriate PDMS composition, preloading the device prior to bonding, and
applying a tailored topographical design to avoid channel collapse play crucial
roles in obtaining functional trapping devices. We use gold nanoparticles
(Au NPs) down to 60 nm as probes to characterize the main trapping features
such as the strength, lateral extension, and potential depth. For imaging,
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interferometric scattering detection (iISCAT) is used as a sensitive technique
that allows for precise tracking of Au NPs as seen in Fig. 5.1B [120, 156]. Be-
yond passive nanoparticle trapping, we also demonstrate active manipulation
of the trap stiffness by locally applying a mechanical force to elastically deform
the device, a feature that is not possible in SiOx-based devices. A successful
implementation of PDMS nanofluidics would allow for facile production of
functional nanofluidic systems and could provide a unique platform in fields
such as single-molecule force spectroscopy, pharmaceutical drug discovery and
integrated labs-on-chips.

5.2. Materials and Methods

5.2.1. Device design

The design of the multi-height GIE trapping silicon master is sketched in
Fig. 5.2A. It consists of two microfluidic reservoir channels and the nanofluidic
GIE trapping region. The two microfluidic channels have a depth of H = 3 yum
and a width of 100 pum, each connected by an inlet and outlet. Several GIE
trapping nanofluidic channels with a length of about 0.5 mm are connected
with the microfluidic channels. Within these nanofluidic channels finer nanos-
tructures, i.e. the actual nanotraps are etched. The design schematics and
fabrication steps of the nanofluidic trapping region are depicted in Figs. 5.1 —
5.3. The nanofluidic channels have a width of w. = 10 um. Two device
geometries were fabricated with a nanofluidic channel height of h, = 210 nm
(device geometry G1) or he = 160 nm (device geometry G2) as shown in
Fig. 5.2C. Along the width of each channel, circular indentations (pockets)
with a depth of hy, = 70 nm (G1) or h, = 100 nm (G2) and diameters of
wp = 200 - 500 nm were fabricated. Supporting pillars with a diameter of
1 pm and a spacing of 4 um were implemented in the devices to prevent
the channels from sagging and collapsing (Fig. 5.1, 5.2 and Supplementary
Information 5.7.1). A final PDMS device filled with methylene blue for better
visualization is shown in Fig. 5.2B.

5.2.2. Device fabrication

The transition from micro- to nanofluidics requires advanced designs, material
processing and handling techniques to obtain functional PDMS devices that
are micrometer in width but only nanometers in height. The fabrication
steps of the nanofluidic trapping region are shown in Fig. 5.3. A silicon
master was first made (Fig. 5.3A) by top-down fabrication methods in a
cleanroom facility, namely electron beam (e-beam) lithography, followed by
reactive ion etching (RIE). Next, a replica molding was carried out using a UV
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Figure 5.2.: A) Schematic of the silicon master design highlighting the two main features,
the microfluidic reservoir channels and the nanofluidic GIE trapping area. B) Optical
images of a finished PDMS device with the punched inlets and outlets and filled with a
0.2% methylene blue solution for better visualization of the microfluidic channels (left),
a silicon master showing the magnified area of the microfluidic reservoir channels and
the nanofluidic trapping channels (middle) and a silicon master showing one magnified
nanofluidic trapping channel (right). Scale bars of images: left 5 mm, middle 200 pm, right
4 pm. C) Schematic of the two device geometries used for trapping gold nanoparticles.

curable hybrid polymer (OrmoStamp®, micro resist technology GmbH, 12555
Berlin, Germany) to obtain a negative copy of the original silicon master
(Fig. 5.3B) [170-172]. This step brings along two major benefits: (i) the
established fabrication steps available and optimized for silicon-based GIE
trapping devices do not need a redevelopment to obtain negative masters for
making PDMS devices, and (ii) replica molding into OrmoStamp® results in
high-throughput fabrication because several negative OrmoStamp® masters
can be produced from a single silicon master, which leads to benefits in rapid
replication and possibilities for commercial applications (Fig. 5.3D). The
last step, transferring the OrmoStamp® into PDMS (Sylgard 184 Silicone
Elastomer, Dow Corning Corporation, Midland, 48686-0994 Michigan, USA)
structures (Fig. 5.3C) was then carried out under a laminar flowbox in a
conventional chemistry lab. To increase the stiffness of PDMS and thereby
reduce the risk of channel collapse [173, 174], PDMS was mixed at a crosslink-
ing rate of 5:1 (prepolymer : crosslinker) resulting in an elastic modulus of
about E = 3.6 MPa [175]. The PDMS was cured on a hotplate at 150°C,
which is the optimized temperature for high patterning resolution [176, 177]
and fast crosslinking. After curing, inlet and outlet reservoirs of 4 mm diame-
ter were punched into the PDMS device as seen in Fig. 5.2B. The detailed
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Figure 5.3.: Side view sketch, 3D-model and SEM images of the fabrication steps of the
GIE trapping devices. Scale bars: 1 um. A) Fabrication of a silicon master using top-down
nanofabrication tools in cleanroom facilities. B) Replica molding of the original silicon
master using a UV curable resin (OrmoStamp®) to obtain a negative master. This step
can be repeated unlimited to receive multiple negative masters enabling a high-throughput
production of PDMS devices. Each obtained OrmoStamp® master can be r%eatedly
used for PDMS replica molding. C) Replica molding of the negative OrmoStamp®™ master
into PDMS. The cured PDMS devices were plasma activated and covalently bound to a
coverslip glass. D) Sketch of high-throughput fabrication using two-step replica molding.
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nanofabrication process is provided in the Supplementary Information 5.7.2.

5.2.3. Sample solution preparation

The Au NPs were purchased from BBI Solutions with a diameter d of 60,
80, and 100 nm (EM.GC60/80/100, BBI Solutions, CF14 5DX Cardiff, UK).
60 and 80 nm Au NPs were centrifuged two times at 2000 g. To exchange
the buffer solution, the Au NP pellets were separated from the solution and
re-suspended in fresh deionized (DI) water (18 MQ) each time. After a
third centrifugation and extraction of the excess water, a dense solution of
Au NPs of ~10™ particles/ml was created. The extracted water was stored
as a buffer solution to fill the microfluidic reservoirs and used to analyze
the net charge of the particles and the ionic strength of the solution. To
avoid clustering of the 100 nm Au NPs, centrifugation was done at 1500 g
for 15 min two times and re-suspended in DI-water to exchange the buffer
solution. A dense solution of about ~10"! particles/ml of 100 nm gold par-
ticles was obtained after a third centrifugation step and decantation of the
supernatant. The particle zeta potentials (p, the solution conductivities b, and
the diffusion coefficients D were measured by phase analysis light scattering
(Zetasizer Nano, Malvern Instruments, WR14 1XZ Malvern, UK). For 12
different measurements of each sample, 60, 80 and 100 nm Au NPs, the
measured particle zeta potentials ¢, were -36 (£ 2) mV, -34 (£ 2) mV and
-35 (£ 3) mV, the solution conductivities b were ~ 6.2 uS cm™*, ~ 6.1 uS cm™!
and ~ 5.5 uS cm™', and the diffusion coefficients D were ~ 6.4 pm? s7!,
~ 5.2 um? s7! and ~ 4.2 pm? s7! respectively. From the measured zeta po-
tentials and conductivities, the average surface charge density o, and particle
net charges could be calculated using the semi-empirical equation [7, 178]
op = —eeok(kT/je) [2sinh(jy/2)+(8/kd) tanh(jy/4)], with the permittivity
of free space €g, the dielectric constant of the medium ¢, the valence of the
ions j = 1, the Debye length [40] k™' = 0.304/,/co, and y = (pe/ksT with
the elementary charge e. The ionic strength of the solution of 0.09 mM,
0.1 mM and 0.1 mM for each sample of 60, 80 and 100 nm Au NPs was
estimated by the linear approximation co = 1.6 x 1072b, where ¢ is in units
mM and b in pS/cm [17, 179]. The particles net surface charge g for 60, 80
and 100 nm Au NPs was thus measured to be ~ -92 e, ~ -168 e and ~ -258 ¢,

corresponding to a average surface charge density of o, ~ 8 - 1073 ¢ nm™2.

68



5.2. Materials and Methods

5.2.4. Experimental procedure

A 150-pm-thick borofloat glass microscope coverslip (Borofloat 33, Plan Optik
AG, 56479 Elsoff, Germany) was rinsed with acetone, IPA and DI water and
dried by nitrogen blowing. The glass and a PDMS device were air-plasma
activated for 35 s at a chamber pressure of 0.5 mbar and 80% power (Femto,
Diener electronic GmbH + Co. KG, 72224 Ebhausen, Germany). The PDMS
parts were loaded prior bonding to the coverslip glass with a solution contain-
ing the nanoparticles to prevent collapsing during bonding [174]. Therefore
0.25 pl of the particle solution were placed directly on the nanofluidic channel
region of the PDMS. Within 1 min after the activation, the PDMS device was
gently pressed to the coverslip glass. After waiting another 1 min the PDMS
was covalently bound to the coverslip and could not be separated anymore.
Then about 60 ul of the buffer solution was placed into each inlet, which
filled the microfluidic reservoir channels by capillary forces. To stop the flow,
60 pl of the buffer solution was filled into each outlet. Finally, the device was
sealed by a second cover glass to avoid evaporation of the solutions as seen in
Fig. 5.2B. The finished device was placed on the microscope holder and the
particles were recorded using the iISCAT setup. For tuning the trap stiffness,
the PDMS was compressed by an applied mechanical force. A precision screw
(150-801ME, Thorlabs Inc., Newton, New Jersey 07860, USA) and a silicon
plate of 4 x 4 mm? x 0.5 mm was used as sketched in Fig. 5.6A and B. The
pressure was applied to the PDMS surface by turning the screw clockwise
to attain a stepwise deformation of the PDMS of about AL = 15 um each,
corresponding to a pressure increase of about AP = 10 kPa. The deformation
pressure was calculated by taking the Young’s modulus £ = 3.6 MPa and
the initial thickness of the PDMS of hppms = 5 mm [175].

5.2.5. Electron microscopy imaging and sample preparation

To inspect if the nanostructures’ morphology are preserved during the two-step
replica molding transfer into OrmoStamp® and PDMS, scanning electron
microscopy (SEM) images were taken. To reduce charging effects during SEM
imaging, a 15 nm chromium metal layer was sputtered on the OrmoStamp®
and the PDMS replica mold (Leica EM SCD 500, Leica Microsystems, 35578
Wetzlar, Germany, sputtering rate 0.1 nm/s). The conductive silicon master
was not specially pretreated. The wafers were imaged by a Zeiss Supra 55
VP SEM (Carl Zeiss AG, 1846 Jena, Germany) using the following imaging
parameters: silicon master, EHT 10 kV, InLens, WD 6 mm; OrmoStamp®
master, EHT 1 kV, InLens, WD 5 mm; PDMS, EHT 3 kV, SE2, WD 16 mm.
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5.2.6. Optical microscopy

Interferometric scattering detection (iISCAT) was used as the imaging method
for particle tracking [15, 17, 19, 20, 120, 154]. The iSCAT signal is generated
by the interference of a reference beam, which is reflected by a strongly
reflecting interface in the device, and the beam scattered from the particle [15,
19]. Similar to glass-based devices [156], PDMS systems have a weak reference
beam caused by having a refractive index close to that of water, which
increases the detected signal-to-noise ratio (SNR) of the trapped objects
(Supplementary Information 5.7.3). The setup was built using a 300 mW
diode-pumped solid-state laser (MGL-III-532, CNIlaser, 130103 Changchun,
P.R. China) at A = 532 nm wavelength. The laser intensity was decreased and
controlled using a fixed neutral density (ND) filter of OD 2 and a continuously
variable ND filter wheel of OD 0-2 (NDC-50C-2, Thorlabs Inc.). An zy galvo
deflection mirror system (GVS002, Thorlabs Inc.) was used to scan the laser
over the sample running at 1 kHz rate. The laser was slightly defocused on the
back focal plane of an inverted microscope (DMI 5000 M, Leica Microsystems)
equipped with a 100 x, 1.3 NA oil-immersion objective (HCX PL FLUOSTAR,
Leica Microsystems) and an additional 1.5 x internal tube lens (11 888 699,
Leica Microsystems). The reflected and scattered beams were imaged on a
CMOS camera (MV-D1024-160-CL-12, Photonfocus AG, 8853 Lachen SZ,
Switzerland). To synchronize the camera with the galvo deflection mirror
system a four-channel AO-LabView controller (DAQ, National Instruments,
Austin, TX 78759-3504, USA) was used and controlled by a custom made
LabView software. The images for the residence time measurements were
taken at an exposure time of 10 ms and an acquisition frequency from 5 — 90
Hz depending on the device geometries and particle sizes scanning a field
of view 9 x 9 pm?. Tmages for stiffness measurements were taken at an
exposure time of 1 ms and an acquisition frequency of 111 Hz scanning a field
of view 1 x 5 pm?. The lateral trajectories of the particles were obtained by
the center of a Gaussian profile fit to each frame, and the axial position is
correlated to the amplitude of each profile fit [104, 120] (see Supplementary
Information 5.7.4). The average lateral localization accuracy in the x- or
y-direction were dx = 6.5 nm for d = 60 nm Au NPs and dz = 4.5 nm for
d0x = 80 and 100 nm Au NPs.
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5.3. Results

5.3.1. Device fabrication

We used scanning electron microscopy (SEM) to determine if the shape of
the small nanostructures were preserved during the two-step replica molding
transfer into OrmoStamp® and PDMS. The shapes and dimensions of the
200, 250 and 500 nm pockets were well resolved in the silicon master as
depicted in Fig. 5.3A. In the 30° tilt micrograph, the height difference of the
pocket depth (hp, = 70 nm) in comparison to the supporting pillar height
(he = 210 nm) is seen. Replica molding into OrmoStamp® preserved both
lateral and axial dimensions of the nanometer-sized structures as well as
the micrometer-wide channels and supporting pillars (Fig. 5.3B). The flat
top of the inverse pockets indicates that the resin could permeate entirely
into the pockets before UV curing. To obtain functional devices, besides
the device design, proper handling of the PDMS substance by controlling
the mixture, curing parameters, and sample filling play critical roles (see
fabrication details in Supplementary Information 5.7.2). All pocket dimensions
could be transferred from OrmoStamp® into PDMS as seen in the SEM image
of Fig. 5.3C. The lateral dimensions of the pockets and supporting pillars
were entirely preserved during the PDMS molding. However, the well-defined
axial profile of the pockets and supporting pillars in the OrmoStamp® looked
smoothened and more shallow in the PDMS mold.

