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Abstract

The detection of single molecules using confocal spectroscopy is of major interest
and tremendous improvements have been made within the last decade. The
underlying basics, however, a pinhole and a single excitation volume element have
remained the same as well as the technical limitations. This thesis presents an
approach to address and overcome these technological hurdles and to design and
implement a confocal system with parallel detection capability that increases the
throughput and speeds up the analysis time. Therefore, microfluidic systems,
diffractive optical excitation, CMOS (Complementary metal oxide semiconductor)-
detector arrays and the combination of these novel techniques have been
investigated. In order to show the usefulness of these techniques, biomolecular
applications like screening of Alzheimer’'s amyloid-3 peptides and gene expression
analysis have been investigated as well. In addition to that, microstructure systems
together with confocal spectroscopy were used to degrade DNA on the single
molecule level or to enrich biological samples.

Knowledge of flow behavior in microstructures is essential when microchannels are
used for analytical applications. Fluorescence Correlation Spectroscopy (FCS) was
utilized to investigate hydrodynamic pressure driven flow in microchannels with a
cross section of 50 x 50 pm?. The flow itself, was detected non-altered or non-inva-
sively, since only tiny (a couple of nhanometer in size) dye-molecules were entrained
into the fluid. This was sufficient to determine the flow velocities in laminar layers
of <1 um in size. Further, transport properties were monitored in microchannels with
the help of a 1 x 4 diffractive optical element (DOE) induced laser excitation array.

A step forward towards a highly integrated parallel confocal fluorescent detection set-
up has been taken, by introducing CMOS-detector arrays in conjunction with
diffractive optical elements (DOEs). A combination of a 2x2 DOE and a 2x2
CMOS-detector array was utilized in order to see if parallel detection of single
molecule is feasible. This detection scheme potentially improves and speeds up the
analysis of biological and chemical samples because on-chip processing, data
analysis, and a high level of integration could easily be realized.

Two individual DOEs were used to build a parallel 2 x 2 cross correlation set-up. This
technology has been developed for the determination of the gene expression profile
by a novel analytical method based on cross correlation analysis. Here, the long
analysis time and the constantly present low concentration of the sample motivated
the implementation of such a set-up. Additionally, other analytical methods such as
high-throughput screening (HTS), could profit from this method decreasing their
analysis time in future.

The detection of single molecules in flow has been illustrated and utilized, including
investigations on single molecule detection in microchannels using elliptical shaped
detection volume elements. With the present systems, Alzheimer's [B—amyloid
peptides were analyzed and a feasibility for up-concentration of biological or
chemical samples was performed with regards to pl flow switching with external
valves. Finally, DNA was degraded on the single molecule level and the cleavage
rate of the enzyme was determined.
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Diffusion time
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Count rate per molecule

Radial half-axis of green, red detection volume element
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1. Introduction 1

1. Introduction

The detection of single molecules in solutions can be performed by confocal fluores-
cence spectroscopy.’™ Here, researchers such as Keller, Rigler, Zare, Moerner,
Trautman and their coworkers laid the foundations for single molecule research in
solutions. The advantage of this technique lies in the high signhal-to-noise (S/N) ratio
that can easily be achieved in natural biological environment at room temperature. As

20,21

analytical methods, fluorescence correlation spectroscopy (FCS) and photon

burst analysis®?°

are commonly used. However, detecting single molecules of inter-
est (having a size of a few nanometers) in ‘large’ sample volumes (in the pl-range) is
as difficult as searching for a needle in a haystack. The goal of this thesis was to de-
sign, develop and test a novel single molecule confocal detection set-up with a higher
integration level, focused on parallel and high throughput detection concepts, without
jeopardizing specificity, accuracy, and sensitivity and with the goal of decreasing
analysis time. For this reason, different tools and technologies, like microfluidics,?®

diffractive optical elements (DOEs)?"?®

and complementary metal oxide semiconduc-
tor (CMOS)*-detector arrays were investigated and later combined for biomolecule

analysis. Biological applications like Gene-expression analysis, the screening of Alz-
heimer's Amyloid-3 peptides, and DNA degradation studies with the aim to sequence

DNA (deoxyribonucleic acid) the single molecule level have been performed in order

to show the need and applicability of these technical advances.

Microfluidic devices have become more and more popular in the academic as well as
the industrial world.**** The main objectives in implementing microfluidic devices are;
less reagents, lower costs, faster analysis, higher sample throughput and the pos-
sibility to achieve higher integration and automation. Here, a whole branch of analyti-
cal chemistry has been formed also referred to as micro-total analysis systems
(UTAS). In such small devices, flow can be induced without undue difficulties. How-
ever, the knowledge of flow behavior in microfluidic structures and the methodology
for monitoring flow in microfluidic channels are limited. Therefore, FCS has been
used as a non-invasive and non-disrupting measurement tool to investigate flow
properties with micrometer resolution in microfluidic structures (paper ). With this
method, it was ascertained, that for analytical flow velocities, laminar flow was pre-
sent microfluidic channels. At the same time a simple but novel tool to monitor the
flow in microfluidic channels was developed. This might be of importance for micro-
analysis and -probing devices where flow has to be ascertained and controlled at any

instant of time. As an extended feature, DOEs were introduced into the laser beam
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path and parallel flow monitoring was performed (paper II). With the DOE, four differ-
ent excitation spots (detection volume elements) were generated and positioned in
the microchannel to monitor flow at four different positions, simultaneously. Finally,
the same set-up was used to study transport properties and the influence of diffusion
onto pressure driven liquid transport of single molecules between two points in a mi-

crochannel.

Single molecule detection at low concentrations, for slow diffusing molecules, or for
many samples with certain characteristics can become difficult, time consuming, or
even impossible with FCS when single spot excitation and detection is applied.*®*’
Therefore, the number of detection spots was increased by using a well-mastered
industrial CMOS process and fabricating a 2 x 2 integrated so-called CMOS-SPAD
(Single Photon Array Detector) working in the Geiger mode.?****! This 2 x 2 CMOS-
SPAD array combined with 2 x 2 DOE generated excitation volume elements was
investigated for integrated parallel fluorescence single molecule detection feasibility
and compared to a state-of-the art single-photon counting module (SPCM) actively
quenched avalanche photo diode (APD) by making a series of measurements on
freely diffusing molecules at different concentrations (paper IIl). In addition to the
2 x 2 CMOS detector array for parallel single molecule detection, a 32 pixel array has
been developed and tested for parallel detector performance attributes like cross-
talk, afterpulsing and dark count rate, results from which show that such a detector

array allows for an even higher integration level (paper 1V).

Dual-color cross correlation analysis (FCCS)*** has widely been used in order to
analyze and detect biomolecules in low concentration samples with a significantly
higher selectivity, specificity, and accuracy that can be achieved with FCS. Utilizing
this method, the expression level of genes in cells, which can differ by three orders of
magnitude in the pM-regime, has been determined with dual-color cross-correlation
analysis (paper V). Due to the high selectivity of the dual-color cross correlation
analysis method, no amplification step like PCR (polymerase chain reaction) is
needed and an uniqgue and novel tool for drug validation and drug development was
established. For this analysis, two dye-labeled DNA probes were hybridised to a se-
lected gene target and using FCCS the absolute number of dual-labeled fragments
was determined. Given this number, the number of target molecules within the bio-
logical sample was calculated in copies/ug cDNA using a calibration curve, which
was generated with gene specific DNA beforehand. As this method is extremely sen-

sitive there are some limitations with respect to high throughput analysis and analysis
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time. Therefore, a parallel dual-color cross-correlation set-up was built and experi-
ments on dual-color labeled samples were performed (paper VI). Again, parallel de-
tection and analysis on a simple but effective integration level was used to decrease
the measurement time and to broaden the scope for other potential applications.
Here, two individually designed DOEs were inserted into the red and green laser
beam paths generating four dual-color cross-correlating spots, and the performance
of the multiple spot configuration was then tested by FCCS with different artificially

dual-labeled cross-correlating PCR generated samples.

In addition, after determining that the flow in microfluidic structures was stable and
controllable (paper I), microfluidic channels were used to screen for molecules of in-
terest (paper VII). A statistically relevant result for diffusing Alzheimer's Amyloid beta
(AB)-peptides could not be obtained, since the peptide size was too big and the con-
centration too low. Therefore, in order to increase the number of events and to make
the quantification of Alzheimer AB-peptides more feasible the peptides were loaded
into microchannels and a pressure driven sample stream was utilized to let the pep-
tides flow through a cylindrical detection volume element, where they were detected.
In addition to that, attempt undertaken to select molecules of interest from, for in-
stance, chemical and biological libraries by applying external valves to microfluidic

structures is presented as well.

DNA sequencing on the single molecule level was first proposed by Keller and co-
workers in 1989.%*° In the last decades, endeavors in this subject area have resulted
in numerous publications.>**® The latest progress has been reported by Werner et
al.>® Based on these results, investigations to achieve repeatable DNA degradation in
a flowing enzyme stream in microstructures were made (paper VIII). Special empha-
sis was given to the so-called target principle (TP), upon which parameters like the
size of the detection volume element, the distance between the DNA loaded bead
and the detection focus, the flow velocity and the transport properties of the nucleo-
tides were elaborated. Procedures for the alignment of the bead with respect to the
detection volume element as well as some results of this intensified research will be
summarized. Again this research is focused on high throughput DNA sequencing
with the ultimate goal to be able to sequence, for instance, whole genes, which with

contemporary sequencing machines is not possible.

The thesis concludes with a summary and outlook on the future work.
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2. Flow Analysis in Microchannels (papers | & II)

Microfluidic devices are in popular use in both industry and academia. Potential
benefits of such microfluidic devices in comparison to macroscopic devices are small
sample volumes, improved accuracy and specificity, disposability, and user friendli-
ness. However, the number of devices that utilize the full advantage of a miniaturized
system is only slowly growing. The final goal for every researcher or developer in this
field is the ‘lab-on-a-chip’ system.?®°°®! Here, multiple technologies from modern biol-
ogy, chemistry and medicine are combined into a single entity. In particular, applica-

31,62

tions and probing technologies like DNA analysis (e.g. PCR), enzyme analysis

63,64

(for example acetylcholinesterase® analysis), cytometry, cellular biosensors and

65,66

cell culturing can be performed in microfluidic systems. Depending on the applica-

67-72 73-76

tion, electroosmotic or pressure driven flow is applied to control sample trans-
port in microchannels. Often, multiple channels with junctions and crossings are used
to control and manipulate the sample. Since the analyte might be detected or mixed
in a certain region of the microfluidic system laminar flow is required. Despite elabo-
rate flow simulations prior to fabricating new microstructures, the user often has to
test if the experimentally obtained flow is in accord with the theoretically predicted
values. In addition, a permanent and simple flow-controlling unit can be desirable for
commercial products or microfluidic systems running for a considerable time. For
these purposes various flow monitoring techniques such as optical Doppler tomogra-
phy,
ever, some methods have to introduce particles into the flowing liquid, which can

77-81 30,82

particle image velocimetry (PIV) and NMR imaging®® can be used. How-
potentially induce flow disturbance. In order to avoid introducing particles that can
disturb the flow during the measurement process new measurement techniques such
as molecular tagging velocimetry (MTV)® and flow-tagging velocimetry (FTV)2>%¢
were introduced. Unfortunately, these methods exhibit a purely spatial resolution be-
cause they have to be performed over large-length scales due to the long excited-
state lifetime (tens of microseconds) of phosphorescent dyes, there length scales
being equal to the distance the molecules have to travel in the microchannel from the
point were they are excited (‘tagged’) to the point were their fluorescence is detected.
In addition, the phosphorescent dyes very often require far ultraviolet (308 nm) exci-
tation, which limits the window materials through which these measurements can be
made. As an alternative to phosphorescent dyes, caged dye techniques utilizing one

laser to ‘un-cage’ a photo activated fluorophore (PAF)® and a second to interrogate
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the resultant fluorescent dye can be used. Thereby, even extremely fast flows (47

m/s) can be monitored.*

A high spatial resolution and a short measurement time can be achieved with FCS.
Here, a diffraction limited excitation laser beam, which produces a spot that (de-
pending on the wavelength) is below 1 pm in size, determines the resolution for the
measurements of the laminar layer and thus flow can be investigated and monitored
with sub-micrometer resolution. Fluorescent dye molecules in sub-nanomolar con-
centrations are mixed into the flowing liquid to determine the flow velocity. Molecules
passing the excitation volume element are excited and the subsequent radiation from
fluorescent relaxation is directly collected and directed to an APD. The APD trans-
lates the incoming photons into TTL pulses, which are routed to a computer where an

autocorrelation curve is computed from which the flow velocity is determined.

2.1. FCS for Flow Profiling - Theory

The idea of FCS is based on observing the intensity fluctuation of fluorescence from
individual molecules in a small open volume element defined by a laser beam with a

889 35 well as Ehren-

Gaussian intensity profile. In the early 70s, Elson®” and Magde
berg and Rigler® derived the principle theory behind FCS. In the following 30 years

the basic formalism has been extended or changed depending on the application.

Figure 1 (left) Gaussian laser excitation profile. (right) Confocal volume of observation. The dimension
of the observation volume element is defined by the half-axis in length (a) and width (cy). The ratio
R = ay | wy between the two axes is often around 5 and wy is typically just below 1 pm.
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To understand FCS, lets assume we have a small confocal volume of observation,
which happens to be filled with laser light (Figure 1). This laser light excites mole-
cules and subsequent fluorescence is recorded and displayed as intensity |. Since
the spatial coordinates of molecules in solution fluctuate due to Brownian motion, the

intensity will fluctuate, too. Looking at an intensity trace, the fluctuation in time, o1,
will be distributed around the mean intensity <I > This information already is suffi-

cient to say something about the movement of the molecules and the number of
molecules in the volume. We assume that molecules approach the observation vol-
ume by Brownian motion. A molecule entering the excitation volume element emits
photons, and depending on the random walk of the molecule, it may remain a while,
emitting some more photons, maybe even crossing the whole detection volume ele-
ment, or alternately, it may quickly exit the volume element having emitted only a
single photon to the detector. This randomized behavior can be recorded in the form
of a correlation function of the measured intensity fluctuations of the molecules. The
typical shape of an autocorrelation has a high amplitude for shorter timer ranges
(100 ns — 1 ms) and almost no amplitude for longer time ranges (> 1 ms). The decay
from the highest to the lowest point of the autocorrelation is exponential, logarithmic,
or depending on the application and shape of the excitation volume element, a com-
bination of these. Therefore, the highest ordinate value of the autocorrelation curve
accounts for the fact that every molecule occupies the excitation volume element for
at least a short time, whereby only a few molecules stay for a long time in the detec-
tion volume element, generating lower ordinate values. The overall amplitude of the
autocorrelation function is inversely proportional to the average number of molecules
in the detection volume element and its half-width gives the average cross-sectioned
diffusion time of the molecules. With this information, the size of the excitation vol-
ume element can be calculated and thereby, the concentration and flow velocity of

molecules obtained.

After this qualitative description of the autocorrelation curve, now the autocorrelation
function will be derived in a more formalized way. The commonly used normalized

autocorrelation function, which relates the fluorescence intensity, I(t), at a time, t, to

that 7seconds later, I(t+7), is

(1)
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In order to use this equation for the evaluation of experimentally obtained autocorre-

lation functions, the following analytical expression has been derived:®9

G(r)=1+2[1+-C i 14— L ’ 2)
N Tdiff R2 B-diff .

Here, N is the average number of molecules in the observed volume element, 7 g is

the time that the molecules need on average to cross the observation volume ele-
ment in the radial direction, which is equal to the average occupation probability of

the molecules in the observation volume. The ratio of the axial to radial half-axis of

the observation volume is R, where R= a)xy/a)Z . The analytical expression for flow

can be derived as follows:®®

flow

T N T _}/2
A—(l+a] (“Rz—ﬂ‘dm] 4)

and 7, is the average flow time of the molecule through the observation volume in

2
G(r)=1+$m@xp —( r ] Al 3)

where

the radial direction. Equation reduces to equationEl for 74,, — %, Which corre-
sponds to a flow velocity of V = 0. Fitting equation to the experimentally obtained
autocorrelation curve gives the value for 7, . In order to determine the detected flow

velocity, Viiow, the following equation should be used®

V :w_"y’ (5)

flow
r flow

w,, =,/4D14; and D is the diffusion coefficient of the fluorescing molecules in the

sample.
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In addition to the FCS theory, the laws of hydrodynamic pressure also have to be

considered. The relationship between the pressure difference, Ap, from the bottom
to the top of a column of liquid having a height, h, is Ap = pgh, where pis the lig-

uid’s density and g is the gravitation constant. The applied pressure difference over a
liquid-filled microchannel results in a stationary flow with the velocity Viqow. Since the
liquid velocity is zero at the lateral faces and highest in the middle of the channel, a
hyperbolic flow profile inside the channel is established, which can be expressed by
the Hagen-Poiseuille-equation:

V(x)= B (a2 -x?) ©)

where 77 denotes the liquid’s viscosity, | the length, d the half width of the microchan-

nel and X the coordinate in the channel.

2.2. Microchannels and Set-up — Experimental

All microstructures used in this experiment were fabricated by ACREO AB, Kista,
Sweden, using standard micro-machining technologies, which included thin film
deposition, photolithography, etching and wafer bonding. Deep reactive ion etching
(DRIE) was applied to etch microchannels with flat lateral faces and cross sections
up to 50 x 50 um? into the silicon wafer. Finally, the channels were covered by a
glass wafer, which was thinned down to 170 um to match the optical properties for a
water immersion objective. In SEM images of a typical microstructure are
displayed.

W gt

BBA2 16KU 45,800  1em HD16

0801 20KV  X1,680 “ovn WDI3

Figure 2 (left) Cross-section of a 10 x 10 pmz microchannel. (right) SEM picture of a 10 x 10 um2 etched
microchannel. In addition, the fluorescence pattern from the 4 x 1 diffractive optical fan-out element is
displayed (for more details see text). The foci are numbered in the text 1, 2, 3 and 4 from top to bottom
in the pattern on the left and from left to right in the pattern on the right.
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The experimental detection set-up consisted out of an argon laser (515 nm), focused
into the microchannel by a 60x water immersion objective. Molecules (TMR-4-dUTP),
passing the focus were excited and resulting fluorescent light was collected through a
confocal pinhole, recorded by an APD and translated into an autocorrelation curve.
Equation Elwas fitted to the obtained curves with a self-made program (Corrkino, Kl),
where the maximum likelihood estimates of the parameter for equation [3| were ob-

tained by non-linear optimization according to Marquardt.® Finally, the flow velocity,

V, was calculated from the resulting flow-diffusion time, 7, , with equation El

2.3. Flow Profiling in Microchannels - Results

In the first experiment, the laser focus was positioned in the middle of the channel,
where, due to the hydrodynamic flow profile (equation Eb the highest flow velocity
was detected. Changing the height of the reservoir increased the pressure differ-
ence, Ap, and thereby the flow velocity, V. For higher flow velocities, the exponential
term of the autocorrelation function for uniform flow (equation [3) became more pro-

nounced, which led to a steeper curve (see m left). Consequently, 7, be-

came smaller, too.

In the second experiment, the reservoir was raised in consecutive steps and for
every position the autocorrelation curve was recorded. As predicted by equation Ela

linear dependency between Ap (O reservoir height, h) and the flow velocity V was

obtained for measurements consistently performed at a single spatial coordinate, X

(see right).
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Figure 3 (left) Autocorrelation curves for different flow velocities in the middle of the microchannel.
(right) Flow velocity in the middle of the channel in relation to the height difference between the inlet and

the outlet of the fluidic system.
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Additionally, flow profiling with sub-um precision was performed. Here, a
50 pm x 50 um? small channel was scanned from the top to the bottom and from the
left to the right in um-steps with a detection volume element having @)y = 0.4 um de-
tection volume element (the size of the detection volume element was determined
beforehand with free diffusing TMR-4-dUTP). The results show a clear hydrodynamic
flow profile in microchannels, which follows the law of Hagen-Poiseuille (see[Figure 4]
and equation Eb Deviations in the maximum flow velocities can be explained by a
slight miss-positioning in height of the confocal spot in the channel. The experiments
illustrated that, even in the micro-sized world, hydrodynamic laws are valid and lami-
nar instead of turbulent flow is obtained. In addition, a non-invasive tool for flow

monitoring in micro-sized fluidic structures was developed.
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Figure 4 Flow profiled in the microchannel scanned in the horizontal (left) and vertical (right) directions.

These velocities have been determined at a reservoir height of 20 cm (V= 15 mm/s).

2.4. Parallel Flow Analysis and Transport Properties of Dye-labeled

Nucleotides in Microchannels — Results

The same laminar flow profile in microstructures has been detected in a parallel

manner with the help of a 4 x 1 DOE?’ (for details on DOEs see?®%*

) excitation. Here,
the incoming laser beam passed a 4 x 1 fan-out DOE, which manipulates the light
through phase modulation and results in a diffractive redistribution of the laser inten-
sity, in this case a 4 x 1 foci pattern. The first diffraction order generates four foci with
almost equal intensities (variations between the foci were less than 4 %). Fluores-
cence emission was collected by four individual fiber coupled APDs. Almost 80 % of
the overall laser intensity entering the DOE was found for the four spots. The other
20 % are found in the higher order refraction spots. The foci spacing was

a = 2.78 um under the 60 x water immersion objective and all the foci could easily be
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positioned in a 20 x 20 um? microchannel either parallel or perpendicular to the flow
(see right). To measure the flow velocities at four different spots simultane-
ously, solutions with dye-labeled nucleotides (nts) where injected into microchannels
and the four foci were first positioned perpendicular to the microchannel flow. The
autocorrelation was recorded for each of the four foci, simultaneously. The autocor-

relation curves for each focus were analyzed for different reservoir heights and the

values for 7, determined. With help of equation B the flow velocity was calculated

and displayed for each spot and at different reservoir heights (Figure 5, left).
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Figure 5 (left) Parallel flow profiling at different reservoir heights between 85 cm (top) and 40 cm (bot-
tom) inside the 20 um microchannel. (right) . Cross-correlated flows at a reservoir height of 90 cm. Fo-
cus 1 and 2 (black), focus 1 and 3 (light grey), and focus 1 and 4 (grey).

Finally, the signal of the first DOE generated spot was cross-correlated® with the
other three spots right). Thereby, a probability distribution of the recovered
molecules, transported by the laminar flow over a certain distance, was determined.
For these measurements, the four spots were positioned in the middle of the channel
in direction of the flow (see right). Here, the cross-correlation amplitude ra-
tio is a direct measure of the percentage of molecules that passed both the first and
the next spot. Comparing the cross-correlation result from the spots 1-2 with the re-
sult from the spots 1-3 and 1-4, a decrease in amplitude is seen. If the cross correla-
tion amplitude would result in the same amplitude from spot 1-2 and 1-3 for example,
all molecules would have been detected in the second spot as well. However, due to
Brownian motion, the molecules experience a lateral displacement, which makes it
impossible to recover all molecules passing the first detection volume element in the
next spot. Dividing the second amplitude (0.375) with the first amplitude (0.575) gives

the fraction of molecules that originate from one spot and pass to a consecutive de-
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tection spot. The result is that 65 % of the molecules could be found at the distance
a =2.78 um downstream originating from one spot for a flow velocity of approxi-
mately 15 mm/s. Consequently, only 40 % of the molecules originating from the first

spot were found after a distance of 2 a = 5.56 um.

2.5. Conclusions — Flow Analysis in Microchannels

First, a non-intrusive convenient technique, which allows the determination of flow
velocities in laminar layers at increments of < 1 um in two dimensions has been pre-
sented. Properties which are important for any flow-dependent analytical method in

microchannels can be monitored with this method.

Second, the flow velocities in a microstructure can be changed in a controlled way
with a simple hydrodynamic pressure set-up. However, since this set-up requires
long silicon tubes (at least as long as h), syringe pumps (Univentor 864) have been
used for later applications. These pumps automatically control the pressure on the
syringe pistons and thereby the flow velocity in the microchannel. Different syringe
sizes allow for varying the volumetric flow from 0.001 pl/min up to 5 ml/min. Also,
calibration curves (not shown), where the velocity in the channel is measured as a
function of the volumetric flow, were established and afterwards the same type of
calibration technique was used in other experiments like DNA degradation and A[3-
peptide screening in flow (vide infra). The confirmation that laminar flow was present
in um sized flow channels enables the analysis and manipulation of liquid samples,
and applications such as single molecule DNA sequencing and single molecule de-
tection (SMD), screening and fractioning can be performed in microfluidic structures

with a well designed flow scheme.

Finally, a parallel flow analysis system that allows for simultaneous monitoring of dif-
ferent laminar layers in microstructures was presented. With this method, independ-
ent measurements of different flow velocities in for instance capillaries for DNA se-
quencing or other microfluidic multichannel devices become feasible. Additionally, a
method studying transport properties over a lateral distance of less than 10 um was
established, whereby the transport effects on diffusion as a function of distance can
be studied. This method can also be used to increase the detection probability or to
improve the determination accuracy of molecules passing through a multiple foci ar-
ray down stream. Thereby, the detection of molecules at low concentrations as well

as molecules exhibiting low count rates could be improved.
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3. Parallel FCS and Single Molecule Detection with CMOS-
Detector Arrays (papers Il & V)

Laser induced fluorescence (LIF) applications require excitation, wherein the whole
sample is illuminated or a single confocal laser focus is scanned across the sample.
High-throughput sequence analysis for gene expression, drug target validation and

%98 \where

identification with DNA microarrays are superb examples of applications,
the number of excitation spots can range from a few to several thousand.’® In order
for these techniques work, a huge number of fluorescence molecules are needed to
produce a sufficiently high signal. Often, the microarrays are completely illuminated
with one light source resulting in non-optimized power usage and undesired scatter-
ing. Instead, the confocal spectroscopy based ultra-sensitive analytical method pre-
sented above can be implemented. Altering this method from single spot excitation to
multiple excitation spot arrays produced with the help of DOEs, parallel detection
concepts with an efficient power usage can be established without sacrificing ultra-
high sensitivity and high spatial resolution. Blom et al. performed the first measure-
ments on dye molecules utilizing a 2 x 2 fan-out DOE,'® thereby transforming the
commonly used single excitation spot into four spots with equal intensity and with
Gaussian laser excitation profiles. The number of spots that can be generated with
this method is basically unlimited and only dependent on the total excitation intensity

that is available.