5.3.2. Electrostatic potential landscape

In GIE-trapping devices, the induced electrostatic potentials depend on a
number of parameters, such as the channel and trap height, lateral trap di-
mension, solution ionic strength and pH, and the surface charge density of the
cover glass and PDMS surfaces. Whereas SiOx-based GIE trapping devices
have similar material layers on all decisive surface sides, PDMS-based GIE
trapping devices consist of a top PDMS surface and a bottom glass surface
layer. However, similar surface Zeta potentials of both activated PDMS and
activated glass in solution of about (surface ~ -80 mV (see Supplementary In-
formation 5.7.5) indicate similar numbers of spontaneous ionization of silanol
groups in water. Thus, it may be expected that the potential minimum in
GIE trapping devices made from PDMS and glass substrates results in the
slit midplane of the nanofluidic channel.

The trapping strengths of different geometries were characterized by tracking
the lateral motion of trapped Au NPs. Exemplary position plots of Au NPs
trapped in G2 devices (he = 160 nm, hp, = 100 nm) with a particle diameter
of d = 60 nm in pockets of wp = 250 and 500 nm and with larger particles of
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Figure 5.4.: Influence of lateral trap dimensions and particle net charges on the lateral
trap stiffness for devices with a channel height of h. = 160 and a pocket depth of
hp = 100 nm (device geometry G2). A) Lateral position plots of a d = 60 nm Au NP
trapped by a wp = 250 nm (dark green) and a wp = 500 nm (light green) circular pocket
and a d = 100 nm (blue) Au NP trapped by w, = 250 nm circular pocket. B) MSD plots
corresponding to the lateral position plots in A). The error bars denote the standard error
of the mean values.

d =100 nm in wp = 250 nm pockets are shown in Fig. 5.4A. These scatterplots
underline the influence of geometrical parameters and particle net charges on
the spatial confinement of the particles. As expected, a smaller trap width
of wp, = 250 nm confines the particle to smaller dimensions in comparison
to larger w, = 500 nm ones. Moreover, the 100 nm particles, carrying a
higher net charge of ~ -258 e compared to the ~ -92 e of 60 nm particles,
experience a stronger trapping by the pockets with the same diameter (see
Supplementary Movie 1). The radial symmetry of the scatterplots verifies the
high replica mold fabrication quality of the lateral dimensions of the pockets
as also shown from SEM inspection (Fig. 5.3C). To quantify the trapping
strength, the 2D mean-square displacement (MSD), < [Ar(At)]? >, was
evaluated as a function of lag time At for each series of acquired frames for a
trapped particle (Fig. 5.4). For a particle with restricted diffusion, the MSD
reaches a plateau for lag times much higher than its relaxation time 7r in the
potential well (the time a non-trapped particle would take to freely diffuse
across a distance corresponding to the width of the potential well) [141]. For
a harmonic potential, the plateau of the MSD is directly correlated to the
radial trap stiffness k, as [7, 159]

4 kT

< [Ar] >= -

(5.1)
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where kg is the Boltzmann constant and T is the absolute temperature. For
the 60 nm particles trapped by the w, = 500 nm pockets in a G2 device, a
radial trap stiffness of k, = 0.22 (£ 0.06) fN nm™' was obtained. Decreasing
the trap diameter to w, = 250 nm confined the motion of the 60 nm particles
stronger and thus increased the trap stiffness to k, = 0.8 (£ 0.3) fN nm™!, as
expected. The 100 nm particles trapped by the same pockets of w, = 250 nm
experienced an even stronger trap stiffness of k = 2.9 (£ 0.9) fN nm™*
due to their higher net surface charge. We would like to point out that we
observed no trap stiffness variation along the width of the nanofluidic channels
showing that there is no roof sagging towards the middle of the channel width
(Supplementary Information 5.7.1).

In addition to the lateral confinement of the electrostatic potentials, we
evaluate their depth by measuring the mean residence time 7k (Kramers
time), defined as the average time a particle dwells inside a trap before
escaping. For a harmonic potential, the Kramers time is given by

_Q
TK 2 1R e*BT (5.2)

where kT is the thermal energy and Q = g AV the potential depth with
q the surface net charge of the particle and AW the electrostatic potential
difference between center of the trap and a position outside the trap in the
nanofluidic channel [17, 142, 143]. We quantitatively analyzed the mean
residence time by monitoring 100 — 300 escaping events for each particle size
in various pocket and device geometries at a monovalent ionic concentration
of ¢co = 0.1 mM. In this procedure, Tk is extracted from the “residence time
probability distribution”, p(7), which decays exponentially with the residence
time 7 of the individual particles as [143]:

p(r)=Ae 7x. (5.3)
Measured p(7) are illustrated in Fig. 5.5A — F and the corresponding 7Tk
obtained from these graphs are plotted in Fig. 5.5G. For different particle
sizes trapped in the same geometry of he = 210 nm, h, = 70 nm (G1) and
with a pocket width of wp, = 500 nm, smaller particles escape faster from the
potential wells. 60 nm Au NPs carrying a net charge of ~ -92 e quickly escaped
from the traps with a very short Kramers time of 7x = 0.073 (£ 0.012) s.
By increasing the diameter of the particles to 80 nm, carrying a higher net
charge of ~ -168 e, the Kramers time was increased to 7x = 0.242 (£ 0.037) s
and further to 7k = 2.70 (£ 0.36) s for 100 nm gold particles with a net
charge of ~ -258 e. Experimentally, we find an over-exponential increase of
the Kramers time as a function of particle diameter. To obtain the potential
depths

Q = () keT (5.4)
TR
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Figure 5.5.: Residence time mea-
surements. A-F) Histograms of
the residence time probability dis-
tribution showing the exponential
decay of the residence times of
trapped Au NPs in different device
geometries (dashed lines are expo-
nential fits) at a concentration of
¢o = 0.1 mM. A-C) 60 nm (dark
green, A), 80 nm (dark brown, B) and
100 nm (blue, C) Au NPs trapped
in devices with a nanofluidic chan-
nel height of he = 210 nm, a pocket
depth of h, = 70 nm (device geome-
try G1) and a width of w, = 500 nm,
N = 278, 281 and 104 trapping events.
D-E) 60 nm (middle green, D) and
80 nm (brown, E) Au NPs trapped in
G2 /wp = 250 nm, N = 290 and 235
trapping events. F) 60 nm Au NPs
trapped in G2 /wp = 500 nm, N = 275
trapping events. G) Kramers time
corresponding to the histogram dis-
tributions of A)-F) as a function
of particle diameter. H) Poten-
tial depths @ in kT as a function
of particle diameter calculated from
the experimentally obtained Kramers
time and from simulations (dashed
lines). I) Simulation of the electro-
static potential of a point charge
of -1 e by solving the nonlinear
Poisson-Boltzmann equation numer-
ically for the device geometry G1
and a pocket width of w, = 500 nm.
J) Extraction of the electrostatic po-
tential difference of a point charge
of -1 e for the device geometry
G1/wp = 500 nm, G2 /wp = 250 nm
and G2/wp = 500 nm as a function
of r along the axial energy minimum
(black dashed line in I)).



5.3. Results

Device Device Trap Particle Diffusion Radial Relaxation

design geometry diameter diameter coefficient stiffness time
he, hp (nm) wp (nm) d (nm) D (um?s™1) ky (fN/nm) TR (ms)

500 60 6.38 0.18 3.5
G1 210, 70 500 80 5.23 0.55 1.4
500 100 4.17 0.64 1.5
250 60 6.38 0.81 0.8
Go 160, 100 250 80 5.23 2.61 0.3
500 60 6.38 0.22 2.9

Table 5.1.: Relaxation times 7r for 60, 80, 100 nm gold particles in different trap
geometries. The diffusion coefficients D were measured using a dynamic light scattering
system.

of each system, the relaxation time 7r was determined by the experimentally
measured trap stiffness k£, and the Diffusion coefficients D of the particles
(see Tab. 5.1). In a harmonic potential, 7z is related to the trap stiffness k.
and the Diffusion coefficients D of the particles as [7, 144]

_ ksT
"Dk

where D = kgT'/3mnd for a particle with diameter d in a solution of dynamic
viscosity 7.

TR (5.5)

For the 60 nm Au NPs trapped in the G1 devices, only a potential depth
of about @ = 3.0 kg7 is required to be released from the 500 nm pockets,
explaining the fast escape of the particles from the trap. The potential depth
is increased to @ =2 5.2 kgT and @ = 7.5 kgT for the 80 and 100 nm Au NPs
carrying a higher net charge. From simulating the electrostatic potential of a
point charge by solving the nonlinear Poisson-Boltzmann equation numeri-
cally [17] (COMSOL Multiphysics 4.2, see Fig. 5.51 and J and Supplementary
Information 5.7.6) we can extract the potential depths for the given geom-
etry as a function of the particle size (dashed lines in Fig. 5.5H). For the
simulations, a mean surface charge density of the particles was taken from
measurements of o, = 8-107% ¢ nm™? and a surface charge density of the
substrate glass and PDMS were estimated from spontaneous ionization in
water of about s ~ 3-107% ¢ nm™? [107]. The experimental results and the
good agreement with the simulations show that the Kramers time increases
over-exponentially with the particle diameter. Taking Eq. 5.2 and Eq. 5.5,
this can be confirmed by the proportionality of Tk as
~ kT g8y et

"Dk d

TK

(5.6)
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assuming the net surface charge ¢ of the particles is proportional to d?, the
diffusion coefficients D inverse proportional to d, and the stiffness k; propor-
tional to d* (¢ A¥(r) = k,r2/2) [103]. A stable trapping longer than a few
seconds in geometry G1 (he = 210 nm and wp = 70 nm) devices and at an
ionic concentration of cg = 0.1 mM was only possible for the 100 nm particles.
For creating deeper potential wells, the height A, of the nanofluidic channel
and the depth h, and width w, of the pockets are important geometrical
parameters to vary. Decreasing the channel height results in deeper potentials
and thus longer trapping times of the particles as well as increasing of the
potential depth.

By fabricating a second design of GIE trapping devices with a reduced
nanofluidic channel height of hc = 160 nm and slightly deeper pockets of
hp = 100 nm (device geometry G2), 60 to 100 nm particles could be stably
trapped by the pockets as seen in the iSCAT images of Fig. 5.1B. The resi-
dence time probability distribution plots for the 60 nm Au NPs trapped in
pocket widths of wp, = 250 nm and 500 nm and for the 80 nm Au NPs trapped
in a pocket width of w, = 250 nm are shown in Fig. 5.5D — F. For the 60 nm
and 80 nm particles trapped in the wp, = 250 nm pockets, Kramer times of
Tk = 1.28 (£ 0.05) s and Tk = 16.8 (£ 0.3) s were obtained with a corre-
sponding potential depth of @ =2 7.4 kgT" and @ = 10.9 kgT. Trapping the
60 nm particles in wp = 500 nm pockets (same pocket width as for the device
geometry G1), the Kramers time was increased to 7x = 12.2 (£ 0.3) s result-
ing in a potential depth of @ =2 8.3 kgT'. For the same pocket width, this is a
165 X increase of the Kramers time compared to the 7x = 0.073 (£ 0.012) s
measured in the G; devices. The experimental observations confirm that
particles trapped in pockets with a larger diameter have longer trapping times
caused by a deeper potential (up to a certain limit) and lower counts per
time of hitting the potential boundaries, due to the longer relaxation times
within the larger pockets. The quantitative analysis of the Kramers time
and potential depth requires statistics of many escaping events. Since for the
second device design G2, the 80 nm particles in the w, = 500 nm pockets and
the 100 nm particles in the wp = 250 nm and 500 nm pockets were stably
trapped for several minutes to days the corresponding potential depths could
be obtained only by simulations. For the 100 nm particles trapped by the
wp = 250 nm pockets in a G2 device, a potential depth of @ ~ 18 kgT can be
estimated which corresponds to a Kramers time of about 7x ~ 10 h. When
trapped in the wp, = 500 nm pockets, potential depths of Q ~ 24 kgT are
calculated resulting in an extremely long Kramers time beyond experimental
demands.
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5.3.3. Tunable trapping by elastic deformation

In contrast to rigid materials, such as silicon and glass, PDMS is an elastomer
that can be compressed and bent easily [180]. This provides new advantages
in addition to its low-cost fabrication as discussed in previous sections. We
use this unique feature of our nanofluidic system to tune the channel heights
he and hence the trap stiffness and potential depth. Compressing the PDMS
part of the devices by using mechanical forces, modifies the nanofluidic channel
height and thus allows for an additional in situ tuning of the trap stiffness and
residence times. By applying a compression pressure on the PDMS, valves
and pumps in devices have been realized by e.g. pneumatic pressure [181-183],
torque actuation from embedded screws [184] or solenoids [185] to open and
close microfluidic channels.