In order to have a fully functioning parallel fluorescence-based analytical system for
biomolecules, detection modules with multiple active areas have to be implemented
in conjunction with multiple excitation spots. Here, most of the microarray analytical
systems utilize CCD-based detection systems,® where the sensitivity for these sys-
tems is good, but the resolution is restricted by the pixel size of the CCD detector (5-
20 um). In addition, the long read-out time makes fast real-time dynamical studies in
the range from 1 ns to 1 ms impossible. Therefore, detectors and transducers capa-
ble of single photon detection are required for single molecule analysis® and time
resolved spectroscopy or time-gated detection schemes require detectors with sub-
ns single photon timing jitter.’%%*®® FCS measurements are mostly performed with

1%% which

detectors such as solid state SPCM or even photomultiplier tubes (PMTSs)
have low dark count rates, large detection areas and a relatively high detection prob-
ability. The SPCM is especially suited because of its robustness, long operating life-

time, good timing resolution, the high detection probability over a wide spectral
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range, insensitivity to magnetic fields, and simple TTL pulse output, the latter of
which is compatible with most of the commercially available photon counting mod-
ules. However, detection systems utilizing multiple excitation foci (see chapter 2)
need one PMT or one SPCM for each spot. Ramping up the system to multiple spots
consequently raises the price of the detection module enormously and requires so-
phisticated solutions for the alignment of the set-up. More over, state of the art
SPCMs™® cannot be implemented in an array, because the product is based on a
non-CMOS compatible process where the readout electronics cannot be integrated

on the same chip.

A well-mastered industrial CMOS process has been used to fabricate a 2 x 2 inte-
grated CMOS-SPAD array working in the Geiger mode, which allows for multiple si-
multaneous single molecule analysis. With this 2 x 2 CMOS-SPAD detector array the
emission from multiple 2 x 2 DOE foci excited molecules was detected. In particular
the performance of the single-photon CMOS detector was investigated and com-
pared to a state-of-the art SPCM (having an actively quenched APD), by using both
to make measurements on freely diffusing molecules at different concentrations. Fi-
nally, the potential of this technique for high throughput FCS based detection sys-

tems will be discussed.

3.1. CMOS-SPAD Array Performance, Set-up — Experimental

3.1.1. Design

The CMOS-SPAD consists of a fully integrated 2 x 2 array (OUT 1 — OUT 4 in
B implemented with an active quenching circuit. The detector works in the Geiger
mode, which means that a single photon can initiate avalanche breakdown. The pitch
between the pixels is 1100 um and which corresponds (with demagnification) to the
distance between the spots of the 2 x 2 DOE generated pattern in the sample (the

same DOE has also been used a the publication by Blom et al.®

). A schematic of
the active area of the SPAD and of a single CMOS-SPAD with integrated electronics
is shown in Figure 6]a) and b). The pulse amplitude was 1.4 V and therefore suffi-
cient to be used as an input pulse for the Flex990EM-12 digital correlator

(www.correlator.com) and to record autocorrelation curves.
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Figure 6 a) Geometrical configuration of a single CMOS-SPAD. The effective diameter of the sensitive

area corresponds to 7-8 um; b) single CMOS SPAD with integrated electronics; c) chip of 2 x 2 CMOS-
SPAD array. OUT 1 — OUT 4 show the positions of the active areas. The distance between the
photodetectors (active areas) is 1100 pum.

3.1.2. Dark Count Rate

The dark count rate was dependent on different excess bias voltages (see
left). An acceptable excess bias voltage had to be found for room temperature in or-
der to make the detector as sensitive as possible, but at the same time to keep the
dark count rate low. An excess bias voltage of V. = - 2.5 V was found to be appropri-
ate for the measurements. With this excess bias voltage the dark count rate of the
four detectors in the 2 x 2 SPAD array were 40, 30, 400, and 2000 Hz for OUT1 to
OUT4, respectively. Obviously, the fourth detector suffers from fabrication imperfec-
tions. However, in a later generation detector array with 32 detectors, which has
been produced in a completely new and obviously cleaner fabrication line of the sili-
con foundry, the dark counts were significantly reduced. In this 32 detector array, all
but five pixels (four of those having a dark count rate < 150 Hz) exhibited a low dark
count rate of about 50 Hz at room temperature. Only one pixel had a dark count rate
of about 3800 Hz. Cooling the system to —20 °C reduced this detector’s high dark
count rate a hundred fold to about 300 Hz and all other detectors had a dark count
rate of below 10 Hz.
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Figure 7Q(Ieft) The dark count rate is highly dependent on the temperature and the excess bias voltage.
For room temperature a reasonable dark count rate (< 250 Hz) was obtained for an excess bias voltage
of Ve =-2.5 V. (right) Photon detection probability of the detector in use. The detector is most sensitive
in the blue and green regions (450 — 550 nm). Working in the area of 550 nm, the photon detection
probability was between 10 % and 15 %.

3.1.3. Photon Detection Probability

One of the most important features of single photon detectors is the photon detection
probability (see right), because it can significantly decrease the analysis
time for various applications. For the CMOS-SPAD detector array a photon detection
probability of 5 — 15 % was attained in the region 500 — 700 nm. This is a factor of
five to ten lower than for commercially available SPCMs. In addition, the detector is
poorly optimized for wavelengths around 700 nm, in which many commercial avail-
able dyes (e.g. Cy5) are fluorescent. The photon detection probability determines the

experimentally obtained count rate per molecule, v. For N >> 1 and for molecules

with a low v, which is the case for molecules detected with the CMOS-SPAD, the re-

Iati0n36,37,106

S/N:ﬂzvﬁ, @)

JvariGirH

is valid, which means that a Vcmos.seap being 5 to 10 times smaller than Vspem-app
would entail a 25 to 100-fold increase in measurement time for the former to achieve

the same S/N as the latter. However, for concentrations with N << 1, equation

changes and becomes S/N ~ +/N 2517 Then, for a set-up with multipoint excitation

and detection, the registered number of fluorescent molecules, N, increases linearly

¥Figure 7 is reproduced with the kind permission of A. Rochas.
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with the number of observation volume elements, X, and with regards to equation |Z|

the signal-to-noise ratio will increase with the square-root of it; S/N ~ m Here,
the autocorrelation curves for each detector should of course be analyzed separately
in order to keep the background low. Since the fabrication process of the CMOS-
SPAD is not fully developed yet, it can still be modified towards increased photon
detection probabilities. Thereby, even single spot detection with a CMOS-technology
SPAD, would be superior to the SPCM detector, because of its higher integration

level and its possibility for on chip processing of the collected data.

3.1.4. Afterpulsing

Another important benefit of the CMOS fabrication process is the complete disap-
pearance of afterpulsing, which results from the release of carriers trapped in the
multiplication region during an avalanche process. If such a release happens after
the recharge of the SPAD, the trapped carrier induces an unwanted pulse, which is
correlated with the previous avalanche event. Currently, these effects are simply ne-
glected or not taken into account for FCS measurements. This is not a severe effect
for the determination of diffusion times of molecules under observation. However,
estimation of the number of molecules and their triplet lifetimes will be biased by the
afterpulsing effect, which gives a severe contribution in the time range of T < 1 ms.?
In [Figure 8 a normalized autocorrelation curve for white light source illumination
(10 kHz) of a CMOS SPAD is displayed along with that of a commercially available
SPCM-AQR-13 (Perkin ElImer Optoelectronics).
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Figure 8 Autocorrelation curves of the CMOS SPAD (grey) and the SPCM-AQR-13 (dark and dashed)

given white light source illumination at 10 kHz.



20 Microfluidic Analysis and Parallel Confocal Detection of Single Molecules

3.1.5. Set-up

The set-up, which has been used for the measurements described in the next sec-
tion, is displayed in The laser beam from a diode pumped solid-state laser
(532 nm, Kimmon, model-5526) was enlarged by a beam expander (L1 (f =25 mm),
L, (f = 400 mm)) to fully illuminate the DOE and to overfill the back aperture of the
microscope objective. With the use of collimators (L3 (f = 150 mm), L4 (f = 150 mm))
the microscope objective and a dichroic mirror in conjunction with the DOE, the ex-
panded beam was shaped into a 2 x 2 foci pattern and focused into the sample. The
collimated DOE spots were reflected by a dichroic mirror (Chroma, 565LP) into a 40x
NA 1.15 water immersion objective (Olympus, Uapo/340, cover slip corrected) and
the intensity in a single spot was measured to be 1.7 mW at the back aperture of the
objective. Fluorescence emission from the sample was collected by the same objec-
tive and passed by the same dichroic mirror through a band-pass filter (Chroma
HQ585/40) that filtered Rayleigh and Raman scattered light. Finally, the fluorescence
emission was focused by a tube lens (Ls (f = 180 mm)) and a four times de-magnify-
ing lens (Lg (f =35 mm)) onto either one detector (O 7-8 um) of the 2 x 2 CMOS
SPAD array (see or onto an optical fiber (O 9 um) connected to the SPCM-
AQR-13. The set-up for single—point measurement was realized without the DOE in

the beam path.
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Figure 9 Experimental set-up for parallel FCS measurements.
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3.2. Comparison CMOS-SPAD vs. SPCM-APD — Results

3.2.1. Influence of the Measurement Time on Statistical Reliability

FCS measurements were performed with both the CMOS-SPAD and the SPCM-APD
detector on TMR molecules (500 pM) to determine the influence of the measurement
time on statistical reliability. The measurements are displayed in Figure 10|and show
the measured number of molecules in the detection volume element and the diffusion
time as functions of the acquisition time (averaging time) chosen to be 1, 3, 5, 7, 10,
15, 20, 30, 45, and 60 seconds, respectively. The dependence of the fitting error on

the acquisition time is shown on the right ordinate for each graph.
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Figure 10 Left ordinate-axes: measured number of molecules (N) in the sampling volume and diffusion
time (7gg) as functions of the averaging time. Right ordinate-axes: fitting error. Measurements were
done with the CMOS-SPAD (left column) and a commercial single photon counting module (SPCM-
AQR-13, right column) on TMR nucleotide molecules at 500 pM concentration. vV represents the ex-

perimentally observed count rate per molecule.

The average number of fluorescent molecules from which the concentration (C [J N)

can be determined, and the diffusion time (7y¢) were obtained by fitting the measured
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correlation curve with the analytical autocorrelation function described above (see
equation IZ[) The number of photons detected within a certain time interval influenced

the ‘smoothness’ of the correlation function, and thus decreased the standard devia-

tions in 74 and N, which in turn finally influenced the precision of the estimated val-

ues of 7,4 and N. Therefore, the experimental obtained data from the SPCM-AQR-

13 (Figure 10| right) had a smaller fitting error and consequently a better

measurement statistics, where overall the estimates of N and 74, are precise to

within 0.6 % and 2.5 %, respectively (p < 0.05). The maximum fitting errors obtained
with the CMOS-SPAD (Figure 10] left) were precise to within 8 % and 16 %. However,
for longer averaging times the fitting error was strongly reduced, and even in the sub-
single molecule measurement regime (N < 1) the CMOS detector a good statistical
precision with fitting errors smaller than 1.2 % for N and smaller than 5 % for 7y for
an acquisition time of 20 seconds. The different statistical precision that we obtained
with the two detectors can be explained by the S/N for FCS measurements (see
equation Iﬂ) The CMOS-SPAD fitting error is approximately ten times higher than the
fitting error of the SPCM-APD due to lower v obtained. This shows how important a
higher detection probability would be for the CMOS technology produced detector to
become a competitive product compared to the SPCM-APD, and certainly the
CMOS-SPAD detection probability should be improved in the future. However, we
would also like to point out that the measurements performed with the CMOS-SPAD
at 500 pM TMR concentrations already yielded good results precise to within 5 %
after only 5 seconds for the determination of N and after 15 seconds for the

determination of Ty

3.2.2. Multi-focal Detection with CMOS-SPAD
The 2 x 2 CMOS-SPAD array was used together with the multi-focal DOE-FCS sys-

tem to demonstrate its feasibility for parallel FCS experiments. Solutions of 5 nM and
1 nM TMR left and right) were dispersed in a droplet onto a cover glass.
Then, the 2 x 2 fan-out DOE foci were positioned into the droplet. The count traces,
obtained from the TMR solution, show the real-time fluctuations of the fluorescence
signal (right columns). The average count rate for all four detectors was in the same
range, which means that the sensitivity of all four detectors was almost identical. The
autocorrelation functions, measured over 300 seconds by four different CMOS-
SPADs, were similar but not identical (left columns). The reason for this is first, due

to differences between the individual detectors (different dark count rates, vide supra)
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and second, due to a slight positioning inaccuracy of the conjugated confocal spots

on the detectors. For the 5 nM solution, the first three detectors gave us an average

value of <N> = 3.5 + 0.7 (standard deviation), <Tdiﬁ> =96 + 10 ps and v = 2880 *

500 Hz. The last detector gave higher value for N (= 6) and 7, (=124 ps) and a

value for v (= 1235 Hz) that was lowered by a factor of almost three even when
background noise was taken into account.*'®® However, the calculated values of the
TMR concentration obtained with all four detectors were quite similar (3.6, 4.4, 4.5,
4.8 nM). Concentration values were calculated with the following assumptions: the

diffusion coefficient®® was estimated to be 2.6x10™'° m%s and the formula for the vol-

ume of observation was: V = RUA47TT,, D)%.
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Figure 11 Autocorrelation functions (left columns) of fluorescent signals (right columns) measured with
a 2 x 2 CMOS-SPAD from four DOE generated foci in 5 nM (left panel) and 1 nM (right panel) suspen-

sions of TMR dye molecules, v represents the experimental observed count rate per molecule.