To apply a mechanical deformation, a precision screw and a silicon plate were
used as sketched in Fig. 5.6A and B. The compression distance and the elastic
modulus of the PDMS of about E = 3.6 MPa [175] was used to quantify
the pressure exerted on the device. The result for an individual 100 nm
Au NP trapped in a wp, = 250 nm pocket at an initial nanofluidic channel
height of hc o = 160 nm and a pocket depth of h, = 100 nm (device geometry
G2) is shown in Fig. 5.6C. If no compression pressure was applied on the
PDMS device (P = 0 kPa), a radial stiffness of kyo = 3 - 1072 pN nm ™! was
measured. Applying a stepwise deformation pressure on the PDMS device of
about AP ~ 10 kPa each step, resulted in the reduction of the nanofluidic
channel height of about Ah.(AP) ~ 25 nm and thus to a stronger trap
stiffness. The nanofluidic channel heights were derived by estimating the
radial trap stiffness ky sim for different simulated channel heights according
to ¢ AV = k; sm7>/2 as shown in Fig. 5.6D and comparing krsim with the
experimentally obtained trap stiffness (Fig. 5.6E). Here, ¢ AU represents
the electrostatic energy for a point charge g of -258 e. During the approach
(reduction of channel height), the particle was further laterally and axially
confined, which can be seen in the decrease of the radial displacement and
the corresponding MSDs in Fig. 5.6C, the Supplementary Information 5.7.4,
and the Supplementary Movie 2. At P = 50 kPa, the radial trap stiffness
increased 45x to kr50 = 0.09 pN nm™'. At this trap stiffness, correspond-
ing to a channel height of less than 40 nm, a potential depth of more than
Qmax ~ 200 kT was obtained from our simulations. Additionally, since a
smaller nanofluidic channel height than the actual particle diameter was esti-
mated, the particle could be trapped electrostatically as well as geometrically,
a remarkable advantage compared to chip-based devices made from rigid
materials. This process could be reversed, proving the contact-free nature of
the trapping method, by releasing the pressure and going back to P = 0 kPa,
resulting in a less confined particle with the initial radial trap stiffness of
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Figure 5.6.: Active manipulation of trapping performance by elastic deformation of the
PDMS device. A) Sketch of the experimental setup using a precision screw to apply an
axial compression force onto the PDMS device. B) Magnified area of A), illustrating the
height change of the nanofluidic channel when a compression force is applied to the device.
C) Active manipulation of the trapping strength of a d = 100 nm Au NP trapped in a
wp = 250 nm circular pocket at an initial nanofluidic channel height of hc o = 160 nm and
a pocket depth of h, = 100 nm. In the top graph the radial fluctuations r of the particle
are plotted as a function of time t at different applied pressures. The corresponding MSDs
are shown in the middle graph as a function of the lag time A¢. The obtained radial trap
stiffnesses from the MSDs are plotted in the lower graph as a function of the applied
compression pressure P. Increasing the compression pressure of to the PDMS results in a
nanofluidic channel height reduction and thus higher trapping strength. D) Radial trap
stiffness fits on simulations of the electrostatic energy along the axial energy minimum for
a point charge of ¢ = -258 e (100 nm particle) for different nanofluidic channel heights
he. E) Comparison of measured and simulated values of the radial trap stiffness k, as a
function of applied compression pressure P and nanofluidic channel height h..
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about kyo = 3 - 1073 pN nm ! (Fig. 5.6C and E).

5.4. Discussion

Our results demonstrate that deeper potential depths as the required 10 kT
for stable trapping can be obtained by geometry induced electrostatic trap-
ping in soft matter devices. For potential depths <10 kg7 trapping times of
only milliseconds to some seconds were observed, whereas reliable trapping
of Au NPs was achieved from several seconds up to hours and days if the
potential depths exceeded 10 kgT. Furthermore, the unique feature of soft
PDMS devices to manipulate the nanofluidic channel height by an applied
pressure enables straightforward tuning of the chip performance during the
experiment and thus opens the capability of active trapping and releasing
of nanoparticles. The performance of current chip-based GIE trapping de-
vices made from rigid SiOx materials however is characterized by their initial
fabricated geometric parameters, especially the nanofluidic channel height.
In addition, achieving trapping potentials of more than Qmax ~ 200 kT
and having the possibility of trapping the Au NPs geometrically could make
the trapping of smaller nano-objects in physiological buffer conditions pos-
sible. Tuning the nanofluidic channel height during the experiments gives
the possibility to load a particle solution without clogging, followed by trap-
ping the particles by an applied pressure while still having the option to
change the condition of the solution by an integrated flow fluidic system
or by diffusion. Krishnan reported that even uncharged particles might be
trapped in the nanofluidic indentations within potential depths >10 kg7, if
the ratio of the particle diameter and the nanofluidic channel height d/h. is
larger than about 0.6 [116]. This effect was explained by the repelling of the
particle from the nanofluidic channel into the trap caused by the counterions
entropy of the charged channel walls. Thus, the feasibility to manipulate
the nanofluidic channel heights during the experiment down to the size of
the particle diameters may extend the PDMS-based trapping method for
trapping even uncharged particles. For nanofluidic channel heights smaller
than ~ 50 nm, the simulated electrostatic energies scale slightly different
from the predicted correlation ¢ AW = k, simr>/2 (see Fig. 5.6D). For such
small channel heights, the potential energy landscape might deviate from a
perfect harmonic potential, caused by the reduced axial dimension but still
constant lateral dimension of the trap width. Additionally, the simulated
trapping strengths deviate from our experimentally explored stiffnesses as
seen in Fig. 5.6E. We note that for the simulations no external fit parameters
were used and that the simulations are based on the obtained mean values,
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described in Section 5.3.2. The experiment in Fig. 5.6 demonstrates the
behavior of an individually trapped Au NP. Thus, the uncertainties in the
particle size and charge and in the correlation between the applied pressure
and nanofluidic channel height are the main reasons for this deviation. At
small channel heights further effects such as the finite size of the particle and
the effect of entropic trapping play an additional role. These effects could
be studied in future experiments by exploring the variation of each effect
individually.

From the viewpoint of implementation, such systems can have a great impact
in the field of nanofluidics since the flexibility and low cost of fabrication
bypasses the need for cleanroom facility for top-down processes. Moreover, the
present method is integrated with the well-established microfluidic techniques
and infrastructure, enabling the integration of GIE trapping nanofluidic de-
vices with more complex fluidic systems such as particle sorting or trapping
along concentration gradients [124]. Demonstrating that GIE trapping de-
vices can be fabricated from replica molding processes opens additionally
the possibility for fabricating such systems out of a variety of new materials.
As an example, GIE trapping devices made from polystyrene foils and UV-
curable adhesives could be used for X-ray scattering such as free-electron-laser
studies [186, 187].

5.5. Conclusion

We present nanofluidic trapping devices made from the elastomeric material
PDMS for high-throughput fabrication and high performance contact-free
passive trapping of single charged nano-objects. These devices consist of
fluidic channels that are ~ 160 nm in height but several micrometers in width,
enabling the trapping of multiple single particles in parallel by fabricating
trap lattices within the channels. Analyzing the lateral motion and residence
times of the particles, we could obtain both, the trap strength and the po-
tential depths of our traps experimentally supported by simulations. For
the as-fabricated device geometries (i.e. without exerted pressure), we found
potentials of the electrostatic traps as deep as @ = 24 kg T, corresponding to
stable trapping times of many days. We were able to actively tune the nanoflu-
idic channel heights by applying a mechanical compression pressure and thus
varying the trap stiffness and potential depths in situ. With this feature
that is not possible in rigid SiOx-based devices, remarkable deep potentials of
Qmax ~ 200 kgT and high trap stiffness of more than k; max = 0.09 pN nm~!
were achieved. Realizing such high potential depths could facilitate practi-
cal implementation of trapping devices for in situ isolation of fundamental
biological entities such as macromolecules in physiological buffer conditions.
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5.7. Supplementary Information

5.7.1. Sagging of PDMS nanochannels

A key advantage of PDMS is the possibility of actively tuning the nanofluidic
channel height and therefore the trapping stiffness and potential depth by
applying a compression pressure to the device. If no pressure is applied
to the PDMS device, however, the design of the chip and the fabrication
process including a stiffer PDMS mixture, loading of the sample solution
before binding and the supporting pillars should prevent the PDMS from
sagging towards the middle of the channel width (Fig. 5.7A). To investigate
roof sagging of the PDMS nanofluidic channels, the trap stiffness at the
positions 2, 4, 6 and 8 um along the width of the channel were measured using
Au NPs of d = 100 nm trapped in w, = 250 nm pockets and at a channel
height of h. = 160 nm and pocket depth of h, = 100 nm (device geometry
G2). In Fig. 5.7B the mean trap stiffness of the particles at the different
positions along the nanofluidic channel is shown. Since there was no increase
in the trap stiffness towards the center of the nanochannel observed and the
trapping stiffnesses were constant along the channel width, roof sagging of
the nanochannel along the 10 ym width can be excluded. Pure scattering
standard bright field microscopy (DMI 5000 M, Leica Microsystems) equipped
with a 100 x, 1.3 NA oil-immersion objective (HCX PL FLUOSTAR, Leica
Microsystems) and an additional 1.5 X internal tube lens (11 888 699, Leica
Microsystems) was used to measure multiple Au NPs at the same time with a
field of view of 22 x 22 um? at an exposure time of 0.1 ms and an acquisition
rate of 199 Hz using a sCMOS camera (Neo 5.5 sCMOS, Andor Technology
Ltd, Belfast BT12 7AL, UK).
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A top view Figure 5.7.: A) Top and side view of
a nanofluidic trapping channel with
the integrated circular pockets and
supporting pillars. The circular pock-
ets have a distance of 2 pm from each
other and are placed at the positions
2, 4, 6 and 8 pm along the width of
the channel. B) Mean radial trap stiff-
ness measurements of 100 nm Au NPs
trapped in w, = 250 nm pockets at
different positions along the width of
the nanofluidic channel with a height
of he = 160 nm and a pocket depth
of h, = 100 nm.
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5.7.2. Device fabrication