The 1 nM TMR concentration was measured with the 2 x 2 FCS system to demon-
strate parallel detection capability on the sub-single molecule level (N < 1). Here, the

first three detectors gave us an average number of molecules <N> = 0.88 + 0.04, an
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average diffusion time <rdiﬁ >= 88 = 8 ps and an average count rate per molecule

<v> = 2000 * 280 Hz. Although the values for the fourth detector were different from

the other three values, the estimated concentration values (1.3, 1.1, 1.3, 1.4 nM) are

again very close.

Table 1 Number of molecules (N), diffusion time (7 ;4 ), experimentally observed count rate

per molecule (V), and calculated concentration (C) measured with the four CMOS-SPADs from

a single excitation spot.

TMR 5nM 1nM

OuT # N Tdiff [U-S] \Y) [HZ] C [nM] N Tdiff [U-S] \Y) [HZ] C [nM]
1|34 96 5150 4.0 0.52 86 3770 0.73
2|43 110 3420 4.2 0.59 100 2670 0.66
3|34 90 4830 4.4 0.7 86 4000 0.97
41 3.2 92 4920 4.0 0.52 88 3900 0.7

The values obtained for N, 74, , V, C using multiple 2 x 2 DOE excitation (m

were compared to the respective values using the 2 x 2 CMOS-SPAD for single point
illumination. Therefore, measurements on solutions with 1 nM and 5 nM free TMR
dye molecule concentrations were made with a confocal set-up without the DOE and
associated collimators. The data presented in [Table 1]show performances for all four

single photon detectors of the 2 x 2 array as for the four detectors operating in paral-

lel. Similar trends for the values of N and 7,; were observed for both single point

and multiple point illumination. The standard deviation of the TMR concentration,
measured with each photodetector, did not exceed 5 % and 20 % precision for 5 nM
and 1 nM, respectively. However, the values obtained for the fourth detector are
better for single point illumination than for 2 x 2 DOE excitation. In addition, the val-
ues for v using the single point illumination set-up are higher than compared to the
values obtained with the multipoint illumination set-up. A possible explanation is that
due to the DOE excitation the intensity in each spot was reduced so that, non-optimal

excitation of the fluorescent molecules was achieved.
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3.3. Conclusions — Parallel FCS with CMOS-Detector Arrays

Parallel FCS measurements with a 2 x 2 Geiger mode single photon APD array pro-
duced in a standard CMOS process were presented. The performance of this new
CMOS-SPAD was compared to the performance of the commercially available
SPCM (Perkin Elmer Optoelectronics, SPCM-AQR-13) by measurements on pure

dye labeled nucleotides at two different concentrations.

In the CMOS-SPAD detector measurements no afterpulsing was present, allowing for
single photon detection of fast dynamical processes. Additionally, a low dark count
rate (40 Hz) was observed. The apparent detection probability of the detector is a
factor of 5 — 10 lower then for a conventional APD-SPCM with single photon sensitiv-
ity. Since, the measurement statistics do not only depend on time, but also on back-
ground and afterpulsing contributions, good results precise to within 5 % after only 5
seconds for the determination of N and after 15 seconds for the determination of Ty
were obtained with the CMOS-SPAD at 500 pM TMR concentrations. Despite the
lower sensitivity, the potential for integration of these detector elements into a smart
detector array with on-chip signal processing (e.g. correlators) makes it extremely
interesting for parallel single molecule detection instrumentation and HTS. In addi-
tion, the industrial CMOS process allows for low manufacturing costs and full integra-

tion of Geiger mode photodetector cells.

Parallel FCS measurements using DOE multi-foci illumination and a CMOS-SPAD
detector array were performed. Single biomolecule sensitivity was achieved with the
CMOS-SPAD for all four detection volume elements. Due to a reduction in excitation
intensity in the DOE-excitation spots and some off-axis aberrations in detection, the
collection efficiency of the parallel FCS system was reduced and lower values of v
were obtained. However, measurements showed that comparable concentration val-
ues were obtained even when non-optimal illumination, higher dark count rates, or
lower count rates per molecule were manifest. This is a very important point for future
development of the parallel FCS instrumentation since a high integration of the de-
tectors might lead to complications with the source-sample-detector alignment,
which, as we observed above, did not affect the outcome of the concentration deter-
minations made with FCS measurements. Here, the CMOS-SPAD gave reliable re-
sults in the nM regime (the range where most of the FCS measurements are per-
formed presently). Additionally, precision to within 5 % for the determination of N was

obtained even after only 5 seconds measurement time, making the CMOS SPAD
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suitable for most biological applications where relative differences in concentration

have to be determined.

However, measurements at lower concentration would benefit from a higher collec-
tion efficiency and a larger active area of the detector. At the same time, optical
strategies should be found to improve the energy collection for the small active area
of the detector. In order to broaden scope of the applications in molecular biology
and to implement this detection scheme in these new applications, the detector sen-

sitivity should be shifted to the red region too. Moreover, the assumption that the

equation S/N ~ +/ XN becomes valid with multiple foci excitation and detection has

still to be followed up in order to see that a real improvement can be achieved. Again,
the capability of the CMOS fabricated detector arrays to include on-chip processing

would for this purpose be highly advantageous.
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4. Gene Expression Analysis (paper V)

A novel method for gene expression level analysis within a cell has been developed.
From the expression profile of well-defined genes it is possible to conclude pheno-
type, function and response to the environment of the cell. This is of major impor-
tance in disease diagnostics, for new target identification, drug identification and op-
timization, and monitoring of clinical trials.*®*** In addition, knowledge about the
gene expression level can potentially provide clues about regulatory mechanisms,
biochemical pathways, and broader cellular functions. Various techniques are used

for the analysis of the gene expression level. The micro-array technique using high-

113,114 115,116

density oligonucleotide chips or cDNA arrays enables simultaneous analy-
sis of several thousands of genes and is commonly used for research and commer-
cial drug discovery. Although this technology has an enormous scientific as well as
industrial potential there are still some limitations with respect to the data thus ob-
tained. The regulated genes can be identified reliably with both the oligonucleotide
and cDNA arrays, but the degree of regulation can differ from measurement to
measurement or be inaccurate.'’ In particular, many results obtained from measure-
ments with both cDNA arrays or oligonucleotide chips showed a poor correlation with
each other.™®'*® Additionally, the reproducibility of both techniques is poor without
signal optimization for each individual probe-target pair.*?*® Until now, the most sensi-
tive and precise method for the quantification of mMRNA molecules has been the real
time PCR (RT-PCR) method. However, this is a complex technique which also has

substantial problems associated with reproducibility and specificity.***%*

One novel gene expression profile detection method described herein is based on
single spot Fluorescence Cross Correlation Spectroscopy (FCCS) analysis (for more
details on FCCS also see chapter 5). Due to the high sensitivity of the dual-color
FCCS analysis method no amplification steps are needed and the number of gene
targets was determined by directly analyzing the sample. Gene target specific red
and green dye-labeled DNA probes were designed and hybridised to the gene en-
coding DNA sequence. The sample was then measured with two-color FCCS and
from the amplitude of the resulting cross-correlation curve, the number of gene tar-
gets was calculated. Given the originally amount (ug cDNA in the sample), the target

copies of interest per ug cDNA were calculated.
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4.1. FCCS — Theory

In FCCS a positive response results only if the signal fluctuations coming from two
different signals of whatever origin reach the detector unit simultaneously. In the case
of dual-color cross correlation the signal of one dye is compared (correlated) to the
signal from another dye. Therefore solely biomolecules with two complementary dyes
(in this case red and green), which emit at two different wavelengths simultaneously,
contribute to the cross-correlation signal. Molecules (probes) containing only one dye
cannot be observed since their motions are uncorrelated in time.*® Following Rigler et
al.** | introduce here the theoretical formulas needed in order to analyze subsequent

FCCS measurements. Using I,(t) and lg(t) to represent the intensities corresponding
to the red and green emission wavelengths, respectively, and d(t) and d(t), re-

spectively, to representing the deviations from these mean intensities (i.e. fluctua-
tions), the normalized cross-correlation function of two intensity fluctuations can be

expressed as follows

_<a,0m,@+0)>
SO 0><1,0>

(8)

where the brackets < > denote the time average and T is a constant time-delay.
Given the autocorrelation function at the time t = 0 for the red and green fluorescent

molecules, respectively, G, (O) =1/N, and G, (O)::I/Nr , the number of molecules

labeled with both dyes can be calculated using

Gy (0)

o :W:Ggr(o)mg [N, 9)

4.2. Specificity of Assay, Calibration Curve — Experimental

4.2.1. FCCS Set-up

A sketch of a dual-color multi-focal excitation and detection set-up is displayed in
and described in chapter 5. The set-up in use has single point illumination
and detection, which means that no DOEs and associated collimators were inserted
into the light path and only two avalanche photo diodes, one for the red and one for

the green channel, were used.
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4.2.2. Gene Specificity of Assay

In order to determine the gene specificity of the assay, a -actin depleted total cDNA
sample was prepared. Therein, all the actin molecules were specifically bond to
beads and removed from the sample. The decoupled sample contained less than

5 % of the actin molecules originally present. In the following, two gene specific -

actin probes (red and green) have been added to 100 ng total cDNA and 100 ng [-
actin depleted total cDNA each at a concentration of 2 nM. In order to avoid any un-
specific interactions, the hybridization was performed under temperature-controlled
conditions. The two samples were measured with FCCS and the cross-correlation

curve was recorded. Mpresents a comparison between the [-actin hybridiza-

tion measurements of the original (total cDNA), the [3-actin depleted and the back-
ground sample (the probes only), respectively. The cross-correlation signal for the
depleted sample is within the background contributed by the free probe pairs (spill-
over) corresponding to less than 10 % of the response of the original sample, a result
which therefore clearly demonstrates the specificity of this method. The [3-actin gene
IS a so-called housekeeping gene and is present in the cell at a constant and rather
high concentration. It was chosen for the specificity test because the difference in
cross-correlation amplitudes between the depleted and non-depleted cDNA samples

differs more than it would for genes that are less expressed in a cell.
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Figure 12 Cross-correlation curves obtained upon hybridization of 2 gene-specific actin probes to either

100 ng total cDNA or 100 ng B-actin depleted total cDNA.



30 Microfluidic Analysis and Parallel Confocal Detection of Single Molecules

4.2.3. Calibration Curve

Absolute and accurate quantification requires the generation of a calibration curve,
and this was measured for each selected gene. At a given probe concentration, dif-
ferent amounts of gene specific single stranded (ss) cDNA were hybridized to the
selected probe pairs. (left) shows cross correlation curves obtained for
ss PGK1 cDNA. Values of Ny were plotted on the ordinate axis against the target
concentrations that have been used in the experiment. Because the two values are
proportional to each other, a calibration curve (right) was obtained, and

used as standard curve for the determination of the absolute number of gene copies.
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Figure 13 (left) Cross-correlation functions obtained using 5’, 3'- bi-labeled green and 5'-red-labeled
probes with a final concentration of 0.1 nM and ss PGK1 cDNA concentrations of 0.05 nM, 0.03 nM,
0.02 nM, 0.01 nM and 0.005 nM. Using the resulting numbers of cross-correlating molecules, Ny, a cali-
bration curve (right) was calculated. The number of molecules, Ng, is a function of the ss cDNA con-
centration from 0.005 nM — 0.1 nM. The measurement time was 240 s at 50 °C. Each data point is the
average of three independent measurements. The error bars illustrate the 95 % confidence interval for
Ng. The slope of the calibration curve is a direct measure of the binding efficiency of the probe pair to

the specific gene under the given experimental conditions.

4.3. Gene Quantification in HL-60 cDNA — Results

In order to determine the concentration of selected genes within a biological sample
hybridization experiments were performed wherein the gene-specific cDNA was re-
placed by total cDNA (100 and 200 ng each) of HL-60 cells. Utilizing the previously
established calibration curve right), the particle numbers, N, obtained
from the cross-correlation curve were translated into a concentration for each gene
within the biological sample. Finally, this concentration was used to calculate the
copies/ug of cDNA. With the FCCS based gene expression assay various genes in
high, medium and low abundance were quantified. For highly abundant genes, typi-
cal values (copies/ug of cDNA) of (4.3 + 1.3) x 10° for S19, (7 % 3) x 10° for tuba and

(5.4 + 1.3) x 10° for EL-1 were obtained. The uncertainties associated with the ex-
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pression levels are based on a 95% confidence interval. For genes of medium and
low abundance the following number of copies/ug of cDNA were measured:
(2.4 +0.7) x 10° for DNADbp, (2.4 + 1.1) x 10° for RAB1 (5.7 + 0.5) x 10’ for PGK1 and
(1.3 £ 0.8) x 10’ for p65. Linear dynamic range of analysis exceeds 3 orders of mag-
nitude (107-10% copies/pg cDNA).