All features were patterned on a silicon wafer with a thermally grown SiOq
layer of 400 nm thickness (Fig. 5.8A). To etch the microfluidic reservoir
channels, inlets, outlets and the alignment markers, a chromium layer of
120 nm (Univex 450, Leybold GmbH, 50968 Koeln, Germany) was first
evaporated, which served as a hard mask during the RIE etching of the deep
channels. After spin-coating a photoresist (Microposit S1813, Dow (Shipley),
Newark, DE 19713, USA; 2000 rpm, 500 rpm/s, 40 s) and UV-light exposure
(Suess MA 6, Suess Microtec AG, 85748 Garching, Germany; A = 365 nm,
120 mJ/cm?, 12 s) using a chromium mask (Compugraphics Jena GmbH,
07751 Jena, Germany) with the design of the microfluidic system, the wafer
was developed in MF-24A (Shipley, Megaposit MF-24A, Dow (Shipley))
for 40 s. The structures were etched through the chromium layer (BMP
Plasmatechnology GmbH, O2:Cls with a ratio of 5:1) and further etched 3 pm
into the SiO2 (Ar 38 sccm, CHF3 12 scem, 100 W) and Si (SFe 4 sccm,
CHF3 30 sccm, Oz 3 sccm, 100 W) substrate using RIE (Oxford 100, Oxford
Instruments plc, Abingdon, Oxfordshire OX13 5QX, UK) as shown in Fig. 5.2B
and Fig. 5.8B. The remaining resist was removed in acetone and the wafer
was cleaned in a piranha bath (H2SO4(%):H202(%) = 2:1) for 20 min at
90°C. The remaining chromium was dissolved in chromium mask etchant
(Chrome ETCH No. 1, Microchemicals GmbH, 89079 Ulm, Germany) and the
wafer was rigorously rinsed in DI water and dried under a nitrogen air stream.
To further fabricate the nanofluidic GIE trapping region, a new chromium
layer of 25 nm was evaporated on the silicon wafer. This layer was again used
as a hard mask for RIE etching. After spin-coating PMMA (PMMA 950k,
Allresist GmbH, 15344 Strausberg, Germany; 4 % ethylacetate; 4000 rpm,
1000 rpm/s, 60 s) on the chromium layer, the design of parallel channels of
10 pum width and 0.5 mm length including supporting pillars were exposed
using e-beam lithography (Vistec EBPG 5000 Plus, Vistec Electron Beam
GmbH, 07743 Jena, Germany), developed in a mixture of methyl isobutyl
ketone and isopropyl alcohol (MIBK:IPA = 1:2 (v/v), 60 s) and etched into the
chromium hard mask using BMP. After removing the PMMA layer in acetone,
the channels were further etched 160 nm or 210 nm deep into the silicon
dioxide layer, using RIE as shown in Fig. 5.8C. The hard mask was removed
in the chromium mask etchant. These steps were repeated to etch the actual
nano-traps, circular pockets with a diameter of 200 — 500 nm, 70 — 100 nm
deep into the surface of the existing channels (Fig. 5.8D). The wafer was
cleaned in a freshly made piranha solution (H2SO4(%):H202(%) = 2:1 (v/v))
and silanized (mixture of trichloro(1H, 1H, 2H 2H-perfluorooctyl)-silane and
(tridecafluoro-1,1,2,2-tetrahydrooctyl) dimethylchlorosilane with a ratio of
1:1 (v/v)) in an evacuation chamber. The silicon wafer then served as a master
to fabricate several OrmoStamp®-based negative masters. Before each replica
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molding step from the silicon master to OrmoStamp®, a new silanization
of the silicon master was carried out to insure high quality OrmoStamp®
masters and non-sticking to the silicon wafer. In the second main step, a
cleaned 700 pm thick borofloat glass wafer (Borofloat® 33, 700 um, Schott AG,
55122 Mainz, Germany) was plasma activated for 2 min (Oxford 80, Oxford
Instruments plc, Oz 20 sccm, 20 W), spincoated with an adhesion layer
(OrmoPrime®, micro resist technology GmbH, 4000 rpm, 45 sec) for better
adhesion of the OrmoStamp® resin to the glass wafer and baked at 180°C
for 5 min. A 2 ml droplet of OrmoStamp® hybrid polymer was placed in
the middle of the silicon wafer and the glass wafer was gently aligned upside
down onto the droplet and left for about 30 min until the droplet reached the
edge of the two wafers. Then the silicon-OrmoStamp®-glass stack was placed
under a UV lamp (ELC-500, Electro-Lite Corporation, Bethel, CT 06801,
USA) for 10 min to cure the hybrid polymer. After detaching the two wafers,
a negative OrmoStamp®-glass wafer was received. Each OrmoStamp® wafer
was silanized (mixture of trichloro(1H, 1H, 2H 2H-perfluorooctyl)-silane and
(tridecafluoro-1,1,2,2-tetrahydrooctyl) dimethylchlorosilane with a ratio of 1:1
(v/v)) once in an evacuation chamber before the first PDMS replica molding.
The OrmoStamp® wafer was used in the third main step as a negative master
to obtain the PDMS-based devices. To reduce sagging and roof collapse of
the thin nanometer height fluidic channels, PDMS was mixed at a ratio of 5:1
(prepolymer : crosslinker) to achieve a higher elastic modulus [173-175] of
E = 3.6 MPa [175] and degassed in a vacuum chamber to remove air bubbles.
The PDMS devices were cured on a hotplate at 150°C for 3 h which reduced
the viscosity of the PDMS prepolymer before crosslinking to achieve high
resolution replication into PDMS [176, 177]. The PDMS was removed from
the OrmoStamp® master and devices were cut out using a scalpel. Finally,
inlet and outlet reservoirs of 4 mm diameter were punched into the PDMS
device as seen in Fig. 5.2B.
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C nanofluidic channels
with supporting pillars

Figure 5.8.: Schematic of the fabrication steps of the silicon master showing the mi-
crofluidic channels, nanofluidic GIE trapping region and the actual nanotraps.
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5.7.3. High contrast and SNR imaging using PDMS

Interferometric scattering detection (iISCAT) is used for many applications as
a detection method, since it provides high sensitivity and nanometer precision
detection of nano-objects down to 5 nm in diameter [19, 20, 120]. In our
device configuration, the iISCAT signal is based on the interference between
the scattered light from a particle and a reference beam reflected from the
water-solid interface. The interference signal scales with the third power of

the object diameter (d*) whereas the pure scattering signal is proportional to
d®.

In comparison to glass-based devices [156], PDMS also has the key advantage
that it is transparent from UV to IR (240 nm — 1100 nm) with a refractive
index of ~ 1.4 [188] in the visible range, making it possible to enclosure fluidic
optical components and highly suitable for high signal-to-noise detection using
iSCAT imaging. The background intensity in PDMS-based GIE trapping
devices originates mainly from the reflected field of the glass-water interface
E:1 and the water-PDMS interface F,o with a reflectivity of Ry = 0.26%
and Rz = 0.11% respectively, as sketched in Fig. 5.9A. Example contrast
cross-section of single Au NPs with a diameter of 60, 80 and 100 nm are
seen in Fig. 5.9B. We have analyzed over 150 frames of single Au NPs with a
diameter 60, 80 and 100 nm each in nanofluidic PDMS channels. The mean
contrast and SNR values are shown in the graph in Fig. 5.9C. We would like
to point out that, using PDMS-based GIE trapping devices, the contrast and
SNR values for detecting Au NPs are comparable to glass based devices and
one order of magnitude higher than compared to silicon based devices [156].
This is explained due to the limited incident laser power used in silicon based
devices, preventing an overexposure of the camera detector, caused by the
high reflection of the Si-SiO3 interface in the device.
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A PDMS-based nanofluidic system
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Figure 5.9.: A) Schematics of the
PDMS-based nanofluidic device
demonstrating the path of the
incident laser beam (green) and the
fields scattered from the nano-object
and reflected from the glass-water
and water-PDMS interfaces. Similar
to glass-based nanofluidic systems,
PDMS devices have a reduced
reflection of the incident beam, which
leads to higher SNR and contrast
imaging using iISCAT. B) Example of
iSCAT images and the corresponding
contrast profiles of 60, 80 and 100 nm
gold particles as used in this paper.
The contrast profiles were multiplied
by 1/2, 1/3 and 1/5 for better
visualization. C) Mean contrast and
SNR measurements as a function of
particle diameter.
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5.7.4. Reduction of axial movement of the particle at reduced
nanofluidic channel heights

Additional to the lateral trajectories, iISCAT imaging provides information on
the axial movement of the particle due to the interference signal between the
scattered field of the particle and the reflected background field [17, 103, 104,
120]. This information can be extracted from the intensity fluctuation of the
particle and thus from the amplitude of each acquired Gaussian profile fit.
For the individual trapped particle in Fig. 5.6 of the manuscript, we obtain a
decrease of the standard deviation of the intensity fluctuation of the particle
for increased compression pressure (see Fig. 5.10). This confirms, that the
reduction of the nanofluidic channel height results additionally in a stronger
confinement in z-direction.

Q approach
’ <@ release

STD z-fluctuation (counts)

0 10 20 30 40 50
P (kPa)

Figure 5.10.: Standard deviation of the intensity fluctuation of the 100 nm Au NP
trapped at different applied compression pressures.
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5.7.5. Surface zeta potential measurement of activated glass and
PDMS

In glass-based GIE trapping devices, the top and bottom surface layer consist
of the same material, which results in an energy minimum at the midplane of
the nanofluidic channel without implemented traps. However, PDMS-based
GIE trapping devices consist of a top PDMS surface and a bottom glass
surface. To determine the charge properties of the glass and PDMS, surface
zeta potential measurements were carried out at pH = 6.2 (Surface zeta
potential cell ZEN1020, Malvern Instruments Ltd) using 1 pum polystyrene
beads (micromere 01-54-103, micromod Partikeltechnologie GmbH, 18119
Rostock, Germany). The beads were diluted 1:1000 (v/v) in fresh DI water
(18 MQ). After activating a PDMS and glass sample, respectively, the apparent
mobility of the tracer particles was measured at several distances away from
the surfaces. Close to the surfaces, the tracer mobility is dominated by the
electro-osmotic surface flow whereas far from the surface, the electrophoretic
motion of the tracer particles itself dominates the mobility. By extrapolating
the reported zeta potential values to zero displacement (see Fig. 5.11) and using
the equation Csurface = —Ceracer (0) + Ciracer (00), the surface zeta potentials of
the materials were obtained [189]. At pH 6.2, a zeta potential of the tracer
particles of Ciracer(00) = -43.8 (£ 0.9) mV was measured. For activated glass
and activated PDMS a surface zeta potential of (surface,glass = -79.9 (£ 0.9) mV
and Csurface,p,DMs = -78.2 (£ 1.2) mV was obtained ensuring that the energy
minimum in GIE trapping devices made from PDMS and glass as substrates
results in the slit midplane of the nanofluidic channels without the trap
implementations.

40+ -
« glass, not activated!
e glass, activated

¢ PDMS, activated

204

-204

apparent zeta potrential (mV)

-40
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surface displacement (um)
Figure 5.11.: Surface zeta potential measurements of non-activated and activated glass
and of activated PDMS in water. For activated glass and activated PDMS a similar

surface zeta potential of around -80 mV was obtained ensuring that PDMS can be used
as a material for GIE trapping devices.
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5.7.6. Simulation of the electrostatic potentials

The simulated electrostatic potentials of a point charge of -1 e for all three
device geometries (see Fig. 5.12) were obtained by numerically solving the
nonlinear Poisson-Boltzmann equation in 3D using the COMSOL Multiphysics
package 4.2 (COMSOL) [17]. An ionic strength of a monovalent ionic salt
concentration of ¢p = 0.1 mM and a surface charge density of the Au NPs
of op ~ 81073 nm™~? were measured and taken as a boundary condition.
The surface charge density of the glass and PDMS of o, ~ 3-107%¢ nm™?>
were estimated to fit the simulations to the experimentally observed data in
agreement with literature [107].

The circular pockets were rotationally symmetric about the r = 0 axis in
the nanofluidic channels. The potential depths AQ of a point charge of -1 e
were extracted by calculating the energy difference between the minimum
potential along the z-axis for r = 0 nm (center of the pocket, blue dashed
lines) and r = 400 nm (midplane of the nanofluidic channels outside the trap
potential, red dashed lines).
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Figure 5.12.: Two-dimensional electrostatic potentials and electrostatic energy plots

along the z-axis for » = 0 nm and » = 400 nm for a point charge of -1 e for the two
device geometries and pocket sizes used in the experiments.
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Abstract

Contact-free trapping and manipulation of individual nano-objects in solu-
tion is of great scientific interest and remains one of the main and current
challenges in nanofluidics. Geometry-induced electrostatic (GIE) trapping
is one method that provides stable trapping of charged nano-objects smaller
than 100 nm without the need of any external power. However, due to
the non-existing external control, there is a lack of active manipulation of
the trapped objects during the experiment. Our new trapping devices are
fabricated from polydimethylsiloxane (PDMS)-based soft lithography replica
molding, which simplifies fabrication resulting in high-throughput and low
cost production and makes usage of single particle trapping available with
little effort. We descibe the development of an implemented 3D PDMS pneu-
matic system that makes the PDMS-based GIE trapping devices capable of
controlling the potential depth and trap stiffness by actively tuning the height
of the nanofluidic channel using pneumatic microchannels. Besides tuning
the trapping strength, the nano-objects can be actively trapped and released
during the experiment.
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Recent research in nanofluidics shows great interest in developing tools and
systems to confine and manipulate nano-objects in a stable and non-invasive
manner. The reliable detection and trapping of individual objects provide
sensitive information on local dynamics, which leads to a fundamental under-
standing of biological interactions [92, 190-192] and physical properties of the
trapped objects [7, 34, 55]. The precise manipulation of trapped objects found
further applications in e.g. surface patterning [58], nanoparticle assembly [59],
or sorting of particles [57]. Extensive developments, mainly in active trapping
methods such as optical- [47, 49, 50] or plasmonic-tweezers [48, 65, 66, 72,
73], successfully demonstrated stable confinement of single objects, even the
contact-free trapping of nano-particles smaller than 100 nm [61]. However,
optical-based methods are limited by the polarizability of the trapped object
that scales with the third power of the object size and the ratio of the re-
fractive index of the object and that of the medium. Thus, to create strong
enough forces to act against the randomization effect in fluids and stably trap
particles smaller than 100 nm or biomolecules, high-energy gradient fields are
needed which can easily reach the hundred mW range [61] leading to concerns
of photothermal damage [62] or heating of the surrounding media [48, 63,
74]. Alternative approaches based on electric fields are the planar Paul trap
(PPT) [83, 84] or the anti-Brownian electrokinetic trap (ABEL) [88, 90]. With
the PPT, trapping of single polymer spheres of about 500 nm in aqueous [83]
and of 100 nm diameter in ethanol solutions [84] were demonstrated. The
ABEL trap was even suitable to stably confine single biomolecules such as
proteins or DNA strands [90, 92]. However, as for optical tweezers, these
methods require externally applied fields or a complex feed-back-loop system,
which makes the fabrication and built up of the system more advanced and
difficult.

In the last years, one method has attracted the attention for reliable trapping
single objects smaller than 100 nm without the need of any external applied
power, called geometry induced electrostatic (GIE) trapping [7, 17, 103,
120-122]. GIE trapping relies on the principle of the electrostatic repulsion
between a charged object and walls of nanometer height fluidic channels
carrying the same sign of charge as the trapped object. The nanofluidic
channels contain small circular indentations (pockets) that result in local
energy potential wells as seen in Fig. 6.1(a). Depending on the potential
depth of these pockets, nano-objects can be stably trapped from milliseconds
to several hours and days [17]. Electrostatic trapping was demonstrated
for levitating negatively [17, 156] and positively [125] charged gold nano-
particles (Au NPs), lipid vesicles [17] and even for angular depended trapping
of silver nano-rods [121]. Further it found concepts in digital information
storage [122], and applications in screening the electrostatic potential in salt
gradient solutions [124] and to determine the size and charge of Au NPs [7]
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Figure 6.1.: (a) Schematic of
y the PDMS multilayer geometry-
pneumatic induced electrostatic (GIE) trap-
microchannel  ping device with an integrated air
pressure system for manipulating
the trapping performance. (b)
Working principle of the device:
If no pressure is applied in the air
microchannel, the particles are
loosely confined in the pockets,
can exit and enter the trap. If
the pressure is increased, the par-
(b) ZL ticles are stably trapped since the
y nanofluidic channel height h. is
reduced. The particles are fully
released if a vacuum is applied in
the air microchannel.
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or biomolecules [34]. In GIE trapping, the potential depth of the nano-traps
can be easily tuned by modifying parameters such as the pocket dimensions
or the nanofluidic channel height [103]. However, chip-based GIE trapping
devices are mainly fabricated from rigid SiOx substrates (glass or silicon),
which defines the performance of the devices by the initial fixed geomet-
ric parameters, especially the nanofluidic channel height. Additionally, the
required state-of-the-art top-down nano-fabrication tools as electron beam
(e-beam) lithography and reactive ion etching (RIE) needed for the fabrication
of the devices makes the production time consuming and resource demanding
and thus the usage and development of GIE trapping devices difficult. As
an alternative, we recently introduced GIE trapping devices made by soft
lithography with polydimethylsiloxane (PDMS) used for replica molding (see
Chapter 5), which simplifies the fabrication resulting in high throughput and
low cost production processes [180, 193-195]. In addition, taking advantage
of the elastic nature of PDMS, we demonstrated the tuning of the nanofluidic
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channel height by applying a mechanical compression pressure to the device
using a screw. This resulted in the manipulation of the trap strength and
trapping time of the nanoparticles.

In this letter, we report on the contact-free electrostatic trapping of in-
dividual Au NPs with a diameter of d = 100 nm and demonstrate active
manipulation of the trapping performance during the experiment using an
implementing 3D PDMS pneumatic system [181, 182]. Further, applying a
rapid pressure change in the pneumatic system makes the devices capable for
actively releasing and trapping of Au NPs in situ. The fact that the trapping
depends only on the electrostatic charge of the channels and objects surface
and thus no external applied fields are needed, and the PDMS devices are
fabricated using replica molding, results in a simple and low-cost production,
which makes a combination with many other techniques straightforward. The
design and principle of the device is highlighted in Fig. 6.1(a) and (b). It is
made up of a nanofluidic channel with an initial height of hc¢o = 210 nm and
an upper perpendicular microchannel with a height of iy, o = 20 pm separated
by a thin 70 gm membrane. The pockets in the nanofluidic channel had a
width of wp, = 500 nm and a depth of h, = 70 nm. With no additional air
pressure applied in the microchannel, the particles in the nanofluidic channels
are loosely confined, can enter and exit the traps. Increasing the air pressure
in the upper microchannels results in a reduction of the nanofluidic channel
height he < hc,o and thus stable and strong trapping of the particles. The
particles can be fully released by applying a vacuum, which increases the
nanofluidic channel height hc > hc .

The devices are fabricated with a multilayer soft lithography process as
seen in Fig. 6.2. The principle of the devices is based on pneumatic valve
and pump systems introduced by the Quake group [181]. For the layers,
two separate designs were needed. The first master with the features of the
GIE trapping nanofluidic channels and an integrated microfluidic system
(Fig. 6.2(a)) was imprinted into a UV curable hybrid polymer (OrmoStamp®,
micro resist technology GmbH) as described in Chapter 5. The second
master for the PDMS pneumatic microchannel system (Fig. 6.2(b)) was
fabricated on a silicon wafer using a photoresist (SU-8 2025, Microchem)
for the pattern. The photoresist was spin-coated, exposed and developed
according to the manufacturer processing guidelines to reach a height of
the structures of hy o = 20 pm. Before the first PDMS replica molding
process, both masters were silanized in an evacuation chamber once (mixture
of trichloro(1H,1H, 2H,2H-perfluorooctyl)-silane and (tridecafluoro-1,1,2,2-
tetrahydrooctyl) dimethylchlorosilane with a ratio of 1:1 (v/v)). PDMS was
mixed at a crosslinking ratio of 5:1 (prepolymer : crosslinker), degased, purred
over the silicon master with the pneumatic system and cured at 80°C in the
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Figure 6.2.: Schematic of the
fabrication steps. Two separate
designs are fabricated for the
multilayer PDMS device, a GIE
trapping master (a) and an air
pressure microchannel master (b).
(c) The two layers are combined
by covalently binding after air
plasma activation to obtain a 3D
PDMS trapping device.
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oven for 3 h. Meanwhile, fresh PDMS was mixed again at a crosslinking ratio
of 5:1, degased and spin-coated on the OrmoStamp master to obtain a PDMS
membrane thickness of about 70 pm (1500 rpm, 30 s). The wafer was cured
in the oven for 1.5 h at 80°C. After 3 h, the PDMS on the silicon master was
pealed off and one inlet hole was punched into each chip for the connection
of the air pressure tubing. After 1.5 h in the oven, the OrmoStamp master
including the PDMS and the PDMS part with the pneumatic microchannels
were air-plasma activated (Diener electronic, Femto, 0.5 mbar, 80% power,
35 s), aligned, pressed together (Fig. 6.2(c)) and post cured for 1 h at 150°C.
To characterize the performance of the devices 100 nm Au NPs were used as
probes (BBI solutions, EM.GC100). The solution was centrifuged two times
to obtain pellets. The excess water was exchanged with fresh deionized water
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(18 M) and the pellets were resuspended each time. After a third centrifuga-
tion and extraction of the excess water, a dense sample solution of Au NPs of
~ 10! particles/ml was received. The particles had a net surface charge of
~ -258 e, measured using a dynamic light scattering system (Zetasizer Nano,
Malvern). The final cured PDMS multilayer was cut into single device units,
stamped with four holes each unit (fluidic reservoirs) and air-plasma activated
together with a cleaned microscope coverslip. Within 1 min after activation,
the PDMS unit was loaded with the sample solution and pressed together
with the coverslip glass for 1 min to obtain a covalent binding. The reservoirs
were finally filled with a 1 mM monovalent buffer solution and the finished
device was placed on a microscope holder. A 1.07 mm outer diameter Teflon
tubing (Adtech Polymer Engineering Ltd) was inserted into the inlet of the
microfluidic air pressure channel of the device. The tubing was connected
to a digital manometer (Kobold, MAN-SD) and a flow control unit (SMC
Pneumatics, AS1002F-04) for experiments with a constant kept pressure or to
a glass syringe (Microsyringes, 250 ul) and a pump system (neMESYS, Low
Pressure Dosing Module) for dynamic catching and releasing experiments.
The particles were recorded using a custom-built interferometric scattering
(iSCAT) detection system.

The contact-free electrostatic trapping and manipulation performance of
the device is demonstrated in Fig. 6.3. A 100 nm AuNP was trapped in a
pocket with a width of 500 nm. The gauge pressure pg in the microchannel
was increased to 500 mbar and kept to strongly trap the particle. Subse-
quently the pressure was stepwise reduced by Ap = -50 mbar in a controlled
manner. At every step, the motion of the particle was recorded as shown by
the lateral position plots in the inset of Fig. 6.3(b). The Gaussian form of
the radial probability distribution functions P(r) (Fig. 6.3(a)) obtained from
the position plots indicate that the trap can be approximated by a harmonic
potential with a radial trap stiffness of k, = o2 /ksT which is directly corre-
lated to the Gaussian width o, the Boltzmann constant kg and the absolute
temperature 7. At a gauge pressure of 500 mbar the particle is strongly
confined in the pocket with a radial stiffness of k; = 0.13 pN/nm as seen in
Fig. 6.3(b). Decreasing the air pressure in the microchannel, increases the
nanofluidic channel height h. and thus confines the particles less, which lowers
the trap stiffness k;. This behavior is clearly seen from the lateral position
plots and the radial probability distribution functions P(r) at each measured
pressure pg. At a pressure of 100 mbar, the stiffness is reduced more than
two orders of magnitude to k; = 0.6 fN/nm. The particle finally escaped
from the trap as the pressure was lowered to 50 mbar as expected from the
geometrical device design. This threshold however can be adjusted by fabricat-
ing devices with a lower initial nanofluidic channel height hc,o (see Chapter 5).
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Figure 6.3.: The effect of pressure change in the microfluidic air chamber on the trapping
strength. (a) Normalized radial probability histograms of a single trapped 100 nm Au NP
in a wp = 500 nm pocket obtained from the (z-y) position scatterplot (inset in (b)) for
different gauge pressures pg. (b) Dependence on the radial trap stiffness k, as a function of
declining gauge pressure pg in the microfluidic air channel. Error bars represent the error
of the Gaussian fits. The solid line is the exponential fit to the data. Inset: (z-y) position
scatterplot for different gauge pressures highlighted by different colors corresponding to
the colors of the histograms in (a).

To demonstrate the capability of dynamic catching and releasing particles, we
connected the pneumatic microchannel to a syringe and pump-system. Then,
200 ms short positive or negative flow peaks with a rate of 100 ul/s were
applied to increase or decrease the volume as seen in Fig. 6.4(b). Between
t =0 s and t = 3 s a particle was stably trapped in the left pocket with
an obtained radial trap stiffness of k. = 0.74 f{N/nm, which can be seen by
the low fluctuations of the y-trajectories and in the top iISCAT image and
sketch in Fig. 6.4(a) and (c). A first -100 pl/s drag of the syringe at t = 3.2 s
for 200 ms, induced a flow in the nanofluidic channel, which pressed the
particle to the left border of the trap, clearly visible by the lower and left
shifted center of the particle fluctuations in the y-trajectories. However, the
particle was strongly trapped to withstand the induced flow. Since the drag
of the syringe reduced the volume and pressure of the microchannel and thus
increased the height of the nanofluidic channel, the trap stiffness was reduced
to kr = 0.71 fN/nm, and further after each following drag. After the forth
pressure reduction, the particle was released from the trap as shown in the
middle iISCAT micrograph at ¢ = 8 s. The particle was undergoing random
walk with partially confinement in the middle pocket. In the time intervals
where the particle was weakly trapped in the middle pocket, a radial trap
stiffness of only k, = 0.21 fN/nm was measured. At ¢t = 13.4 s, a first pressure

100



increase of 100 pl/s for 200 ms was applied, inducing a flow in the nanofluidic
channel to the right, visible as big jumps in the y-trajectories. After a third
increase, the particle was caught again, now in the right pocket and could be
stably trapped with a radial trap stiffness of k. = 0.75 fN/nm.

In summary, we introduced the fabrication of multilayer PDMS devices with
an integrated pneumatic control system for non-contact electrostatic trapping
and manipulation of nano-objects in aqueous environments. A rapid and
simple replica molding production process and the absence of any externally
applied power source, makes the devices affordable and usable for research
and commercial applications. In order to demonstrate the performance of
the device, we showed that the trapping stiffness could be reliable tuned over
more than two orders of magnitude and kept at a desired strength over time.
Furthermore dynamic catching and releasing of the particles was shown to
demonstrate fast and controllable manipulation of the objects. This feature
enables the possibility for fast analysis of multiple samples by releasing the
trapped objects after measurements and flushing the nanofluidic channels
with new sample solutions.

This work was funded by the Swiss Nanoscience Institute in Basel, Switzerland
(SNI PhD Graduate School, Project P1202).
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Figure 6.4.: Catch and release of nanoparticles: (a) Schematic of the nanofluidic channel
height and particle position at different time t. (b) Time course of the catch and release
sequence: left graph, y-trajectories of a single 100 nm particle; middle graph, volume
change in the pneumatic microchannel; right graph, radial trap stiffness between volume
changes when the particle is trapped in a pocket. (c) A series of iISCAT images at different
times ¢t corresponding to the sketch in (a). In the iSCAT images, the three pockets and
the 100 nm particle are clearly visible. Scale bars: 1 pm.
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The detection and analysis of single molecules and particles in solution is of
great scientific and commercial interest today. It provides new insights to
understand and analyze chemical reactions, physical properties and transport
phenomena, and biological reactions and interactions at the molecular level.
Such studies could be only achievable by the investigation and development of
new imaging and detection systems that allow the observation of the nanoworld.
Further, various trapping and manipulation techniques were developed in the
last decades which enable long observation times of the objects of interest and
allow additional characterizations, such as force measurements. GIE trapping
systems provide a great platform for studying individual nano-objects for
research and industrial applications due to their chip-based approach and
absence of any externally applied fields. The development, characterization
and usages of these trapping systems were explored in this thesis. Within
this chapter, the main achievements are again highlighted with conclusions
and perspectives for future experiments and applications.