4.4. Conclusions — Gene Expression Analysis

A new analytical method to measure gene expression level, which quantifies genes
in absolute numbers by determining the number of genes carrying two labels
(probes), and with amplification neither of the sample nor the detected signal, has
been presented. A calibration curve was established to provide a quantitative meas-
ure for the efficiency of probe-target binding, which can be below 100 % when re-
duced probe binding occurs due to secondary structure formation of the target. With
the calibration curve, a correction factor was obtained and quantitative evaluation of
gene expression level over a range of at least three orders of magnitude was possi-
ble. Other methods like RT-PCR allow the quantification of selected genes in abso-
lute numbers too. The RT-PCR concept is based on the determination of C; values
(where the fluorescence signal reaches the point that is statistically significant above

125

background) = whereas the assay presented here directly determines the number of
double-labeled molecules (Ng values). In both cases C; or Ny are translated into the
number of target copies per pg cDNA with the help of a calibration curve, but in case
of RT-PCR assays the generation of a standard curve has to be repeated for every
new quantification to ensure accurate reverse transcription and amplification pro-
files.'® The presented new technology requires that a calibration curve is determined
only once for each specific gene. Then, the determination of the copy humber per ug
cDNA can be based on this calibration curve by simultaneous measurements of a
limited number of defined controls. In the present stage 10° cells are required to de-
tect genes in low abundance within a measurement volume of 1 pl. As no amplifica-
tion is involved in the whole procedure, the next step of reducing the sample amount
is to decrease the hybridization volume. By reducing the well volume to, for instance,
234 nl, the concentration of all reagents could be kept at the same level, which is
crucial for the reaction kinetics. In future, new detection strategies can be used to in-
crease the fluorescent event rate of the double-labeled molecules, especially in the
regime of low gene abundance. This can be done with, for example, a multiple par-
allel confocal dual-color detection set-up, based on DOEs. More about this subject

will be presented in the next chapter.
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5. Parallel Dual-color Cross-correlation (paper VI)

As shown in chapter 4, dual-color FCCS allows for the detection and analysis of la-
beled biomolecules at ultra low concentrations.** FCCS improves the SN in reaction
schemes with fluorescent labeled probe substances, where, in the case of extremely
low concentrations of target molecules still a large excess of unbound probes may
still be present. The experimental set-up the of dual-color cross-correlation experi-
ment is based on the fine spatial resolution of the confocal scheme® and spectrally
well-separable fluorescent dyes that are both attached to the target molecule. The
first experiment on the single molecule level was realized with a system of dual-la-
beled complementary DNA oligonucleotides hybridised to each other.***?® Later on,
cross-correlation analysis was used for diagnostic purposes**’ and to monitor nucleic
acid or protein interactions.***?® Additionally, Kettling et al."*® employed cross-correla-
tion for in-vitro analysis of enzymatic kinetics. In further technical improvements in-
volving two-photon excitation, the excitation volume element as well as the meas-
urement time was decreased and the feasibility of this method for cellular analysis
shown.™ Instead of recording the full cross-correlation function containing all dy-
namic information about the fluctuation of molecules, a simplified data analysis algo-
rithm has been developed, concentrating only on the fluorescence fluctuations in two
different spectral ranges that correlate in each of them for a given observation vol-
ume. This so-called coincidence analysis™*! simplifies the data processing procedure
and consequently reduces the measurement and analysis time. HTS analysis, drug
discovery and development, as well as diagnostic tests in medicine, can be achieved
in small sample volumes thereby reducing costs.’***** Here, the introduction of
microarray techniques reduced the sample volume significantly (to 1 pl per well or

sample droplet)**

and established a useful technological platform for fast parallel
analysis in life science experiments.?’***** However, the sample quantity (concentra-
tion) is often still in the nM regime to increase the rate of fluorescent events and to
assure a good statistical precision. Moreover, external perturbations (e.g. probe

scanning or flowing sample streams)™’**!

were applied to increase the number of
events at very low concentrations or for slowly diffusing molecules. This technique is
commercially used for e.g. HTS."* However, in this case fewer photons per passage
time (through the excitation volume) are released from the molecules of interest and

subsequently detected by the detector, which is of disadvantage.
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In order to increase the number of detectable photons per passage time for low con-
centration solutions and slowly diffusing molecules, multiple fixed dual-color cross-
correlation excitation volume elements were generated by DOEs and detected by
avalanche photo diodes. This configuration increases the measured fluorescence
event rate artificially, thus retaining the maximal emitted photons per molecule with-
out any movements of the system. The performance of this multiplex FCCS system,
consisting of 2 x 2 DOE generated cross-correlation foci and four SPCM-APDs, was
characterized with a self-manufactured PCR-product, which was labeled with both

red and green dyes.

5.1. FCCS Theory for Cross-talk and Concentration Determination

In accordance with chapter 4.1. the FCCS theory is modified and account for cross-
talk contributions. Since the emission spectrum of Rhodamine Green (RhGreen) is
very broad, substantial fluorescence can be detected in the red channel. This phe-
nomena is called cross-talk, and the cross-correlating amplitude can be written as

follows**

N.g+N (1+Q)
=t 1t = |
Ggr (O) |.Ng + Nng |.Nr + Ngq+ Ngf (1+q)J |

This equation can also be expressed in the number of cross-correlation molecules
and thereby resembles equation

__ GO NG 10

o =G, 00, O)f+a) @+a)

Here, G(O), denotes the amplitude of the respective autocorrelation curves (green,

red and red/green), q=QF/QF , whereby QF and QF are the fluorescence detec-

tion efficiencies expressed in relative photon counts per second for red excitation

(lower index) and red emission detection (upper index) and blue excitation and red
emission detection, respectively. Since Qg’ =1 and QS =0 do not contribute signifi-

cantly to equation@l both terms have been neglected. In order to calculate
concentrations in the cross-correlating sample, the size of the cross-correlating de-

tection volume element has to be determined as well:

W’ + w? /izz+zzj
Vgrzns/z(gz r) ng , (11)

with @}y, Wy, Z4 and z being the 1/e? half-axes of the Gaussian distribution of the

green and the red detection volumes, for each, respectively.
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5.2. Set-up and Samples — Experimental

5.2.1. Multiple and Single Spot FCCS Set-up
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Figure 14 For details about the set-up see text. The generated 2 x 2 pattern for each laser is displayed
at the top. A schematic of the overlap of the excitation volume elements is presented in between the
patterns. For the Gene Expression Analysis experiment (chapter 4), the DOEs were not inserted and
only two (one for red and one for green) glass fiber connected avalanche photo diodes were used.

A schematic of the parallel fluorescence cross-correlation spectroscopy (pFCCS) set-
up is shown in A 488 nm laser line of an argon multi-line laser and a 633
nm Helium-Neon laser line were both expanded 6x by individual expanders. Both
beams were passed through individual DOE-collimator combinations to generate the
desired two 2 x 2 multi foci beams (Figure 14] (top)). An aperture was placed after
each DOE to block the second-order-generated diffraction pattern. The zero order
was suppressed by the design of the DOE. Thereafter, both beams were combined
by a dichroic mirror (I, Chroma, 620dcxr) and sent into the back port of an inverted
microscope (Olympus IX 70). Here, the two 2 x 2 excitation beams were reflected by
a second dichroic mirror (ll, Chroma, 488/633/1064) and directed into a 40x water
immersion objective (Olympus, ICS-UAPO40X/340, NA=1.15, cover glass corrected),
which focused the superimposed laser beams into the sample solutions The resulting
dual-color fluorescence emission was collected by the same objective, transmitted by
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the dichroic mirror Il into a tube lens which focused the emission onto optical multi-
mode fibers. In-between, the emission was split into its green and red fluorescent
components by a third dichroic mirror (1ll, Chroma, 630dcxr) and filtered by bandpass
filters (Chroma, 685/70 (1) and D540/60 (1)) to suppress Rayleigh- and Raman-scat-
tered light. The diameters of the optical multimode fibers, acted as pinholes, which
were different for the green (50 um) and red (62.5 um) fluorescence emission. The
multimode fibers were held by an in-house built 2 x 2-x-y translator that allowed for
independent spatial adjustment of all fibers. The fiber outputs were connected to a
four-channel APD array prototype (Perkin EImer Optoelectronics, SPCM-AQA4C) or to
single APDs (SPCM-AQR-14). The logical TTL signals were then transferred to a
PC-based correlator (ALV-5000), which computed and displayed the photon count

rate and correlation curves.

5.2.2. Samples

The fluorescent dyes used for the autocorrelation analyses were Rhgreen and Cy5.
The probes used for cross-correlation measurements were partially double stranded
(ds) DNA molecules (99nt). Both probes (probe | and probe II) had two different dou-
ble-labeled fluorescent primers (one with 5° RhGreen / 3' RhGreen and the other with
5’ Bodipy 630 / 3’ Bodipy 630) hybridized to them.

5.3. Characterization of Multiple DOE Generated Dual-color

Excitation Spots — Results

5.3.1. DOE-Generated Autocorrelation Curves

Figure 15| (left) shows two representative autocorrelation curves (normalized) of la-

beled nucleotides in nM concentrations, with parallel red (633 nm) and blue (488 nm)
DOE generated excitation foci. As can be seen, the diffusion time for the Cy5-la-

belled molecules is longer. This is because of the bigger diffraction limited volume

element for the red excitation wavelength (2 [, ~ A/2INA, with NA being the as

numerical aperture of the objective). The signals of three individual cross-correlating
detection volume elements were recorded, simultaneously, with the three available
hardware correlators. The experimentally obtained autocorrelation curves were fitted

with the analytical expression (Equation E[) for one component (species).
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Figure 15 (left) Normalized representative autocorrelation functions for DOE generated foci. The dotted
autocorrelation curve originates from RhGreen-dUTP, the other from Cy5-dCTP. (right) Cross-talk and
normal autocorrelation curve of RhGreen-dUTP for the red and green detection channels, respectively.
The amplitudes are similar only the diffusion time differs, which means that the two detectors (for red
and green) image approximately the same volume. The diffusion time for the red detector is longer,
which is explained by a bigger pinhole (62 um instead of 50 um) in the red channel.

The results of these measurements are displayed in (on the next page). The
most important parameter for biomolecule analysis is the concentration of molecules
present in the sample. As shown in the concentrations of the molecules
measured in the three detection volume elements were almost identical;
C=14%0.1nM for the Cy5-dCTP and C=6.8+0.7 nM for the RhGreen-dUTP

3
(concentrations were calculated with C=N/V, wherein V = RUA47TT,, D)/2 is the

detection volume element). Different Gaussian intensity distributions could be ex-
cluded as the cause of deviations in N, T, and V, because we know from previous
work that the 2 x 2 fan-out DOE foci exhibit equal intensities.'® In addition, the bio-
molecule concentration in the droplet is the same for each spot and thereby, the re-
sults should all be the same. The only explanation for the differences in N, Ty, and v
is obviously due to aberrations in the excitation beam that could not be prevented.
However, alignment of the DOE could be performed sufficiently well to result in con-
sistent concentration determinations, C = N/ V. Precision associated with average
concentrations is less than 10 %, although the relative standard deviation for other

parameters, like diffusion time, 74+ , and number of molecules, N, is more than 25 %.
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Table 2 Experimentally obtained parameters for DOE-generated foci. In the top row,
the detection foci (I-11l) are denoted for the red (cy5) and the green (rg = Rh-green)
channels. N denotes the average number of molecules present in the observation
volume element, 7y is the radial diffusion time of the molecules, and v is the experi-

mental observed count rate per molecule.

fl fl fiur fl fl f 1l
cyS c¢y5 c¢y5 1g rg rg

N 3 25 4 12 12 12
r[ms]  0.37 036 0.46 020 0.20 0.18
R 3 3 3 7 7 7

V[kHzZ] 83 84 58 48 52 73
Clhmoll] 15 13 14 64 64 75

5.3.2. Cross-talk and Overlap of the Excitation Volume Elements

In order to get the highest possible overlap of the two (red and green) excitation vol-
ume elements the cross-talk signal of freely diffusing RhGreen dye labeled molecules
(red detection channel) was compared to the normal fluorescence signal of the dyes
(green detection channel). Due to their broad emission, green dye spectra emit light
in the red region and an autocorrelation curve can be recorded in the red as well as
the green channel. When equal amplitudes are obtained, the number of molecules in
both detection volume elements is the same and the pinholes for the green as well as
for the red channel image the same excitation spot. In order to achieve a good over-
lap, the DOE excitation foci were adjusted until the signal in the red channel was op-
timized. In (right), a representative non-normalized autocorrelation curve
for blue excitation and green fluorescence as well as the red fluorescence of the
green dye (cross talk) is displayed. The slightly longer diffusion time for the red de-
tection channel accounts for the slightly bigger pinhole that has been used (62 pm

instead of 50 um in diameter).
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5.3.3. Multiple Dual-color Cross-correlation Analysis
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Figure 16 The three cross-correlation curves were obtained simultaneously from three different dual-

color foci for probe II.

shows three dual-color DOE-generated cross-correlation curves of freely
diffusing double-labeled PCR-product molecules. Each PCR-product (probe | and I1)
was dispersed in a single droplet onto a cover glass at a total concentration of
around 0.1 nM and measured separately. In each case, the measurement time was
one minute. The resulting cross-correlation curves were fitted with the analytical ex-

pression of a single component model (Equation E} to obtain the cross-correlation

amplitude value, G, (O) The autocorrelation function of each of the three foci for the

red and the green channel were recorded and analyzed with the same function to

determine the number of red- and green-labeled molecules (G, (0) —1=1/Ng and

Gg(O)—lzl/N respectively). The number of cross-correlating molecules, N,

r )
was calculated using equation |:L_Q|, with QFFj and Q§ having been previously deter-

mined to be 1.6 and 0.02, respectively, g equals 0.0125. Given estimated parameter

values, such as the ratio between the axial and the radial dimensions of the detection

volume element, R, the diffusion time of the free dyes, 7, , and the cross-correlation

detection volume element, Vg (Equation , the concentration was calculated for
each dual-color detection volume element. The results are summarized in Table 2.
The cross-correlation curves for the three foci were not equal in amplitude (differ-
ences > 60 %), but the concentrations from all three spots, however, turned out to be

similar and only had a relative standard deviation of approximately 20 % (independ-
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ent of the probe). The differences in amplitude gave us a clear indication that the
overlapping of the red and the green excitation foci and/or the fluorescence imaged
by the red and the green pinholes were not the same for all three spots. However, by

taking the volume elements, Vg (equation , for the different overlapping spots into

account and correcting for the variations in the autocorrelation amplitudes G, (0) and

G, (0), these differences were compensated.