7.1. Conclusions and further investigations

7.1.1. Higher detection contrast using glass-based GIE trapping
devices

In order to explore the accurate motion and behavior of nano-objects in
fluids, the detection of the trajectories with high lateral precision is of crucial
need. For that reason, iISCAT detection was used in this work, which provides
label-free imaging of nano-objects with higher SNR compared to imaging
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methods based on pure scattering. Another advantage of iISCAT detection is
that the underlying background structures of the devices are not canceled out
and can be imaged simultaneously with the observed objects. However, to
achieve precise tracking of the trapped objects, high contrast and SNR of the
imaged objects are essential. In silicon-based GIE trapping devices, Au NPs
smaller than 60 nm are vanished in the background noise and thus become
difficult to detect and characterize. One possibility to address this issue
could be the development and improvement of the iSCAT detection method.
Investigations on the device technology could also result in higher detection
of the Au NPs. In this context, the concept of iISCAT detection for different
fluidic systems was elucidated and it was found, that the high reflection of the
Si/Si02 interface in the silicon-based devices limits the detection of smaller
Au NPs. To overcome this limitation, devices made from glass substrates
were developed and characterized which led to the imaging of Au NPs with
significant higher SNR of one order of magnitude compared to Au NPs imaged
in silcon-based devices. These achievements on the glass-based devices allowed
the precise tracking of Au NPs down to 40 nm in diameter. The detection
and tracking of smaller Au NPs should be possible in general using these
devices. However, when imaging smaller Au NP, such as 20 nm in diameter,
the limits of the home-built iISCAT detection system were reached. Since the
diffusion coefficient D of a spherical object is proportional to the diameter
of the particle as D « 1/d, the particles velocity increases with decreasing
diameter. The fast movements of the 20 nm Au NPs prevented a precise
tracking, since the particles were vanished in the background noise due to
the long exposure times and slow acquisition rates of the home-built iSCAT
detection system. For tracking smaller particles using iISCAT detection, faster
scanning elements and controllers are essential. This can be achieved by
replacing the scanning mirrors with AODs and a faster LabView controller
or function generators [17]. A second possibility could be the trapping of
smaller particles in solutions with higher viscosity n, which would result in
lower diffusion coefficients of the particles (D o 1/7).

7.1.2. Integrating GIE trapping into a microfluidic system — fast
screening of trapped objects

Another key advantage of GIE trapping compared to other trapping methods
such as the ABEL trap is, that it allows the studying of a vast number
of individually trapped objects simultaneously by creating trap latices as
shown in Fig. 7.3. In a few minutes of data collection one can image enough
objects to obtain distributions of their properties and behavior. To advance
this technology even more, the GIE trapping method was integrated into a
microfluidic system that allows the precise forming of a gradient over the
trapped objects of e.g. salt, pH, or other reactants. Since many nanofluidic

104



7.1. Conclusions and further investigations

low salt concentration o 5

.

salt gradient

constant salt concentration

P(n)

0.1

stiffness k; (pN/nm)

Figure 7.1.: Illustration, showing the potential of parallel trapping and imaging of
individual nano-objects along a salt gradient.

channels can be fabricated in parallel, only a few minutes of data collection and
a single experiment is sufficient to receive enough data to make distributions
of the trapped objects at the same conditions and at various conditions
along a gradient simultaneously (see Fig. 7.1). Furthermore, reduced sample
volumes and precise control over the sample and buffer solutions are further
benefits entailed to the GIE trapping method integrated into a microfluidic
system. To demonstrate the functionality and potential of these devices, the
trapping of 60 nm Au NPs along a NaCl salt gradient was performed and
the motion of the particles were analyzed. Particles trapped in higher salt
concentrations experienced a weaker trapping and shorter residence times due
to the shortened Debye length of the device and particles surface potential.

7.1.3. Exploring the geometrical limits of glass-based devices and
further biological investigations

Beside the development of devices for better detection and new designs, the
geometrical fabrication limits for trapping smaller particles, biomolecules or
particles at higher salt concentrations were explored. As described, reducing
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the nanofluidic channel height h. increases the potential depth and thus
allows longer and stronger trapping. Glass-based nanofluidic channels with
a height down to h. = 75 nm and a width of 10 gum could be produced
without roof collapse. By fabricating channel heights of only he = 50 nm,
partially roof collapse was observed in the 10 um wide nanofluidic channels.
However, channels with a smaller width or integrating supporting pillars, as
for the PDMS devices, could allow the fabrication of even thinner nanofluidic
channels. Using these devices, trapping of smaller Au NPs down to 40 nm
could be achieved in glass-based devices with dimensions of h = 95 nm,
wp = 200 nm and h, = 50 nm as shown in Fig. 7.2A at a salt concentration
of ~ 3 mM. The trapping of smaller Au NPs could be not explored due to
the detection limits with the iSCAT setup as explained above.

A major objective in the development of contact-free trapping methods is to
advance the technologies for trapping single biomolecules. This would allow
the investigation of conformational changes, molecule-molecule interactions
or to determine individual properties such as their net charge, size or length.
Since electrostatic trapping depends mainly on the charge carried by the
object and various biomolecules such as proteins, other macromolecules or
DNA are usually charged when exposed to water at neutral pH, trapping
of biological entities could be possible. Specifically DNA, carrying a charge
of -2 e per base pair (every 0.34 nm), is a good candidate to be trapped
with electrostatic systems, since it can be preserved and diluted in aqueous
solutions of low ionic strength. To demonstrate, glass-based GIE trapping
devices with a nanofluidic channel height of he = 75 nm, a pocket depth of
hp = 40 nm and a width of w, = 500 nm were fabricated to trap DNA. A
fluorescence image sequence of trapped A-DNA diluted in a buffer solution
of 0.1 mM NaCl is shown in Fig. 7.2B. Here several trapping behaviors were
observed, such as DNA strands that were completely trapped as a coiled
structure by the pockets as seen by the single bright spots (yellow circle in
Fig. 7.2B) or DNA strands fluctuating between two pockets with both ends
hold by one pockets (white arrow). Additionally, DNA strands were observed
with only one end trapped in a pocket (red arrow). These stretch-coil obser-
vations could lead to new information on mechanical properties of the DNA,
important to understand the packaging of stretched DNA into chromosomes.

7.1.4. High-throughput, low-cost and simplified fabrication using
PDMS-based devices

As described, the chip-based approach and the fact that no additional exter-
nal power is needed to use the devices, experiments with little effort can be
performed. However, time consuming and high-end nanofabrication processes
lead to high-costs of the fabrication of glass- and silicon-based devices and
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t)

Figure 7.2.: A) iSCAT image sequence of 40 nm Au NPs trapped in glass GIE trapping
devices. Imaged were processed by background subtraction and contrast adjustment,
Scale bar: 2 um. B) Fluorescence microscopy image sequence of A-DNA strands trapped
by wp = 500 nm pockets. The DNA was either trapped completely as a coiled structure
(yellow circle), partially (red arrow) or between two pockets (white arrow). Scale bar:

4 pm.
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thus makes the development for research and use for commercial applications
difficult. GIE trapping devices made from soft-lithography replica molding
processes were introduced in this work that overcome this major drawback.
These devices made from flexible PDMS material can be fabricated by a high-
throughput, low-cost, and simplified replica molding process. To demonstrate
the functionality of the devices, a quantitative characterization of the trapping
strength, residence time, and potential depth of Au NPs down to 60 nm in
diameter was realized in different device geometries. For 100 nm Au NPs
potential depths of up to @ = 24 kg T were observed, corresponding to stable
trapping times of many days. Furthermore, due to the elasticity of the PDMS
material, the devices were mechanically compressed which resulted in the
reduction of the nanofluidic channel height h. and thus stronger and longer
trapping. Using this capability, the nanofluidic channel height was reduced
to only he ~ 40 nm resulting in potential depths of up to @ ~ 200 kgT,
which provide strong and stable contact-free trapping of the particles beyond
experimental demands.

As explained, a major objective would be the trapping of individual bio-
molecules. While polymer dynamics of DNA strands can be explored in low
ionic strength solutions, the investigating of proteins in a natural environment
remains challenging. Preserving their functionally would imply the trapping
at physiological buffer conditions with an ionic strength in the range of 30 —
200 mM NaCl or KCI. As described in Chapter 4 and by Eq. 2.8 and 2.10
the electrostatic potential of a charged wall in solution follows an exponential
decay with a characteristic length scale k! proportional to 1/y/co. As a
result, at a monovalent concentration of co = 30 mM, x~ ' is in the oder of
2 nm, which would make electrostatic trapping difficult. In trapping devices,
such as PDMS-based, where the nanofluidic channel height can be reduced
comparable to the size of the molecules, entropic trapping could be possible
due to the high salt concentration [117-119]. Even more, reducing the nanoflu-
idic channel height below the actual size of the objects gives the possibility to
sterically trap the object in the pocket while still having the option to change
the buffer condition by diffusion. For demonstration, we introduced 100 nm
Au NPs into a PDMS device and reduced the nanofluidic channel height by
a compression pressure to trap the particles strongly. Then the buffer was
exchanged with a 1:9 phosphate buffer saline (PBS) solution diluted in DI
water, which results in a concentration of ¢y = 13.8 mM NaCl and 0.27 mM
KCL. During the exchange and at this high salt concentration, the particles
could be stably trapped over time as shown in Fig. 7.3. This experiment
demonstrate the potential of the PDMS-based trapping devices for confining
nano-objects at high salt concentrations. The trapping at even higher salt
concentration, such as physiological buffer conditions to trap biomolecules,
should be possible and could be investigated in future experiments.
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¢y = 13.8 mM NaCl

Figure 7.3.: A) Large scale trapping of 100 nm Au NPs in PDMS-based GIE trapping
devices at high ionic buffer concentration of ¢ = 13.8 mM NaCl. Scale bar: 4 pm.

With the PDMS GIE trapping device a platform for studying the behavior
and properties of individual trapped nano-objects with little effort is provided.
Due to the deep trap potentials and low nanofluidic channel heights achieved,
it is the prime chip-based candidate for trapping individual biomolecules at
physiological conditions based on electrostatic fields. Additionally, simplified
and low-cost fabrication processes make the device equally available for re-
search experiments and developments, and commercial use. However, further
investigations are needed to achieve the trapping of smaller nano-objects at
higher salt concentrations.

From the fabrication point of view, one time and cost intensive step re-
mained, which is the fabrication of the silicon master. This is especially
caused by the nanofabrication steps, which include several rounds of metal
layer deposition, e-beam exposure and etching steps as described in the
nanofabrication protocols in Appendix B. To approach this drawback, the
master could be fabricated by thermal scanning probe lithography (SwissLitho
AG, NanoFrazer), where a cantilever with a heatable tip directly writes 3D
structures into a spin-coated resist. This prime master could then be subse-
quently used to fabricate OrmoStamp® masters for PDMS device fabrication.
With this method, the different heights of the microfluidic supply channels,
nanofludic trapping channels and the nanotraps could be made with only
one lithographic step of nanofabrication. Additionally different nanofluidic
channel heights and pocket depths could be implemented into one device.

The development of GIE trapping devices made by soft lithography replica
molding demonstrates the possibility that the GIE trapping method can
be extended to new materials and fabrication processes. As an example,
X-ray free-electron laser (XFEL) studies provide structural elucidation on
biological materials using nanocrystals or single molecules. To obtain struc-
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tural resolution, thousands of diffraction patterns of single exposure shots are
recorded, with each shot destroying the sample. Thus devices and platforms
are developed to rapidly deliver the sample into the laser spot. Liquid jet
devices [196, 197] or silicon nitride windows [198] are the main achievements.
But, sample consumption is the bottleneck in liquid jet devices for experi-
ments with precious samples, since the laser pulses are not synchronized with
sample delivery in the jet leading to large sample lost. Silicon nitride windows
could overcome this drawback, since the sample can be specifically shot at
a known position. However, silicon nitride windows are made by high-end
fabricating processes making them expensive to produce. As an alternative,
GIE trapping devices made from polystyrene foils and UV-curable adhesives
could be fabricated with a fast and low-cost replica molding process and used
for XFEL studies [186, 187].

7.1.5. Direct manipulation of trapped nanoparticles

Optical tweezers are among the most used methods for trapping individual
objects. Perhaps one reason of their broad popularity is the feasibility
to directly manipulate the trapped object such as increasing the trapping
strength or releasing and catching the object during the experiment. In
order to extend the chip-based GIE trapping technology for manipulation
of trapped objects, multilayer PDMS devices with an integrated pneumatic
control system were introduced. The manipulation of the trapping strength
on a 100 nm Au NP was demonstrated over two orders of magnitude by
changing the pressure in the pneumatic chamber, obtaining a maximum
radial stiffness of k; = 0.13 pN/nm. Again, such high trapping strengths
related to deep potentials, could make the trapping of biological entities
possible. Furthermore dynamic catching and releasing of the particles was
shown to demonstrate fast and controllable manipulation of the objects, which
enables the possibility for fast analysis of multiple samples by releasing the
trapped objects after measurements and flushing the nanofluidic channels
with new sample solutions. To maintain the simplicity of the system, this
experiment was performed with a simple, conventional syringe and a syringe
pump that should be available in every fluidic lab and thus allows to perform
single particle experiments with low expenditure. For example, this fast
and direct manipulation could be used to trap DNA along slits and observe
the stretch-coil dynamics of the polymer chains when changing the pressure.
From the fabrication point of view, the devices could be extended by multiple,
individual controllable pneumatic microchannels [181]. This would bring the
advantage to create multiple heights or height gradients within a nanofluidic
channel and thus different trapping strengths and behavior along a channel.
Applying a flow in devices with such a nanofluidic height gradient could lead
to applications in particle sorting by size or net charge.
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7.2. Further applications and considerations

7.2.1. Large-scale pattering for nanolithography

An array of 100 nm Au NPs trapped in a 36 x 10 um? lattice can be seen in
Fig. 7.3. The participles are trapped in wp, 500 nm pockets and separated
by a distance of 2 pm. The sizes of the trapped particles and the separation
distance can be varied based on the experimental needs. Such systems could
find applications in particle lithography if the particles could be placed and
fixed to the surface [199, 200]. This behavior was observed when high salt
concentrations in the devices were used. After strong trapping of 100 nm
Au NPs in the PDMS devices (with an applied mechanical pressure) and
increasing of the salt concentration in the buffer solution to about c¢o = 140 mM
NaCl, the particles got immediately and irreversibly stuck to the surface in
the trap. Non-covalently bound PDMS devices could be used in this case.
The adherent properties of PDMS and the additional mechanical force applied
should still lead to a stable trapping. After increasing the salt concentration,
the PDMS could be removed leaving the precise located Au NPs on the
surface, uniformly arranged to a lattice or other pattern design as illustrated
in Fig. 7.4A. The particles could be then directly used to attach other
molecules, used for plasmonic studies, or as nanolithographic pattern mask as
shown in Fig. 7.4B-C. Various lithography methods could be used to built fast
and low-cost devices. The particles and the surface could be patterned with a
metal layer followed by a lift-off process which would result in nanometer-sized
apertures as seen in Fig. 7.4C. In such apertures, called zero-mode waveguides,
observations of single molecules at high molecule concentrations are possible
since only a zeptoliter (107" [) volume is exposed [132, 201]. Further these
devices are used for real-time single molecule DNA sequencing [202] for fast
DNA barcode analysis [203]. Instead of using the apertures for detection,
holes could be etched into the underlying material to fabricate nanopores in
SiN-membranes (see Fig. 7.4)D. Such nanopore membranes can be used to
make artificial nuclear pore complexes and study the transport selectivity [204,
205].