Table 3 Experimental determined concentrations for three spots (f I, f 11 and f 111) for
two different biological samples (S| and S1l). STD denotes the standard deviation of
the three independent measurements.

Sample fl flIlI flll Average(STD)

SI[pM] 56 80 65 67 (12)

SII[pM] 71 114 97 % (22

5.4. Conclusions — Parallel FCCS

A multi-focal dual-color cross-correlation spectroscopic system using two 2 x 2 fan-

out DOEs with single biomolecule sensitivity was developed. The parallel system

showed uniform intensity in all four foci and almost invariant results (i.e. for N, C, Ty
and V) for single-color excitation and detection. For dual-color cross correlation
analyses, larger variations in the amplitude of G(O), but acceptable variations in con-

centration were observed. With this parallel focal dual-color cross-correlation set-up,
the concentrations of double-labeled DNA-molecules in the pico-molar regime were
determined with a relative standard deviation of 20 % for the different foci. Although a
cross-talk signal was present, the cross-correlation signal of double-labeled DNA-
molecules could easily be distinguished. Implementing better fine adjustment capa-
bility (e.g. micrometer screws) into the 2 x 2 fiber holders should decrease the varia-
tions in amplitude and allow for more consistent values. Thereby, normal cross-cor-
relation analytical precision (to within 5 %) could be achieved for each focus. Com-
bining information from all four foci could enable decreased measurement times or
lower rare event detection limits even further. Future applications involving HTS and
concentration determinations for small concentrations and/or slow diffusing bio-
molecules (e.g. gene expression analysis, chapter 4) can profit from this parallel ul-

tra-high sensitivity and real time dynamical cross-correlation fluorescence scheme.
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6. Single Molecule Detection in Flow (papers I, VIl & VIII)

In order to efficiently take advantage of SMD,**?%92137140 imnroved techniques for
manipulation, separation and detection of small quantities of diluted reagents for
fields such as biotechnology****? have to be designed. Microfluidic systems are an

ideal platform for developing ultrasensitive and less time consuming®*

analytical
methods (see chapter 2). One aspect of microfluidic-based systems is the fast, effi-
cient detection and identification of interesting molecules in flow that can be per-
formed with laser beams.®*#!3142144 Confocal spectroscopy has an unique advan-
tage due to its high S/N ratio of up to1000 for the detection of single molecules even
in rapid flows (up to 10 mm/s). In order to achieve a high S/N ratio the detection vol-
ume has to be small (< 1 pm).? To detect molecules of interest in such small detec-
tion volume elements in channels of a few um in size (~ 10 — 100 um) attempts to
guide the molecules through the detection volume (~ 1 pum) have to be undertaken.
For this purpose, sheath flow or hydrodynamic focusing has mainly been util-
ized, %9141 enabling a faster analysis and in the same cases improved analytical
selectivity. The probability of identifying a molecule correctly depends, in addition to a
chosen threshold value on the overlap of the burst-size distribution for the back-
ground and for the molecules of interest, respectively. Assuming that all the mole-
cules of interest passing through the detection volume element have an average SN
ratio of 10, a 3o threshold (99.9 % confidence) would result in a molecular detection
efficiency of 80 %. Obtaining a molecular detection efficiency of > 95 % requires a
SN ratio of 55."" Different approaches towards single molecule detection in flow

have been undertaken by several groups'**"*°*

trying to reach such a high detection
efficiency. However, the highest molecular detection efficiency to date has been
achieved for TRITC molecules by Goodwin et al.>® and exceeded 90 %. Here, the
dyes were eluted from a 1 pum inner diameter capillary and focused by sheath flow. In
this chapter investigations of single molecule detection in commercially available mi-
crostructures were made. In the structures described, background scattered light
was present, which led to a lower SN ratio for the molecules than in droplet experi-
ments. However, different approaches like elliptical line focus or Polymethylmetacry-
late (PMMA) microstructures were utilized in order to screen or simply detect highly
fluorescent molecules in a biological sample. In addition, experiments for the selec-
tion or fractionation of single biomolecules of interest from huge chemical or biologi-

cal libraries were performed and the results are presented.
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6.1. Set-up — Experimental
The experiments were mainly performed with a single confocal volume element set-

up. First, a green Ar-laser (515 nm) has been focused into the sample (see chap-
ter 1). Then the Ar-laser was substituted with a red HeNe laser (633 nm) that was
expanded in one direction into a line focus (Gaussian curtain) to increase the detec-
tion probability. The excitation line focus was consequently imaged onto a slit instead

of a round pinhole.

6.2. Single Molecule Detection Experiments — Results

6.2.1. Detection of TMR-dUTP in Flow in Silicon-Glass-Microstructures
i‘:l T L] T T T T

Counts (Hz)

i 500 1000 1500 2000 2500 3000
Time (ms)

Figure 17 Single molecule bursts from inside a 50 x 50 um2 microchannel with an applied flow of

10 mm/s.

Commercially available silicon-glass-microstructures were used to detect single
TMR-dUTP molecules in flow. A great emphasis was placed on the effective integra-
tion of microfluidic devices into available flow systems. Thereby, better reproducibility
in terms of flow velocity and sample priming was achieved. However, the SN ratio
was also influenced by scattering and autofluorescent light contributions from the
window material of the channel. This problem is known and has already been inves-
tigated by Wabuyele et al.*® for polymer microstructures. Glass microstructure de-
vices have been investigated by Fister et al."*® Here, a SN ratio of roughly 10 was
achieved for a flow velocity of approximately 0.5 mm/s. With such flow velocities, a
near optimal number of photons per passage time can be obtained, since the flow
rate is in approximately the same range as the diffusion velocity of single molecules.
In order to achieve a higher throughput, the correct combination of fluidic-controlled

molecular transport through the detection volume element with a concomitant in-
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creased flow velocity well above the diffusion velocity of the molecules of interest has
to be found, because letting the molecules pass in a higher flow velocity through the
detection volume element consequently decreases the count rate per molecule per
passage time. The signal of TMR-dUTP nucleotides under conditions of purely diffu-
sive transport was compared to the signal obtained for TMR-dUTP nucleotides in lig-
uid with a flow velocity of 10 mm/s (Eigure 17). Here, a SN ratio of 10 and 4 for diffu-
sion and flow, respectively, were obtained in the silicon microstructures, even though
scattering background light contributed to the signal. For flow velocities of approxi-
mately 5 mm/s (as is used for applications like single molecule DNA degradation in
flow) a SN of 7 was achieved (data not shown). This is, however, far away from the
SN ratio of 55 that should be achieved in order to determine passing molecules with
a detection probability of more than 95 %. Therefore, other strategies such as using
different microstructure material, different wavelengths or molecules with higher

count rates must be pursued.

6.2.2. Single Molecule Detection with a Gaussian Curtain (Elliptical Line Focus)
— Amyloid B-peptide Screening

The detection of large and slowly diffusing molecules undergoing purely Brownian

motion in liquid is difficult. For low concentrations it might even be impossible to

measure and quantify the number of molecule in the sample in a reasonable time. In

particular, the detection of large aggregates of a sub-nM solution of, for instance,

Amyloid beta (AB) peptides (e.g. those implicated in Alzheimer's diseases pathol-

25,127,152,153
ogy)

for freely diffusing molecules. The detection time for diffusion-controlled reactions is

in a micrometer-sized focus, can take several thousands of seconds

governed by the recombination rate, k; =477D R.N, of the bigger molecule in the

laser focus,** where Rc is the radius of the sphere-like laser focus volume element.
Therefore, fluidic-controlled transport of biomolecules through a detection volume
element increases the recombination rate by several orders of magnitude (dependent
on the flow velocity) and thereby paves the way to a novel diagnostic method for Alz-
heimer’s disease. In order to increase the recombination rate, kg even further, a big-
ger detection volume element was designed, thus increasing Rc. The so-called
Gaussian Curtain (elliptical line focus) covered almost half of the cross section in the
microfluidic channel (Figure 18). Comparing the elliptical line focus volume element
(20 x 5 x 1 um®) with the commonly used spherical excitation focus (5 x 1 x 1 pm?),
the overall detection efficiency in terms of detected molecules per detection volume

element is theoretically increased by a factor of 20. However, the background is in-
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creased by approximately the same factor as well, thus the SN ratio for this detection
configuration would not produce an inherent advantage to the commonly used round
spot configuration if not for AB-peptides aggregates samples. Here, each peptide is
labelled with one dye and aggregates made up of many peptides exhibit a high fluo-
rescent burst signal that can be discriminated against the background in an elliptical
line focus, in as much as the aggregate signal increases, but the background does

not.

aeg1 28Ky ¥1.,608

Figure 18 Elliptical line focus (left). Scanning electron microscopy picture of a 10 x 10 pmz dry-etched
microchannel in silicon with a bonded glass roof (right), in addition, a fluorescence picture of the elliptical
line focus (magnified) in Cy5-dCTP solution (10 nM) is displayed.

A typical signal trace of a sub-nM AB-peptide aggregate solution in flow is shown in

As a comparison, the insert (background) shows a gel filtered Af-aggre-
gate solution. In the screening experiment, a flow velocity of 0.2 pl/min was applied in
a 50 x 50 um? silicon channel (Figure 2), which corresponds to a flow velocity of 3
mm/s in the middle of the channel. Over a period of 350 seconds more than 100 ag-
gregates could be identified. In comparison to that, for a measurement on sub-nM
AB-peptide aggregate solution (for purely diffusion throughput), less than five bursts
were recorded over a measurement time of two hours using the normal round excita-

tion focus of the size of 5 x 1 x 1 um®. With the Gaussian Curtain method, a through-
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put increase of 2 — 3 orders of magnitude was achieved, although the background
(40 kHz) increases by a factor of 20 due to the larger detection volume element
(. On the other hand, the single AB-peptides aggregates exhibit photon
bursts of 60 - 80 kHz and a SN of 2. This shows that the elliptical line focus detection
set-up allows for efficient throughput analysis although a low detection efficiency
(less than 10 %) was achieved. This is, however, possible when not every molecule
present in the sample needs necessarily be detected. For applications such as single
molecule selection and single molecule DNA sequencing (see below), the back-
ground has to be reduced strongly and the SN increased to achieve higher detection

efficiencies.
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Figure 19 Bursts signal from a pM A[3-aggregate solution (given a bin size of 6 ms). The inset shows

results from a measurement on a gel-filtered Af3-aggregate solution.

6.2.3 Single Molecule Selection — Screening of Libraries

Experiments towards the up-concentration of bimolecular or chemical libraries have
been pursued. The idea where biological evolution can be simulated to create an
enormous diversity of compounds, which carry a common scaffold, but have combi-
natorial inserts with different functional properties, has changed the scenario of drug
discovery. Molecular libraries have been developed as a widespread tool for the dis-
covery of molecules with certain properties,*****° for instance, binding to a cellular
receptor, blocking of dimerisation. The last decade has seen dramatic developments
in the available technologies for cloning, and the expression and selection of anti-
bodies and other affinity molecules with a broad range of specificities resulting from
the creation of very large libraries of cloned polypeptides (1 — 100 million members or
more). Here, several different strategies for selection have been described, for ex-

ample, with soluble biotinylated antigens captured by using streptavidin-coated mag-
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160-162 164-166

netic beads, coated tubes or wells,*®® columns, or simply by the selection
of antigens with cells.*®** Different enrichment factors were reported with a normal
average of around 10 - 1000*"°*"* per selection cycle. However, in order to fully util-
ize the potential of these large libraries, improved selection strategies, with a reduc-
tion in non-specific binding, would be most desirable. In pursuit of this goal, a selec-
tion method based on either an elliptical line focus or DOE generated multiple foci
curtain and a Y-shaped microstructure is proposed (Figure 2J. For this method, the
microfluidic structure has three legs; one leg is named ‘inlet’ (single leg to the left)
and the other two are named ‘drain’ and ‘select’ (Figure 20). The idea is that the sam-
ple is inserted into the ‘inlet’ leg and pushed through by a syringe pump at a certain
constant velocity to the waist leg on default. The detection focus is positioned in the
middle of the channel and a labelled molecule of interest passing the detection focus
generates photon bursts. In order to select the detected molecule into the ‘select’-leg
of the microstructure, high-speed micro dispensing valves (VHS) is inserted into the
waist flow behind the microstructure. If the photon burst of the detected molecule ex-
ceeds a certain threshold, the valve will be closed for a short period of time (< 1 ms)
and the molecule of interest will be directed into the ‘select’-channel. Later, the con-

tents of the ‘select’ channel will be extracted and amplified by standard biological

methods.
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Figure 20 Molecule selection principle.

Although single molecule enrichment has not been achieved yet, initial measure-
ments and tests with regards to the switching performance of an electrically driven
high-speed micro dispensing valves (VHS) were performed. The valve is capable of
performing switches on the millisecond range and therefore permits fractionating of,

for instance, single biomolecules of biological libraries in fast flowing (> 5 mm/s)
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pressure driven sample streams. To assemble a functional flow-switching device, a
single valve was connected close to the 3-legged Y-shaped microstructure; the mi-
crostructure was fixed in a self-manufactured Plexiglas holder with polyethylene tub-
ing connections (O 0.18 mm). The loading and hydrodynamic flow in the microstruc-
tures was achieved with a 250-puL syringe in a syringe pump connected with the mi-
crostructure via tubing. A flow velocity of 0.6 pl/min (corresponding to 5 mm/s) was
applied to a liquid having 3 um silica beads flowing from the ‘inlet’-channel to the
‘drain’-channel. The VHS-valve was actuated once per second for a duration of 3 ms.
This had the effect of directing below 50 pl samples of fractionated bead sample,
containing ensembles of beads, into the ‘select’ channel of the microstructure. As
one can see in [Figure 21} each time the VHS-valve was actuated a population of

beads was fractionated. Fractionation was visualized with a CCD camera.

Figure 21 Realization of flow switching in a 50 x 50 um2 channel. It can be seen that a small ensemble
fraction of beads (O 3 um) is fractionated into the left channel. The fractionated volume was estimated
to be 50 — 100 pl.

6.3. Conclusions — Single Molecule Detection in Flow

Single molecule detection in commercially available silicon-glass microfluidic struc-
tures has been performed. Cw laser light excitation enabled us to detect molecules
with an average SN of 4 at a flow velocity of 10 mm/s and a SN of 7 at 5 mm/s in

silicon glass microstructures. However, even though not all molecules of interest
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might be detected and the detection probability is low (which is of importance for
some single molecule analytical methods), these values are still sufficient to increase
the throughput. In addition, a better detection efficiency can be obtained by decreas-
ing the background with other window materials (e.g. PMMA or quartz glass struc-
tures). For biomolecular applications such as molecular selection or screening, the
attachment of more than one dye onto the molecule of interest would increase the
signal too. However, the labeling is not trivial because an increase in the number of
dyes per molecule in the sample does not necessarily mean that the count rate per

molecule increases linearly, since quenching'’?

can occur. Moreover, utilizing a
pulsed diode could decrease the scattering and Raman scattering light contribution
further. The fluorescent lifetime of molecules, which can be determined for individual
molecules by fluorescent burst analysis, is in the region of 1 — 10 ns and thereby well

separated from the Raman scattering contribution which is in the sub-ns time range.

Bigger detection volume elements, as is shown for the elliptical excitation volume
element, are difficult to use, since the background constribution increases dramati-
cally with the volume size. If many molecules have to be detected or to be screened,
a bigger detection volume element in combination with a flow cell can be advanta-
geous when the fluorescent count rate of the molecules of interest is sufficiently high,
because the throughput is increased. The Alzheimer's AB-peptide aggregates are a
good example for highly fluorescent particles. Theses aggregates give a sufficiently
high fluorescent signal that can be discriminated against the background even with
an elliptical line focus set-up. Since relative differences in aggregate number might
already reveal the state of health of a patient, a simple counting of fluorescent bursts
with a certain threshold could be sufficient. In this case, for example, more than a
fixed amount of AB-peptide aggregates would be an identification of Alzheimer’s dis-

ease.

For the up-concentration of biomolecular or chemical libraries, microfluidics were in-
vestigated. It turned out that pl switching in the millisecond range is possible. How-
ever, since libraries with highly fluorescent biomolecules of interest have not been
developed yet, the feasibility of such a single molecule selection machine will remain
to be shown with selection experiments made on small silica or polystyrene beads

that can be highly loaded with fluorescent dyes.
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7. DNA-degradation on the Single Molecule Level
(paper VIII)

Within recent decades, DNA sequencing has become a widely used tool in genetics,
clinical applications, and diagnostics. In the late 70s, Frederic Sanger and co-
workers'™ invented a DNA sequencing method based on amplification and
electrophoretic separation of statiscitcally terminated fragments. The sequencing
machines used today utilize this technique, which has been greatly improved in the
last decades. Due to parallelization and automation the whole analysis process has
been accelerated by some orders of magnitude. The method itself, however, is lim-
ited to sequences of only about 1000 — 2000 bp long fragments per experiment, due
to the resolution of the gel. Researchers wanting to sequence longer fragments, for
instance, a whole gene containing around 100 000 base pairs, have to sequence
overlapping fragments of the gene. After identifying the bases, complex computer
programs have to be used to deduce the right order of the pieces. These steps are
time consuming and, for instance, replication errors, induced by PCR amplification of
the target, are amplified as well."”** Therefore, single molecule DNA sequencing has
been proposed by Keller and coworkers' as an alternative. Using this method, DNA
segments as long as 100 000 bp could be sequenced without amplification. This
would simplify and speed up the sequencing task, since no computational recon-
struction of bp-fragments to the DNA sequence would be needed. The proposed
method is based on fluorescence detection and identification of cleaved, single dye
labeled nucleotides as they are carried downstream through a detection volume ele-
ment by flow, 2422051142144 145174175 10 the detection area, the dyes announce their
presence with a light flash. The detection rate or sequencing velocity is determined
by the cleavage rate of the exonuclease enzyme sequentially cutting the nucleotides
from the DNA. In this sequencing method, the DNA is usually attached to beads,

which are held by either a capillary in a cytometry cuvette!®>1%359

or a laser pipette
in capillaries or microstructures.'**®"%*"” Other approaches using DNA attached to
microloaders (fiber) inside of femto-tips have been investigated by Sauer et al.*® In all
experiments flow has been induced by either pressure or electroosmosis forces. In
order to distinguish the four different bases by their fluorescent properties, different
detection techniques like burst rates, emission wavelengths,* lifetime determina-

261014102178179 o1 5 combination of these can be uesd.'® A special issue; ‘DNA-

tions,
Sequencing at the Single Molecule Level’ is dedicated and published in the Journal

of Biotechnology with Rigler and Seela as guest editors.
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7.1. The Single Molecule Sequencing Method

In our DNA degradation method introduced here (Figure 22] left), a dye-labeled DNA
strand (produced by primer extension from a 5’-biotin labeled primer) was attached to
a 1 um streptavidine coated silica bead. The DNA loaded beads were inserted into
the sample inlet channel of a 4-leg microstructure (Figure 22] right). With an infrared
diode pumped Nd:YAG laser (CrystaLaser, IRCL-1.5W-1064), the beads were

trapped in the sample zone. This so called ‘optical tweezer*®

enables to trap a bead
in sample flows having for velocities up to several mm/s. After trapping one bead, the
microstructure was moved and the bead thereby transported into the buffer channel.
Here, the bead was cleaned from all non-specific bound dyes for approximately one
minute. Next, the microstructure was moved again in order to position the bead in the
enzyme flow where DNA degradation started immediately. The cleaved labeled nu-
cleotides were transported by pressure driven flow to the excitation volume of a
pulsed diode laser (638 nm, 60 MHz, PicoQuant GmbH), which was located five to
seven (dependent on the set-up) ums further downstream. With this pulsed detection
laser, different dyes with similar absorption spectra can be detected and distin-
guished from each other by measuring the lifetime of the dye-labeled nucleotides.
Here, up to three different dyes can be distinguished and determined with lifetime
measurements resulting in a classification probability of less than 65 %. In addition,
emission wavelength detection is needed if a classification probability of approxi-
mately 99 % is desired.'® In order to sequence DNA with lifetime determinations only,
the DNA has to be sequenced several times.

Bead with single DNA-molecule Multi-colour fluorescence r CDSMZ 180./5@%um PC

held by a laser tweezer. detection of single nucleotides Trapping of bead (i)

. §ample

Exonuclease enzyme

_T..“-T T . . . / .
Nucleotide detection

(detection laser, 638 nm)

sz201 10:UT 100 0m =208

Figure 22 (left) The principle of single molecule DNA sequencing. (right) 4-leg microstructure with sam-
ple, buffer and enzyme inlet. Laminar fluidic zones are formed so that no mixing occurs in the broader
exit channel.
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7.2. Microstructures — Experimental

The background signal was kept low by using PMMA microstructures. The micro-
channels, 50 um deep, and 50 and 150 um wide, respectively, were patterned with
injection moulding technology onto 1.4 mm thick PMMA plates and covered with a
170 um PMMA lid. PMMA is a transparent material and exhibits low reflection (scat-
tering) and autofluorescence for both the laser-diode excitation as well as the IR-
trapping laser. Via-holes were drilled into the substrate at the end of the channels to
enable a simple connection to the sample reservoir. In the PMMA microstructures a
count rate of 30 kHz per Cy5-dUTP molecule was obtained, which was sufficient to
detect single molecules in flow and to determine the enzymatic reaction on the bead
bound DNA.

The microstructure was fixed in a self-made holder, which was connected to syringes
via Teflon tubes (having inner core diameters of 170 um). All liquid guiding parts
(tubes, ferrules and O-rings) were disposable to avoid contamination. The holder was
placed on a x-y stage (Marzhauser) to align the structure with respect to the laser
foci. Pressure driven flow and degassed buffer were used to avoid problems like
clogging and air bubbles. In addition, the inlet channels merge into an exit channel
having three times the width of the inlet channel, which enables resistance-free and
stable flow. With this microstructure and the appropriate flow set-up, degradation

measurements were achieved reproducible.

7.3. Target Principle (TP) — Experimental

In order to detect all the labeled nucleotides released from the bead, some detailed
investigations regarding the positioning of the bead with respect to the detection vol-
ume element were made. To address this difficulty, the expression Target Principle
(TP) has been introduced. The idea of the TP is that despite the presence of diffu-
sion, all cleaved nucleotides pass through the detection volume. The correct combi-
nation of the bead position with respect to the detection volume element, the size of
the detection volume, the distance between the detection volume and the bead, the
flow speed, and the viscosity of the enzyme solution was thereby of importance. In
the following, these considerations were taken into account and some experiments

will show how the TP was realized in our set-up.
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7.3.1. Alignment of the Bead with respect to the Detection Volume Element

In the DNA degradation set-up two different wavelengths (638 and 1064 nm) must be
aligned with respect to each other in three-dimensional space. Since simple Gaus-
sian optics predicts that any laser waist is focused at the focal distance, dependent

on the wavelength, A, (s: f/1+ (/l f/ rra)g)z), variations between the IR-focus and

the HeNe-focus are pre-determined. This holds true even though the objective in use
has already been corrected for chromatic aberrations. In addition, the beams entering
the microscope objective might not be optimally collimated, which would in turn
change the focal plane, too. Due to the differences in height observed for the two la-
sers and the fact that the bead is usually not trapped in the middle of the focus but

180

slightly above,™" other experiments were conducted and positioning techniques had
to be found to assure the correct position of the trapped bead with respect to the

detection laser focus.

Flow channel wall

Trapped bead I Detection focus

Figure 23 Visual alignment of the trapped bead with respect to the detection focus parallel to the flow

direction.

The IR-focus position was aligned with respect to the detection focus through ad-
justments of a Gimbal-mounted mirror and also through adjustments of the distance
between the two lenses in the beam expander. A magnified image of the trapped
bead in the microchannel and framing software have been used to align the bead
and the detection focus with respect to each other in the direction of the flow (Figure ]
23). The bead was considered to be aligned, when its position coincided with that of
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the detection laser on the lower edge of the frame, the frame having been aligned
with respect to the microchannel wall beforehand. Then, the optimal height-position
on the optical axis was found by looking at the reflection of the detection laser of a
naked bead when both foci coincided in all directions. The bead was scanned in the
direction of the laser beam through the diode laser detection focus by moving one of
the collimator lenses in the z-direction (Figure 24). Thereby, different reflection in-
tensities were observed. The intensity was recorded as a function of the height-po-
sition (z-position) of the IR-laser beam relative to that of the trapped bead. After
scanning in the z-direction in this manner, the IR-laser beam together with the bead
was adjusted back to the z-position which had yielded the maximum scattered inten-
sity; this was found within + 0.5 um. Finally, the IR-trapping laser was moved up-
stream away from the detection laser focus in the direction of flow, and finally, the
alignment was confirmed by measuring the release of dyes from a heavily doped
bead. We had difficulties to quantify the precision of this alignment method, since
apart from the visual inspection, no alternative quantification tool was found. How-
ever, we estimated the physical alignment of the bead with respect to the detection
focus having an absolute precision of £ 250 nm in both the direction perpendicular
and parallel to the flow. Positioning to fix the distance between the trapped bead and

the detection volume element was estimated to be precise to within £ 500 nm.