7.2.2. Exploring single biomolecules

In this thesis, mainly Au NPs were used in experiments to characterize the
performance of the developed devices and to compare it with other trapping
methods. Stable confinement of these particles was achieved at even higher salt
concentrations. Since the label-free trapping of biomolecules at physiological
buffer conditions remains a major challenge, not only for electrostatic field-
based methods, biomolecules could be attached to Au NPs to investigate their
properties. In such an approach, DNA molecules could be labeled with two
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Figure 7.4.: A) Large-scale patterning of nanoparticles using GIE trapping devices, B)
Application for single molecule experiments, C) Application for nanolithography using
lift-off process, D) Application for nanolithography using lift-off process and etching

Au NPs at each end. Fabricating circular traps separated by the length of the
DNA could lead to the trapping of the particles in two different pockets as
illustrated in Fig. 7.5A. This would allow for studying the dynamics of DNA
in solution. Applying a compression pressure to the PDMS device, either
mechanically or by the pneumatic control system, would shift the motion
of the particles to the center of the pockets and thereby induce a force on
the DNA. This stretching force could by measured by analyzing the motion
of the two particles. Reducing the nanofluidic channel height below the
actual particle diameter would additional confine the particles sterically. The
salt concentration could be then increased with the integrated microfluidic
system and molecules acting on DNA could be flushed in by pressure driven
or electroosmotic flow. In Fig. 7.5B-C, three such proposed experiments are
illustrated. Inserting DNA polymerase and deoxyribonucleotides would allow
the direct observation of DNA replication (Fig. 7.5B). Simultaneously the
force acting on the DNA by unzipping the double helix could be measured by
tracking the motion of the Au NPs in the traps [190]. Similar experiments
could be performed with single stranded DNA for real time sequencing
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applications [202] or RNA polymerase and oxyribonucleotides to study the
transcription from DNA into mRNA. A second suggestion could be the
insertion of specific restriction enzymes that could allow the observation of
DNA cleavage (Fig. 7.5C). From such an experiment, the cutting position,
the lengths of the restriction pattern and the reaction kinetics of the enzymes
could be studied [206]. Exploring the initial steps of DNA packaging could be
another experiment to perform with the Au NP — DNA — Au NP approach.
In the initial packaging step, the DNA is wrapped around proteins called
histones as illustrated in Fig. 7.5D. This process shortens the end to end
distance and could be probed by the particles motion. Further, applying a
compression to the device could stretch and thus unwrap the DNA. From such
experiments, not only the DNA-protein complex could be observed, but also
the strength, dynamics, and energetics of the DNA-protein interactions [190].
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Figure 7.5.: Illustration for studying biomolecules bound to Au NPs using GIE trapping
devices.
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7.2.3. GIE trapping devices as sensors and diagnostic tools

Continuing with the approach of trapping Au NPs, the GIE trapping tech-
nology could be used as sensors or diagnostic tools. One possibility could be
the sensing of charged analytes binding to specific antibody-labeled Au NPs
trapped in circular pockets. Since the GIE trapping method is highly sensitive
to changes of surface charge of the trapped object, single binding events of
charged analytes should be detectable. Additionally, stable trapping over
minutes and hours allows the monitoring and thus calibration of hundreds in-
dividually trapped particles before the analyte insertion. Every single trapped
particle could then serve as a highly sensitive sensor element. In such an
approach, both, binding positively and negatively charged analytes could
be studied. Binding of a positively charged analyte would trap the particle
stronger, whereas a negatively charged analyte would lead to weaker trap-
ping. Suchlike sensors could be used in medical diagnostic or environmental
applications as e.g. water quality analysis.

7.2.4. Direct observation of diffusive behavior

One key advantage of chip-based electrostatic devices is the implementation
of different trap geometries. Beside circular pockets, rectangular slits, long
grooves or grids can be fabricated as potential wells. As introduced in
Chapter 2, the MSD of a freely diffusing particle in 1D, 2D and 3D is
proportional to the lag time At as sketched in Fig. 7.6A. If a particle is
restricted in diffusion, such as in a circular trap, the MSD reaches a plateau,
correlated to the trap stiffness. However, if the dimension is reduced to a 1D
system containing many particles, mutual passage of the particles is excluded
and thus the sequence of the particles remains unchanged. This is called
single file diffusion (SFD) and is often observed in biological systems such as
ion transport through membrane channels [207-211]. In SFD, the motion of
the particles is suppressed due to collisions with neighboring particles, which
results in a sub-diffusive behavior and a MSD, srp proportional to v/At (see
Fig. 7.6B). Using GIE trapping devices with long rectangular grooves, direct
observation of such effect could be possible. Moreover, since grooves with
several widths can be easily fabricated by e-beam lithography, an investigation
of the crossover from single file to Fickian diffusion could be experimentally
performed on the nanometer scale [210, 211]. Further, by fabricating grids
with different widths (see Fig. 7.6C), the diffusive behavior of a semi 2D
system (2D lattice) could be investigated. Here the passing of particles could
be still possible in the junctions of the grid but not in the short channels.
This would rise the question, if the MSDap jattice = B At® would be affected
by the time exponent a or only by the diffusion constant B?
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Optical detection system

A.1. Optical setup

The scaled built up of the optical system and its components, including the
iSCAT detection system and the pressure control system is shown in Fig. A.1.
The scanning mirrors are synchronized with the triggering of the camera
using an analog output LabView controller and a custom built LabView
software. The laser intensity can be adjusted with a motorized OD 0 — 2
filter wheel. This can be either done analog with a hand-held control knob or
digital by using the LabView software. The pressure applied in the pneumatic
PDMS devices is detected by the digital manometer. The data are digitalized,
recorded and transfered to the computer during the exposure using an Arduino
microcontroller.

141



A. Optical detection system

2ES-II-1DN aN pazuojow

¢-0 4O 19syMm Jayy

Jouw

wuzges =y
Jase|

[ p!
| |
2 Ao 48Ny aN

X0q Yoe|q Ajnioss

13]|0J3U000IOIW
ounply

¢00SAD
‘ou| sqepoy L
wa)sAs uonosjep Jouiw
Josiw oAjeB-A -x A
wo 0z =4
SVET] ajoyuid
Jomw® "

JaAUP Josiw

|0Juod [9aYM
J9)|ly [enuew

6926IN/LLL6-OVA2
19]|0J}U0d MBIAQET]

lejsoni4 1d XOH

sjoyuid
“ ), oW

21-10-091-#201La-AN
SNo04 uojoyd
elswe)n

waysAs oLus09|9}

eola
aAnoalqo 1o
VN €'1/%00)

13]|0J}U0D0IOIW

—

winnoeAZN as-NVI
plogoy

Jayowouew [eybip

Leica
Microscope
DMI 5000 M
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A.2. Software and performance of the system

A.2. Software and performance of the system

The software which controls the iISCAT setup and reads the pressure values
was written in LabView. It consists of four sub-windows as showed in Fig. A.2 —
A5,

Main control

In the main control window, the LabView controller is selected and imaging
parameters, such as exposure time, image size, or frame rate can be set. This
control window triggers the camera by 5V rectangular electric pulses. The
time (width) of the pulse defines the exposure time. Further it allows to select
microscope parameters, which are saved after each acquisition together with
the imaging and mirror parameters and the date and time. A comment field
allows to write further observations during the acquisition or to write further
information such as the particle size or trap dimensions. The comments can
be saved together with all other parameters after each acquisition.

Mirror control

In the mirror control window, the parameters for each scanning mirror (z
and y) are set individually. Scanning mirror parameters are the signal type
(triangle, sine, rectangle or sawtooth), scanning frequency, amplitude, phase
and offset. The amplitudes are set as a voltage in mV. From the manufacturer
guideline, the highest voltage that can be set is 110 mV, which results in a
scanned field of view of 25 pm x 25 pm on the sample. The highest frequency
that can be set is 1 kHz (manufacturer guideline). For an uniform illumination,
at least 10 scans per exposure time of each mirror should be made and the
frequency of the two mirrors should slightly differ to obtain a rectangular
illuminated field. This results in a minimum exposure time of 10 ms and
a frame time of 11.1 ms (exposure time + readout time) and thus highest
acquisition rate of 90 Hz. However, the scanning of the mirrors can be turned
of, or only one mirror can be used for scanning to achieve shorter exposure
times down to 1 ms. The maximum acquisition rate however is limited to
111 Hz (duty cycle of the LabView controller).

Neutral density filter wheel

The neutral density (ND) filter wheel (OD 0-2) is used to adjust the intensity
of the laser beam. It is equipped with a 360° servo motor connected to an
Arduino Uno microcontroller. The filter wheel can be turned either manually
by a potentiometer or digital with the control software, which is connected
over a serial RS232 communication to the microcontroller.
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Pressure control

The pressure control window records the pressure values of the manometer
during an acquisition and saves the data into a text file. Additionally to
each value, the image frame and time (from start zero) is saved. The data
can be afterwards imported into MATLAB or another statistical software.
The analog pressure values of the manometer are first digitalized by a second
Arduino Uno microcontroller and then transfered to the LabView software
over a serial RS232 communication.

A.3. Two-dimensional sub-diffraction localization

The localization accuracy dxo and dyo can be derived from the deviation
of a perfect Gaussian fit over an imaged particle. The measured values for
all three device systems used in this work and for several sizes of Au NPs
are summarized in Tab. A.1. Comparing the results to the measured SNR
obtained for the different systems and particle sizes, it is clear that larger
SNR result in higher tracking precision as expected from Eq. 2.20.

Device Particle Sz Syo
material diameter (nm) (nm)
d (nm)
40 42 30
Silicon 60 22 21
80 19 17
40 18 17
Glass 60 9 8
80 6 5
60 7 6
PDMS 80 5 4
100 5 4

Table A.1l.: Localization accuracy of tracked Au NPs in silicon-, glass- and PDMS-based
GIE trapping devices.
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A.3. Two-dimensional sub-diffraction localization
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Figure A.2.: iSCAT software with the ”Main control” window active
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A.3. Two-dimensional sub-diffraction localization

Figure A.4.: iSCAT software with the ” ND-Filterwheel” window active

147



A. Optical detection system

Main control | Mirror control | ND-Filterwheel Pressure Control l

Arduino Pressure Control  Open Port Stop Quick:
uic
i e oFF
Mirror y-axis m Quick:
Mirror x-axis - e
Mirror Defl. & Camera Trigger 3 Camera - C »
6- Quick:
1ms 125FPS
w
o
3
&
g Enter Angle in microseconds
<
S Start Record
-6-! " " " " ' Frames to record t (frame) [ms] 2
001 0015 002 0025 0.03 5
4 20 0
Time -
Length of
Random Number Header Measurements [ms]

1200 IFiIename 0

205 mbar
1000+ IPDMSM Number analog
= IMT read values
0
600-]
Column Titles
m -
ITlmestamp
o ITlme [ms]
0 IPressure[mber]
-200-]
_500- | file path (dialog if empty)
5591 5846 C:\Users\gerspach_m\Desktop\ =3
CSVdata.txt
error in servo 2 error out servo 2 5
status code
Cl
El ]
source

Figure A.5.: iSCAT software with the ”Pressure control” window active

148




Nanofabrication protocols

B.1. Silicon wafer properties

— 100 mm diameter boron p-doped Si wafer, one side polished
resistivity ~ 10 — 30 2 cm

thickness 525 £ 25 um

— 400 nm thick thermally grown SiO2 top layer on polished side

B.2. Glass wafer properties
~ 100 mm diameter Borofloat® 33 glass wafer (Plan Optik AG)

— Expansion coefficient 3.25 x 1075 K=* (adapted to silicon)
— thicknesses used: 150 + 25 pym — 500 + 25 pm

B.3. Ormostamp glass wafer properties

— 100 mm diameter Borofloat® 33 glass wafer (Schott AG)
— thickness 700 pm
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B. Nanofabrication protocols

B.4. Silicon device fabrication

Supply microchannel fabrication — only for PDMS-based GIE
trapping devices

1.

10.
11.

Cleaning of wafer — first in IPA and second in DI water, dry under
nitrogen stream

. Evaporation of Cr layer — 120 nm, 0.1 nm/s (Univex 450, Leybold)
. Spin-coating of UV resist — Microposit S1813, Shipley Company; 2000 rpm,

500 rpm/s, 40 s

. UV exposure of microfluidic channels and alignment markers — Suess

MA 6, A = 365 nm, 120 mJ/cm?, 12 s

. Development — Megaposit MF-24A, Shipley Company for 40 s
. Cr etching — BMP Plasmatechnology GmbH, O2:Cly with a ratio of 5:1

for ~ 300 s

. SiO2 RIE etching — 400 nm deep, Ar 38 sccm, CHF3 12 sccm, 100 W

(Oxford 100)

. Si RIE etching — 3 um deep, SF¢ 4 sccm, CHF3 30 sccm, Oz 3 sccm,

100 W (Oxford 100)

. Resist stripping and cleaning — piranha bath (H2SO04(%):H202(%) =

2:1) for 20 min at 90°C, cleaning in DI water, drying under nitrogen
stream

Cr removal — Chrome ETCH No. 1, Technic, for 15 min

Cleaning of wafer — intensive cleaning in DI water and drying under
nitrogen stream

Nanofluidic channel fabrication

1.

Evaporation of Cr layer — 25 nm, 0.1 nm/s (Univex 450, Leybold)

2. Spin-coating of e-beam resist —- PMMA 950k, 4 % ethylacetate; 4000 rpm,

150

1000 rpm s~ 1, 60 s

. E-beam exposure — Vistec EBPG 5000 Plus

acceleration voltage: 100 kV
dose: 800 uC cm™!

beam spot size: 129 nm
beam current: 220 nA
aperture: 400 pym

. Development — MIBK:IPA = 1:2 (v/v), 60 s
. Cr etching — BMP Plasmatechnology GmbH, O2:Cly with a ratio of 5:1

for ~ 60 s

. Channel height SiO2 RIE etching — Ar 38 sccm, CHF3 12 sccm, 100 W

(Oxford 100)

. Resist stripping and cleaning — Acetone sonication for 10 min, cleaning



B.4. Silicon device fabrication

in IPA and DI water, drying under nitrogen stream

. Cr removal — Chrome ETCH No. 1, Technic, for 5 min
. Cleaning of wafer — intensive cleaning in DI water and drying under

nitrogen stream

Nano-trap fabrication

1.

Evaporation of Cr layer — 20 nm, 0.1 nm/s (Univex 450, Leybold)

2. Spin-coating of e-beam resist —- PMMA 950k, 4 % ethylacetate; 4000 rpm,

1000 rpm s~ 1, 60 s

. E-beam exposure — Vistec EBPG 5000 Plus

acceleration voltage: 100 kV
dose: 850 uC cm™!

beam spot size: 19 nm
beam current: 10 nA
aperture: 400 pm

. Development — MIBK:IPA = 1:3 (v/v), 60 s
. Cr etching — BMP Plasmatechnology GmbH, O2:Cly with a ratio of 5:1

for ~ 50 s. It is essential to perform etching rate tests before etching
the nano traps. Since BMP etching is isotropic, overetching will result
in larger trap diameters.

. Trap depth SiO2 RIE etching — Ar 38 sccm, CHF3 12 scem, 100 W

(Oxford 100)

. Resist stripping and cleaning — Acetone sonication for 10 min, cleaning

in IPA and DI water, drying under nitrogen stream

Dicing into chips — only for Si-based GIE trapping devices

1.

w

Spin-coating of protection resist — Microposit S1813, Shipley Company;
3000 rpm, 500 rpm/s, 40 s

. Dicing of the silicon master into chips
. Cr removal — Chrome ETCH No. 1, Technic, for 5 min
. Cleaning of chips — Acetone sonication for 10 nm followed by a piranha

bath (H2SO04(%):H202(%) = 2:1) for 20 min at 90°C, intensive cleaning
in DI water, drying under nitrogen stream

. Cleaning of Borofloat® 33 cover glasses with a thickness of 150 ym —

piranha bath (H2SO04(%):H202(%) = 2:1) for 20 min at 90°C, intensive
cleaning in DI water, drying under nitrogen stream
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Anodic bonding — only for Si-based GIE trapping devices

Anodic bonding of the devices was accomplished at the BRNC-cleanroom
facility at IBM Switzerland

— wafer bonder — SUSS MicroTech BA6/8
— bonding temperature: 450°C

— chamber pressure: 5 - 107* mBar

— bonding voltage: -600 V

— bonding force: 465 N

— bonding time: 10 min

— heat up/cool down: stepwise ~ 5°C/min

Silanization — only for PDMS-based GIE trapping devices

1. Activation and cleaning of the wafer in an O2 plasma — Oz 20 sccm,
150 W (Oxford 80)

2. Silanization in an evacuation chamber — mixture of trichloro(1H, 1H,
2H 2H-perfluorooctyl)-silane and (tridecafluoro- 1,1,2,2-tetrahydrooctyl)
di-methylchloro-silane with a ratio of 1:1 (v/v), 10 min
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B.5. Glass device fabrication

B.5. Glass device fabrication

Supply microchannel fabrication

The following steps are all particular crucial to achieve 10 um deep and high
quality supply microchannels as seen in Fig. B.1B-C. Using thinner gold
protection layers or removing the resist before BOE etching will result in
cracks and unwanted etching in the nanofluidic areas as (Fig. B.1E).

1.

10.

11.

Cleaning of glass Borofloat® 33 wafer with a thickness of 500 pm — first
in TPA and second in DI water, dry under nitrogen stream

. Evaporation of Cr layer and Au layer on both wafer sides — Cr: 5 nm,

0.1 nm/s; Au: 150 nm, 0.1 nm/s; (Univex 450, Leybold)

. Spin-coating of UV resist on both wafer sides — Microposit S1813, Shipley

Company; 2000 rpm, 500 rpm/s, 40 s

. UV exposure of microfluidic channels and alignment markers on one

wafer side — Suess MA 6, A = 365 nm, 120 mJ/cm?, 12 s

. Development — Microposit MF-24A, Shipley Company, for 40 s
. Au etching — gold etchant (200 g KI + 50 g I, dissolved in 5 1 DI water)

for 45 s

. Cr etching — chromium mask etchant (Chrome ETCH No 1, Technic)

for 10 s

. Glass etching — buffered oxide etch (BOE) bath (BOE 7:1, General

Chemical Corporation) for 6 h to etch the structures 10 ym deep into
the glass wafer

. Resist stripping and cleaning — piranha bath (H2S04(%):H202(%) =

2:1) for 20 min at 90°C, cleaning in DI water, drying under nitrogen
stream

Au and Cr removal — first in gold etchant, subsequently in chromium
etchant

Cleaning of wafer — intensive cleaning in DI water and drying under
nitrogen stream

Nanofluidic channel fabrication

1.

Evaporation of Cr layer — 25 nm, 0.1 nm/s (Univex 450, Leybold)

2. Spin-coating of e-beam resist - PMMA 950k, 4 % ethylacetate; 4000 rpm,

1000 rpm s~ *, 60 s

. E-beam exposure — Vistec EBPG 5000 Plus

Acceleration voltage: 100 kV
Dose: 800 pC cm™?

Beam spot size: 129 nm
Beam current: 220 nA
Aperture: 400 pm
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B. Nanofabrication protocols

I photoresist
gold

I chromium
glass

Uv-
lithography

isotropic BOE
wet etching

Figure B.1.: A) Sketch of UV-lithography and isotropic BOE wet-etching fabrication
steps. B) Optical image of UV-exposed, developed and metal etched inlet and microfluidic
channel structure before BOE etching, scale bar 1 mm. C) Optical image of structures
etched into the glass wafer after 6 h BOE bath, scale bar 1 mm. D) Magnified image of
C), highlighting the isotropic etching in the BOE bath, scale bar 200 pum. D) Optical
image after 2 h BOE etching using a only chromium and gold as a protection layer, scale
bar 500 pm.

4. Development — MIBK:IPA = 1:2 (v/v), 60 s

5. Cr etching — BMP Plasmatechnology GmbH, O2:Cly with a ratio of 5:1
for ~ 60 s

6. Channel height SiO2 RIE etching — Ar 38 sccm, CHF3 12 sccm, 100 W
(Oxford 100)

7. Resist stripping and cleaning — Acetone sonication for 10 min, cleaning
in IPA and DI water, drying under nitrogen stream

8. Cr removal — Chrome ETCH No. 1, Technic, for 5 min

9. Cleaning of wafer — intensive cleaning in DI water and drying under
nitrogen stream

Nano-trap fabrication

1. Evaporation of Cr layer — 20 nm, 0.1 nm/s (Univex 450, Leybold)
2. Spin-coating of e-beam resist - PMMA 950k, 4 % ethylacetate; 4000 rpm,
1000 rpm s~ 1, 60 s
3. E-beam exposure — Vistec EBPG 5000 Plus
acceleration voltage: 100 kV
dose: 850 uC cm™*
beam spot size: 19 nm
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B.5. Glass device fabrication

beam current: 10 nA
aperture: 400 pm

. Development — MIBK:IPA = 1:3 (v/v), 60 s
. Cr etching — BMP Plasmatechnology GmbH, O3:Cly with a ratio of 5:1

for ~ 50 s

. Trap depth SiO2 RIE etching — Ar 38 sccm, CHF3 12 scem, 100 W

(Oxford 100)

. Resist stripping and cleaning — Acetone sonication for 10 min, cleaning

in TPA and DI water, drying under nitrogen stream

Dicing and hole drilling — only for Glass-based GIE trapping devices

1.

Spin-coating of protection resist — Microposit S1813, Shipley Company;
3000 rpm, 500 rpm/s, 40 s

. Dicing of the glass master into chips
. Hole drilling for microfluidic inlets and outlets — 1 mm diameter diamond

drill bit

. Resist stripping — Acetone sonication for 10 nm followed by intensive

cleaning in DI water and drying under nitrogen stream

. Cr removal — Chrome ETCH No. 1, Technic, for 5 min
. Cleaning of chips — intensive cleaning in DI water, drying under nitrogen

stream

Thermal bonding — only for glass-based GIE trapping devices

The following steps are all particular crucial to achieve a high quality bonding.
Shorter pressing or not pressing at all will results in bad qulity bonding and
leakage of the devices.

1.

Cleaning of the chips and Borofloat® 33 cover glasses — piranha bath
(H2S04(%):H202(%) = 2:1) for 20 min at 90°C, intensive cleaning in
DI water, drying under nitrogen stream

. Activation of the chips and Borofloat® 33 cover glasses — 29% ammonium

hydroxide solution at 35°C for 40 min, intensive rinsing in DI water,
drying under nitrogen stream

. Alignment — instantly align and press one chips and one cover glass

together with a tweezer

. Pressing — Pressing of the aligned chip/cover glass multilayer with

weights to reach a pressure of 390 kN/m? for about 24 h

. Thermal bonding — bonding in a controllable furnace (Process Products

Corporation) without applying any pressure by annealing at 630°C for
4 h at the ramp rate and time cycle shown in Fig. 3.3C.
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B. Nanofabrication protocols

Silanization — only for PDMS-based GIE trapping devices

1.

B.6.

B.7.

A
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Activation and cleaning of the wafer in an Oz plasma — Oz 20 sccm,
150 W (Oxford 80)

Silanization in an evacuation chamber — mixture of trichloro(1H, 1H,
2H 2H-perfluorooctyl)-silane and (tridecafluoro- 1,1,2,2-tetrahydrooctyl)
di-methylchloro-silane with a ratio of 1:1 (v/v), 10 min

Ormostamp® fabrication

Cleaning of the 700 um Borofloat® 33 glass wafer — rinsing in IPA and
DI water, drying under nitrogen stream

. Plasma activation of the 700 pm Borofloat® 33 glass wafer — Oz 20

sccem, 20 W (Oxford 80)

Spin-coating of adhesion layer on the 700 ym Borofloat® 33 glass wafer
— OrmoPrime® (micro resist technology GmbH), 4000 rpm, 45 sec
Ormostamp® molding — place a 2 ml droplet of OrmoStamp® hybrid
polymer in the middle of a silanized silicon or glass wafer. Align the
700 pm Borofloat® 33 glass wafer upside down onto the droplet and
leave the multilayer for about 30 min.

Curing of the hybrid polymer — UV lamp (ELC-500, Electro-Lite) for
10 min

Hard bake — 30 min on a hotplate at 130°C.

Detaching — detach the two wafers using razor blades

Activation of the Ormostamp® wafer in an Oz plasma — Oz 20 scem,
150 W (Oxford 80)

Silanization in an evacuation chamber — mixture of trichloro(1H, 1H,
2H 2H-perfluorooctyl)-silane and (tridecafluoro- 1,1,2,2-tetrahydrooctyl)
di-methylchloro-silane with a ratio of 1:1 (v/v), 10 min

PDMS pneumatic silicon master fabrication

Cleaning of silicon wafer — first in IPA and second in DI water, dry
under nitrogen stream

Spin-coating of photoresist — 20 pm thick, SU-8 2025, Microchem: first
500 rpm, 100 rpm/s, 10 s, second 4000 rpm, 300 rpm/s, 30 s

. Soft bake — 6 min at 95°C

UV exposure — Suess MA 6, A = 365 nm, 200 mJ/cm?, 20 s

Post bake — 7 min at 95°C

Development — AZ EBR solvent (Clariant) for 6 min and subsequent
cleaning in TPA

Hard bake — 25 min at 150°C
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