Detection z 40
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Figure 24 (left) Position of trapped bead scanned through detection focus. (right) Relative IR-scan
range —3 to 2 um (in the z-direction). Spline-fits of experimentally measured data.
7.3.2. Flow Simulations — Diffusion Effect on Flow Transported Molecules

Diffusion simulations for different flow velocities were made to find the optimal size of

the detection volume element and the optimal buffer viscosity. A simulation example

is displayed in [Figure 25|and [Figure 26| (Figure 26|is a magpnification of the first 7-8

pm downstream from the bead in the direction of flow). Here, two liquids with the
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same viscosity, separated by a thin wall and flowing from left to right parallel to each
other were assumed. At a certain point the wall ended and the lateral displacement of
molecules with a given diffusion constant (D = 190 um?%s in pure water) was simu-
lated for a transport distance of 50 um at a given flow velocity. The point where the
wall ended corresponded to the position of the bead center.
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Figure 25 Simulation of two liquids that (both) contain 95 % water and 5 % glycerol; D for the molecules

of interest in these conditions 190.5 pmzls. The flow velocity is 5 mm/s, and the element size in the grid
is 0.5 um?>.

Figure 26 Enlargement of The figure is slightly more than 14 elements long (7 um). At the far
right, the diffusion cone is 2 um high (4 elements). At the border between the darkest and the next dark-
est region there is a 90/10 % mixture of the diffusing molecules of the two liquids.
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From the simulations we could project that with a detection volume element of 2 pm
radial diameter (and a 4 — 6 um depth for a Gaussian excitation beam), positioned 7
um further downstream from the detection volume element in a 95/5 % mixture of
water/glycerol with a flow speed of 5 mm/s, it is possible to detect 90 % of the mole-
cules released from the bead. In order to confirm this projection, cross-correlation
measurements on fluorescent molecules in a sample stream with DOE-generated
diffraction limited foci were performed confirming the theoretically simulated values
(see also chapter 2). Therefore, the theoretically determined flow speeds and detec-
tion volume element size values were used for the degradation experiments de-

scribed later in this section. Additionally, since this flow is very slow and the Reynolds

number well below 1 (R=V lp/n =0.006, whereby V is the flow velocity, | the length

of the fractional layer, p the fluid density and 77 the fluid viscosity), the laminar layers
flowing towards the bead are a mirror image of the laminar layers flowing from the
bead, which means in our case that molecules originating from the edge of the bead
will be transported closer to the center of the flow axis (Figure 27). If this theory holds
true, the detection efficiency will be further increased and it will appear in the detec-

tion volume that almost all molecules pass through the center of the bead.

Elowr —

Figure 27 For slow velocities (Re < 1) the laminar layers of flow to the bead are a mirror image of flow

from the bead.

A comment regarding the parameters has to be made, since theoretically numerous
permutations of values for the five parameters (distance between the detection focus
and the trapped bead, size of the bead, size of the detection focus, flow velocity, vis-
cosity) would give a detection efficiency of 90% or more. We made simulations for
flow velocities of 1, 3, 5, 7 and 10 mm/s, with water/glycerol mixtures of 100/0, 95/5,
90/10, 85/15, and 75/25 % (not shown). However, the values presented above were
chosen due to some limitations. First, an increase in flow speed would give less sta-
ble bead trapping. The escape velocity, for the given power output of the IR-laser
(approximately 600 mW), of a trapped bead used here is 12-16 mm/s in pure buffer
flow. Second, a higher flow speed would result in the detection of fewer photons per

labeled nucleotide per passage time making nucleotide classification difficult or even
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impossible. Third, with a larger percentage of glycerol the refractive index value of
the medium (n,) gets closer to the refractive index of the bead (n) and since the gra-
dient force only exceeds the scattering force and thereby holds the bead for n > n,,
the trapping force would be decreased. Fourth, for larger detection volume elements
there is more detection laser light scattered from the walls of the microstructure and
this could damage (e.g. photobleach) the bead-bound DNA. Therefore, only a detec-
tion volume smaller than 3 um in radial diameter was used and the distance between
the bead and the detection volume element was kept at 5-7 um and could not be de-
creased. Finally, the bigger the bead the more difficult is it to keep the bead with the

optical tweezer in the flow, since higher drag forces are present.

7.4. Enzymatic Degradation in Flow — Results

The silica beads were loaded with ssDNA (300 nt natural DNA), where in 80 % of all
the natural thymine bases had been replaced by Evoblue-uracil. In hanging droplet
experiments the number of DNA molecules per bead was calculated by adding ex-
onuclease |, measuring the sample with FCS (not shown) and evaluating the ob-
tained autocorrelation. In addition, the number of beads per sample volume was
counted in a Birker-chamber. With this information the number of fluorescent mole-
cules per bead and thus the total number of sSDNA molecules per bead was deter-
mined. In the following, degradation experiments with about 100 DNA-strands per
bead, thereby exhibiting approximately 6000 fluorescent dyes per bead, were per-
formed. In order to extract more information from of the raw intensity trace, a ‘sliding
window’ (moving average) method was applied. Here, a time frame with 200 us
width, corresponding to the passage time of molecules flowing at 5 mm/s through a
2 um (radial diameter) detection volume element, was used fo a averaginig of the raw
intensity trace in (left). Thereby, fluorescent bursts with a width
corresponding to the passage time were detected and the maximum counts per
molecule per passage time obtained. A burst was identified, when a predefined
threshold (in this case 8 counts) was executed (corresponding to a SN of 2-3). In
Figure 28](right), the burst frequency is determined, giving the number of bursts ob-
tained per time unit. After displaying the obtained burst trace against the measure-
ment time, different periods of the degradation experiment could be identified. At first,
the DNA loaded bead was trapped in the sample channel and then transported into
the buffer zone (P1, [Figure 22). Here, it was held for one minute in order to wash free
dyes from the bead. At P2 the bead was transported from the buffer channel into the

enzyme channel. As can be seen, the enzymatic reaction took place immediately and



7. DNA-degradation on the Single Molecule Level 57

an increase in number of bursts per second was observed. During P3 the bead was
held in the enzyme channel. Then in P4 the bead was released and the detection la-
ser was kept in place in order to determine the background level in the enzyme
channel. After that, again as a control measurement, the detection laser was moved
into the buffer (washing) channel at P5 and the buffer background without the bead
was recorded during P6. From the curve in Figure 28](right) the degradation speed
was determined. Two characteristic decay periods were identified: the washing step
in phase P1, and the degradation step in phase P3. For the washing step approxi-
mately 500 nucleotides were detected over a period of 20 seconds, which means that
approximately 25 nucleotides per second were washed away from the bead. This is a
considerable amount and more careful measurements have to be made in order to
see if the non-specific binding of the molecules can be avoided. In phase P3, 2000
nucleotides were released over a period of 20 seconds, corresponding to 100 mole-
cules per second and an approximate detection efficiency of 33%. The reason for it
lies mainly in the high background obtained of nonspecific bound dyes. However, ne-
glecting the unspecific bound dyes to the bead, a cleavage rate of 1 nucleotide per
second could be calculated for 80 % incorporated Evoblue-dUTP labeled natural

DNA degraded with exonuclease Exo .
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Figure 28 (left) Raw data of intensity trace. The bin size is 50 pys. (right) Burst frequency trace obtained
with the ‘sliding window’ method. The bin size corresponds to the passage time of the molecules
through the detection volume element and is 200 us. The threshold (recognition rate) was 8 photons per

bin (20), since the background average was 4 photons per bin.
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7.5. Conclusions — DNA-degradation on the Single Molecule Level

Reproducible enzyme degradation measurements in microfluidic structures were
performed. Single molecule bursts were identified, and expected intensity fluctuations
in accordance to the movement of the trapped bead in the microstructure, were ob-
tained that were comparable to degradation process described in literature.'*® The
system shows full biochemical functionality and DNA with labelled nucleotides incor-
porated can be degraded by exonuclease in flow within microstructures. Also, the
experiments show that the set-up features a stable fluidic system where beads and
liquids can be handled and delivered reproducibly. Finally, the experiment shows the
full functionality of the optical system: beads can be trapped and transported in a ro-
bust way, the optical alignment of the target system is good, and fluorophores can be
detected and counted on the single molecule level. However, the system has to be
improved with regard to photostability, quantum yield and SN of the molecules in or-
der to discriminate each cleaved molecule from the background. In addition, there is
a need to identify and isolate enzymes which rapidly cleave nucleotides from non-
natural DNA, in order to make this method competitive and advantageous to present

PCR-based DNA sequencing methods.
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8. Conclusions

The ultimate goal of performing parallel single molecule detection and analysis in
biological samples in order to reach a higher throughput has been achieved. A novel
multiple confocal foci excitation (DOE) and detection (CMOS-SPAD) concept has
been utilized and integrated into a common fluorescence detection set-up. Analyte
concentrations were determined and results thus obtained were comparable to those
obtained using single confocal focus excitation and detection. Although some draw-
backs such as low photon detection probability, especially in the red region, were
present in the prototype and serve to prevent the total obsolescence of commercially
available APDs, the first total integrated parallel single molecule detection instru-
mentation has been shown to be feasible. The potential for on-chip processing and
data analysis integration makes this CMOS-detector array especially preferable to
commercially available APDs. In addition to that, dual-color multi-focal cross-correla-
tion analysis was performed. Here, new possibilities to detect single molecules at ul-
tra-low concentrations by increasing the fluorescent even rate of the cross-correlating

sample were found.

In addition, single molecule detection and thereby low-concentration analysis in mi-
crofluidic structures with the objective to increase the throughput has been shown.
This method paves the way for a variety of applications where analysis and control
measurements of low quantities are needed. The advantage of combining micro-
structures together with this ultra sensitive detection method is that, in addition to the
low concentration a small amount of sample liquid is used. Furthermore, it has been
shown that FCS can be used to characterize and monitor flow with sub-pum precision.

The great advantage of diffraction limited detection has thereby been utilized.

Finally, a system for reproducible DNA degradation measurements has been de-
signed and experiments were performed. For this purpose, a well functioning fluidic
system, stable bead trapping, and a fully functioning target principle had to be estab-
lished. The 4-leg microstructure used allowed for stable and laminar flow zones, with
excellent separation of sample and enzyme. The DNA loaded beads could be trans-
ported by optical tweezers across the hydrodynamic flow profile of the microfluidic
channel, without loss of control. The alignment precision of the bead with respect to
the detection volume element was less than £ 250 nm. In addition, theoretical simu-
lations and experiments showed that a detection probability of approximately 90 %

could be achieved.
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9. Outlook

The motivation for faster analysis, higher sample throughput, and smaller sample
consumption is well known and drives instrument development towards integrated
and multi-tasking detection systems. The beauty of single molecule analysis is that
on a molecular level it represents analysis of the smallest entity. On the other hand
the drawback with it is that one must analyze the smallest possible entity if to obtain
an advantage. Therefore, the interface between the detection of single molecules
and the macroscopic world, where, for example, the biology still works in pl-units in
order to make bio-chemical reactions work, is of great importance and has to be
navigated so that an unhindered transfer between these two worlds is possible and

‘real’ single molecule applications become feasible.

The parallel confocal detection technique described is only one piece of the analysis
puzzle. In order to have a total integrated analysis system, sample handling and data
processing have to be included too. The use of microfluidic systems represents one
step forward already. Still exceedingly large quantities (a couple of pl of sample) are
used during these experiments. More effort has to be placed on the continued devel-
opment of microarrays, since the minimal sample amount that can be used in com-
mercial instruments is still seldom below 1 pl and the concentrations involved are
mostly still in the nanomolar regime (e.g. ~10" molecules per pl). In addition, even
though data processing is in ‘high throughput drug validation streets’ automated, still
a surfeit of data is obtained and has to be analyzed to extract the information one
would like to retrieve. The best example, wherein ‘real’ single molecule application
ought to become feasible is the single molecule degradation of DNA. If it would be
possible to attach one DNA strand on as few as 10 beads and to analyze them with a
high detection efficiency (> 90 %), a real advantage would be obtained and this
would represent a revolutionary step forward in the area of biotechnology and life

science.

In order to make ‘real’ single molecule analyses feasible within a couple of decades,
a lot of effort must be placed on the total integration of high throughput systems in-
cluding sample, microstructure, data analysis, and, last but not least incorporation of
sound biology and chemistry precepts. Working with single molecules is of evident
advantage since all other methods rely on PCR amplification, which exhibit an inher-
ent problem of statistical averaging and error multiplication for each amplification

step.
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